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Abstract 

Due to high strength and better corrosion properties, Ni-based alloy components are used in different machineries 

that are exposed to extreme/impact loading conditions. Structural re-designing of these metallic system can improve 

their impact resistance and bearing capacity. In this perspective, we have performed molecular dynamics simulation 

to analyze the effect of Ni-Nb metallic glass on attenuating the shock damage in crystalline Ni-amorphous Ni-Nb 

nanolaminate structure. Results have shown that the Ni62Nb38 metallic glass have effectively mitigated the damage 

in the crystalline Ni region at 0.5 km/s and 0.8 km/s. Structurally, Ni62Nb38 metallic glass has shown better stability 

as higher icosahedral clusters are observed when compared with other Ni-Nb glass compositions after the shock 

propagation. However, at higher shock velocities, the presence of amorphous phase in the nanolaminate is 

insignificant as the shock causes large dislocation generation and localized amorphization.  
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1. Introduction 

Ni-based metals are extensively used in turbines and jet-engines due to their outstanding mechanical and corrosion 

resistance properties [1-4]. However, the components used in such machineries are often susceptible to extreme and 

impact loading conditions repeatedly, which makes these metallic systems prone to catastrophic failure [5, 6]. This 

necessitates the re-designing of these metallic systems to withstand such extreme loading conditions for a prolonged 

time period. Towards this perspective, nanoscale alternate layering of crystalline and amorphous metallic glass 

(MG) phases is one of the suitable methods as these types of nano-composite structures have portrayed better 

damage tolerance along with high strength and reasonable ductility [7-11]. In case of Ni-based metallic systems, Ni-

Nb MGs can be used as a suitable amorphous layer as they have excellent mechanical properties and good high 

temperature stability [12, 13]. Moreover, the binary metallic glass can be formed over a wide range of Ni-Nb 

compositions [14]. In order to investigate the deformation and failure behavior under impact loadings, critical 

analysis of the shock response of the material is imperative. Shock wave propagation in metallic system results in 
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wide-ranging responses such as elastic-plastic transition [15], phase transformation [16], and amorphization [17]. 

There are numerous investigations, both experimental and simulation based, focusing on the shock response of 

nanolaminate (composite) structures [11, 18-25]. For instance, Reddy et al. studied the shock response of crystalline 

Cu and MG Cu-Zr nanolaminate using molecular dynamics (MD) simulation and reported the role of interface on 

the stabilization of martensitic phase transition [11]. Moreover, they also dynamically characterized the structural 

evolution in the MG phase [11]. Whereas, Han et al. have investigated experimentally the failure behavior of Cu-Nb 

nanocomposites and reported that the nanostructured specimens were completely spalled after a critical peak stress 

of 7 GPa [20]. In another study, Xiang et al. analyzed the deformation behavior at the interface of Ni-Al multilayers 

and found that defects such as stacking fault pyramids are generated due to the shock propagation for a piston 

velocity lower than 1.1 km/s [24]. On the other hand, Zhang et al. studied the plastic response of Cu-Nb 

nanolaminate structure and revealed the underlying dislocation nucleation and evolution mechanism at the nano-

interface. Although few investigations have been dedicated to exploring the superior mechanical and chemical 

properties of Ni-Nb based MGs [26-30], the effect of Ni-Nb amorphous phase (MG) on the shock response is not 

studied till date as per authors’ knowledge.  

In this study, MD simulation has been implemented to investigate the effect of MG phase on the overall atomistic 

deformation mechanism during the shock loading of crystalline Ni-Ni62Nb38 MG nanolaminates. In this regard, we 

have considered three different piston velocities to study the influence of amorphous phase (Ni-Nb MG) on 

moderating the shock propagation along the specimen. Moreover, we have also varied the Nb-percent in the MG 

phase to investigate the role of niobium in retardation of shock propagation. Here, we have methodically analyzed 

and reported the structural evolution, phase transformation, and topological alterations occurring during the shock 

propagation.   

2. Simulation details 

We have prepared a bilayer nanolaminate structure of crystalline Ni and amorphous Ni-Nb metallic glass (MG) with 

a dimension of (50 nm × 12 nm × 12 nm). We primarily considered the MG composition to be Ni62Nb38 to study the 

effect of amorphous phase in restraining the shock propagation, though we have also taken two other compositions 

of Ni-Nb MG (15 and 50 at. % of Nb) to compare the contribution of Nb percent in Ni-Nb MG on dampening the 

shock. The length of the crystalline and amorphous region is approximately 24 nm and 26 nm respectively. The 

snapshot of the nanolaminate specimen along with the atomic distribution of the Ni-Nb metallic glass is presented in 

Fig. 1. To prepare the MG layer, we have first replaced the 38 at. % (or 15 and 50 at. %) Ni atoms with the Nb 

atoms in single crystal (SC) Ni specimen and then heated the region up to 3000 K. After this, the region is 

equilibrated at that temperature for 200 ps which is then followed by rapid cooling to 100 K at a rate of 10 K/ps. In 

order to avoid the generation of internal stresses, the specimen has been relaxed along the X-direction (length). 

Before the application of shock load, the nanolaminate is relaxed through performing energy minimization using 

conjugate gradient method [31] followed by equilibration at 100 K temperature under NPT ensemble. Similar 

approach has been taken in constructing the crystalline-amorphous nanolaminate specimen during the shock 

deformation tests in a previous study [11]. After the equilibration process, shock wave has been induced in the 
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specimens (SC Ni and crystalline-amorphous nanolaminate) through driving a rigid piston having a width of 6 Å 

with a constant inward velocity from the MG side. The entire shock loading process is carried out at 100 K 

temperature under NVE ensemble with a time step of 1 fs. Similar to the heating-cooling process, free boundary 

conditions are employed along the length (X-direction) whereas periodic boundary conditions are applied along the 

other two transverse directions. Three different piston velocities are considered i.e. 0.5 km/s, 0.8 km/s, and 1.1 km/s 

to investigate the role of piston velocity on the shock deformation behavior. All the MD simulations have been 

performed using open source large-scale atomic/molecular massively parallel simulator (LAMMPS) platform [31]. 

Embedded Atom method (EAM) potential developed by Zhang et al. has been used to determine the interatomic 

interactions between the atoms [32]. The post analysis and visualization of the shock deformation process has been 

done using OVITO software [33]. Various analyses such as Centro-symmetry Parameter (CSP) analysis [34], 

Common Neighbor Analysis (CNA) [35], dislocation analysis [36], and Voronoi polyhedral analysis [37] have been 

performed to comprehend the underlying deformation mechanism during the shock propagation in the nanolaminate 

specimen.   

3. Results and Discussion 

3.1. Pressure profiles 

We have demonstrated the pressure distribution in the Ni-Ni62Nb38 nanolaminate specimen through the pressure 

profiles as presented in Fig. 2. It is observed that the average pressure in the MG region of the specimen has reached 

a value of approximately 35 GPa during the shock propagation at 0.5 km/s as shown in Fig. 2(a). With increase in 

the piston velocity to 0.8 km/s and 1.1 km/s, the average pressure approximately increases to 60 GPa and 90 GPa 

respectively (refer Fig. 2(b) and (c)). However, as the shock wave traverses towards the crystalline region, the 

pressure drops, and elastic precursors are observed (oscillatory wave profile) indicating that the shock intensity has 

been attenuated due to the presence of MG. Moreover, it is also found from the pressure profiles that the elastic 

precursor is formed even at higher piston velocity of 1.1 km/s after the shock traverses out of the amorphous region 

(refer Fig. 2(c)). The decrease in shock strength is attributed to the amorphous structure of MG, which has no long-

range ordering and in turn inhibits the smooth propagation of shock wave through plane-plane collisions [38]. 

Similarly, we have also plotted the pressure profiles for Ni-Ni85Nb15 and Ni-Ni50Nb50 nanolaminate specimens and 

presented them in Fig. 3 and Fig. 4 respectively. It is observed that the average pressure in the MG region for Ni-

Ni85Nb15 specimen is lower whereas the average pressure is found to be higher for Ni-Ni50Nb50 specimen when 

compared with that of Ni-Ni62Nb38 specimen at all piston velocities. Also, elastic precursor is observed during the 

traverse of shock wave front in the crystalline region for both Ni-Ni85Nb15 and Ni-Ni50Nb50 specimen though the 

amplitude of the oscillatory wave is either lower (in case of Ni-Ni85Nb15 specimen) or comparable (in case of Ni-

Ni50Nb50 specimen) with Ni-Ni62Nb38 specimen. Interestingly, an initial elastic wave is observed to be formed for 

higher percentage of Nb as evident from the pressure profiles (refer Fig. 2 and Fig. 4). This indicates that increase in 

Nb content aids in medium range ordering in the MG specimen. A detailed explanation is presented during the 

discussion of structural evolution in the MG region in section 3.3. 
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3.2. Structural evolution in crystalline region during shock 

In order to understand the atomistic response during the shock wave propagation, we have presented the spatial and 

time-based structural evolution through CSP snapshots for all the nanolaminate specimens. In addition, we have also 

compared the shock wave propagation of single crystal Ni specimen with the nanolaminate specimens to analyze the 

effect of amorphous phase on attenuating the shock. Fig. 5 illustrates the atomic snapshots at different time periods 

during the shock propagation at a slower piston velocity of 0.5 km/s. It is observed that the Ni-Ni62Nb38 

nanolaminate specimen have not shown the formation of defects after the traversing of the shock wave. Whereas, a 

very few stacking faults (SF) are observed to be formed in the crystalline region of the Ni-Ni85Nb15 specimen as 

shown in Fig. 5. It shows that, at slower piston velocities, the attenuation of shock is better for 38% Nb composition 

MG when compared with the 15% Nb composition MG. In case of higher concentrations of Nb (as Ni-Ni50Nb50 

specimen), a larger volume fraction of defects is generated through evolution of partial dislocations along with 

stacking faults at the crystalline-amorphous interface, which traverse along the {111} plane in the crystalline region 

as shown in Fig. 5(c). However, on comparison with the SC Ni, it is evidently seen that the presence of amorphous 

phase has aided in decreasing the shock intensity and in turn reduced the damage of the specimen. With increase in 

the piston velocity to 0.8 km/s, a higher volume fraction of defects is generated in all three nanolaminate specimens. 

But, the length up to which the shock causes damage varies with different composition of Nb percentage as shown 

in Fig. 6. It is observed that the defects are generated at the crystalline-amorphous interface for all the nanolaminate 

specimens once the shock has propagated along the amorphous region at approximately 5 ps time period. For both 

Ni-Ni85Nb15 and Ni-Ni50Nb50 specimens, planar stacking faults are formed in the crystalline region, which then 

propagates along the {111} plane in the direction of shock wave movement. On the other hand, multiple dislocation 

loops are formed near the crystalline-amorphous interface in Ni-Ni62Nb38 nanolaminate specimen as shown in Fig. 

6(b). Out of the three nanolaminates, the Ni-Ni50Nb50 specimen has been incurred with maximum damage, which 

proves that the higher percentage of Nb is ineffective in attenuating the shock. The length up to which the defects 

have formed in the Ni-Ni50Nb50 specimen is like the specimen without amorphous phase (SC Ni specimen). On the 

other hand, though initial defect generation seems to be higher for Ni-Ni62Nb38 specimen, the total damage length in 

the crystalline region is minimal as the shock wave completely propagates through the specimen (refer Fig. 6(a) and 

(b)). A clearer visualization of the evolution of perfect and partial dislocation in Ni-Ni62Nb38 and Ni-Ni85Nb15 

specimens is presented through in Fig. 7. As discussed earlier, low density of Shockley partial dislocations is 

generated in Ni-Ni85Nb15 specimen at 5.5 ps whereas complex dislocation tangles (due to formation of multiple 

dislocation loops) are formed in case of Ni-Ni62Nb38 specimen. With increase in time, smooth propagation of the 

perfect and partial dislocations occurs in Ni-Ni85Nb15 specimen as the shock traverses, which causes the defect 

propagation to a larger distance. At later stages (t = 7 ps), new dislocation nucleation causes formation of dislocation 

tangles and subsequently partial amorphization is observed as shown in Fig. 7. On the other hand, initial formation 

of dislocation tangles near the interface in Ni-Ni62Nb38 specimen has restricted the free propagation of partial 

dislocations due to which the damage to the crystalline Ni is confined. Moreover, nucleation of new dislocations has 

caused excessive tangle resulting in localized amorphization as observed at 6 ps and 6.5 ps time period. Overall, it is 

observed that the dislocations have propagated similar distances in both the nanolaminate specimens, though the 
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dislocation evolution mechanism is different. Fig. 8 illustrates the CSP snapshots of the nanolaminate specimens 

during the shock propagation at a higher piston velocity of 1.1 km/s. It is observed that a higher shock velocity has 

mitigated the disorder structure of the MG (of all compositions) as evident from the CSP snapshots. This 

phenomenon is an obvious result of the compressive stress that is generated by the shock wave, which eventually 

leads to decrease in the five-fold symmetry clusters [39]. After the shock wave propagates through the amorphous 

phase, the influence of different composition of the MG has minimum effect on the attenuation of shock as large 

volume fraction of defects (partial dislocations along with SF) are generated in the crystalline phase. Also, with 

higher number of dislocations, the probability of formation of dislocation tangles increase leading to amorphization 

of the crystalline region. It is observed that the defect generation in the nanolaminate specimens is comparable with 

that of the SC Ni specimen as shown in Fig. 8.  

3.2. Structural evolution in amorphous region during shock 

Fig. 9 illustrates the partial radial distribution function (p-RDF) plots for all the nanolaminate specimens at different 

piston velocities. It is observed that for Ni-Ni85Nb15 specimen (refer Fig.9(a)), the first and second peak of Ni-Ni 

and Ni-Nb is sharp and shifts towards the left side as the shock propagates. This indicates the compression of the 

metallic glass region due to the shock propagation and subsequent decrease in the free volume. Similar findings 

have been reported in literature correlating the RDF plots with the structural rearrangement of the atoms in the 

metallic glass [40]. On the other hand, the p-RDF of Nb-Nb shows a small amplitude peak indicating the low 

interaction between these atoms. With increase in the Nb content, the amplitude of the Nb-Nb first peak is found to 

be increasing as shown in Fig. 9(b) and (c). The sequential plots of p-RDF during the shock wave propagation has 

also revealed that the second peak splitting has been mitigated for Ni-Ni and Ni-Nb whereas no second peak 

splitting is observed for Nb-Nb interactions. Second peak splitting primarily indicates the inter-connection between 

various clusters present in the metallic glass specimens [41]. Mitigation of the second peak split shows that the 

shock wave has ruptured the interlinked clusters, thus decreasing the glassy nature of the metallic glass specimen. At 

lower piston velocity, the second peak split is still observable for all the nanolaminate specimens (refer Fig.9(a)-(c)), 

however, at higher piston velocities, it is observed that peak splitting is feebly visible for Ni-Ni85Nb15 and Ni-

Ni62Nb38 specimens (refer Fig. 9(a) and (b)). More specifically, the structural evolution of icosahedral clusterscan 

give better insights on the strength and solidity of Ni-Nb MG as these clusters are known to provide better stability 

to the MG structure. Fig. 10 shows the time-based evolution of the icosahedral clusters for all the nanolaminate 

specimens. It is found that the fraction of icosahedral clusters decreases for all piston velocities as the shock 

propagates (shock time) along the MG region. It is clear from the plots that the fall of cluster fraction is steeper 

forNi-Ni85Nb15and Ni-Ni50Nb50specimens when compared with the Ni-Ni62Nb38specimen, though the initial number 

of icosahedral clusters is higher for Ni-Ni85Nb15 specimen. The initial higher cluster fraction attributes to the Ni-

centered cluster as the Nb percentage is very less in the MG. The steeper fall of the cluster fraction during the shock 

wave propagation indicates that the inter-connection between the cluster is not prominent and strong indicating 

weaker glass formability. On the other hand, the fraction of icosahedral clusters for Ni-Ni85Nb15 specimen is found 

to be comparatively higher at higher piston velocities, which shows that the structural integrity is maintained, and it 
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is attributed to the strong inter-connection between the clusters. Literature studies have shown that this particular 

composition of Ni-Nb binary metallic glass (38 at. % Nb) is known to be strong glass formers [37]. 

4. Conclusions 

We have performed MD simulation to analyze the effect of Ni-Nb metallic glass on attenuating the shock damage in 

crystalline Ni-amorphous Ni-Nb nanolaminate structure. We performed various analyses to assess the underlying 

structural evolution and deformation mechanism during the shock propagation process. Pressure profiles have 

shown that the shock with0.5 km/s and 0.8 km/s velocityhas been most effectively attenuated by the Ni-Ni62Nb38 

specimen. With increase in the piston velocity to 1.1 km/s, the effect of amorphous phase on moderating the shock 

wave is minimal as shown by the atomic snapshots. Partial dislocation generation and localized amorphization has 

accumulated the plastic strain incurred by the shock wave in the crystalline region. In case of the amorphous region, 

p-RDF and cluster analysis have shown that Ni62Nb38 composition of the MG has maximum structural stability due 

to better inter-linking of the icosahedral clusters.  
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Figure captions: 
 
Fig. 1: Centro-symmetry parameter (CSP) snapshot of the nanolaminate specimen along with the dimensions. The 
insets show the atomic arrangement of the Ni and Nb atoms in different composition of the metallic glass. 
 
Fig. 2: Pressure profiles of the Ni-Ni62Nb38 nanolaminate specimen at different time periods for the piston velocity 
of: (a) 0.5 km/s, (b) 0.8 km/s, and (c) 1.1 km/s.  
 
Fig. 3: Pressure profiles of the Ni-Ni85Nb15 nanolaminate specimen at different time periods for the piston velocity 
of: (a) 0.5 km/s, (b) 0.8 km/s, and (c) 1.1 km/s. 
 
Fig. 4: Pressure profiles of the Ni-Ni50Nb50 nanolaminate specimen at different time periods for the piston velocity 
of: (a) 0.5 km/s, (b) 0.8 km/s, and (c) 1.1 km/s. 
 
Fig. 5: Centro-symmetry parameter (CSP) snapshots during the shock propagation at a piston velocity of 0.5 km/s 
for: (a) Ni-Ni85Nb15 nanolaminate specimen, (b) Ni-Ni62Nb38 nanolaminate specimen, (c) Ni-Ni50Nb50 nanolaminate, 
and (d) single crystal Ni specimen. 
 
Fig. 6: Centro-symmetry parameter (CSP) snapshots during the shock propagation at a piston velocity of 0.8 km/s 
for: (a) Ni-Ni85Nb15 nanolaminate specimen, (b) Ni-Ni62Nb38 nanolaminate specimen, (c) Ni-Ni50Nb50 nanolaminate, 
and (d) single crystal Ni specimen. 
 
Fig. 7:Dislocation evolution during the shock propagation in the Ni-Ni85Nb15 and Ni-Ni62Nb38 nanolaminate 
specimen. Green lines indicate Shockley partial dislocations, blue lines indicate perfect dislocations, and pink lines 
indicate stair-rod dislocations. 
 
Fig. 8:Centro-symmetry parameter (CSP) snapshots during the shock propagation at a piston velocity of 1.1 km/s 
for: (a) Ni-Ni85Nb15 nanolaminate specimen, (b) Ni-Ni62Nb38 nanolaminate specimen, (c) Ni-Ni50Nb50 nanolaminate, 
and (d) single crystal Ni specimen. 
 
Fig. 9:Partial radial distribution function (p-RDF) plots during the shock propagation along the metallic glass region 
for: (a) Ni-Ni85Nb15 nanolaminate specimen, (b) Ni-Ni62Nb38 nanolaminate specimen, and (c) Ni-Ni50Nb50 
nanolaminate. 
 
Fig. 10: Plots illustrating the variation in fraction of icosahedral clusters in different metallic glass compositions 
during the shock wave propagation at: (a) 0.5 km/s, (b) 0.8 km/s, and (c) 1.1 km/s.  
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