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Abstract 

We use molecular dynamics simulations to explore the potential use of amorphous metals in 
intermolecular reactive composites. Our simulations show that amorphous Ni/Al nanolaminates 
lead to an increase in temperature ofup to 260 K over their crystalline counterparts, this increase 
corresponds to over 20% of the heat of fusion and can be explained in terms of the 
amorphization energy. The reactions are diffusion controlled and crystallization is observed in 
laminates with relatively long periods where high temperatures are experienced for sufficiently 
long times prior to intermixing; the effect of this process on the energetics and time involved in 
the reaction are characterized. 
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I. Introduction 

Intermolecular reactive composites (IRCs) are high-energy density materials that sustain the 
propagation of exothermic reactions after thermal or mechanical initiation. They are an important 
class of active materials with defense and commercial applications, suchas lead-free primers for 
explosives,1,2soldering,3,4andheat sources for medical applications.From a fundamental science 
stand point, these nano-structured materials are extremely interesting as the initiation and 
propagation of reactions involve a complex set of coupled processes including condensed-phase 
chemistry, mass and thermal transport in solid and liquid phases, and phase transformations; all 
occurring at high rates (reaction fronts with velocities of tens of m/shave been reported for Ni/Al 
systems) because of the large exothermicity of the reactions and small inter-diffusion lengths.5,6,7 
Hence, molecular dynamics (MD) simulations are ideally suited to characterize the underlying 
atomic processes that govern the performance of these materials and the interplay between the 
above mentioned processes. Recent experiments have captured the dynamical nature of the phase 
transformations using time–resolved synchrotron x-ray micro-diffraction6 and nanosecond in-
situ TEM5 in Ni/Al multi–layer reactive foils. Both MD8,9,10,11,12and experimental 
investigations6,13,14 revealed melting of the crystalline solids during the reaction of Ni/Al nano-
laminates and Ni/Al nano-particleswhile evidence for solid-state reactions was observed in 
mechanically activated Ni/Al.13The process of melting absorbs a fraction of the energy generated 
during the chemical reactions (due to the heat of fusion) and consequentlyleads to a local drop in 
temperature degrading performance.9,10,12 In this Communication we explore the viability 
ofamorphous materials for intermolecular reactive composites(aIRCs) which, with melting a 
2ndorder phase transition with no heat of fusion,we hypothesize will outperform their crystalline 
counterparts. We study the reaction mechanism in a model system consisting of alternating 
layers of amorphous Ni and amorphous Al and find that indeed these composites are more 
energetic than their crystalline counterparts and explain the increase in performance in terms of 
fundamental properties of the amorhous system. Ni/Al nanolaminates are chosen as our model 
material since they are among the most widely studied IRCs.9,10,12,15,16,17,18We point out that 
experimental realization of aIRCs will likely require more complex alloys.19 

II. Computational details 

We used LAMMPS20,21 code to perform the MD simulations and the interaction between atoms 
is described by an embedded atom model recently developed by Purja and Mishin.22 We model a 
single period in the laminate with Ni/Al interface normal along the z-axis and impose 3D 
periodic boundary conditions. We studied five systems of varying initial periodic length (from 
12.54 nm to 37.63 nm) and an initial cross-sectional area of 8.1nmx8.1nm. The initial Ni to Al 
ratio is set at 3.04 for all samples; Figure 1(a) shows a snapshot of the initial configuration of the 
structure with periodic length 31.36 nm. The amorphous laminate samples 
arepreparedfromamorphous Ni and Al samplesobtainedby rapid heating and cooling using MD 
simulations. A MD timestep of 1 fs is used to prepare the amorphous samples via heating and 
cooling.We initially heat crystalline samples up to 2300 K (above the melting temperature) in 
steps of 25K runningisothermal, isobaric MD simulations (NPT) for 100ps at each temperature 
and cool down the samples to room temperature using the same rate also under NPT conditions. 
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This leads to amorphous Ni and Al samples at room temperature from which we obtain the 
corresponding densities. In order to create Ni/Al nanolaminates we match the x and y cell 
dimensions of the Ni and Al 2300K liquid samples setting the cell dimensions along z to match 
the room temperature density of the amorphous materials. The resulting structures are cooled 
down to 300K with a rate of 100K/50psusingisochoric, isothermal MD (NVT ensemble). After 
creating the Ni and Al amorphous systems we bring them together into a single simulation cell 
and relax the system for an additional 65 ps under isobaric, isothermal conditions (NPT 
ensemble). 

The nanolaminate samples are then rapidly heated to the desired initial reaction temperature (T0) 
in 20 ps; this is followed by equilibration at T0 for 10 ps also using NPT simulations. The 
chemical reactions of the equilibratedsamples are then modeled withisobaric isoenthalpic MD 
simulations (NPH) at initial temperature T0 and atmospheric pressure; this allows the system to 
heat up and change its volume due to the chemical reactions and has been used before to study 
reactions in crystalline Ni/Al.12The time step used to integrate the equations of motion during 
chemical reactionis 0.5 femtoseconds with a velocity Verlet algorithm. The barostat relaxation 
constant is set at 1 ps. Every sample is simulated at three different reaction temperatures (T0 = 
1200 K, 1100 K and 900 K). Classical MD simulations ignore the electronic contribution to 
thermal transport and underestimate thermal conductivity. However, since chemical reactions are 
relatively slow (mass diffusivity is orders of magnitude lower than thermal diffusivity) 
temperature gradients remain small and the poor description of thermal transport has a negligible 
impact on our predictions. 

III. Results and discussion 

Figures 1(a)–(e) show snapshots of a sample with 31.36 nm periodic length reacting at initial 
temperature T0 = 1200 K during the NPH simulations. Initially the reaction proceeds rapidly in 
the Al region, see Figure 1(b). Simultaneously, reaction proceeds in the Ni region but at a slower 
speed and the overall kinetics slow down when the two fronts meet in the Ni region and 
disappear, Figure 1(c-e). Figure 2 shows the time evolution of temperature for various sample 
sizes at initial temperatures T0=1200 K and 900 K (the behavior for T0= 1100 K is very similar 
to that of 1200K). For the two highest temperatures studied and shorter periods for T0 = 900 K 
the temporal evolution shows a steep initial temperature increase that slows down 
asthereactionsproceed to completion and the temperature reaches its asymptotic value (Tfin). This 
behavior can be described by the following equation: 

( ) τ
t

finfin eTTTtT
−

−+= 0)(      (1) 

where τ is the effective reaction time. Tfin is computed as the average temperature of the last 0.2 
ns of every simulation and τ is obtained by fitting the temperature-time data of the MD 
simulations to Eq. 1. Table 1summarizes the resulting reaction timescales for all cases studied. 
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Table A1. Asymptotic final temperature (Tfin, K) and τ (critical reaction time, ns) for all the cases 
studied 

Initial periodic length 
(P, nm) 

Reaction Temperature 
(T0, K) 

Asymptotic final 
temperature (Tfin, K) 

Effective reaction 
time(τ, ns) 

12.54  1200 1987.58 0.15 
1100 1908.09 0.19 
900 1760.20 0.31 

18.81 1200 2040.46 0.29 
1100 1955.31 0.38 
900 1802.57 0.67 

25.09 1200 2060.24 0.52 
1100 1978.51 0.65 
900 1820.64 1.11 

31.36 1200 2076.98 0.74 
1100 1988.52 0.96 
900 1830.05 1.40 

37.63 1200 2085.69 1.04 
1100 1998.31 1.31 
900 1836.91 1.92 

 

As expected, τ increases with increasing periodic length at a fixed T0 and with decreasing T0 for 
a specific periodic length. Taking half of the initial periodic length of each laminate as the 
effective transport length (λ) we explore the reaction kinetics analyzing the resulting relationship 
between effective transport length and effective reaction time, Fig. 3(a).Our MD simulations 
show a linear relationship between square of the transport length and reaction time (the 
exponents of the fits are 1.135±0.02, 1.135±0.01 and 1.09±0.02 at 1200 K, 1100 K and 900 K 
respectively).This clearly shows that the reactions are diffusion controlled; similar exponents are 
found in crystalline IRCs indicating a similar mechanism. The resulting effective diffusion 
constants23 are 3.33 x 10-8 m2/s, 2.52 x 10-8 m2/s and 1.85 x 10-8 m2/s at 1200 K, 1100 K and 900 
K respectively. The diffusion constant of Ni in liquid Al at 1091 K lies in the range 0.491 x 10-8 
m2/s to 0.643 x 10-8 m2/s24 that compares well with the MD results. The fact that the overall 
chemistry is diffusion controlled and the relationship between nanostructure (period in this case) 
and reaction timescales are among the main results of this paper. 

Figure 3(b) shows the resulting temperature increase(Tfin – T0) due to the reactions as a function 
of laminate period for the aIRCs and for corresponding crystalline ones, with (001) and (111) 
interfaces. The amorphous laminates exhibit greater exothermicity than their crystalline 
counterparts in all cases with a difference between 110 and 260 K for T0=1200 K cases. The fact 
that the exothermicity increases with increasing periodic length can be attributed to larger role 
played by the partially reacted interfaces at smaller periods. Simulations of the crystalline 
laminates have been carried out using the same approach used for the amorphous cases as 
explained above. The heat of fusion (ΔEhf) forpure Ni and Al are determined to be 0.186 
eV/atom and 0.102 eV/atom, respectively, for the interatomic potential used, see Figure A1 and 
A2 in Appendix. The maximum difference in temperature increase between the amorphous and 



5 
 

crystalline samples(approximately 260 K) corresponds to 20% of the heat of fusion of the 
composite system. The amorphization energy (ΔEam), defined as the difference in internal energy 
between the crystalline system and amorphous systems at 300 K, is perhaps a more relevant 
measure of the expected enhancement. We calculate ΔEamto be 0.089 eV/atom for Ni and 0.058 
eV/atom for Al and theincrease intemperature corresponds to 42% of the ΔEam of the system. 
This is very close to the idealized behavior one would obtain if all products and reagents were 
harmonic solids; under these conditions the difference in energy released would be spent to 
increase the potential and kinetic energy of the system in equal amounts due to the principle of 
equipartition of energy. The difference in exothermicity between amorphous and crystalline 
laminates decreases with decreasing period due to the increasingly important role of the Ni/Al 
interfaces. 

We now focus on the reactions at T0=900 K for the amorphous laminates with larger 
periodicities that exhibit a temperature evolution in marked contrast with all the other 
simulations, see Fig. 2. Both these cases exhibit complexreactionmechanismsnot observed in 
reactive composites previously. In all our simulations the Al region reacts faster and the 
amorphous Ni slabs remain at a high temperature and only partially reacted for alonger period of 
time. We find that for the lower temperaturestudiedin this work and long-period laminates, 
amorphous Ni remains un-reacted and at a high temperature for enough time forthe metastable 
amorphous structure to crystallize. Figure 4(a) shows that the entire un-reacted Ni region 
becomes crystalline 0.995 ns after the reaction is initiated. As shown in detail in the Appendix, 
we observe a crystalline nucleus at time 0.72 ns and a crystallization front propagating with a 
velocity of approximately60 nm/ns along the laminate direction. Similar phenomena, denoted 
explosive crystallization, has been observed in a variety of thin films and multilayers, including 
Rh/Si multilayers,25Sb26 and Si27,28films. Following this crystallization event the chemical 
reactions proceed into crystalline Ni, as shown in Figs. 4(b-d). 

Not surprisingly, crystallization during the chemical reaction does not affect the overall 
energetics of the aIRC, Fig. 3(b).Since the reactions occur under iso-enthalpic conditions the 
increase in average kinetic energy (and consequently temperature) during the reaction can be 
obtained as: ( )

liqaIRCliqaIRCliqaIRC
VVPPEPEKK −+−=− 0 ; where K,PE,V and P0 are 

kinetic and potential energies, volume, and ambient pressure respectively; brackets indicate time 
average and the subscripts indicate the initial aIRC and the final NiAl liquid. Thus, as long as the 
reactions proceed to completion and the resulting liquid is in equilibrium, the exothermicity is a 
state variable, independent of the path taken by the system. More interesting is the fact that 
partial crystallization does not slow down the overall reaction kinetics, see Fig. 3(a). Actually the 
heat released during crystallization leads to a speed up of the reaction rates: see Fig. 2(b) where 
the triangle indicates the end of the crystallization process. We note that in macroscopic samples 
where chemical reactions occurs in a spatially heterogeneous way, heat dissipation and internal 
mechanical work can cause crystallization to affect exothermicities and reaction timescales. 
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IV. Summary and conclusions 

In summary, our simulations show that amorphous metallic alloys are attractive alternativesto 
crystalline materials for intermolecular reactive composites and provides an unexplored avenue 
for optimization of this important class of materials.While the model Ni/Al system we studied 
would likely not be realizable in practice, a large number of metallic glasses exist today19 many 
of which could be used for IRCapplications.Our simulations also show that partial crystallization 
due to the high temperatures during reaction does not degrade the performance of the 
composites. The theoretical results presented here show that theexplorationof amorphous metals 
for energetic material applications could lead to new and improved formulations. 
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Appendix 

Heat of fusion and amorphization energies 

The heat of fusion and amorphization energies the Ni and Al used in this paper are computed 
from MD simulations of melting and rapid cooling. Figures A1 and A2 show potential energy 
(eV/atom) (running average over 40 ps) as a function of temperature during heating and cooling 
of pure Ni (48668 atoms) and pure Al (16000 atoms) at rates of 0.25 K/ps. Pure Ni melts at 2075 
K and pure Al melts at 1275 K. Heat of fusion (ΔEhf) and heat of amorphization (ΔEam) are 
obtained from the potential energies as: 

ΔEhf
Ni = E pot

liquidNi T = 2075K( )− E pot
XtalNi T = 2050K( )

ΔEhf
Al = E pot

liquidAl T =1275K( )− E pot
XtalAl T =1250K( )

ΔEam
Ni / Al = E pot

amorphousNi / Al T = 300K( )− E pot
XtalNi / Al T = 300K( ) 

Equation of state for products 

Figure A3 shows the equation of state for the products after the reactions are completed. Density 
and inverse temperature of the final products show a linear relationship independent of the 
reaction temperature (T0) and the nature of the nano-laminates. This shows that regardless of its 
initial conditions the reactive simulations lead to the same products. 

Crystallization process and front speed 

Figure A4 shows the initial crystallization event and propagation for a laminate with periodic 
length 31.36 nm and T0 = 900 K. An approximate value of the propagation velocity of the 
crystalline front can be obtained by visual inspection of the atomic snapshots. The initial 
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crystallization occurs around time t = 0.72 ns. The crystalline region grows with time by 
propagating into the Ni region. The process has propagated roughly midway into the Ni region 
by time t = 0.85 ns, see Figs. A4 (c) and A4 (d). Crystallization reaches completion around time t 
= 0.98 ns between Figs. A4 (f) and A4 (g). The crystallization front travels approximately 15 nm 
in this time of 0.26 ns. Hence, we predict an approximate propagation velocity of ~60 nm/ns = 
60 m/s for the crystallization front which can be compared to the typical experimental velocities 
for explosive crystallization of meters per second at lower temperatures.29 

 

Figure Captions 
 

 
Figure 1: (Color online) Snapshots of the amorphous intermolecular reactive composite at 
various timesduring the reaction, for the case T0 = 1200 K and periodic length = 31.36 
nm (Ni and Al are indicated by red and blue colors respectively) 
 
Figure 2: (Color online) Temporal evolution of temperature during the reaction for all 
samples considered at a) T0 = 1200 K and b) T0 = 900 K (triangle indicates the point at 
which Ni fully crystallizes in the sample with periodic length = 31.36 nm and T0 = 900 
K) 
 
Figure 3: (Color online) a) Square of effective transport length (λ) versus critical reaction 
time (τ) in logarithmic scale for T0 = 1200 K, 1100 K and 900 K. b) 
Temperatureincrease(K) versus initial periodic length (P = 2λ) 
 
Figure 4: (Color online) Snapshot showing crystallization of Ni for case T0 = 900 K and 
initial periodic length = 31.36 nm a) t = 0.995 ns b) t = 1.545 ns c) 2.75 ns d) 3 ns (Ni and 
Al are indicated by red and blue colors respectively) 
 
Figure A1: (Color online) Potential energy (eV/atom) Versus Temperature (K) for pure 
Al 
 
Figure A2: (Color online) Potential energy (eV/atom) Versus Temperature (K) for pure 
Ni 
 
Figure A3: (Color online) Density versus inverse temperature for final products of the 
reaction starting from crystalline and amorphous laminates 
 
Figure A4: (Color online) Snapshots showing a) initial nucleation of crystalline Ni 
(highlighted by the black oval) in periodic length 31.36 nm and T0 = 900 K nano-
laminate and subsequent propagation (b to f) upto full crystallization of Ni (g) which 
occurs around 0.995 ns (Ni and Al are indicated by red and blue colors respectively) 
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a) T0 = 900 K, Periodic length 31.36 nm, t = 0.995 ns 
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