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ABSTRACT: Aluminum base composites are manufactured in a variety of methods, such as hot rolling, powder 
metallurgy and explosive welding. The explosive welding is one of the newest methods of Aluminum base com-
posite productions. In this study, aluminum plates were reinforced with steel wires through the explosive weld-
ing. Using the numerical simulation and the weldability window of the appropriate parameters were determined. 
Verification of the results was done using experimental data. Samples were evaluated by a light microscope. The 
metallography results showed that the composite obtained excellent bonding quality of the interface with no 
crack. The weldability window and the simulation results agreed very well with the experimental data.
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RESUMEN: Producción de acero 1006 compuesto de base de aluminio reforzado con alambre por soldadura explo-
siva. Los compuestos de base de aluminio se fabrican utilizando una variedad de métodos, como laminado en 
caliente, pulvimetalurgia y soldadura explosiva. La soldadura explosiva es uno de los métodos más nuevos de 
producción de compuestos de base de aluminio. En este estudio, las placas de aluminio fueron reforzadas con 
alambres de acero a través de la soldadura explosiva. Utilizando la simulación numérica y la ventana de soldabi-
lidad se determinaron los parámetros apropiados. Los resultados se verificaron utilizando datos experimentales, 
las muestras se evaluaron con un microscopio óptico. Los estudios de metalografía mostraron que el compuesto 
que se obtuvo tiene una excelente calidad de unión de la interfaz sin grietas. La ventana de soldabilidad y los 
resultados de la simulación coincidieron muy bien con los datos experimentales.
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1. INTRODUCTION

The explosive welding (EXW) technique was used
for the first time in World War I (Patterson, 1993). 
It was at first recognized by Carl in 1944 and then 

presented into the industry by Philipchuck in 1957 
(Honh-bo et al., 2014). The EXW is a solid state pro-
cess that uses an explosion of explosive material. The 
flyer plate hits at a specified distance and collides to the 
base plate (Bataev et al., 2012; Roudbari et al., 2013). 
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A parallel system in the welding process is shown in 
Fig. 1. (Gulenc et al., 2016).

The EXW was used to produce multi-layer met-
als in the form of  tubes or plates (Mendes et al., 
2013). Moreover, this method was not limited by 
a variety of  metals (Xunzhong et al., 2013). Also 
in order to manufacture composite reinforced by 
wire, the EXW were used (Los et al., 2010; Huagui 
et al., 2017).

The quality of the bonding is dependent on many 
parameters. The main parameters are the collision 
velocity, the collision angle, the standoff, etc. (Akbari 
Mousavi and Al-Hassani, 2008). Due to the fact that 
the explosive welding is perfected in a very brief time 
at high temperature and high pressure (Pronichev 
et al., 2016). So, it is hard to be seen and measured 
some data directly in a test, and the time history 
seems hard to realize as well (Los et al., 2010).

Thanks to the advance of software, the finite ele-
ment method (FEM) has been applied to the study 
of the EXW (Los et al., 2010). Li et al. (2017) studied 
the numerical simulation of a Titanium/Aluminum 
laminated composite was manufactured by explo-
sive welding. In a similar work, Aizawa et al. (2016) 
investigated joining Al/Fe using numerical analysis 
and experimental analysis. Nassiri et al. (2015a) 
predicted the weldability window of parameters by 
using the finite element simulation. A test was done 
to verify the simulation and weldability window.

In this study, the optimum operational param-
eters were predicted to prepare the excellent inter-
face by the weldability window and the numerical 
analyses. The materials selected for this study were 
Al1050 and Steel1006. The purpose of this paper is 

to fabricate Steel wire reinforced Aluminum com-
posite plate with no crack and an acceptable bond.

2. MATERIALS AND METHODS

2.1. Explosive welding model

Numerical simulation of explosive welding was 
applied by AUTODYN version 14. In this study, 
Aluminum plates were chosen for the flyer plate 
and the base plate and the steel wires as reinforc-
ing. A 3D model for the composite set simulation is 
shown in Fig. 2.

The model has included four materials, such as 
Aluminum, Steel, Aluminum, and Anfo. The mea-
suring units are used in the AUTODYN, i.e. The 
length unit is mm, the time unit is ms and the mass 
unit is mg, the colors of the materials are different 
in the Autodyne, i.e., the explosive is blue; the flyer 
plate and the parent are green; the wire is red.

The Johnson-Cook (JC) equation (Nassiri et al., 
2015b) was applied for the Al1050 (flyer plate and 
the parent plate). This equation explains the behav-
ior of material exposed to large deformation (Nassiri 
et al., 2015b); it can be estimated as follows: 

( ) ( )ε  ε 





Y= A+B  1+C ln  1- Tn *
H

m
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T  - TH
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Figure 1.  A parallel system of the  
EXW (Nassiri et al., 2015a).

Figure 2.  The 3D model of the composite  
set in the AUTODYN.
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where Y is the yield stress, ԑ is the effective plastic 
strain, ԑ* is the normalized effective plastic strain 
rate (often equal to 1), Troom is room temperature, 
Tmelt shows the melting point of materials and A, 
B, C, n, and m are the constant equation. The mate-
rial constants are as listed in Table 1.

The Jones-Wilkins-Lee (JWL) equation of state 
was applied for the ANFO explosive (Nassiri et al., 
2015a). The JWL represents pressure as a subordi-
nate of volumetric strain and special interior energy. 
The JWL equation is (Los et al., 2010):
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where P is the pressure, V represents the relative vol-
ume, E is internal energy, w is the Gruneisen param-
eter, and A, B, R1, R2, are constants of explosive, as 
shown in Table 2 the default ANFO Constants (Los 
et al., 2010). The material constants were extracted 
from the AUTODYN material library.

2.2. Weldability window calculations 

There were conditions in the explosive weld-
ing that must be met to get proper welds to explain 
what was named the weldability window/crite-
ria, the weldability zone was developed by Cowan 
et al. (Cowan et al., 1971; Hoseini-Athar and 
Tolaminejad, 2015). The quality of the connection 
depends on the EXW welding parameters (Hoseini-
Athar and Tolaminejad, 2015), all of the parameters 
were plotted in the weldability criteria, It could be 
plotted in both the collision velocity (Vc) and the 
collision angle (β) (Ribeiro et al., 2014), (Fig. 3). 
Deribas (1972) and Yingbin et al. (2017) suggested 
the lower limit for the weldability window, which 
subtended.

β
ρ
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2
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where in this Eq. (4) β is in radians, k for high-
quality is 0.6 and 1.2 for low-quality and 0.85 for 
normally-a quality which is a constant, H is the 
hardness of  Vickers for the flyer plate expressed in 
N∙m-2 and ρ is the density of  the flyer plate in kg∙m-3 
(Hoseini-Athar and Tolaminejad, 2015). Cross 
land and Bahrani proposed a lower limit of the col-
lision angle is 2°-3° and an upper limit of  collision 
angle is 31° (Zakharenko and Zlobin, 1983).

The upper boundary for the weldability window 
was reported by Deribas (1972), Wittman (1973) 
and Zamani and Lighat (2012).

Table 1.  Mechanical properties of the materials used in this study and their  
JC parameters (Khanzadeh et al., 2017; Li et al., 2017)

Materials
Density 
(kg·m-3)

Hardness 
(Hv)

Poisson’s 
ratio

modulus of 
Elasticity (GPa)

Bulk modulus 
(GPa) Melting A C M N

Steel1006 7896 98 0.29 206 163 1811 350 0.022 1 0.36

Al1050 2710 30 0.33 69 67.4 923.15 110 0.014 1 0.36

Table 2.  JWL Parameters of the ANFO explosive

Explosive
Detonation 

velocity (m·s-1)
Density  
(kg·m-3)

E  
(GJ·m-3) A (GPa) B (GPa) R1 R2 ω

ANFO 4160 931 2.48 49.46 1.891 3.90 1.11 0.33

Figure 3.  Generic weldability window ( Nassiri et al., 2015b).
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In Eq. (5), β is expressed in radian, t is the thickness 
of the flyer plate expressed in m, Vc is the collision 
velocity expressed in m·s-1. 
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k3 is related to the mechanical and physical proper-
ties of the Al1050 plates. In Eq. (6), ע is Poisson’s 
ratio, E is the elastic modulus in N·mm-2 and ρ is the 
density expressed in kg·m-3.

The left border of the weldability window was 
linked to the formation of a wavy interface. This 
limit can be calculated by Eq. (7) (Song et al., 2011).

ρ ρ( )
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 +  V

2 H  + He

f p c
2
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Equation (7) in which Re is equal to 10.6 (Nassiri 
et al., 2015b), Pf and Pp are the densities of the base 
plate and flyer plate material in kg·m-3, Hf and Hp 
are their Vickers hardness and Vc is the collision 
velocity.

The right border of the weldability window or the 
maximum collision velocity estimated at 1.2–1.5 times 
the sound velocity (Yingbin et al., 2017).

2.3. Experimental procedure

In this paper, the test was carried out using the 
flyer plate (Al1050), the parent plate (Al1050) set 
up in a parallel formation. For this particular case, 
the weldability window was plotted. Welding condi-
tions and material properties were selected accord-
ing to weldability window presented in Tables 1 
and 2. In composite plate manufacture, Steel1006 
in the diameter of 1 mm was applied as reinforce-
ment. The Aluminum plate of 250×250×4 mm was 
utilized as a flyer plate, located 4 mm was upper the 
base plate. The base plate was provided in the size 
of 250×250×4 mm. The explosive welding was per-
formed using Anfo, the plates and wire mounted in 
parallel (Fig. 4). The chemical explosive was placed 
in a box on the flyer plate and the explosion was 
located on one end of the carton. Moreover, the 
Steel wire located at zero degree directions relative 
to the explosion orientation (Fig. 4).

3. RESULTS

The examples of the simulation of the progress 
of the explosive are shown in Fig. 5–6. Figure 5 
shows the position of the base and flyer plates for 

test 2 ms after detonation. Figure 6 shows the simu-
lation of the test at 4 ms after detonation.

In this paper, the collision velocity (Vc) and the 
angle velocity (β) were predicated by AUTODYN.

The weldability window is designed based on the 
collision angle and the collision velocity. Calculated 
weldability window for the composite set is shown 
in Fig. 7. The simulation result is placed in the weld-
ability window properly. (Fig. 7)	 

The interface bonding modality of Al/Steel/Al 
was examined by the light microscope. Samples of 
metallographic observations were sectioned from 
the explosively welded plates. Figure 8 indicates the 
light microscope images of the bonding interface. It 
shows that no crack or fault happens at the interface 
even in the case of magnification of 200 times.

In Fig. 8, the stainless steel wire is located in the 
middle of the image, which is a circular shape and 
the Aluminum is surrounded that it is darker than 

Figure 4.  The model of Al plates with steel wires (0°).

Figure 5.  Side view of the simulation.
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the wire. It can be observed that the interface of AL/
Steel/AL with no void and no macroscope fracture 
is shown in Fig. 8. The interface showed favorable 
bonding in the composite plate

4. DISCUSSION

The collision velocity in the simulation was 
obtained by dividing the length of  the material 
by the total timing of  the simulation process was 
also in agreement with experiments. Moreover, the 
relationship between the numerical simulation, the 
weldability window, and the experiment show that 
all parameters are suitable. The interface bond-
ing is with no void and no crack which shows a 
good agreement between the finite element results 
and the experimental data. Gülenc et al. (2016) 
produced stainless steel wire reinforced aluminum 
composite plate by the explosive welding process, 
respectively, and their bonding showed no crack or 
no void.

All parameters of the composite set predicted 
by the simulation and the weldability window were 
agreed very well with the experiment.

5. CONCLUSIONS

In this paper, the weldability window of Al1050/
Al1050 was calculated. On this basis, Aluminum 
base composite reinforced with steel wires were suc-
cessfully prepared by the explosive welding process 
and the image of the light microscope with no void 
was also confirmed the perfect connection Al/steel/
Al. The results of the experiments and numerical 
simulation were perfectly compatible.	
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