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ism study of Al/Ti alloy thin films
under thermal stimulation

Shimin Chang, ab Ruiqi Shen ab and Lizhi Wu*ab

Alloy films are widely used in energy-containing materials to enhance combustion efficiency and heat

release, and to improve explosive or propulsive performance. However, studies on the reaction

mechanism under thermal stimulation are scarce. In this study, the reaction properties of Al/Ti

nanolayers under different conditions are systematically investigated using molecular dynamics

simulations (NVT and NVE) and atomic embedding potentials. By constructing accurate atomic models

((Al/Ti)II, (Al/Ti)III, and (Al/Ti)IV) and using appropriate potential energy functions, the reaction was firstly

relaxed at 1500 K for 20 ps, followed by reaction simulations under adiabatic conditions for 6 ns. The

study reveals the microscopic mechanism of the Al/Ti nanolayer reaction, covering the key processes of

reaction triggering, interfacial evolution and temperature change. The main results are as follows: at the

junction of the Al and Ti layers, Ti atoms are exfoliated from the solid state and migrate to the Al liquid

phase, triggering the reaction. In the “liquid-like” structure (reaction temperature in the range of 1840–

1900 K), the interface atoms alloy with the Ti surface, and as the temperature increases, the Ti atoms

absorb heat and transform from solid to liquid, and contact with the Al melt to drive the reaction. With

the increase of the reaction period, the alloying of the transition layer is completed in advance, and the

shorter the period ((Al/Ti)II, (Al/Ti)III, and (Al/Ti)IV), the faster the reaction rate (0.203, 0.398, and 0.707 K

ps−1). In the adiabatic stage, the Al/Ti system exhibits self-sustained reaction properties, and the

temperature increase promotes the alloying reaction. Eventually, the system reaches equilibrium. This

study provides an important theoretical reference for alloy film design and reaction energy control.

Simulations provide insight into the high-temperature properties, while experiments demonstrate the

behavior of the alloy at lower temperatures, providing a basis for the practical application of the material

in industry, and together the two studies build a more comprehensive picture of the material's behavior.
1. Introduction

The study of reactive multilayer lms1 (RMFs), especially those
composed of aluminium (Al) and titanium (Ti), and the rela-
tionship between them and the ignition materials is a complex
and tightly interconnected system that involves a number of
aspects, such as ignition sensitivity, reaction propagation,
energy release, material compatibility and specic application
scenarios. The selection and design of suitable ignition mate-
rials are crucial to achieve the best performance of RMFs. For
example, Jianbing Xu et al.2 investigated three types of energy-
containing semiconductor bridges (ESCBs) by integrating
different Al/MoOx energetic multilayer nanolms on the semi-
conductor bridges, and the results showed that by shortening
the modulation period of the nanolms, the output energies of
the ESCBs could be signicantly improved. The exothermic
ering, Nanjing University of Science and

: 318103010119@njust.edu.cn; rqshen@

tory of MIIT, Nanjing, Jiangsu 210094,

the Royal Society of Chemistry
reaction between the aluminium and titanium layers in nano-
scale RMFs can produce high energy outputs, making them
ideal candidates for various technological advances.

In recent years, molecular dynamics is oen applied in the
study of the properties of binary alloys, such as Cu/Ni,3 Ti/Ni4

and Fe/Cr5 alloys. For example, Jung G. Y. et al.6 used molecular
dynamics simulations to investigate the law of stoichiometry
inuence on the reaction mechanism of Ni/Al nanolayers and
explored the reaction properties by varying the ignition
temperature and the thickness of the material layer, and the
reaction time was shortened as the ignition temperature
increased or the thickness of the material layer was reduced.
The results of MD simulations showed that the critical
temperature for diffusion and direct alloying betweenW and Cu
was about 1000 K. As the temperature increases, the diffusive
ux for W/Cu diffusion increases while the interfacial structure
becomes more disordered.7 S. Li et al.8 showed through
molecular dynamics simulations that higher temperatures are
favourable for the migration of twin boundaries (TBs), and that
the soening effect of elemental Y on the migration of TB in
magnesium alloys diminishes as the temperature increases. In
RSC Adv., 2025, 15, 6413–6423 | 6413
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Fig. 1 Schematic diagram of modelling of Al/Ti layered nanosystems:
(1) (Al/Ti)II layered nanosystem, (2) (Al/Ti)III layered nanosystem, (3) (Al/
Ti)IV layered nanosystem; the orange particles are Al atoms and the
green particles are Ti atoms.
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addition, the migration mechanism of TB in magnesium alloys
was analysed in detail. This study provides a theoretical basis
for the design and preparation of high-performance magne-
sium alloys. S. Yazdani et al.9 used molecular dynamics simu-
lations and radial distribution functions to evaluate atomic bias
in grain boundaries, and the results showed that the highest
density of Shockley dislocations and stacking dislocations were
formed in the equimolar Cu–Ni alloys, which resulted in a huge
sliding phase in the stress–strain curve.

In their study, S. K. Maurya et al.10 carried out atomic
simulations to examine the role of interfacial characteristics,
layer thickness and heating rate on the microstructural trans-
formation of Al/Ti multilayers. The results of the study
concluded that the structural transformation of Ti from HCP to
FCC occurs by generating a series of consecutive prismatic
stacking faults in the Ti layer. Peng Yao et al.11 used molecular
dynamics to simulate the nanocutting and stress relief
annealing of single-crystal g-TiAl alloys and to analyse the
microscopic defects and residual stress distributions aer
nanocutting of single-crystal g-TiAl alloys. Y. F. Zhang et al.12

showed that nano-Al/Ti multilayers have excellent mechanical
properties at room temperature, and that, aer annealing at
400 °C, the nano-twinned Al/Ti multilayers exhibit excellent
thermal properties when the thickness of the monolayer
exceeds 22 nm exhibited excellent thermal stability and limited
mixing. Rizal Arin et al.13 investigated the structural changes
occurring in titanium based alloys (i.e., TiX%Al(100−X)% and
TiX%Ni(100−X)%) subjected to compressive and tensile loading
using molecular dynamics simulations and found that the
atomic composition of equal (50 : 50) TiX%Al(100−X)% and TiX%-
Ni(100−X)% alloys with equal atomic composition (50 : 50) were
found to have higher mechanical strength than alloys with
different atomic compositions.

B. Zhai et al.14 used molecular dynamics simulations to study
the local structure and nucleation process of liquid Ti–48%Al
and Ti–52%Al (atomic percentage) alloys from the normal to the
supercooled state. TiAl3 is the only intermetallic compound
layer formed along the Al/Ti metal layer interface at the pro-
cessing temperature, and in the diffusion-controlled growth
process the growth of the TiAl3 layer is mainly controlled by the
diffusion rates of Ti and Al atoms. Growth kinetics studies have
shown that the layer growth rate is higher during the diffusion-
controlled growth phase, which is mainly due to faster Al
diffusion and higher TiAl3 nucleation rate at the Ti/TiAl3
interface.15

AlthoughMD simulations have been widely used in the study
of mechanical and other properties of Al/Ti materials, relatively
few studies have been conducted on the reaction properties of
high-energy materials such as Al/Ti nanolayers, and they face
various challenges, such as the accurate selection of the
potential energy function, the computational efficiency of large-
scale atomic systems, and the analysis of complex reaction
pathways. Therefore, through the comprehensive application of
computational simulation technology and theoretical analysis
methods, molecular dynamics simulation technology and the
Large Scale Atomic/Molecular Massively Parallel Simulator16

(LAMMPS) were used to deeply explore the reaction
6414 | RSC Adv., 2025, 15, 6413–6423
performance of Al/Ti nanolayers under different conditions,
including reaction triggering mechanism, reaction rate, heat
release, etc., in order to reveal the micro-regulation mechanism
of the reaction performance of Al/Ti nanolayers. The simulation
results, combined with related experiments, provide theoretical
guidance for the design and preparation of composites with
better performance.

2. Experiment
2.1 Modelling of Al/Ti nano-alloy layered system

In order to elucidate the reaction properties of Al/Ti nanolayers
from a microscopic point of view, a modelling system of Al/Ti
nanolayers for MD simulations (Fig. 1) was established based
on the LAMMPS package, which was investigated in conjunc-
tion with the atomic embedding potential (EAM).

Two supercells of Ti and Al were rstly built and layered
together to minimise lattice mismatch. Then, three different
modulation period systems (i.e. (Al/Ti)II, (Al/Ti)III and (Al/Ti)IV)
are modelled to have the same thickness value (i.e., ∼57.2 nm)
in the z-direction, containing a total of 24 000 atoms, by
controlling the ratio of the number of Al/Ti atoms to be 1 : 1,
with Ti atoms in the green part and Al atoms in the orange part.

For simulations, the EAM potential developed by R. R. Zope
and Y. Mishin17 was used in the LAMMPS programme
package.18,19 Successive applications of the canonical systematic
(NVT)20 and microcanonical systematic (NVE)21 ensembles were
applied in MD simulations to simulate the heating and ignition
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic diagram of the experimental setup for laser-induced
breakdown spectroscopy (LIBS).
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processes. Detailed procedure: (1) each of the above three
models is subjected to NVT conditions and relaxation at an
initial 20 ps of 1500 K22 to reach the equilibrium state. This step
can be considered as a thermal shock and no mixing occurs at
the interface. A Nose–Hoover thermostat with a coupling
constant of 0.1 ps was used to control the temperature; (2) the
NVE condition was run for 6 ns, during which the temperature
and pressure values converged, indicating the completion of the
alloying reaction. During the calculations, the thermal energy
accumulated in the Ti and Al atoms during the (NVT-MD)
heating process was converted into kinetic energy, which in
turn triggered the mixing of the Ti and Al atoms, thus saving the
total energy. The time step for all MD simulations was set to 1 fs.
When a thermal shock is applied to the Al/Ti nanolayer, the
mixing of Ti and Al causes the temperature to increase and
undergo a phase transition from solid to liquid.

2.2 Preparation and experiments of Al/Ti alloy thin lms

Al/Ti alloy lms with three modulation cycles were prepared
using RF magnetron sputtering. The growth thickness was
controlled according to the sputtering rate, and the Al and Ti
lms were deposited alternately on K9 glass substrates (the
diameter of metallic Al and Ti targets were both 50 mm, the
thickness was 4 mm, and the purity was 99.999%). Fig. 2 shows
the magnetron sputtering setup used for Ti–Al alloy thin lm
deposition. Radio-frequency (RF) magnetron sputtering was
used to sputter Ti and Al targets at power settings of 172 W and
158 W, respectively, to obtain lms with optimum quality. The
base pressure of the vacuum chamber (gas ow rate of 1.8 ×

10−3 m3 h−1) was 5× 10−3 Pa and the working pressure of argon
(99.999%) was 0.4 Pa. Multiple alternating operations were
performed using a substrate turntable. Deposition and depo-
sition times were used to adjust the thickness of the alloy lms.
For the alloy lm modulation cycle, the total thickness was kept
consistent.

The composition and structure of the multilayer Al/Ti alloy
lms were determined using an X-ray diffractometer23 (XRD,
D8ADVANCE) and an energy dispersive spectrometer24 (EDS, S-
4800 II). The cross-sectional structure of the samples was
characterised microscopically using a eld emission scanning
electron microscope25 (FESEM, S-4800 II). A NETZSCH STA 449C
power-compensated DSC-TG coupler was used for testing to
obtain the thermal effects of chemical reactions, and the DSC
Fig. 2 Magnetron sputtering flow and sample diagram.

© 2025 The Author(s). Published by the Royal Society of Chemistry
test conditions for the Al/Ti nanoenergy-containing thin lms
were as follows: protective gas (N2) with a gas ow rate of 20
mL min−1, an Al2O3 crucible with a lid, a temperature increase
rate of 10 °C min−1, and a temperature increase range of 100–
1000 °C.

The LIBS experimental setup is shown in Fig. 3, and the
Nd:YAG (1064 nm, 6.5 ns) pulsed laser was focused on the
surface of Al/Ti alloy lm through a convex lens. Aer focusing
the convex lens (focal length of 120 mm, diameter of the laser
focus is 0.6 mm), the laser beam generates plasma on the
surface of the Al/Ti alloy lm, and the plasma spectra are
collected using an ICCD spectrometer (DH720-18F-03), and the
plasma emission spectrum of the Al/Ti alloy lm is captured in
parallel three times at the same laser energy. The spectrometer
had a time resolution of 2 ns and a gate width of 20 ns, using
a holographic grating with 300 notches per mm. Prior to testing,
the laser pulse energy was recorded using a laser pulse energy
meter (Ophir, model 30A).
3. Results and discussion
3.1 MD simulation analysis of Al/Ti layer system

3.1.1 Simulation of thermal behaviour of Al/Ti layered
system. The variation of reaction temperature with simulation
time for three different modulation cycles of Al/Ti layered
nanosystems simulated by NVE system at an initial temperature
of 1500 K is given in Fig. 4. From the gure, it can be seen that
the relaxation of Al/Ti layered nanosystems under NVT condi-
tions for 20 ps is stabilised at a temperature of 1500 K. The self-
sustained exothermic reaction of Al/Ti starts under adiabatic
RSC Adv., 2025, 15, 6413–6423 | 6415
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Fig. 4 (a) Variation of reaction temperature with simulation time for three modulation cycle (Al/Ti)II, (Al/Ti)III and (Al/Ti)IV thin film systems at an
initial temperature of 1500 K. (b) Variation of reaction enthalpy with simulation time for (Al/Ti)II, (Al/Ti)III and (Al/Ti)IV thin film systems.
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conditions and the temperature of the system continues to
increase and nally reaches a convergence temperature, Tad
(i.e., the adiabatic temperature).

As can be seen from Table 1, the differences in the adiabatic
temperatures Tad aer the system reaches equilibrium are small
at an initial temperature of 1500 K, which are 2376 K, 2371 K,
and 2356 K. The corresponding reaction times are 4.32 ns, 2.19
ns, and 1.21 ns, and the self-heating rates are calculated to be
0.203, 0.398, and 0.707 K ps−1, respectively. Table 1 shows that
as the number of model cycles increases, the reaction time is
shortened and the self-heating rate is subsequently enhanced.
This is due to the fact that increasing the number of cycles leads
to a decrease in the thickness of a single cycle at a constant total
thickness. When the Al/Ti system is alloyed, a Ti–Al diffusion
barrier layer is formed at the interface of Ti and Al. The thinner
the barrier layer, the shorter the reaction time and the higher
the self-heating rate. Therefore, the thickness of the interfacial
diffusion barrier layer directly affects the self-heating rate in the
alloying reaction.

The enthalpy changes of the three modulation cycle (Al/Ti)II,
(Al/Ti)III and (Al/Ti)IV lm systems were extracted and analysed
for the time from 0 to 6 ns. As shown in Fig. 4(b), the enthalpy
changes of the three systems are 11 800.4 eV, 11 343.8 eV and 10
986.9 eV, and the enthalpy changes are all positive indicating
that the Ti–Al alloying reaction is a heat-absorbing reaction, and
the smaller enthalpy changes usually indicate that the energy
change during the reaction is small, which is due to the fact that
the higher the period is, the alloying reaction of the transition
layer nishes in advance, and the amount of the available Al/Ti
Table 1 Adiabatic temperatures and reaction times for the reactions of

System
Initial temp.
T0/K

Adiabatic tem
Tad/K

(Al/Ti)II 1500 2376
(Al/Ti)III 1500 2371
(Al/Ti)IV 1500 2356

6416 | RSC Adv., 2025, 15, 6413–6423
The amount of substance becomes less, then the degree of the
nal reaction of the three systems is (Al/Ti)IV, (Al/Ti)III, (Al/Ti)II
in the order from easy to difficult.

3.1.2 Atomic migration analysis of the Al/Ti layer system.
In order to gain a deeper understanding of the thermal reaction
process in the Al/Ti layer, a radial distribution function
(RDF)26,27 analysis was carried out for the distances between
atoms at 1500 K. The RDF is an example of a correlation func-
tion that describes how the particle correlation in the substance
in the average case decays with an increase in the separation
rate and reects the microstructural characteristics of the
system. The radial distribution function can be understood as
the ratio of the regional density to the average density of the
system. Near a reference molecule (smaller value), the areal
density is different from the mean density of the system, but at
a distance from the reference molecule (larger value) the areal
density is the same as the mean density of the system, i.e., the
radial distribution function is close to 1 (g(r) / 1). Molecular
dynamics calculates the radial distribution function with the
formula:

gðrÞ ¼ 1

r4pr2dr

PT

t¼1

PN

j¼1

DNðr/rþ drÞ

N � T
(1)

where N is the total number of molecules, T is the total time of
the calculation, dr is the set distance difference, and DN is the
number of atoms between r / r + dr.

As can be seen from Fig. 5, gAl–Ti(r) represents the ratio of the
regional density of Ti atoms to the average density of the system
three modulation cycle (Al/Ti)II, (Al/Ti)III and (Al/Ti)IV film systems

p.
Response time/ns

Self-heating
rate/K ps−1

4.32 0.203
2.19 0.398
1.21 0.707

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with Al atoms as the central atoms, and the three models of (Al/
Ti)II, (Al/Ti)III, and (Al/Ti)IV reach a complete mixing state of the
Al atoms and Ti atoms at t= 4.32, 2.19, and 1.21 ns, respectively,
when the alloying reaction is the alloying reaction is completed
at this time. This further proves that in the case of the same
thickness and modulation ratio, the smaller the modulation
period, the higher the reaction rate.

From Fig. 6, it can be further found that when the system
reaches equilibrium, i.e., the reaction time is 6 ns: (a) the radial
Fig. 5 (a)–(c) represent the correspondence between gAl–Ti(r) and a
respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
distribution function is zero when r < 1.55 Å, indicating that the
nearest distance between Al atoms in the system will not be less
than 1.55 Å. When 1.55 Å # r # 3.75 Å, a sharp peak appears,
and the density near the peak is greater than the average
density, reecting the aggregation nature of Al atoms; (b) when r
< 2.15 Å, the radial distribution function is zero, indicating that
the closest distance between Al atoms and Ti atoms in the
system will not be less than 2.15 Å. When 2.15 Å # r # 3.85 Å,
a sharp peak appears, and the density near the peak is greater
tomic migration snapshots for different modulation cycles of Al/Ti,

RSC Adv., 2025, 15, 6413–6423 | 6417
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Fig. 6 Radial distribution function plots at 6 ns reaction time under NVE system: (a) Al–Al; (b) Al–Ti; (c) Ti–Ti.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
7/

20
25

 3
:1

1:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
than the average density, reecting the nature of Ti atom
aggregation around Al atoms; (c) when r < 1.95 Å, the radial
distribution function is zero, indicating that the closest
distance between Ti atoms in the system will not be less than
1.95 Å. When 1.95 Å# r# 3.85 Å, a sharp peak appears, and the
6418 | RSC Adv., 2025, 15, 6413–6423
density near the peak is greater than the average density,
reecting the aggregation nature of Ti atoms. And the following
information can be further derived from Fig. 6: the order of
peak size at the rst peak of RDF is gAl–Ti(r)= 2.928 (B2) > gTi–Ti(r)
= 2.394 (C2) > gAl–Al(r) = 2.097 (A2), which indicates that the Al–
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 NVE adiabatic reaction: (a) atomic migration at the interface of the Al/Ti layer system at 0 ns (after relaxation is completed); (b) snapshots
of the Al/Ti layer system for different modulation periods with reaction times of 0.73, 0.41 and 0.22 ns, respectively; (c) schematic diagram of the
‘liquid-like’ state.
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Ti atoms have the most compact arrangement, followed by Ti–
Ti, and Al–Al has the sparsest arrangement. The most sparsely
arranged; at the same time, since the width of the rst peak of
the RDF of the Ti atom group (1.9 Å) is smaller than the width of
the rst peak of the RDF of the Al atom group (2.2 Å), it indicates
that the Ti atoms have stronger interactions with each other,
which require more energy to break this bond, and thus the
diffusion rate is slower, and that the Al atoms have interactions
are weaker and diffusion can easily occur, thus the diffusion
rate is faster.

The initial simulation temperature of the system was set at
1500 K, which is higher than the melting point of aluminum
(933.47 K) and lower than the melting point of titanium
(1905.15 K); therefore, theoretically, the aluminum should be
completely melted into the liquid state at the initial stage of the
simulation, while the titanium should remain in the solid state.
However, it was found during the study that at the initial stage
of the NVE simulation, the phenomenon of titanium atoms
peeling off from the solid layer and migrating to the aluminum
Fig. 8 Mechanism of simulated processes in the Al/Ti layer system (Al
reaction period; (d) reaction balance.

© 2025 The Author(s). Published by the Royal Society of Chemistry
liquid appeared at the junction of the aluminum and titanium
layers, indicating that at this time, the temperature at the
junction had exceeded the melting point of titanium, while the
temperature inside the titanium layer was still lower than the
melting point, and it remained in the solid state (as shown in
Fig. 7(a)). In addition, it can be observed from the temperature
prole in Fig. 4(a) that the temperature rise appears to slow
down signicantly at 1840 K (corresponding to reaction times of
0.73 ns, 0.41 ns, and 0.22 ns, respectively), as shown in Fig. 7(b),
and at this time, the atoms of the titanium surface layer (at the
junction) show a high degree of disorder and possess a certain
degree of mobility, whereas the atoms of the inner layer still
remain in the solid state and make a thermal vibration (see the
red circle in Fig. 7(b)). We call the structures in the temperature
range of 1840–1900 K “liquid-like” structures.28 In this “liquid-
like” structure (e.g., Fig. 7(c)), self-diffusion occurs mainly in
a direction parallel to the surface: some diffusion occurs in the
outermost layer, and more solids are transformed into liquids
as the temperature increases. This “liquid-like” structure causes
atoms: yellow, Ti atoms: red): (a) initial stage; (b) after relaxation; (c)
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the owing atoms at the interface to alloy with the titanium
surface, which triggers a further increase in system tempera-
ture. As the temperature continues to rise, the atoms inside the
titanium layer gradually absorb heat, leading to a transition
from solid titanium to liquid, and the uniformly distributed
aluminum and titaniummelts begin to come into close contact,
further promoting the alloying reaction between aluminum and
titanium, and ultimately bringing the aluminum–titanium
system to equilibrium.

In summary, the process can be simplied as follows: aer
20 ps of relaxation simulation at 1500 K temperature, the
migration of Ti atoms into the Al liquid phase (Fig. 8(b)) occurs
at the junction of the Al/Ti layer system (Fig. 8(a)). At this point,
the Ti atoms at the interface show a high degree of disorder and
some mobility, while the inner layer remains solid. In this
‘liquid-like’ structure, self-diffusion occurs mainly in the
surface-parallel direction. As the temperature increases, the
liquid-like structure gradually expands to the interior of the Ti
layer, leading to the conversion of more Ti atoms into the liquid
phase (Fig. 8(c)), which further promotes the alloying reaction
Table 2 Schematic representation of Al/Ti films with three modulation

Films Layer structure

(Al/Ti)II lm
Al/Ti: 1310/790 nm
Thickness: 4.20 mm
F = 0.77

(Al/Ti)III lm
Al/Ti: 910/540 nm
Thickness: 4.35 mm
F = 0.7

(Al/Ti)IV lm
Al/Ti: 700/500 nm
Thickness: 4.80 mm
F = 0.71

6420 | RSC Adv., 2025, 15, 6413–6423
between Al and Ti. Eventually, the system reaches equilibrium
(Fig. 8(d)).

3.2 Preparation and experimentation of Al/Ti alloy thin lms

3.2.1 Layer structure and morphological analysis of Al/Ti
alloy thin lms. The 3D schematic and FESEM images of
different cross sections of the Al/Ti alloy lms are shown in
Table 2, respectively. The modulation periods of the Al/Ti alloy
lms are 2100 nm (Al/Ti: 1310/790 nm, 2 cycles, F = 0.7),
1450 nm (Al/Ti: 910/540 nm, 3 cycles, F = 0.7) and 1200 nm (Al/
Ti: 700/500 nm, 4 cycles, F = 0.7). The total thickness of the
RMFs composite lm was 4.0 mm. The modulation period of the
composite lm is a very important parameter because it is one
of the most important factors affecting the rate of the chemical
reaction in Al/Ti alloy lms. In addition, by controlling the
modulation period of Al/Ti alloy lms based on the theory of
xed thickness and stoichiometric ratio, the heat transfer rate
and chemical reaction rate can be directly changed. Therefore,
the nanosecond laser-induced plasma properties were observed
and regulated for three different modulation periods of Al/Ti
alloy lms. The cross-sectional FESEM images of the Al/Ti
cycles

FESEM image

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 DSC curves of Al/Ti nanoenergy-containing films with three
different modulation cycles ((Al/Ti)II, (Al/Ti)III, (Al/Ti)IV).
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alloy lms show that the Al/Ti layer has a distinct boundary
layer, as shown in Table 2.

3.2.2 Chemical reaction properties of Al/Ti alloy lms.
Fig. 9 shows the DSC curves of Al/Ti nanoenergy-containing thin
lms with three different modulation cycles ((Al/Ti)II, (Al/Ti)III,
(Al/Ti)IV) under the condition of 10 °C min−1 heating rate.

From Fig. 9, it can be seen that the DSC curves of (Al/Ti)II, (Al/
Ti)III and (Al/Ti)IV are basically the same, and a main exothermic
peak appears in all three curves, corresponding to the temper-
ature range of 550–800 °C, and each exothermic peak temper-
ature shows an upward trend with the increase of the
modulation period. Themelting heat absorption peak of Al does
not appear because the alloying reaction of the multilayer Al/Ti
lm emits a large amount of heat, which masks the melting
heat absorption peak of Al. There are two stages in the reaction
process of the Al/Ti nanoenergy-containing thin lms: the rst
stage is the slow solid-phase reaction of Al and Ti at the inter-
faces of the energy-containing nano-lms, which leads to the
formation of nuclei at the interfaces and the formation of
Fig. 10 0, 200, 400, 900, 1400 ns delay time: (a) electron temperature
curves of Al/Ti alloy thin films.

© 2025 The Author(s). Published by the Royal Society of Chemistry
a continuous layer gradually; in the second stage, the contin-
uous layer at the interface continues to react in the vertical
direction along the Al/Ti nanoenergy-containing lm interface,
and once the reaction temperature (600 °C) approaches the
melting point of Al (660 °C), the alloying reaction rate acceler-
ates drastically and produces a large exothermic peak.

The exotherms of the three modulation cycles are shown in
Fig. 9, and the exotherms of the nanoenergy-containing lms
with modulation cycles (Al/Ti)II, (Al/Ti)III, and (Al/Ti)IV are 2300 J
g−1, 1732 J g−1, and 1051 J g−1, respectively, where the exo-
therms of the reactions (Al/Ti)II > (Al/Ti)III > (Al/Ti)IV, which are
derived from the results of the tests.

3.2.3 Laser induced breakdown spectroscopic properties of
Al/Ti Alloy thin lms. S. S. Harilal et al.29 studied that the kinetic
reaction rate depends directly or indirectly on the magnitude of
electron temperature and density values. Based on the Atomic
Emission Spectroscopy (AES) method, using Laser Induced
Breakdown Spectroscopy (LIBS) test method, the laser pulse
energy density was set to 55.14 J cm−2, and the variation rule of
the electron temperature and density with time was changed
under the conditions of different delay times aer the laser pulse.

Fig. 10(a) and (b) show the variation of electron temperature
and density with time when the laser pulse energy is 55.14 J cm−2.
As the time increases from 0 to 200 ns, the temperature of (Al/Ti)II
increases from 3860.3 to 5385.9 K and then decreases to 4867.8 K,
while the density decreases from 25.46× 1015 to 6.36× 1015 cm−3

before reaching a steady state. The temperature of (Al/Ti)III
increases from 4055.3 to 5643.6 K and then decreases to 5010.4 K
while the density decreases from 21.37 × 1015 to 11.91 × 1015

cm−3 before reaching a steady state. The temperature of (Al/Ti)IV
increases from 4133.3 to 6308.7 K and then decreases to 5516.1 K,
while the density decreases from 20.47× 1015 to 9.32× 1015 cm−3

before reaching a steady state. The peak in electron temperature
is due to the energy released from the Ti–Al chemical reaction.
The electron density decreases during the lifetime of the nano-
second laser-induced plasma. The electron density exhibits an
anomaly in which (Al/Ti)IV decreases more rapidly, with the
electron density decreasing from close to (Al/Ti)III to signicantly
variation curves of Al/Ti alloy thin films; (b) electron density variation
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less than (Al/Ti)III. The plasma electron temperature (Al/Ti)IV > (Al/
Ti)III > (Al/Ti)II, but the plasma electron density (Al/Ti)II > (Al/Ti)III
> (Al/Ti)IV. This is due to the smaller modulation period and
higher reactivity, which contributes to the chemical reaction
between Ti–Al lms. Faster reaction rate leads to higher
temperature and lower density.

4. Conclusion

In this study, the reaction characteristics of Al/Ti nanolayers
under different environmental conditions, including the reac-
tion temperature change, atomic migration and energy release,
were deeply investigated by molecular dynamics simulation.
The results reveal the signicant effect of Al/Ti modulation
periodonas on the reaction properties of Al/Ti nanolayers,
which provides a new perspective to understand the reaction
mechanism of this type of high-energy composites. The MD
simulations focus on high temperature scenarios, and the
simulations address the atomic-level mechanisms that occur
when these alloys are heated to very high temperatures. The
experimental studies involve lower temperatures and investi-
gate the exotherm and reaction rates of Al/Ti alloy lms. Also
supplemented by DSC tests and LIBS experiments on Al/Ti alloy
lms, the following conclusions can be drawn:

(1) It was found by MD simulations that the Al/Ti layered
nanosystems release more energy with a larger modulation
period for the same thickness and modulation ratio, and this
behavior matches the trend observed in the DSC tests;

(2) It was found byMD simulations that the larger the number
of modulation cycles, i.e., the smaller the modulation period
(increasing the number of cycles leads to a decrease in the
thickness of a single cycle), the shorter the reaction time, and the
consequent increase in the rate of self-heating of the Al/Ti layered
nanosystems for the same thickness and modulation ratio,
a trend that correlates with the results of the LIBS experiment;

(3) In the “liquid-like” structure (reaction temperature in the
range of 1840–1900 K), the self-diffusion mainly takes place
along the surface parallel direction, and as the temperature
rises, the liquid-like structure expands to the interior of the Ti
layer, which converts more Ti into the liquid phase and
promotes the further alloying reaction between Al and Ti to
reach equilibrium.

Data availability

The data that support the ndings of this study are available on
request from the corresponding author, [Lizhi Wu],upon
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