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Abstract: The effect of the interface layer on energy release in nanoenergetic composite films is
important and challenging for the utilization of energy. Nano Al/CuO composite films with different
modulation periods were prepared by magnetron sputtering and tested by differential scanning
calorimetry. With the increase in the modulation period of the nano Al/CuO energetic composite
films, the interface layer contained in the energetic composite film decreased meaningfully, increasing
the total heat release meaningfully. Ab initio molecular dynamics (AIMD) simulation were carried
out to study the preparation process changes and related properties of the nano Al/CuO energetic
composite films under different configurations at 400 K. The results showed that the diffusion of
oxygen atoms first occurred at the upper and lower interfaces of CuO and Al, forming AlOx and
CuxAlyOz. The two-modulation-period structure changed more obviously than the one-modulation-
period structure, and the reaction was faster. The propagation rate and reaction duration of the front
end of the diffusion reaction fronts at the upper and lower interfaces were different. The Helmholtz
free energy loss of the nano Al/CuO composite films with a two-modulation-period configuration
was large, and the number of interfacial layers had a great influence on the Helmholtz free energy,
which was consistent with the results of the thermal analysis. Current molecular dynamics studies
may provide new insights into the nature and characteristics of fast thermite reactions in atomic detail.

Keywords: interfacial reaction; nano Al/CuO composite film; thermal analysis; ab initio molecular
dynamics simulation

1. Introduction

Nanoenergetic composite films, whose total thickness is generally 0.1–300 µm [1],
consisting of alternating layers of nano-aluminum and nano-metal oxide are a new type of
nano-thermite [1–3]. Such energetic systems of metal and metal oxides at the nanoscale
are known as metastable intermolecular composites (MICs) or super-thermite [2–4]. MIC
powder, MIC nanoenergetic composite films, MIC nanorods, and other forms are included.
Composite films made of metals and metal oxides are reactive, so energetic films are called
reactive multilayer films (RMFs) [5]. According to the types of chemical reactions, nanoen-
ergetic composite films can be divided into two categories: one is metal/oxide nanoener-
getic composite films that can undergo aluminothermic reactions, such as Al/CuO [3,4,6],
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Al/MoO3 [7,8], Al/Fe2O3 [9,10], and Al/NiO [11,12], etc. The other is metal/metal na-
noenergetic composite films, such as Al/Ni [13–15], Al/Ti [16,17], and B/Ti [18,19], which
can be alloyed. The volume energy density of nano Al/CuO energetic composite film is
even higher than that of conventional explosive cyclotrimethyltrinitroamine (RDX). The
thickness of the reactants in the nano Al/CuO energetic composite films is generally at
the nanometer level, and their density can reach more than 80% of the theoretical density.
The structure is orderly and uniform, and the interlayer contact area is large and close.
Compared with traditional energetic materials, reactants have a high-volume energy den-
sity [20,21], fast combustion rate [22], and micron-like critical mass transfer distance [3,4].
Therefore, the heat release rate and reaction rate of energetic materials can be effectively
improved. Nano Al/CuO energetic composite films are compatible with microelectrome-
chanical systems (MEMS) [7,23] and complementary metal oxide semiconductor (COMS)
manufacturing processes [24,25]. In recent years, the films have been widely used in the
field of integrated energetic devices (microignition devices [25–29], initiation devices [30],
and propulsion [31], etc.).

The fabrication of multilayered Al/CuO and Al/Ni foils and their reaction kinet-
ics were extensively explored [32–37]. Moreover, the structure and composition of the
Al/CuO interfaces were studied by experiments [5,38] and theoretical simulation [39,40].
Robert [15] et al. studied the effect of varying the bilayer spacing distribution on the re-
action heat and velocity in reactive Al/Ni multilayers. Self-propagating reactions in
Al/Ni nanostructured multilayer foils were examined both experimentally and computa-
tionally to determine the impact of variations in reactant spacing on reaction properties.
Nicollet [41] et al. proposed an ignition model based on atomic interlayer diffusion and
heat exchange. Julien [42] et al. grew Au nanoparticles in situ on the first layer of a CuO
film, which showed good thermal diffusion performance, generated local hot spots, and
promoted the further reaction between Al and CuO. Tichtchenko [40] et al. carried out
theoretical calculations and analysis on the reaction of a fully dense layered Al/CuO sys-
tem. Shen [43] et al. integrated nano Al/CuO energetic composite films into different
forms of nichrome bridges by magnetron sputtering and prepared four kinds of energetic
nichrome bridges with V-type angle initiators. Wang [34,37] et al. prepared Al/CuO parti-
cle laminates using a direct writing approach and found that for Al/CuO-particle-based
laminates, the lateral O2 diffusion rate from the CuO layer to the Al layer appeared to
be rate-limiting. Therefore, to explore the reaction of Al/CuO nanothermites we need to
understand the interfacial layer reaction mechanisms of MICs. Researchers have studied
Al/CuO, Al/Ni, and other systems, some based on macroscopic experimental phenomena
or engineering applications, and some based on reaction kinetics. This paper focuses on the
corresponding simulation from the atomic scale by using the AIMD method and simulates
the relevant experimental phenomena at the atomic level, to find the relevant theoretical
support and explanation for the decrease of energy caused by the increase of the number of
interface layers.

Because the preparation process of nano Al/CuO energetic composite films is very
microscopic, it is difficult to validate the preparation process by traditional experiments.
Recently, high-level ab initio molecular dynamics (AIMD) has been used as an effective
method to study the physical and chemical properties of nano Al/CuO energetic composite
films during the preparation process [39,44]. An AIMD simulation can intuitively reflect the
detailed preparation steps and the energy trends during the preparation of nano Al/CuO
energetic composite films. At the same time, these results can also relate the quantitative
properties of the simulations to the experimentally observed phenomena [33].

Even though so many above achievements have been achieved in the performance
optimization and kinetic theory studies of nano Al/CuO energetic composite films, it is
still a huge challenge to combine experiments and simulation to carry out new theoretical
studies. In this work, nano Al/CuO energetic composite films with three different modula-
tion periods were prepared by magnetron sputtering, and their thermal properties were
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tested by differential scanning calorimetry (DSC). The preparation process of nano Al/CuO
energetic composite films at 400 K was simulated by an AIMD simulation.

2. Results and Discussion
2.1. Thermal Analysis of Nano Al/CuO Energetic Composite Films

The total thickness was kept at 3 µm with 40 modulation periods deposited as shown
in Figure 1, and one modulation period was 25 nm and 50 nm thick for Al and CuO,
respectively. SEM showed that the structure of the prepared films was orderly. During the
preparation of nano Al/CuO energetic composite films, an interface layer is formed at the
interface between the Al and CuO film. The thickness of the interface layer is generally
approximately 4–15 nm, and the main components are AlOx and CuxAlyOz [45]. Because
the thickness of the one-modulation-period film in the nano Al/CuO energetic composite
films prepared in this paper was 25 nm~150 nm, the presence of the interface layer had a
significant impact on the heat release of the energetic films. In the case of the same total
thickness of nano Al/CuO energetic composite films, the heat release decreased with the
increase of the number of interface layers. The DSC curves of three different modulation
periods of nano Al/CuO energetic composite films are shown in Figure 2, and the total
heat release is shown in Table 1. The heating rate during the test was 50 K·min−1. With the
augmentation in the modulation period of nano Al/CuO energetic composite films, the
interface layer contained in the energetic composite films decreased expressively, increasing
the total heat release meaningfully.

Figure 1. SEM cross-sectional view of nano Al/CuO composite films.

Although the total heat release of the nano Al/CuO energetic composite films rose with
the increasing modulation period, the maximum value of the total heat release was only 55%
of the theoretical heat release. There are three main reasons why the actual heat release of
the nano Al/CuO energetic composite films is much lower than its theoretical heat release.
First, the stoichiometric ratio of Al and CuO content in the energetic composite films is
unbalanced. The imbalance is due to a large number of crystal defects in the preparation
process of Al and CuO films, resulting in the actual density of the film being lower than its
theoretical density. In addition, in the preparation of energetic composite films, not only
will part of the CuO be formed into Cu2O due to the “O deletion phenomenon”, but part
of the Al will also be oxidized to Al2O3 due to “environmental oxidation”. These results
will further aggravate the imbalance of the stoichiometric ratio in energetic films. Second,
the interface layer can significantly reduce the actual heat release of the energetic film,
especially when the modulation period of the energetic film is equivalent to the thickness
of the interface layer. As seen in Table 1, when the modulation period of the energetic
film reduces from 225 nm to 75 nm, the actual heat release of the energetic composite film
expressively decreases from 55% to 47%. Third, the heat loss of the test instrument increases.
For traditional energetic materials, such as detonators or explosives, the temperature range
of the exothermic peak of the DSC curve is only approximately 100 ◦C. For nano Al/CuO
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energetic composite films, the temperature range of the exothermic peak is approximately
400 ◦C. The rise in the heat release peak temperature range increases the heat loss during
the test, resulting in the actual heat release from the test being lower than the theoretical
value. Crystal defects and instrument heat loss are only secondary factors, and the effect of
the interface layer on the heat release is the main factor.

Figure 2. DSC curves of nano Al/CuO energetic composite films with different modulation periods.

Table 1. Comparison of heat release of nano Al /CuO energetic composite films with different
modulation periods.

Sample
Number

Modulation
Period

/nm

Number of
Interface Layers

DSC Heat
Quantity
/(J·g−1)

DSC Heat Re-
lease/Theoretical

Heat Release

SAMPLE1 75 79 1660 47%
SAMPLE2 150 39 1845 52%
SAMPLE3 225 25 1956 55%

From the above results, it can be observed that the number of interface layers of
nano Al/CuO energetic composite films has a significant impact on heat release. Under
the condition of the same total thickness, the smaller the modulation period of the nano
Al/CuO energetic composite films, the more interface layers there are, resulting in less
heat release.

2.2. Time Evolution of Atomic Structures

The side view of the initial configuration of one-modulation-period and two-modulation-
period arrays of the nano Al/CuO energetic composite films is shown in Figure 3. The
simulation model involves 128 (48CuO + 32Al) atoms in a triclinic supercell.

Figure 4 displays the vertical configuration changes of one modulation period nano
Al/CuO energetic composite films with 128 atoms (48CuO + 32Al) at different times and
under the same preparation conditions. The AIMD results show that the O atoms in
CuO migrate to the metal Al layer, forming part of alumina, which is consistent with the
experimental results and also indicates that molecular dynamics simulation can sufficiently
display the experimental results of configurational changes in the Al/CuO system.
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Figure 3. Side view of the initial configuration of (a) one-modulation-period structure and (b) two-
modulation-period structure Al/CuO energetic composite films. The pale blue, blue, and red spheres
represent Al, Cu, and O atoms, respectively.

Figure 4. Structure changes of nano Al /CuO energetic composite films with a one-modulation-
period configuration during preparation (side view). The pale blue, blue, and red spheres represent
Al, Cu, and O atoms, respectively.
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The initial reaction occurs at the interface between the CuO and Al layers. However,
the initial structure of the upper interface is closer than that of the lower interface, and
the interaction between the upper and lower interfaces is different at the early stage of
preparation. At 4 ps, the initial reaction rate of the upper interface is faster than that of
the lower interface, indicating that the symmetric structure has higher stability. When the
reaction between Al and CuO progresses slowly, oxygen atoms migrate slowly to the metal
Al layer and redox reaction with the Al layer near the interface but do not react with the
Al in the upper two layers and the bottom three layers. A mixed layer of Al, Cu, and O
atoms is formed at the interface, and the Cu atoms in the mixed layer migrate slowly to the
Al layer.

Figure 5 shows the configuration changes in the vertical direction of the two mod-
ulation periods of Al/CuO energetic composite films with 128 atoms (48CuO + 32Al) at
different times and under the same preparation conditions. The initial reaction occurs at
the interface between the CuO and Al layers. However, due to the larger number of upper
interface layers, the interaction between the upper and lower interfaces is different in the
early preparation stage. When the reaction between Al and CuO progresses slowly, oxygen
atoms migrate slowly to the metal Al layer, and the redox reaction occurs with the Al layer
near the interface, forming a mixed layer of Al, Cu, and O atoms at the interface. Cu atoms
in the mixed layer migrate slowly to the Al layer, and more oxygen atoms diffuse into the
Al layer.

Figure 5. Structure changes of the nano Al /CuO energetic composite films with a two-modulation-
period configuration during the preparation process (side view). The pale blue, blue, and red spheres
represent Al, Cu, and O atoms, respectively.

2.3. Reaction Front Propagation

The reaction propagation velocity can be calculated by analyzing the positional change
of oxygen atoms at the interface of nano Al/CuO energetic composite films. Here, the
average value of the z-axis coordinate position changes of eight O atoms at the upper and
lower interfaces of the reaction front end was calculated: Zc(t) = |<zc(t)-zc(0) >|. Then,
calculating the position of the moving average <zc(t)> compared with the simulated time,
the propagation rate of the reaction could be obtained, and the duration of the linear
propagation of the upper and lower interfaces was calculated. Table 2 lists the linear
propagation rates and durations of the diffusion front ends in the nano Al/CuO energetic
composite films with different configurations. Figure 6a shows that the upper and lower
interfaces of nano Al/CuO energetic composite films <zc(t)> change over time.



Molecules 2022, 27, 3586 7 of 13

Table 2. Linear propagation rates and durations of the upper and lower diffusion fronts of nano
Al/CuO energetic composite films with different configurations.

Upper Interface Lower Interface

Velocity (m/s) Time of Duration (ps) Velocity (m/s) Time of Duration (ps)

One-modulation-period
structure 67.5 0.4320 440.0 0.1400

Two-modulation-period
structure 182.1 0.0670 681.7 0.0875

1 

 

 

 

Figure 6. (a) Time evolution of the positions zc(t) of center oxygen atoms for the one-modulation-
period nano Al /CuO energetic composite films. (b) Time evolution of the positions zc(t) of center
oxygen atoms for the two-modulation-period nano Al/CuO energetic composite films.

At 400 K and with 128 atoms (48CuO + 32Al), the one-modulation-period structure of
nano Al/CuO energetic composite film diffuses towards the aluminum layer within 1 ps,
and <zc(t)> also enhances sharply. The oxidation front end of the upper and lower interfaces
presents a linear propagation. As seen in Table 2, the propagation velocity of the upper
interface (67.5 m·s−1) is significantly lower than that of the lower interface (440 m·s−1), and
the duration of linear propagation are 0.432 ps and 0.140 ps, respectively. From 2 ps to 7 ps,
according to the slope of <zc(t)>, the reaction speed reduces gradually. At approximately
7 ps, the movement distance of oxygen atoms at the upper and lower interfaces reaches
the first peak value and then begins to oscillate, which lasts until 32 ps. Over time, the
oxygen atoms in the alumina slowly move forward a short distance and interact with the
metal aluminum.

When the configuration of the nano Al/CuO energetic composite film consists in
128 atoms (48CuO + 32Al) of the two-modulation-period structure, it can be seen from
Figure 6b that the propagation velocity of the lower interface is always greater than that of
the upper interface. This is due to the difference in the tightness of the upper and lower
interfaces. Compared with the one-modulation-period structure of Al/CuO energetic
composite films, the upper interface propagation rate (182.1 m·s−1) and the lower interface
propagation rate (681.7 m·s−1) are higher. The durations of linear propagation at the upper
and lower interfaces are 0.067 ps and 0.0875 ps, respectively. The propagation rate of the
upper and lower interfaces varies from 1 ps to 6 ps, <zc(t)>, with very little difference after
6 ps. The trend of the upper and lower interface velocity can provide a corresponding basis
for our subsequent judgment of energy loss

2.4. Change in the Helmholtz Free Energy during Preparation

During the simulation, the temperature was 400 K. According to the second law of
thermodynamics, in the isothermal process, the maximum work that a closed system can
do is equal to the reduction in its Helmholtz free energy, which is the ability of the system
to do work under isothermal conditions. As shown in Figure 7a, the initial Helmholtz
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free energy of the one-modulation-period nano Al/CuO energetic composite films with
128 atoms (48CuO + 32Al) is −500.42 eV. After stabilizing, the Helmholtz free energy is
−583.00 eV. The Helmholtz free energy consumed in the process is approximately 80.00 eV.

1 

 

 

 
Figure 7. (a) Change of Helmholtz free energy of nano Al/CuO energetic composite films with a
one-modulation-period configuration during the preparation process. (b) Change of free energy of
Helmholtz nano Al/CuO energetic composite films with a two-modulation-period configuration
during the preparation process.

As shown in Figure 7b, the Helmholtz free energy of the 128-atom (48CuO + 32Al) nano
Al/CuO energetic composite film configuration in the two-modulation-period arrangement
is −503.60 eV. After stabilizing, the Helmholtz free energy is −600.00 eV. The Helmholtz
free energy consumed in the process is approximately −100.00 eV. According to the above
simulation data, the one-modulation-period structure Al/CuO energetic composite films
consume more Helmholtz free energy, and the state is more chaotic than that of the two-
modulation-period structure Al/CuO energetic composite films when it tends to be stable.
This result indicates that part of the energy has been consumed in the preparation and
storage process of the sample, and the energy consumption value rises with the change in
configuration and the increase in the number of interface layers.

Based on the results calculated by the AIMD simulation and experiment results of
thermal analysis, it can be found that in the preparation process, the formation of oxygen
diffusion and compound only happens near the interface layer, as a result of the two-
modulation-period configuration containing nano Al/CuO energetic composite films that
have more interface layers; the preparation process of the configuration change is more
complicated, since the higher propagation rate of oxygen atoms in the upper and lower
interfaces leads to more Helmholtz free energy loss in the preparation process. This is due
to the formation of AlOx and CuxAlyOz near the interface layer, which is consistent with
the phenomenon that the cross-section image taken by SEM cannot get clear boundaries. In
the AIMD simulation process, we presented the changing trend of Helmholtz free energy.
As the number of interface layers increases, the more Helmholtz free energy is lost in the
preparation process, the lower the initial energy is, and the less heat is released in the
thermal analysis process, which is consistent with the thermal analysis results and the
experimental results of the thermal analysis.

3. Experimental Section
3.1. Preparation of Nano Al/CuO Energetic Composite Films

Nano Al/CuO energetic composite films were prepared by a magnetron sputtering
coater (MS550, Nanjing University of Science and Technology). The Al target (diameter:
76 mm; thickness: 5 mm; purity: 99.99%, Zhongnuo New Material Technology Co., Ltd.)
and CuO target (diameter: 76 mm; thickness: 4 mm; purity: 99.99%, Zhongnuo New
Material Technology Co., Ltd.) were placed symmetrically at the target head position at
the bottom of the vacuum chamber. The Al target was sputter-coated by direct current
(DC) magnetron sputtering with a power of 150 W and a sputtering rate of 50 nm/min.
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Radio frequency (RF) magnetron sputtering was used for the CuO target, the sputtering
power was 200 W and the sputtering rate was 27 nm/min. Before magnetron sputtering
began, the pressure in the vacuum chamber was evacuated to 9 × 10−4 Pa, the vacuum
gauge was set manually, and high-purity argon (99.99%) was pumped with a flow rate of
12 sccm to maintain the working pressure at 0.4 Pa. At this point, the Al target was first
illuminated, then the CuO target was illuminated, and the time to switch the baffle above
the target was set by a computer to adjust the thickness of film deposition. The substrate
of the film sample was placed on a rotating sample platform above the vacuum chamber,
and the multilayer films were prepared by repeatedly rotating between the Al target and
CuO target.

The aluminothermic reaction between Al and the CuO film are as follows:

2Al + 3CuO = Al2O3 + 3Cu (Q1 = −4070 J·g−1)

2Al + 3Cu2O = Al2O3 + 6Cu (Q2 = −2400 J·g−1)

The density of the film was approximately that of the target material (Al: 2.7 g·cm−3,
CuO: 6.0 g·cm−3). According to the coating parameters, the modulation ratio of Al and CuO
in the prepared nano Al/CuO energetic composite films was 1:2, and the chemical molar
mass ratio of Al and CuO in the nano Al/CuO energetic composite films was 2:3, which
was consistent with the theoretical stoichiometric ratio of the reaction equation. Therefore,
the oxygen equilibrium state of the reaction system composed of the Al/CuO energetic
film was zero, and the reaction heat of formation of the reaction system was calculated to
be −3569 J·g−1. The sample parameters of the nano Al/CuO energetic composite films
with different modulation periods are shown in Table 3. In this paper, the combination of
the single-layer aluminum film and the single-layer copper oxide film was regarded as a
modulation period.

Table 3. Sample parameters of nano Al /CuO energetic composite films with different modula-
tion periods.

Sample
Number

Modulation
Period

/nm

Single Al
Thickness

/nm

Single CuO
Thickness

/nm

Number of
Modulation

Period

Total
Thickness

/nm

SAMPLE1 75 25 50 40 3000
SAMPLE2 150 50 100 20 3000
SAMPLE3 225 75 150 13 3000

3.2. Thermal Property Analysis

The heat releases of nano Al/CuO energetic composite films were recorded from
100 ◦C to 1100 ◦C using DSC (NETZSCH STA 449C synchronous thermal analyzer, Ger-
many) at a heating rate of 50 K·min−1 under a 30 mL·min−1 99.999% argon flow.

3.3. Computational Methodology

The preparation of nano Al/CuO energetic composite films under certain conditions
was simulated by AIMD, and the stoichiometric ratio was 2:3 for the perfect reaction
under ideal conditions. In the early stage, a K-type thermocouple was used to test the
temperature of the substrate. The test results showed that in the preparation process, the
stable temperature of the sample was approximately 75 ◦C when the Al target was sputtered
by a 150 W DC source, and the stable temperature of the sample was approximately 230 ◦C
when the CuO target was sputtered by 200 W RF source. After comprehensive consideration,
400 K was selected as the simulation temperature of AIMD.

To study the reactivity of the interfacial layer of nano Al/CuO energetic composite
films, an AIMD simulation within the framework of spin-polarized density functional(DFT)
theory [46,47] was performed using the Vienna Simulation Package(VASP) [48–50]. The
Kohn–Sham equations were solved with a plane-wave basis set and periodic boundary
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conditions. Electron exchange and correlation were described using the Perdew–Burke–
Ernzerhof(PBE) [51] version of the generalized gradient approximation (GGA). The ion
cores were described by projector-augmented wave (PAW) [52] potential as implemented
by Kresse and Joubert [53]. The on-site Coulomb repulsion (Hubbard U) was applied to the
Cu d state, where U = 7.5 eV and J = 0.98 eV [54]. The Monkhorst–Pack scheme [55] was
used to sample K points in the Brillouin zone, and the grid of K points was 1 × 1 × 1. We
utilized an energy cutoff of 500 eV in the plane-wave basis set expansion for both geometry
optimization and molecular dynamics calculations. During the geometry relaxation, the
total energy was converged up to 10−4 eV/atom using Gaussian smearing with a smearing
width of 0.1 eV, gamma k-points for the sampling of the Brillouin zone, and the convergence
standard of the interatomic interaction force was 0.05 eV/Å. In the process of kinetic
simulation, the convergence standard of single-atom energy was 10−5 eV. We relaxed
all atomic positions (no constraints) according to their forces using a conjugate gradient
algorithm and the relaxation stopped when the force on each atom was below 0.1 eV/Å.

The simulation model with 128 (48CuO + 32Al) atoms was established to verify
the effect of one modulation period and two modulation periods Al/CuO arrangements
on the stability of the sample under the condition of the same atomic number. In the
process of kinetic simulation, the convergence standard of single-atom energy was 10−5 eV,
and 1 × 2 × 1 triclinic supercells (Lx, Ly, Lz = 11.5 Å, 5.8 Å, 26.3 Å and β = 66.0◦) were
constructed. The canonical ensemble (NVT) system was used for AIMD simulation. A
Nosè–Hoover hot bath [56,57] was used for temperature control with a time step of 0.8 fs
and a simulation time of 20 ps for the two-modulation-period model. The one-modulation-
period model had a longer convergence time than the two-modulation-period model and
the simulation time was 32 ps.

4. Conclusions

In summary, we prepared nano Al/CuO energetic composite films with the same total
thickness and different modulation periods, studied their thermal properties, and analyzed
their actual heat release. The experimental results show that the number of interface layers
of nano Al/CuO energetic composite films has a very obvious effect on the heat release. The
smaller the modulation period of the nano Al/CuO energetic composite films, the greater
the number of interfacial layers and the lower the heat release. AIMD was used to simulate
the preparation process and properties of nano Al/CuO energetic composite films under
different configurations at 400 K. The results show that the diffusion of oxygen atoms first
occurred at the upper and lower interfaces of CuO and Al, forming AlOx and CuxAlyOz.
The two-modulation-period structure changed more obviously than the one-modulation-
period structure, and the reaction was faster with a duration of more than 1 ps. The change
in Helmholtz free energy of the one-modulation-period Al/CuO energetic composite films
was less than that of the two-modulation-period structure Al/CuO energetic composite
films, indicating that the two-modulation-period structure Al/CuO energetic composite
films lost more Helmholtz free energy than the one modulation period structure during
the preparation process. The number of interfacial layers had a great influence on the
Helmholtz free energy in the preparation process, the two-modulation-period structure
Al/CuO energetic composite films lost more energy, and the lower the initial energy was,
the less heat was released in the thermal analysis process, which was consistent with the
AIMD simulations results and the thermal analysis experimental results. This mechanism
may guide us to tailor the reactivity of the interface layer by controlling the transport rate
of the oxygen atoms. Comparing the phenomena of the DSC experimental test with AIMD
simulation results, we could get the reason why the number of interface layers affects the
subsequent energy in the preparation process. AIMD studies have explained the interfacial
diffusion properties of nano Al/CuO energetic composite films at the atomic level, which
may provide new insights into understanding the reactive properties in atomic details and
help improve the interface reaction in manufacturing.
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