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Abstract

:

This article deals with a Ti-Al alloy system. Molecular dynamics simulation was used to simulate and explore the mass transfer behavior during the laser fabrication process at atomic scale. The research goal is to investigate the mass transfer mechanism at atomic scale and the movement of solute atoms during the laser fabrication process. The mean square displacement (MSD), radial distribution function (RDF), atomic number density, and atomic displacement vector were calculated to characterize it. The results show that the TiAl alloy is completely melted when heated up to 2400 K, and increasing the temperature past 2400 K has little effect on mass transfer. As the heating time increases, the diffusion coefficient gradually decreases, the diffusion weakens, and the mass transfer process gradually stabilizes. In Ti-Al binary alloys, the diffusion coefficients of different solute atoms are related to the atomic fraction. During the melting process, the alloy particle system has a greater diffusion coefficient than the elemental particle system.
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1. Introduction


Laser fabrication has developed rapidly in recent years. This method uses the high energy of a laser to melt metal powders and wires in order to carry out material preparation and shaping. Laser fabrication has been widely used in the preparation of various surface coatings, small precision parts, and large complex components. In recent years, this technology has begun to be used in the research and development of the high-throughput preparation of alloy materials. High-throughput technology refers to the completion of the design, preparation, and characterization of a large number of samples in a short time and is used to accelerate the research and development of materials [1]. Therefore, laser fabrication for high-throughput preparation requires the process to be carried out over a short time and at a high speed. This means that the mass transfer behavior in the molten pool of laser fabrication is highly important. Improper control can cause incomplete melting, excessive melting, and element burnout, resulting in uneven composition distribution, deviation from design requirements, and even alloying failure [2,3]. Therefore, it is necessary to develop a comprehensive understanding of the mass transfer behavior in the molten pool and of the effects of different process parameters in the high-throughput preparation process of laser fabrication in order to better control the mass transfer process and obtain samples with excellent performance [4,5,6]. However, due to the fast heating, high solidification speed, short alloying time, and small molten pool size, the actual mass transfer process in the molten pool in the laser fabrication process is difficult to observe by experimental methods. The lack of an understanding of the mass transfer in the molten pool has necessitated the use of the traditional trial-and-error method for the optimization of processing conditions, making it difficult to meet the requirements of high-throughput preparation. To complete the high-throughput preparation of a large number of samples in a short time, a large amount of data must be analyzed and calculated in order to improve the efficiency and success rate and provide guidance regarding the process parameters of the high-throughput preparation process. Therefore, the use of computer-aided simulations is an effective approach for studying this process.



Several computational studies of the mass transfer of alloy elements in the molten pool have been carried out. For example, Gan et al. [7,8] simulated the transfer of alloy elements in the molten pool and its influence on the convection of liquid metal as well as the thermal behavior and mass transfer process in laser additive manufacturing multilayer cladding using finite element method simulations. It was found that the mass transport and flow pattern can influence the final properties and microstructure to a large extent. He et al. [9] used the finite element method to simulate the interaction between the powder and the laser during the coaxial powder feeding process, as well as the redistribution of the solute, and obtained the concentration distribution map of the alloying elements. Dong et al. [10] investigated the effect of shear flow on solute redistribution in the molten pool of Ni-Cr alloy and indicated that shear flow altered solute distribution in the vicinity of columnar grains; they also found the solute concentration pattern in the interior of columnar grains in molten pool through finite element analysis. While many studies have focused on the mass transfer behavior in the laser fabrication process, most of these have been carried out at the mesoscopic or macro level, usually at the millimeter length scale, and have been hampered by the limitations of the finite element method [11,12,13,14,15]. By contrast, molecular dynamics (MD) simulations can simulate the behavior of materials at the atomic scale, and the calculation method has greater physical meaning and is more accurate than the finite element method, providing a more microscopic understanding of the dynamic processes under study [16,17,18,19,20,21,22,23,24,25,26]. In the MD studies of laser melting, Tan et al. [27] established an Fe-Al double-layer powder model using LAMMPS (Large-scale Atomic Molecular Massively Parallel Simulator) and simulated the movement of the solute atoms during the selective laser melting (SLM) process. They also extended the modeling to multiple layers in order to observe the fusion between the layers. Liu and co-workers [28] simulated the atomic-scale structural changes of the Cu50Zr50 metallic glass in the selective laser melting (SLM) process by molecular dynamics simulations and elucidated the glass formation mechanism and the evolution of the local atomic structure in the molten pool and the heat-affected zone (HAZ). Jakse et al. [29] used molecular dynamics to study the diffusion characteristics of aluminum-rich liquid alloys and found a clear correlation between the local structural order and diffusion properties of liquid metal alloys, revealing the effect of atomic local state and structure on diffusion. It can be seen that the atomistic simulations performed to date have been mostly related to the conventional laser melting process and diffusivity and rarely involve the atomic level mass transfer simulation of the laser fabrication process.



In this work, molecular dynamics (MD) simulation is used to investigate the mass transfer mechanism at atomic scale and the movement of solute atoms during the laser fabrication process. Molecular dynamics simulation has many advantages over macro-scale modeling in terms of calculation principle and accuracy. Most of the macro-scale modeling methods are based on continuum theory and they are applicable only in homogeneous systems; they are not accurate enough when the systems contain defects and heterogeneous structures. Moreover, macro-scale modeling is not able to investigate the atomic-scale phenomenon. However, atomistic modeling, such as molecular dynamics simulation, can explore the interaction and mechanisms at the level of electrons/molecules/atoms and it can provide more insights into the mechanisms of small-scale dynamic processes, like laser fabrication, where we can obtain the movement pattern and trajectory of atoms [27,28]. Therefore, more accurate results and dynamic interaction of atoms can be obtained in laser fabrication by using atomistic modeling which are hard for macro-scale modeling to achieve. In this work, a titanium–aluminum binary alloy is chosen as the object of research due to its wide application in industry and the availability of suitable embedded atom method (EAM) potential. The simulation system includes a cubic alloy supercell and a spherical powder system. By controlling the atomic ratio, the movement and diffusivity of the solute atoms in the melting and solidification process are obtained, and the simulation results are analyzed based on different properties such as the mean square displacement (MSD), diffusion coefficient, radial distribution function (RDF), atomic number density, and atomic displacement vector. Moreover, the effects of different process parameters on the mass transfer behavior are explored to accelerate the efficiency of material preparation and development and provide a theoretical basis for the high-throughput laser fabrication of high-performance complex alloys.




2. Simulation Method


2.1. Ti-Al Cubic Simulation System


In this work, LAMMPS (30 Nov 2018, Sandia National Laboratories, Albuquerque, NM, USA) was used to perform molecular dynamics simulations to investigate the mass transfer behavior of the Ti-Al binary alloy system using a 20 Å × 20 Å × 20 Å cubic system, as illustrated in Figure 1, where the Ti and Al atoms are represented by the red and blue spheres. Periodic boundary conditions were used in the x, y, and z directions and the Nose-Hoover thermostat (Sandia National Laboratories, Albuquerque, NM, USA) was adopted as the temperature and pressure control algorithm with a time step of 1 fs. The embedded atom method (EAM) potential of Zope et al. [30] was used to represent the interatomic interactions. First, in the number-volume-energy (NVE) ensemble, the system was relaxed at 300 K to minimize the energy and obtain a stable initial structure. Then, the temperature was increased and the number-volume-temperature (NVT) ensemble was used in the heating process. After the temperature was raised to the target temperature, the system was maintained at this temperature and the simulations were performed for a sufficient time to calculate the diffusion coefficient. Then, the system was cooled to room temperature and different time periods were selected to measure the radial distribution function and atomic number density.




2.2. Ti-Al Spherical Particle System


To simulate the mass transfer behavior of the spherical particle system in the laser fabrication process, a spherical particle system, illustrated in Figure 2, was established, with Ti and Al atoms represented by red and blue spheres, respectively. Fixed boundary conditions were used in the x direction, and periodic boundary conditions were used in the y and z directions, and the time step was set to 1 fs. The simulation object consisted of two spherical systems with a radius of 10 Å and with their surfaces separated by 0.3 Å, the size of the simulation box was 100 Å × 60 Å × 60 Å. First, relaxation in the NVE ensemble was performed at 300 K to minimize the energy and obtain a stable initial structure. Then, the system was heated in the NVT ensemble and, after reaching the target temperature, the system was maintained at this temperature for a sufficient time to calculate the diffusion coefficient. Then, the system was cooled to room temperature, and different time periods were selected to measure the radial distribution function and atomic number density. At the same time, the atom displacement vector diagram was obtained to characterize the direction and magnitude of the movements of different atoms.





3. Results and Discussion


3.1. Effect of the Heating Temperature on the Mass Transfer Behavior


3.1.1. Diffusion Coefficient


The diffusion coefficient of a substance indicates its diffusion capacity and is a physical property of a substance. While the diffusion coefficient is not directly calculated by LAMMPS, it can be obtained by calculating the square of the average distance of all of the particles from their initial point at a certain point in time [31], which is known as the mean square displacement (MSD). Here, the Einstein method was used to calculate the self-diffusion coefficient of the alloy system. After the MSD is obtained, the Einstein formula is used to calculate the self-diffusion coefficient of the particles. From the slope of the MSD fitted under three-dimensional conditions, the diffusion coefficient of the system can be obtained.



The mean square displacement (MSD) and diffusion coefficient (D, m2/s) are given by:


  M S D  ( t )  =  〈   r 2   ( t )   〉  =  1 N  <   ∑   t = 1  N     [   r i   ( t )  −  r i   ( 0 )   ]   2  >  



(1)






  D =   lim   t → ∞    1  6 N ⋅ t   <   ∑   t = 1  N     [   r i   ( t )  −  r i   ( 0 )   ]   2  >  



(2)




where D is the diffusion coefficient of the system, N is the total number of particles, t is the time, ri(t) and ri(0) are the positions of the particles at t and t0, respectively, and the square of the atomic displacement specifies the change in MSD with time. Substituting Equation (1) into Equation (2), we obtain the following:


  D =   lim   t → ∞    1  6 t    〈   r 2   ( t )   〉   



(3)







It is observed from Equation (3) that the diffusion coefficient is linearly related to the mean square displacement and therefore can be calculated from the slope of the plot of MSD versus t [26].



The diffusion coefficient (D) and temperature (T) are related by:


  D =  D 0  ⋅ e x p  (    − Q   R T    )   



(4)




where R is the gas constant, and D0 and Q are the diffusion constant and activation energy, both of which are related to the properties of the material.



The MSD of the solute atoms in Ti-Al alloy is calculated according to Equation (1) by using the LAMMPS package, where all the numerical values are obtained and computed. After obtaining the MSD over time steps, we can determine the MSD curves over time at different temperatures, as shown in Figure 3. The slope is proportional to the diffusion coefficient, and the diffusion coefficient can be obtained by fitting the slope of the plot in Figure 3 and then dividing by 6, according to Equation (2). The obtained diffusion coefficients are listed in Table 1.



It is observed from Figure 3 that MSD increases significantly with increasing temperature, indicating that the temperature affects the mean square displacement. A higher temperature leads to a greater MSD value and its slope with time, indicating the more violent movement of the atoms in the equilibrium position at higher temperature so that the atoms have sufficient driving force to diffuse to the equilibrium position. As the temperature decreases, the slope of the MSD curve decreases from 6.12 × 10−5 m2/s at 2800 K to 9.34 × 10−6 m2/s at 2300 K, indicating that the driving force for atomic motion becomes smaller, leading to a decrease in the extent of diffusion. The reason for the significantly smaller MSD at 2300 K is that the TiAl alloy system is not completely melted at 2300 K and rather is found as a solid–liquid mixed phase that hinders the diffusion process. Moreover, as the temperature decreases, it approaches the solidification temperature, and the atomic arrangement increasingly tends to become long-range-ordered, increasing the resistance to atomic movement and making it difficult.



Table 1 shows the obtained results for the variation of the diffusion coefficient and diffusion activation energy with temperature. An examination of the data presented in Table 1 shows that the diffusion coefficient increases with higher temperature. At 2300 K, because the system cannot be completely melted, the existence of the solid phase hinders the progress of diffusion, resulting in its diffusion coefficient being significantly lower than that at the other temperatures. When the system is completely melted, as the temperature increases, the increase in diffusion coefficient slows down. The observed relationship between temperature and diffusion coefficient and activation energy is explained by Equation (4). According to Equation (4), the diffusion coefficient is inversely proportional to the diffusion activation energy. It can be seen from Table 1 that as the temperature increases from 2300 to 2800 K, the diffusion coefficient increases accordingly, and the diffusion activation energy decreases correspondingly, which can be calculated by Equation (4) with R and D0 as constants. The smaller the diffusion activation energy is, the smaller the energy barrier which needs to be overcome during the mass transfer process. Additionally, the decrease in diffusion activation energy further explains the increase in the extent of diffusion as the temperature increases during mass transfer.




3.1.2. Radial Distribution Function


The radial distribution function g(r) can be expressed as [19]:


  g  ( r )  =   V  〈   n i   (  r , r + Δ r  )   〉    4 π  r 2  Δ r N    



(5)




where V is the volume, ni(r,r + Δr) is the number of atoms in the spherical shell between the distances r and r + Δr, and N is the total number of atoms. The physical meaning of g(r) is the probability that another atom can be found at a distance r in the system. In this work, the radial distribution functions of the TiAl alloy at different heating temperatures at different points in time are calculated and are used to analyze the microstructure of the alloy system.



The figures and relationship of g(r) over r in Ti-Al alloy are calculated according to Equation (5) by using the LAMMPS package, where all the numerical values are obtained and computed. The dynamic change in r and g(r) at different temperatures and time steps can be obtained by LAMMPS and output as an rdf file, through which the rdf curves can be plotted, as shown in Figure 4.



The radial distribution function curves of the Ti-Al alloy under different temperature conditions are shown in Figure 4a–c. Figure 4a shows the radial distribution function curve of the Ti-Al alloy at room temperature (300 K). It is observed that the g(r) curve of the alloy system at 300 K has the characteristics of a typical solid-state material, with a sharp peak at the cut-off radius. The g(r) curves for the system heated to different temperatures are shown in Figure 4b. It is observed that when the system is heated to 2400 K, the alloy has completely melted, and a further increase in the temperature has no significant effect on the internal structure. At 2300 K, the system shows obvious characteristics of incomplete melting, with a sharper first peak and clear sharp secondary peaks. The g(r) curves of the system after heating to different temperatures and cooled to room temperature at the same cooling rate are shown in Figure 4c. It is observed that the curves of the system after heating above 2400 K and cooling to room temperature have the same characteristics, proving that the alloy has completely melted and spreads evenly at temperatures above 2400 K. Since the cooling rate is higher than the critical cooling rate, the secondary peak of the radial distribution function curve shows obvious splitting, indicating that an amorphous structure is formed. In the system heated to 2300 K, the curve after cooling has obvious unmelted characteristics and is highly similar to the curve in the initial state.




3.1.3. Atomic Number Density


The atomic number density is defined as the number of atoms per unit volume. The alloy system cells obtained after cooling are divided into adjacent cube units with the side length of twice the cut-off distance. As shown in Figure 5, the cut-off distance is taken as the r value of the first peak of the g(r) curve at 300 K [32]. The calculated atomic number density ρx in each cube unit can qualitatively represent the atomic stacking density in the unit to a certain extent and characterizes the distribution of the solute atoms in the system after cooling. To facilitate comparison and analysis, the calculated ρx is normalized to the average atomic number density (ρ0) of the entire system, namely ρx/ρ0. After the atomic number density of each unit is obtained, we randomly select a slice through the structure to examine the atomic number density distribution of a slice of the simulation cell, as shown in Figure 6.



The spatial distribution of alloy systems is highly significant because it can reveal the formation mechanism of materials and the structural origin of their unique physical and chemical properties. Here, we use the spatial distribution of the atomic number density to study the microstructure characteristics of the alloy system. The cubic system is divided into several smaller cubic units with the side length of twice the cut-off distance. Python is used to count the number of atoms in each unit; the number of atoms in each unit is divided by the atom number in the whole system and then multiplied by the number of units. The results obtained are processed and visualized by Python and are shown in a color plot in Figure 6, with blue indicating lower atomic number density and red indicating greater atomic number density. After cooling from different heating temperatures to room temperature, a clearly uneven distribution of atomic number density is observed that presents a pattern of sparse and dense regions. After heating to above 2400 K and cooling, the atomic number density showed a sparse and dense distribution pattern, and after heating and cooling at 2300 K, it showed an obvious regularity, indicating that the system was not completely melted. It is observed that the solute atoms of the alloy have diffused relatively uniformly above 2400 K, and the continued increase in the temperature has little effect on the uniformity of solute diffusion.



It is observed that while the Ti-Al alloy is not completely melted at 2300 K, it is completely melted after heating to 2400 K. A further increase in the temperature has little effect on the mass transfer process. In the actual preparation process, the temperature is adjusted mainly by changing the laser power. Therefore, the laser power should be controlled in an appropriate range. On the one hand, the use of insufficient power will cause the powder to be partially unmelted and will generate pores and hinder the mass transfer process. On the other hand, excessive power will give rise to energy waste and even spheroidization, failure to form, and element burnout. Therefore, in the preparation process of the Ti-Al alloy, too much power or too little power will reduce the high-throughput preparation efficiency and the laser power should be adjusted so that the heating temperature is approximately 2400 K in order to obtain the ideal process parameters and improve the efficiency and the success rate of the high-throughput preparation.





3.2. Effect of Atomic Ratio on Mass Transfer Behavior


The mass transfer behavior of the Ti-Al alloy system is not only affected by external conditions but is also related to the properties of the solute atoms. The atomic fraction of the solute atoms in the alloy system will have a significant effect on the diffusion coefficient of the solute atoms during the mass transfer process. Here, the mean square displacement of the Ti-Al alloys with different atomic ratios at 2500 K is calculated from the molecular dynamics simulations. The mean square displacement represents the average distance between the particles’ locations at a certain moment and their initial locations, and the diffusion coefficient of atoms can be obtained from the slope of the MSD plotted versus the time. Figure 7 shows the MSD plots of the Ti and Al atoms for the Ti-Al alloys with different atomic ratios at 2500 K. It is observed that for the Ti/Al ratio of 1:1, the diffusion coefficient of the Al atoms is greater than that of the Ti atoms, most likely due to the smaller radius and atomic mass and lower activation energy of Al compared to Ti. However, when the Ti/Al ratio increases to 3:1 and 2:1, the diffusion coefficient of Ti is greater than that of Al. By contrast, in TiAl2 and TiAl3 alloys where the Ti content is lower than the Al content, the diffusion coefficient of Ti is once again less than that of Al. It can be inferred from this trend that in the Ti-Al binary alloys, the diffusion coefficient of a given element is not only controlled by its atomic radius and other properties but is also related to the composition of the system, with the diffusion coefficient increasing with the increasing content of the element in the alloy.




3.3. Effect of Heating Time on Mass Transfer Behavior


In this work, the diffusion coefficients of the alloy particle and elemental particle systems are calculated at the same heating temperature with different heating times. The diffusion coefficients of the two systems at 2500 K with heating times of 100, 1000 and 2000 ps were calculated and are presented in Table 2. Here, DA is the diffusion coefficient of the alloy powder, and DE is the diffusion coefficient of the elemental powder. The heating time here refers to the time for which powder particles are heated by the laser in the molten pool. The time here is shorter than the actual heating time, but since the particle size is also smaller than the normal size, the time needed for melting is shorter correspondingly, so the shorter heating time here is reasonable. An examination of the data in Table 2 shows that as the heating time increases, the diffusion coefficient gradually decreases, the diffusion weakens, and the mass transfer process gradually stabilizes. Therefore, the increase in the heating time will not promote the mass transfer process but will weaken it in the later stage of heating. With increased heating time, the diffusion coefficient of the alloy particle system finally becomes higher than that of the elemental particle system, but the difference is small. The heating time here is shorter than the actual heating time due to the limit of time scale in molecular dynamics simulation, but the trend we obtain is correct and can provide valid prediction and useful guidance for the preparation process.



In the laser fabrication process, the heating time is mainly controlled by adjusting the laser heating time. If the laser heating time is too short, the powder will not be completely melted, there will be gaps between the powder particles, and the solute will diffuse unevenly. If the laser heating time is too long, it will not promote the mass transfer but will weaken it in the later stage of heating and even affect the surrounding solidified area, resulting in remelting, spheroidization, and even failure to form. Therefore, in the preparation process of Ti-Al alloy, the laser heating time being too long or too short will affect the high-throughput preparation efficiency. The laser heating time should be adjusted to match the laser power in an appropriate range to obtain the ideal process parameters, thereby improving the efficiency and success rate of high-throughput preparation.




3.4. Atomic Scale Mass Transfer Behavior of Ti-Al Spherical Particle System


In the laser fabrication preparation process, after the particle is heated and melted by the laser, the transport of solute atoms has a significant impact on the uniformity and subsequent performance of the material. Here, we simulated the diffusion process of the mixed alloy powder and unmixed elemental powder during the heating process.



The obtained radial distribution function and atomic number density of the spherical particle system are similar to the aforementioned cubic system. The rdf function curves show no difference from those for the cubic systems, and atomic number density has the same pattern as the cubic system, only different in shape and contour. The rdf and atomic number density are correlated with the heating temperature and the internal structure of the material itself so they are the same as Figure 4 and Figure 6 in essence because they share the same process parameters and interatomic potential, and therefore, they are not given here. Figure 8a–d show the melting and mass transfer processes of the two different kinds of powders. During the melting process, the two powder particles move closer to each other and gradually merge until they diffuse into a uniform system.



Figure 8a shows the initial state of the two types of powder particles. In the initial stage of heating, the two systems diffuse in a similar manner, and the two particles move closer to each other, as shown in Figure 8b. As the heating continues, the two systems show different diffusion modes. As shown in Figure 8c, in the alloy particle system, since the titanium and aluminum solute atoms were mixed prior to the melting, the two particles melt simultaneously during the melting process. By contrast, in the elemental particle system, because the titanium and aluminum powder particles are separated from each other, the melting process will show different diffusion modes due to the different melting points of the two elemental metals. The Al atomic particles with low melting point are melted first and surround the Ti particles with the higher melting point, and then, as the temperature rises, the Ti particles gradually melt and diffuse in the direction of the Al atomic particles until a uniform distribution is obtained through the diffusion. The diffusivity of Al atoms is significantly greater than that of Ti atoms.



We calculated the MSD of the alloy particle system and the elemental particle system when the Ti-Al alloy is heated to the same temperature, as shown in Figure 9a,b. It is observed from Figure 9a that the slope of the MSD curve of the alloy powder system is larger, indicating its larger diffusion coefficient. This proves that during the melting process, the diffusivity and the mobility of the solute atoms in the alloy powder system are greater than those of the elemental systems. Therefore, mixing the sample uniformly in advance is more conducive to the diffusion of the solute atoms for metal powders.



We also calculated the MSD of the solute atoms of different elements in the alloy particle and elemental particle, as shown in Figure 9b. It is observed that the MSD values were in the order of Dalloy-Al > Dalloy-Ti > Delementary-Al > Delementary-Ti. During the melting process, under the same temperature and process parameters, the diffusion of the solute atoms in the alloy particle is greater than that in the elemental particle. Therefore, it can be inferred that the alloying process in the elemental mixed powder will reduce the diffusion and mobility of the solute atoms to a certain extent. The degree of diffusion of the solute atoms in the alloy powder is high due to the uniform mixing of the solutes in advance; during the mass transfer process, the atom diffusion barriers are reduced, and the activation energy required for diffusion is lower, so that the diffusion coefficient increases. The degree of diffusion of the Al atoms is greater than that of Ti atoms, which may be due to the fact that the atomic radius and atomic weight of Al are smaller than Ti and therefore the activation energy required for Al transport is smaller. At the same time, the melting point of Al is relatively low, and when heated to the same temperature, the diffusion time for Al atoms is longer, so that the extent of diffusion is greater. Additionally, for both alloy and elemental powder, especially alloy powder, there is a change in the slope of MSD at 200 ps which indicates different diffusion coefficients. For spherical particle, they need more time to diffuse and integrate with each other after being heated to the temperature required compared with cubic systems since the particles are separated at first, so the atoms need to move across a greater distance before 200 ps until the powders are well mixed, as shown in Figure 8a–c, and the slope of MSD will decrease after the spherical powders have merged into a uniform system after 200 ps, as shown in Figure 8d. The change in the slope for the elemental powder at 200 ps is not as obvious as that for the alloy particle, because the elemental particle needs to alloy, and the alloying process of the two different kinds of particles may diminish the degree of diffusion in the early stages before 200 ps, so the change in the diffusion coefficient of the elemental particle before 200 ps is not as significant as the alloy particle.



In addition, the atomic displacement vector diagrams of the alloy particle and the elemental particle system were obtained. As shown in Figure 10, the direction of the arrow indicates the direction of the atom movement, and its length indicates the distance of the atom movement. In the initial stage of heating, Ti and Al atoms had similar degrees of diffusion in the alloy powder at the same temperature, as shown in Figure 10b,c. For the elemental particle, in the initial stage of heating, the diffusion of Al atoms with a lower melting point is clearly greater than that of Ti atoms with a higher melting point. When the temperature rises above the melting point of Ti, the diffusion degrees of the two elements tend to be close. It is observed that after alloying, the difference in the degree of diffusion of the two types of atoms is reduced. The surrounding atoms of the spherical particles diffuse outward, and the internal atoms show a trend of reverse convection diffusion.





4. Conclusions


(1) After the Ti-Al alloy is heated to 2400 K, the alloy is completely melted. With further increase in heating temperature, the rise in the diffusion coefficient slows down, the rdf curves show no change, and atomic number density demonstrates the same pattern as before. Therefore, increasing the temperature past 2400 K has little effect on the mass transfer process of Ti-Al alloy. In the actual preparation process, the temperature is adjusted mainly by changing the laser power. Therefore, the laser power should be controlled within an appropriate range. Our simulations reveal these effects at the atomic level and show that laser irradiation should be applied until the melting temperature of the alloy is reached. Adjusting the laser power to obtain the heating temperature of approximately 2400 K for TiAl alloy provides the ideal process parameters and improves the efficiency and success rate of high-throughput preparation.



(2) During the preparation process, the mass transfer behavior is affected by the heating time and the atomic fraction. As the heating time increases, the diffusion coefficient gradually decreases, the diffusion weakens, and the mass transfer process gradually stabilizes. Therefore, the increase in the heating time will not promote the mass transfer but will weaken it in the later stage of heating. Moreover, the diffusion coefficient of a certain element is not only related to its atomic radius and other properties but also affected by the composition of the system. The diffusion coefficient of the element will increase with the increasing content of the element in the alloy.



(3) During the melting of the spherical alloy particle, the two particles move closer to each other and gradually fuse until they diffuse into a uniform system. During the melting process of the spherical elemental particle, the Al atomic particles with low melting point are first melted to cover the Ti atomic particles with the higher melting point, and then as the temperature rises, the Ti particles gradually melt and diffuse toward the Al atomic particles until a uniform elemental distribution is obtained. In the entire process, the diffusivity of Al atoms is significantly greater than that of Ti atoms and the diffusivity of the solute atoms in the alloy powder is greater than that in the elemental powder. Therefore, a uniform mixing of the elements in advance of the laser melting is more conducive to the diffusion of solute atoms for metal powders, and the alloying process may reduce the diffusion and mobility of the solute atoms to a certain extent.
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Figure 1. The Ti-Al alloy system. 
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Figure 2. Spherical particle model (red refers to Ti, blue refers to Al): (a) alloy particle system, (b) elemental particle system. 
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Figure 3. MSD curves at different temperatures. 
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Figure 4. Radial distribution function curves of the Ti-Al alloy under different temperature conditions: (a) radial distribution function curve of Ti-Al alloy at 300 K, (b) radial distribution function curves of Ti-Al alloy at different heating temperatures, (c) radial distribution function curves of Ti-Al alloy after heating to different temperatures and cooling to room temperature. 
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Figure 5. Schematic diagram of cell division. 
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Figure 6. Atomic number density distribution after melting and cooling at different heating temperatures: (a) melting at 2800 K and solidification, (b) melting at 2700 K and solidification, (c) melting at 2600 K and solidification, (d) melting at 2500 K and solidification, (e) melting at 2400 K and solidification, (f) melting at 2300 K and solidification. 
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Figure 7. MSD of Ti and Al atoms at 2500 K for Ti-Al alloys with different atomic ratios. 
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Figure 8. Melting and mass transfer of spherical alloy particles and elemental particles: (a) spherical particle model, (b) particles begin to melt, (c) particles move closer to each other, (d) completely melted and cooled to room temperature. 
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Figure 9. MSD of the alloy powder and elemental powder and their different elements in the Ti-Al alloy: (a) MSD of the alloy powder and elemental mixed powder system, (b) MSD of the elements in the alloy powder and elemental mixed powder. 
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Figure 10. Vector diagrams of the atomic displacement when different systems start to melt. (a) The alloy particle starts to melt, (b) Ti atoms when the alloy particle starts to melt, (c) Al atoms when the alloy particle starts to melt, (d) the elemental mixed powder particle starts to melt (Ti on the left, Al on the right). 
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Table 1. Diffusion coefficient and activation energy of Ti-Al alloy at different temperatures.
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	Temperature (T/K)
	Diffusion Coefficient (D × 10−6/m2·s−1)
	Activation Energy (Q × 105/KJ·mol−1)





	2300
	1.56
	5.36



	2400
	7.19
	4.91



	2500
	8.01
	4.73



	2600
	8.72
	4.57



	2700
	8.92
	4.51



	2800
	10.20
	4.41
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Table 2. Diffusion coefficients of alloy powder and elemental mixed powder systems for different heating times.
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	Heating Time (t/ps)
	Diffusion Coefficient of Alloy Powder (DA/m2·s−1)
	Diffusion Coefficient of Elemental Powder (DE/m2·s−1)





	100
	9.11 × 10−8
	1.06 × 10−7



	1000
	8.38 × 10−8
	8.27 × 10−8



	2000
	7.74 × 10−8
	7.28 × 10−8
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