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Abstract: This article investigates the nanoscale mechanical properties and deformation mechanism 

of Nix–Al100−x metallic glasses nanowires (NWs) subjected to uniaxial compressive stress. Molecular 

dynamics (MD) simulation is carried out using the program package LAMMPS with 

Embedded-Atom potential. Simulation is performed and focused on the effects of different 

slenderness ratio, quenching rate, alloy ratio, compression rate, temperature, defects and fracture 

process of Nix–Al100−x metallic glasses NWs on the mechanical behaviors of these materials. 

Simulation results show that three possible deformation mechanisms, namely compressive 

deformation, buckling of structural instability, and lateral extrudes, may occur under different 

conditions. When the quenching rate is slow, the formation of amorphous phase after quenching is 

low, but both the corresponding ultimate stress and the Young’s modulus become high. Moreover, 

under the same quenching rate, the ultimate stress increases with the decrease of the slenderness ratio. 

For different alloy ratio, it is found that B2 phase of this alloy system exhibits the highest magnitude 

of both ultimate stress and Young’s modulus. In addition, the concentration effects of point defects 

on mechanical behaviors of materials are also evaluated and discussed. 
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1. Introduction 

NiAl alloys have a great potential on the applications of the high temperature structures due to 

higher melting point, higher thermal conductivity, and lower density than Ni-based superalloys [1–6]. 

These alloys also offer excellent oxidation resistance at elevated temperatures. In recent decades, Lee 

et al. [7] have reported about the shear band formation and failure mechanism in monolithic glasses 
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and glass matrix composite by interrupted compression experiments. Alavi et al. [8] have examined 

the tensile failure of Ni–Al bimetallic nanowires under different strain rates and temperatures. When 

the NiAl alloys are cooled down from the melting point with sufficient high quenching rate, all the 

microstructures of the alloy become amorphous. They are then called NiAl metallic glasses (MGs). 

These kinds of materials have emerged as a prospective structural material in recent years. They 

possess excellent properties, such as high strength, high elastic limit, high ductility and superior 

corrosion resistance. Even though metallic glass has many beneficial applications, instantaneous 

brittle failure, however, leads to a fatal shortcoming. This phenomenon, however, may be different at 

the nanoscale [9–20]. Thus, it is important to understand the material deformation under applied 

strain at the nanoscale. Several papers have studied the mechanical properties of different alloys at 

the nanoscale. For instance, Wang et al. [21] have investigated the effects of nanoscale pores on the 

strength and ductility of porous Cu46Zr54 metallic glasses during nanoindentation and uniaxial 

compression tests using MD simulations. Wang et al. [22] have conducted uniaxial compression tests 

of slender metallic glass bars of composition Zr52.5Cu17.9Ni14.6Al10Ti5 (at%). They found that the 

Zr-based metallic glass bars have a tendency to buckle elastically or plastically rather than to yield or 

fracture if its slenderness ratio is over a critical value. Wachter et al. [23] have reported the 

phenomenon of buckling in Cu45Zr45Al10 metallic glass nanowires with different slenderness ratios 

by means of MD simulation. Sung and Chen [24] have investigated the crack growth and 

propagation of pre-cracked NiAl alloy prepared at different quenching rates under mode I loading 

conditions using MD. Zhuo and Beom [25] have investigated the mechanical properties of 

<100>-oriented square cross-sectional silicon nanowires under tension and compression, with a 

focus on the effect of side surface orientation. Moreover, the phenomena of stress-induced 

martensitic phase transformation in NiAl alloys have been investigated by MD [26,27]. They found 

that this transformation is reversible and is characterized by a significant temperature hysteresis. 

Recently, Mortazavi et al. [28] have examined the mechanical properties and thermal conductivity of 

graphitic carbon nitride by MD simulations. Properties of two main structures of triazine-based, 

g-C3N4 films were evaluated. This work investigates the mechanical properties and deformation 

mechanism of NixAl100−x alloy at the nanoscale under compressive stress. Effects of alloy ratio, 

quenching rate, slenderness ratio, temperature, strain rate, and point defect concentration on 

mechanical properties and deformation mechanism are evaluated and discussed. 

2. Methodology 

The MD simulations are carried out using the LAMMPS Package (Large-scale 

Atomic/Molecular Massively Parallel Simulator, http://lammps.sandia.gov). Several different 

crystalline phases of NiAl alloy can be found in the phase equilibrium diagram of NiAl binary  

alloy [29]. Specially, phase B2 CsCl-type plays the most important role in the NiAl alloy, which 

alloy ratio of Ni to Al is about 1 to 1 with the highest melting point. The ordered cubic B2 crystal 

structure of NiAl consists of two interpenetrating primitive cubic cells, where Al atoms occupy the 

cubic corners of one sublattice and Ni atoms occupy the cubic corners of the second sublattice. The 

ordering energy is believed very high which makes dislocation mobility rather difficult. Not only the 

physical model of Ni50Al50, four different alloy ratios (Ni20Al80, Ni40Al60, Ni60Al40 and Ni80Al20), as 

shown in Figure 1, are also investigated. The size of the initial model is 5 nm in diameter with round 

cross-section and 25~75 nm in length corresponding to the slenderness ratio (L/D) 5~15, where L 

http://lammps.sandia.gov/
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and D denote the length and diameter of NWs, respectively. The total number of atoms in each model 

with slenderness ratio ranged from 5 to 15 is about from 40000 to 120000. The atoms of Ni and Al 

are individually colored by blue and red. The atom velocities are adjusted in order to maintain them 

in an isothermal state with a specific temperature, and obeying Newton’s second law. The model is 

initially relaxed at 300 K for 200 ps within a NPT (constant pressure and constant temperature) 

ensemble. The model is then heated up to 2300 K and kept for 50 ps, allowing the solid to melt using 

the conjugated gradient method. After that, the model is quenched to 100 K with a variable 

quenching rate ranging from 0.5 to 50 K/ps. The equilibrium microstructures of Ni50Al50 NWs at 

quenching rates of 0.5 and 50 K/ps are shown as in Figure 2a,b, respectively. At slow cooling rates, 

large grain sizes are formed, as shown in Figure 2a. On the other hand, at fast cooling rates, fine 

grain sizes are formed. If the cooling rate is high enough, as shown in Figure 2b, the atoms do not 

have enough time to rearrange themselves for further crystallization. The liquid state, consequently, 

maintains right up to the room temperature and then solidifies as metallic glass. During the 

deformation process, the model is compressed in the uniaxial direction. The many-body potential 

embedded atom method (EAM) [30] is employed in this work to describe the Ni–Ni, Al–Al and 

Al–Ni interactions. This intermolecular potential was proposed based on density functional theory 

and was capable of accurately calculating ground-state properties of realistic metal systems, such as 

the lattice constant, elastic constants, sublimation energy, and vacancy-formation energy. 

 

Figure 1. Physical models and cross-section of NixAl100−x NWs (a,e) Ni20Al80, (b,f) 

Ni40Al60, (c,g) Ni60Al40, (d,h) Ni80Al20 (purple: Al; red: Ni). 
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(a) (b) 

Figure 2. Equilibrium microstructure of Ni50Al50 NWs at quenching rates of (a) 0.5 K/ps 

and (b)50 K/ps, respectively. 

The time integration of motion is performed using Gear’s fifth-order predictor-corrector method 

with a time step of 2 fs. To increase calculation efficiency, the Verlet neighbor-list method is used. 

The lists of neighbor atoms are calculated every 10 time steps with a cut-off radius of 0.65 nm. The 

interatomic stress of six components can be determined using virial stress and the von Mises 

effective stress to describe the mechanical properties. 
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In order to analyze the partial dislocations and stacking faults (SFs) during the compressive 

deformation, the technique of CSP [31] was used. 

3. Results and discussion 

The critical fundamental buckling stresses of Ni50Al50 NWs at different quenching rates are as 
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shown in Figure 3. It can be found that the simulated critical stresses are well consistent to the data 

proposed by modified Euler’s formula [32] as the slenderness ratio is higher than 10. In other words, 

as slenderness is higher than 10, the NWs are mainly deformed by buckling rather than by elastic 

and/or plastic deformation. The formula is defined as follows 

 
 (5) 

where L is the effective length;  is a dimensionless constant; (EI)* denotes the effective bending 

rigidity; H is related to the surface residual tension 0. 

 

Figure 3. Critical stress of Ni50Al50 NWs at different quenching rates and slenderness 

ratios in comparison to modified Euler’s formula. 

Figure 4a,b shows the stress vs. strain curves of Ni50Al50 NWs with different slenderness ratio at 

quenching rates of 0.5 and 50 K/ps, respectively. It can be found that the ultimate stress is higher at 

slower quenching rate and smaller slenderness ratio due to a smaller amount of amorphous phase. 

Moreover, the NWs are deformed under compression without inducing structural buckling. On the 

other hand, a larger amount of amorphous phase is formed at faster quenching rate. The ultimate 

stress of this NW is lower than its crystalline counterpart. Moreover, remarkably sharper and 

narrower stress–strain curves appear. This phenomenon may be corresponded to the sudden drop in 

the compression resistance of materials due to either the initiation of buckling or the slipping induced 

extrudes along grain boundaries. It can be found that the structures with high slenderness ratio and 

coarse grains, generally fabricated under slow quenching rates, tend to exhibit sharp stress–strain 

curves. More detailed imagines of slipping induced extruding along grain boundaries can be 

observed in Figure 5. This figure illustrates the stress–strain curves, deformation mechanism, and 

distributions of local stress and strain of Ni50Al50 NWs with slenderness ratio of 10 and quenching 

rate of 0.5 K/ps. Since coarse-grained microstructures are generated under this slow quenching rate, 

slipping induced extrudes are easily occurred along the grain boundaries which are inclined 

approximately 45 degrees to the axial direction where the shear stress is maximum. The atomic 
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displacement vectors of the materials are as shown in Figure 6. It can be seen that the atoms near the 

grain boundaries tend to move along the grain boundaries and, finally, lead to the formation of 

extrudes as the strain is increasing. Moreover, as shown in Figure 7, the phenomena of extrudes are 

much easier induced rather than buckling. This phenomenon still occurs even when the slenderness 

ratio is as high as 15. In other words, phenomena of extrudes are the main deformation mechanisms 

and much more susceptible than buckling and compressible deformation for the materials with 

coarse grains when the slenderness ratio is smaller than 15. 

 

(a) 

 

(b) 

Figure 4. Stress–strain curves of Ni50Al50 NWs at quenching rates of (a) 0.5 K/ps and (b) 

50 K/ps with different slenderness ratios (T = 100 K). 
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Figure 5. Stress–strain curves, deformation mechanism, and distributions of local stress 

(second row) and shear strain (third row) of Ni50Al50 NWs with quenching rates of    

0.5 K/ps at different strains (L/D = 10). 

On the other hand, the deformation mechanism of Ni50Al50 NWs at quenching rate of 50 K/ps 

with slenderness ratio of 10 is as shown in Figure 8. Since amorphous phase becomes dominant 

under this fast quenching rate, all the atoms of materials tend to move uniformly along the 

compressive axial direction as the strain gradually increases, as shown in Figure 9. The stress–strain 

curves then start to drop as the phenomenon of buckling starts to take place. Figure 10 illustrates the 

deformation mechanism of NWs when the slenderness ratio is ranged between 5 and 15. It is found 
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that since amorphous phase becomes dominant under this situation, the NWs cannot produce 

deformation along the slip system of the crystalline phases. Consequently, both the compressive 

deformation with shear band and the phenomenon of buckling take place together. The former, 

however, is dominant at the low slenderness ratio, while the latter is dominant at the large 

slenderness ratio. In addition, it appears that the amorphous phase in NWs is stable and remains 

unchanged as the strain increases.  

 

Figure 6. Atomic displacement vectors (RHS of each strain level) and distributions of 

microstructures (LHS: gray: amorphous; blue: BCC) of Ni50Al50 NWs at different strains 

with quenching rates of 0.5 K/ps (L/D = 15, T = 100 K). 

 

Figure 7. Deformation pattern as well as distributions of local shear strain (LHS of each 

strain level) and microstructures (RHS: gray: amorphous; blue: BCC) of Ni50Al50 NWs at 

different slenderness ratios with quenching rates of 0.5 K/ps (T = 100 K). 
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Figure 8. Stress–strain curves, deformation mechanism, and distributions of local stress 

viewed from surface and section (second row) and local shear strain (third row) of 

Ni50Al50 NWs at different strains with quenching rates of 50 K/ps (L/D = 10, T = 100 K). 
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Figure 9. Atomic displacement vectors (RHS of each strain level) and distribution of 

microstructures (LHS: gray: amorphous; blue: BCC) of Ni50Al50 NWs at different 

compression stages with quenching rates of 50 K/ps (L/D = 15, T = 100 K). 

 

Figure 10. Deformation mechanism, local shear strain (LHS of each strain level), and 

distributions of microstructures (RHS: gray: amorphous; blue: BCC) of Ni50Al50 NWs at 

different slenderness ratios with quenching rates of 50 K/ps (T = 100 K).  

The stress–strain curves of NWs at the quenching rate of 5 K/ps with the different alloy ratios 

and the slenderness ratios of 5 and 15 are as shown in Figures 11 and 12, respectively. It can be seen 

that the ultimate stress generally increases with the increase of the content of Al. However, B2 phase 

of Ni50Al50 always exhibits the highest ultimate stress. The ultimate stress of this alloy at the higher 

slenderness ratio is smaller than that at the lower slenderness ratio due to the different deformation 

mechanisms. Moreover, the discrepancy in ultimate stress is much more significant when the 
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slenderness ratio is lower. It means that much greater stress is required to induce the extrudes in NWs. 

Distributions of local shear strain and deformation pattern of NWs with quenching rates 5 K/ps at 

L/D = 5 with different alloy ratios at ultimate stress are depicted as in Figure 13. There exists no 

significant difference between NWs with different alloy ratios. Distributions of local shear strain and 

deformation pattern of NWs at slenderness ratio of 15 and quenching rates of 5 K/ps with different 

alloy ratios at ultimate stress are as shown in Figure 14. There still exists no significant difference in 

the distributions of local shear strain. However, NWs of Ni50Al50 and Ni20Al80 alloys are a little bit 

more susceptible to buckling than the other NiAl alloys. 

 

Figure 11. Stress–strain curves of NWs at L/D = 5 with different alloy ratios (quenching 

rate: 5 K/ps, T = 100 K). 

 

Figure 12. Stress–strain curves of NWs at L/D = 15 with different alloy ratios 

(quenching rates: 5 K/ps, T = 100 K). 
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Figure 13. Distributions of local shear strain (RHS of each alloy ratio) and atoms (LHS: 

purple: Al; red: Ni) as well as deformation pattern of NWs at L/D = 5 with different alloy 

ratios at ultimate stress (quenching rates: 5 K/ps, T = 100 K). 

 

Figure 14. Distributions of local shear strain (RHS of each alloy ratio) and atoms (LHS: 

purple: Al; red: Ni) as well as deformation pattern of NWs at L/D = 15 with different 

alloy ratios at ultimate stress (quenching rates: 5 K/ps, T = 100 K).  

As shown in Figures 15 and 16, the effects of temperature on ultimate stress are insignificant as 

the quenching rate is within the range of 5 to 50 K/ps. However, the ultimate stress decreases with 

the increase of temperature as the quenching rate is 0.5 K/ps. Moreover, as shown in Figures 17–19, 

when the strain rate increases from 0.05 to 0.5 %/ps, the ultimate stress is significantly enhanced 

especially for the structure with high slenderness ratio. Moreover, the phenomenon of buckling is 

more significant for lower strain rate, as shown in Figure 20. It is known that higher-energy buckling 

modes, instead of fundamental buckling mode, will be actuated by the faster compression rate, as 

reported in [33]. Therefore, it needs larger compressive force to induce buckling. In other words, the 
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phenomenon of buckling is more difficult taken place as the strain rate is higher. In comparison 

Figures 17 with 18, it can be found that the ultimate stresses of NWs with slenderness ratio of 15 and 

5 are 1.9 GPa and 2.9 GPa, respectively. Since the NWs with large slenderness ratio and small strain 

rate tend to deform by buckling, they are deformed by buckling when the strain rate is ranged 

0.05–0.2 %/ps and only a small amount of energy can be absorbed. On the other hand, when the 

strain rate is as high as 0.5 %/ps, a significant amount of energy can be sustained by the NWs when 

the slenderness ratio equals 15. On the other hand, the NWs are always deformed by compressive 

deformation without inducing buckling as the slenderness ratios is equal to 5. 

 

Figure 15. Stress–strain curves of Ni50Al50 NWs with quenching rates of 50 K/ps at 

different temperatures (L/D = 10). 

 

Figure 16. Stress–strain curves of Ni50Al50 NWs with quenching rates of 0.5 K/ps at 

different temperatures (L/D = 10). 
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Figure 17. Stress–strain curves of Ni50Al50 NWs with quenching rates of 5 K/ps at 

different strain rates (L/D = 15, T = 100 K). 

 

Figure 18. Stress–strain curves of Ni50Al50 NWs with quenching rates of 5 K/ps at 

different strain rates (L/D = 5, T = 100 K). 
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Figure 19. Deformation pattern as well as distributions of local shear strain (RHS of 

each strain level) and atoms (LHS: purple: Al; red: Ni) of Ni50Al50 NWs at L/D = 15 and 

different strain rates (quenching rates: 5 K/ps, T = 100 K). 

 

Figure 20. Deformation pattern as well as distributions of local shear strain (RHS of 

each strain level) and atoms (LHS: purple: Al; red: Ni) of Ni50Al50 NWs at L/D = 5 and 

different strain rates (quenching rates: 5 K/ps, T = 100 K). 

The effects of percentage of point defects on the microstructures of Ni50Al50 NWs using CNA 

technique at quenching rate of 0.5 K/ps are as shown in Figure 21. It is observed that the point 

defects provide a good condition for the reformation of amorphous phase. The percentage of 

amorphous phase increases very fast from 43.6 to 81.1% as the point defect is increasing from 0 to 

10%. Figures 22 and 23 indicate that the effects of point defect concentration on ultimate stress are 

insignificant for high quenching rate and become remarkable for low quenching rate. For instance, 

the ultimate decreases from 1.7 to 1.2 GPa as the point defect concentration increases from perfect 0 
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to 10% point defect concentration at low quenching rate of 0.5 K/ps. However, it almost remains 

unchanged at high quenching rate of 50 K/ps. In other words, the effect of point defect on ultimate 

stress is more significant for the materials with crystalline phase rather than with amorphous phase. 

For the structure with a large amount of amorphous phase and low slenderness ratio, shear bands are 

significantly induced. It is interesting to find that when the percentage of defects increases, not only 

the grain size is decreased but also the amount of amorphous phase is remarkably increased. In other 

words, the appearance of point defects tends to enhance the formation of amorphous phase and 

induce small nano-grained microstructure in the material. 

For the Ni50Al50 NWs prepared by a high quenching rate of 50 K/ps, as depicted in Figure 22, 

the stress–strain curves are quite similar when the percentage of point defects is within the range 

from 0 to 10%. This result can be explained by the fact that since almost all the microstructures 

become amorphous phase under this high quenching rate, the concentration of point defects has 

nearly no influence on the change of microstructures. Consequently, one can find that quite similar 

stress–strain curves appear under the action of uniaxial compressive stress. On the contrary, when the 

NWs are fabricated with a low quenching rate of 0.5 K/ps, as shown in Figure 23, the effects of the 

percentage of point defects on the stress–strain curves become much more significant. Much lower 

ultimate stress can be found for the case with 10% point defects. Distributions of the local shear 

strain and the deformation pattern of Ni50Al50 NWs at a slenderness ratio of 10 and a quenching rate 

of 0.5 K/ps with different percentage of point defects are as shown in Figure 24. It is found that the 

deformation mechanisms change from extrude-like to the combination of the compressive 

deformation and the buckling as the percentage of point defects increases from 0 to 10%. 

 

Figure 21. Distributions of atoms (LHS of each percentages of defects: purple: Al; red: 

Ni) and microstructures (RHS: gray: amorphous; blue: BCC) at quenching rate of    

0.5 K/ps with different percentage of point defects (Ni50Al50, L/D = 10, T = 100 K). 
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Figure 22. Stress–strain curves of Ni50Al50 NWs at quenching rate of 50 K/ps with 

different percentage of point defects (L/D = 10, T = 100 K). 

 

Figure 23. Stress–strain curves of Ni50Al50 NWs at quenching rate of 0.5 K/ps with 

different percentage of point defects (L/D = 10, T = 100 K). 
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Figure 24. Distributions of local shear strain and deformation pattern of Ni50Al50 NWs at 

quenching rate of 0.5 K/ps with different percentage of point defects (Ni50Al50, L/D = 10, 

T = 100 K). 

4. Conclusion 

Simulation results are summarized that under the same conditions of alloy ratio, strain rate and 

temperature, the ultimate stress and Young’s modulus of NWs are increased with the decrease of 

quenching rate. Moreover, the ultimate stress becomes higher as the slenderness ratio is smaller. As 

the slenderness ratio is higher than 10, the calculated ultimate stresses are in good agreement with 

modified Euler’s formula. When the quenching rate and slenderness ratio are low, the NWs are 

significantly deformed along the slip system. However, the phenomena of the buckling take place as 

the slenderness ratio and quenching rate are increased. On the other hand, shear bands appear 

significantly for the cases with small slenderness ratio at high quenching rate. For different alloy 

ratios, the ultimate stress and Young’s modulus, in general, are increasing with the increase of Ni 

content. However,  phase Ni50Al50 exhibits the highest ultimate stress and Young’s modulus. The 

effect of temperature on ultimate stress is insignificant as the quenching rate is within the range from 

5 to 50 K/ps. However, the ultimate stress decreases with the increase of temperature as the 

quenching is 0.5 K/ps. 
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