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Abstract

:

In the current study, molecular dynamics (MD) simulations were performed to study the pressure dependence of the structural and mechanical properties of single-crystal tungsten. The results show that single-crystal tungsten possesses noteworthy high-pressure stability and exhibits linear lattice contraction with increasing external pressure. Consistent with the results of the performed experiments, the predicted elastic moduli, including Young’s modulus, shear modulus, and bulk modulus, as well as Poisson’s ratio and Pugh’s modulus ratio, show a clear increasing trend with the increase in pressure. Under uniaxial tensile loading, the single-crystal tungsten at high pressures experiences a phase transition from BCC to FCC and other disordered structures, which results in a stripe-like morphology in the tungsten crystal. These results are expected to deepen our understanding of the high-pressure structural and mechanical behaviors of tungsten materials.






Keywords:


high pressure; structure; mechanical properties; tungsten; molecular dynamics simulation












1. Introduction


Tungsten (W) is a body-centered cubic (BCC) rare metal (structured in Im3m), and it has the highest melting point (3680 K) of all the known elements [1]. Due to the advantages of its high melting point, high heat conductivity, high sputtering resistance, and superior mechanical strength [1,2,3], W and its alloys have wide application potential in aerospace, electronics, and chemical and national defense military industries [4,5,6]. Notably, tungsten is considered to be one of the most likely candidates for plasma-facing material to be used in future nuclear fusion reactors and for target material in spallation facilities due to its outstanding comprehensive advantages [7,8,9,10].



In recent years, the high-pressure behavior of tungsten has gained extensive attention due to its importance in the control of its electronic structure [11] and diamond anvil cell applications [12]. Numerous experimental and theoretical studies on the structural and elastic properties of tungsten under high pressures have been performed. The diamond anvil cell experiments [13] show that the BCC crystalline structure of tungsten remains stable up to an extremely high pressure of 153 GPa at room temperature. The high-pressure elastic properties of tungsten are commonly measured by utilizing ultrasonic interferometry techniques. The first effort may have been made by Katahara et al. [14], who measured the elastic moduli of tungsten at pressures up to 0.5 GPa. With the development of measurement techniques, Qi et al. [15] recently studied the elastic constants and Poisson’s ratio of tungsten and their pressure dependence under pressures up to 13 GPa. Simultaneously, the high-pressure elastic moduli of tungsten were also predicted by using first-principles calculations with the assumption that the temperature of the system approaches absolute zero [16,17]. Despite the numerous investigations discussed above, a systematic study of the structural and mechanical properties of tungsten under high pressures has not yet been conducted. In particular, to date, very little is known about the high-pressure dynamical response of tungsten under tensile loading due to limitations in experimental conditions.



Molecular dynamics (MD) simulation is an effective tool that can be used to study the structural and mechanical performance of metal materials. The advantage of using this tool is that it allows the systematic and rapid exploration of both the material parameters and system size, as well as the laboratory conditions (temperature, pressure, and irradiation). In addition, the MD calculation is capable of directly observing the detailed structural evolution that relies on data at the atomic level, which are difficult to obtain in conventional experiments. Such simulations have been successfully used to predict the elastic and mechanical properties of tungsten crystal under high-temperature [18,19] and plasma-exposed conditions [20,21]. However, to the best of our knowledge, there is a scarcity of atomistic MD simulation research on the structural and mechanical properties of single-crystal tungsten under high-pressure conditions.



In this paper, we perform a systematical investigation of the high-pressure structural and mechanical properties of single-crystal tungsten by using atomistic MD simulations. The remainder of this article is organized as follows: in Section 2, we describe the details of the atomistic model and computational methods; the results and discussion are given in Section 3; and the conclusions of this work are drawn in Section 4.




2. Model and Methods


2.1. Simulation Details


The simulations in the present work were performed using the large-scale atomic/molecular massively parallel simulator (LAMMPS) (Sandia National Laboratories, Albuquerque, NM, USA) [22], which is a classical molecular dynamics (MD) code for material modeling and simulation. The unit cell of the single-crystal tungsten, as displayed in the left panel of Figure 1, is a body-centered cubic (BCC) crystal structure with a lattice constant of a = 3.165 Å. The X, Y, and Z coordinate axes are aligned along the [100], [010], and [001] orientations of the BCC crystal, respectively. In this work, a supercell with a size of 20 a × 20 a × 20 a was constructed by repeating the BCC unit cell along the [001], [010], and [100] directions of the crystal (see the right panel of Figure 1). Periodic boundary conditions were applied in all three directions to determine the bulk properties compared with experimental data in the literature [15]. The quality of the interatomic potential is of vital importance for modeling in MD simulations. In this study, a modified embedded potential developed by Zhou et al. [23] was utilized to simulate the structural and mechanical properties of single-crystal tungsten under high pressures. The modified embedded atom potential function is given by:


  U =  1 2    ∑  i , j , j ≠ i     ϕ  i j      r  i j     +     ∑ i    F i       ρ i     



(1)







where    ϕ  i j      r  i j       is the pair energy between atoms i and j spaced by a distance of    r  i j    , and    F i    is the correction term, which stands for the embedded energy of the atom I embedding into a local site with an electron density    ρ i   .



To obtain an equilibrium structure of single-crystal tungsten before loading, the energy of the system was firstly minimized using the conjugate gradient algorithm. Then, additional simulation annealing under the desired hydrostatic pressure was performed for 10 ps at a temperature of 300 K in the NPT ensemble (constant number of atoms, pressure, and temperature). After this relaxation, the equilibrated structure of single-crystal tungsten was subjected to different loading modes (uniaxial tension, pure shear, and hydrostatic compression) under the NPT ensemble. The NPT ensemble was adopted to simulate different loading schemes of the single-crystal tungsten, because it is capable of taking into account the pressure of the system. To investigate the pressure effect, the cubic single-crystal tungsten was deformed under different pressures  P  in a wide range of 0–16 GPa. Unless otherwise stated, all the simulations were conducted at a temperature of 300 K, and a time step of 1.0 fs was selected. All of the simulation snapshots were generated using the open-source software OVITO (Open Visualization Tool) [24]. The stresses at the atomic level were calculated using the Virial theorem [25], which is defined by


   T  = −  1 V      ∑ i    m i    v  i  ⊗   v  i  +   ∑ i     ∑  j ≠ i      F   i j   ⊗   r   i j           ,  



(2)




where   T   denotes the stress tensor;  m  represents the mass of the atom;  V  stands for the volume of the system; and   r  ,   v  , and   F   are the location, velocity, and force vectors, respectively.




2.2. Computational Method of Elastic Modulus and Poisson’s Ratio


When a material is deformed at the linear elastic stage, the stress ( σ )–strain ( ε ) relationship of the material can be expressed by   σ = E ε  , where  E  is the elastic modulus of the material. In order to obtain the Young’s modulus ( Y ) and shear modulus ( G ) of the single-crystal tungsten, the as-prepared equilibrated configuration needs to be deformed under a uniaxial and a shear strain, independently. To compute the Young’s modulus, the tungsten crystal was uniaxially stretched along the X direction (i.e., the [100] direction), as shown in Figure 2a. To calculate the shear modulus, the tungsten crystal was subjected to quasi-static shear loading in the [110] direction (see Figure 2b). For both cases, a constant strain rate of 1 × 107 s−1 was selected. Then, the Young’s and shear modulus of the single-crystal tungsten were derived from the slope in the linear regime of the tensile and shear stress–strain curves, respectively.



The bulk modulus  B  reflects the resistance of a material to hydrostatic compression, which is defined by the ratio of the increase in infinitesimal pressure to the resulting relative decrease in the volume. It follows that   B = − V   d P  /  d V    , in which  P  is the applied external pressure, and  V  is the initial volume of the material before applying the load. Based on its definition, the bulk modulus was obtained by incrementally and uniformly applying increased strain in three axial directions (see Figure 2c) and computing the resulting pressure  P , which is equivalent to the negative diagonal elements of the stress tensor.



Poisson’s ratio ( ν ) describes the deformation in the material in a direction perpendicular to the direction of the applied load. It is defined as the ratio of transverse strain to axial strain when the material is stretched or compressed along only one direction (for example, the X axis):


  ν = −    ε  t r a n s      ε  a x i a l     = −    ε y     ε x    = −    ε z     ε x     



(3)




where    ε  t r a n s     is the transverse strain and    ε  a x i a l     is the axial strain. To obtain Poisson’s ratio, we calculated the linear strain of the single-crystal tungsten in the X and Y directions when it was stretched along the X axis. Then, Poisson’s ratio could be achieved according to Equation (3).





3. Results and Discussion


3.1. Dependence of Structural Properties on Pressure


To investigate the pressure dependence of the structural properties of single-crystal tungsten, a series of simulation runs were carried out for cubic crystal tungsten at different hydrostatic pressures. Figure 3 presents the simulation snapshots of the cubic single-crystal tungsten under different pressures at room temperature. Upon an increase in hydrostatic pressure from 0 to 16 GPa, the BCC crystalline structure of the single-crystal tungsten remained stable, and this was confirmed by the radial distribution function calculation (see the bottom panels in Figure 3). Such noteworthy high-pressure stability up to 16 GPa is consistent with previous experimental observations [13].



To quantify the structural change in the single-crystal tungsten during the hydrostatic compression process, we calculated the lattice constant a, i.e., the    2 /   3      center-to-center nearest neighbor distance for a BCC crystal, as a function of external pressure. Figure 4 shows the evolution of the lattice constant of the single-crystal tungsten with the increase in pressure. It can be seen that the lattice constant decreases linearly at the rate of ∼0.0029 Å per GPa of the applied pressure. This indicates that the structure of single-crystal tungsten tends to be more densely compacted upon hydrostatic compression.




3.2. Role of Pressure in Elastic Properties


To identify the role of pressure in the elastic modulus of single-crystal tungsten, a series of MD simulations were carried out for a cubic crystal tungsten under different hydrostatic pressures in a wide range of 0–16 GPa. Figure 5a–c display the variations in the calculated Young’s, shear, and bulk moduli of the single-crystal tungsten as a function of pressure, respectively. It can be seen from Figure 5a that the Young’s modulus  Y  monotonically increased from 366 to 394 GPa with the increase in external pressure from 0 to 16 GPa. The results in Figure 5b show that the shear modulus  G  ranged from 160 to 186 GPa and increased linearly at the rate of ∼1.6 GPa per GPa of the external pressure. Figure 5c illustrates that the bulk modulus  B  varied in the range of 300–374 GPa, rising almost linearly with the increase in applied pressure. The predicted trends and values of Young’s, shear, and bulk moduli agree well with the experimental work of Qi et al. [15], who observed that the shear and bulk moduli of polycrystalline tungsten both increase monotonically with an increase in pressure. Obviously, the higher the external pressure, the closer the distance between atoms (see Figure 4) and the more densely compacted the lattice structure. Consequently, the single-crystal tungsten tends to be barely deformed at high pressure and thus leads to an enhanced elastic modulus.



Besides the elastic modulus, Poisson’s ratio  ν  and Pugh’s modulus ratio (i.e., the ratio of bulk modulus to shear modulus,    B / G   ) are two other important parameters to consider when examining the mechanical performance of structural materials. On the basis of the current simulation data, the Poisson’s ratio and Pugh’s modulus ratio of single-crystal tungsten under high-pressure conditions were also investigated. Figure 6a gives the Poisson’s ratio  ν  of a cubic, single-crystal tungsten under different pressures. It is shown that the Poisson’s ratio of the single-crystal tungsten increased from 0.284 to 0.325 at the highest applied pressure of 16 GPa. The computed Poisson’s ratio was within the normal range (from 0.27 to 0.42 [26]) of metal materials and showed a clear increase with an increase in pressure, which agrees reasonably with previous experiments [15]. Pugh’s modulus ratio    B / G    is a useful parameter to describe the ductility/brittleness of a solid material. According to Pugh’s criterion [27], a material with    B / G    larger than 1.75 is ductile, and that with    B / G    less than 1.75 tends to be brittle. Pugh’s modulus ratios of single-crystal tungsten as a function of pressure are plotted in Figure 6b. It can be seen that the calculated Pugh’s modulus ratio of single-crystal tungsten at 0 GPa is 1.88, implying that single-crystal tungsten exhibits a ductile property at ambient conditions. With the increase in pressure, the Pugh’s modulus ratio became larger, which suggests that single-crystal tungsten becomes more ductile at higher pressures.



The above computations of elastic properties are focused on the single-crystal tungsten with the same system size of 20 a × 20 a × 20 a and the same strain rate of 1 × 107 s−1, and it is unclear whether the system size and strain rate affect the computational results. For this reason, simulations were conducted for different system sizes and strain rates to investigate the dependence of the elastic properties on these two parameters. The results in Table 1 and Table 2 demonstrate that the Young’s modulus, shear modulus, bulk modulus, Poisson’s ratio, and Pugh’s modulus ratio show only minimal dependence on the system size and strain rate.




3.3. Phase Transition during Tensile Process at Different Pressures


Figure 7a shows the stress–strain curves of a cubic single-crystal tungsten under uniaxial tension at different pressures, and the corresponding atomic configurations at different tensile strains are displayed in Figure 8. As shown in Figure 7a, all of the stress–strain curves are of analogous shapes but have different initial slopes and maximum stresses. In the initial stage of small strain, stress increased linearly with strain. At this stage, the whole system experienced elastic deformation, and the BCC lattice structure remained unchanged (see Figure 8). The yield strength is defined as the maximum stress of the stress–strain curve, and the variations in yield strength as a function of pressure are displayed in Figure 7b. It can be clearly observed that the yield strength of the single-crystal tungsten linearly increased with the increase in external pressure. Once the strain exceeded the yield strain, the metal tungsten began to show plastic deformation, and, as such, it was no longer a perfect crystal. At ambient conditions (  P = 0    GPa   ), we observed that the BCC structural atoms gradually transformed to the FCC structure with an increase in strain, which led to a band-like FCC region in the tungsten crystal (see Figure 8a). Similar BCC–FCC phase transition can be found in the case of atomistic simulations of BCC metal tantalum under tensile loading at ambient pressures [28]. In addition, MD simulations have also shown a phase transformation from BCC to body-centered tetragonal (BCT) for intermetallic NiAl nanowires under tensile loading [29,30]. Carefully observing the simulation snapshot in Figure 8a, one can see that there also exists a small amount of other disordered structures in the tungsten crystal. These disordered structures are mainly distributed at the BCC–FCC phase boundary. When the external pressure was raised to   P = 8    GPa   , we also observed a phase transition in the tungsten crystal, as the strain was greater than the yield value. However, unlike the case of ambient pressure, the BCC structure at elevated pressures transformed into a mixture of FCC and other disordered structures, which finally led to a stripe-like morphology in the tungsten crystal (see b). The common neighbor analysis results in Figure 9b show that the ratios of the FCC and other disordered atoms are comparable in the system. At a higher pressure of   P = 16    GPa   , a similar phase transition from BCC to FCC and other disordered structures was also observed. Comparing the common neighbor analysis results at pressures of 0, 8, and 16 GPa, it can be observed that the ratio of the FCC structure in the system decreased with the increase in pressure (see Figure 9a–c). This implies that increasing the pressure can effectively inhibit the occurrence of a BCC-to-FCC phase transition.





4. Conclusions


In summary, we conducted MD simulations to systematically study the structural and mechanical properties of single-crystal tungsten under different hydrostatic pressures. Our computations show that the crystalline structure of the single crystal remains intact up to a high pressure of 16 GPa and exhibits linear lattice contraction with the increase in the applied pressure. Using linear regression analysis approaches, the elastic moduli of the single-crystal tungsten were calculated. It was found that the Young’s modulus, shear modulus, and bulk modulus, as well as Poisson’s ratio, show a clear increasing trend with the increase in pressure, which is in good agreement with the experimental results [15]. In addition, the Pugh’s modulus ratio of the single-crystal tungsten increases with the increase in pressure, implying that hydrostatic compression can effectively improve the ductility of BCC tungsten. Under uniaxial tensile deformation, the single-crystal tungsten at elevated pressures undergoes a phase transition from BCC to FCC and other disordered structures, which results in stripe-like morphology in the tungsten crystal. We hope that these findings provide a deeper understanding of the high-pressure structural and mechanical behaviors of tungsten materials.
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Figure 1. A BCC unit cell with a lattice parameter of a = 3.165 Å (left panel) and a schematic representation of a cubic single tungsten crystal with a size of 20 a × 20 a × 20 a based on the BCC unit cell (right panel). 
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Figure 2. Schematic maps of (a) uniaxial tension, (b) shear deformation, and (c) hydrostatic compression of the cubic single-crystal tungsten. 
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Figure 3. Equilibrated configurations of single-crystal tungsten under different hydrostatic pressures: (a) 0 GPa, (b) 8 GPa, and (c) 16 GPa. The corresponding radial distribution functions of single-crystal tungsten under different hydrostatic pressures: (d) 0 GPa, (e) 8 GPa, and (f) 16 GPa. Dotted lines in each panel represent the first three peaks of the radial distribution function. The first three peaks are located at the positions of    r /   r 0    = 1 ,     4 / 3   ,     8 / 3     (   r 0    is the radius of the first coordination shell in the radial distribution function calculation), which means that the crystal structures are perfect BCC crystals. 
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Figure 4. Lattice constants of the single-crystal tungsten at different pressures. 
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Figure 5. (a) Young’s modulus, (b) shear modulus, and (c) bulk modulus of bulk single-crystal tungsten as a function of pressure. 
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Figure 6. (a) Poisson’s ratio and (b) Pugh’s modulus ratio of single-crystal tungsten as a function of pressure. 
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Figure 7. (a) Stress–strain curves of single-crystal tungsten under uniaxial tension at different pressures. (b) Yield strength of single-crystal tungsten as a function of pressure. 
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Figure 8. Atomic configurations of single-crystal tungsten at different strains during uniaxial tension in the presence of different pressures: (a) 0 GPa, (b) 8 GPa, and (c) 16 GPa. 
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Figure 9. Ratios of BCC, FCC, and other disordered structures during uniaxial tension at different pressures: (a) 0 GPa, (b) 8 GPa, and (c) 16 GPa. 
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Table 1. Young’s modulus, shear modulus, bulk modulus, and Poisson’s ratio for tungsten crystal with different system sizes at pressure of 8 GPa.
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	Box Sizes (nm)
	Young’s Modulus

(GPa)
	Shear Modulus

(GPa)
	Bulk Modulus

(GPa)
	Poisson’s Ratio





	20 a × 20 a × 20 a
	388.86
	173.02
	339.52
	0.3024



	25 a × 25 a × 25 a
	388.78
	172.85
	339.73
	0.3160



	30 a × 30 a × 30 a
	388.65
	173.02
	339.10
	0.3088



	35 a × 35 a × 35 a
	388.70
	172.50
	338.94
	0.3140
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Table 2. Young’s modulus, shear modulus, and Poisson’s ratio of tungsten at different strain rates and pressure of 8 GPa.






Table 2. Young’s modulus, shear modulus, and Poisson’s ratio of tungsten at different strain rates and pressure of 8 GPa.





	Strain Rates

(s−1)
	Young’s Modulus

(GPa)
	Shear Modulus

(GPa)
	Poisson’s Ratio





	1 × 107
	388.86
	173.02
	0.3024



	5 × 107
	388.68
	172.51
	0.3159



	10 × 107
	388.60
	173.45
	0.3079



	15 × 107
	388.76
	172.69
	0.3084
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