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Abstract: Because of the challenge of compounding lightweight, high-strength Ti/Al alloys due to their considerable disparity in
properties, Al 6063 as intermediate layer was proposed to fabricate TC4/Al 6063/Al 7075 three-layer composite plate by explosive
welding. The microscopic properties of each bonding interface were elucidated through field emission scanning electron microscope
and electron backscattered diffraction (EBSD). A methodology combining finite element method-smoothed particle hydrodynamics
(FEM-SPH) and molecular dynamics (MD) was proposed for the analysis of the forming and evolution characteristics of explosive
welding interfaces at multi-scale. The results demonstrate that the bonding interface morphologies of TC4/Al 6063 and Al 6063/Al
7075 exhibit a flat and wavy configuration, without discernible defects or cracks. The phenomenon of grain refinement is observed in
the vicinity of the two bonding interfaces. Furthermore, the degree of plastic deformation of TC4 and Al 7075 is more pronounced
than that of Al 6063 in the intermediate layer. The interface morphology characteristics obtained by FEM-SPH simulation exhibit a
high degree of similarity to the experimental results. MD simulations reveal that the diffusion of interfacial elements predominantly
occurs during the unloading phase, and the simulated thickness of interfacial diffusion aligns well with experimental outcomes. The
introduction of intermediate layer in the explosive welding process can effectively produce high-quality titanium/aluminum alloy
composite plates. Furthermore, this approach offers a multi-scale simulation strategy for the study of explosive welding bonding
interfaces.
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With the rapid development of modern industries such as

aerospace, automotive, and chemical industries, the
performance requirements for materials become increasingly
stringent. Single metal materials often cannot meet the
functional demands of specific environments. By combining
two or more metals to form a layered composite structure, it is
possible to improve material performance in a targeted
manner by leveraging the properties of various metal

materials based on actual needs'™?.

For example, Ti/Al
layered composites possess not only the advantages of

aluminum alloys, such as low density, high electrical and
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thermal conductivity, and low cost, but also the high strength,
high-temperature resistance, and good corrosion resistance of

B4 Consequently, these materials have been

titanium alloys
extensively utilized across a multitude of sectors.

The fabrication of Ti/Al dissimilar metal composite plates
presents significant challenges due to substantial differences
in thermal conductivity, melting points, and coefficients of
thermal expansion between the two materials”™ . Additionally,
they are highly reactive with oxygen and nitrogen in the air at
high temperatures, making traditional welding techniques

unsuitable for effectively joining these materials”. Explosive
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welding is a unique manufacturing technique for layered
composite materials, which utilizes high-speed collisions
induced by explosives to achieve a high-strength metallurgical
bonding within microseconds. This technique has found
widespread application in the production of dissimilar metal
composites that cannot be fabricated by conventional welding
processes, due to its superior welding quality™ "\

Currently, extensive research has been conducted on the
explosive welding of Ti/Al composite plates and the
mechanical properties of the resulting samples!". With the
continuous evolution of technology for fabricating Ti/Al
composite materials, researchers are increasingly eager to
enhance the mechanical performance of Ti/Al alloy laminated
composite plates. Compared with the Ti/Al composite
materials produced in previous studies, the TC4 titanium alloy
and Al 7075 aluminum alloy exhibit superior mechanical
properties and material characteristics. However, the high
hardness and strength of the base materials narrow the
explosive welding window, posing a challenge to achieve
high-quality composites. To address these challenges,
interlayer techniques have been introduced for the explosive
welding fabrication process to resolve the welding issues
between dissimilar materials with significantly different
properties. Previous studies have confirmed the effectiveness
of introducing interlayer materials'?.

Under the influence of the detonation wave from
explosives, intense collision of welding materials, interatomic
interactions and diffusion at the welding interface, as well as
the overall morphological evolution of the interface are key
factors affecting the quality of material bonding. Due to
violent release of energy from the explosive detonation and
rapid bonding process in explosive welding, current
experimental testing techniques are unable to observe the
formation and evolution of the interface and the interatomic
interactions during the explosive welding process™ . To
further reveal the multi-scale evolution characteristics of the
explosive welding interface, numerical simulation has been
applied to the field of explosive welding. Advanced compu-
tational methods such as Eulerian, Arbitrary Lagrangian-
Eulerian (ALE), and smoothed particle hydrodynamics (SPH)
are instrumental in visualizing substantial plastic deformation
occurring at material interfaces during high-speed impacts,
which are all observable at the optico-microscopic scale.
Complementarily, molecular dynamics (MD) simulations
delve into the atomic-scale realm, offering insights into the
intricate processes of atomic diffusion*"”. However, previous
studies often focus on the formation characteristics of the
interface at a single scale, and there is a lack of further
research on how to effectively combine numerical simulations
of explosive welding at different scales.

To address the aforementioned challenges, this study
introduced an interlayer technique to fabricate TC4/Al 6063/
Al 7075 composite plates using explosive welding. Micro-
scopic structure at the joining interface was characterized and
analyzed by field emission scanning electron microscope
(FESEM) and electron backscattered diffractometer (EBSD),

the interface morphology and grain characteristics were
observed, and the elemental distribution across the interface
was quantified. Furthermore, an innovative approach
combining the finite element method (FEM)-SPH at optico-
microscopic scale and MD at microscopic scale was proposed.
This approach revealed the characteristics of interface
morphology, temperature, and pressure distribution at the
Using the
parameters obtained from the aforementioned simulations,
MD simulations were conducted to analyze the atomic-scale
interfacial bonding and diffusion evolution mechanism, and to

derive the thickness of the diffusion layer.

optico-microscopic  scale. initial  collision

1 Explosive Welding Experiment

TC4 was selected as the flyer plate, with Al 6063 as the
interlayer plate and Al 7075 as the substrate. The interlayer
and substrate were placed parallelly to the flyer plate,
positioned below it. The experimental setup for the explosive
welding of the TC4/Al 6063/Al 7075 composite plate is
depicted in Fig. 1. The dimension of the flyer plate was
150 mmx100 mmx2 mm, the interlayer plate dimension was
180 mmx120 mmx1 mm, and the substrate plate dimension
was 150 mmx100 mmx2 mm. The plates were laid parallelly
on a hardened sand surface, and aluminum spacers of varying
heights were placed at the four corners between the plates.
The gap between the TC4 and Al 6063 plates was set to 5 mm,
while the gap between the Al 7075 and Al 6063 plates was set
to 4 mm. Prior to the experiment, the welding surfaces were
ground with sandpaper and cleaned with acetone to remove
the surface oxide layer, ensuring a smooth and clean surface
for welding. The experiment utilized emulsified powder
explosives, and the detonation velocity was controlled at
approximately 2100 m/s by incorporating quartz sand, with a
density of about 0.8 g/cm?® and a thickness of 25 mm for the
explosive layer. The explosives were initiated by an electronic
detonator, which propelled the TC4 plate to collide the Al
6063 plate. Upon effective joining of the flyer and interlayer
plates, the resulting composite plate collided with the
substrate, achieving the final composite structure.

To further characterize the microstructure of the bonding
interface, the samples were sectioned along the detonation
direction by wire cutting. The samples were polished with
sandpaper from low to high grit numbers, followed by
mechanical polishing with metallographic grinder. After

¢ Detonation

Flyer plate (TC4)

Intermediate layer (Al 6063)

Sand foundation

Fig.1 Schematic diagrams of parallel welding device (a) and explo-
sive welding process (b) for TC4/Al 6063/A1 7075
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mechanical polishing, argon ion polishing was employed
to meet the characterization and testing requirements. Under
an acceleration voltage of 10 kV, the micromorphology and
elemental distribution of the joining interface were
characterized by FESEM model MAIA3 LMH. Subse-
quently, at an acceleration electric potential of 20 kV with
duration of 5 s in high-beam mode, the EBSD model
Symmetry S2 was used to collect data of the grains near
the bonding interface.

2 Simulation Method

2.1 FEM-SPH simulation procedure

In order to investigate the interfacial morphology, temper-
ature, and pressure distribution characteristics in the explosive
welding of TC4/Al 6063/Al 7075, a FEM-SPH numerical
model was developed by the commercial software ANSYS/
AUTODYN 2D. The FEM-SPH model effectively mitigates
the computational issues related to mesh distortion that are
inherent in purely FEM models while precisely capturing the
wavefront interface features of the explosive welding process.
Furthermore, it offers improved computational efficiency over
a standalone SPH model and ensures the fidelity of the
detonation simulation. The specific parameters for this
simulation are shown in Table 1—3. The explosive material
was characterized by the Jones-Wilkins-Lee (JWL) equation
of state, which provides an accurate representation for the
expansion and energy transfer during the detonation of the
explosive products. Eq. (1) is essential for the precise
simulation of the explosive welding process and gaining
insights into the physical phenomena occurring at the bonding
interface!.
we
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where P is the pressure of the detonation product, V' is the
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relative specific volume of the detonation product, and e is the
initial specific internal energy; 4, B, R, R,, and w are JWL
parameters.

Table 1 Explosive parameters of JWL equation of state

The constitutive model for the experimental plates was
established using the Steinberg-Guinan strength model, which
offers enhanced accuracy in simulating the near-fluid behavior

-1[17]

of metals at strain rates exceeding 10~ s™'"". The specific

form is shown in Eq.(2-3):
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where f is the hardening constant parameter, n is the
hardening index parameter, ¢ is the effective plastic strain, 7 is
temperature, and # is the compression parameter.

The SHOCK
mathematical relationships between physical quantities such

state law was used to delineate the
as density, pressure, and internal energy during the shock
impact on the plates"’’. This model is pivotal for depicting the
alterations in material properties under extreme conditions,
such as elevated temperatures and pressures. The specific
forms are shown in Eq.(4-7).
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where p denotes the density of the material, 7 denotes the
Gruneisen constant, C, denotes the sound velocity of the
material, S denotes the material constant, and e denotes the
inner energy.

The explosive welding model adopts a two-dimensional
planar structure, as illustrated in Fig.2, and the line detonation
point was positioned at the model s upper left corner to
emulate the detonation process triggered by electronic
detonator. To facilitate further data acquisition of the
explosive welding process, an equidistant array of five

[18]

plg-em™ D/m-s™

P./GPa y A/GPa B/GPa R, R, 1)
0.8 2100 1.26 1.8 12.46 0.922 4.41 1.117 0.22
Table 2 Steinberg-Guinan constitutive model parameters
Material plg-em™ G,/GPa Y,/GPa Y, /GPa B n G, G'/GPa-K™' Ve
TC4 4.419 41.9 1.33 2.12 12 0.1 0.4819 -0.026 98 0.0153
Al 6063 2.703 27.6 0.29 0.68 125 0.1 1.8 -0.017 0.018 908
Al 7075 2.804 26.7 0.42 0.81 965 0.1 1.741 -0.016 45 0.027 38

Table 3 Parameters of the Shock equation of state

Material r Cyms’ S, S, Specific heat/J-kg" K"
TC4 1.23 5130 1.028 0 525

Al6063 197 5240 14 0 885

Al7075 22 5200 136 0 848

measurement points was established between the TC4 and Al
6016 interfaces. The numerical model was constructed based
on experimental parameters. The explosive material was
discretized by the Eulerian algorithm, while the upper half of
the TC4 titanium alloy plate in contact with the explosive was
discretized using the ALE algorithm to ensure algorithmic
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Fig.2 FEM-SPH numerical simulation model

coupling. The lower half of the TC4 titanium alloy plate
was modeled with the SPH algorithm, and the Join
function was utilized to integrate the FEM mesh with SPH
particles, maintaining the model’ s integrity and preventing
the misinterpretation of the two mesh types as distinct
entities. Both Al 6063 and Al 7075 were modeled using the
SPH algorithm. Regarding mesh division, the explosive
material was gridded at 0.1 mm with 0.1 mm intervals,
matching the ALE algorithm’s grid size of TC4. The SPH
algorithm employed a particle size of 0.05 mm for the TC4,
Al 6063, and Al 7075. For a model length of 50 mm, the
Eulerian grid comprised 125 000 cells, the ALE grid
contained 50 000 cells, and the SPH algorithm incorporated
143 143 particles.

2.2 MD simulation method

The simulation process commenced with the creation of
single-crystal models using Atomsk, followed by the
application of LAMMPS for the computational phase of the
numerical analysis. The TC4 alloy was synthesized by
integrating 6% aluminum and 4% vanadium into a titanium
matrix, forming the desired alloy system. Given that TC4 was
primarily composed of a phase at ambient temperatures, a
hexagonal close-packed (hep) lattice was employed for model
construction, characterized by lattice parameters of a=0.290
nm and ¢=0.461 nm™. The Al 6063 was modeled using a
face-centered cubic (fcc) lattice with a lattice parameter of
0.405 nm"". The TC4 titanium alloy exhibits specific
crystallographic orientations with respect to the Cartesian
coordinate system: [2110] along X-axis, [1210] along Y-axis,
and [0001] along Z-axis. In contrast, the Al 6063 alloy
demonstrates a simpler alignment, i.e., [100] for X-axis, [010]
for Y-axis, and the universally aligned [001] for Z-axis. The
model dimensions were 59.755 nmx20.25 nmx9.315 nm,
comprising 320 000 atoms for TC4 and 326 600 atoms for Al.
The simulation time step was set as 1 fs. The MD
computational model is illustrated in Fig.3.

For selecting an appropriate interatomic potential function,
this study used a fitting algorithm based on the embedded
atom method (EAM). This algorithm encompasses a wide
array of metallic elements frequently utilized in various
applications™. The focus of the current study is a tri-element
system, encompassing Ti, Al, and V. Through the application

® Ti atom
® Al atom
® Vatom

Fig.3 MD simulation model

of the aforementioned fitting algorithm, an EAM potential
function tailored for the Ti-Al-V alloy was efficiently
constructed. The efficacy of this function has been validated
and supported by prior findings.

The MD simulation of explosive welding is delineated into
three principal stages: equilibration, loading, and unloading.
The equilibration phase is imperative to mitigate any
irregularities in the initial modeling structure, ensuring the
initial equilibrium and stability of the MD simulation
system. This study employed the NPT ensemble at room
temperature and zero pressure for a duration of 1000 ps to
achieve system stabilization. In the loading phase, the
collision velocity between the plates, derived from the
ANSYS/AUTODYN 2D simulation, serves as the initial
parameter for simulating the atomic-scale bonding process in
explosive welding. The NVE ensemble is used during this
phase, given that the collision at the bonding interface is
instantaneous and can be approximated as an adiabatic
process. Upon cessation of the collision motion, the system is
further evolved under the NVE ensemble for 500 ps to allow
the post-impact stabilization of temperature and pressure.
Subsequently, to simulate the unloading phase of the welding
process, the MD simulation was executed under the NPT
ensemble at equilibrium temperature and zero pressure for
additional 1000 ps.

3 Results and Discussion

3.1 Interfacial morphology and element distribution

As depicted in Fig.4, the interfaces of explosively welded
TC4/Al 6063 and Al 6063/Al 7075 display a coexistence of
flat and undulating regions, indicating their micro-morphol-
ogical characteristics. For a more detailed examination of the
micro-morphology at the bonding interfaces, the undulating
zones highlighted in Fig. 4a and 4c are magnified, as
illustrated in Fig. 4b and 4d, respectively. Comparative
analysis of the magnified undulating regions reveals that Al
6063/A1 7075 interface exhibits larger wavelengths and
amplitudes compared with TC4/Al 6063 interface, and this
phenomenon can be ascribed to the variance in material
properties, such as hardness and tensile strength, between

23

titanium and aluminum alloys™. Extant literature suggests

that pronounced undulations at the bonding interface may be

24 However, the

conducive to enhanced interfacial bonding
emergence of such undulations can also precipitate defects. In
the context of dissimilar titanium/aluminum explosive

welding, the genesis of cracks in proximity to the undulating
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250 pm

Al 6063

Al 7075

200 pm

Fig.4 SEM images of TC4/Al 6063/A1 7075 bonding interfaces: (a—b) TC4/Al 6063 interface and (c—d) Al 6063/A1 7075 interface

interface is often related to the formation of brittle
intermetallic compounds, which can compromise the integrity
of the bond. Furthermore, in the explosive welding of similar
metals, the emergence of large undulations is frequently
concomitant with the formation of vortex zones, augmenting
the likelihood of interfacial melting defects™. In localized
magnification of two undulating interfaces, no discernible
defects are observed in the vicinity of the interfaces,
signifying robust bonding quality. Consequently, the presence
of large undulations at the bonding interface should not be

25 um

singularly employed as an indicator of the quality of explosive
welding in experimental fabrication processes.

To analyze the elemental distribution characteristics at the
TC4/Al 6063 dissimilar metal bonding interface, both surface
and line elemental scanning were employed for qualitative and
quantitative analysis of the interface elements. As depicted in
Fig.5, a typical undulating TC4/Al 6063 bonding interface is
selected, and different elements are distinguished by different
colors within the figure. The titanium/aluminum bonding
interface does not exhibit a significant melting layer, thus

25 um

25 um

Fig.5 SEM image (a) and EDS element mappings (b—d) of TC4/Al 6063 bonding interface
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circumventing the adverse effects of melting layer on the
bonding quality. To further confirm the extent of atomic
diffusion layer at the joining interface, line elemental scanning
is sequentially conducted across various regions of the
undulating interface, providing a more comprehensive
reflection of the overall elemental situation at the bonding
interface, as shown in Fig. 6. The arrows in the figure
indicate the element line scanning areas. The results reveal
the diffusion and distribution of elements at the bonding
interface, and the diffusion thickness of elements is essentially
consistent across different regions, measured approximately
as 1.6 and 1.7 um. During the explosive welding process
under the impact of explosive shock loading, intense
plastic deformation and adiabatic shear occur at the
bonding interface, causing a rapid increase in temperature.
When the temperature near the interface reaches the melting
point and atomic diffusion occurs under the influence of
deformation energy, an elemental diffusion layer is ultimately
formed™.,

3.2 Grain structure

To further investigate the grain structure and distribution
characteristics at the TC4/Al 6063/Al 7075 explosive welding
interface driven by explosive detonation, EBSD was used to
analyze two bonding interfaces. Fig. 7 and Fig. 8 present
the inverse pole figure (IPF) and grain size distribution of
TC4/Al 6063 and Al 6063/Al 7075 bonding interfaces,
respectively, revealing the size, morphology, and distribution
characteristics of grain structures at the interfaces. IPF maps
indicate an inhomogeneity in grain size and distribution at
both interfaces, with a noticeable refinement of grains near the

Intensity/cps

25 um

Fig.6 SEM images (a—b) and EDS line scanning results (c—d) of TC4/Al 6063 bonding interface: (a,

(b, d) peak region of the interface

8000

6000

4000 1

2000,

bonding areas. This suggests that during the explosive
welding process, the high-speed collision between the plates
generates intense plastic deformation and high temperatures
and pressures at the bonding interface area, leading to the
generation of dislocations, slip, and shear deformation among
grains, which results in grain refinement near the interface and
thereby enhances the bonding strength of the welding
interface®".

The grain size statistics for the TC4/Al 6063 interface area
are shown in Fig.7b—7c, with an average grain size of 3.24 um
for TC4 and the largest grain size reaching 17 pm. For Al
6063, the average grain size is 4.76 um, with the largest grain
size reaching 40.7 pm. Grains in the TC4 region are
significantly smaller than those in the Al 6063 region, due to
inherent differences in grain size between the materials. The
grain size statistics for the Al 6063/Al 7075 interface area are
depicted in Fig.8b, with an average grain size of 4.97 um and
the largest grain size being 41.28 pum. There is a significant
difference in grain morphology between Al 6063 and Al 7075
regions, primarily due to different initial grain morphologies
obtained from industrial preparation of different series of
aluminum alloys™. On the Al 7075 side, the Al grains exhibit
distinct deformation characteristics; under the action of plastic
deformation, grain fracture is accompanied by the formation
of twins. The emergence of twin structures increases the slip
resistance in the Al 7075 region, hindering the movement of
dislocations™™.

Fig.9a and 9c display local average misorientation maps for
the TC4/Al 6063 and Al 6063/Al 7075 interfaces, respectively,
illustrating the extent and pattern of plastic deformation

1012

8

Distance/pm

14

¢) valley region of the interface and
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Fig.8 IPF orientation map (a) and grain size distribution (b) of
Al 6063/A1 7075 bonding interface

within these regions. As shown in Fig.9a, TC4 side near the
TC4/A1 6063 bonding interface exhibits a significant
deviation in orientation compared with Al 6063 side,
indicating a higher level of stress within the grains and grain
boundaries on the TC4 side during the formation of explosive
welding interface. This is attributed to the limited slip systems
of the hcp crystal structure of titanium, which are less than
those of the fcc crystal structure of aluminum alloys, leading
to a weaker stress transmission capability and an increase in
internal stress and plastic deformation on the titanium side®™.
At the Al 6063/Al 7075 bonding interface, the orientation
deviation is more pronounced on the Al 7075 side, indicating
greater internal stress and plastic deformation compared with
those on the Al 6063 side.

Fig.9b and 9d present the recrystallization analysis results
for the TC4/Al 6063 and Al 6063/Al 7075 bonding interface
regions, respectively. The result brings to light three separate
microstructures: deformed structure, recrystallized structure,

5 10 15 20 25 30 35 40 0
Grain Size/um

0.4

02 _H
HHH

0024681012141618

Grian Size/um

and substructure. In the TC4/Al 6063 interface region, the
proportions of deformed structure, recrystallized structure,
and substructure are 58.1%, 9.2%, and 32.7%, respectively.
The predominance of the deformed structure corresponds to
the distribution of plastic strain observed in Fig. 9a. The
recrystallized structure is primarily found within fine Ti grains
scattered throughout the region, while the substructure is
primarily located within the stretched grains caused by flow
deformation. On the Al 6063 side, the percentages of
deformed structure, recrystallized structure, and substructure
are 5.3%, 56.2%, and 38.5%, respectively. The characteristic
large deformation of metallic materials during explosive
welding under explosive loading influences the recry-
stallization microstructure, and greater deformation favors
recrystallization and the formation of fine dislocation-free
grains®"!
number of fine and ultrafine grains on the Al 6063 side
(Fig. 7). At the Al 6063/Al 7075 interface, the Al 6063 side
is predominantly characterized by recrystallized structures
and substructures, due to its relatively lower hardness and

. This is consistent with the production of a large

strength compared to those of Al 7075, making it more
susceptible to large deformation which is conducive to the
formation of recrystallized structures. On the Al 7075 side,
the deformed structure is the most prevalent, with almost
no recrystallized structure present, which aligns with
the plastic deformation distribution shown in Fig. 9c. The
distribution differences of three
interfaces are mainly attributed to the properties of the
metals involved.
3.3 FEM-SPH simulation analysis

To investigate the characteristic variations of the substrate
material at the bonding interface of the TC4/Al 6063/Al 7075
composite plate during explosive welding process under the
action of explosive detonation loads, a numerical computation

structures across the

method combining FEM and SPH is employed to analyze the
morphology, pressure, and temperature distribution at each
bonding interface, as shown in Fig.10. Fig.10a, illustrates the
contact process during the explosive welding of the flyer
plate, intermediate layer, and base plate, and the formation of
the bonding interface is accompanied by the ejection of metal
jet particles. Fig. 10a, is local magnification of the bonding
interface in Fig.10a,. It is observed that most areas of the two
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Recrystallized

Deformed

Substructured

Fig.9 EBSD characterization results (a, ¢) and recrystallization distribution (b, d) of TC4/Al 6063/A1 7075 bonding interfaces: (a—b) TC4/Al 6063

interface and (c—d) Al 6063/A1 7075 interface

Fig.10 FEM-SPH simulation results of TC4/A16063/A17075 bonding interface: (a,—a,) morphology features, (b, —b,) interfacial temperature

distributions, and (c —c,) interfacial pressure distributions

bonding interfaces exhibit a flat keying morphology, and some
areas show small wavy morphology. The overall numerical
computation results are essentially consistent with the
experimental interface characterization results obtained by
FESEM. Fig. 10b,—10b, display the temperature distributions
across the interface during the explosive welding process. It
can be seen that the temperature at the bonding interface is
significantly higher than that in other areas of the plate,
primarily due to the high-speed oblique collision at the
interface, which converts part of the kinetic energy into

thermal energy, forming a high-temperature region. The
temperature at the bonding interface is approximately in the
range of 1840—-2060 K, which exceeds the melting points of
the materials used in this experiment, facilitating subsequent
diffusion of elements at the interface. Fig.10c,—10c, show the
pressure distribution at the bonding interface. As the explosive
detonation and sliding continue to advance, the high-pressure
area at the bonding interface also moves forward. The
pressure near the collision area of the interface is significantly
higher than that in other regions, with the peak pressure
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reaching up to 28 GPa.

For depicting the evolution of effective plastic strain, Fig.11
shows the strain-time profiles at various points along the
interface. The measurement points in Fig.11 are shown in the
numerical calculation model in Fig.2. The curves reveal that
for a single bonding interface, the effective plastic strain
exhibits higher values in the middle and lower values at the
sides. This is primarily attributed to the energy released by the
explosive detonation which is predominantly concentrated in
the central region of the plates, resulting in a greater amount
of explosive load energy and enhanced kinetic energy in the
central area, which leads to increase in plastic strain between
the plates. Furthermore, effective plastic strain curves for
different interfaces indicate that the peak value of the effective
plastic strain at the measurement point of TC4 side is larger
than that at the measurement point of Al 6063 side. This
finding is consistent with the EBSD results in Fig.9.

3.4 MD simulation analysis

To analyze the atomic-scale diffusion evolution mechanism
at the interface of dissimilar metals during the explosive
welding process, MD simulation is initiated with the
interfacial collision velocities obtained from FEM-SPH
simulation. By extracting the mean square displacement
(MSD) data during the loading and unloading phases, a
qualitative and quantitative analysis of the diffusion extent
and diffusion coefficients of the two phases is conducted, as
depicted in Fig. 12. During the loading phase, under the
influence of the initial velocity, TC4 and Al collide and
compress against each other. The initial MSD curve exhibits
oscillations, which later, as the system’s kinetic energy is
gradually transformed into internal energy, approximates a
linear relationship with time. Eventually, the MSD value for
the TC4 system stabilizes around 4.3 nm?, and for the Al
system, it stabilizes around 8.2 nm?, as shown in Fig.12a. The
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Fig.11 Effective plastic strain-time curves at various points of the bonding interface as marked in Fig.2
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Fig.12 MSD curves along X-direction during loading phase (a) and
unloading phase (b)

trend of the slope change of MSD curve during the loading
phase indicates that only a certain displacement of atoms
between the two systems occurs, due to the relative
displacement under the external load, without any diffusion
phenomenon, and the entire system remains a solid state.
Currently, the system temperature is stabilized around 2050 K,
exceeding the melting point of the materials in the simulation.
The main reason for the lack of diffusion of interfacial atoms
during the loading phase is the increase in pressure at the
interface due to the collision, which raises the melting point in
a high-pressure environment™. Post-processing of the MD
model after the loading phase with OVITO reveals no
diffusion phenomena. In the unloading phase, as the interface
forms, the interfacial pressure drops rapidly, and the MSD
values for both the TC4 and Al systems increase sharply.
When the simulation time reaches 1000 ps, the MSD values
for the TC4 and Al systems rise to 29.3 and 57.5 nm?
respectively, as illustrated in Fig. 12b. This indicates that
during this phase, as the system pressure decreases, TC4 and
Al melt at the original system temperature and diffuse towards
the opposite system. Analysis of the slopes of the MSD curves
of each system reveals that the atomic diffusion rate of the Al
system is relatively faster than that of the TC4 system.
Observations of the atomic distribution and interfacial
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diffusion phenomena at various moments during the un-
loading phase are conducted using OVITO. Fig. 13 presents
the atomic distribution of the system at 100, 400, 700, and
1000 ps during the unloading phase. It is evident that with
prolonging the simulation time of the unloading phase, the
atomic diffusion phenomena at the interface become
increasingly apparent, and the elemental diffusion layers
become clearly visible.

3.5 Derivation of interfacial diffusion thickness

Previous studies have indicated that the thickness of the
diffusion layer directly influences the performance of the
explosive welding interface, hence necessitating further
analysis of the interfacial diffusion mechanism and the
breadth of the diffusion interface at the atomic scale. Based
on conclusions from prior research, it is widely accepted
that the elemental diffusion process in explosive welding
typically occurs within the range of 10°— 10" s. However,
current MD simulations are constrained by the limitations
of computational performance and cannot achieve calcula-
tions for extremely large atomic systems or over exceed-
ingly long time spans. Therefore, by integrating classical
interface diffusion theory with results from MD simulations,
a formula for calculating the diffusion layer thickness
under the experimental conditions of explosive welding
has been derived, establishing a range for the diffusion
thickness. In the unloading phase, the NPT ensemble
conditions prevail, and upon attaining dynamic equilibrium,
the diffusion at the weld interface adheres to Fick’s second

law[33] .

% - DV'n ®)
where n is the atomic concentration, ¢ is time, and D is the
diffusion coefficient, which is half of the slope of the MSD
curve in the unloading stage. The one-dimensional diffusion
along the X-axis is the solution of Eq.(8), as expressed as

follows:

n(xt)= N t exp (—x*/4Dt) 9)

From this, the formula for calculating the diffusion
thickness can be obtained:

y= > kDt (10)

i=TC4, Al

In the pursuit to elucidate the diffusion mechanism at the
atomic scale during the explosive welding process, a
meticulous analysis of the interface diffusion phenomena and
the consequent diffusion layer thickness is imperative. The
diffusion coefficient D, denoted by k as a constant dependent
on the diffusion conditions, is derived from the MSD curve
during the unloading phase of the MD simulation. This
coefficient is pivotal as it establishes a linear relationship
between the diffusion thickness y and time /7. Utilizing the
atomic coordinate data extracted from the MD simulated
unloading phase at 100 ps with OVITO software, C++
programming was employed to discretize the coordinate area
into 500 equal segments along the diffusion direction
perpendicular to the interface. By calculating the proportional
concentration of atoms within each segment, the atomic
concentration distribution along the diffusion axis was
constructed. This method allows to ascertain the thickness of
the atomic diffusion layer at various specific time, as
illustrated in Fig. 14. Subsequently, the diffusion thickness
values obtained from the simulation were integrated with the
formula deduced from Eq.(10) to perform a data fit, thereby
revealing the correlation between the diffusion layer thickness
and the diffusion time. This relationship is depicted in Fig.15.
In line with previous studies, the unloading phase of explosive
welding is generally estimated to span between 5 and 10 ps®*.
According to the diffusion layer thickness formula derived
from Fig. 15, the theoretical calculation of the diffusion
layer thickness is anticipated to fall within the range of 1.40—
1.98 um. The line scanning characterization of the welding
interface yields an average diffusion layer thickness of 1.65
um. The consistency between the theoretical values deduced
from the MD simulation and diffusion theory with the
experimental findings substantiates the authenticity and
reliability of our simulation outcomes.

Fig.13 Distributions of atoms in the unloading phase: (a) 100 ps, (b) 400 ps, (c) 700 ps, and (d) 1000 ps
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Fig.15 Fitting and derivation of diffusion layer thickness

4 Conclusions

1) The use of explosive welding technology, with the
introduction of an intermediate layer, is an effective way to
obtain lightweight and high-strength titanium-aluminum alloy
composite plates. Both the TC4/Al 6063 and Al 6063/Al 7075
bonding interfaces exhibit good bonding quality without
obvious defects or cracks. The interface morphology shows
flatness and small undulations, with an average diffusion layer
thickness of 1.65 pum at the TC4/Al 6063 bonding interface.

2) Due to the high temperature, high pressure, and intense
plastic deformation during the formation of the two bonding
interfaces, grain refinement phenomena occur near the
interfaces, and obvious twin structures are observed within the
Al 7075 region. At the same time, under the action of strong
impact loads, the degree of plastic deformation of both TC4
and Al 7075 at two bonding interfaces is greater than that of
the intermediate layer Al 6063.

3) The interfacial morphology obtained from the FEM-SPH

numerical simulation matches well with the experimental
results, verifying the feasibility of the model. By comparing
the interface temperatures from the FEM-SPH simulation and
the MD simulation results, it is found that the temperature
near the bonding interface is higher than that on both sides of
the plate, and the interface temperatures obtained from
different simulations are similar, confirming the feasibility of
the multi-scale simulation method.

4) The MD simulation results show that the diffusion
phenomenon of interface elements mainly occurs during the
unloading phase of explosive welding, and the diffusion
coefficient of Al is greater than that of TC4. By combining
classical diffusion theory with the results of the MD
simulation, the diffusion thickness of the interface elements is
determined to be 1.40—1.98 um, which is close to the experi-
mental test result of 1.65 pm, verifying the reliability of the
simulation results
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TC4/Al 6063/A1 7075 JFIFIFES S RBIELEH 4
ZREENS SRR

FsEm, B o, BNRY, BRett, xhgie, e’
(1 FERRS R TR IG5 R 4 4 i fiseie =, TLJ5 4N 221116)
2. FIER ARV R B A IR AR, 28 Vb 235000)

W OE: BRSBASSh THE B ZEERSEE S EAE. $2H 5N AL6063 F1H JZ, @i 5 V1R8I ] & TC4/A1 6063/A1
7075 ZZE AW I R A T RS A T BUR TR R 1% 4G R IO R E . R A IR TG E-TE RLRAR B )
(FEM-SPH) J7E55rT3171% (MD) JiiEM & &4 B IE IR 456 1 2 RS T BB SO AR R T 20 4. 255K W, TC4/A1 6063
FTAL 6063/A1 7075 4 & SIS HAFLE /NS0, TEIH Rk EAELL, BANE5 G A T s Z 2] R il R, H TC4 5 A1 7075
IAVEAS TR LS 5 T P IH) )2 AL 6063 . FEM-SPH RADLAS 3 1) S T SUARRAE 5 S0 36 45 A ARIE . MD BER B, Sy H# Y #: ZR A
W B, FHGERY BUT A RLEE B 5 RS AR o SR 31N A2 AR L2 mT DA 2 ) 4 R R A S AR, R R
JEARIEGE & FUIAR UL T —Fh 2 R B PR .
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