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Abstract: In this study, a finite element model of the 
explosive welding process of three-layer plates composed 
of Ti/Al/Mg was established, and the interfacial behaviors 
of three-layer plates were researched. We investigated the 
influences that affect the quality of explosive bonding 
and explored the influence factors of variable physical 
parameters in the simulation. The finite difference engi-
neering package AUTODYN with the smoothed particle 
hydrodynamics method has been used to model the colli-
sion in this work. The von Mises strength model was used 
to describe the behavior of Ti/Al/Mg composite plates. 
Wave morphology on the Al/Mg interface and straight 
morphology on the Ti/Al interface were produced in this 
study; meanwhile, jet phenomenon occurred obviously in 
the simulation process. The contours of velocity, pressure, 
shear stress, and effective plastic strain of Ti/Al/Mg were 
also discussed. The result of X-direction velocity showed 
a delay in time and location of collision point between 
the Ti/Al and the Al/Mg interface. The detonation point 
was the minimum pressure, and the collision point was 
the maximum pressure compared with other sections. The 
value of effective plastic strain must exceed a threshold to 
obtain a good bonding, and the shear stress was of oppo-
site sign in the simulation.

Keywords: explosive welding; interface; simulation; Ti/
Al/Mg.

1  Introduction
Magnesium alloys have the advantages of lightweight 
and abundant resources, which have already aroused 
extensive attention in the past few decades [1], but its 
application has been limited because of poor corrosion 
resistance. Considering this situation, the superior corro-
sion resistance of titanium is ideal to broaden the appli-
cation of the magnesium alloys, but the binary phase of 
Ti/Mg alloys does not exist owing to the different crystal 
structures, making the combination of Ti/Mg alloys 
impossible. At this stage, Ti/Al composite plates have 
been produced successfully [2]; meanwhile, Zhang et al. 
[3] have produced Al/Mg composite plates with a great 
bonding interface. Therefore, the idea of adding a slice 
of aluminum alloy between a titanium plate and a mag-
nesium alloy plate shows its potential in acquiring new 
structural materials and multilayer laminates of Ti/Al/Mg 
[4–10]. More over, a good combination of composite plates 
of Ti/Al/Mg is expected in the experiment.

Using the traditional techniques, the long production 
cycle is a major disadvantage, and the plasticity of com-
posite laminate decreases greatly owing to the formation 
of brittle intermetallics [11–13]. Explosive welding is an 
effective approach to manufacture multilayer metal plates 
when there are distinct differences in metal properties 
such as melting points, strength, and so on [14, 15]. With 
the application of explosive welding, rapid and instanta-
neous formation and large area of connection can be man-
ufactured easily; meanwhile, brittle intermetallics on the 
interface can be controlled.

Nowadays, the composite laminate of two metals of 
explosive welding has been researched widely. Consider-
ing the special behavior of mechanical transmission of 
three-layer plates and this particular situation, which is a 
complicated physical chemistry process, including explo-
sion, high velocity collision, plastic deformation, and high 
pressure states [16], finite element numerical is adopted to 
investigate the entire process of explosive welding based 
on the successful experiment in this work. So far, some 
researchers have investigated the simulation process 
through different angles. Akihisa confirmed that interface 
wave and computational results agreed very well with the 
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experimental results except for the form of jet. In Tab-
bataee and Mahmoudi’s [17] paper, the phenomenon of jet 
was computationally reproduced using a finite element 
method (FEM). Akbari Mousavi et  al. [18, 19] researched 
the process using the Euler processor. The point of colli-
sion in materials such as liquid, the straight wavy inter-
face, and the jet phenomena were acquired; meanwhile, 
the magnitude of the waves and the velocity of the jet 
were predicted, but this method has two shortcomings. 
First, detailed mechanism of interface wavy morphology 
is still not clear. Second, the historical process seems hard 
to be understood. Tanaka [20] simulated the explosive 
welding process and gained pretty well wave morphology 
and jet using the smoothed particle hydrodynamics (SPH) 
method. Unlike conventional Lagrangian techniques, 
SPH is a gridless Lagrangian hydrodynamics using parti-
cles, which avoids mesh tangling and shows much more 
robust in its treatment of problems with large material dis-
tortions [21]. At this stage, no one has studied the simula-
tion process of Ti/Al/Mg three-layer plates using the SPH 
method. Hence, the SPH method is applied to study the 
explosive welding of Ti/Al/Mg three-layer plates in this 
work.

2  Establishment of the model

2.1  Strength model

The von Mises strength model is chosen to characterize 
the mechanical behavior of the materials, which takes 
the shear modulus and yield strength of materials into 
accounts. No strain hardening parameters are included in 
this model. The yield standard is dependent on the classic 
von Mises equation, as follows:

 + + =2 2 2 2
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Here, σ1, σ2, and σ3 are the principal stresses, and Y repre-
sents yield strength [22].

2.2  Explosive model

The Jones-Wilkins-Lee state equation, the governing equa-
tion, is used to explain the relationship between pressure 
and volumetric strain of explosive, shown as follows:
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Here, P represents pressure, V is the relative volume, E0 is 
the initial specific internal energy, and M, N, R1, and R2 are 
shown in Table 1.

2.3  Simulation of explosive welding

The aim of this study was to produce a three-layer plate by 
adding aluminum alloys between titanium plate and mag-
nesium alloy plate (Shanghai yong super metal materials 
co., Ltd, China) with the application of explosive welding. 
The numerical modeling of the explosive welding process 
was conducted on the platform of AUTODYN-2D (Century 
Dynamics), analyzing the distribution of jet, velocity, 
pressure, effective plastic strain, and shear stress. These 
physical parameters can be calculated precisely for each 
particle at any time step; meanwhile, the contour or 
history curve of the above-mentioned parameters can be 
easily acquired. Flyer 1 is assigned to material property 
of titanium, flyer 2 is the aluminum alloy, and the base-
plate is the magnesium alloy. The parameters used in the 
von Mises model are listed in Table 2 [23]. The geometric 
parameters are listed in Table 3. Here, gap 1 (between flyers 
1 and 2) and gap 2 (between flyer 2 and the ba seplate) 
are defined as 0.8 and 0.4 mm, respectively. The SPH pro-
cessor is used, which is a Lagrangian technique with the 

Table 1: Parameters of the explosive used in the Jones-Wilkins-Lee 
model.

M (kPa)   N (kPa)   R1   R2   w

1.33 × 108   4.39 × 108   5.3   1.2   0.21

Table 2: Parameters of the three-layer plates used in the von Mises 
model.

Material   Yield stress  
(kPa)

  Shear modulus  
(kPa)

Flyer 1 (titanium plate)   3.7 × 105   4.3 × 107

Flyer 2 (aluminum plate)   2.5 × 105   2.5 × 107

Baseplate (magnesium plate)   1.9 × 105   1.4 × 107

Table 3: Geometry parameters of three-layer plates used in the 
model.

Material   Geometry (length × height) (mm)

Explosive   30 × 2
Flyer 1 (titanium plate)   30 × 1
Flyer 2 (aluminum plate)   30 × 0.5
Baseplate (magnesium plate)   30 × 5
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Figure 1: The scene drawing and macrofigure of three-layer plates in the experiment. (A) The scene drawing of three-layer plates. (B) The 
macrofigure of three-layer plates.
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Figure 2: The schematic drawing of the explosive welding.
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Figure 3: The model drawing of Ti/Al/Mg in the simulation.

potential to be both efficient in modeling material defor-
mation and flexible in terms of the inclusion of specific 
material models [24]. The particle size plays a great impor-
tant role in visualizing the interface topography and jet. 
In this study, the particle size Δr is 20 μm. The number of 
particles using in the three-layer plates is approximately 
345,000. All units adopted in the model are measured in 
microseconds for time and millimeters for length.

2.4  Experiment model

Titanium (1 mm), 6061 aluminum alloys (0.5 mm), and 
AZ31B magnesium alloys (5 mm) are used as flyer 1, flyer 
2, and baseplate in the experiment, respectively. The 
scene drawing of explosive welding and the macrofigure 
of three-layer plates are shown in Figure 1. The detonation 
is a “slower” powder mix of ammonium nitrate and diesel 
fuel oil (ANFO), and the thickness of the ANFO explosive 
layer is approximately 2 mm. A uniform explosive charge 
is placed on the surface of flyer 1 with a detonator at its 
edge. The schematic of the explosive welding and the 
model drawing of three-layer plates in the simulation are 
shown in Figures 2 and 3.

3   Results of the numerical 
simulation

As is known to us, the interface shape generally shows 
three categories: straight, smooth wavy, or wavy with 
some vortex shedding in the experiment [25]. Here, some 
physical parameters, such as velocity, pressure, effective 
plastic strain, and shear stress on the three-layer plates, 
are selected as the indicator to investigate the bonding 
mechanism of explosive welding. Figures 4–7 show mate-
rial location, pressure, effective plastic strain, and shear 
stress contours at some moment in the process of simula-
tion. The simulation analysis demonstrates a wavy mor-
phology on the interface of Al/Mg composite plates and 
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a straight morphology on the interface Ti/Al composite 
plates.

Jet, the bonding quality standard, is also reproduced 
in the simulation. A wavy morphology is formed on the 
interface of Al/Mg composite plates. Most jets are from 

baseplate (magnesium plate), and the reason for this phe-
nomenon lies in the fact that the density of magnesium 
alloys is less than that of titanium and aluminum alloys. 
By contrast, a straight morphology is shown on the inter-
face of Ti/Al composite plates.

Figure 5: The pressure distribution of combination in the simulation.

Figure 4: The material location of combination in the simulation.
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The distribution of the pressure is relatively uniform, 
except for the surrounding of collision point wherein a 
very high pressure occurs at the collision point. The effec-
tive plastic strain and shear stress profiles are described 
in Figures 6 and 7, respectively. To observe the process in 

greater depth, some equidistant points with 6 mm between 
adjacent ones are selected on and under the surface of 
aluminum alloy plate and magnesium alloy plate from 
the detonation point along the X-direction. Points 3–6 are 
on the upper surface of the aluminum alloy plate, points 

Figure 6: The effective plastic strain distribution of combination in the simulation.

Figure 7: The shear stress distribution of combination in the simulation.
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10–13 are on the lower surface of the aluminum alloy 
plate, and points 17–20 are on the upper surface of the 
magnesium alloy plate, as shown in Figure 8.

4  Discussion

4.1  Jet formation

The most necessary condition for explosive welding 
is the appearance of jet, which is essential for a good 
welding [26]. In respect of the force analysis, it is neces-
sary for the surfaces to be brought together sufficiently 
close within the range of interatomic attractive forces. 
Attractive and repulsive forces form the basic strength 
model, and these two forces are equal at a certain equi-
librium distance [27]. The potential energy must reach 
its minimum value to overcome the repulsive forces 
at the atomic level, and the distance between two sur-
faces should be small enough to reach the range of the 
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Figure 9: Velocity-time curve along the direction of propagation of detonation: (A) Y-direction velocity curve of the points 4, 11, and 18; 
(B) X-direction velocity curve of the points 4, 11, and 18.

Figure 8: Schematic for points selected on the aluminum and 
magnesium alloy plates.

interatomic attractive forces to obtain the metallurgical 
bonding. Jet has a remarkable effect on the surface of 
clearing plates, which is beneficial for achieving a good 
bonding in the experiment [28].

Jet will appear when the velocity of the collision point 
is in a subsonic theoretically. The pressure should be suf-
ficiently huge to surpass the dynamic elastic limit of the 
material so that the deformation degree of the metal sur-
faces can meet the basic requirement. The formation of jet 
is shown in the simulation in Figure 4. The low-density 
plate is inclined to contribute more to the source of jet. In 
the observation of the entire simulation process, most jets 
are derived from baseplate (magnesium plate), whereas 
almost no jet appears between flyers 1 and 2. This is con-
sistent with the theory that a wave interface is always 
along with jet, and no jet appears in the case of an almost 
straight interface.

4.2  Velocity distribution

As an index to explore the bonding situation, the Y-direc-
tion velocity can be used to investigate the collision and 
bonding process. Points 4, 11, and 18 on different layers 
are selected to analyze the variation trend of the Y-direc-
tion velocity separately. Although the acceleration pro-
duced by the explosive causes flyer 1 to move first, there 
is a collision between flyers 1 and 2; then flyer 2 starts to 
move with the kinetic energy absorbed in the collision. 
Gap 2 is beneficial to speed up the Y-direction velocity of 
point 11; the peak value of the Y-direction velocity of point 
11 is bigger than others, as shown in Figure 9.
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The X-direction velocity mainly shows the spread 
direction of wave. As shown in Figure 4, the bonding point 
on the Al/Mg interface has a delay in the detonation time 
and location. The detonation time of the Al/Mg interface 
is slower than that of the Ti/Al interface at approximately 
10-3 ms; at the same time, the detonation location of the 
Al/Mg interface is slower than that of the Ti/Al interface 
at approximately 10-4 m calculated by integral method. As 
is shown in Figure 9, with the distance away from deto-
nation point increasing, the movement of the selected 
points starts later, which has proven that the direction of 
wave spreading is along the X-direction of the three-layer 
plates. In general, flyer 2 as an interlayer assuages the loss 
of kinetic energy through the twice collision with flyer 1, 
which is beneficial for realizing a good bonding for the 
three-layer plates.

4.3  Pressure distribution

The key point for analyzing pressure is to understand the 
driving force for bonding the plates. Figure 5 shows the 
pressure contour of three-layer plates in the simulation 
at some moment. It can be concluded that the minimum 
pressure occurs near detonation point. Meanwhile, the 
pressure around the collision point is the maximum com-
pared with somewhere else in the simulation, which is 
consistent with the theory that jet forms in the collision 
point owing to the larger pressure.

The pressure-time curves of the points of three-layer 
plates are depicted in Figure 10. According to the compari-
son of the value of these points selected on the three-layer 
plates, the pressure they bear is declining with the dis-
tance away from the increasing ANFO explosive layer. The 
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Figure 10: Pressure-time curve along the direction of propagation of detonation: (A) the upper surface of aluminum alloy plate; (B) the 
lower surface of aluminum alloy plate; (C) the upper surface of the magnesium alloy plate.
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Figure 11: Pressure-time curve of points 4, 11, 18.

pressure cannot achieve a steady state in the early stage, 
and a very low pressure leads to nonbonding under the 
detonator in the experiment [29]. That is to say, a certain 
large pressure is necessary for bonding. Humps and 
hollows both appear in the tendency of pressure on the 
three curves in Figure 10.

The pressure-time curves of points 4, 11, and 18 on 
different layers are used for the longitudinal comparison 
in Figure 11. Considering the yield strength of aluminum 
and magnesium alloys mentioned in Table 2, the pres-
sure borne by aluminum and magnesium alloys in Figures 
10 and 11 is nine times bigger than its own value; thus, 
a wave interface was obtained in this situation obviously. 
Meanwhile, the value of pressure on the lower surface of 
aluminum alloy plate and the upper surface of the mag-
nesium alloy plate (points 11 and 18) is greater than the 
value on the upper surface of aluminum alloy plate (point 
4) owing to the acceleration of velocity.

4.4   Effective plastic strain and shear stress 
distribution

Just like the theory mentioned by the previous study, high 
plastic deformation will emerge when confronted with 
high explosive velocity, which generates a large value of 
effective plastic strain and a large shear stress on the inter-
face in turn. A narrow band of plastic strain was formed 
around the collision point. As is shown in Figure 6, an 
obviously high value of effective plastic strain is shown 
on the Al/Mg interface compared with the Ti/Al interface, 

and at the same time, a wave morphology is obtained on 
the Al/Mg interface. The strain reaches the maximum 
value of 13 at the collision zone on the Al/Mg interface. 
We can conclude that the maximum value of effective 
plastic strain occurs at the collision point with the highest 
velocity.

Figure 12 depicts the effective plastic strain of points 
selected on the interface. For the plastic strain on the 
upper and lower surface of aluminum alloy plate in Figure 
12, lower values are presented in comparison with that on 
the upper surface of the magnesium alloy plate, which 
is in agreement with the fact that a wave morphology 
forms on the Al/Mg interface. The highest effective plastic 
strain is approximately 2.5 on the Al/Mg interface, and it 
is greater than approximately 1.2 on the Ti/Al interface. 
This kind of situation is similar with the pressure; large 
pressure produces large deformation, that is, large plastic 
strain. A clear distinction for points 4, 11, and 18 on differ-
ent layers in the vertical direction is shown in Figure 13.

Figure 7 shows the distribution of shear stress of 
three-layer plates, it is indicated that the magnitude of 
the shear stress can be regarded as an index whether 
good bonding emerges. Figure 14 depicts the shear stress 
of points on different layers on the interface. In the suc-
cessful simulation, the shear stress is opposite in sign. The 
same sign of shear stress means no bonding, which is con-
sistent with Mousavi et al. [29]. As is shown in Figures 14 
and 15, the distribution of shear stress of points on differ-
ent layers holds the same variation trend, whereas differ-
ent interface morphologies are obtained with the almost 
equivalent values in the simulation. This can be explained 
by the fact that aluminum and magnesium alloys have 
smaller yield strength values than titanium, as shown in 
Table 2. To clear the process of simulation, the Stress TXY 
time curve of points 4, 11, and 18 in the vertical direction 
is shown in Figure 15.

4.5  The smooth–wavy transition

As is shown in Figure 4, the wave interface was created 
before the collision point, which is in line with Akbari 
Mousavi and Al-Hassani [26]. At this stage, people hold 
different opinions on the formation mechanism of the 
waves; thus, a uniform conclusion has not been reached. 
However, one point should be noted that the quantity of 
jet is related to the formation of the waves, respectively. In 
this paper, the size of wave along the interface of Al/Mg is 
inhomogenous in the simulation. In Figure 6, there is an 
existing threshold of 8.3 when a transition from straight 
to wavy emerges. It can be observed that the beginning 
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parts of the interface exist with the shallower waves, 
whereas deeper waves appear in the end. As is known to 
us, higher plastic strain and shear stress contribute to the 
wavy interface, and this transition occurs only when the 
plastic strain surpasses the threshold value of materials 
under different explosive velocities. Earlier transition will 
emerge with a higher explosive velocity, and amplitude 
grows as the value of shear stress increases.

5  Conclusions
In this study, a numerical model of ANSYS/AUTODYN was 
established to analyze the explosive welding process of 
three-layer plates with materials Ti/Al/Mg. By analyzing 
the main physical parameters, such as velocity, pressure, 
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effective plastic strain, and shear stress, the entire welding 
process can be understand more clearly.

The wave morphology on the Al/Mg interface and the 
almost straight morphology on the Ti/Al interface are pre-
sented successfully in the simulation, which is consistent 
with the actual morphology of three-layer plates of Ti/Al/
Mg acquired in the experiment.

The phenomenon of jet occurs in this simulation. 
Almost no jet is observed on the Ti/Al interface, whereas 
an obvious jet phenomenon is shown on the Al/Mg inter-
face. Most jets are derived from the baseplate (magnesium 
plate); with respect to the formation jet, the lower-density 
metals contribute more than the higher-density metals.

The shear stress between two plates should hold 
opposite signs to ensure that a good bonding has taken 
place in different combinations of metals; meanwhile, 
the effective plastic strain and the shear stress should 

St
re

ss
 T

X
Y

 (
kP

a)

St
re

ss
 T

X
Y

 (
kP

a)

St
re

ss
 T

X
Y

 (
kP

a)

5×104

6×104

4×104

2×104

0×100

-2×104

-4×104

6×104

4×104

2×104

0×100

-2×104

-4×104

-6×104

-6×104

0×100

-5×104

0 2

Time (ms)

4
×10-3

6 8 0 2

Time (ms)

4
×10-3

6 8

0 2

Time (ms)

4
×10-3

6 8

(1) Gauge # 3
(2) Gauge # 4
(3) Gauge # 5
(4) Gauge # 6

(1) Gauge # 10
(2) Gauge # 11
(3) Gauge # 12
(4) Gauge # 13

(1) Gauge # 17
(2) Gauge # 18
(3) Gauge # 19
(4) Gauge # 20

Gauge history (ident 0 – autodyn)A

C

B

Gauge history (ident 0 – autodyn)

Gauge history (ident 0 – autodyn)

Figure 14: Stress TXY time curve along the direction of propagation of detonation: (A) the upper surface of aluminum alloy plate; (B) the 
lower surface of aluminum alloy plate; and (C) the upper surface of the magnesium alloy plate.

St
re

ss
 T

X
Y

 (
kP

a)

5×104

0×100

-5×104

Gauge history (ident 0 – autodyn)

(1) Gauge # 4
(2) Gauge # 11
(3) Gauge # 18

0 2

Time (ms)

4
×10-3

6 8

Figure 15: Stress TXY time curve of points 4, 11, and 18.



R. Liu et al.:Numerical study of Ti/Al/Mg three-layer plates on the interface behavior in explosive welding      843

exceed a threshold. The plastic strain in the beginning 
area near the detonator is too low to bond well because 
of the low pressure. A higher value of shear stress and 
the effective plastic strain of contact area contribute to 
a greater bonding interface; that is to say, the values of 
effective plastic and shear stress on the interface of Al/Mg 
are usually higher than the other sections where no waves 
appear. The amplitude and the wavelength of waves are 
connected with the size of shear stress at the same time.

In this paper, the numerical analysis software 
AUTODYN with the SPH method was chosen to model the 
explosive welding process. Owing to the fact that explosive 
welding is a special method that is hard to explore in the 
actual process, it shows its importance that the historical 
procedure of velocity, pressure, effective plastic strain, and 
shear stress can be clearly shown in the simulation, which 
can provide theoretical support for experiments in turn. 
Meanwhile, considering the shortcoming of the von Mises 
equation, the distribution of temperature at the collision 
zone cannot been analyzed. Thus, a deep research is nec-
essary for the improvement of the formation mechanism.
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