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Abstract: Mg alloys are extensively used in various automotive, aerospace, and industrial applications.
Their limited corrosion resistance can be enhanced by welding a thin Al plate onto the alloy surface.
In this study, we perform the explosive welding of a thin Al plate, accelerated by the detonation
of an explosive through a gelatin layer as a pressure-transmitting medium, onto two Mg alloy
samples: Mg96Zn2Y2 alloy containing a long-period stacking ordered phase in an α-Mg matrix and
commercial AZ31. The bonding interface is characterized using optical microscopy, scanning electron
microscopy, X-ray diffraction, and electron probe microanalysis. Under moderate experimental
conditions, the thin Al plates are successfully welded onto the Mg alloys, showing typical wavy
interfaces without intermediate layers. Due to the decreased energetic condition corresponding to
the use of a thin flyer plate and gelatin medium, the resulting bonding quality is better than that
obtained using a regular explosive welding technique. Further, based on the well-known window for
explosive welding, we estimate that the experimental conditions for successful bonding are close to
the lower welding limit for a thin Al plate with the two Mg alloys considered. These findings may
contribute to improving the quality of materials welded with explosive welding.
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1. Introduction

Mg is the lightest among metals that have industrial uses and, thus, Mg-based alloys are extensively
used in automotive, aerospace, and other applications [1]. However, Mg alloys are known to be
flammable, and their mechanical properties, particularly ductility, are inferior to those of Al and its
alloys. Therefore, researchers recently developed a heat-resistant Mg alloy with increased mechanical
strength at elevated temperatures. The alloy structure can be described as Mg-M-RE (M = Co, Ni, Cu,
Zn, or Al; RE = Y, Gd, Tb, Dy, Ho, Er, or Tm), wherein the α-Mg phase exhibits a long-period stacking
order (LPSO) [2–8]. However, as with conventional Mg alloys, inadequate corrosion resistance limits
its further application. Therefore, Mg alloys covered with a thin Al layer can yield improved corrosion
resistance, and such composites may afford improved balance between strength and ductility [9].

Thus far, researchers have developed various techniques for producing Al/Mg alloy composite
plates, such as laser welding [10], diffusion welding [11], friction stir welding [12], and ultrasonic
welding [13–15]. However, because the quality of the weld joint is affected by the bonding temperature
and holding time, Al/Mg tends to form intermetallic compounds at the bonding interface with heating.
The formation of these intermetallic compounds can degrade the mechanical properties of the alloy [16].
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In this regard, to the best of our knowledge, there is no report on the bonding of Al and Mg96Zn2Y2

alloy with ultrasonic welding.
The technique of explosive welding (EXW) can be used to solve such problems due to heating.

EXW is a solid-state bonding technique that can be used to obtain metallurgical welds of two or more
dissimilar metals via the acceleration of a flyer plate by the detonation of an explosive [17]. EXW is
useful in solving the problem of intermetallic formation because of its short processing time; the time
available is insufficient for the diffusion through welds obtained under moderate conditions near the
lower limit of the weldability window [18,19]. In addition, we note that it is preferable to reduce the
energy deposited at the interface because of the high reactivity of Mg; such energy reduction can
suppress the formation of intermetallic compounds. The technique of underwater EXW has been
developed for this purpose, and the method is effective for accelerating thin metal plates [20–23].
The formation of intermetallic compounds (or mixing zones) is associated with a kinetic energy loss
∆KE [24]. Since flyer plates used in the underwater method (including gelatin) are targeted for
thicknesses (especially below 1 mm), the value of ∆KE is inevitably small. In other words, in the case of
EXW through a medium, the kinetic energy loss at the collision point is smaller than that in the normal
method, leading to a decrease in intermetallic compounds (or mixing zones). However, because the
use of water complicates the assembly setup, we are currently developing a modified method that uses
a gelatin layer instead of water as the pressure-transmitting medium [25–27]. With this approach, it is
possible to simplify the assembly. Further, it must be noted that the weld responses under shockwaves
in water and gelatin are quite similar, implying that the experimental conditions can be easily designed
based on stock data of the parameters utilized for underwater EXW.

The wave shape formed at the interface is similar to those formed during EXW in air and is
clearly different from that formed during underwater EXW [28]. Low collision point velocities in
the horizontal direction (EXW through gelatin medium) result in a wavy or flat interface without
an intermediate layer (IL). Conversely, high collision point velocities in the horizontal direction and
low collision angles (underwater EXW) result in the formation of continuous or discontinuous ILs
due to the rapid solidification in EXW [29]. As the formation of a continuous IL containing a brittle
intermetallic compound at the bonding interface may lead to a decrease in bonding quality, the method
employing a gelatin medium can be expected to suppress the formation of ILs.

In this study, a thin Al plate was bonded to extruded Mg96Zn2Y2 alloy with the use of gelatin
as a pressure-transmitting medium [25,26]. Further, the bonding of an Al plate with AZ31, which
is a commercially available Mg alloy, was performed for comparison. The microstructures of the
recovered samples were characterized using optical microscopy (OM), scanning electron microscopy
(SEM), and microfocus X-ray diffraction (XRD) analysis, and electron probe microanalysis (EPMA).
Furthermore, the experimental parameters, calculated based on numerical simulations, were estimated
based on the welding window and found to lie close to the lower limit of welding.

2. Materials and Methods

The experimental conditions and a schematic of the experimental assembly are presented in Table 1
and Figure 1, respectively, and the chemical composition of Mg96Zn2Y2 is listed in Table 2. In this
study, we employed a parallel layer arrangement with 20 wt.% gelatin as the pressure-transmitting
medium for the EXW process.

The explosive used for welding was ANFO-A (explosion velocity: 2–2.5 km/s, density: 530 kg/m3,
explosive characteristics were the same as described in [30]), which is mainly composed of ammonium
nitrate and fuel oil. The explosive was detonated with the use of SEP (detonation velocity: 7 km/s,
density: 1300 kg/m3, 3 g) as a booster, which was ignited by a No. 6 electric detonator (ED). The
flyer plate was composed of industrially pure Al (>99%) pasted under a cover plate (0.2-mm-thick
304 stainless steel), which was used for surface protection and for decreasing momentum. The parent
plate was composed of AZ31 or Mg96Zn2Y2 (5-mm thickness). The stand-off distance (SOD) between
the flyer and parent plate was set at 0.5 mm. Other Mg alloy blocks (AZ31) were placed around the
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parent plate to act as momentum traps to reduce the cracks induced by the reflected tensile waves [22].
To stabilize the detonation velocity of the ANFO-A explosive, the welding plates were set to have a
sufficient horizontal distance of >80 mm.

We estimated the experimental conditions via numerical analysis using AUTODYN-2D (Century
Dynamics, a subsidiary of ANSYS, Inc., TK, USA) [20,23,31] to study the influence of certain parameters
based on the welding window proposed by Wittman and Deribas [17,32].

Table 1. Experimental conditions for the explosive welding of metal and Mg alloy plates.

No. Parent Plate (l ×w × t, mm3)
Flyer Plate

(t, mm)
Cover Plate

(t, mm)
Explosive Thickness

(T, mm) Weld

1 AZ31 50 × 50 × 5 Al (0.2) JIS-SUS304 (0.2) 18 Yes
2 AZ31 50 × 50 × 5 Al (0.2) JIS-SUS304 (0.2) 23 Yes
3 AZ31 50 × 50 × 5 Al (0.2) JIS-SUS304 (0.2) 29 Yes
4 Mg96Zn2Y2 50 × 50 × 5 Al (0.2) JIS-SUS304 (0.2) 18 No
5 Mg96Zn2Y2 50 × 50 × 5 Al (0.2) JIS-SUS304 (0.3) 18 No
6 Mg96Zn2Y2 50 × 50 × 5 Al (0.2) JIS-SUS304 (0.2) 23 Yes
7 Mg96Zn2Y2 95 × 50 × 5 Al (0.2) JIS-SUS304 (0.2) 23 Yes

Table 2. Chemical composition of Mg alloy (wt.%).

Material Mg Zn Y Al

AZ31 bal. 0.7–0.13 - 2.5–3.5
Mg96Zn2Y2 bal. 4.9 6.36 0.25

Metals 2019, 9, x FOR PEER REVIEW 3 of 13 

to act as momentum traps to reduce the cracks induced by the reflected tensile waves [22]. To stabilize 
the detonation velocity of the ANFO-A explosive, the welding plates were set to have a sufficient 
horizontal distance of >80 mm. 

We estimated the experimental conditions via numerical analysis using AUTODYN-2D 
(Century Dynamics, a subsidiary of ANSYS, Inc., TK, USA) [20,23,31] to study the influence of certain 
parameters based on the welding window proposed by Wittman and Deribas [17,32]. 

Table 1. Experimental conditions for the explosive welding of metal and Mg alloy plates. 

No. Parent Plate 
(l × w × t, mm3) 

Flyer Plate  
(t, mm) 

Cover Plate  
(t, mm) 

Explosive Thickness  
(T, mm) Weld 

1 AZ31 50 × 50 × 5 Al (0.2) JIS-SUS304 (0.2) 18 Yes 
2 AZ31 50 × 50 × 5 Al (0.2) JIS-SUS304 (0.2) 23 Yes 
3 AZ31 50 × 50 × 5 Al (0.2) JIS-SUS304 (0.2) 29 Yes 
4 Mg96Zn2Y2 50 × 50 × 5 Al (0.2) JIS-SUS304 (0.2) 18 No 
5 Mg96Zn2Y2 50 × 50 × 5 Al (0.2) JIS-SUS304 (0.3) 18 No 
6 Mg96Zn2Y2 50 × 50 × 5 Al (0.2) JIS-SUS304 (0.2) 23 Yes 
7 Mg96Zn2Y2 95 × 50 × 5 Al (0.2) JIS-SUS304 (0.2) 23 Yes 

Table 2. Chemical composition of Mg alloy (wt%). 

Material Mg Zn Y Al 
AZ31 bal. 0.7–0.13 - 2.5–3.5 

Mg96Zn2Y2 bal. 4.9 6.36 0.25 

 

Figure 1. Schematic of (a) the explosive welding of Al/Mg alloy plates and (b) the process of explosive 
welding. 

3. Results and Discussion 

3.1. Microstructure of the Weld Interface 

The recovered Al/Mg96Zn2Y2 composite plate for experiment No. 6 (top view) is shown in Figure 
2. We note that the Al thin plate is successfully welded onto Mg alloy by EXW through gelatin, and 
the upper surface appears fairly uniform and “smooth” after the EXW process. The resulting clear 
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3. Results and Discussion

3.1. Microstructure of the Weld Interface

The recovered Al/Mg96Zn2Y2 composite plate for experiment No. 6 (top view) is shown in Figure 2.
We note that the Al thin plate is successfully welded onto Mg alloy by EXW through gelatin, and the
upper surface appears fairly uniform and “smooth” after the EXW process. The resulting clear surface
of the recovered sample has already been reported for EXW using underwater shockwaves, and a
similar positive effect with the use of gelatin is confirmed by our experiments.

Metals 2019, 9, x FOR PEER REVIEW 4 of 13 

surface of the recovered sample has already been reported for EXW using underwater shockwaves, 
and a similar positive effect with the use of gelatin is confirmed by our experiments.  

 
Figure 2. Welded Al/Mg96Zn2Y2 plate (No. 6) sample. 

From Table 1, we note that two experiments (No. 4 and No. 5) were unsuccessful because of the 
lack of energy for welding. The welding was successful in all other cases. The welding of Mg96Zn2Y2 
is more difficult than that of AZ31 because of the lower strength of the former; the relevant details 
are discussed later in the context of the welding window. 

As shown in Figure 2, a portion near the end of the Mg plate appears to have undergone shear 
fracture. Even with the use of momentum trap blocks, it is difficult to eliminate such shear cracks in the 
case of Mg96Zn2Y2 alloy, which is not ductile [33]. No such shear cracks are observed in the case of AZ31. 

Figure 3 shows the microstructure of the Al/Mg alloy interface obtained with an optical 
microscope. The bonded interface exhibits a typical wavy structure, which is considered as evidence 
for successful welding based on the mechanism of explosive welding. Further, the wavelength and 
amplitude increase with increasing explosive thickness (Table 3). These results are similar to those 
obtained with regular EXW in air [34]. In addition, the wavelength and amplitude of the “waves” of 
explosively-welded Al/Mg96Zn2Y2 and Al/AZ31 obtained under the same explosive thickness (No. 2 
and No. 6) are nearly identical (Table 3). Upon comparison with a previous result obtained for regular 
EXW in air by Ghaderi et al. [34] for Al/AZ31, we note that the wavelength of the wavy structure in our 
case is greater than 1 mm. 

 
Figure 3. Optical micrograph of the welded interface for Al/Mg alloys at x = 25 mm: (a) No. 1, (b) No. 
2, (c) No. 3, and (d) No. 6. 

Figure 2. Welded Al/Mg96Zn2Y2 plate (No. 6) sample.

From Table 1, we note that two experiments (No. 4 and No. 5) were unsuccessful because of the
lack of energy for welding. The welding was successful in all other cases. The welding of Mg96Zn2Y2

is more difficult than that of AZ31 because of the lower strength of the former; the relevant details are
discussed later in the context of the welding window.

As shown in Figure 2, a portion near the end of the Mg plate appears to have undergone shear
fracture. Even with the use of momentum trap blocks, it is difficult to eliminate such shear cracks in the
case of Mg96Zn2Y2 alloy, which is not ductile [33]. No such shear cracks are observed in the case of AZ31.

Figure 3 shows the microstructure of the Al/Mg alloy interface obtained with an optical microscope.
The bonded interface exhibits a typical wavy structure, which is considered as evidence for successful
welding based on the mechanism of explosive welding. Further, the wavelength and amplitude increase
with increasing explosive thickness (Table 3). These results are similar to those obtained with regular EXW
in air [34]. In addition, the wavelength and amplitude of the “waves” of explosively-welded Al/Mg96Zn2Y2

and Al/AZ31 obtained under the same explosive thickness (No. 2 and No. 6) are nearly identical (Table 3).
Upon comparison with a previous result obtained for regular EXW in air by Ghaderi et al. [34] for Al/AZ31,
we note that the wavelength of the wavy structure in our case is greater than 1 mm.
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Table 3. Effect of explosive thickness on the formation of the wavy interface.

No. Thickness of Explosive (T) Combination Wavelength (Average) Amplitude (Average)

No. 1 T = 18 mm Al/AZ31 102 µm 20 µm
No. 2 T = 23 mm Al/AZ31 167 µm 27 µm
No. 3 T = 29 mm Al/AZ31 216 µm 51 µm
No. 6 T = 23 mm Al/Mg96Zn2Y2 161 µm 35 µm

The use of Al thin plates and the gelatin medium in the present study causes a decrease in the
energy dissipated upon collision. Therefore, the waves formed are smaller than those formed during
regular EXW.

Additionally, it has been reported that an IL, which is associated with vortices, is formed during
the EXW of Al/AZ31 in air and underwater [34,35]. During EXW in air, an IL is formed in a vortex
confined locally at the crest of a wave, and during underwater EXW, a continuous IL tends to form
along the interface. Intermetallic compounds confined in inconspicuous vortices do not affect bond
strength [34,36]. In our study, IL formation was not observed clearly in any of the trials.

3.2. Quality of Bonding Across Interface

Figures 4 and 5 show the results of microfocus X-ray diffraction analyses of Al/AZ31 and
Al/Mg96Zn2Y2, respectively. The XRD measurements were performed using a collimator with a
diameter of 50 µm. The figures show the XRD measurements (a) on the Al side 50 µm away from the
interface, (b) at the center of the bonding interface, and (c) on the Mg-alloy side. As can be inferred
from the figures, our attempts to measure the diffraction at the interface, including the interface region,
yielded only the peak value of the metal considered for the measurement, and no peaks corresponding
to the formation of intermetallic compounds were observed. This result suggests that no (or little)
intermetallic compound was formed at the interface.
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The weld interface was also characterized via SEM and EPMA. The SEM images and elemental
mapping of the Al/Mg alloys are shown in Figure 6 (Al/AZ31) and Figure 7 (Al/Mg96Zn2Y2). The SEM
images illustrate that the composite plates show no significant diffusion or IL formation. The mapping
images confirm a small melting zone, but this melting zone does not affect the bonding strength because
the melting occurs only at the wave peak [34,36]. In addition, there exists a ripple-like zone close to the
top of the “waves” (indicated by arrows), with a height of 10 µm or less, that appears deformed and
stretched at the Mg alloy region. In a previous study [34] on the regular EXW of Al/AZ31, the presence
of Al2Mg was detected in a ripple of size 200–300 µm via microfocus XRD analysis.

In this regard, Higashi et al. [15] reported the formation of a “band region,” which is considered
to arise from recrystallization, as evidence of a temperature increase; however, our results did not yield
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such fine grains. This indicates that the processing time was fairly short, which corroborates with the
lack of evidence of heating at the bonding interface.
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We further measured the Vickers hardness of certain samples (Figure 8). Figure 8a,b shows the
measurements under a load of 10 gf (98 mN), whereas Figure 8c shows measurements around the
consolidated melt observed by mapping analysis under a load of 5 gf (49 mN). Figure 9 shows the
hardness profile across the bonding interface. The Vickers hardness close to the bonded interface
exhibits high values due to work hardening, and a gradual decrease in the hardness is observed with
increasing distance from the interface; however, the hardness is still greater than the Vickers hardness
of the as-received metals. In this regard, for the regular EXW of Al/AZ31, Ghaderi et al. [34] reported a
high hardness ranging from 170 HV to 280 HV due to the existence of a large IL. In addition, similar
hardness values were obtained at the Al and Mg alloy areas.



Metals 2020, 10, 106 8 of 14

Metals 2019, 9, x FOR PEER REVIEW 7 of 13 

 
Figure 7. Scanning electron microscope (SEM) image of the welded interface and elemental mapping 
of Al/Mg96Zn2Y2 (No. 6) across the interface, which was acquired using electron probe microanalysis 
(EPMA): (a) SEM image, (b) magnified view of the SEM image, (c) Al mapping, and (d) Mg mapping. 

We further measured the Vickers hardness of certain samples (Figure 8). Figure 8a,b shows the 
measurements under a load of 10 gf (98 mN), whereas Figure 8c shows measurements around the 
consolidated melt observed by mapping analysis under a load of 5 gf (49 mN). Figure 9 shows the 
hardness profile across the bonding interface. The Vickers hardness close to the bonded interface 
exhibits high values due to work hardening, and a gradual decrease in the hardness is observed with 
increasing distance from the interface; however, the hardness is still greater than the Vickers hardness 
of the as-received metals. In this regard, for the regular EXW of Al/AZ31, Ghaderi et al. [34] reported 
a high hardness ranging from 170 HV to 280 HV due to the existence of a large IL. In addition, similar 
hardness values were obtained at the Al and Mg alloy areas. 

 
Figure 8. Hardness distribution across the welded Al/Mg alloy interface: (a) Al/AZ31, (b) 
Al/Mg96Zn2Y2, and (c) Al/Mg96Zn2Y2 interface around the consolidated melt. 

Figure 8. Hardness distribution across the welded Al/Mg alloy interface: (a) Al/AZ31, (b) Al/Mg96Zn2Y2,
and (c) Al/Mg96Zn2Y2 interface around the consolidated melt.Metals 2019, 9, x FOR PEER REVIEW 8 of 13 

 
Figure 9. Microhardness distribution near the solidified melt area. The as-received hardness of Mg 
alloy is referenced from existing literature[8,37], and the as-received hardness value of Al is the 
average measured value. 

Next, to prepare a large test piece, we performed another EXW using gelatin to obtain 
Al/Mg96Zn2Y2 (No. 7). The recovered sample had a crack-free length of 80 mm (Figure 10). As in the 
case of experiment No. 6, the sheared crack at the end side could not be eliminated. The thickness of 
the bonded Al was only 0.2 mm, and it was difficult to measure the bonding strength directly. Because 
there is no general testing method for measuring the quality of welding for such composites, we 
performed a three-point bending test to qualitatively determine the bonding strength, which is 
identical to the method employed by Habib et al. [19]. Figure 11 shows a schematic of the method 
and the results of the three-point bending test for the Al/Mg96Zn2Y2 composite. We note that after the 
bending test, the composite is fractured into two pieces without showing ductile behavior; however, 
there is no evidence of separation at the interface (as can be inferred from Figure 11b), which implies 
that the bonding strength is suitably high for practical applications. 

 
Figure 10. Al/Mg96Zn2Y2 composite long plate (No. 7). 

 
(a) (b) 

Figure 11. (a) Schematic of the three-point bending test and (b) photograph of Al/Mg96Zn2Y2 
composite long plate after the bending test. 

Figure 9. Microhardness distribution near the solidified melt area. The as-received hardness of Mg
alloy is referenced from existing literature [8,37], and the as-received hardness value of Al is the average
measured value.

Next, to prepare a large test piece, we performed another EXW using gelatin to obtain
Al/Mg96Zn2Y2 (No. 7). The recovered sample had a crack-free length of 80 mm (Figure 10). As in the
case of experiment No. 6, the sheared crack at the end side could not be eliminated. The thickness
of the bonded Al was only 0.2 mm, and it was difficult to measure the bonding strength directly.
Because there is no general testing method for measuring the quality of welding for such composites,
we performed a three-point bending test to qualitatively determine the bonding strength, which is
identical to the method employed by Habib et al. [19]. Figure 11 shows a schematic of the method
and the results of the three-point bending test for the Al/Mg96Zn2Y2 composite. We note that after the
bending test, the composite is fractured into two pieces without showing ductile behavior; however,
there is no evidence of separation at the interface (as can be inferred from Figure 11b), which implies
that the bonding strength is suitably high for practical applications.
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3.3. Welding Conditions

The experimental parameters of interest for EXW are the horizontal collision point velocity, Vc,
dynamic bending angle at collision, β, and flyer plate velocity, Vp [38,39]. Here, we discuss the welding
conditions based on these parameters [17,32]. For the parallel assembly shown in Figure 1a, Vc is equal
to the detonation velocity [39], and the following relationship holds true [38,39]:

Vp = 2Vc × sin(β/2) (1)

Normally, the welding window is plotted based on the relationship between Vc and β. In addition,
Vp is an important parameter that is directly related to the kinetic energy due to collision. We first
determine the flyer plate velocity Vp For regular EXW, the equations reported by Gurney [40] and
Chadwick et al. [41] as well as other equations are utilized to estimate the flyer plate velocity Vp;
however, in our case, we cannot assume that the flyer mass is equal to the mass of the gelatin + cover
and flyer plate, and it is more appropriate to consider the gelatin as the pressure-transmitting medium.
In such a case, it is necessary to use numerical simulations, similar to case with the use of water,
as reported previously [20,22,23]. Therefore, we calculated the flyer plate velocity with gelatin as the
medium by using the AUTODYN-2D code.

The analytical model was developed with the shell solver for the cover and flyer plates, and
the Euler solver was applied for the ANFO-A explosive and 20 wt.% gelatin. The Euler-Lagrange
interaction was applied to the boundary between gelatin and the cover plate. The upper side of
the interaction line interacts with the Euler boundary, whereas the lower side is calculated only for
Lagrangian conditions. In other words, the shock waves propagated in gelatin act only on the surface
of the cover plate. Points for the measurement of values such as velocity were set at the center position
of the flyer plate. Table 4 lists the parameters [26] applied to the Mie-Gruneisen-type shock Hugoniot
equation of state (EOS) for gelatin.
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Table 4. Parameters of the Mie–Gruneisen form of the shock Hugoniot equation of state [26].

Pressure Medium Reference Density
(ρ0/kg·m−3)

Gruneisen
Coefficient (Γ)

Sound Velocity
(c0/m·s−1)

Material
Constant (s)

20 wt.% gelatin 1060 0.00 1570 1.77

Here, we note that the ANFO-A explosive can be treated as a high-pressure gas (ideal gas), on
AUTODYN-2D code, and consequently, the EOS can be expressed as follows [42]:

P0 = (γ− 1) × ρ0 × e0 (2)

Here, P represents the pressure, γ the specific heat ratio, e the internal energy, and ρ the density.
The subscript 0 refers to the initial condition. The initial conditions P0, ρ0, and γ are calculated
using Hino’s Equation (3) [43] and express as follows: The detonation velocity Vd of the explosive
was calculated using an approximation of the experimental value given by the data reported by
Hokamoto et al. [30], and the velocity change with the thickness of the explosive was considered.

P0 = 416×U2
×
ρ f

103

1−
0.543× ρ f

103 +
0.193× ρ2

f

106

 (3)

P0 = ρ f ×U × u (4)

ρ f U = ρ0 × (U − u) (5)

U = c + u (6)

n =
c2(P0
ρ0

) (7)

Here, ρ f represents the packing density of the explosive (kg/m3), U the propagation velocity of
the shock wave (equal to detonation velocity, m/s), u the particle velocity (m/s), c the sound velocity
(m/s) of the detonation gas, and n represents the polytropic index (equal to γ). Further, the packing
density is ρ f = 530 kg/m3.

Figure 12 shows the results of our numerical analysis of the velocity change in the flyer plate Vp
as a function of vertical distance y at the center position of the sample along the welding direction
(x = 25 mm). The figure indicates that the flyer plate is immediately accelerated within a very small
SOD, and the velocity is > 350 m/s at y = 0.5 mm. This velocity Vp is sufficient to achieve EXW [29].
We next discuss the relevant conditions based on the welding window [17,32].
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Figure 13 shows the welding window for Al/Mg alloys, including the plots for the present
experiments. In the present research, we do not focus on the upper limit, because the welding
conditions lie closer to the lower limit, as can be observed from the figure. The lower limit can be
expressed by the following formula [17,32]:

sin
(
β

2

)
= k1

√
Hv

ρV2
c

(8)
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Here, Hv (MPa) denotes the Vickers hardness of the hard component and k1 a constant.
The hardness values of each parent plate were obtained from the literature (AZ31: Hv = 70,
ρ = 1780 kg/m3 [37]) and (Mg96Zn2Y2: Hv = 101, ρ =1890 kg/m3 [8]), and k1 was set to 0.6 [19].
The contour lines corresponding to the kinetic energy lost due to collision are plotted in Figure 13,
and we note that the lines are parallel to the lower-limit lines indicated as thick lines for welding. The
kinetic energy lost due to collision, ∆KE, can be expressed by the following equation:

∆KE =
(Mc + M f )Vp

2

2
(9)

Here, ∆KE denotes the kinetic energy lost in the collision (kJ/m2), and Mc and M f denote the
masses of the cover and flyer plates per unit area (kg/m2), respectively. The calculated values of the
kinetic energy loss (∆KE) for T = 18, 23, and 29 mm are summarized in Table 5.

Table 5. Effect of explosive thickness on kinetic energy loss.

Thickness of Explosive (T) Kinetic Energy Lost (∆KE) kJ/m2

T = 18 mm (Cover plate thickness 0.2 mm) 168
T = 18 mm (Cover plate thickness 0.3 mm) 200

T = 23 mm 199
T = 29 mm 224

Based on the welding window shown in Figure 13, we observe that our experimental results
correspond to the window. For example, the conditions for trials No. 4 and No. 5 (Al/Mg96Zn2Y2)
lie below the lower limit, suggesting that no welding occurred. In this case, Mg96Zn2Y2 alloy is not



Metals 2020, 10, 106 12 of 14

sufficiently deformed to induce fluidization, which may cause jetting and the formation of the wavy
interface. The welding of Al/AZ31 is considerably easier owing to the lower hardness and strength of
the Mg alloy. Furthermore, the results in this study corresponding to the weldability window and the
observed interface morphology are similar to those reported by Hoseini [36] et al., which were also
calculated using the Wittman and Deribas [17,32] lower-limit equations, confirming the validity of the
present calculations.

4. Conclusions

In this study, we proposed and demonstrated a modified method of explosive welding using a
gelatin layer as the pressure-transmitting medium to weld a thin Al plate onto AZ31 and Mg96Zn2Y2

Mg alloys. The resulting microstructure was characterized via OM, SEM, XRD, and EPMA analysis,
and we confirmed that there was no significant reaction (formation of an intermediate layer) at the
interface. The bonding strength at the interface was also found to be satisfactory as per the results of
three-point bending tests. The experimental results were investigated based on the welding window
obtained from numerical simulations, and the conditions corresponding to our experiments were
found to lie close to the lower limit of welding; further, the welding conditions suitably corresponded
with the experimental results. In summary, we believe that our findings can significantly contribute to
advancements in explosive welding based on the use of gelatin as the pressure-transmitting medium.

Author Contributions: Conceptualization, data curation, investigation, writing—original draft: D.I.; methodology:
A.M.; performed the experiments: S.T.; funding acquisition, supervision: K.H. All authors have read and agreed
to the published version of the manuscript.
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