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Abstract: In this study, the effect of varied loading ratio (mass of the explosive/mass of flyer plate) on the nature of 
interface, temperature and pressure developed in aluminum-steel explosive cladding is presented. Increase in the 
loading ratio, R, enhances the pressure developed, kinetic energy utilization and deformation work performed. 
Interfacial microstructures exhibit the formation of molten layer at few spots, owing to the increase in temperature 
beyond the melting point of parent alloy. The increase in temperature and the quantum of pressure developed were 
determined by numerical simulation performed in Ansys AUTODYN by employing smoothed particle hydrodynamics 
(SPH) method. The positioning of the experimental conditions on the weldability window is presented as well. 
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1 Introduction 
 

Researchers worldwide focus their attention on 
the development of novel combination of materials 
which exhibit the best features of two or more 
metals. In this context, welding of dissimilar metals, 
having wide variation in physical properties, 
demands significant attention [1]. Hence, for the 
applications requiring high mechanical strength at 
lesser weight such as cryogenic pressure vessels 
and cryogenic liquid transport vehicles, aluminum 
alloy-stainless steel clad is the natural choice [2]. 
Aluminum-steel clads offer the best mechanical and 
microstructural properties of the participant metals 
[3]. Of the available aluminum grades, Al 5052 
shows excellent potential in challenging 
applications, namely automobile components, 

defence and commercial aircraft manufacturing [4]. 
Similarly, stainless steel SS 316 is the suitable 
candidate for cladding with aluminium for 
imparting strength at affordable cost [3]. 

Welding of aluminum and steel by 
conventional methods leads to the formation of 
detrimental intermetallic compounds which inhibit 
the microstructural and mechanical properties of the 
joint. The intermetallic formation is attributed to 
longer processing time and wider variation in 
thermo-physical properties of the participant metals 
[5]. In this context, explosive cladding offers a 
viable solution to join aluminum-steel plates devoid 
of intermetallic compounds. 

Explosive cladding, an unconventional 
bonding technique, employs the energy stored in a 
chemical explosive to create a metallurgical 
b o n d i n g  b e t w e e n  d i s s i m i l a r  m e t a l s  [ 6 ] . 
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GLADKOVSKY et al [7] explosive cladded 
copper-steel plates and opined that higher ductility 
of copper enhances the strength. In another 
endeavor, for cladding copper-steel, WANG et al  
[8] optimized the explosive cladding process 
parameters by theoretical and numerical 
calculations. In an interesting attempt, ZENG et al 
[9] explosive cladded Ti-steel plates in a helium 
environment and reported better weld quality and 
strength. In another study, ZHANG et al [10] 
correlated the experimental and numerical results of 
copper-steel explosive cladding. Similarly, GUO  
et al [11] conducted experimental and numerical 
studies on aluminum-steel explosive cladding, and 
the results were coherent. 
    SARAVANAN et al [12] reported the variation 
in weldability window, due to the introduction of an 
interlayer in aluminum-steel explosive cladding. 
Likewise, REN et al [13] developed weldability 
window for steel-tungsten tubes and verified 
experimentally. In another attempt, YANG et al [14] 
cladded aluminum plates with dovetail groove 
machined steel plates and reported better joint 
strength. CARVALHO et al [5] characterized the 
aluminum rich intermetallic structures formed in 
the steel-Al 6082 interface. Though few researchers 
studied explosive cladding of aluminum and steel, 
studies pertaining to the influence of loading ratio, 
R, on the deformation work, kinetic energy 
utilization, pressure and temperature developed are 
scarce and hence attempted herein. In this study, 
aluminum 5052-SS 316 plates were explosive 
cladded at varied loading ratios and the variation in 
interface microstructure, kinetic energy utilization 
and subsequent deformation were reported. In 
addition, the temperature and pressure developed 
during the process were estimated by a numerical 
simulation and the results are correlated. 
 
2 Experimental 
 
    Parallel explosive cladding configuration 
(Figure 1) was attempted with aluminum 5052  
(50 mm×100 mm×2 mm) and SS 316 (50 mm×  
100 mm×6 mm) plates as flyer and base plates, 
respectively. The thicknesses of the flyer and base 
plates were chosen based on their applications in 
ship building, aerospace and automobile industries. 
The chemical compositions of the flyer and base 

plates, purchased from the commercial market are 
given in Tables 1 and 2, respectively. 
    The flyer and base plates were separated by 
 

 
Figure 1 Parallel configuration of explosive cladding (a) 
and photographic view (b) 
 
Table 1 Chemical composition of Al 5052 

Element Mass fraction% 

Cu 0.10 

Mn 0.40 

Si 0.40 

Mg 4.20 

Zn 0.25 

Fe 0.40 

Ti 0.15 

Cr 0.15 

Al Bal. 

 
Table 2 Chemical composition of SS 316 

Element Mass fraction/% 

Si 0.75 

Cr 11.0 

Ni 14.0 

Mo 3.00 

C 0.08 

N 0.10 

S 0.03 

Fe Bal. 
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5 mm (standoff distance), to allow the flyer plate to 
reach its terminal velocity. The mating surfaces 
were mechanically polished and thoroughly cleaned 
with acetone, prior to experiments. 
    The chemical explosive (density, ρ=       
1.2 gm/cm3; detonation velocity, Vd=4000−    
4200 m/s) was packed above the flyer plate and 
detonated by an electric detonator positioned at one 
corner. The loading ratio, R, varied from 0.6 to 0.8, 
keeping other influential process parameters as 
constant. The detailed experimental conditions are 
given in Table 3, and the ranges of process 
parameters were fixed based on trial experiments. 
    After cladding, the metallographic specimens 
were prepared from the mid-region of the explosive 
clads and were polished with different grades of 
emery sheets varying from 600 to 1500 sieve sizes. 
Subsequently, the samples for the microstructural 
observations were subjected to polishing in a 
polisher having alumina and colloidal silica 
suspensions, for 1 µm finish. The as-polished 
specimens were examined with VERSAMET-3 
optical microscope to present the optical 
microstructures. Vickers micro-hardness was 
determined as per ASTM E 384 standard using 
Zwick Vickers micro-hardness tester by applying a 
load of 4.9 N. To evaluate the integrity of the 
explosive clad, Ram tensile tests were conducted 
according to MIL-J-24445A standard in an 
UNITEK-94100 universal testing machine with a 
crosshead speed of 5 and 0.5 mm/min, respectively. 
 
3 Weldability window 
 
    Weldability window, an analytical estimation, 
comprising of upper and lower boundaries, is 
constructed between any two desired parameters, 
which contain curved boundaries to define the 
minimum and maximum dynamic bend angle, β, 
and the critical angle for jetting to occur. According 
to earlier researches, the experimental conditions 
prevailing between the upper and lower boundaries 
of the weldability window result in a successful 
clad with a wavy interface [15, 16]. The upper 
boundary of the weldability window represents the 
extreme conditions for a possible explosive clad, 
However, SARAVANAN et al [12] recommended 
experimental conditions closer to the lower 
boundary, as it represents lower dynamic bend 
angle, β, collision velocity, Vw, and plate velocity, 

Vp, for obtaining a metallurgically strong bond. The 
lower boundary of the weldability window was 
determined by [16]:  

v
2

w

=
H

K
V




                              (1) 

 
where K is equal to 1.14; Hv is the Vickers  
hardness; ρ is the density of the flyer plate; Vw is the 
collision velocity, equal to the detonation velocity 
(Vd) of the explosive in a parallel configuration [15]. 
The dynamic bend angle, β, was analytically 
determined by:  

p1

d
=2sin

V
V

 -                              (2) 
 
where Vp is the flyer plate velocity, and is 
determined by:  

p d=2 sin
2

V V                               (3) 

 
4 Numerical simulations 
 
    Numerical simulations were performed in 
Ansys AUTODYN software employing smoothed 
pontide hydrodynamics (SPH) method for the 
attempted conditions (Table 3). 
 
Table 3 Experimental conditions 

Parameter Value 

Standoff distance/mm 5 

Preset angle/(°) 0 

Loading ratio 0.6, 0.7, 0.8 

Thickness of flyer plate/mm 2 

Thickness of base plate/mm 6 

Detonation velocity of explosive/(m∙s−1) 4000−4200 
 
    SPH method, a Lagrangian technique free 
from grids, is competent and precise for modelling 
material deformation problems [17]. The initial 
configurations of the simulations in 2D and 3D are 
illustrated in Figures 2(a) and (b), respectively, and 
generated with the aid of parts menu. Similarly, the 
properties of the participant metals and explosive 
were added to the materials library and were chosen 
as listed in Table 4. 
    The initial conditions, viz., standoff distance, 
preset angle, thickness of flyer and base plates were 
fixed through the initial conditions menu, while the 
boundary conditions, viz., blast load, analytical  
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Figure 2 Initial configuration of simulation in 2D (a) and 
3D (b) 
 
Table 4 Selection of materials and explosive 

Item Selection 

Flyer plate Al 5052 

Base plate SS 316 

Explosive ANFO 

EOS of explosive JWL 

Shock equation Gruneisen equation 

Strength model Johnson-Cook 

 
boundary conditions were fixed by the boundary 
conditions menu. The selection of equation of state 
(EOS) and strength models for flyer and base plates 
were influenced by the nature and properties of the 
chemical explosive and participant metals. In this 
study, ANFO explosive (detonation velocity,   
4160 m/s) was chosen as the energy generator, 
which accelerates the flyer plate towards the base 
plate. The SPH particle size of 0.5 mm was adopted 
for generating explosive, flyer and base plates. The 
Jones-Wilkins-Lee equation (JWL EOS) was 
chosen as the equation of state for the explosive, 
represented by [17]:  

1 2

1 2
= 1 e + 1 e +R V R V EP A B

R V R V V
  - -

æ ö æ ö
ç ÷ ç ÷- -ç ÷ ç ÷
è ø è ø

   (4) 

where V is the relative volume; E is the internal 
energy; ω is the Gruneisen parameter; and A, B, R1 
and R2 are constants which satisfy the mass, 
momentum, and energy conservation (Table 5). 
 
Table 5 JWL EOS parameters for explosive 

Material ANFO 

Density/(g∙cm−3) 9.310 

Pressure, A/GPa 49.46 

Pressure, B/GPa 1.118 

R1 3.907 

R2 1.118 

Gruneisen parameter, ω 0.333 

Detonation velocity, VCJ/(m∙s−1) 4160 

Energy, ECJ/(kJ∙m−3) 2.484×106 

 
    The Gruneisen equation of state with cubic 
shock velocity-particle velocity defines pressure for 
compressed materials as [18]: 
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   0( + )a E                              (5) 
 
where C is the intercept of us (velocity of shock 
wave)−up (velocity of element) curve; γ0 is the 
Gruneisen coefficient; a is the first order volume 
correction to γ0; S1, S2 and S3 are the coefficients of 
the slope of us−up curve; and µ=ρ/ρ0−1 is the rate of 
change of volume. 
    Similarly, the Johnson-Cook strength model 
was chosen to model the behavior of participant 
metals subjected to large strains, high strain rates 
and temperatures. The model defines the yield 
stress Y as [17]: 
 

p p H=( + )(1+ ln )(1n mY A B C T  * )-                (6) 
 
where εp is effective plastic strain; εp

* is normalized 
effective plastic strain rate; n is work hardening 
exponent; TH

m is the homologous temperature and 
as given by TH

m=(T−Troom)/(Tmelt−Troom); A, B, C and 
m are constants. Tmelt and Troom denote the melting 
point and room temperature, respectively. The 
parameters of equation of state and strength model 
of the flyer and base plates are listed in Table 6. 
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Table 6 Parameters of Johnson-Cook models and Shock 
EOS for flyer and base plates 

Parameter 
Value 

Al 5052 SS 316 
Density/(g∙cm−3) 2.68 7.980 

Gruneisen coefficient 1.97 1.670 
S1 1.330 1.490 

Initial shear modulus/GPa 27.1 81.80 
Initial yield stress/GPa 0.04 0.360 
Hardening exponent, n 0.30 0.360 
Strain rate constant, c 0.02 0.014 

Thermal softening exponent, m 1.00 1.030 

 
5 Results and discussion 
 
5.1 Interface microstructure 
    The effects of varied loading ratio, R, on the 
interface microstructures of the Al 5052-SS 316 
explosive clads are shown in Figure 3. The 
interfaces highlight the difference in interfacial 
amplitude of the sinusoidal topographies and 
indicate the effect of explosive mass on the 
quantum of deformation work performed. Increase 
in the interfacial amplitude with increase in loading 
ratio, R, is consistent with the reports of earlier 
researchers [19−21]. However, interfacial melting is 
witnessed at few spots of the crests of the wave for 
all attempted conditions due to enhanced 
temperature at specific locations. Further, the grains 
across the periphery are finer and oriented towards 
the detonation direction. The interface 
microstructure of Al 5052-SS 316 explosive clad, 
for a loading ratio, R=0.6, shows a wavy interface, 
having the minimum interfacial amplitude and the 
presence of a continuous strip of molten diffusion 
layer (Figure 3(a)). The molten layers, the weak 
location in the clad, are formed due to the 
dissipation of the available kinetic energy at those 
regions of the interface (0.773 MJ/m2). The kinetic 
energy dissipated (ΔE) at the interface depends on 
the mass of participant metals and the velocity of 
flyer plate, given by [22, 23]: 
 

2
f b p

f b

1Δ =
2 ( + )

m m V
E

m m
                          (7) 

 
where mf and mb denote the mass of flyer and base 
plate per unit area, respectively; and Vp is the 
velocity of flyer plate. BATAEV et al [24] opined  

 

 
Figure 3 Microstructure of Al 5052-SS 316 explosive 
clad at varied loading ratios: (a) R=0.6; (b) R=0.7;      
(c) R=0.8 
 
that the molten layer formation at the interface was 
probable if the dissipated kinetic energy is utilized 
for melting the participant metals, instead of 
creating an undulating interface. 
    Smaller interfacial amplitudes seen at other 
interfacial spots are attributed to the lower pressure 
developed and lower deformation work (W) 
performed at the interface (0.461 MJ/m2). The 
deformation work depends on the kinetic energy 
utilization at the interface and is analytically 
estimated by:  

2

2
=Δ 1 wV

W E
C

é ù
ê ú-ê ú
ê úë û

                          (8) 
 
where Vw is the collision velocity; and C is the 
sound velocity of the flyer plate. 
    The interface microstructure for a loading ratio, 
R=0.7 (Figure 3(b)), reveals the characteristic wavy 
interface with formation of few intermetallic 
compounds on the vortices. The increase in loading 
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ratio (R=0.7) provides a 20% additional kinetic 
energy utilization (0.974 MJ/m2), and hence more 
deformation work is performed (0.574 MJ/m2), 
leading to an increase in the interfacial amplitude 
(Figure 3(b)). For the highest loading ratio, R=0.8, 
interfacial waves are bigger (Figure 3(c)), due to the 
highest kinetic energy dissipation (1.18 MJ/m2) and 
the subsequent maximum deformation work 
performed at the interface (0.696 MJ/m2). 
Consequently, the temperature developed at the 
vicinity is higher (detailed in the next section), and 
supports the formation of intermetallic compounds 
at the interface as seen in Figure 3(c). The distinct 
variation in the density and thermal conductivity of 
participant metals inhibits the uniform distribution 
of thermal energy, supporting the formation of 
intermetallic compounds as well [25]. Formation of 
intermetallic compounds at higher energetic 
conditions is consistent with the reports of earlier 
researchers [26, 27]. 
 
5.2 Positioning in weldability window 
    The lower boundary of the weldability window 
was generated between welding velocity, Vw, and 
dynamic bend angle, β, as ordinates and abscissa, 
respectively (Figure 4). The dynamic bend angle 
(Eq. (2)) and collision velocity, for the attempted 
conditions, were determined as represented in the 
Al-steel weldability window (Figure 4). The 
properties of flyer plate (Al 5052) are more 
influential in formulating the weldability window 
(Eq. (1)). The attempted experimental conditions 
are falling very closer to the lower boundary, results 
in a wavy interface to satisfy the design 
requirements. 
 

  
Figure 4 Weldability window for aluminum-steel 
explosive cladding 

5.3 Numerical analysis 
    Figure 5 shows the various stages of Al 
5052-SS 316 explosive cladding for a loading ratio 
of 0.7, in a two-dimensional space. The dispersion 
of SPH particles in explosive is hidden, for better 
visualizing and understanding of the various stages 
of collision. The detonation of the chemical 
explosive (Figure 5(a)) initiates the propulsion of 
the aluminum flyer plate towards the stainless base 
plate, as shown in Figure 5(b). 
    The shock wave emanating from the chemical 
explosive propagates through the flyer plate at the 
speed of sound, and hence the cubic structure of the 
lattice transforms into monoclinic, following the 
high deviatoric stresses [15]. Subsequently, the 
oblique movement of flyer plate is visible as the 
number of cycles increases (Figures 5(c)−(f)). 
Subsequent to the collision of flyer and base plates, 
high pressure and temperature are generated near 
the collision region, detailed in the subsequent 
sections. The pressure developed at the collision 
point was analytically estimated by [4]:  

2
p

1=
2

P V                                (9) 
 
where ρ is the density of flyer plate; Vp is the 
velocity of the flyer plate. The high pressure created 
breaks the oxide surfaces on participant metals 
promoting ‘surface jetting’, and causes the two 
virgin surfaces to be compressed together to form a 
clad [28]. The generated high pressure brings the 
atoms of participant metals closer in order to 
achieve a metallurgical bond, creating a successful 
explosive clad. Subsequent to the collision of flyer 
plate with the base plate, the kinetic energy 
available in the flyer plate was instantaneously 
converted into high pressure and then into thermal 
energy [29]. 
    The three-dimensional contour of the process, 
in middle and final stages of the cycle for the 
different loading ratios attempted is shown in 
Figure 6. The SPH particle dispersion of the 
explosive is also seen in the middle stages of the 
process. As the process descends, the scattering of 
lower melting point aluminum (flyer plate) is also 
visible as reported by LIU et al [30]. 
 
5.4 Pressure contour 
    The pressure distribution is relatively uniform, 
except for the collision point and its surroundings, 
w h e r e  a  v e r y  h i g h  p r e s s u r e  i s  w i t n e s s e d  
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Figure 5 Stages of explosive cladding 
 
(Figure 7. The pressure developed in the collision 
point increases with the loading ratio, R. In addition, 
the pressure developed at the interface is higher 
than the dynamic strength of the participant metals, 
which causes a transient fluid-like state at the 
interface and promotes “jetting” phenomenon. 
According to Ref. [28], jet formation leads to good 
bonding. For a lower loading ratio (R=0.6), the 
maximum pressure of 1.5 GPa is witnessed at the 
initial stages of the collision (Figure 7(a)). However, 
as the loading ratio is increased to 0.7, a pressure of 
2.2 GPa  (Figure 7(b)) is observed in the mid 
section of the weld, as reported in Ref. [17]. The 
maximum pressure 3.6 GPa is observed in the tail 
end of the process (Figure 7(d)) for the highest 
loading ratio (R=0.8). In addition, the pressure 

tends to decline rapidly as the collision point shifts 
continuously. 
 
5.5 Temperature distribution 
    Figure 8 exhibits the temperature distribution 
across the participant plates at various loading 
ratios during the explosive cladding process. The 
temperature developed at the interface for the 
minimum (Figure 8(a): R=0.6) and the maximum 
(Figure 8(d): R=0.8) loading ratio reaches 1100 and 
1520 K, respectively. The lowest temperature was 
higher than the melting point of weaker metal 
(aluminum: 933 K). Further, it is observed that the 
increase in loading ratio enhances the interface 
temperature closer to the melting point of stainless 
steel.  The increase in temperature is highly 
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Figure 6 Explosive cladding at different loading ratios: (a, b) R=0.6; (c, d) R=0.7; (e, f) R=0.8 
 
localized at the collision interface, and thereby 
molten layer is formed, consistent with the 
experimental microstructure (Figure 3). 
    This localized temperature rise leads to higher 
cooling rates, in the order of 105−107 K/s, at the 
clad interface [24]. No significant increase in 
temperatures is observed at the regions (100 μm) 
away from the interface. 
 
5.6 Verification of numerical simulation 
    The experimental outcome of the attempted 
conditions to obtain a successful clad is consistent 
with the numerical simulation. The interface 
hardness and tensile strength of the dissimilar 
explosive clad, at varied loading ratios, are 

displayed in Figure 9. The interface exhibits higher 
hardness than the aluminum. The hardness value 
increases with loading ratio as the quantum of 
applied pressure increases. Similarly, the tensile 
strength of the dissimilar explosive clads is higher 
than that of the weaker parent metal (Al 5052). 
    The pressure developed at the collision point is 
closer to the analytical expression (Eq. (9)), which 
increases with the loading ratio. The collision 
velocity is determined by dividing the length of the 
material by the total duration of simulation and is in 
agreement with the experiments. The dynamic bend 
angle (Eq. (2)) created during the high impact 
collision concurs with the numerical simulation. 
The pressure developed at the detonation front is  
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Figure 7 Pressure contours in Al 5052-SS 316 explosive cladding: (a) R=0.6; (b, c) R=0.7; (d) R=0.8 
 

 
Figure 8 Temperature developed in Al 5052-SS 316 explosive cladding: (a) R=0.6; (b, c) R=0.7; (d) R=0.8 
 
similar to the Gruneisen equation, confirming the 
judicial selection of governing equations for the 
explosive (Figure 7). The temperature predicted by 
the numerical simulation exceeds the melting point 
of the weaker metal as seen in the experimental 
results (Figure 8). The deviation between the 
analytical and numerical pressure developed at the 
interface is less than 10%. It is concluded that the 
numerical simulation is an effective approach to 
study the collision (internal) parameters influenced 

by the external operational parameters. 
 
6 Conclusions 
 
    The experimental study on explosive cladding 
of Al 5052-SS 316 plates subjected to varied 
loading ratios, leads to the following salient 
conclusions: 
    1) Numerical simulation is capable of 
analyzing collision parameters dictated by the 
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Figure 9 Explosive clad samples (Al 5052-SS 316) 
 
operational parameters. 
    2) The interfacial microstructure exhibits a 
smooth wavy topography with the joint strength 
higher than the weaker parent metal. 
    3) The experimental conditions located closer 
to the lower boundary of the weldability window 
produce a smooth and wavy interfacial topography. 
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中文导读 
 

铝钢爆炸焊接的实验与数值研究 
 
摘要：本文研究了变化载荷比(炸药质量/翼板质量)对铝钢爆炸焊接界面的性质、温度和压力的影响。

增加载荷比 R 会增大爆炸撞击点的压力、动能的利用和变形功。当温度升高到超过母体金属的熔点时，

在界面微结构中的一些点形成熔融层。在 Ansys AUTODYN 中运用光滑质点流体动力学(SPH)法对温

度和压力的增加进行数值模拟，确定爆炸异种金属焊接的工艺条件。 
 
关键词：爆炸焊接；异种金属；数值模拟；微观结构；可焊性窗口 


