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Abstract

The interface characteristics and microstructure formation of TA2-5083 composite plate after explosive welded were stud-
ied. Optical microscope and electron microscope were used to analyze the microstructure of intermetallic compounds.
Furthermore, ANSYS/AUTODYN was adopted to calculate the characteristics of interface microstructure simulated by the
smooth-particle hydrodynamics (SPH) method. The results show that most molten metal in the wave front stays in the wave-
waist region. There was a relative velocity difference between the vortex of molten metal and the titanium tissue, resulting
in that broken titanium particles being scoured by vortexes. Ti;Al was generated in the vortex, whose antioxidant capacity
wound lead to the formation of cracks. Consider soldering in a vacuum environment or adding an intermediate layer to reduce
interfacial defects. The temperature of the outer vortex was higher than that of inner vortex, and the vortex has a transition
layer of 5 pm, which is thinner than the transition layer of 10 pm between the fly and base plate. The jet of molten metal was
mostly composed of aluminum, with the jet velocity of interface reaching 3000 m-s~! and the interface temperature rising
up to 2100 K. Compared with the molten metal in the wave-back vortex, the jet temperature at the interface was higher,
resulting in a thicker transition layer at the bonding surface.
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1 Introduction

Explosive welding is an excellent bonding technique for dis-
similar metals [4], which can improve the corrosion resist-
ance [5], fatigue resistance [1, 9], and mechanical properties
[2] of a single material. The element diffusion and micro-
structure of the joint have great influence on the overall
properties of the composite plate [3]. High temperature and
high pressure are formed on the surface of the two metals
when the cladding plate collides with the substrate at high
velocity after explosion. In this environment, there may be
grain deformation, crack, vortex and molten block, etc. at
the interface of the bimetallic [6—8]. Previous studies have
found that collision produces molten metal flow, leading to
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mixing and element diffusion, which is an important cause
of molten blocks formation [5, 10]. The high-temperature
melting and diffusion result in metallurgical bonding of the
composite plate [12]. Element diffusion balances the proper-
ties of composite plates and improves joint properties [11].
The super-cooling rate of the temperature plays an important
role in the formation of the grains in the molten block [3],
which causes the grains at the interface to deform, bend,
and deflect under the stress wave [5]. Due to the interface
characteristics, dislocation slip, crystal twin and shear band,
etc. occur, which will cause greater strain on the grain and
lead to the reduction of grain size [10].

In the study of Ti—Al composite plate interface, Chulist
et al. [13] found that there was a strong asymmetry between
the fly and base plate in the welding process, which led to
more fine grains in the fly plate compression than in the
base plate. The molten metal cools and recrystallizes to form
grains, and the formation of intermetallic compounds leads
to the fining of grains [12]. Cui et al. [15] found that alu-
minum matrix composites also had fine grain structure, and
the grain refinement is more obvious near the titanium side.
Zhang et al. [12] found that the formation of free energy in
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Table 1 Ch;mical composition Elements Fe C N H 0 It
of TA2 titanium plate

Content/% <03 <0.1 <0.05 <0.015 <0.03 Bal.

the bonding zone was low, which led to the formation of
intermetallic compounds such as Al;Ti. Al;Ti and Ti matrix
form a semi-coherent interface, which can improve the bond-
ing strength of composite plate [12]. However, Ti;Al with
higher formability can also be formed at local high tem-
perature. Qin et al. [14] found that cracks occur more fre-
quently in intermetallic compounds and stop propagating at
the bonding interface. The intensive swirling of the molten
metal results in initial defects such as voids and microcracks
[12]. Cui et al. [15] believed that the Ti matrix inhibited the
crack propagation. Kwasniak and Garbacz [17] found that
almost all alloying elements improved the ductility of Ti;Al,
but Mg and Sn increased the brittleness of Ti—Al interme-
tallic compounds. However, few studies were conducted on
the effect of interface characteristics on the microstructure
formation of Ti—Al composite plates.

In this paper, explosive welding was carried out with
TAZ2 titanium being the fly and 5083 aluminum plate being
the base plate. Optical microscope (OM), scanning electron
microscope (SEM), and energy-dispersive spectroscopy
(EDS) were used to study the initial defects and interface
microstructure morphology of the composite plate, and
ANSYS/AUTODYN was used to simulate the interface
characteristics of the composite plate. The conditions for
the formation of intermetallic compounds and initial defects
were studied based on interface parameters.

2 Materials and models
2.1 Explosive welding

Hollow glass microspheres were used as diluents to pre-
pare emulsified explosive with a detonation velocity of
2475 m-s~! as welding charge. A TA2 titanium plate with
1.5 mm thickness was used as the composite plate, and
its chemical composition was shown in Table 1. A 5083
aluminum plate with 8 mm thickness was used as the base
plate; its chemical composition was shown in Table 2. The
charging density was 522 kg-m~>, the thickness of emul-
sified explosive was 16 mm, and the welding area was
150 mm X 200 mm. The horizontally mounted construction
was adopted, and the distance between the titanium plate

and aluminum plate was 2 mm. The welding surface of the
fly and base plate was polished and cleaned with emery
paper and alcohol, and the contact surface of the fly plate
and explosive was smeared with butter. After installation,
the explosive welding assembly was placed in the explo-
sive tank. The installation structure is shown in Fig. 1.

In order to study the interface forming mechanism of
titanium-aluminum composite plate, the composite plate
was cut by wire cutting, and the interface morphology was
observed under OM (Leica DM4M) and SEM (Hitachi
FlexSEM 1000), and the element content of bonding zone
was analyzed by EDS (20 kV). Wire cutting machine was
used to cut the composite plate test block, which was then
ground by sandpaper with different particle size and finally
mixed with 10 mL H,O, 1 mL HNO;, and 3 mL HF to
form cauterant.

2.2 Interface characteristic simulation

When the adiabatic coefficient y of explosive is 2.5, the
collision between the fly and base is simplified into a one-
dimensional throwing model, and then, the collision veloc-
ity v, of composite plate can be calculated by the following
equation [18, 19]:

1
32,5)\2
<1+5R) —1

v, = 1.2v, -

. (1)
32 2
(1 + 2—7R) +1

where v, is detonation velocity, m-s~!, and R is the mass
ratio of explosive to fly plate.

After the collision velocity of the composite plate is calcu-
lated by using Formula (1), the collision angle /3 is calculated
according to the parameter relationship of the horizontally
mounted construction [20]:

v, = 2vcsin<§> 2)

where v, is the moving speed of the collision point of the

composite plate, which can take detonation velocity when the

structure is installed in parallel, m-s~".

Table 2 Chemical composition
of 5083 aluminum plate

Elements Fe Ti

Si Mn Zn Mg Gr Cu AL

Content/% 0.4 0.03

0.4 0.4-1.0 0.25 4.0-4.9 0.05 0.1 Bal.
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Fig. 1 Schematic diagram of

explosive welding setup Explosive

Detonator
Fly plate :
Stand-off =———p

Base plate ———p

In order to accurately focus on the collision process
in explosive welding, the collision velocity v, and col-
lision angle f calculated by the above formula are used
to establish a collision model of the fly and base plate
without explosives [21]. The 2D model was established
by ANSYS/AUTODYN, and the smooth-particle hydrody-
namics (SPH) method was used to simulate the mechani-
cal problems of continuum such as plate collision [22,
23]. The composite plate was made of TA2 titanium with
a thickness of 1.5 mm. The base plate was made of 5083
aluminum with its thickness being 8 mm. The particle
size of the model was 0.02 mm X 0.02 mm, and there were
237,500 particles in total. The model structure is shown
in Fig. 2.

Mie-Griineisen equation of state is used for TA2 tita-
nium plate. Mie-Griineisen equation of state describes
the basic relationship between particle velocity and col-
lision velocity, and the formula for calculation is as fol-
lows [24]:

P=PH+Fpp0(e—eH) 3)
L, =Top “)

pociu(l + p)

=90 5
- - Dl )
o = HPu
"7 2py(T+ ) ©
+— 37,500 particles
+«— 200,000 particles
’ +~—TA2
«~— 5083

Fig. 2 Inclined impact configuration of TA2 titanium-5083 aluminum

Po @

where p is material density, g-cm™; I’ o 1s the Griineisen
coefficient; py is the current density, g-cm™; Py 1s the ini-
tial density of the material, g-cm_3; ¢y 1s volumetric sound
velocity, km-s~!: and s is the compression ratio. The specific
parameters of the Mie-Griineisen equation of state of TA2
titanium are shown in Table 3.

Steinberg Guinan material model is selected, and the for-
mula of shear modulus p; and flow stress Y before material
melting is proposed in this model [25].

W, = Ho [1 +bpVi — h(T — 300)] ®)

Y = [Yo(l + '] [1 +bpVS — (T - 300)] )

where £ is equivalent plastic strain, V is the relative
volume,Y,, B, n, u,, b, h, and T is the medium constant. The
specific parameters of the Steinberg—Guinan material model
of TA2 titanium are shown in Table 4.

The Johnson—Cook material model and linear equation of
state are used for 5083 aluminum of the base plate, and the
formula for calculation is as follows [26, 27]:

o = (A+Bey) (1 + Clney)(1 - T*") (10)

T =(T,-T,)/(T,-T,) an

where ¢p is the effective plastic strain, €* P is the effec-
tive plastic strain rate, A, B, C, m, and n are the constants
associated with materials, 7" is the dimensionless tempera-
ture, T, is particle temperature, T, is indoor temperature,
K, and T, is melting point, K. The specific parameters of
the Johnson—Cook material model of 5083 aluminum are
shown in Table 5.

Table 3 Mie-Griineisen equation of state parameter of TA2

Materials cl(km-s") S, T, TJ/K

TA2 5.020 1.536 1.23 300
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Table 4 Steinberg—Guinan material model parameters for TA2 tita-
nium

Materials plkg-m™ A/GPa B/GPa n T,/K

TA2 4510 0.85 0.210 0.1 2260

3 Results and discussion
3.1 Formation of vortices and melted area

The OM image of the titanium-aluminum composite plate
interface is shown in Fig. 3. Figure 3a is located at the start-
ing point of the composite plate; the interface of the compos-
ite plate is a straight line. The charge thickness of explosive
welding was small, so it requires some distance to reach a
stable detonation velocity after initiation [28]. The detona-
tion velocity was lower at the initiation end, and correspond-
ingly, the impact energy produced by the collision between
titanium plate and aluminum plate was small. Part of the
kinetic energy was converted into material heat, melting
the interface metal at high temperature. However, the small
impact energy was not enough to produce a large range of
strong plastic deformation (x50 pm) [29, 30]. The molten
metal generated by the collision was more in the form of
high-speed jet, and its interior contained both titanium and
aluminum materials. In the process of the high-speed move-
ment of the jet, new molten metals were constantly added,
and some molten metals were also withdrawn. The rate of
withdrawal of molten metal gradually decreases. Over time
(1077 s), it cooled at a flat interface, eventually forming
the molten band shown in black [16]. Therefore, it can be
observed that there is a uniform melting layer at the interface
with an average thickness of 12 pm.

Figure 3b shows the microscopic image of the bonding
surface of the composite plate far from the initiation point.
Here, the interface changes from straight line to waveform,
and the average wavelength is 200 pm. When the welding
explosive reached the stable detonation velocity, the col-
lision velocity reached the lower limit of collision veloc-
ity [18]. There was enough impact energy at the interface,
the impact pressure of the material was far greater than the
yield stress, and the plastic deformation at the interface of
the fly and base plate led to the waveform combination of
the composite plate. According to Bahrani-Black-Crossland
theory [31], salient jet and reentrant jet mainly existed at
the interface of waveform combination. The salient jet was
mainly generated by high-speed (2658 m-s~') movement of

g A y
Molten area

AL s

5083

(e)

Re-entrant jet Salient jet

Fly plate

Base plate Hump Vortex

Fig.3 Metallographic image of Ti—Al composite plate. a Initiation
point, b far from the initiation point, ¢ wave front, d wave back, and
e vortex formation schematic of the Bahrani-Black-Crossland theory

the composite plate, while the reentrant jet was composed
of molten metal at the interface produced by collision [18].
During the movement of reentrant jet, it was affected by
the salient jet, and the jet cooled in wave front and wave
back to form the molten area. The sufficient contact between
titanium and aluminum in the jet created conditions for the
formation of molten area, so the molten block in the black
area of the wave front can be observed in Fig. 3b.

To further investigate the microstructure evolution of
the interface, the local area of the waveform is amplified.
Figure 3c shows the wave front of the interface waveform;
it can be seen that part of the molten block also exists in
the wave back. The reentrant jet at the hump usually had a
higher velocity, so the molten metal seldom stayed at the
hump and is thin when it cooled. There was a great pressure
at the collision point of the composite plate, and the collision
of the fly plate compressed the trough of the base plate, so
the thickness of the molten area at the trough was relatively
thin. The pressure at the hump and trough pushed the metal
together, making it stay for a longer while in the wave-waist
region, so the wave-waist molten area in Fig. 3c is thicker.

Figure 3d is a metallographic image of the wave-back
position of the composite plate, and it shows that some
molten metal also exists. Unlike the molten area at the wave-
front position, the molten metal at the wave-back interface
formed a vortex in which titanium grains are observed. The
direction of the reentrant jet deflected under the action of
the salient jet, and the molten metal in the jet cooled at the

Table 5 Johnson—cook material

Materials /kg-m™ A/GP: B/GP c T,/K
model parameters for 5083 atena’s prrem 4 4 " " "
aluminum 5083 2700 0.167 0.596 0.551 0.001 0.859 893
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wave-back position after wrapping part of the titanium [5,
31]. Therefore, titanium side particles are observed inside
the vortex in Fig. 3d, which can verify the accuracy of the
Bahrani-Black-Crossland theory. Figure 3e shows the vor-
tex formation of the Bahrani-Black-Crossland theory. The
deflection effect of the salient jet on the reentrant jet is an
important cause of vortex formation [21].

3.2 Composition of vortices and molten area

Further studies on the wave-back position of the interface
waveforms of Ti—Al composite plate are conducted in Fig. 4.
Figure 4a shows the single waveform of the Ti—Al composite
plate. It can be seen that some dark molten metal is accu-
mulated at the wave-back position. This was because the
high temperature of melting metal increases the diffusion
of metal elements [32, 33]. The proportions of the elements
inside the molten metal changed, enabling it to present dif-
ferent colors under a light microscope. To better observe
the molten area, the orange box in Fig. 4a was zoomed in,
as shown in Fig. 4b. Figure 4b shows the contact pattern
between the molten region near the hump and the tissue on
the titanium side. It should present a horizontal state without
stress, but there is angular contact, which is caused by either
the downward sloping force or the salient jet. Further study
was conducted on the tissue near the vortex. The yellow box
in Fig. 4a was amplified, as shown in Fig. 4c. It can be seen
that the molten metal is broken in small pieces and enters
the titanium tissue after leaving the molten metal body. Dur-
ing the movement of the reentrant jet, the molten metal in

5083

(b) -~ WG
TA2 i, xR

Fig.4 High magnification metallographic image of Ti—Al compos-
ite plate. a Single waveform. b Contact pattern. ¢ The tissue near the
vortex. d Vortex. e The inside of the vortex

it presented fluid properties [21]. The fluid had weak resist-
ance to its own deformation and breakage, and a small part
of the fluid might disengage when it moved at high speed.
The detached molten metal dispersed into the titanium tis-
sue, forming the molten area at the periphery of the vortex
observed in Fig. 4c. The appearance of small molten blocks
scattered in the titanium tissue explains the relative velocity
difference between the molten metal and the titanium tis-
sue. Because of the difference in velocity and viscosity, the
molten blocks were stripped by the titanium tissue at lower
velocity. The blue box in Fig. 4a was zoomed in, as shown
in Fig. 4d. It can be observed that the outer layers present
a darker color of the molten metal, while the color of the
inner tissues is close to that of titanium. Different from the
titanium structure of the composite plate, the color inside the
vortex is darker, which might be caused by element diffusion
and the formation of intermetallic compounds [3]. During
vortex formation, the outer layer had higher velocity, and the
molten metal in the outer layer contacted more with the tita-
nium tissue. Therefore, element diffusion and intermetallic
compounds were more likely to form, leading to darker color
of the outside of the vortex than that of the inside. The green
box inside the vortex in Fig. 4a was zoomed in, as shown
in Fig. 4e. The metallographic structure of some grains can
be observed, which might be formed after the cooling of
Ti—rich molten metal [12, 16].

3.3 Elemental analysis of vortex and melted area

The sample of Ti—Al composite plate after explosive welded
was observed under scanning electron microscope, as shown
in Fig. 5. Figure 5a shows the microscopic morphology of
the wave-back position of the interface waveform. Consist-
ent with the results of metallographic images, the molten
area formed by the reentrant jet wave was observed at the
interface, which wrapped the titanium to form vortices. The
yellow box in Fig. 5a was zoomed in, as shown in Fig. 5b.
Points 1-5 were the point scanning positions of EDS, and
the line indicated the scanning position. The blue box in
Fig. 5a was zoomed in, as shown in Fig. 5c. It can be seen
that there are inclined downward ripples in the figure, which
might be formed after the salient jet cooling.

Table 6 shows the EDS point scanning results. Points 1
and 4 show the chemical composition of molten metal in the
outer layer of the vortex. The content ratio of Ti element,
Al element, and Mg element in the outer layer of vortex
was approximately 30:10:1. The elements Ti and Al in the
molten metal in the outer layer of the vortex were close to
3:1, revealing the formation of Ti;Al intermetallic com-
pounds [14, 17]. Ti;Al has high oxidation resistance at high
temperature [34, 35]. According to the formula of critical
collision velocity and the formula of critical collision point
movement velocity, titanium material has excellent tensile

@ Springer



1830 The International Journal of Advanced Manufacturing Technology (2022) 123:1825-1833

TA2 2

' Molten area
Z Re-entrant jet —

Fig.5 SEM images of the Ti—Al composite plate. a Wave back. b
Scanning position of EDS. ¢ Salient jet

strength and hardness, which would require greater impact
velocity and impact point movement velocity in titanium-
aluminum explosive welding [32]. Higher collision velocity
and movement velocity of collision point might not enable
the gas in the clearance of composite plate to be discharged
in time, resulting in air residue on the welding surface. Iso-
lated titanium atoms would absorb part of O element to form
TiO, oxides when exposed to air at high temperature, and
the high temperature and jet velocity existing in the molten
metal would accelerate the formation of oxides [36]. How-
ever, Ti;Al was formed in the outer layer of vortex of the
composite plate, and its oxidation resistance would cause
the air to be unable to form oxides with titanium. Therefore,
it would continue to remain at the bonding surface in the
form of gas, which would lead to the formation of cracks.
This might be one of the reasons why cracks in the molten
area end in titanium tissue observed in other studies [12,
14]. Point 2 also exists in the outer layer of vortex, but the
content of Ti element increases significantly. It may be that

Table 6 Interface chemical composition of Ti—Al composite plate

Element Ti (atomic Al (atomic Mg (atomic
fraction %) fraction %) fraction %)

1 67.4 30.0 2.6

2 93.7 5.2 1.0

3 96.7 2.3 1.0

4 72.6 24.9 2.5

5 0.5 92.8 6.6

@ Springer

the reentrant jet washed away the titanium particles from the
composite plate. Small particles are constantly melting into
the molten metal at high temperature, but the faster cooling
of the bonding surface contributed to its presence. Observa-
tion of titanium particles confirms the existence of jet. Point
3 shows the chemical composition of the inner layer of the
vortex, where the Ti element content reaches the maximum
of the molten metal. Inside the vortex is a large titanium tis-
sue wrapped by molten metal, which had little contact with
the molten metal. The Al element and Mg element in the
inner layer of the vortex mostly came from the element dif-
fusion caused by high temperature. Point 5 is located in the
base material close to the bound surface, which is similar to
the composition of 5083 aluminum plate in Table 2. It has a
very small amount of Ti, which was due to element diffusion
from the composite plate.

Al and Mg elements exist in the outer and inner layers of
the vortex, which might form intermetallic compounds such
as Mg,;Al,, and Mg,;Al;, [37]. The formation ratio can be
reflected in the element ratio. The ratio of Al element and
Mg element in the outer layer of the vortex is close to 10:1,
which might generate more Mg,;Al;,. However, the ratio of
two elements inside the vortex is 2:1, which would lead to
the increase of Mg,,Al,, content. The Gibbs free energy of
Mg,;Al;, is smaller than that of Mg,;Al,, [39]. Therefore,
Mg,3Al;, has good thermal stability and is more likely to
exist at high temperature [39]. The proportion of Al and Mg
elements in the outer layer of the vortex is higher, which
indicates that the temperature in the outer layer of the vortex
may be higher than that in the inner region.

EDS line scanning results are shown in Fig. 6. It was
found that there is a transition layer between the vortex and
Ti structure, which presents a uniform thickness of 5 pm.

Transition layer

/R
N A o

T T g T g /~

0 10 20 30 40 50

Distance/mm

Fig.6 Line scanning results of Ti—Al composite plate
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However, the thickness of transition layer between the fly
and base plate is nearly 8 pm. Compared with the vortex, the
collision of the bond surface was more direct, resulting in
its higher temperature. Element diffusion was more intense
at high temperature, which thickened the transition layer of
the bonding surface [15].

3.4 Interfacial characterization

According to Formula (1), the collision velocity of the
welding model used in the experiment was calculated to be
658.6 m-s~!. According to Formula (2) and combined with
the moving velocity of the collision point of 2478 m-s~!,
the collision angle of the model was calculated to be 15.3°.
The model parameters were set according to the calculated
collision velocity and collision angle, and the collision
simulation of the fly and base was carried out. The results
are shown in Fig. 7. Figure 7a is a simulated image of the
interface of Ti—Al composite plate, and it was found that
metal jet exists on the interface. The jet can remove the oxide
layer and impurities on the welding surface of composite
plate and improve the welding effect of composite plate
[24]. It is worth noting that the jet particles were mostly
5083 aluminum. This is because the lower the density, the
easier it was to form jets. The density of 5083 aluminum
at 2700 kg-m~> is much lower than that of TA2 titanium
at 4510 kg-m~>, so the jet was mostly composed of alu-
minum. This is consistent with the research of Wang et al.
[24]. Figure 7b shows the particle velocities at the inter-
face. The velocity of the jet reached 3000 m-s~!, which was
even higher than the moving velocity of the collision point
of the composite plate at 2478 m-s~!. Vortex and molten
blocks could occur at this jet velocity, as shown in Fig. 4c.
Figure 7c shows the temperature field distribution at the

|
5083 376‘§3m'S’1

@

o
S
—_—
——

Fig. 7 Interfacial characterization of Ti—Al composite plate. a Simu-
lated image. b The interfacial particle velocities. ¢ The temperature
field distribution. d The interface density image

interface of the composite plate [21]. It was found the inter-
face temperature of the composite plate was extremely high,
up to 2100 K, which exceeded the melting point of 1941 K
of TA2 titanium and 873 K of 5083 aluminum. After the fly
plate collided with the base plate at high speed, the kinetic
energy was partially converted into the internal energy of
the interface in a very short time, resulting in extremely
high temperature of the welding interface. Thus, for some
time after the collision, the interface metal flowed in liq-
uid form. Compared with the vortex at the wave-back posi-
tion, the temperature of the metal jet on the bonding surface
was higher. This results in a thicker transition layer on the
bonding surface, which is consistent with EDS analysis.
Figure 7d shows the interface density image after a certain
time of collision. It was found there was a layer of density
of 4.1 g-cm™ in the interface. The density of the layer was
placed between the two materials, and the thickness was
relatively uniform. This may be due to residual stress at the
interface, resulting in increased density under compression.

4 Conclusions

The explosive welding between TA2 titanium and 5083
aluminum plates was studied by means of experiment and
numerical simulation. OM, SEM, and EDS were used to
observe the interface microstructure of titanium/steel com-
posite plate. ANSYS/AUTODYN was used to calculate the
interface characteristics of microstructure simulated by SPH
method, and the following conclusions could be obtained:

1. The pressure at the humps and troughs simultaneously
pushed the molten metal, enabling it to stay in the wave-
waist region more. There was a relative velocity differ-
ence between vortex and titanium tissue, which would
lead to fragmentation in the vortex tissue. The outer
layer of the vortex had a higher velocity than the inner
layer, and the molten metal in the outer layer contacted
more with the titanium tissue.

2. TizAl was generated in the vortex of the composite plate,
and its oxidation resistance would prevent the air from
blending into the titanium layer, which would lead to
the formation of cracks. Consider soldering in a vacuum
environment or adding an intermediate layer to reduce
interfacial defects. The outer layer of the vortex had
higher temperature than the inner region. The vortex
had a uniform transition layer with a thickness of 5 um,
which was thinner than that of 10 pm between the TA2
titanium and 5083 aluminum.

3. The jet was mostly composed of aluminum, and the
interface jet velocity reached 3000 m-s~!. The interface
temperature of the composite plate could reach up to
2100 K, which led to the melting of titanium and alu-
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minum. Compared with the molten metal in the wave-
back vortex, the jet temperature at the interface was
higher, resulting in a thicker transition layer at the bond-
ing surface. Decreasing the thickness of the explosive
within the weldability window can reduce interfacial
melting.
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