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1. INTRODUCTION

Nanostructured reactive materials have a wide range of appli-
cations including high temperature synthesis (SHS),1�3 joining,4

soldering,5 etc. This class of materials can undergo rapid exo-
thermic self-sustained reactions under external energy loading
upon local ignition. Numerous studies using different energy
loading, such as thermal, mechanical, shock loading, and laser,
have been carried out of self-propagating formation reactions in
multilayer and powder systems over the past decade.2�13 Some
combustion parameters, such as combustion ignition, propaga-
tion velocity, andmaximum reaction temperature and so on, have
been reported generally.

The ignition temperature of Al/Ni system was observed at
913 K around the melting point.6,7,14 The adiabatic combustion
maximum temperature can reach 1910 K.1,6,7,15 As Mukasyan16

suggested, the propagation mode and combustion velocity are
dependent on the used experimental parameters (density, parti-
cle size, etc). However, few researches took into consideration
the effect of density. It is worth noting that the femtosecond laser
not only is a novel igniting source but also can ignite a local area
to induce a rapid exothermic reaction. Most importantly, it
reduces the igniting time to a femtosecond scale.

In this paper, we use molecular dynamics (MD) to characterize
the thermal loading of the Al/Ni system and the induced chemical
reactions. For this work, we focus on the effect of particle size,
density, and ignition temperature on the reaction of Al/Ni clad
particles and the reaction mechanism of Al/Ni composite.

2. MOLECULAR DYNAMICS SIMULATION

A. Simulation Model. The initial configurations of all simula-
tion cells are applied three-dimensional periodic boundary con-
ditions. Figure 1 shows such an initial structure for the Al/Ni clad

particles. The face-centered cubic (fcc) Al nanoparticles are
embedded into a fcc Ni shell in a body centered cubic structure
way (Al particles clad by a thin Ni layer). The Al nanoparticle size
and the thickness of Ni shell are adjusted by m and n shown in

Figure 1. (a) Schematic of the simulation geometry. d1 and d2 represent
the diameter of an Al particle and the thickness of the Ni layer.m and n is a
multiple of the lattice parameters of Al and Ni, respectively. (b) Schematic
of the simulation geometry (cross-sectional view).
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ABSTRACT:Molecular dynamics simulations are used to study
the exothermic alloying reactions by imposing a thermal loading
on a local area of nanostructured Al/Ni clad particles. The
combustion parameters, such as particles size, density, and
ignition temperature, are characterized. Reducing the size of
Al/Ni clad particles makes the propagation velocity of reaction
front increase but lowers both the adiabatic combustion tem-
perature and pressure of the system. However, increasing either
mass density or ignition temperature makes the propagation
velocity of reaction front increase and raises the adiabatic
temperature and pressure as well. We estimate the propagation velocity of the chemical reaction front to range from 35.70 to
44.06 m/s.
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Figure 1, noting that the choice of values of m and n is only to
keep the Al/Ni ratio 1:1. All samples are a nearly equiatomic
Al/Ni ratio.
To investigate the effect of nanoparticle size and mass density

on an Al/Ni system, four primary samples are used in this work.
The detailed sample size is listed in Table I.
The MD simulation is conducted using the LAMMPS molec-

ular dynamics software package17 provided by Sandia National
Laboratories.18 The results are visualized by VMD.19 The Ni�Al
interactions are described by an embedded atommethod (EAM)
potential developed by Mishin et al.20 using experimental data
and a large set of ab initio linearized augmented plane wave
structural energies. This potential downloaded from NIST,21

provides an accurate description of thermal expansion, diffusion
and equations of state for Al, Ni and their alloys, which is of great
importance for nonequilibrium atomistic simulations.
B. Simulation Details. To analyze and characterize the

process of thermal loading and subsequent chemical reactions

(both spatially), we divide the simulation model into seven equal
parts. By taking into account symmetry, we only mark out reg1,
reg2, reg3, and reg4 in the sample, as shown in Figure 2. The
samples are relaxed 3 � 105 steps with NPT ensemble at 500 K
and 0 Pa, and all components in the stress field are very close to
0 first. Then we impose a thermal loading on only the reg1 region
for 200 ps, which makes the reg1 region heat up by a heating rate
of 6.5� 1012 or 5� 1012 K/s and increases the temperature of
reg1 to a desired temperature finally. The whole process of
thermal loading is continuous. Obviously, the heating rate
induced by thermal loading, greatly faster than the conventional
way, is similar to that induced by laser. During the process of
thermal loading, the system keeps a constant volume. After
thermal loading, we turn off the external heat source and describe
the subsequent evolution of the system with constant energy (E)
and volume (V) MD (NVE ensemble, where N is the number of
atoms).

3. RESULTS AND DISCUSSION

Figure 2 shows the whole reaction process of Al and Ni for
sample 2. The reaction of Al and Ni starts at the Al�Ni interface
along with thermal loading on reg1. Furthermore the reaction
only starts at reg1 under thermal loading. Due to the release of
reaction heat, the reaction front begins propagating from reg1 to
outside after the thermal loading has been turned off. The
cracking of a Ni layer plays a key role in reaction of Al and Ni
during the whole process. From Figure 2, the reaction of Al and
Ni starts at the Al�Ni interface and makes the Ni shell gradually
thinner and finally crack. There are two reaction fronts after the
Ni shell cracked, which correspond to 1 and 2 in Figure 2. In
reaction front 1, the Ni particles from the cracked layer and Al
particles react completely. In reaction front 2, there is also a
reaction of Al and Ni at their interface, which represents the main
propagation direction of the reaction front. The propagation
velocity of reaction front is limited by mass transfer, and the mass
transfer is limited by cracking of the Ni layer. Therefore the
propagation velocity is strongly dependent on the cracking of
Ni layer.

Figure 3 shows the temperature profile with time at different
regions in sample 2. First of all, the profile of the system
temperature shows that the slope of temperature profile
decreases after thermal loading, which indicates the energy release
of Al/Ni reaction is smaller than the energy provide by thermal

Table I. Initial Configuration of Nanostructure Al/Ni Clad
Particle

sample m n

Al nanoparticle

diameter (nm)

thickness of

Ni layer (nm)

F (g 3 cm
�3)

relaxed

sample 1 22.5 5 9.11 1.76 5.1544

sample 2 23 5 9.32 1.76 5.1135

sample 3 27.4 6 11.10 2.12 5.1383

sample 4 32 7 12.96 2.464 5.1278

Figure 2. Snapshots of ignition and propagation of alloy formation for
sample 2. The top frame corresponds to the time at which the sample is
fully relaxed; subsequent frames (top to bottom) are shown at different
times during the process of reaction. The blue and red circles represent
the Ni and Al atoms, respectively. reg1, reg2, reg3, and reg4 are four
regions. 1 and 2 represent the two reaction fronts.

Figure 3. Temperature as a function of time for the whole system and
for the different regions in sample 2.
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loading. The slope of the system temperature profile increases
slightly when the system temperature is above 1370 K. That
means a discrete combustion, from low temperature to high
temperature, exists during the process of reaction. The appear-
ance of temperature plateau after 936 ps indicates that there is no
heat release. That is to say the whole reaction is over. Second, the
reg1 temperature begins to drop after thermal loading because
most of the aluminum and nickel have reacted during thermal
loading in this region. However, the slope of temperature decline
falls slower and slower with the release of reaction heat of
neighbor regions. Third, the temperature of reg2 rises steadily
after thermal loading because the reaction has been ignited by
thermal loading. The reactants exhausted continuously and the
heat diffusion make the temperature of reg2 increase slower and
slower. The slope of the temperature profile of reg3 is almost
unchanged before the temperature plateau. That indicates there
is an energy balance between the heat diffusion and the energy
absorbed before reaction or the heat released during the reaction
process.

Figures 4 and 5 show the temperature profiles with time for
samples 3 and 4, respectively. The temperature histories of samples
3 and 4 display a similar result with sample 2. A comparison of
temperature profiles of Figures 3, 4, and 5 shows that the highest
temperatures of the system and reg4 rise with increasing the Al
particle size and the thickness of Ni layer. This result is in
agreement with Henz’s calculation6 about the coalescence of

nanoparticles in which the temperature decreased with decreas-
ing particles size. The experimental results4,22,23 about Al/Ni
multilayers also confirmed that the chemical energy stored in
films was increased with increasing the thickness of Al/Ni bilayer.
That was attributed to intermixing at the Al�Ni interface during
layer deposition. The decrease of particle size makes the number
of Al and Ni atoms increase at interface. The intermixing at the
Al�Ni interface reduces the heat of reaction. Obviously, our
calculation is consistent with the experimental and theoretical
results.

Rather than reg1, reg2, and reg3, the temperature profile of
reg4 gives us more information about the Al/Ni reaction
mechanism. Figure 6 shows the comparative results of tempera-
ture profiles of reg4 for samples 2, 3, and 4. As shown in previous
works,8,9,24�26 the reaction starts at about the melting points of
Al (933 K). Especially, Reeves observed that the unmodified Ni-
clad-Al powder has a self-ignition temperature of 913 K.9 Figure 6
shows the initial stage of temperature profiles for three samples
increases slowly. There is a gently rising stage of temperature
prior to ∼913 K for three samples which seems to indicate the
ignition temperature is significantly below the melting tempera-
ture of aluminum. It is difficult to determine the ignition temper-
ature from the temperature curve because it is relatively smooth.
By observing the snapshots of combustion reaction, we find
a clear sign of reaction at about 913 K for sample 2. At about
913 K, the slope of the temperature curve of sample 2 is the
largest for the three samples. If the ignition starts at a similar slope
for samples 2 and 3, the reaction temperature will be higher with
particle size increasing. That is to say, the ignition temperature of
the Al/Ni reaction increases with particle size increasing.
Furthermore Puri’s calculations27 show that the melting tem-
perature reaches the bulk value for 8 nm and larger-sized particles
by MD. At a second stage from ∼913 to 1250 K, in agreement
with Shteinberg’s results,8 the temperature increases quickly
compared to the first stage. Shteinberg et al. attribute this stage
to the reaction before the Ni layer cracked. Snapshots of the
combustion reaction also confirm this point. The Ni layer does
not crack at t = 600 ps from Figure 2 for sample 2. The
temperature of the third stage, from 1250 to about 1620, 1650,
and 1680 K for samples 2, 3, and 4, respectively, goes up faster
than the second stage. The contact surface of Al and Ni increases
quickly along with the cracking of Ni layer. So Al particles and Ni
particles react tempestuously, and the heat release increases
quickly. The last stage ends at t = 936, 1252, and 1535 ps corre-
sponding to the maximum temperature of reg4 at T = 1697.3,

Figure 4. Temperature as a function of time for the whole system and
for the different regions in sample 3.

Figure 5. Temperature as a function of time for the whole system and
for the different regions in sample 4.

Figure 6. Temperature vs time for the reg4 region for samples 2, 3, and 4.
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1743.6, and 1782.9 K, respectively. The increasing rate of
temperature becomes slower and slower until the temperature
reaches a maximum. This stage corresponds to exhausting of
reactant. The temperature of reg4 begins to fall, which is a sign
that the reaction has ended. The subsequent process is a thermal
equilibrium within the system. From Figure 6, a conclusion can
be drawn that increasing the particle size of Al/Ni raises the
adiabatic combustion temperature.

Another advantage of molecular dynamics is to trace the pressure
evolution versus time. The pressure change during reaction is of
importance to get the information of volume expansion, which is
one of the keys to value the energetic material. Figure 7 demon-
strates the pressure change of samples 2, 3, and 4. The pressure
increases to 2.01, 2.19, and 2.21 GPa for samples 2, 3, and 4 after
thermal loading. The maximum pressures are 2.33, 2.65, and 2.82
GPa corresponding to t = 740, 980, and 1242 ps, respectively. It is
worth noting that the moment at maximum pressure does not
correspond to the end of reaction. The pressure from themaximum
down to an equilibrium value is another sign of the end of the
reaction. The relationship between temperature and pressure is not
clear. Unfortunately, there were no literature reports of the pressure
change under thermal loading. From Figure 2, the outside Ni
layer (in reg4) cracked completely at t = 740 ps at which time
the pressure begins to decrease from maximum. That is to say,
there exists a local high pressure condition before the cracking
of a Ni layer in an elementary cell. Thicker Ni layers suggest
stronger local pressure.

We also examine the effect of density upon the maximum
temperature and propagation velocity. From Figure 8, the
maximum temperature of system and reg4 increase with increas-
ing mass density. The stored energy is direct proportion to the
density. So the released heat of reaction increases with increasing
density. From Figure 9, the pressure during whole reaction
process also increases with increasing mass density.

To examine the effect of ignition temperature on Al/Ni reaction,
we choose another thermal loading which imposes on reg1 in sample
2 and increases the temperature of reg1 to 1500 K for 200 ps. From
Figure 10, the maximum temperature reaches 1664.5 K correspond-
ing to the time at 990ps, and themaximumpressure reaches 2.10GPa
corresponding to the time at 810 ps. Compared to the temperature
profile of sample 1with ignition temperature at 1800K, themaximum
temperature drops by 30 K while the pressure after thermal loading
and maximum pressure drop by 0.27 and 0.23 GPa, respectively.

The propagation velocity of reaction front as an important
combustion parameter is to evaluate the material performance.
We would use the mean propagation velocity for comparing the
effect of particle size, mass density, and ignition temperature
upon the reaction front. The definition of the mean propagation
velocity of reaction front (v) is as follows

v ¼ L
2

� �
=t

Figure 7. Pressure as a function of time for samples 2, 3, and 4.

Figure 8. Temperature vs time for whole system and reg4 of samples 1
(F = 5.1544 g 3 cm

�3) and 2 (F = 5.1135 g 3 cm
�3).

Figure 9. Pressure as a function of time for samples 1 (F = 5.1544 g 3 cm
�3)

and 2 (F = 5.1135 g 3 cm
�3).

Figure 10. Temperature as a function of time for the whole system and
for the different regions in sample 2.
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where L is a half of the sample length after relaxation and t is the
time at which corresponds to the maximum temperature of reg4.
The lengths after relaxation are 77.275, 79.251, 93.840, and
109.09 nm for samples 1, 2, 3, and 4.

The mean propagation velocities at ignition temperature 1800
K for samples 1, 2, 3, and 4 are 44.06, 42.34, 37.59, and 35.70m/s,
respectively. The mean propagation velocity at ignition tempera-
ture 1500 K for sample 2 is 40.00 m/s. It is well-known that the
propagation velocity decreases with increasing particle size. The
same trend can be seen from Figure 12. As mentioned above,
cracking of the Ni layer, as an important part during whole
reaction process, becomes difficult with increasing the thickness
of the Ni layer. Furthermore the reactant diffusion is blocked
which reduces the propagation velocity of reaction front. The
mass density from 5.1544 to 5.1135 g/cm�3 corresponds to the
mean propagation velocity from 44.06 to 42.34m/s for samples 1
and 2. The propagation velocity increases with increasing the
mass density. Mukasyan’s group16,24 verified that the combustion
front velocity increased with increasing density monotonically
below a critical value. The ignition temperature from 1500 to
1800 K corresponds to a mean propagation velocity from 40.00
to 42.34 m/s for sample 2. The propagation velocity is faster than
the reported results of the Al/Ni system. After all, the sample size
in this paper is smaller than those used in experiments. As the
calculations showed, the particle size has a significant impact on

propagation velocity. And the temperature of thermal loading is
greatly higher than the temperature obtained the conventional
way. However, recent pulsed laser ignition on Al/Pt nanolami-
nates measured velocities ranging from 40 to 70 m/s.13 These
calculations are in good agreement with the previous results
discussed above.

The evolution of atomic structure as the alloying reactions
process is examined by comparing their radial pair distribution
functions g(r). In Figure 13, the radial pair distribution functions
of gAl�Al(r), gAl�Ni(r), and gNi�Ni(r) at different times show a
transformation from heterogeneous phase of Al and Ni to
homogeneous phase of NiAl. At t = 0 ps, the peak intensity
and peak number of gAl�Ni(r) can be ignored compared to
gAl�Al(r) and gNi�Ni(r). It shows that the pure Ni and Al solid
phase is dominant in the system. The lattice parameters of
aluminum and nickel are 0.352 and 0.405 nm, so the peak
intensity of gNi�Ni(r) is the strongest. From Figure 13, the peak
intensity of gAl�Al(r) and gNi�Ni(r) weakens and the peak
intensity of gAl�Ni(r) strengthens progressively as the reaction
of aluminum and nickel proceeds. When the peak intensity of
gAl�Al(r) and gNi�Ni(r) weakens, that means the fcc Al and Ni
decreases steadily. When the peak intensity of gAl�Ni(r) strength-
ens that means the disorder NiAl phase increases. The change of
peak numbers of gAl�Al(r), gAl�Ni(r), and gNi�Ni(r) also indicates
the reactants, solid Al and Ni phase, decrease and the products,
NiAl phase, increase. Especially in Figure 13c, the second peaks
of gAl�Al(r) and gNi�Ni(r) almost disappeared. That indicates the
fcc Al andNi become disordered for the whole system. At t = 936 ps
corresponding to the end of the reaction, the peak intensity of
gAl�Ni(r) reaches themaximum, the peak intensities of gAl�Al(r) and
gNi�Ni(r) are almost equal, and the curves of gAl�Al(r) and gNi�Ni(r)
become smooth. That indicates the system has transferred into the
homogeneous NiAl phase.

4. CONCLUSION

We have presented MD simulations of the alloying reaction
process of nanostructured Al/Ni clad particles. The calculations

Figure 11. Pressures as a function of time for sample 2 at ignition
temperatures 1500 and 1800 K.

Figure 12. Propagation velocity vs Al nanoparticle dimeter for samples
2, 3, and 4.

Figure 13. Comparison of radial distribution functions gAl�Al(r),
gAl�Ni(r), and gAl�Al(r) at different times: (a) t = 0 ps, (b) t = 300 ps,
(c) t = 600 ps, (d) t = 936 ps.
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indicate that the properties of nanostructured Al/Ni clad parti-
cles depend strongly on their nanostructures and combustion
parameters such as particle size and mass density. With the
particle size increasing, both the adiabatic temperature and
pressure of system rise but the propagation velocity of the
reaction front decreases. However, when either mass density or
ignition temperature increase, the adiabatic combustion tem-
perature, the pressure of the system, and the propagation velocity
of the reaction front increase. The cracking of the nickel layer,
governing the contact surface and mass diffusion of aluminums
and nickels, plays a key role in the propagation process of Al/Ni
clad particles.
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