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Ti/Fe clad plate had attracted extensive attention because of its important application. In order to reduce
the titanium layer thickness, the explosive welding of TA1 titanium foil to Q235 steel plate was carried
out. The interfacial bonding performance was analyzed by micromorphology analysis and mechanical
property test, and the formation process of interfacial wave and molten block in the vortex was simu-
lated by smoothed particle hydrodynamics (SPH) method. The results showed that salt as pressure
transfer layer used in explosive welding could play a good buffer effect on the collision between flyer and
base layers. Regular waveforms were formed on the bonding interface, and the titanium foil/steel clad
plate exhibited good welding quality and bonding property. The crest of the observed interfacial wave
moved 200 um from the beginning to the final formation, and it was important of jet on the formation of
interfacial waveform. The interface was mainly bonded in the form of molten layer, and the grains near
the interface were streamlined. Molten block containing intermetallic compounds and metal oxides
appeared in the vortex of wave crest.
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1. Introduction

Titanium could rapidly form a stable oxidizing protective film in
air or solution [1—4]. Ti/Fe clad plate has both corrosion resistances
of titanium and toughness of steel, which has great utilization
potentiality in chemical equipment, power generation assembly
and ocean engineering [5—7]. Explosive welding is an important
processing method for Ti/Fe clad plate, which converts chemical
energy released by explosive detonation into kinetic energy of flyer
layer to achieve metallurgical bonding between the two metallic
plates [8—11]. Flyer layer for explosive welding needs to collide
with base layer at high speed, thus the thickness of flyer layer is
generally more than 2 mm to withstand explosion load [12—15].
However, titanium layer with a thickness of 400 nm could play a
corrosion resistance effect [1,2,16].
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Due to the excellent bonding ability and corrosion resistance, it
has drawn increasing interest in the explosive welding of titanium
to steel. In Ning et al.'s work, Zr/Ti/Fe clad plate was fabricated by
explosive welding, and their microstructure and mechanical
properties were studied. The corrosion resistance of zirconium and
titanium in the trilaminar clad plate was complementary [ 14]. Song
et al. [7] explored the microstructure of explosive cladding joints
formed among parallel titanium and steel plates and found the
bonding interface formed pronounced hierarchical microstruc-
tures. Somasundaram et al. [15] investigated the interfacial struc-
ture and corrosion resistance of TA1/304L clad plate by changing
mass ratio and preset angle. The microstructural study revealed the
transformation from straight to wavy interface while increasing
loading ratios, and the clad plate has superior performance in
corrosion environment because of the formation of titanium oxide
layer. In Chu et al.’s study [12], low carbon steel and pure titanium
were welded by explosive welding, and intermetallic compounds of
Fe,Ti and FeTi were found at the bonding interface. Zhou et al. [6]
investigated the tensile shear failure mechanism and mechanical
properties of TA2/Q235 clad plate. The tensile shear failure mainly
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occurred along the interfacial wave direction and was caused by the
defects of cavities, cracks and brittle intermetallic compounds.

The cladding thickness of clad plate might only need a few
hundred microns to meet the performance requirements. Many
attempts had been made to realize explosive welding of metallic
foil, and the bonding properties and interfacial formation mecha-
nism of clad plates were investigated by numerical simulation,
mechanical property testing and microstructure analysis. In Yang
et al.’s study [11], aluminum plate as a protective layer was placed
between explosive and tantalum foil, and the tantalum foil was
successfully welded to steel plate by improving traditional explo-
sive welding technology. The microstructures of welded joints were
analyzed by scanning electron microscope (SEM) and energy
disperse spectroscopy (EDS), and the corrosion resistance of Ta/Fe
clad plate was investigated by corrosion test. Inao et al. [17] re-
ported that the explosive welding of aluminum foil to magnesium
alloy plate was successfully realized by adding gel material as
pressure transfer layer to the surface of aluminum foil, and the
attenuation effect of gel material on collision energy was studied.
Yang et al. [18] explored a double-layer structure consisted of a
cardboard and a thin aluminum plate as a buffer layer to reduce the
surface ablation and stress wave damage of copper foil/steel
explosive welding. The interface evolutions, nanomechanical
properties and relevant governing mechanisms of copper foil/steel
welding system were investigated by SPH simulation method and
advanced characterization. In Liu’s work [19], the metallic glass foil
was attached on a driver plate, and an aluminum plate was coated
by a Fe-based metallic glass foil. The explosive welding process was
simulated by a self-developed code and the bonding mechanism
was studied by numerical analysis. The buffer materials used above
were inevitably damaged under the explosion load and could not
be reused.

In this work, the explosive welding of titanium foil to steel plate
was studied by using low detonation velocity emulsion explosive as
welding charge and salt as pressure transfer layer. Microstructure
evolution of the welding interface was characterized by optical
microscope (OM), scanning electron microscope (SEM) and energy
disperse spectroscopy (EDS). The mechanical property was
measured by tensile and bending tests. The explosive welding
process was simulated by smoothed particle hydrodynamics (SPH)
method.

2. Materials and models
2.1. Experimental procedure

A TA1 titanium plate with a dimension of
200 um x 100 mm x 200 mm was bonded to a Q235 steel with a
dimension of 15 x 100 x 200 mm°. The chemical composition of
participant metals is given in Table 1.

Based on emulsion matrix (Table 2), hollow glass microspheres
were used as sensitizer and diluent to prepare low detonation ve-
locity emulsion explosive with 20% microsphere content, whose
density was 685 kg/m> and detonation velocity was 3148 m/s.
Aluminum honeycomb plate was used as explosive frame, which
had good compressive resistance and could ensure uniform charge
thickness. Honeycomb structure explosive with a thickness of

Table 1

Chemical composition of TA1 titanium and Q235 steel. (mass fraction %).
Material C Si Mn Ti Fe (0] N H
TA1 titanium <0.08 — — Bal. <02 <0.18 <0.03 <0.015
Q235 steel <022 <035 <14 — Bal. — — —
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Table 2

Emulsion matrix component. (mass fraction %).
Component NH4NO3 NaNO3 H,0 CygHsg Co4H4406
Content 71 115 11 3.7 2.8

12 mm was prepared by filling honeycomb pores with the emulsion
explosive, specific parameters of aluminum honeycomb panel
could be found in previous work [20]. A 5 mm thick salt layer was
placed on the surface of flyer plate as pressure transfer layer. Salt
crystal was liquefied under the high temperature of 1079 K, which
could protect titanium foil from high temperature burn and reduce
impact load damage [21,22].

A parallel structure was employed to the explosive welding
assembly, as shown in Fig. 1. The stand-off distance between base
and flyer layers was 4 mm. The inner surfaces of the titanium foil
and steel plate were polished, and the welding assembly was
placed on the foundation of spherical tank. The initiating end was
located on the left part of the charge.

After explosive welding, the specimens for microscopic
morphology analysis were cut parallel to the direction of detona-
tion by wire cutting machine. The position of the specimen was
100 mm away from the initiation end, which can avoid unstable
detonation effect of the explosive in the initiation end. The general
morphology was checked via OM (Carl Zeiss Axio Imager A1m) and
SEM (Phenom ProX). The mechanical properties were tested by
universal testing machine (MTS 810).

2.2. Explosive welding simulation

2.2.1. Collision velocity

A 2D planar model was developed in ANSYS/AUTODYN code for
the explosive welding of TA1 titanium foil to Q235 steel plate. The
SPH processor exhibited advantages in accurately simulating the
deformation behavior of materials [23,24]. The parameters of
emulsion explosive and salt in the simulation were consistent with
those in the experiment. To obtain the collision velocity between
flyer and base plates, 2D simulation based on ANSYS/AUTODYN
code was carried out. The flyer material was TA1 titanium with a
thickness of 200 pm, and the base material was Q235 steel with a
thickness of 15 mm. The stand-off distance between base and flyer
layers was 4 mm. A gauges point was set on the inner surface of
flyer layer every 3 mm, as shown in Fig. 2. The particle size was
0.1 x 0.1 mm?, and there were 96,600 particles in the model.

Jones-Wilkins-Lee (JWL) equation of state (EOS) was used for
the explosive, and its calculation formula was as follows [25]:

w w wE,
P=A(1-—"—)e RV B(1-_"_|e RV 220
J( Rlvc))e - J( R2V0>e A

where P is the detonation product pressure, A, Bj, Ry, Rz and w are
the material coefficients, Eq is the initial specific internal energy,
and Vj is the relative specific volume of detonation gas products.
The state parameters of the emulsion explosive are listed in Table 3.

Pressure transfer layer was modelled using Compaction equa-
tion of state and Mo Granular material model, which had better

(1)

7 R T,
Detonator / \Explosive” 3
NaCl / .\Fly plate
Stand-off Base plate

Fig. 1. Assembly drawing of explosive welding of TA1 titanium to Q235 steel.
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TAl

Gauges

Fig. 2. Assembly drawing of explosive welding.

Table 3
Jones-Wilkins-Lee equation of state parameters of explosive.

Material Aj/GPa

318

B/GPa
0.223

Ry
415

R
0.95

Emulsion explosive 0.22

simulation effect for granular material. Compaction equation of
state is often used to describe granular materials, and its calculation
formula was as follows [26]:

P={d+e e —1] bipy ) (2)
where P is the pressure, g, ¢, d, and A are constant parameters that
will be determined based on various curve fitting techniques. pg is
the initial density of the material, py is the current density of the
material.

The pressure transfer layer was formed by salt particles, and the
density of salt particles with various sizes was different. In order to
reduce the differences to achieve better simulation effect. Different
initial parameters were set for Compaction equation of state and
Mo Granular material model. In the work, four kinds of particles
were set to form the pressure transfer layer, the initial densities salt
of salt particles with the same size were shown in Table 4.

The Mo Granular material model can be described as [27].
oy =0p + 0,F (3)
where oy, op, 0, and F denote the total yield stress, the pressure yield
stress, the density yield stress and the pressure of granular
respectively. Accordingly, pressure yield stress and the density
yield stress of pressure transfer layers composed of the four kinds of
particles were shown in Table 5.

Mie- Griineisen equation of state was utilized as the constitutive
law for titanium and steel, and the formula for the material when it
was stretched was [28,29].

P=Py + I'ypo(e —en) (4)
I'y=Topo (5)
Table 4
Compaction equation of state parameters of pressure transfer layer.
Numbers 1 2 3 4
pol(g-cm™3) 2.380 2.485 2.585 2.671
Table 5
Mo Granular material model parameters of pressure transfer layer.
Numbers 1 2 3 4
agp/MPa 34.89 101.32 184.65 500.00
a,/GPa 4.032 4,907 7.769 14.800
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_ poChu(1 + )

TS - P (©)
o Hpy
= 200(1 + 1) o
~_P—Po
H= Po (®)

where p is the material density, I'g is the Griineisen coefficient, cg is
the volumetric sound velocity, s is the material constant, e is the
inner energy, co is the bulk sound velocity. The specific parameters
of the Mie-Gruneisen equation of state of TA1 titanium and Q235
steel are shown in Table 6.

Johnson-Cook material model was used as the constitutive
model for Q235 steel, which could be expressed as [30,31].

7= (A+Bef)(1+Clnep) (1-T"™) 9)

T*:(TZ *Tr)/(Tm*Tr) (10)
where ¢p is the effective plastic strain; g'f, is the effective plastic
strain rate; A, B, C, m and n are the correlation constants of mate-
rials, T, is the particle temperature, T* is the dimensionless tem-
perature, T; is the reference temperature, Ty, is the melting point.
The specific parameters of Johnson-Cook material model of Q235
steel were shown in Table 7.

Steinberg-Guinan material model was used as the constitutive
model for TA1 titanium, which described the expressions of shear
modulus and flow stress before material melting as [32—34].

1= tio [1 +va§—h(T1 —300)} (11)

Y= [Yo(1 + 12°)"] {1 +bPV3 — h(Ty — 300)] (12)

where Y is the flow stress, u is the shear modulus, P is the equiv-
alent plastic strain, V1 is the relative volume, Yo, 81, n, o, b, h and T,
are the given medium constants. The specific parameters of the
Steinberg-Guinan material model for TA1 titanium were shown in
Table 8.

Table 6

Mie-Gruneisen equation of state parameters of TA1 titanium and Q235 steel.
Materials co/(km-s~1) pol(g-cm~3) s o
TAT1 titanium 5.020 4.15 1.536 1.23
Q235 steel 4.569 7.85 1.490 217

Table 7

Johnson-Cook material model parameters for Q235 steel.
Material A/GPa B/GPa n C m T:/K Tim/K
Q235 steel 0.35 0.275 0.36 0.022 1.00 300 1811

Table 8

Steinberg-Guinan material model parameters for TA1 titanium.
Material u/GPa Y/GPa b n
TA1 titanium 434 0.85 0.210 0.1
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2.2.2. Collision simulation

In order to obtain TA1/Q235 explosive welding parameters and
study the formation mechanism of wavy interface, the collision
velocities of 11 gauges points were obtained by explosive welding
simulation, and the collision angles of the corresponding collision
velocities were calculated. The formula for calculating the collision
angle with parallel installation structure could be expressed as
[35,36].

vp =2vcsin(8/ 2) (13)

Ve=14 (14)
where v}, is the collision velocity, v is the collision point velocity, §
is the collision angle, and vq is the detonation velocity of explosive.

The critical collision velocity between dissimilar metal plates
was given by the following formula [37]:

22
TmpminC] C2

Defence Technology 25 (2023) 192—202

and p; are the density of flyer and base layers, respectively, and op;
and opy are the tensile strengths of flyer and base layers,
respectively.

According to the fluid mechanics theory, when the collision
point velocity exceeded its lower limit, the interfacial metal
transformed from laminar flow to turbulent flow, resulting in a
wavy bonding. For the critical collision point velocity, the formula
was as follows [38]:

2Re(Hq + Hy)

18
p1+p2 (18)

Ve,min =

where v¢ min is the critical collision point velocity, Re is the Reynolds
number, and Hy and H; are the Vickers hardness of flyer and base
plates, respectively.

Walsh et al. [39] proposed that the ultimate collision velocity
between dissimilar metal plates could be expressed as

2 tin /T
Up max _ 2Vtwin/T \/P]CPl Vo + paCpav/an

Ve, min

N(c% +G3)

G + G
Vpl( v1CP1 - V2P2) 1>y
1P1L202
Vp,min = (15)
voy (Cv1/)1 + Cvzﬂz) Dy > 1
P2\ Guip1Cuzpa
Ob1 Oh2
Vgl =4 /—— , UVpy = 4 | —= 16
pl P p2 03 ( )
_Gupivpr - Goapavp

where vp min is the critical velocity, vp1 and vp; are the minimum
collision velocity between flyer layers and between base layers,
respectively, p; and p, are the collision pressure between flyer
layers and between base layers, respectively, Gy; and Gy, are the
volume sound velocities of flyer and base layers, respectively, pq

«~—— 125000 particles

«—— 312500 particles

«— TAl

«— Q235

Fig. 3. Schematic diagram of oblique collision model.

p101 + p202
p101p202

(19)

where vp max is the ultimate collision velocity, Cpy and Cpy are the
specific heat capacities of flyer and base layers, respectively, a1 and
ay are the thermal diffusivity of flyer and base layers, respectively,
C1 and G, are the sonic speed of flyer and base layers, respectively,
01 and ¢, are the thickness of flyer and base layers, respectively,
Tmpmin is the lower melting point of flyer and base layers, tmin is the
shortest time for the sparse waves to reflect to the bonding inter-
face, and N is the coefficient related to the sonic speed of material.

In explosive welding, a large enough collision angle was
required for the interfacial metal to produce jet. Therefore, the
formula of ultimate collision point velocity was proposed by colli-
sion angle [40].

Uc,max=%+5.5 (20)
where V¢ mayx 1S the ultimate collision point velocity.

An oblique collision assembly was used to focus on the collision
process of Ti/Fe explosive welding in the simulation model, as
shown in Fig. 3. In order to save calculation time, the size of TA1
titanium as flyer layer was 200 um x 10 mm, and the size of Q235
steel as base layer was 0.5 x 10 mm?. The equation of state, material
model and numerical simulation method remained unchanged. The
particle size was reduced to 4 x 4 pm?, and there were 437,500
particles in the model, which could be enough to get accurate
simulation results. The collision angles were calculated according
to the collision velocities of the 11 gauges points, as shown in
Table 9.

Table 9

Collision velocities and collision angles in the model.
Number 1 2 3 4 5 6 7 8 9 10 11
Collision velocity/(m-s~1) 546 1046 1358 995 971 1320 1234 1444 1506 1500 1069
Collision angle/(°) 10.0 19.1 24.9 18.2 17.7 24.2 22.6 26.5 27.7 27.6 19.5
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3. Results and discussion
3.1. Simulation results of TA1/Q235 explosive welding

The upper limit and lower limit parameters of TA1/Q235
weldability window were calculated according to Eq. (13) to Eq.
(20), as shown in Table 10.

The critical collision velocity and limit collision velocity of the
welding mode were 423 m/s and 2027 m/s, respectively, which was
marked by dotted lines in Fig. 4.

The collision velocities of the welding models were all higher
than the critical collision velocities, which indicated that the pa-
rameters used for explosive welding of titanium foil to steel plate
were reasonable [41]. The starting and ending points of the
explosive were affected by sparse wave, where the collision velocity
was small [10]. However, the detonation velocity increased and
tended to be stable as the detonation transmission distance
increased.

According to the parameters in Table 10, the weldability window
was obtained, as shown in Fig. 5. The collision velocities and
collision angles of the 11 gauges points were represented by dotted
lines in different colors.

It could be seen in Fig. 4 that the first gauges point was located at
the edge of the weldability window, and the following gauges
points were in the middle of the window. The lower collision ve-
locity at the initiating end would affect the interfacial bonding of
clad plate.

3.2. Collision simulation results

TA1/Q235 explosive welding was simulated by the welding
parameters of the 11 groups in Table 9, and the results were shown
in Fig. 6.

Table 10
Weldability window parameters for TA1/Q235 explosive welding.

Vc,max/(rn'571 )

7135

Vc,min/(m'sil)

2156

Material

TA1/Q235

Vp,max/(m'sil)

2027

Vp,min/(m . 571)

423

2200
I
1800 -
1600
1400 1
1200
1000
800 |
600

15061500

7

1444

12347
7

1358

—_
o
K
(o)}

995 971

i
=
[e))

DI

Collision velocity/(m - s7!)

o

400 / /
200 é /
0 A
15 20 25 30
Distance/mm

Fig. 4. Collision velocity between flyer and base plates.
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Fig. 5. Weldability window of TA1/Q235 explosive welding.

The collision velocity of the first group was low, and the inter-
face exhibited a linear bonding. From the second group to the next
ten groups, as the detonation transmission distance increased, the
collision velocity gradually stabilized, and the bonding interface
transformed from straight to wavy. There were scattered particles
in the collision zone, which were metal jets of titanium and steel.
The number of titanium particles were significantly more than that
of steel particles. Materials with low density were more likely to
form jets, which was consistent with the results of Wang [42].
Metal jet could remove oxide layer and impurities on the inner
surface of base and flyer layers, which was beneficial to the bonding
of the two materials.

3.3. Microscopic morphology analysis

In order to study the morphology of TA1/Q235 bonding inter-
face, the metallographic sample was prepared by grinding and
polishing the sample along the direction parallel to the detonation
wave. The microstructure was observed by OM, as shown in Fig. 7.

Fig. 7 showed' the metallographic structure of TA1/Q235 clad
plate. A black molten metal appeared at the interface, which was
mainly bonded in the form of molten layer, and the grains near the
interface were streamlined. During explosive welding, the high
speed collision in a very short time caused the melting of the
interfacial metal and strong plastic deformation of the grains on the
steel side, resulting in rheological phenomenon and the grains on
the steel side exhibited a streamline shape. The phenomenon was
accordance with previous works [43—45]. The interfacial air was
not completely discharged in the high speed collision between base
and flyer layers. Under the joint action of adiabatic compression
heat and plastic deformation heat, the interfacial metals melted
and diffused to form a black molten layer [44].

It could be seen in Fig. 7 that the metallographic structure in the
vortex of the crest contained Ti metal particles. Part of the broken
particles were involved in the vortex during the movement, and
finally formed molten blocks coated by base material. It was
consistent with the phenomenon observed in the explosive weld-
ing by predecessors [11,46,47].
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V=995 m s, p=18°

© V=1506m- s, p=28°

V,;=1069 m - s, f=20°

TAl Q235

100 pm

Fig. 6. The simulation results with different collision velocities.

Fig. 7. Metallographic structure of TA1/Q235 interface.

In order to further study, the components of the molten block in
the vortex and molten layer at the crest, SEM observation and EDS
analysis were performed, and the results were shown in Fig. 8.

Fig. 8(a) showed the back scattering diagram of the TA1/Q235
bonding interface. The average wavelength and amplitude were
100 pm and 35 pum, respectively. No holes and cracks appeared at
the interface, indicating that the TA1/Q235 clad plate had good
bonding quality. The average thickness of titanium layer was
170 um, lower than its original thickness of 200 um. Because the
residual energy of the collision between base and flyer layers
directly was acted on the metallic material, the residual deforma-
tion occurred in the thickness of the clad plate [19,40]. Fig. 8(b)
displayed the local magnified scanning electron microscopy image
of the wave crest. Molten layer exited on the TA1/Q235 bonding
surface and the vortex of the crest contained molten block. Point
scanning was conducted for points 1 to 6 in Fig. 8(b) to analyze the
components of molten layer and molten block, and the results were
shown in Table 11. According to the point scanning element analysis
of points 1 to 3, the molten layer was mainly composed of Ti

197

element and contained a small amount of Fe and O elements. It
could be seen in Table 11 that O element was detected in the molten
layer, which might be because the inner surface of the metallic
plate was not completely cleaned or the air between flyer and base
plates was not completely expelled [5,48]. According to the atom
ratio of Ti to Fe, the molten block was mainly composed of inter-
metallic compounds of FeTi and Fe,Ti [7,10,12].

It could be observed in Fig. 8(c) and (d) that the tissues on the
steel side rotated, and the metallic particles in the middle form
vortices, reflecting the characteristics of rotational motion during
the formation of the wavy interface. It was consistent with the grain
deformation of steel in the metallographic observation, indicating
that the interfacial metal was in a state of high temperature and
high pressure in the process of explosive welding, and the metal
exhibited quasi-fluid behavior [18,19]. The molten titanium and
oxygen elements might form a small amount of titanium oxides,
while a small amount of Fe elements diffused to the titanium layer
near the interface. The molten metal cooled in a very short time,
thus elemental diffusion was not obvious.

3.4. Mechanical property testing

The tensile and bending specimens were prepared following GB/
T 6396-2008, which was used to characterize the bonding strength
of the interface under tensile failure and the plastic deformation
ability of the clad plate under bending load. The tensile and
bending specimens were processed by three-point bending and
tensile tests, respectively. The thickness of tensile and bending
specimens was 2 mm, including 200 um thick titanium layer and
1.8 mm thick steel layer. The specific sizes were shown in Fig. 9 and
Fig. 10.

The specimens were put into the three-point bending mold for
bending test, and the bending specimen was observed for separa-
tion or crack to characterize its cold working bending performance.
Experimental conditions and results were shown in Table 12 and
Fig. 11, respectively.

It could be seen from Table 12 and Fig. 11 that no separation or
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(b)

Molten area

(d)

Fig. 8. SEM and EDS analysis of the TA1/Q235 clad plate: (a) waveform at the interface; (b) Point scanning at the crest; (c) Map scanning at the crest; (d) Partial magnification of the

molten region at the crest.

Table 11
Point scanning analysis results.
Targets 1 2 3 4 5 6
Fe/(at%) 0.62 1.46 0.65 59.63 49.67 49.41
Ti/(at%) 94.48 97.12 99.10 34.65 47.19 40.05
Of(at%) 4.90 1.42 0.24 5.72 3.14 10.53
20 mm 40 mm
TA1
Q235 =
10w 15 mm
100 mm

Fig. 9. The size of tensile specimen.

TAl
Q235

10 mm

120 mm

Fig. 10. The size of bending specimen.

local cracks were found at the interface of outcurve and incurve
specimens, and the interface remained intact, indicating that the
clad plates had good bending properties during cold working.

Table 12
Conditions and results of bending test.

Incurve

Fig. 11. Physical drawing of specimen after bending.

There might be microscopic defects at the bonding interface of
the clad plate, and these defects might develop along the welding
direction as crack sources under the action of external loading. The
fracture morphology was observed by SEM to study interfacial
morphology and bonding quality of tensile fracture specimens. The
tensile failure specimen and fracture morphology were shown in
Fig. 12 and Fig. 13, respectively.

Fig. 13 showed the fractography of titanium foil/steel tensile

Experimental method Test length/mm

Bending diameter/mm

Bending angle/(°) Bonding condition

Incurve 120 40
Outcurve 120 40

120 No separation
120 No separation
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Fig. 12. Physical drawing of tensile failure specimen.

failure specimen. No separation and cracks were observed at the
fracture interface, and the bonding quality of the interface was
good. The tensile fracture exhibited obvious plastic deformation,
and there were numerous dimples with different sizes on the
fracture surface of titanium and steel layers. Compared with that of
the titanium side, the dimple size on the steel side was smaller and
shallower, as shown in Fig. 13(b) and Fig. 13(c). After high speed
collision, high temperature melting and rapid cooling occurred at
the interface [11]. Although the process restored the toughness of
the material to some extent, the possible microscopic holes in the
material could be not eliminated. After nucleation, growth and
aggregation of microspores under plastic deformation, these mi-
crospores were connected to each other, resulting in the ductile
fracture of the material [5,48].

3.5. Formation mechanism of waveform and molten block

Explosive welding is transient and it is difficult to study the
whole welding process through experiment. Bahrani-black-
crossland theory, helmholtz instability theory, vortex shedding
mechanism and stress wave mechanism are the main theoretical
achievements at present, among which Bahrani-black-crossland

Defence Technology 25 (2023) 192—202

theory has a high degree of recognition. The theory takes into ac-
count the effects of collision point pressure, jet penetration and
shear stress, which describes the formation of vortices and periodic
waveforms vividly [18,49].

The parameters of collision velocity of 1358 m/s and collision
angle of 2° were used for the collision simulation. The particles that
constituted the waveform were tracked, and their velocity vectors
at each stage were shown in Fig. 14. The observation position was
fixed and the variation of interfacial waveform was recorded every
0.01 ps, as shown in Fig. 14(a). The observed interfacial wave crest
moved 200 um from the beginning to the final formation. There-
fore, when the collision velocity was appropriate, the interface still
needed a certain distance to form wavy bonding, which might
affect the bonding morphology at the initiation point. The simula-
tion and velocity vector diagrams of key positions of explosive
welding interface were studied, as shown in Fig. 14(b)—Fig. 14(f). In
the Bahrani-black-crossland theory, it was considered that the
interface presented wavy bonding under the action of salient and
re-entrant jets [49].

Fig. 14(b1) showed the initial position of the interfacial wave-
form. It could be seen that the salient jet generated by the previous
waveform scoured base material. The jet resulted in indentation
and bump on the surface of base material, which gradually devel-
oped into a complete waveform in the subsequent evolution. The
velocity of the re-entrant jet reached about 2000 m/s. The wave-
form formed under the action of high speed scouring and extrusion
indicated the important role of jet on the formation of interfacial
wave. The salient jet collided with the wave crest and formed re-
entrant jet in front of wave crest, as shown in Fig. 14(c1) and
Fig. 14(d1). The direction of re-entrant jet was gradually downward,
creating conditions for the formation of the next waveform
(Fig. 14(d1)). As the collision point moved, the particle velocity of
the interfacial wave slowed down gradually. At this time, the re-
entrant jet was easy to form defects such as vortices and holes
(Fig. 14(e1)), which could affect the bonding performance
[11,21,44,50]. The re-entrant jet was composed of molten steel and

Fig. 13. Fractography of tensile fracture specimen close to the interface: (a) At the interface; (b) TA1 layer; (c) Q235 layer.
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Fig. 14. Collision simulation diagrams and velocity vector diagram: (a) The changing
process of waveform formation, The steps of interfacial waveform formation (b1-d1)
with corresponding velocity vector (b2-d2), The beginning of the vortex (el) with
corresponding velocity vector (e2), (f) The end of the vortex.

End of the vortex
)

titanium at high temperature, and the air at the interface was not
discharged in time, providing an environment for Fe and Ti ele-
ments to form metal oxides and intermetallic compounds at high
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temperature (Fig. 14(f)).

In the collision simulation study, vortex simulation diagram of
TA1/Q235 explosive welding could be obtained, as shown in
Fig. 15(a). The molten block was composed of steel and titanium
elements. This was because that steel and titanium melted in a high
speed collision, resulting in mutual diffusion and the formation of
intermetallic compounds. It could be seen in Fig. 15(a) that the gap
between particles was large, and there might be oxygen not
completely expelled in time at the collision interface, resulting in
the formation of metal oxides at the interface. It was similar to the
component of molten block observed by SEM image in Fig. 15(b).

3.6. Interfacial characteristic of TA1/Q235 explosive welding

The plastic strain, density, temperature and pressure variation
rules of collision interface were obtained by numerical simulation
to study the interfacial characteristic, as shown in Fig. 16.

Fig. 16(a)—Fig. 16(d) showed the temperature, pressure, density
and effective plastic strain distributions of TA1/Q235 explosive
welding interface, respectively. The temperature of the interface
and vortex was close to 4000 K, and the interfacial pressure basi-
cally exceeded 18 GPa. As the distance from the interface increased,
the temperature and pressure of base and flyer materials decreased
rapidly. Both base and flyer materials melted, and intermetallic
compounds were easily formed at the bonding interface [7,10,12].
The molten layer at the interface was usually thin, and base and
flyer materials still maintained good mechanical properties when
the distance from the interface was 50 um. The density of titanium
and steel was 4.5 g/cm® and 8.0 g/cm?, respectively. However, the
density of molten layer at the interface was 7.0 g/cm?, which was
between that of titanium and steel. The interfacial metal melted
under the action of high temperature and high pressure generated
by high speed collision. The molten metal cooled in a very short
time to form molten layer, and created conditions for the genera-
tion of intermetallic compounds [10,18]. It was consistent with the
SEM observation. The maximum effective plastic strain of the
molten layer and the molten block in the vortex reaches 6. Gener-
ally, the higher the temperature was, the lower the strength of the
metal was, and the pressure was sharply reduced as the distance
from the interface increased [51]. Therefore, the effective plastic
strain value of the metal at the interface was much larger than that
of materials far away from the interface.

4. Conclusions

The explosive welding of 200 pm thick titanium foil to steel
plate was studied by numerical simulation and experiment. Optical
microscope (OM), scanning electron microscope (SEM) and energy
disperse spectroscopy (EDS) were used to observe the interfacial
microscopic morphology of the TA1/Q235 clad plate. Smoothed
particle hydrodynamics (SPH) simulation method code was used to
study the forming mechanism of waveform and vortex, and the
following conclusions could be obtained:

(1) Salt was used as a pressure transfer layer, which could
decrease the acceleration process of explosive welding and
avoid the high temperature burn caused by explosive deto-
nation, and titanium foil/steel explosive welding was suc-
cessfully achieved. No separation or local cracks were found
at the interface of bending and tensile fracture specimens,
and the interface remained intact, indicating that the clad
plate exhibited good cold workability.
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Fig. 15. SEM and simulation images of vortex: (a) Simulation image of vortex; (b) SEM image of vortex.
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Fig. 16. Interfacial characteristic diagrams of explosive welding: (a) Temperature distribution; (b) Pressure distribution; (c) Density distribution; (d) Plastic strain distribution.

(2) Regular waveforms could be formed at the interface of the
TA1/Q235 clad plate. The average thickness of the titanium
layer was 170 pm, and the average wavelength and ampli-
tude of the interfacial waveform were 100 um and 35 pm,
respectively.

(3) The interface of titanium foil/steel clad plate was mainly
bonded in the form of molten layer. The molten layer was
mainly composed of Ti element, containing a small amount
of Fe element. There were molten blocks in the vortex of
wave crest. According to the atomic ratio, the intermetallic
compounds were mainly composed of FeTi and Fe;Ti.

201

(4) The re-entry jet resulted in indentation and bump on the
surface of base material, which gradually developed into a
complete waveform in the subsequent evolution, indicating
the important role of jet on the formation of interfacial
waveform.
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