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Abstract
An innovative explosive welding technology, self-restrained explosive welding (SREW), was studied in this work. Compared to
the conventional method, the new technology significantly increased the energy efficiency of explosives and produced less toxic
and greenhouse gas. Moreover, it was able to obtain three or more welded plates all at once, and the motion of the plates was
restrained by each other. Welding employing SREWmethod for a three-layer setup and two five-layer setups was conducted with
different initial parameters. The dynamic parameters during the collision process were obtained theoretically and experimentally,
and the welding quality was evaluated through optical metallographic observation. The results showed that the motion of all the
welded plates was well restrained using this method, and the explosive consumption of a five-layer setup was reduced by 63%
compared to the conventional method, when getting the same bonding quality and numbers of welded plates. The measured
impact velocity values were found to be slightly lower than the calculated ones. According to microstructure analyses, excellent
bonding interfaces were obtained through SREW method when employing suitable welding parameters.
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1 Introduction

Explosive welding, a well-known solid state method for join-
ing various metal materials, employs intense explosive energy
to make metals produce a high-speed oblique collision and
achieve metallurgical bond [1, 2]. This technology is charac-
terized by good bonding quality and capability to directly join
a wide variety of combinations of metals that may not be
welded by any other techniques [3–5]. Up to now, more than
260 various similar and dissimilar metals and alloy combina-
tions have been successfully welded using this technology [6].
The corrosion or wear resistance, thermal conductivity, or
even anti-friction properties of composite materials produced
by explosive welding are greatly improved [7]. In addition,
explosive welding is capable of joining metals with large

surface areas and keeping the physical and chemical proper-
ties of the wrought parent components unchanged [7].

Explosive welded products have been widely applied in both
chemical and nuclear industries [5]. Because of the large de-
mands for the welded plates, the explosive consumption is huge.
Nonetheless, the earlier studies on explosiveweldingweremost-
ly focused on the manufacturing procedures [8, 9], weldability
window [10], and bonding properties for various types of joined
metals [11–14]. There were few studies on energy efficiency of
explosives and environmental protection. The conventional ex-
plosive welding (CEW) setup (Fig. 1) only takes advantage of
the energy released by one side of explosive sheet. Amounts of
energy are released freely in the form of air shock wave, which
leads to big wastage of explosive energy and serious secondary
pollution. Some researchers [15–18] employed underwater ex-
plosive welding technique to join easily damaged metals, and
found that more ideal impact velocity of flyer plates was obtain-
ed due to that the shock waves exerting on flyer plates were
adjusted by water. Meanwhile, explosion noise and dust were
significantly reduced since amount of energy was absorbed by
water. A double-sided explosive welding (DSEW) setup (Fig. 2)
was proposed to increase the energy efficiency of explosives, in
which less explosives could obtain two composite plates simul-
taneously [19, 20]. However, the high-speed uncontrollable mo-
tion of the DSEW plates may damage the products and cause
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security risks, which make the direct application of DESW
impossibility.

In present work, a self-restrained explosive welding
(SREW) setup (Fig. 3) was proposed to improve energy effi-
ciency of explosives and restrict the flight of the welded plates.
In addition, water was used for covering the outer explosive
sheet to reduce the dust. Steels were chosen as a model system
since the broad application prospects and the physical and
mechanical properties were well known [21, 22]. Welding of
no. 45 steel to Q235 steel and SUS304 stainless steel to Q235
steel was carried out through SREW method, and the experi-
mental results were analyzed by explosive welding window.

2 Weldability window

Reasonable selection of explosive welding parameters is nec-
essary for good welding quality [10, 23]. There are three main
dynamic parameters during collision process, i.e., collision
angle β, collision point velocity vc, and impact velocity vp,
however, they are related to each other for certain geometric
relationships and only two of them are independent. Thus, any
two of the dynamic parameters are capable of constituting a
weldability window in the same plane. In this study, the col-
lision point velocity vc and collision angle β were selected to
calculate the weldability window.

In order to make impact pressure at bonding interfaces
exceed the yield stress of the materials to promote plastic
deformation, the impact velocity of flyer plates must be larger
than the lower limit of impact velocity. For welding of similar
metallic materials, the lower limit of impact velocity can be
calculated by the following formula [24]:

vpmin ¼ σb

ρ

� �1=2 ð1Þ

where σb is the tensile strength and ρ is the density of the flyer
plate.

There were two different definitions proposed by Wittman
[25] and Deribas [26] about upper limit of collision angle. For

the former, the limit was defined to avoid producing a continuous
interfacial melted zone between the metal materials. According
to the thermophysical properties of the welded materials, the
below equation was proposed to describe the upper limit [25].
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β
2
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where all parameters are referred to the material properties of the
flyer plate, and N is a constant factor for steel taking the value of
0.062 [27], Tm the melting temperature, c the sonic speed, k the
thermal conductivity, cp the specific heat capacity, and h the
thickness.

Deribas [26] accepted the interfacial melted zone that
was not allowed to occur in Wittman’s upper limit, and
defined the boundary by determining the condition that the
time for solidification of the melted zone should be less than
the time for tensile wave to reach the interface. Therefore,
there is no welding joint forming on the top of the boundary
calculated by Deribas, and welding occurs with interfacial
melted zones in the region between the two upper bound-
aries. Deribas [26] calculated the upper boundary by the
following equation.

sin
β
2

� �
¼ E

6ρ 1−2νð Þ
� �1

2 1

h0:25v1:25c

ð3Þ

where E and ν are the elastic modulus and Poisson’s ratio of
the flyer plate respectively.

There is a lower limit of collision point velocity for
predicting the laminar–turbulent flow transition of the
welded materials. This limit also defines the transition from
straight to wavy interfaces between the flyer and base
plates. Wavy interfaces can be obtained when the collision
point velocity is larger than the lower limit. Cowan et al.
[28] defined the lower limit of collision point velocity with
hydrodynamic analogy.

vcmin ¼ 2Re H1 þ H2ð Þ
ρ1 þ ρ2

� �1=2
ð4Þ

Fig. 1 The conventional
explosive welding (CEW) setup

Fig. 2 The double-sided
explosive welding (DSEW) setup
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where Re is a critical Reynolds number taking values of 10.5
[27] and H1 and H2 are the Vickers hardness numbers of the
flyer and base plates respectively.

The upper limit of collision point velocity is related to the
formation of a jet at the collision point. For this reason, Walsh
et al. [29] proposed that the collision point velocity should not
be larger than the sound speed of the welded materials.
However, this limit is not enough to meet the condition that
jetting and consequently welding occur. A minimum collision
angle is also required to satisfy that impact pressure is high
enough to drive the interface metals into a jet. Thus, the upper
limit of the collision point velocity vc was calculated as a
function of collision angle β [30].

vc ¼ β
10

þ 5:5 ð5Þ

The material property parameters involved to the calcula-
tions are given in Table 1. Welding window of no. 45 steel to
Q235 steel and SUS304 stainless steel to Q235 steel were
developed based on Eqs. (1)–(5) and shown in Figs. 4 and 5
respectively. The parameters used in this paper are also shown
in Figs. 4 and 5.

3 Experiment

3.1 Experiment methods

Figure 3 shows the schematic diagram of SREW. This ar-
rangement is composed of one or more setups of DSEW
(Fig. 2) and one setup of CEW (Fig. 1). The setups of
DSEW are symmetric to the explosive sheet, which are
stacked on top of each another in sequence. The setup of
CEW is placed on the top of all DSEW setups. In order to
mitigate the secondary pollution and improve explosion ener-
gy efficiency, water with the same mass as a flyer plate is
placed on the top of the CEW setups. For investigating the
restricting effect of the SREW method on the welded plate,
two groups of tests were carried out in a cylindrical explosion
vessel respectively adopting a three-layer setup (one setup of
DSEW and one setup of CEW) and a five-layer setup (two
setups of DSEW and one setup of CEW). The diameter and
length of the vessel are 2.5 m and 5 m, and the inner wall of
the vessel was coated with plastic film. We judged the
restricting effect by sign of impact between welded plates
and inter wall of the vessel. A test using sand soil to restrict
the motion of the DSEW plate was also conducted for a com-
parison. As shown in Fig. 6, the thickness and density of the
sand soil are 100 cm and 1.8 g/cm3. This test was carried out in
open space, and we evaluated the restricting effects by record-
ing the flight distance of the upper welded plate. In the three
tests, the welding parameters were selected close to the upper
limit of the welding window to obtain the maximal velocity of
the welded plate. Thus, the motion of the welded plate is the
hardest to be restricted in this condition, which makes the
experiments more convincing.

A test with five-layer setup was carried out to study the
welding property of the SREW method, and a test using the
CEW method was also conducted for a comparison. For the
two tests, the welding parameters were selected suitable for

Fig. 3 The self-restrained explosive welding (SREW) setup

Table 1 Selected material parameters used for calculating welding window

Material ρ [kg m−3] Hv [Mpa] c [m s−1] σb [Mpa] Tm [°C] K [w/(m °C] cp [J/(kg °C] E [Gpa] ν

Q235 7850 1300 6000 405 1493 38 500 210 0.27

No. 45 7850 1900 5200 600 1495 38 500 210 0.27

SUS304 7930 1700 4500 560 1454 22 500 194 0.30
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explosive welding, so good bonding interfaces were expected
to be obtained.

Figure 7 illustrates the detonation velocity and dynamic pa-
rameter measurements, in which the detonation velocity was
measured by recording the time interval between two probes
(The chronometer is 2BS-110 with a time resolution of 0.1 μs).
Four probes were employed for each of the experiments, and the
average detonation velocity was determined. The dynamic pa-
rameters were obtained bymeasuring the triggering time of three
sensors. After the explosive initiation, the explosion pressure
drove the flyer plate downward as the detonation wave moved
forward. As shown in Fig. 7, during the continuous collision
between the flyer plate and base plate, sensors A, B, and C (the
same three PVDF piezoelectric gage with thickness of 50 μm
andmaximum response frequency of 1000MHz) were triggered
sequentially, and the triggering time was recorded by an oscillo-
scope with a time resolution of 1 ns (Tektronix MDO4104C).
Figure 8 shows a typical oscillogramobtainedwith this technique

(test no. 4). The collision point velocity vc is determined by the
following equation:

vc ¼ s1 þ s2
t1 þ t2

ð6Þ

where s1 is the horizontal distance between A and B, s2 is the
horizontal distance between B and C, t1 is the triggering time
interval of sensor A andB, and t2 is the triggering time interval of
sensor B and C.

The collision angle β is expressed as

β ¼ tan−1
h

s1−vct1

� �
ð7Þ

where h is the vertical distance between B and A (The height
of A and C is equal).

After calculating vc and β, the impact velocity vpe can be
calculated by the following equation:

vpe ¼ 2vcsin β=2ð Þ ð8Þ

The conditions of the measurements were designed to be
the same with the welding conditions, and the initial parame-
ters for the measurements are listed in Table 2.

The parallel setup geometry located on a steel anvil was
employed for all the experiments. All detonators were located
at the same position of each explosive sheet and initiated si-
multaneously. After welding, the specimens were cut parallel
to detonation direction, and the cross-sections of which were

Fig. 5 Welding window of SUS304 stainless steel/Q235 steel for
explosive cladding with selected parameters

Fig. 4 Welding window of no. 45 steel/Q235 steel for explosive cladding
with selected parameters

Fig. 6 Schematic diagram of DSEWusing sandy soil to restrict the upper
welded plate

Fig. 7 Diagram of detonation velocity and impact velocity measurement
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groundwith emery papers up to no. 3000 and polished to 1 um
by diamond paste. Then, the welded plates were etched by
etchant consisting of 3 mL HNO3 and 97 mL anhydrous
alcohol.

3.2 Experiment materials

The flyer and base plates employed in the three-layer setup
and DSEW setup were made of no. 45 steel and Q235 steel.
SUS304 stainless steel and Q235 steel plates were employed
as flyer and base plates respectively for the two groups of five-
layer setup and the conventional setup. The dimensions of the
flyer and base plates were 300 mm × 150 mm× 2 mm and
300 mm × 150 mm× 20 mm respectively in all the experi-
ments, and their surfaces were used as received. The physical
and mechanical properties of the flyer and base plates are
given in Table 1.

Honeycomb structure explosives consisting of aluminum
honeycomb filled with emulsion explosive were employed as
explosive materials, which can improve the mechanical
strength of the explosive and accurately control the height
and uniformity of the explosive. As shown in Fig. 9, the thick-
ness of aluminum foil was 60 μm and the side length of the
regular hexagon cell was 8 mm. The components of the

emulsion matrix are presented in Table 3. Hollow glass
microballoons were chosen as the sensitizer with mass frac-
tion of 4% and 15%.

4 Results and discussion

For all the SREW tests, no sign of impact was found on inter-
nal surface of the vessel, and all the welded plates nearly
remained in the initial position (no more than 1.5 m), which
demonstrated that the flight of all the welded plates was well
restrained using this method. Since the same collision angle
and collision point velocity were designed for every flyer
plate, the flight velocity of two adjacent welded plates was
the same size but in the opposite directions. Therefore, the
motion of the two adjacent welded plates was constrained by
impacting with each other. Because both the upper and lower
sides of explosive sheet were constrained, the energy released
freely was reduced and energy efficiency was increased.
Moreover, covering water was vaporized and scattered in the
air, which mitigated the explosion smoke and dust. While for
the DSEW test, although the thickness of the sand soil was as
high as 100 cm, the result showed that the upper welded plate
traveled up to about 50 m away from the initial position.
Obviously, the restricting effect is unsatisfactory using this

Fig. 8 Typical example of a result used to determine the impact velocity

Table 2 The explosive welding and dynamic parameter measurements for different experiments

Test no. Experimental method S1 (mm) S2 (mm) h (mm) x0 (mm) x1 (mm) ρ (g cm−3)

1 Three-layer setup 34.8 35.4 1.98 10 8 1.18

2 Five-layer setup 35.2 35.2 1.94 10 8 1.18

3 DSEW setup 34.8 35.5 1.96 10 8 1.18

4 Five-layer setup 35.7 35.0 1.92 10 8 0.80

5 Conventional setup 35.6 35.0 1.94 16 8 0.80

Note: x0 is the explosive thickness, x1 is the stand-off distance between flyer and base plate, and ρ is the explosive density

Fig. 9 Honeycomb structure explosive
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way. Considering that this method can also lead to other prob-
lems such as added costs, covering material shortage et al., so
it is not an ideal way to restrict the motion of the upper welded
plate.

Figure 10 shows the welded plates of SREW from test no.
4. Five composite plates were obtained through one shot,
which is helpful to improve the work efficiency and save
explosion place. As shown in Fig. 10, no macroscopic defect
was observed, and the ultrasonic test results showed that all
five welded plates were 100% bonded. In addition, the welded
plate produced by CEW also achieved 100% bonding, which
indicated that the welding parameters of the two tests were
reasonable.

4.1 Impact velocity of flyer plate

For the setups of CEW with a covering for explosives, the
impact velocity vpg is calculated from the Gurney equation
adapted for asymmetric sandwich configurations [31].

vpg ¼
ffiffiffiffiffiffi
2E

p 1þ A3

3 1þ Að Þ þ
N
C
A2 þ M

C

� �−1=2
ð9Þ

where E is the Gurney energy and N, C, and M are the mass
per unit of area of the covering, the explosive, and the flyer
plate, respectively. N is equal to 0 for CEW without covering.

The A is determined by the formula below [31]:

A ¼
1þ 2

M
C

1þ 2
N
C

ð10Þ

For the two welding methods of DSEW and SREW, the
covering is also a flyer plate, which is the same as the plate
on the bottom of the explosive sheet, that is, N = M. So we

obtain the Gurney impact velocity of this case from simplify-
ing Eq. (9).

vpg ¼
ffiffiffiffiffiffi
2E

p 1

3
þ 2

M
C

� �−1=2
ð11Þ

Based on energy conservation, a calculation formula of
Gurney energy was given [32].

E ¼ 1

γ2−1
γ

γ þ 1

� �γ

vd2 ð12Þ

where γ is the polytropic exponent of detonation products, and
the value for emulsion explosive is equal to 2.5.

The Gurney velocity of flyer plates can be calculated by
substituting Eq. (12) into Eqs. (9) and (11). However, the
value of the impact velocity vpg predicted by Gurney equation
corresponds to the terminal velocity, it is necessary to take into
consideration its acceleration at such a short stand-off distance
of 8 mm. Based on Lagrange’s principle, the following equa-
tion was proposed to describe the acceleration history for
asymmetric sandwich configurations [33]:

vpc ¼ vpg 1−
x0

x0 þ 1þ Að Þx1

� �γ−1
" #1=2

ð13Þ

where x0 is the initial thickness of explosives and x1 is the
displacement of the flyer plate.

The calculated (according to the aforementioned proce-
dure) Gurney velocity vpg and impact velocity vpc, the mea-
sured detonation velocity vd, collision point velocity vc, colli-
sion angle β, and impact velocity vpe are listed in Table 4.

It is generally recognized that the collision point velocity is
equal to the detonation velocity of explosives for parallel setup
geometry. As listed in Table 4, the measured detonation veloc-
ity vd and collision point velocity vc are nearly equal, which
verified the reliability of the experiment. For impact velocity,
the maximum error of the calculated and measured value is not
more than 8%, which proved the effectiveness of the calcula-
tion. The measured value vpe is slightly lower than the calculat-
ed value vpc, which could be attributed to air and support col-
umn that influence the impact velocity with a negative manner.
Table 4 also shows that the similar impact velocity of test no. 4

Table 3 Component of the emulsion matrix

Component NH4NO3 NaNO3 H2O C18H38 C24H44O6 C12H26

Mass fraction 75% 10% 8% 4% 2% 1%

Fig. 10 Welded plates of SREW from test no. 4

Table 4 The calculated and measured results for different experiments

Test no. vd (m/s) vc (m/s) β (°) vpe (m/s) vpc (m/s) vpg (m/s)

1 4919 4944 10.8 931 1001 1147

2 4980 4923 11.4 980 1013 1161

3 4880 4848 10.8 925 993 1138

4 3219 3110 9.8 534 549 629

5 3283 3253 9.8 557 597 631
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and test no. 5 were obtained; for test no. 4 (SREWof five-layer
setup), three explosive sheets with the thickness of 10 mm pro-
duced five welded plates, while for test no. 5 (setup of CEW),
one explosive sheet with the thickness of 16 mm only obtained
one welded plate. Compared to the CEWmethod, the explosive
consumption of test no. 4 was reduced by 63%, when getting
the same welding condition and numbers of welded plates.

4.2 Microscopic observations

Figure 11 shows the microstructure of as-welded specimen
interfaces for test no. 1. As shown in Fig. 11a, b, the bonding
interfaces of the two welded plates from DSEW are exactly
similar, which could be attributed to that the flyer plates on
both sides of the explosive sheet were subjected to the same

Fig. 11 Morphology of weld interface for test no. 1. a, c The lower plate of DSEW. b The upper plate of DSEW. d, e The plate of CEW with covering

Fig. 12 Morphology of weld interface for test no. 2. a, e The lower plate of DSEW 1. b The upper plate of DSEW 1. c, f The lower plate of DSEW 2. d
The upper plate of DSEW 2. g, h The plate of CEW with covering.
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loading. According to the welding window (Fig. 4), the
welding condition was placed close to the upper boundary
calculated by Deribas [26]; therefore, waviness with melted
zones was expected to be formed at the bonding interfaces.
Metallographic examination of the welded plate confirmed the
prediction. The regular wave morphology with discontinuous
melted zones was observed at the bonding interfaces, as illus-
trated in Fig. 11a, b. The average wavelength and amplitude of
the wave are 515 μm and 170 μm, respectively, and the thick-
nesses of the melted zones are in the range of 0–90 μm. It is
generally recognized that dissipated energy of the impacting
plates in the form of heat increasing leads to the melted zones
[34]. The materials near vortexes of the bonding interface are
heated the most [35], so the thickest melted zones are usually
formed in those regions. Typical defects such as cooling cavity
and cracks in the vortices due to solidification can be seen in

Fig. 11c, which can deteriorate the properties of the bonding
interface [36]. For the welded plate fromCEW, the microscop-
ic result shows that irregular waves with continuous melted
zones were formed at the bonding interface (see Fig. 11d, e).
Unlike the DSEW, there are almost continuous cracks at the
middle of the melted zones, which could be attributed to ten-
sile wave from the free surface. For the CEW setup, the com-
pression wave produced by the collision between the flyer and
base plates is changed to a tensile wave by the free surface
reflection. When the tensile wave reaches the interface, the
melting zones of the bonding interfaces have not completely
solidified, so which are separated by the tensile wave. While
for the DSEW setup, the movement of detonation products is
restricted by the two flyer plates, so the wave impedance of
detonation products is larger than that of CEW setup when the
compression wave to reach the free surface. As a result, the

Fig. 13 Morphology of weld interface for test no. 3. a The lower plate of DSEW. b, c The upper plate of DSEW

Fig. 14 Morphology of weld interface for test no. 4. a, e The lower plate of DSEW 1. b The upper plate of DSEW 1. c, f The lower plate of DSEW 2. d
The upper plate of DSEW 2. g, h The plate of CEW with covering
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amplitude of the reflected tensile wave is less than that of
CEW setup. When the tensile wave reaches the bonding inter-
face, which is too weak to separate the melting zones.

Morphologies of the bonding interfaces for test no. 2
are shown in Fig. 12. According to Fig. 12a–f, wave in-
terfaces with melted zones are obtained for the two groups
of DSEW, while for the CEW, cracks are observed at the
middle of the melted zone, as shown in Fig. 12g, h. The
results are consistent with those of test no. 1, and the
detailed analysis has been done before. Since the welding
dynamic parameters of the two tests were designed to be
the same and similar bonding properties were obtained,
which indicated that such method had satisfying reproduc-
ibility. Figure 13 shows the metallographic structures of
specimen interfaces from test no. 3, where the interface
morphologies are consistent with those of DSEW from
test no. 1. This is due to the fact that the same welding
parameters were selected for the two tests.

Figure 14 shows the metallographic structures of as-welded
specimen interfaces for the test no. 4. Unlike test no. 1–3, the
welding dynamic parameters of this test were placed within
the welding window (Fig. 5). Thus, the welding window pre-
dicts that sound bonding with wave morphology will be ob-
tained. Metallographic examination of this test is consistent
with the prediction (see Fig. 14). The average wavelength and
amplitude of the waves are 440 μm and 160 μm respectively,
and there are almost no melted zone, crack, and loose like
“cavity” in the bonding interface, which shows that an excel-
lent connection between the welded materials was created.
Similar bonding interfaces are obtained for the welded plates
produced by DSEWand CEW in this test, which is attributed
to relatively low impact velocity. Thus, the melting zone of
bonding interface is completely solidification when the tensile
wave to reach the interface.

The optical figures of test no. 5 are shown in Fig. 15. As
what mentioned before, the explosive consumption of test
no. 4 is 63% lower than that of test no. 5. However the
similar collision point velocity and collapse angle of the
two groups of tests were obtained (see Table 4). Thus, con-
sistent bonding interfaces were obtained for the two groups
of tests, as shown in Fig. 14 and Fig. 15. This indicated that
SREW method can achieve the same results with less cost
than the CEW method.

5 Conclusions

In this study, a SREW technology was presented. Using this
technology, three groups of experiments were systematically
investigated. The following conclusions can be drawn:

1. Compared to the conventional method, the explosive con-
sumption for SREW with a five-layer setup was reduced
by 63%, when getting the same bonding quality and num-
bers of welded plate.

2. The SREW technology enables to obtain three or more
composite plates through one shot, which is helpful to
improve the work efficiency and save explosion place.

3. The ultrasonic tests and microstructure analyses indicated
that excellent bonding interfaces were obtained through
SREW technology when employing suitable welding
parameters.

4. The measured impact velocity values are slightly lower
than the calculated ones; however, the maximum error of
all the tests is less than 8%.

5. The flight of all the welded plates was well restrained
using SREW method; however, placing covering on top
of the DSEW setup is not an ideal way to restrict the
motion of the upper welded plate.
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