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Abstract: The SPH-FEM coupling algorithm was applied to simulate four typical explosive composite combinations including

titanium-steel, stainless steel-steel, copper-steel and titanium-aluminum. The ranges of strain rate applicable to the Johnson-Cook

strength equation and the Steinberg-Guinan strength equation were analyzed theoretically. Besides, the effects of the thickness of the

flyer plate and base plate, impact velocity and impact angle on the temperature, pressure and microstructure of the interface during

explosive welding were investigated. The growth mechanism of the interface wave, vortex and a small amount of splashing molten

blocks were explored through numerical simulation. Results show that the interface temperature, pressure and waveform size increase

with the rise in flyer plate thickness and impact velocity, while the peak of interface pressure decreases with the increase in impact

angle. The change in the thickness of the base plate cannot directly affect the temperature and pressure of the interface, where the

material behaves as an incompressible liquid and reciprocates, producing sinusoidal waveforms, vortex, and splash molten blocks.
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As a special processing technology for the production of
composite materials, explosive welding technology relies on
the enormous chemical energy released from explosion to
achieve the high-speed collision between the base plate and
the flyer plate, as required for the high-strength solid phase
bonding" . Capable of
advantages of dissimilar materials, explosive composite has

metallurgical integrating  the

been widely applied in aerospace, marine ships, chemical

production and other fields™”.

Through a long time of
theoretical development, many scholars explored the effects of
explosive welding parameters on welding strength from
different perspectives. For example, in 1975, Deribas et al™
first analyzed the angle of jet formation, the critical impact
pressure required for critical jet generation in the range of
subsonic velocity, critical flow transition velocity and other
parameters, based on which the upper and lower limits of two
parameters, impact angle S and impact point movement

velocity V., were determined. By analyzing the energy

conditions of unit area in welding, Wylie et al” determined
the upper limit of explosive welding impact velocity V,. Shi et

al® analyzed the maximum tensile limit of flyer plate at the
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time of bending deformation under detonation pressure, thus
determining the available range of static parameters such as
explosive, cladding plate and placement conditions. In view of
the problems such as jet formation, welding energy, critical
impact pressure, material physical limit, the use range of
various parameters was determined to achieve -effective
composite welding for a large number of dissimilar metals,
thus promoting the development of explosive welding
technology. However, due to the existence of interfacial
impurities such as brittle intermetallic compounds and
continuous melting zone, it remains difficult to weld hard and
brittle metals, strongly passivated and easily oxidized active
metals, as well as the dissimilar metals with clear differences
in physical and chemical properties. Therefore, it is necessary

further
. In respect of parallel explosive welding, the

to conduct research on

9-11]

explosive  welding
parameters'
moving velocity of impact point V, is equal to explosive
detonation velocity V. In the practice of explosive welding
with specific performance requirements, the type of explosive,
flyer plate and base plate materials are pre-determined. The

study on explosive welding parameters focuses mainly on
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static and dynamic parameters such as impact velocity V,,
impact angle S, flyer plate thickness J, and base thickness d,.

In fact, the temperature 7, pressure P and microstructure of
the interface after bonding play the most significant role in the
quality of interface welding. The morphology of interface
determines the meshing area and form of dissimilar metal
contact, which is a hot spot in regard to explosive welding
technology”. As a precondition for the short-time diffusion of
interface elements, high temperature improves the diffusion
coefficient, provides energy for the metal atoms to migrate

from the original equilibrium position™, and enhances

interface  bonding!* ',

However, an excessively high
temperature causes not only the melting, oxidation, ablation
and gasification of the material, but also the formation of
continuous melting zone, ingot structure and other impurities
at the bonding interface of the composite, thus increasing the
risk of brittle failure and reducing the bonding strength of the
material"”. In addition, the rate of temperature change has a
significant impact on the quality of interface. The rate of
temperature change in explosive welding process is over 10° °
C/s. Due to the difference in thermal expansion coefficient of
dissimilar metals, the expansion shrinkage of materials caused
by the rapid change of temperature will also lead to internal
defects and generate residual internal stress, thus affecting the
applicability of materials"”. High pressure is conducive to
interface bonding, which is a precondition for atoms at the
interface to get close enough to achieve mutual attraction".
Too low pressure of the materials is not conducive to effective
recombination, while too high pressure subjects the electrons
on the metal atomic orbit to greater constraints. As the atomic
orbital energy increases, which is different from the
characteristics of metal oxidation under normal pressure!”,
heterogeneous intermetallic compounds are generated,
microcracks develop at the interface and the weld is damaged.
Due to the particularity of explosive welding, it is difficult
to capture the interface temperature 7, pressure P and interface
growth in the welding process. As a result, it is almost
impossible to conduct study on the temperature, pressure and
morphology of the interface. In view of few studies on
interface temperature and the characteristics of pressure as
well as the inconclusive mechanism of interface wave
formation, a theoretical analysis was conducted in this study
to determine the advantages of Steinberg-Guinan strength
equation over the Johnson-Cook strength equation. SPH-finite
element method (FEM) coupling algorithm was used to
simulate four typical combinations of explosive composite for
dissimilar metals under different impact angle f, impact
velocities ¥, and thicknesses of flyer plate J, including
titanium-steel with high corrosion resistance, stainless steel-
steel, titanium-aluminum with light and high strength, and
copper-steel with good lubrication and electrical conductivity.
The interface was highly consistent with the experimental
results, and the whole growth process of interface waveform
was observed. Based on the obtained interface temperature
and pressure data, the impact of dynamic and static parameters
of explosive welding core on interface temperature and

pressure and waveform growth was analyzed, thus
contributing to further improvment in interface quality and
solution of the existing problems about the welding of

dissimilar metal.

1 Numerical Simulation of Explosive Welding

1.1 SPH-FEM coupling algorithm

Currently, parallel explosive welding is one of the most
widely used methods for layered explosive welding. As shown
in Fig. 1, the high pressure generated by explosive explosion
makes flyer plate at the point of detonation bend and tilt.
Then, it collides with the base plate at the impact velocity V,
and the direction of the impact velocity V; is perpendicular to
the angular bisector of the impact angle f. Based on this
principle, the high-speed tilt collision model of explosive
welding is commonly used in the numerical simulation of
explosive recombination for various dissimilar metals™ . At
present, the major algorithms applied for the numerical
simulation of explosive welding include Lagrange, Euler, ALE
and SPH™?. As the first and most widely used algorithm,
Lagrange algorithm has advantages of high speed of operation
and simplicity in calculation. However, Lagrange method
requires the mesh to be divided on the material, which makes
it impossible to carry out numerical simulation for significant
deformation. The Euler and ALE algorithms fill the material
into the mesh, thus meeting the calculation requirements for
severe plastic deformation, but there remains a problem that
the accuracy of the two algorithms is insufficient to deal with
the interface problem. The study of Ref. [27—28] shows that
the smooth fluid particle dynamics (SPH) algorithm achieves
a higher accuracy in the calculation of large deformation,
spallation and other phenomena, which makes it more suitable
for the simulation reproduction of explosive welding
interface. However, it is difficult to simulate the actual
explosive welding with a relatively large area due to its long
operation cycle and large storage space. To resolve the above
problems, the SPH-FEM algorithm was proposed in this study.
The SPH algorithm was used exclusively for the collision
interface, and FEM was used for the rest of the material, as
shown in Fig. 2. With the advantages of SPH and FEM
combination, the computing power was concentrated on the
composite interface with a thickness of 0.5 mm. In case of
finite computing force, the computing power is distributed

Fig.1 Geometric principle of explosive welding



1274 Wu Xiaoming et al. / Rare Metal Materials and Engineering, 2023, 52(4):1272-1282

Flyer plate

™

M

Base plate

Fig.2 Schematic diagram of high speed oblique impact

across the interface of the joint, so as to improve the accuracy
of calculation for the key position and to reduce the overall
computing time.
1.2 Johnson-Cook and Steinberg-Guinan Strength Models
As a typical dynamic mechanical behavior, explosive
welding involves collision and impact at high temperature,
high pressure and high strain rate". At present, the strength
equations used to describe the impact and collision behavior
of metal materials mainly include Johnson-Cook (J-C) and
Steinberg-Guinan (S-G) models. In the J-C strength equation,
the yield strength of the material is related to material strain,
strain rate and temperature, as shown in Eq. (1).
Y=[4+Be][1+ Clng,][1 - T] (1)
where Y represents the yield stress, ¢, indicates the equivalent
plastic strain, ¢* denotes the normalized equivalent plastic
strain rate, 7,, means the material temperature control term, A
indicates the initial strain, B refers to the hardening constant,
C stands for the strain rate constant, n represents the
hardening index, and m means the heat softening index.
According to the analysis of Eq. (1), the yield stress is
divided into three parts using the J-C model. The first set of
parentheses shows the basic change law of stress and strain at
room temperature. The second set of parentheses shows the
impact of strain rate on the material basic yield stress. The
relevant data can be obtained by conducting dynamic
mechanical experiments such as Hopkinson pressure bar
experiment. The third set of parentheses introduces
temperature constraints to the whole equation. When the
temperature of the material increases gradually from room
temperature, this approaches zero. When the
temperature of the material reaches the same level as the
melting point of the material, this value returns to zero; as the
yield stress of the material decreases to zero, and the material
behaves as fluid.

value

When the strain rate exceeds 10°s”, however, there are
differences between S-G model and J-C model. At this strain
rate, the impact of strain rate change on the material yield
stress is negligible compared with the effect of thermal
softening on yield strength of the material. For the material,
its yield stress does not vary with the change in strain rate.
Considering the impact of pressure and temperature on the
shear modulus of materials, the S-G model is proposed on the
basis of Bauschinger effect. The relationship between the
yield strength and shear stress of materials at high strain rate
is presented as follows:

G,\ P (G
G=G,1+ GZ)W+(GZ)(T_3OO)% )
v\ P (G ,
Y=Y, + YZ)W+(GZ)(T3OO) (1+Be) (3

The equation is applicable to Y [1+Be]'<Y,_ . G represents
the shear modulus, Y indicates the yield stress, ¢ denotes the
effective plastic strain, and 7 refers to the temperature. 5
represents the relative volume, while Y, G,, G}, G and P are
all constants. Besides, when the temperature exceeds the
melting point of the material, the shear modulus and yield
stress of the material are treated as 0.

Both of the two strength equations are applicable to the
dynamic mechanical behavior of metal at high strain rate and
under violent collision. However, welding forming usually
occurs within microseconds in the explosive welding process.
When the explosive welding interface can be observed, it is
possible to capture the adiabatic shear line that occurs only
when the strain rate reaches above 10°s” ™. Therefore, the S-
G strength equation can achieve a higher accuracy for the
numerical calculation of explosive welding at a strain rate
higher than 10°s™.

After the strength model was determined, the Shock state
equation was used to determine the relationship between
stress, strain and temperature for the dynamic mechanical
behavior of the material.

The interface temperature and pressure are closely related
to the inherent properties of flyer plate and base plate, the
pattern of motion and the setting of explosive welding
parameters. To fully understand the influencing factors of
interface temperature and pressure, the four explosive
composite combinations including titanium-steel, titanium-
aluminum, stainless steel-steel, copper-steel were chosen to
carry out numerical simulation, and a comparative experiment
was performed to determine the accuracy of numerical
simulation, thus further ensuring the effectiveness of interface
temperature and pressure data.

In numerical simulation, the thickness of flyer plate J; was
set to 1.5, 3, and 6 mm, while the thickness of base plate J,
was set to 4, 8, and 12 mm. In other studies, it is indicated that
the impact angle 8 ranges between 5° and 25°F"*" 5o as to
obtain the ideal interface jet flow and waveform morphology.
Therefore, the impact angle f was set to 10°, 15° and 20° for
discussion in this study. In addition, the impact velocity V,
was set to 500, 750 and 1000 m/s for each group.

The dynamic parameters of metal materials can be obtained
through Hopkinson pressure bar experiment and the
parameters used were sourced from ANSYS material
database. The parameters used for numerical simulation are
listed in Table 1.

2 Results and analysis

2.1 Interface morphology analysis

The morphology of interface is a direct indicator of the
bonding form of the dissimilar metal transition interface after
explosive welding, which determines the strength of bonding
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Table 1 Numerical simulation of material parameters

Specimen Density/g-cm™ Gruneisen coefficient C, S s n G, G, Y
TA2 4.51 1.23 5.02 1.54 210 0.10 0.50 -2.70 0.010
4108 7.90 1.93 4.57 1.49 43 0.35 1.74 -3.50 0.008
Q345 7.85 1.60 3.98 1.58 2 0.50 1.48 -2.26 0.032

CU 8.93 2.02 3.94 1.49 36 0.45 1.35 -1.80 0.003

AL 1060 2.70 1.97 5.38 1.34 400 0.27 1.77 -1.67 0.003

for the composite. Different from mechanical engagement,
explosive welding relies on interatomic interactions as the
main source of interface bonding force. In general, the
morphology of interface can be classified into three
categories: flat, tiny wavy and large wavy. The flat and micro-
wavy bond interfaces have fewer defects such as continuous
over-melting zone, ingot structure and brittle intermetallic
compounds, so it is generally considered as a high-quality
bond morphology.

Fig.3 shows the results of numerical simulation and corres-
ponding experimental metallographic results of four dissimilar

metal combinations obtained using S-G strength equation and
SPH-FEM coupling algorithm. The thickness J; of flyer plate
is set to 3 mm, the thickness J, of base plate is set to 8 mm,
impact velocity V, is set to 750 m/s, and impact angle f is set
to 15°. Low-detonation velocity powder emulsion explosives
were used for all the experiments. The material composition
of the base and flyer plates is shown in Table 2.

The four combinations produce different interface, and the
results of numerical simulation are highly consistent with the
results of metallographic
suggesting that the S-G model has a high accuracy in the

corresponding experiment,

500 pm

Fig.3 Numerical simulation and metallographic results of four combinations: (a) titanium-steel, (b) stainless steel-steel, (c) copper-steel, and
(d) titanium-aluminum
Table 2 Composition of explosive welding experiment materials
Material Chemical composition/wt%
C Si Mn P S Alt Fe C
Q345R .
0.20 0.55 1.20 0.025 0.015 0.020 Residual 0.20
C Si Mn P S Cr Ni C
4108
0.08 1.00 1.00 0.04 0.03 11.5 0.60 0.08
Fe Ti Al Si Mn Zn Mg Cu
AL 1060
0.35 0.03 Residual 0.25 0.03 0.05 0.03 0.05
Cu Pb Sb Fe Zn - - -
Ho62
0.605 0.002 0.001 0.002 0.395 - - -
Fe C N (¢} H Ti - -
TA2
0.3 0.1 0.05 0.03 0.015 Residual - -
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numerical calculation of explosive welding. Fig.3a shows the
explosive composite of titanium-steel. As shown by the ellipse
mark, the interface of titanium-steel composite generates
periodically high wavelength wave interface with elephant
trunk-like wavelet. The average wavelength is 700 um and its
height is 90 um, and the waveform at this size is typical
wavelet morphology. Fig. 3b shows the results of stainless
steel-steel, suggesting the formation of a large wavy
morphology with a wavelength of 1100 um and a wave height
of about 300 pum at the interface. In addition, there is a small
amount of splash melting block and vortex structure captured
in the results of experimental and numerical simulation for
stainless steel-steel, which are also common morphology of
explosive welding interface and have a considerable impact on
the bonding quality of materials. Fig.3c shows the results of
copper-steel. The flat wavy interface generated by the
explosive composite is defined as the direct bonding
morphology by some scholars, and the interface of Ti-Al
composite is different from other three combination cases, in
which there is no wave shape and the interface is clearly
irregular (Fig. 3d). The results of numerical simulation are
highly consistent with the experimental results, which verifies
the computational accuracy of SPH-FEM algorithm, material
shock and S-G model. Moreover, it can be seen clearly in
Fig. 3 that the numerical simulation waveforms vary
significantly given the same static and dynamic parameters. In
fact, the closer the strength, hardness and other physical and
chemical properties of the two metals, the more significant the
interface waveform effect, and the higher the wave height and
wavelength. In addition, the greater the difference in physical
and chemical properties, the more significant the difference in
deformation tendency of the flyer and base plates in the
mechanical and plastic deformation stage and the thermal
expansion and contraction stage of heating and cooling, which
are mutually affected. Therefore, it is difficult for the interface
to generate waveform morphology, which explains why the
waveform of steel and stainless steel is obvious, and why the
titanium-aluminum composite interface with a clear difference
in strength, hardness and the coefficient of thermal expansion
shows evident irregularity.

As the most important influencing factor for the bonding
quality of explosive welding, interface morphology, especially
waveform morphology, has always been the focus of research
on explosive welding. Due to the short action time of
explosive welding, it is practically difficult to capture the
growth process of interface waveform through traditional
experimental research, so the mechanism of waveform growth
can be studied only based on the interface morphology. At
present, there are four major mechanisms of interface growth

identified, namely, bahrani engraving mechanism"?,
Helmholtz instability —mechanism®,  vortex shedding
mechanism”™ and stress wave instability mechanism”®.

According to bahrani engraving mechanism, the pressure
near the impact point far exceeds the dynamic yield limit of
the material, and the interface material is similar to the
incompressible inviscid fluid. However, this theory ignores
the existence of the interface jet, which is unreasonable. The
vortex shedding mechanism is the most similar to the experi-
mental interface waveform, but there is a lack of disturbance
obstacle. The remaining two theories are debatable because
they are unable to justify the vortex and splash melting block
morphology.

The typical characteristics of ideal waveform, interface
vortex and a small amount of splashing melting block were
obtained through the numerical simulation and experiment for
stainless steel-steel. The numerical simulation results can be
referenced to explore the mechanism of waveform growth.

In Fig. 4, there are 9 segments of the whole interface
waveform growth with equal time difference intercepted, and
the whole process of interface waveform growth is reproduced
completely. From the calculation results, it can be seen clearly
that the interface jet consisting of base plate and flyer plate
exists throughout the interface growth process.

Fig.5 shows the growth process of single waveform and the
velocity vector diagram of interface particles with vortex and
splash melting block. Fig.5a—5f show the complete process of
base plate wave growth, and the circle in Fig. 5e and 5f
indicates the splashing melting block and vortex. It can be
seen that in the wavy interface with the base plate waveform
as reference, the splash melting block serves as the base plate

= a b c
d € f
g h 1

Fig.4 Surface morphology growth process of stainless steel-steel interface intercepted at the same time interval
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Fig.5 Growth process (a—f) and velocity vector diagram (g—1) of single waveform intercepted at the same time interval

material, and the vortex structure acts as the composite
material. According to Fig.5a—51, the interface morphology is
analyzed. Firstly, the high temperature and high pressure
conditions are generated by the high speed inclined collision
between the base and flyer plate. The high-speed jet above
4000 m/s is generated by the collision, the material on the
surface of the base plate near the collision point exhibits the
behavior of incompressible fluid (red area in Fig.5a—5c), and
the surface flow movement of the flyer plate causes initial
accumulation for the surface flow of the base plate. Due to the
short action time of explosive welding and the limited heating
distance in the direction of thickness, the other part of
explosive welding remains incompressible solids with high
yield strength except the surface metal near the impact point.
The flow on the surface of the clad plate is affected not only
by the resistance of the base plate in the direction of thickness
but also by the resistance of the base plate in front of the
impact point. The flow on the surface of the flyer plate shifts
upward gradually in the direction of the base plate surface,
and the flow on the surface of the base plate accumulates into
a wave crest progressively (Fig.5b and 5¢). Consequently, the
flow on the surface of the base plate impacts the surface of the
flyer plate. Besides, due to the obstruction by the reaction
force of the flyer plate material, the flow of the base plate is
reversed to form a complete waveform of the base plate.
Given the impact between flyer plate flow and base plate flow
to flyer plate surface, part of flyer plate flow gets blocked and
rotates anticlockwise, thus forming a small amount of
splashing molten block morphology with part of base plate
flow. After the formation of a complete waveform, part of the
flow of flyer plate rotates clockwise to form the wave front

vortex when the flow of flyer plate affects the base plate
surface again (Fig.5d—5f). The interface flow (not the interface
jet) reciprocates to form a periodic sine wave. As shown in
Fig. 5], the interface metal maintains a velocity of 700—3500
m/s after the collision point gets past, and it continues to grow
for a period of time.

Fig. 6 shows the interfacial morphology of four different
combinations of explosive welding with different parameters.
As revealed by Fig. 6a and 6b, when all other parameters
remain unchanged except collision speed ¥, or the thickness
of the flyer plate J; increases, the waveform morphology of
the four combined interfaces including titanium-aluminum,
titanium-steel, stainless steel-steel and copper-steel becomes
increasingly obvious, while the wavelength and wave height
increase. However, there is no significant linear correlation
between wave size and base plate thickness or impact angle.
Changing the thickness of the base plate can have an impact
on the waveform morphology interface, but cannot determine
the single linear variation law (Fig. 6¢c and 6d). Despite the
difference in the 9 parameter settings of each composite, each
composite maintains its own interfacial characteristics. The
interface waveform of titanium-steel is dominated by elephant
nose shape, while that of stainless steel-steel is evident, which
makes it easy for the copper-steel and titanium-aluminum
interfaces to form flat or irregular morphology.

The physical and chemical properties of steel and stainless
steel are the closest and the interfacial waveform is the most
evident”™. In this study, the conclusions of numerical
simulation are verified through the explosive composite
experiment of stainless steel and steel. The functional
relationship between impact angle f and impact velocity V,
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Fig.6. Numerical simulation of interface under different parameters: (a) different collision velocities with f=15°, 6=1.5 mm, and 6,=8 mm;
(b) different thicknesses of flyer plate with =15°, V=750 m/s, and 6,=8 mm; (c) different impact angles with ¥ =750 m/s, =1.5 mm, and
,=8 mm; (d) different thicknesses of base plate with ¥, =750 m/s, #=15°, and 6=1.5 mm

(Eq.(7) and Eq.(8)) can be determined through the synthesis of
1-dimensional Gurney equation of motion (Eq. (4)), Andre
Koch®" charge model (Eq.(5)) and geometric relationship of
parallel explosive welding (Eq. (6)). There is a relationship
found between impact angle and impact velocity:
V,=2Vysin(p/2) 4)
Eq.(8) and Eq.(9) are obtained by combining Eq.(4)-Eq.(7).
Eq.(8) and Eq. (9) suggest that the impact speed V, and impact

B = 2arcsm( — ( )V’Z[ 6p.0;

252
(P = 1) (590 p 0+ pioe+4pioy)

( 7 )y/Z Al 1" (9)
where E represents the Gurney coefficient of the explosive, y
denotes a multi-index of explosives, p_ indicates the explosive
density, p, refers to the density of the flyer plate, J, means the
explosive thickness, and J; stands for the thickness of the
laminate.

Fig. 7 shows the interfacial metallographic images of
stainless steel-steel and the base plate size is the same as the
explosives with a thickness of 15, 25 or 35 mm. Each
metallograph consists of a stainless steel (410S) duplex at the
top and a plain carbon steel (Q345) base plate at the bottom.
The ideal interface waveforms are obtained at different
positions under three different conditions, confirming that the

s 1)(5peéepf5 + plo; + 4piot)

angle f increase with the thickness of the explosive when the

material and specification of the flyer plate are determined.
6ER

=Sir+ar) ®

— 1 Y Y72
E—yLI(N—I)Vcl (©)
1) ®)

metals with similar physical and chemical properties are more
likely to form wavy bonds. In addition, the experimental
results demonstrate clearly that the interfacial waveform size
of stainless steel-steel at different positions of flyer plate
increases progressively along the direction of detonation, and
rises significantly with the increase in explosive thickness.
Based on the aforementioned conclusions of numerical
simulation, it can be determined that the increase in explosive
thickness improves the collision speed V, during the explosive
welding process, which causes a more significant waveform
effect on the size of the interface.

2.2 Analysis of interface temperature and pressure

As the power of the whole system, the chemical energy
generated by explosive explosion is converted into three
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Fig.7 Metallographic images of stainless steel-steel with different explosive thicknesses

forms: detonation, detonation heat and explosive shock wave.
The energy, which accounts for a tiny fraction of the whole
system, drives the movement of the flyer plate, thus
generating the combined initial kinetic energy required for the
base plate and the flyer plate. Ref. [16] used completely
theory to deduce the quantitative
relationship between interface welding energy and parameters

inelastic  collision
such as explosive and flyer plate. It is pointed out that the
energy released by the explosive gives the flyer plate the
initial velocity (impact velocity). The flyer plate has the initial
kinetic energy, and with the increase in the thickness of the
flyer plate, the energy used for interface welding increases
gradually. When the flyer plate thickness is much higher than
the substrate thickness, the flyer plate movement speed is
basically unchanged before and after the collision, and the
energy of the whole system flows out in the form of the
kinetic energy of the composite plate, and cannot be converted
into the energy for the interface welding.

With other parameters unchanged, the impact speed 7, and
the thickness of the flyer plate J, have a significant effect on
the kinetic energy obtained by the flyer plate. Fig.8 shows the
average interfacial temperature of stainless steel-steel,
titanium-steel, copper-steel  at
different flyer plate thicknesses J; and collision speeds V. It
can be clearly observed that with the increase in flyer plate
thickness J, or collision speed V,, the stable temperature shows

titanium-aluminum  and

a significant increase during explosive welding. In addition,
the average interfacial temperature except titanium-aluminum
explosive bonding is found to be significantly higher than the
melting point of the base plate and flyer plate. Based on the
analysis of material S-G strength equation, it can be judged
that the material at the interface will exhibit a fluid behavior
of 0 yield strength and O shear strength, which supports the
above waveform growth mechanism. As revealed by a further
analysis, both titanium and aluminum have high thermal
diffusivity due to the high melting point of titanium itself, as a
result the temperature of titanium-aluminum explosive
welding composite interface is lower than that of material
itself and irregular bonding morphology of the interface.

Fig. 9 shows the interface temperature under different
impact angles f and base plate thicknesses J,. Unlike the
change with laminate thickness J, and collision velocity V,, the
change of interface temperature is not significant when impact
angle and base plate thickness are changed. Because the flyer
plate kinetic energy is unchanged, the total energy of the
system composed of the base and flyer plate is unchanged
when the impact angle f§ is changed, and the energy used to
generate heat during the plastic deformation of the material is
basically the same. In the theory of explosive composite
window, the impact angle f affects the formation of interfacial
jet and prevents the cladding material from bending
excessively and causing damage.
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Fig.8 Change of average interface temperature with flyer plate thickness J, or impact velocity V: (a) titanium-steel, (b) titanium-aluminum, (c)

stainless steel-steel, and (d) copper-steel
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Fig.9 Change of average interfacial temperature with base plate thickness 6, or impact angle f: (a) titanium-steel, (b) titanium-aluminum,

(c) copper-steel, and (d) stainless steel-steel

According to the completely inelastic impact theory, the
mass per unit area of the base plate increases when the
thickness of the base plate J, rises. Under the conservation of
momentum, the common velocity mitigates the total kinetic
energy loss suffered by the system and the welding energy
acting on the interface compound increases. However, the
results of numerical simulation show that multiplying the
thickness of the base plate J, makes no difference to the

interface temperature. This is because the mechanical
behavior of explosive welding under high pressure and high
strain rate leads to a fast welding process and the negligible
displacement of the base plate, which is equivalent to the
fixed foundation. Therefore, the impact of foundations on
tensile reflection waves is discounted in experiment. Both
loose sandy foundations which are conducive to the

downward movement of the base plate and fixed steel
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Fig.10 Change of interfacial pressure with flyer plate thickness J, or impact velocity V: (a, ¢) copper-steel and (b, d) stainless steel-steel
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Fig.11

foundations which prevent the downward movement of the
base plate can achieve the combination effectively.

Fig.10 shows the interfacial pressure curves under different
thicknesses of flyer plates J, and different impact speeds V. It
can be seen that the interfacial pressure reaches the
instantaneous peak between 20 and 100 GPa at the point of
impact, and the peak pressure drops immediately after the
point of impact is passed. Similar to the pattern of change in
interface temperature, the peak value of interface pressure
increases with the rise in the thickness of the flyer plate and
the impact speed ¥, The interfacial pressure provides the
conditions required for the diffusion of interfacial atoms.
However, it also makes the material prone to damage.
Therefore, it is significant to study the pressure window.
Fig. 11 shows the interfacial pressure curves of titanium-
different plate
thicknesses d, and impact angles f. As base plate thickness 0,

aluminum and titanium-steel at base

varies, the interfacial pressure peak is basically unchanged.
When the impact angle is adjusted, the interfacial pressure

0
O0 2000 4000 6000 8000 10000 O

2000 4000 6000 8000 1000012000
Data Collection Serial Number

Change of average interfacial pressure with base plate thickness J, or impact angle £: (a) titanium-aluminum and (b) titanium-steel

drops with the increase in the impact angle.
3 Conclusions

1) The results of numerical simulation for different
combinations including titanium-aluminum, titanium-steel,
stainless steel-steel and copper-steel are highly consistent with
corresponding interfacial micro-morphology obtained from
the explosive welding experiment, and the S-G strength model
shows high accuracy in the calculation of explosive welding
problems. The material waveform with similar physical and
chemical properties is significant. Titanium-steel
composite welding is characterized by high wavelet interface,

steel-stainless steel shows large wavy bonding morphology,

more

copper-steel interface is flat, and titanium-aluminum interface
waveform produces poor effect. The results of numerical
simulation show a sharp rise in the size of interface waveform
with the increase in the thickness of plate (J, and ¢,) and
collision speed V.

2) The interfacial material behaves as an incompressible
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viscous fluid under high temperature and pressure. The wavy 1962,7(1): 433
interface of explosive welding is due to the reciprocating 16 Wu X, Shi C, Fang Z et al. Materials & Design[J], 2021, 197:
movement of flyer plate flow and base plate flow. As for the 109 279
waveform of the base plate, the interfacial vortex is generated 17 Honarpisheh M, Asemabadi M, Sedighi M. Materials & De-
by the clockwise movement of the laminar flow and the sign[J], 2012, 37(3): 122
spattering melting block generated from the counterclockwise 18 Miao G. Transactions of the China Welding Institution[J], 2020,
movement of the base plate flow. 41(8): 55

3) The data obtained by numerical simulation suggest that 19 Ding J, Cheng Y. Applied Physics Letters[J], 2014, 104(5): 611
the temperature and pressure of the interface are positively 20 Hla B, Ning L, Tao S ez al. Journal of Materials Research and
correlated with the thickness and velocity of flyer plate in Technology[J], 2020, 9(2): 1539
explosive welding. The thickness of base plate has little 21 Tang Kui, Wang Jinxiang, Fang Yu er al. Rare Metal Materials
impact on the temperature and pressure of the interface. and Engineering[J], 2020, 49(5): 1553

22 Tian X, Wang Z, Teng X et al. IOP Conference Series Materials
Science and Engineering[J], 2020, 811: 12 013
23 Yw A, JI B, St B et al. Journal of Manufacturing Processes[J],

Increasing the impact angle f is effective in reducing the peak
value of the interface impact pressure.
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