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Abstract

:

Based on a molecular dynamics (MD) simulation, we investigated the nanohole propagation behaviors of single-crystal nickel (Ni) under different styles of Ni–Ni interatomic potentials. The results show that the MEAM (the modified embedded atom method potential) potential is best suited to describe the brittle propagation behavior of nanoholes in single-crystal Ni. The EAM/FS (embedded atom method potential developed by Finnis and Sinclair) potential, meanwhile, is effective at characterizing the plastic growth behavior of nanoholes in single-crystal Ni. Furthermore, the results show the difference between the different styles of interatomic potentials in characterizing nanohole propagation in single-crystal Ni and provide a theoretical basis for the selection of interatomic potentials in the MD simulation of Ni crystals.
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1. Introduction


Fracture is a widespread and complex process of crack initiation, propagation, and coalescence, spanning a range of scales from the macroscale, mesoscale, and microscale to the atomic scale. The fracture of components is a critical issue that determines integrity and safety. At the macroscale [1,2,3,4,5,6,7,8], a variety of continuum fracture mechanics theories and empirical formulas have been established to analyze the macroscale failure behavior of materials and components. The traditional continuum fracture mechanics theory, however, is unsuitable for describing the basic physical mechanism of the failure process at the atomic scale. At the atomic scale, the essence of the fracture process of materials is the breaking of bonds that bind atoms of materials during crack initiation and propagation. Hence, atomic-scale modeling and simulations are required. The molecular dynamics (MD) simulation is a useful tool that can be used to explore the physical and mechanical properties of materials at the atomic level [9].



MD simulation is a powerful tool that can be used to study the microstructural evolution (involving dislocations, stacking faults, and twins) of plastic deformation and the fracture processes of materials [10,11,12,13]. To more systematically obtain the mechanism of deformation and fracture, crack initiation, propagation, and coalescence have been investigated based on the MD simulation. The main factors determining the crack propagation behavior are initiated crack length, crack distribution, temperature, strain rate, and the stress state of the crack tip [14,15,16,17,18,19,20].



In addition, nickel (Ni)-based single-crystal superalloys have been used in high-performance applications, such as turbine disks and blades, due to their good performance in creep resistance and fatigue resistance [21,22,23,24]. Therefore, it has been necessary to investigate the deformation, crack nucleation, and propagation mechanisms of the FCC γ phase (matrix) in the Ni-based single-crystal superalloy. Yang et al. [25] explored the effects of grain boundary structures on crack nucleation during the deformation process in a Ni-nano-laminated structure. Yao [26] studied the microstructure evolution and stress distribution of pre-crack single-crystal Ni at different temperatures. The effects of temperature, strain rate, and orientation on the crack propagation of single-crystal Ni were demonstrated by Chen [27]. Furthermore, the effects of three-dimensional defects on crack growth were investigated [28]. The crack propagation mechanisms and behaviors of crystalline Ni-based materials have been studied based on the MD simulation using different styles of interatomic potentials [29,30,31,32,33,34,35]. However, no systematic investigation has been conducted to examine the nanohole propagation behaviors and mechanisms for the different styles of Ni–Ni interatomic potentials.



In this study, we used the large-scale atomic/molecular massively parallel simulator (LAMMPS) software based on the MD simulation to investigate the nanohole propagation behaviors of single-crystal Ni at different styles of Ni–Ni interatomic potentials. We systematically compared the nanohole propagation behaviors of the three styles of Ni–Ni interatomic potentials and investigated the differences between them in characterizing the nanohole propagation of single-crystal Ni. The results offer a theoretical basis for the selection of interatomic potentials in the MD simulation of Ni crystals.




2. Simulation Conditions


2.1. Initial Conditions


In this work, we investigated the nanohole propagation behaviors and mechanisms of single-crystal Ni according to uniaxial tensile deformation along the Y [010] direction of MD simulation models, as shown in Figure 1. The single-crystal Ni was in the cubic orientations of X—[100], Y—[010], and Z—[001]. The size of the model was 50 a × 50 a × 5 a (176 Å × 176 Å × 17.6 Å), where a = 3.52 Å is the lattice parameter of Ni crystal (Figure 1). By deleting specified Ni atoms at the central region of the deformation system, we created a model of a cylindrical nanohole with a specified size. The diameter and thickness of the nanohole were 20 Å and 17.6 Å, respectively.



We applied periodic boundary conditions in all directions. Using the conjugate gradient (CG) algorithm, we performed energy minimization by iteratively adjusting the coordinates of the Ni atoms of single-crystal Ni. Before tensile deformation, using an isothermal–isobaric ensemble (NPT) [36,37,38], we relaxed the tensile model at 20 K and 0 bar pressure for 10 ps (Tdamp = 0.01 ps and Pdamp =1 ps).Then, the tensile deformation of the system was performed at a constant temperature of 20 K, which was realized using a canonical ensemble (NVT)(Tdamp = 0.001 ps).The application of NVT ensembles means that the lateral dimensions (X and Z directions) are not allowed to relax. Uniaxial tensile deformation with a strain rate of 0.001 ps−1 was applied to the Y direction of single-crystal Ni. In the simulation, the simulation timestep was 0.001 ps. To analyze the nanohole propagation behaviors of single-crystal Ni, we visualized the atomic configurations and stress distributions of Ni atoms using the Open Visualization Tool (OVITO) [39].



To obtain the nanohole propagation behaviors, we calculated the atomic stress definitions of the front of the nanohole during tensile deformation and the average atomic stress     σ   α β     i     [40,41,42] as follows:


    σ   α β     i   = −   1   2   Ω   i       ∑  j ≠ i   N      f   α       i , j     r   β     i , j    



(1)




where   α   and   β   represent x, y, or z; N is the number of the atoms in a region around i within a potential cutoff distance;     f   α     i , j     is the vector component form of the interaction force exerted by atom j on atom i;     r   β     i , j     is the vector component form of the relative position form of atom j on atom i; and     Ω   i     is the volume of atom i given by the calculation of the Voronoi tessellation of the atom i in the simulation box.



In addition, the microstructure evolution of the tensile system was analyzed using common neighbor analysis (CNA) [43,44] and the dislocation extraction algorithm (DXA) of the model.




2.2. Potential between Atoms


We applied the three styles of potentials in our MD simulation—namely, the modified embedded atom method potential (hereinafter referred to as the MEAM potential) [45], the embedded atom method potential developed by Finnis and Sinclair (hereinafter referred to as the EAM/FS potential) [46], and the embedded atom method potential developed by Foiles and Baskes (hereinafter referred to as the EAM potential) [47]. Furthermore, the relevant parameters of the MEAM, EAM/FS, and EAM potentials are included in Supplementary Materials.





3. Simulation Results and Discussion


3.1. Stress–Strain Behavior


Figure 2 shows the stress–strain behavior of single-crystal Ni at various interatomic potentials, comprising the (a) MEAM potential, (b) EAM/FS potential, and (c) EAM potential. For the different styles of Ni–Ni interatomic potentials, during the initial stage of tensile deformation, the single-crystal Ni exhibited different stress–strain behaviors.   ε   denotes the tensile strain, and     ε   e    ,     ε   p   ,   and     ε   t     denote the elastic, plastic, and total strain, respectively. When     ε < ε   e    , the tensile process was in the elastic deformation stage. It was when the tensile stress of these models reached the peak stress that the tensile process began to enter the plastic deformation stage (the peak stress denoted the yield stress). For the MEAM potential, after the tensile stress reached its peak, it decreased quickly to zero with an increase in strain (Figure 2a). The accumulated plastic strain, which was defined as the total strain (    ε   t   )   at the fracture minus the elastic strain (    ε   e   )   [48,49], was only 6% (as shown in Figure 3). Conversely, in the process of the plastic deformation of single-crystal Ni at the EAM/FS potential, the flow stress dropped slowly to non-zero followed by a jerky flow and gradual decrease. This feature indicated the representative ductile nature of single-crystal Ni (Figure 2b), and this ductile nature was further demonstrated by the accumulated plastic strain of 13% (Figure 3). As shown in Figure 2 and Figure 3, the stress– strain behavior of single-crystal Ni at the EAM potential also had the stress–strain characteristics of single-crystal Ni at the MEAM potential and EAM/FS potential. The accumulated plastic strain was 10% (between 6% of the MEAM potential and 13% of the EAM/FS potential).




3.2. Nanohole Propagation Behavior


As the MEAM potential was used to study the nanohole propagation process, we found that the central nanohole propagated first using a fast brittle propagation model that included the process of formation and coalescence of nanopores at the front of the nanohole, as shown in Figure 4. In the process of uniaxial tensile along the y direction, the stress concentration was present at the left and right sides of the region of the central nanohole (see (a1) inset in Figure 4). When ε increased from 0% to 10.1%, the no. 1 nanopore formed at the left-bottom corner of the central nanohole because the relevant atoms of this region had a maximum tensile stress (about σyy = 32.2 GPa). As the   ε   value increased, the no. 1 nanohole gradually grew and coalesced with the main nanohole. At the same time, the no. 2 nanopore formed at the right-bottom corner of the main nanohole due to the stress concentration (ε = 10.2%, σyy = 31 GPa; see Figure 4(c1)). Then, the no. 2 nanopore gradually grew and coalesced with the main nanohole, and the left region of the main nanohole also produced two nanopores (no. 3 and no. 4 nanopores). As shown in Figure 4d, the plastic deformation occurred in the upper local area of the right nanopore. When ε = 10.7%, the new no. 3 and no. 4nanopores continued to grow, and the misorientation between the tensile direction and the nanohole growth direction was 45°, indicating that the crack mainly propagated along the (110) plane of single-crystal Ni (see Figure 4g). Meanwhile, the stress concentration was present in the region of the front of the right-bottom corner of the propagated nanohole (Figure 4g; σyy = 34 GPa), which gave rise to the new no. 5 nanopore initiation (Figure 4h). As ε = 15.9%, the nanohole propagated across the whole single-crystal Ni (Figure 4i). When the   ε   value was below 10.4%, the nanohole was propagated using a fast brittle propagation model that included the process of formation and the coalescence of nanopores at the front of the nanohole with almost no emission of dislocations from the nanohole. With the strain increasing from 10.4% to 10.9%,however, the process of nanohole propagation was accompanied by the emission and slip of dislocations.



Figure 5 shows the process of the uniaxial tensile of single-crystal Ni with the EAM/FS potential. To conveniently analyze the structural change in the nanohole local region during the nanohole propagation process, we performed a CNA and deleted the perfect atoms of the FCC structure, as shown in Figure 5(b1–f1), in which the gray and red atoms denote the amorphous atoms and the HCP structure atoms, respectively. The insets of Figure 5(b2,c2) show the change in dislocation type of different tensile strains. From Figure 5, we found that the front of the nanohole first presented stress concentration, and then the stress concentration level increased with the tensile strain. To decrease the stress concentration of the local region of the front of the nanohole, the nanohole propagation was carried out by changing the shape from a cylindrical nanohole to a rectangular nanohole (Figure 5a,b). When ε = 8.3%, the stress concentration of the nanohole resulted in the lattice structure transformation of the local region of the front of the nanohole (from a perfect FCC structure to amorphous atoms (gray atoms) and an HCP structure (red atoms); Figure 5b1). We also found that the stair-rod dislocations with a Burgess vector of     a   6       1  −  01     appeared at the boundary between the region of amorphous atoms and the perfect FCC structure (see Figure 5(b2), the magenta dislocation line). The stair-rod dislocation with a Burgess vector of     a   6       1  −  01     was formed through the dislocation reaction of     a   6     112   +   a   6       2  −    1  −    1  −     →     a   6       1  −  01    . The dislocations of     b  →  =   a   6     112     and     b  →  =   a   6       2  −    1  −    1  −      were Shockley partial dislocations. The stair-rod dislocation (also called the Lomer–Cottrell lock) further impeded the advance of the slip and resulted in a pile-up of the dislocation. Consequently, as the strain increased, the nanohole growth of the left-upper corner was hindered by the Lomer–Cottrell lock (as shown in Figure 6; see the red platform of the left nanohole length–strain curve). For the right-bottom corner of the nanohole, the nanohole was blunted throughout the local region atom’s amorphization to release a stress concentration, and a Lomer–Cottrell lock did not form. Therefore, the nanohole growth of the right-bottom corner was not hindered. When ε = 9.5%, the Lomer–Cottrell lock of     b  →  =   a   6       1  −  01     disappeared from the left-upper corner of the nanohole via the relative motion of atoms in the local region. Therefore, the effect of the pile-up of the dislocation of the Lomer–Cottrell lock was removed. Two Shockley partial dislocations of     b  →  =   a   6       1  −  21     and     b  →  =   a   6     1   2  −    1  −      also formed (see the green line in Figure 5c2). Then, the nanohole propagated in the way of the local region crystal structure transformation and the dislocations slip (Figure 5d–f and Figure 6).



Figure 7 shows the process of the uniaxial tensile test of single-crystal Ni for the use of EAM potential. When ε = 7.1%, the stress concentration was present at the left and right regions of the nanohole (Figure 7a). Then, with an increase in tensile strain, the stress concentration level of the nanohole local region increased gradually, resulting in the formation of an amorphous structure in this region (Figure 7(b1,c1)), and the dislocations started to nucleate at the boundary between the region of the amorphous structure and the perfect FCC structure. The dislocation slips of the front of the nanohole resulted in nanohole propagation (Figure 7a–c). However, when the tensile strain was 8.7%, a stair-rod dislocation with a Burgess vector of     a   6       1  −  01     appeared at 20 Å from the front of the nanohole (Figure 7(d1,d2); see the magenta dislocation line). The stair-rod dislocation was a fixed dislocation, halting the right-side growth of the nanohole. These immobile high-density dislocations caused a maximum tensile stress of about σyy = 26 GPa at the right-side local region of the nanohole (Figure 7(d1,d2)). Further increased strain led to the formation of a new nanopore to release the stress concentration level (Figure 7(e1,e2)). Finally, through the process of dislocation slip and the formation and coalescence of the nanopore, the tensile model was completely fractured.




3.3. Relationship between Crack Length and Tensile Strain


Generally, the propagation rate of nanoholes and the flow stress or tensile strains are closely related [50]. Figure 8 shows the relationship between tensile strain and nanohole length for the tensile process of single-crystal Ni at the MEAM, EAM/FS, and EAM potentials. For the MEAM potential, the center nanohole was propagated when the tensile strain was (ε) 10%. After that, the nanohole growth entered a rapid stage—for example, when the tensile strain increased from 10% to 11%, the total nanohole length increased rapidly from 20 Å to 180 Å. Then, the total nanohole length increased slowly. When the tensile strain was       ε   t     16 %  , the nanohole growth extended across the single-crystal Ni along the x-direction (the nanohole length was about 190 Å). The relationship between the nanohole length and strain further confirmed the nature of the nanohole propagation of single-crystal Ni at the MEAM potential. For the single-crystal Ni tensile model under the EAM/FS potential, the central nanohole began to propagate when the tensile strain was (ε) 7% (the single-crystal Ni tensile model under the EAM potential has the same behavior). Then, the tensile models under the EAM/FS and EAM potentials entered the rapid propagation stage. At the strain rates of 10% (for the EAM/FS potential) and 13% (for the EAM potential), the propagation rate of nanoholes decreased. However, in this rapid propagation stage of nanoholes, the nanohole propagation rate of the tensile model under the EAM/FS potential was relatively slow compared to that of the tensile model under the EAM potential. This slow rate was due to the nature of the dislocation (emission and slip) of the tensile model under the EAM/FS potential. Afterward, as the strain increased, the nanohole propagation was conducted in the form of a dislocation moving from the front of the nanohole to the edge of the tensile sample. The relationship between the crack length and strain confirmed the ductile crack propagation of single-crystal Ni at the EAM/FS potential.




3.4. Discussion


Figure 2 and Figure 3 show that the EAM/FS potential was effective in describing the Ni–Ni interaction, which showed good plastic deformation ability and a good maximum cumulative plastic strain (    ε   p     = 13%). In addition, the cylindrical nanohole first was transformed into a square nanohole due to its good plastic deformation ability before the nanohole propagation. Then, the nanohole was propagated forward due to the local region passivation of the front of the nanohole and the dislocation emission, which showed clear plastic propagation behavior. Therefore, for the single-crystal Ni tensile model under the EAM/FS potential, crack propagation showed the obvious plasticity behavior. For the condition of the MEAM potential to describe the Ni–Ni interaction, the single-crystal Ni showed the worst plastic deformation capacity, and the cumulative plastic strain at the main stage of crack propagation was only about 1% (Figure 4a–h, at which point the crack propagation was almost throughout the entire cross-section of the tensile model). It should be noted that, although the cumulative plastic strain corresponding to this potential was 6% (Figure 3), this was mainly due to the consumption of 5% plastic strain work in the final stage of crack propagation (Figure 4h–g). Hence, when the MEAM potential was used to describe single-crystal Ni, crack propagation showed obvious brittle behavior. For the EAM potential, the single-crystal Ni tensile model exhibited both plastic crack propagation related to dislocations and brittle crack propagation related to the micropore formation (Figure 7e,f). Furthermore, the above analysis can be further confirmed by the results of the crack length and the tensile strain curve in Figure 8.



To analyze the reason for the above difference in nanohole propagation behavior, we further compared the surface energy and stacking fault energy of single-crystal Ni for the MEAM, EAM/FS, and EAM potentials. The surface energy and stacking fault energy are shown in Table 1. It can be found that the model of single-crystal Ni described by the MEAM potential exhibited the maximum surface energy and stacking fault energy. Furthermore, the EAM/FS potential gave the minimum surface energy and stacking fault energy of single-crystal Ni. These differences in surface energy and stacking fault energy of single-crystal Ni at different styles of potentials eventually led to the difference in nanohole propagation behaviors.





4. Conclusions


In this study, based on the MD simulation, we investigated the nanohole propagation behaviors of single-crystal Ni under different styles of potentials (MEAM potential, EAM/FS potential, and EAM potential). The simulation results revealed that the behaviors of nanohole propagation for the different styles of potentials were quite different. According to the experimental results, the following conclusions can be drawn:




	(1)

	
The MEAM potential is best suited to describe the brittle propagation behavior of nanoholes in single-crystal Ni.




	(2)

	
The EAM/FS potential is effective in characterizing the plastic growth behavior of nanoholes in single-crystal Ni.









The results showed the differences between different styles of potentials in characterizing nanohole propagation in single-crystal Ni. Furthermore, the results offer a theoretical basis for the selection of interatomic potentials in the MD simulation of Ni crystals.



However, the current results were obtained under special conditions (for example, a temperature of 20 K and a strain rate of 0.001 ps−1). The microstructure evolution and nanohole propagation process in the single-crystal Ni can be different as the simulation conditions change. In the future, we will systematically consider the effects of temperature, strain rate, crack shape, and potential function on crack propagation in single-crystal Ni.
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Figure 1. The MD model of FCC single-crystal Ni with a central cylindrical nanohole: (a) the size and orientation of simulated region and (b) single-crystal Ni with cylindrical nanohole. 
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Figure 2. The stress–strain behavior of single-crystal Ni under the (a) MEAM potential, (b) EAM/FS potential, and (c) EAM potential. The failure location is marked by the solid arrow. 
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Figure 3. The elastic strain     ε   e    , total strain     ε   t     and accumulated plastic strain     ε   p     of single-crystal Ni under different styles of interatomic potentials. 
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Figure 4. The contour plots of the atomic tensile stress field and nanohole growth states at different tensile strains (MEAM potential). 
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Figure 5. The contour plots of the atomic tensile stress field and crack growth states at different tensile strains (EAM/FS potential). 
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Figure 6. The nanohole length–strain curve of the nanohole propagation process (EAM/FS potential). 
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Figure 7. The contour plots of the atomic tensile field and crack growth states at different tensile strains (EAM potential). 
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Figure 8. The crack length–strain curve of single-crystal Ni at different styles of potentials. The symbol ‘×’ denotes the fracture point of the tensile model. 
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Table 1. The computed properties of single-crystal Ni for the different styles of potentials.
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MEAM

	
EAM/FS

	
EAM






	
Surface energy (erg/cm2)

	
(100) plane

	
1943

	
1444

	
1580




	
(110) plane

	
2057

	
1548

	
1730




	
(111) plane

	
1606

	
1153

	
1450




	
Stacking fault energy (erg/cm2)

	
125

	
33

	
--
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