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Abstract: The titanium/aluminum composite materials overcome the limitations of single metal
materials and achieve lightweight, high-strength, and corrosion-resistant properties. However,
there have been no reports on explosion-welded composites of titanium alloys and seven-series
aluminum alloys. Therefore, TA1/Al1060/Al17075 explosion-welded plates with three different
explosive thicknesses were successfully prepared using Al1060 as the transition layer. The SPH-FEM
coupled algorithm was employed to analyze the detonation process in detail and predict the interface
under different explosive thicknesses. The results showed that during the explosion welding process,
the high temperature, pressure, and high-speed impact resulted in significant plastic deformation and
jetting phenomena at the bonding interface, which were in good agreement with the experimental
observations. With the increase in explosive thickness, the TA1/A11060 bonding interface exhibited
a flat shape, while the A11060/Al7075 interface transitioned from a flat to a wavy morphology.
Moreover, the crack, vortex, and TiAl; were observed at the interface. Mechanical testing results
revealed that the composite plate with a 35 mm explosive thickness exhibited the best tensile, shear,
and bending performance, indicating the optimal process parameter. This study provides significant
support and reference for the application of explosion welding technology in titanium alloys and
seven-series aluminum alloy composite materials.

Keywords: composites plate; explosive welding; microstructure; SPH-FEM

1. Introduction

Layered metal composite materials have gained extensive applications in diverse
fields such as pressure vessels [1-3], aerospace [4], and protective armor [5], as they address
the inherent limitations of individual metals in terms of performance. Explosion welding, a
widely used manufacturing technique, utilizes the energy generated by explosives to induce
bending and high-speed collision between laminates, leading to solid-state bonding [6].
This method offers the advantage of achieving a high-strength bond at the interface, com-
bined with operational simplicity, making it a preferred approach for fabricating layered
metal composites.

In recent years, the demand for high strength, fracture toughness, rigidity, and weight
reduction in modern industries has led to the rapid development of new alloys such as
aluminum and titanium. These alloys hold the potential to replace alloy steel as the pre-
ferred structural material for next-generation military equipment [7]. Aluminum offers
advantages such as low weight, moderate strength, and favorable machinability, although
it is susceptible to corrosion in marine environments. On the other hand, titanium exhibits
high strength, low density, superior specific strength compared to traditional metal mate-
rials, and excellent corrosion resistance in marine environments. However, its relatively
high cost limits its applicability. Consequently, titanium /aluminum composite plates have
emerged as a crucial avenue in advancing metal composite plates, offering lightweight
properties, high strength, abrasion resistance, and corrosion resistance [8].
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While there have been investigations on explosive bonding of layered composites
involving pure aluminum [9], 2A12 [10], Al5083 [11], and Al6061 [12] in combination with
titanium alloys, the field of explosive welding between titanium alloys and 7xxx series
aluminum alloys remains insufficiently explored. To date, the explosion bonding of Al7075
with magnesium alloy AZ31B has been the only reported case [13]. This limited exploration
can be attributed to several factors. Firstly, Al7075 is a high-strength aluminum alloy exten-
sively used in the manufacturing of critical aerospace components. However, its elevated
hardness makes it susceptible to crack initiation under substantial deformation conditions.
Secondly, the dissimilarity in mechanical and physical properties between TA2 and Al7075
poses challenges to achieving successful explosion bonding. In response to these challenges,
the interlayer technique has been introduced in explosive composite processes to address
the difficulties associated with bonding dissimilar metals. Previous studies have demon-
strated the effectiveness of interlayer applications. For instance, Wachowski et al. [14]
achieved successful bonding between AZ31 and Al2519 using an Al1050 interlayer. Sim-
ilarly, Paul et al. [15] produced explosive composites of tantalum/copper/304 stainless
steel, while Aceves et al. [16] investigated the influence of copper, titanium, and tantalum
interlayers on the bonding quality of Al6061/304L stainless steel composites. Notably,
the results indicated that titanium exhibited the highest joint strength, whereas tantalum
contributed to the most ductile joint formation. Interlayer techniques offer two primary
advantages: firstly, they provide a transition bridge for dissimilar metals with poor chem-
ical compatibility, enabling enhanced bonding; secondly, they serve as an energy buffer,
mitigating the collision forces between the base and flyer plates and minimizing crack
formation in metals with limited plasticity. Motivated by these insights, this study aims to
employ a pure aluminum Al1060 interlayer to facilitate the explosion bonding between TA2
and Al7075. Through the introduction of an interlayer, it is anticipated that the disparities
between TA2 and Al7075 can be overcome, facilitating a robust and effective bond between
the two materials.

Furthermore, the quality of explosion bonding is closely linked to the selection of
process parameters, making the determination of optimal parameters a critical aspect [17].
Alterations in process parameters induce changes in pressure, velocity, temperature, and
other relevant factors during the collision between the base and flyer plates, which subse-
quently manifest as interface waveform and interface melting defects. Process parameters
play a vital role in connecting the chosen process parameters to the resulting bonding
quality [18]. Due to the elevated temperature, pressure, and velocity inherent in the explo-
sion welding process, conventional sensing techniques prove inadequate for effectively
capturing its process parameters [19]. Consequently, numerical simulation has emerged as
a valuable tool for investigating explosion bonding composite processes and optimizing
their corresponding procedures. Particularly, recent advancements in meshless Smoothed
Particle Hydrodynamics (SPH) techniques have enabled the accurate replication of interface
waviness [18,20,21]. However, Yang et al. [22] have highlighted the accuracy limitations of
SPH when simulating explosive detonation compared to traditional finite element methods.
Consequently, a novel avenue for numerical simulation in explosion bonding has emerged,
known as the coupling of SPH with the Finite Element Method (FEM), commonly referred
to as SPH-FEM coupling. This innovative approach ensures the precise calculation of ex-
plosive detonation while accurately capturing the waviness interface characteristics during
the bonding process.

This study compared the outcomes of numerical simulation and experimental findings
of the explosive welding process for the TA1/Al1060/Al7075 composite, so as to optimize
the explosion bonding process for the above composite materials. To achieve this, a
numerical simulation approach based on the SPH-FEM coupling algorithm was employed
to simulate the explosion welding process. Through this simulation, the detonation process
was analyzed, and the morphology of the bonding interface was predicted. Additionally,
comparative experiments involving explosion welding with varying explosive charges
were designed to examine the microstructural characteristics of the bonding interface and
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evaluate the mechanical properties of the resulting composite plates. The fundamental
aim of this research was to provide theoretical guidance, practical insights, and contribute
to ongoing efforts in lightweighting equipment through the development of lightweight,
high-strength composite materials.

2. Materials and Method
2.1. Simulation
2.1.1. Material Setup

All simulations in this study were conducted using ANSYS/AUTODYN-2D. The
explosive material was modeled using the JWL equation [23], which is expressed by
Equation (1), with the corresponding parameters listed in Table 1.
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Table 1. The corresponding parameters of the JWL equation for emulsion explosive.

Explosive

p0 (g/cm3)

D (m/s) Y ) A1 (GPa) B1 (GPa) Ry () R; () w ()

value

0.8

2100 1.8 12.46 0.922 441 1.117 0.22

The constitutive equation for the plates employed the SHOCK equation of state [21],
which offers improved accuracy in simulating shock phenomena compared to conventional
linear equations. The expression for the SHOCK equation is as follows:
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where I'j is the Gruneisen coefficient, u is defined as (0/pp) — 1, p represents the current
density, py is the initial density, and ¢ is the bulk sound velocity.
The constitutive model for the base plate employed the Johnson—Cook equation [24] for
TA1 and Al7075, and the Steinberg—Guinan (SG) equation [25] for A11060. The Johnson—-Cook
(JC) equation (Equation (6)) combines the effects of strain hardening, strain rate hardening,
and temperature, with each effect decoupled from the others. The Steinberg—Guinan equa-
tion (Equations (7) and (8)) provides higher accuracy in simulating near-fluid behavior at
strain rates greater than 10° s, although parameter acquisition for this equation is more
challenging. The corresponding material parameters for the base plate are provided in
Table 2. .
Y:p4+&ﬂb+cm;}ﬂﬂﬁ ©)
0
where Y represents the yield stress, A denotes the initial yield stress, B represents the
hardening exponent, n represents the hardening exponent, C represents the strain rate coef-
ficient, m represents the temperature coefficient, and Ty is defined as (T — Tr,)/(T — Ty),
where Ty, is the material’s melting point and T, is the reference temperature. ¢ repre-
sents the equivalent plastic strain, and ¢ and ¢ represent the current and reference strain

rates, respectively.
Gp, P G/
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where G represents the shear modulus, Y denotes the yield stress, € represents the equivalent
plastic strain, P stands for pressure, T represents temperature, 77 represents the volumetric
compressibility, B represents the hardening exponent, and n represents the hardening
coefficient. Gg and Y denote the initial shear modulus and yield stress, respectively. G'p
and G'; represent the first derivatives of the shear modulus with respect to pressure and

temperature, respectively, while Y'p represents the first derivative of the yield stress with
respect to pressure.

Table 2. The corresponding parameters of state and constitutive equation for TA1, Al1060, and Al7075.

Material Equation Parameter
Ty (- Co (- S1 (- S2 (-
Shock 0() 0() ) )
1.09 5220 0.767 0
TA1
c A (MPa) B (MPa) n() C() m (-) Tr (°C)
182.55 441.12 0.5343 0.343 1.394 20
Iy (- Co (- S1 (- S2 (-
Shock 0() 0() ) )
1.97 5386 1.339 0
Al1060
- Ymax (MPa) k() n() G'p () G'1(KPa/K) Y'p ()
480 400 0.27 1.767 —1.669 x 10* 2.07 x 1073
To (- Co (- Sq (- S, (-
Shock 0() 0() 1) 2 ()
1.97 5240 14 0
Al7075
te A (MPa) B (MPa) n(-) C() m (-) T: (°C)
520 477 0.52 0.0025 1.61 20

2.1.2. Welding Setup

The explosion welding model utilized a two-dimensional plane symmetric config-
uration, where the initiation point was located at the upper-left boundary of the model.
A linear ignition source of 10 mm was used for initiating the detonation, resulting in an
instantaneous explosion. The geometric dimensions of the study included three different
models with varying quantities of explosives, referred to as 28 mm, 35 mm, and 40 mm,
representing different explosive loads. Detailed dimensions for the base plate, clad plate,
and transition plate are provided in Table 3. For accurate measurements, a total of 12 strate-
gically positioned points were considered. Gaugel to Gauge6 were placed at the central
regions of the clad plate with intervals of 20 mm, while Gauge? to Gaugel2 were posi-
tioned at equivalent intervals within the central areas of the transition plate. The overall

detonation duration was set at 0.08 ms, and data were recorded at regular intervals of
0.002 ms.

Table 3. The geometric parameters of explosive welding.

Materials Simulations (Length x Thickness) (mm) Experiments (Length x Width x Height) (mm)
Base plate Al7075 100 x 8 200 x 300 x 8
Stand-off gap 1 3 3
Transition plate A11060 100 x 1 200 x 300 x 1
Stand-off gap 2 3 3
Flyer plate TA1 100 x 2 200 x 300 x 2

Explosive emulsion

100 x 28/35/40 200 x 300 x 28/35/40




Crystals 2023, 13, 1079

50f19

Regarding meshing, an Eulerian meshing technique was employed to discretize the
air and explosive domains. Outflow boundary conditions were applied to the air domain.
A hybrid meshing approach was used for the flyer plate, combining 1/2 Lagrangian mesh
and 1/2 Smoothed Particle Hydrodynamics (SPH) particles. To ensure proper integration of
SPH and Lagrangian meshes, the Join functionality was utilized, which established shared
nodes and facilitated their coupling. This step was crucial to maintain consistency and
avoid treating the two mesh types as separate entities. The transition plate and base plate
were discretized solely using SPH particles. The foundation employed a Lagrangian grid
with fixed constraints imposed to restrict its velocity in the X and Y directions. The Eulerian
mesh had dimensions of 0.2 mm x 0.2 mm, while the Lagrangian mesh had dimensions of
0.25 mm x 0.25 mm. The SPH particles were assigned a size characterized by a diameter of
0.125 mm. For instance, in the case of the 40 mm explosive model, the SPH particle count
was 66,483, the number of Lagrangian mesh elements was 2400, and the Eulerian mesh
consisted of 177,000 elements. The SPH-FEM coupling model was shown in Figure 1.

Euler mesh
0.2mmx0.2mm

Lagrange mesh
0.25mmx0.25mm

SPH particle
0.125mmx0.125mm

Figure 1. SPH-FEM coupling model.

2.2. Experiments
2.2.1. Explosive Welding

The experiments on explosive welding were conducted at Jiangsu Runbang New
Materials Group. A powdered emulsion explosive composed of 60% quartz sand was used
as the explosive material. The components of the emulsion matrix are listed in Table 4.
The base plate, transition plate, and flyer plate were made of Al7075, Al1060, and TA1,
respectively, with their chemical compositions provided in Table 5 for reference. Detailed
dimensions of the materials can be found in Table 3. Before commencing the experiments,
thorough surface preparation procedures were performed, including polishing and buffing,
to remove any oxide layers and restore surface smoothness. The surfaces were then
meticulously cleaned using alcohol wipes to ensure a clean bonding surface.
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Table 4. The components of the emulsion matrix.
Component NH4NO3 NaNO3 Hzo C13H38 C24H4406 C12H26
Mass fraction (%) 75 10 8 4 2 1
Table 5. The chemical composition of TA1, A11060, and Al7075 (wt%).
Materials Chemical Composition (at%)
TA1 Ti Fe (@) C N H Rest
90.0-94.0 0.2-0.3 0.18-0.25 0.1-0.2 0.03-0.05  0.015-0.02 0.3-0.5
AI1060 Al Si Cu Mg Zn Mn Ti \% Fe
99.6 0.25 0.05 0.03 0.05 0.03 0.03 0.05 0.35
AL7075 Cu Si Fe Mn Mg Zn Cr Ti Al
1.2-2.0 0.4 0.5 0.3 2.1-29 5.1-6.1 0.4 0.06 rest

Figure 2 shows the scene picture of the explosive welding experiment. The explosive
welding procedure followed the traditional parallel configuration, where the base plate,
transition plate, and flyer plate were vertically aligned and supported on a sand foundation.
To ensure accurate alignment, a 3 mm pure copper spacer was placed between the plates. A
cardboard box was ingeniously created to serve as the container for the explosive material,
positioned above the flyer plate. The explosive material was carefully injected into the box,
ensuring uniform thickness, which was confirmed through multiple measurements. Finally,
an electronic detonator was securely positioned at the center of the composite material, and
the explosion initiation was conducted with strict adherence to safety protocols.

Figure 2. The explosive welding experiments: (a) plates; (b) explosive; (c,d) composite plates.

2.2.2. Property Characterization

After the completion of the explosive bonding process, identical samples were obtained
from corresponding positions on the three plates using wire cutting. These samples were
then utilized for microstructural characterization and mechanical property testing. The
samples for microstructural analysis had dimensions of 10 mm x 10 mm. Prior to analysis,
the bonding interfaces underwent a sequential process of grinding, polishing, and etching
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22.5

using a solution consisting of 5% HNOj3, 10% HF, and 85% H;O. Microstructural analysis
was performed using optical microscopy (OM) with an Axiophot2 microscope (ZESS,
Shanghai, China) featuring a resolution of <300 nm. Additionally, scanning electron
microscopy (SEM) was carried out using a JSM-63601lv instrument (JEOL, Tokyo, Japan),
and energy-dispersive X-ray spectroscopy (EDS) was conducted using a Nova NanosEM230
instrument (EDAX Inc, Draper, UT, USA) with a resolution of <130 ev.

The mechanical testing included assessments of tensile, shear, and bending perfor-
mance, all of which were conducted using a Shenzhen Sansi UTM5105 universal testing
machine. The corresponding reference standards employed were GB/T 228.1-2021, GB/T
6396-2008, and YB/T 5349-2014. Tensile tests were conducted at a rate of 4.8 mm/min, shear
tests at 3.84 mm/min, and bending tests at 5 mm/min with a span of 100 mm. Each explo-
sive charge quantity was tested twice, and the experimental results were recorded. The
average values obtained from the two tests were considered the mechanical performance
indicators for the respective charge quantity. Figure 3 displays the mechanical properties
test drawings.

80

65

25
18.6

20

[1 [1 L1 ]
10

8 . .9
Detonation direction

Tension: 1 and 2 Bend: 3 and 4
Shear: Sand 6  OM, SEM.EDS: 7 and 10

Figure 3. Mechanical properties test drawings.

3. Results and Discussion
3.1. Detonation Process Analysis

After the initiation of the explosive welding process, the detonation wave propagated
in a fan-shaped pattern from the initiation point. Figure 4a presents the pressure contour
plot for a 35 mm explosive charge, showing a peak pressure of 92.3 MPa at the detonation
wave front. As the detonation progressed, the detonation products dispersed, while the
target plate remained stationary until the detonation pressure was reached. At 46 ps,
Figure 4b displays the material contour plot, illustrating the contact between the base plate,
transition plate, and flyer plate. The majority of the region between the flyer plate and
the transition layer exhibited a planar bonding interface, with localized areas showing a
rippled morphology. The bonding between the transition layer and the base plate exhibited
a wavy pattern. Moreover, the collision interface between the transition plate and the base
plate exhibited jetting phenomena, which are known to play a crucial role in the formation
of interfacial ripples [21,26,27].

To further understand the factors contributing to jetting formation, Figure 5a—d pro-
vides velocity, strain, temperature, and stress contour plots at this specific moment. The
velocity contour plot in Figure 5a reveals that the jetting particles reach a maximum velocity
of 4271 m/s. This high-speed jetting action facilitates a self-cleaning effect on the collision
surface between the base plate and the flyer plate, promoting their bonding [18]. Plastic
deformation is observed between the flyer plate and the transition layer, as well as between
the transition layer and the base plate. The former exhibits a relatively small deforma-
tion magnitude of approximately 0.2332, while the latter experiences a more pronounced
deformation magnitude of approximately 6.995. The temperature contour plot indicates
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minimal temperature rise between the base plate and the transition layer, whereas the
temperature between the transition layer and the base plate reaches approximately 2000 K,
accompanied by localized regions of elevated temperature. The strain and temperature
contour plots collectively suggest a more intense collision process during the interaction
between the transition layer and the base plate. This implies that the target plate maintains
an accelerated velocity due to the continued detonation of the explosive charge following
the collision between the flyer plate and the transition layer. Conversely, if the energy
absorption by the transition layer weakened the subsequent collision effect, a reduction in
the target plate’s velocity would be expected. Finally, the stress contour plot verifies that
the transition layer experiences certain stress during the initial collision, with a magnitude
of approximately 400 MPa, which is significantly lower than the maximum pressure from
the second collision (0.8 GPa).

1844045

9M7eH

-2.699¢+2

sphfem-350p125
Cycle 629
Tima A UF-M me

(b)

Figure 4. The detonation process: (a) detonation wave; (b) jet.

3.2. Effect of Explosive Thickness on Interface
3.2.1. Global Interface Waveform

Figure 6 illustrates the morphological evolution of simulated ripple interfaces at vary-
ing thicknesses of the explosive charge. The TA1/Al1060 interface shows minimal changes
as the charge thickness increases, while the ripple characteristics of the Al1060/Al7075 in-
terface become more pronounced. To assess the accuracy and effectiveness of the numerical
simulations conducted in this study, Figure 7 provides a comparative analysis between
the simulated predicted interfaces and the corresponding experimental metallographic
images. Remarkably, the simulated interfaces closely match the experimental features,
demonstrating the reliability of the numerical modeling approach. Furthermore, Figure 8
showcases metallographic images obtained from the three experimental sets. The compre-
hensive examination of both simulation and experimental results reveals two significant
characteristics of the explosive welding interface waveforms: firstly, an increase in charge
thickness leads to a transition from small ripples to larger ones, consistent with obser-
vations reported by previous researchers [28-30]; secondly, for a given charge quantity,
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the interface gradually shifts from a planar configuration to a rippled profile along the
detonation direction, indicating the presence of interface non-uniformity [31].

ABS.VEL (m/s)
I 4.271x 10°
3.844 x 10°
—  2.990x 10°
= 2563x10°
= 2136x10°
= 1.708x10°
© 1.281x10°
8.542 x 10°
I 4.271 x 10°
0.000 x 10°
EFF.PL.STN

I 2.332 x 10!
2.099 x 10
1.865 x 107
1.632 x 101
1.399 x 101
1.166 x 10
9,327 x 10"
6.995x 10

I 4.664x 10"
2.332x 10"
0.000x 10"

TEMP. (K)
5.530 x 10°
I 4.977 x 10°
4.424x10°
3.871 x 10°
3.318 x 10°
2.765 x 10°
2.212x 10°
1.659 x 10°
I 1.106 x 10°
5.530 x 10°
0.000 x 10°
MIS. STRESS (kPa)
8.068 x 10°
I 7.261x 10°
6.454 x 10°
5.647 x 105
4.841 x 10°
4.034 x 10°
3.277 x 10°
2.420 x 10°
1.614 x 10°
0.806 x 10°
0.000ex 10°

Figure 5. The contours during explosive welding: (a) velocity; (b) strain; (c) temp; (d) Mises stress.

Figure 6. The predicted interface by simulation: (a) 28 mm; (b) 35 mm; (c) 40 mm.
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200|,_|m =
(a) 28mm

£
200pm -":?.‘

(c) 40mm N

Figure 7. Interface comparison between simulated prediction and experimental observation:
(a) 28 mm; (b) 35 mm; (c) 40 mm.

3.2.2. Process Parameter

To further investigate the non-uniformity of the interface, the 35 mm thickness model
is taken as an example. Figure 9 illustrates the pressure and velocity profiles of Gauges 1-12.
Gauges 1-5 exhibit a bimodal pattern in their velocity and pressure curves, with the first
peak corresponding to the collision between the cladding plate and the transition layer,
and the second peak corresponding to the collision between the transition layer and the
base plate. After the collision between the cladding plate and the transition layer, there is
an initial decrease followed by an increase in both velocity and pressure before the second
collision. This confirms the accelerating effect of the explosive charge throughout the
welding process. Notably, Gauge 1, located at the initiation end of the cladding plate, shows
significantly lower peak velocity and pressure compared to other measurement points,
which can be attributed to the “boundary effect” [32]. The rapid propagation of detonation
products in the vicinity and the occurrence of unstable detonation phenomena contribute
to this disparity. The lower process parameters at Gauge 1 can result in incomplete bonding
and phenomena such as spalling in the surrounding areas during practical production.
Gauges 7-10, positioned in the middle region of the transition layer, exhibit monomodal
variations in velocity and pressure due to undergoing a single collision event. Gauge 7,
located at the initiation end, also displays lower process parameters, indicating the influence
of the boundary effect on the transition layer.
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uoRdaIp uoneuoaq

- 400pm
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Figure 8. The bonding interface under different explosive thickness: (al-a4) 28 mm; (b1-b4) 35 mm;
(c1-c4) 40 mm.

Furthermore, compared to the cladding plate, the transition plate demonstrates higher
overall process parameters. The maximum collision velocity on the cladding plate reaches
approximately 550 m/s, accompanied by a corresponding maximum collision pressure of
2 GPa. In contrast, the transition plate experiences a higher maximum collision velocity
of 776 m/s, coupled with a maximum collision pressure of 3.3 GPa. These heightened
velocities and pressures on the transition plate result in more pronounced deformations
and increase the likelihood of jetting and wave formation phenomena. These findings
provide insights into the observed characteristics in both the simulation and experimental
outcomes, where the TA1/Al1060 interface predominantly exhibits a linear bond, while the
Al1060/ Al7075 interface displays a wavy bonding pattern.

Figure 10 illustrates the variations in maximum pressure and velocity recorded at dif-
ferent positions on the cladding plate and transition plate for varying explosive thicknesses.
With increasing explosive thickness, both the maximum velocity and pressure experienced
by the cladding plate and transition plate gradually increase. The average velocities on the
cladding plate are determined to be 482.95 m/s, 502.14 m/s, and 525.43 m/s for thicknesses
of 28 mm, 35 mm, and 40 mm, respectively, accompanied by average pressures of 1.20 GPa,
1.30 GPa, and 1.58 GPa. Similarly, the average velocities on the transition plate exhibit
values of 527.87 m/s, 61522 m/s, and 649.58 m/s, respectively, accompanied by average
pressures of 1.58 GPa, 1.90 GPa, and 2.13 GPa. The progressive increase in explosive
thickness leads to a heightened energy release, resulting in greater velocities and pressures
during the collision between the cladding plate and the transition plate. As a result, the
materials adjacent to the bonding interface undergo more substantial plastic deformation,
leading to an increased ejection of particles and exacerbating the waviness of the interface.
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Figure 9. The process parameters curves: (a) velocity curves of flyer plate; (b) pressure curve of flyer
plate; (c) velocity curves of transition plate; (d) pressure curves of transition plate.
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Figure 10. The columnar statistical chart of process parameters under different explosive thicknesses:
(a) velocity of flyer plate; (b) pressure of flyer plate; (c) velocity of transition plate; (d) pressure of
transition plate.
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3.3. Local Interface Feature
3.3.1. Interface Defect

In general, a larger waveform in the bonding interface indicates a larger contact area,
which has the potential to improve bonding quality. However, it is important to note that
waviness in the interface can also introduce certain defects. Figure 11 provides scanning
electron microscope (SEM) images and localized magnifications of the bonding interfaces
under two different explosive charge conditions: 28 mm and 40 mm. In Figure 11a, the
bonding interfaces under a 28 mm charge appear to be flat, and upon closer inspection of
the magnified regions, no significant interface defects are observed near the TA1/Al1060
and Al1060/ Al7075 interfaces. On the other hand, under a 40 mm charge, these interfaces
exhibit a combination of flat and wavy regions, as shown in Figure 11d, which aligns with
the earlier findings. Upon further magnification, cracks are observed in the TA1/Al1060
interface. These cracks are typically associated with the formation of brittle intermetallic
compounds at the bonding interface, posing a significant threat to the bonding quality. On
the Al1060/Al7075 side, vortex regions are observed, likely influenced by the entrainment
of jet particles by the base cladding plate. The high velocity and temperature of the jet
particles in the vortex region increase the likelihood of interface melting defects, as seen
in Figure 8. These findings suggest that for lower explosive charges, the waviness of
the bonding interface is reduced, indicating fewer interface defects. However, for higher
explosive charges, although the waviness of the interface becomes more pronounced, it
also increases the possibility of crack formation and the emergence of vortex structures.

200um ENT= 1000 SiglAmSEZ Dl o 202 Sigoel e SE2 T oum BTN SgmiAmsEz Oate a0 2023 —
o= a7mm M= X Tin: 122721  — a7mn Hag= 300 Time: 1425:32 — wo= &7 o -
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Figure 11. SEM images of the interface under 28 mm and 40 mm thickness: (a—c) 28 mm; (d—f) 40 mm.

3.3.2. Element Diffusion

To investigate the elemental distribution in the interface region, energy-dispersive
X-ray spectroscopy (EDS) analysis was conducted on the samples. The results are presented
in Figure 12, which shows EDS surface scans for the 28 mm (Figure 12a—) and 40 mm
charge thicknesses (Figure 12d—f). A distinct layering phenomenon is observed in the
elemental distribution. Furthermore, the transition plate exhibits a higher aluminum (Al)
content compared to other regions, consistent with the properties of Al1060 industrial pure
aluminum. The TA1 side shows the highest titanium (Ti) content, despite the presence of
trace amounts of Ti in both Al1060 and Al7075. These findings provide further evidence of
element diffusion at the bonding interface, a common phenomenon in explosive bonding
processes [33-36].



Crystals 2023, 13, 1079

14 of 19

Al Kal Ti Kal

e | e |
500um Al Kal 30ym Ti Kol

2.5um
Figure 12. Distribution of elements under 28 mm and 40 mm thicknesses: (a—c) scanning results of
interface surface combined with 28 mm thickness; (d—f) scanning results of interface surface combined
with 40 mm thickness; (g) TA1/Al1060 combined with node scanning and line scanning positions at
a thickness of 40 mm; (h,i) scanning results of TA1/Al1060 binding surface at 40 mm thickness.

Additionally, line scans were performed on the TA1/AlI1060 interface under three
different charge thicknesses, referred to as L1-L3 (Figure 13). The line scans confirm an
X-shaped distribution of Al and Ti elements at the bonding interface, corroborating the
occurrence of element diffusion. Notably, for the 28 mm charge thickness, the measured
diffusion layer widths are 1.283 um for Al and 0.642 um for Ti. This indicates a more
pronounced diffusion of Al compared to Ti.

As the charge thickness increases, the width of the element diffusion layer at the
interface gradually expands. Specifically, the diffusion widths for the 28 mm, 35 mm,
and 40 mm charge thicknesses are 1.283 um, 1.999 um, and 3.114 um, respectively. This
increase in diffusion width can be attributed to the localized temperature rise at the bonding
interface caused by the explosive charge. Furthermore, the widening of the diffusion layer
is primarily observed in the Al species, while the variation in Ti diffusion layer width with
increasing charge thickness is less prominent.
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Figure 13. Distribution curves of Ti and Al elements under different drug thicknesses.

Moreover, the line scans L2-L3 reveal not only an X-shaped distribution but also a
localized decrease in peak intensity on the Al1060 side. This decrease corresponds to a
reduction in aluminum content and an increase in titanium content, indicating the possible
formation of Ti-Al compounds. To further validate this observation, a localized region of
the L3 line scan was subjected to a subsequent surface scan (Figure 12g—i). In the A11060
region, a distinct area with reduced aluminum content is observed, accompanied by a
significantly higher titanium content. Point analysis results in Table 6 confirm varying
degrees of Al and Ti diffusion at points 1-3, with relatively lower concentrations. Point
4 analysis indicates the presence of the TiAl3 compound. It should be noted that Ti-Al
interfaces may contain compounds such as TiAl, TiAl2, and TiAl3 [37], but only TiAl3
was identified in this study. Importantly, intermetallic compounds generally possess
brittle characteristics, posing a significant risk to bonding quality in composite material
applications, as illustrated in Figure 11e.

Table 6. Ti and Al contents in nodes 1-4.

Nodes Ti (wt.%) Al (Wt.%) Analysis
1 87.32 12.68 Ti+ a little Al
2 95.45 4.55 Ti+ a little Al
3 7.54 92.46 Al+ alittle Ti
4 24.73 7527 TiAl;

3.4. Mechanical Property

Figure 14 illustrates the mechanical performance curves of the composite panels
under different explosive charge thicknesses. In the tensile tests, samples 28-1 and 35-2
exhibited the highest tensile strength, reaching 550 MPa, with 35-2 displaying superior
ductility. In the shear tests, sample 35-2 demonstrated the highest shear strength and shear
displacement, followed by sample 35-1, which exhibited the maximum shear strength. In
terms of bending tests, the variation in bending strength among the composite panels with
different charge thicknesses was negligible. However, samples 35-1 and 40-2 displayed
the most significant bending displacement. To facilitate a comprehensive comparison, the
mechanical performance metrics under different charge thicknesses were averaged, and the
results are summarized in Table 7. Notably, the composite panel with a charge thickness
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of 35 mm demonstrated superior performance in terms of tensile strength, shear strength,
and bending strength, surpassing the other two charge thicknesses.

(b) 200
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Figure 14. Mechanical properties curve of the composite plate under different explosive thicknesses:
(a) tensile properties; (b) shear properties; (c) bending properties.

Table 7. Mechanical properties of composites under different explosive thicknesses.

Explosive Thickness (mm) 28 mm 35 mm 40 mm
Tension strength (MPa) 534.14 558.74 469.25
Tension elasticity modulus (MPa) 8677.33 9227.49 9135.58
Tension elongation (%) 8.29 6.38 9.56
Shear strength (MPa) 132.84 172.41 131.91
Bend strength (MPa) 813.79 822.52 820.45
Bending modulus (MPa) 30,949.78 35,674.42 32,039.05

Based on the aforementioned findings, it can be concluded that the optimal process
parameters for the 2 mm TA2 + 1 mm Al1060 + 6 mm Al7075 composite panel align with
a configuration involving a 35 mm charge thickness, 3 mm gap 1, and 3 mm gap 2. This
selection is attributed to the composite material’s ability, at a charge thickness of 35 mm, to
retain the waviness characteristics of the interface while minimizing the occurrence of inter-
face defects and intermetallic compounds. These factors can be attributed to an excessive
amount of explosive energy. It is worth noting that previous studies by Shi et al. [38] have
emphasized that a microwavy interface represents the most desirable form of bonding in-
terface due to its ability to avoid melting defects. Additionally, Manikandan et al. [39] have
highlighted that a smaller waviness interface diminishes the likelihood of intermetallic com-
pound formation at the interface. Consequently, the experimental results obtained in this
study align with and substantiate the viewpoints expressed in the aforementioned studies.
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4. Conclusions

TA1/Al1060/ Al7075 explosive welding composite material was successfully fabri-
cated using Al1060 as a transition layer. The SPH-FEM coupling algorithm was employed to
predict and analyze the composite process and bonding interface, while the microstructural
morphology of the bonding interface and the mechanical properties of the composite panel
were characterized and tested. The main conclusions are as follows:

(1) The SPH-FEM algorithm was applied for the first time to analyze the complete
process of explosive welding, successfully reproducing the phenomena of jet formation and
wave generation at the interface. The simulation results exhibited good agreement with
experimental results. With an increase in the charge thickness, the simulated A11060/A17075
interface gradually transitioned from a small waviness interface to a large waviness interface.

(2) As the charge thickness increased, the variation in the TA1/Al1060 bonding inter-
face was not significant, while the Al1060/ Al7075 bonding interface transformed from a
flat interface to a wavy interface, and the width of the diffusion layer increased with the
charge thickness. Cracks and vortex regions were observed in the composite panel with
a 40 mm charge thickness, and the presence of the TiAl3 compound was detected at the
TA1/Al1060 bonding interface.

(3) The composite panel prepared with a charge thickness of 35 mm retained the
wavy interface and reduced the possibility of metal intermetallic compounds. It exhibited
superior tensile strength, shear strength, and bending strength compared to samples with
charge thicknesses of 28 mm and 40 mm. Therefore, the optimal process parameters were
determined as 35 mm charge thickness, 3 mm gap 1, and 3 mm gap 2, suitable for fabricating
a composite panel consisting of a 2 mm TA2 + 1 mm Al1060 layer + 6 mm Al7075.
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