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Abstract:

Explosive welding (EXW) is widely used to join similar and dissimilar metals, yet its atomistic
mechanisms remain unclear. In this study, molecular dynamics simulations were performed to investigate
aluminum—aluminum EXW using an embedded atom method potential. Results show that flyer impact
causes temperature to exceed 2500 K and pressure to peak at ~27 GPa, inducing severe plastic deformation
without bulk melting. Mean square displacement and concentration analyses reveal diffusion during
loading, while unloading enables interfacial mixing, resulting in a thin diffusion layer of ~12 A. Radial
distribution function results confirm solid-state bonding dominated by plastic deformation and localized
atomic rearrangement. These findings provide atomistic insights into AlI-Al explosive welding, supporting
process optimization for reliable similar-metal joints.

Keywords: Explosive welding, Molecular dynamics simulation, AI-Al bonding, Interfacial diffusion.

1. Introduction

Explosive welding (EXW) is a solid-state
bonding technique in which two metals are joined
by a high-velocity impact, typically initiated by the
detonation of an explosive charge [1,2]. This process
is advantageous for joining similar or dissimilar
metals that are difficult to weld using traditional
fusion-based methods [3]. Unlike fusion welding,
EXW occurs in the solid state, thereby avoiding
extensive heat-affected zones and minimizing
the formation of brittle intermetallic compounds.
While much of the existing research has focused on
EXW of dissimilar metals such as AI-Cu or Ti—Al
[4,5], there is increasing interest in understanding
how similar metals such as aluminum—aluminum
behave during high-speed impact welding at the
atomic scale.

Molecular dynamics (MD) simulation is
a powerful tool for exploring the underlying
nanometer and

mechanisms of welding at

picosecond scales, including shock wave

propagation, local plastic deformation, interface
mixing, and atomic diffusion [6]. In this study,

Khoa hoc va Cong nghé Ung dung - S5 48/Thang 12-2025

MD simulations are performed to investigate
explosive welding between two pure aluminum
blocks. The process is modeled in six stages: energy
minimization, thermal equilibration, high-velocity
loading, unloading, controlled cooling, and final
relaxation. The simulation uses an EAM potential
specifically parameterized for aluminum, which
reliably reproduces its structural and mechanical
properties such as lattice constants, cohesive
energy, and elastic constants. The goal of this
work is to gain insight into the bonding process,
stress evolution, and interfacial behavior during
aluminum—aluminum explosive welding.

In addition to fundamental understanding,
the present atomistic study provides practical
implications for aluminum explosive welding. In
particular, the relationships between impact velocity,
interfacial plastic deformation, and localized
atomic diffusion revealed in this work can be used
as physical guidance for selecting suitable collision
conditions in industrial Al/Al cladding processes.
The identified roles of high-pressure suppression of
melting and unloading-induced interfacial mixing
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also provide insight for controlling joint quality
and reducing interfacial defects in similar-metal
explosive welding.
2. Methodology

The simulation model consists of two pure
aluminum blocks aligned along the z-axis, with the
flyer block positioned at the top and the stationary
base block at the bottom. Each block is constructed
using a face-centered cubic (FCC) lattice with
a lattice constant of 4.05 A, representative of
aluminum at ambient conditions. The overall
dimensions of the simulation box are 32.60 A x
32.61 A x 113.4 A along the x, y, and z directions,
respectively, comprising a total of 7168 atoms. The
two blocks are initially separated by a 20 A vacuum
gap to facilitate high-velocity impact during the
welding process.

Figure la illustrates the atomic structure colored
by particle type, while Figure 1b shows the configuration
colored by local crystal structure using the common
neighbor analysis (CNA) method, confirming the
perfect FCC arrangement in both blocks before impact.
Fixed boundary layers are applied at the top and bottom
to suppress translational motion and to implement
reflective boundary conditions along the z-direction.
Periodic boundary conditions are applied in the x and
y directions. Interatomic interactions are described
using the embedded atom method (EAM) potential for
aluminum [7] , which reliably reproduces the structural
and mechanical properties of Al and has been widely
used in molecular dynamics studies of deformation,
dislocation behavior and welding processes.

After the initial construction, the whole
system was first relaxed by energy minimization
using the conjugate-gradient method to eliminate
atomic overlaps and local stress concentrations.
Subsequently, thermal equilibration was performed
under the NPT ensemble at 300 K and 0 bar for
10 ps. A constant time step of 1.0 fs was used in
all dynamic simulations. The equilibrated atomic
configurations obtained after this NPT equilibration
step were used as the initial configurations for the
impact simulations and are shown in Figure 1.

The impact simulation was then carried out
by assigning the flyer block an initial velocity of
approximately v_= 3.47 A/ps and v, = —29.7 A/ps.
The selected impact velocity is of the same order
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as that commonly adopted in molecular dynamics
simulations of explosive welding to reproduce
shock pressures on the order of several tens of
GPa and severe interfacial plastic deformation,
as reported in previous studies [1]. The loading
stage was performed under the NVE ensemble
in order to preserve the natural shock response
during high-velocity impact. During loading, the
flyer bulk moves toward the base bulk, and when
its thickness is reduced to the minimum length,
the transition region of the flyer becomes fixed [1].
The loading duration was determined by the actual
impact process and therefore varies depending on
the collision evolution.
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Figure 1. Initial atomic configurations for the

Al-Al explosive welding simulation after energy

minimization and NPT equilibration at 300 K and

0 bar: (a) atomic structure colorved by particle type

and (b) atomic configuration colored by crystal
structure using CNA.

After loading, the system undergoes controlled
unloading under the NPT ensemble, gradually
reducing the temperature from its peak value back
to 300 K. This is followed by a final relaxation
stage at 300 K and 0 bar for 100 ps to allow the
system to reach equilibrium. During all NPT
stages, temperature and pressure were regulated
using a Nosé—Hoover thermostat and barostat. The
thermostat and barostat damping parameters were
set to Tdamp=1.0 ps and Pdamp=0.05 ps during
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the equilibration stage, and to Tdamp=1.0 ps and
Pdamp=1.0 ps during the cooling and relaxation
stages. The complete simulation stages and key
parameters are summarized in Table 1.

The equations of motion were integrated
using the velocity-Verlet algorithm implemented in
LAMMPS. Throughout the simulation, LAMMPS
computes are used to extract atomic stresses (stress/
atom), Mean Square Displacements (MSD), and
partial temperatures (temp/partial). Structural data
and atomic configurations are saved periodically for
visualization and post-analysis using OVITO.

3. Results and discussion

Figure 2 shows the evolution of temperature
and pressure in the simulation system during the
loading stage of the explosive welding process.
At the onset of flyer impact (around 0 ps), both
temperature and pressure exhibit a sharp increase
due to the intense kinetic energy conversion into
internal energy. The temperature rapidly rises
to above 2500 K, while the pressure peaks at
approximately 27 GPa.

Following this initial spike, both temperature
and pressure undergo fluctuations during the
early unloading phase (0-20 ps), which are
associated with shock wave propagation, atomic
rearrangement, and partial relaxation of the system.
These oscillations gradually decay, and the system
stabilizes into a quasi-steady state. The temperature
levels off at around 1450 K, while the pressure
stabilizes near 24 GPa.

The
conditions observed in this stage promote severe

high-temperature and high-pressure
plastic deformation, localized atomic rearrangement,
and defect formation at the interface, which are
critical for achieving strong metallurgical bonding
in explosive welding. The plateau in both curves
after ~20 ps indicates the end of the transient shock
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regime and the transition to a post-impact state,
which precedes unloading in subsequent stage.

3000 T T T : 30
Temperature

T
0 20

2500

T
N
ol

Pressure (GPa)

2000

1500

Temperature (K)

1000 -

4‘0 6‘0 Sb 100
Simulation time (ps)
Figure 2. Temperature and pressure curves of simu-
lation system during the loading stage.

Figure 3 illustrates the evolution of mean
square displacement (MSD) for Al-flyer and Al-
base along the z-direction during both loading
(a) and unloading (b) phases. MSD is a crucial
indicator for tracking atomic mobility and diffusion
behavior under dynamic loading conditions [8].
During the loading phase (Figure 3a), both Al-flyer
and Al-base exhibit an initial rapid increase in MSD
due to the sudden acceleration and impact-induced
displacement of atoms. The Al-flyer shows a sharp
rise to approximately 43 nm? within the first ~2 ps,
after which its MSD curve stabilizes and remains
nearly constant.

In contrast, the Al-base shows only minor
oscillations around 2 nm? without any significant
increase over time. This stabilization indicates that,
although the system temperature exceeds the bulk
melting point of aluminum (933.47 K), no noticeable
diffusion occurs during the loading phase. The
primary reason is that the extremely high pressure
(~24 GPa) generated upon impact substantially
elevates the melting point of aluminum, thus
keeping the material in a solid or highly compressed
solid-like state despite its elevated temperature.

Table 1. MD Simulation Stages and Parameters

Stage Ensemble | T/P Time step | Damping parameters Simulation time
(fs) (ps)

Equilibration | NPT 300K, Obar | 1.0 Tdamp=1.0 ps, Pdamp=0.05 ps | 10

Loading NVE - 1.0 - Variable

Unloading NVE - 1.0 - 100

Cooling NPT 300K, O bar | 1.0 Tdamp=1.0 ps, Pdamp=1.0 ps | 100

Relaxation NPT 300K, Obar | 1.0 Tdamp=1.0 ps, Pdamp=1.0 ps | 100

Khoa hoc va Cong nghé Ung dung - S5 48/Thang 12-2025
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Furthermore, the extremely short timescale of the
loading stage (~10 ps) does not provide sufficient
time for thermal diffusion to manifest significantly.
This can be attributed to the combined effects of the
extremely high impact pressure and the ultrashort
loading timescale, which suppress melting even at
temperatures above the ambient-pressure melting
point. This behavior aligns with previous MD
studies showing suppressed diffusion under shock

compression conditions [9].
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Figure 3. MSD curves for the loading (a) and
unloading (b) phases in the z-direction.

In the unloading phase (Figure 3b), a different
trend is observed. The MSD of the Al-flyer
slightly decreases from its peak value (~43 nm?)
to approximately 38.4 nm? over the unloading
duration. This decrease is attributed to structural
relaxation and elastic recovery after the removal
of compressive stress. Simultaneously, the MSD
of the Al-base shows a gradual linear increase
with time, reaching about 2.1 nm? at the end of the
unloading simulation (~100 ps). This slight increase
suggests the onset of atomic diffusion and local
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rearrangement as the high-pressure constraint is
released, reducing the melting point back towards
its ambient value. The thermal energy retained in
the system (~1450 K) exceeds the melting point
at atmospheric pressure, thus enabling localized
melting and atomic mobility near the interface.

IAlmﬂycr

Al _base

Particle types

e B b)

Figure 4. Atomic configurations at different stages

of the explosive welding process: (a) immediately

after collision, (b) after loading stage, and (c) after
unloading stage.

Figure 4 illustrates the evolution of atomic
configurations at three critical stages during the
explosive welding process, with Al flyer atoms
colored in blueand Al_base atoms in yellow for clear
visualization of interface morphology. In Figure 4a
(immediately after collision), the interface between
the flyer and base blocks remains relatively flat and
well-defined. The Al flyer and Al base regions
are distinctly separated, indicating that the impact
has occurred but there is minimal intermixing or
interfacial deformation at this very early stage. This
is consistent with the extremely short timescale
of initial collision where kinetic energy is largely
concentrated in compressive deformation rather
than diffusion.

In Figure 4b (after loading stage), noticeable
morphological changes occur at the interface.
The boundary between Al flyer and Al base
becomes irregular, with the formation of small
protrusions and indentations, suggesting localized
plastic deformation and the onset of mechanical
interlocking. Despite these structural changes,
significant atomic interdiffusion is still absent,
which corroborates the MSD results shown in
Figure 3. The suppression of diffusion at this stage

Journal of Applied Science and Technology



is attributed to the high-pressure environment (~24
GPa) that effectively elevates the melting point of
aluminum, thus maintaining solid-state bonding
even though the system temperature is well above
the standard melting temperature.

Finally, Figure 4c (after unloading stage)
shows a more pronounced interfacial deformation
compared to the loading stage. The interface exhibits
deeper penetration of Al flyer atoms into the Al _base
region and vice versa, indicating the initiation of
atomic mixing upon pressure release. This behavior
is explained by the rapid reduction in melting point
during unloading while the system retains high
thermal energy (~1450 K), allowing localized melting
and diffusion at the interface. The atomic distribution
after unloading confirms that metallurgical bonding in
explosive welding is facilitated not solely by impact-
induced plastic deformation but also by thermally
activated interdiffusion during the unloading and
relaxation stages.

To quantify the atomic diffusion behavior
near the weld interface, the Histogram modification
function in OVITO was employed to extract the
atomic concentration profiles along the Z-axis
from the MD simulation results. Figure 5 presents
the final distribution of Al-base and Al-flyer atom
In this
analysis, the diffusion layer thickness was defined as

concentrations along the Z-direction.

the region where the concentrations of both Al-base
and Al-flyer atoms exceed 5%, indicating significant
interfacial mixing between the two materials. The
5% concentration threshold was selected to exclude
statistical noise in the concentration profiles and
to identify only the region of effective atomic
intermixing, which is consistent with previous
molecular dynamics studies on explosive welding
interfaces. As shown in Figure 5, the calculated
thickness of the diffusion layer is approximately
12 A. This result is consistent with previous MD
simulation studies on explosive welding, which
also reported diffusion layers with thicknesses on
the order of a few angstroms to approximately 1
nm, corresponding to several atomic layers at the
interface [1]. Such a thin diffusion region indicates
that atomic mixing is highly localized, primarily
driven by impact-induced plastic deformation
rather than long-range thermal diffusion.

Khoa hoc va Cong nghé Ung dung - S5 48/Thang 12-2025
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Figure 5. Main element distribution of MD
simulation along the Z-axis.

In order to explore the effect of melting on
atomic diffusion behavior during the explosive
welding process, the radial distribution function
(RDF) is used to analyze the atomic structures of
each stage [10]. Figure 6 shows the RDF results
for Al-flyer and Al-base atoms at different stages of
the explosive welding process. At the initial stage,
both regions exhibit identical RDF curves with
sharp, periodic peaks characteristic of crystalline
aluminum (FCC structure), with the first peak at
~2.85 A. During the collision stage, RDF peaks
decrease in intensity and broaden, indicating partial
structural disturbance due to high-velocity impact.
The Al-flyer shows a greater decrease and broader
peaks compared to Al-base, suggesting more severe
structural disruption in the flyer region. A slight
leftward shift of the first peak also indicates local
compression under shock loading.

—— Al-base :

g(r)

0 2 4 6 8 10
r(A)
Figure 6. The RDF results of Al-flyer and Al-base at
different stages.
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In the loading stage, peak intensities further
decrease and remain broad, implying persistent
compressive stress and structural distortion. The
Al-flyer maintains lower and broader peaks than
Al-base, reflecting higher local deformation due
to its initial kinetic energy upon impact. However,
the presence of secondary peaks in both regions
suggests that melting does not occur.

At the unloading stage, RDF peaks recover
in intensity and sharpness, approaching their
initial state, indicating partial recrystallization
and structural relaxation upon pressure release.
Nonetheless, Al-base peaks are sharper and more
intense than those of Al-flyer, showing that Al-
base regains a higher degree of crystalline order,
while Al-flyer retains more residual defects and
disorder. These results confirm that no significant
melting occurs during explosive welding. Bonding
arises mainly from plastic deformation and atomic
rearrangement, consistent with the thin diffusion
layer discussed in Figure 5. Moreover, the Al-flyer
experiences greater structural distortion and retains
more defects than Al-base due to its direct impact
role in the welding process.

4. Conclusion

In summary, molecular dynamics simulations

reveal that Al-Al explosive welding produces an
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ultrahigh temperature above 2500 K and a peak
pressure of about 27 GPa under a flyer velocity of
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NGHIEN CUU O CAP NGUYEN TU QUA TRINH HAN NO AI/Al BANG MO PHONG
PONG LUC HQC PHAN TU VE CO CHE LIEN KET VA KHUECH TAN TAI GIAO DIEN

Toém tat:

Han né (EXW) dwoc sir dung rong rdi dé ghép noi cac kim logi giong va khdc nhau, tuy nhién co
ché ¢ cap dé nguyén tir ciia né van chwea dwoc nghién ciru ré. Trong nghién ciru nay, mé phong dong e
hoc phan twr da dwoc thuc hién dé khao sat qua trinh han né nhém-nhém bcfng cdach su dung thé EAM
(Embedded Atom Method). Két qua cho thdy tac déng ciia flyer lam nhiét @ vueot qua 2500 K va dp sudt
dat dinh khoang ~27 GPa, gdy ra bién dang déo nghiém trong ma khong xay ra néng chay khoi. Phén tich
dich chuyén binh phirong trung binh (MSD) va nong d¢ nguyén tir cho thdy c6 khuéch tan trong giai doan
tai, trong khi giai doan dé tai thiic ddy sw trén lan tai giao dién, tao ra mot 16p khuéch tan mong khodang
~12 A. Phén tich ham phdn b6 xuyén tam (RDF) xdc nhdn rang lién két dwoc hinh thanh chii yéu boi bién
dang déo ¢ trang thdi rdn va sw sdp xép lai cuc bg ciia nguyén tir. Nhitng phdt hién nay cung cdp hiéu biét
6 cdp nguyén tir vé qud trinh han né nhém—nhém, hé tro téi wu héa quy trinh dé tao cac moi néi kim logi
giong nhau cé dg bén tin cdy.
Tir khéa: Han né; Mé phong dong luc hoc phan tur; Lién két nhém—nhoém; Khuéch tan tai giao dién.
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