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Выступающий
Заметки для презентации
First of all, although you know well, I’ll explain the conventional explosive welding technique, the background of this research.
This slide shows the welding process at the collision of flyer plate to base plate.
flyer plate was collided to the base plate with a certain angle when the explosive was detonated at the end.

When the collision angle, beta and the collision velocity, vp, or the horizontal collision point velocity Vc were in the range of suitable conditions, metal jet was generated at the collision point.
This jet contains the impurities on the surfaces of the two materials and produces a high strength bonding without the intermetallic.
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Welding window proposed by Wittman and Deribas 

Ref.  Explosive welding of metals and its application,  B. Crossland 

Boundary conditions 

(1) Critical angle for jetting 

(2) Lower limit: 

    sin(β/2)=k1(HV/ρVc
2)1/2 

(3) Upper limit: 

     sin(β/2)=k3/(t0.25･Vc
1.25) 

(4) Transition velocity: 

 Re=(ρF+ρB) Vc
2 /(2(HVF

 + HVB)) 
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Relation of the collision point 
velocity Vc, collision velocity 
Vp, and collision angle β 
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Выступающий
Заметки для презентации
This slide is the welding window proposed by prof. wittman and prof. deribas.
A good welding can be achieved when the welding conditions are in the range enclosed the four boundary lines, transition velocity boundary line, lower  limit line, upper limit line and the critical angle line for generation of metal jet. 
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Выступающий
Заметки для презентации
This figure shows the characteristics of explosively welded materials, the generation of the wavy interface, shown as the left figures, and the metal jet , shown the right figure.



Metal jet 
Metal jet is known well as the one of the important parameters to achieve 
the good welding in the explosive welding technique. 
This phenomena have been researched by many researchers. 

Ref:  B.Crossland; Explosive Welding of Metals and its Application, Oxford University Press (1982). 
    Y. Ishii, Metal to Kayaku (in Japanese), No.4, (1969). 
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Выступающий
Заметки для презентации
Metal jet is known well as the one of the important parameters to achieve the good welding in the explosive welding technique.
This phenomena have been researched by many researchers.

These figures are shown the geometry  
These equations are the typical formulas of metal jet velocity and mass of metal jet.



Observation of metal jet reported 

Behavior of metal in 
explosive welding using 
X-ray flash light 

Ref: Metal to Kayaku (in Japanese) No.4, (1969). 
  

Metal jet generation 
Observation of Metal jet with 
High-speed Streak Camera 
Al/Al（Similar metal welding） 
 Ref: Y. Ishii, T. Onzawa: The Observation of 

Metal jet with High-speed Swear Camera, 
Metal to Kayaku, No.7, (1970). 
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Выступающий
Заметки для презентации
In past research, the observation of the metal jet generation have been reported by many researchers. These figures show the example of the observations.

As shown these figures, to observe the metal jet, x-ray flash light or high-speed streak camera were used.
But, metal jet was not so clearly in past research in present day.



Behavior of a metal jet 

Mo/Ni（Dissimilar） 
Metal jet was propagated toward the heavy material  
(Mo:density10280 kg/m3 ） 

Ref: Y. Ishii, T. Onzawa: The Observation of Metal jet with High-speed Swear Camera, 
Metal to Kayaku, No.7, (1970). 
  

Streak photograph 

Mo 

Ni 

These figures show the  
behavior of a metal jet 
in the dissimilar welding.  
Prof. Ishii reported that a 
metal jet in the dissimilar 
metal combination was 
propagated toward the heavy 
metal. 

Metal jet 
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Выступающий
Заметки для презентации
These figures show the behavior of a metal jet　in the dissimilar welding, Mo and Ni. 
From Prof. Ishii’s  report,  a metal jet in the dissimilar metal combination was propagated toward the heavy metal.



・ Bahrani’s theory 
Wavy interface generation 

Ref: B.Crossland; Explosive Welding of Metals and its Application, Oxford University Press (1982). 

(a) A hump is formed ahead 
of the point of impact by 
a metal jet. 

(b) This hump deflects the 
jet upwards into the flyer 
plate. 

(c) The hump blocks off the jet 
completely. 

(d) When the hump blocks off 
the jet the stagnation point 
moves from the trough to 
the crest of the wave 

(e)-(f) A hump is formed 
continuously ahead of the 
point of impact. 
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Выступающий
Заметки для презентации
For the creation of interfacial waves, many researchers also investigated and reported.
This slide explain the Bahrani’s theory for generating of waves




Interfacial waves in explosive welding is similar to the 
Kármán vortex street  
( researched by Cowan et al, Kowalick et al, etc.) 

Wavy interface generation 

Ref: B.Crossland; Explosive Welding of Metals and its 
Application, Oxford University Press (1982), p.30. 

Kármán vortex street： 
A repeating pattern of swirling 
vortices caused by the unsteady 
separation of flow of a fluid 
around blunt bodies.  

Kármán vortex streets generated by a 
cylinder in fluid flow 

blunt body = point of impact 
fluid = flyer plate and/or base plate 
Kármán vortex = Interfacial waves 
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Выступающий
Заметки для презентации
Next slide explains the relationship between the karman vortex street and interfacial waves.
As everyone know the these theories, I’ll skip to explain it.



Many researchers have investigated for the formation of 
interfacial waves and the generation of a metal jet. 
These phenomena are important to achieve the good welding in 
Explosive welding. 
 
However, in explosive welding method, it is difficult to observe 
the welding process, such as the behavior of  metal jet and 
collision of metals, by the optical observation system.  
Because the detonation gas is spread over, and then, the shape 
of metal plate or the metal jet are not clear.  

Gas Gas 
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Выступающий
Заметки для презентации
Many researchers have investigated for the formation of interfacial waves and the generation of a metal jet.

These phenomena are important to achieve the good welding in Explosive welding.

However, in explosive welding method, it is difficult to observe the welding process, such as the behavior of  metal jet and collision of metals, by the optical observation system. 

Because the detonation gas is spread over, and then, the shape of metal plate or the metal jet are not clear. 



Single-stage powder gun （Kumamoto Univ.） 

Inclined collision using single-stage powder gun 

*UHMWPE: Ultra High Molecular Weight Polyethylene 
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As the generated gas exists only behind the projectile, 
the collisional process can be observed clearly 
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Выступающий
Заметки для презентации
Therefore, to observe the behavior of the metals at the high speed inclined collision, single-stage powder gun was used in this investigation.
By using the powder gun, as shown lower figure,  the gas exists only behind the projectile.
so, the collisional process can be observed clearly. 



Optical observation system 

High-speed video camera, HPV-1  
(Shimadzu Inc.) 

Collision velocity: 600m/s 
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Выступающий
Заметки для презентации
This slide shows the experimental setup. Projectile accelerated at about 600m/s was collided to the target metal disc arranged with inclined angle 20 degrees. High-speed video camera (HPV-1) was set in the against side of a flash light.



Phenomena (metal jet, interface wave) can be 
observed same as the explosive welding 
technique, by high-speed inclined collision 
using a powder gun. 

【Objective】 
 

1. Optical observation of metal jet generation for 
the similar/dissimilar metals experimentally. 
 

2. Observation of metal jet generation and the 
behavior of metals by numerical analysis. 
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Выступающий
Заметки для презентации
Phenomena (metal jet, interface wave) can be observed same as the explosive welding technique, by high-speed inclined collision using a powder gun.

Optical observation of metal jet generation by using the single-stage powder gun.
And, observation of metal jet generation and the behavior of metals by numerical analysis, with comparing the experiments



Experimental conditions 

No. Metals 
Inclined 

angle 
[deg.] 

Collision velocity obtained 
from the experiments  

[m/s]  

Cu/Cu 
Copper / Copper 

(Diameter: 38 mm) 
(Thickness: 3 mm) 

20 610  
(experimental results) 

Mg/Cu 

Magnesium alloy 
(AZ31) / Copper 

(Diameter: 38 mm) 
(Thickness: 15.5 / 3 mm) 

20 580 
(experimental results) 
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Target velocity: 600 m/s 

Выступающий
Заметки для презентации
In the present report, two type conditions were investigated.
First is for the similar material combination, copper and copper
Diameter and thickness of Projectile and target discs were the 38mm and 3mm, respectively.  

Second condition is the dissimilar combination. magnesium alloy, AZ31, as the projectile disc, and the copper as the target disc were applied.
Thickness of magnesium alloy disc was set to 15.5 mm, to become the weight equal to the weight of 3mm-thick copper disc. 
Collision angle and the collision velocity were the twenty degree and the six hundreds meter per second, respectively
   



Numerical condition 
ANSYS AUTODYN  2-dimensional analysis 
   Solver： SPH 
                   (Smoothed-particle hydrodynamics) 
   Material: Cu/Cu, AZ31(Mg） / Cu 
    diameter: 38 mm，thickness : 3 mm 
    inclined angle of target disc: 20° 
    collision velocity, Vp : 600m/s 
      particle size  
      ( like as the mesh size in Lagrangian) 
      Cu/Cu: 0.05mm,  Mg/Cu: 0.04mm  
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Выступающий
Заметки для презентации
And numerical simulations were done using ANSYS-AUTODYN.
To know the collision interface easily, two dimensional simulations were done.
Solver was the SPH, Smoothed particle hydrodynamics method, the one of the meshless methods.
the numerical conditions shown this slide were applied.






Material parameters used 
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Mie-Grüneisen formed shock  equation of state 
P : pressure,   ρ0 : density,   C : sound velocity 
s : material parameter,   Γ : Grüneisen coefficient 
η = 1- ρ0 / ρ  

Shock E.O.S. ρ0  [kg/m3] Γ C [m/s] s Tref [K] cp [J/kgK] 
Cu 8960 1.99 3940 1.489 300 383 

Mg（AZ31） 1755 1.43 4516 1.256 300 100 

Johnson-Cook Strength model 
[ ][ ][ ]m

Hp
n
p TCBAY −++= 1ln1 *εε

J-C  G 
[Gpa] 

A 
[Mpa] 

B 
[MPa] C n m Tmelt 

[K] 
Cu 46 90 292 0.025 0.31 1.09 1356 

Mg(AZ31) 165 224 380 0.012 0.761 1.554 878 
εp : effective plastic strain,    εp

* : normalized effective plastic strain rate 
TH : homologous temperature = (T - Troom) / (Tmelt - Troom) 
A = Initial yield stress,   B = Hardening constant,  C = Strain rate constant 
n = Hardening exponent,   m = Thermal softening exponent 16 

Выступающий
Заметки для презентации
In the simulation, copper and magnesium alloy were modeled by the Mie-Gruneisen formed shock EOS and the Johnson-Cook Strength model.
Formulas and the parameters for the numerical analysis are shown this slide. 



Experimental results 
（ Cu/Cu, Vp＝610m/s, β＝20°） 

Interval per 
frames: 4μs 
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Выступающий
Заметки для презентации
This movie are the experimental result for the similar metal collision.
The metal jet generation could be photographed and be observed so clearly.
Metal jet was generated at the collision point and was propagated toward the protection plate set on the upper of target disc.





Experimental results 
（ Cu/Cu, Vp＝610m/s, β＝20°） 

(a) t = 0μs (b) t = 4μs (c) t = 8μs (d) t = 12μs 

(e) t = 16μs (f) t = 20μs (g) t = 24μs (h) t = 28μs 

Collision point velocity : 1756 m/s  calculated by Vp = 2Vc sin(β/2)  
Velocity of the front of the metal jet:  3000～3184 m/s 18 

Выступающий
Заметки для презентации
As you see, 2 type metal jet, so, bright metal jet, white colored jet, and  black colored metal jet were observed between the target and the projectile.  




Experimental results 
（ Mg/Cu, Vp＝580m/s, β＝20°） 

Interval per 
frames: 2μs 
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Experimental results 
（ Mg/Cu, Vp＝580m/s, α＝20°） 

(a) t = 0μs (b) t = 4μs (c) t = 8μs (d) t = 12μs 

Collision point velocity : 1670 m/s  calculated by Vp = 2Vc sin(β/2)  
Velocity of the front of the metal jet:  3450～3560 m/s 

(e) t = 16μs (f) t = 20μs (g) t = 24μs (h) t = 28μs 
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Experimental results  
       – comparison similar/dissimilar collision –  

（ Cu/Cu, Vp＝610m/s, α＝20°） 
(a) t = 0μs (b) t = 4μs (c) t = 8μs (d) t = 12μs 

（ Mg/Cu, Vp＝580m/s, α＝20°） 
(a) t = 0μs (b) t = 4μs (c) t = 8μs (d) t = 12μs 

Velocity of the front of the metal jet: 3450～3560 m/s 

Velocity of the front of the metal jet: 3000～3184 m/s 
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Welded interface recovered 

Cu/Cu,  
Vp = 600m/s, 
α=20° 
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Mg/Cu 

No weld 

Выступающий
Заметки для презентации
The welded interface became the small wavy interface or the smooth interface around the starting of collision.
From the center of sample, waves were deformed large-size and uniform waves to the end side.
The case of Magnesium alloy and copper in 600m/s-collision velocity, magnesium alloy projectile was broken and welding was not succeeded, as shown small figure.
By the optical observation, metal jet generation could be observed clearly, but it is difficult to know the wavy interface creation.
So, 2D numerical simulations were done. 
 



Shock E.O.S. 
Johnson-Cook strength model 

Particle Size 0.05mm 
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Выступающий
Заметки для презентации
This slide the numerical results for the similar metal collision.
Blue and green colored materials were the same parameters of copper.
Metal jet generation and the wavy interface were simulated well in this method.



Shock 
Johnson-Cook strength model 

20μs 

Particle Size 0.05mm 

Velocity of the metal jet and the tendency of wavy interface generation 
are agree well with the experimental results. 

15μs 
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Выступающий
Заметки для презентации
Comparing with the experimental results, position and velocity of metal jet and the tendency of the creation of waves are agree well excluding the end of discs.




Wavy interface generation, Cu/Cu 

27 The metal jet consists of projectile and the target metal 

Выступающий
Заметки для презентации
This movie are the magnification of the wavy interface creation by numerical simulation.
To know well the behavior of the inclined collision, such as the thermal conditions which is difficult to know by experiments,  the movie of temperature contour will be shown.



Temperature contour (0 K : blue ~ 3000 K : red) with 
Velocity vector (red: over 3500m/s)  29 

Выступающий
Заметки для презентации
This slide shows the thermal conditions when the large-size waves were generated in numerical simulation.
Blue colored particles mean the 0 K and red colored particles mean over 3000 K
In Velocity vectors, red color mean the 3.5 km/s over.
As shown this movie, the thermal area to be affected.



15μs  
 

0.5mm 

3000 K 

300 K 

30 

Temperature contour (300 K ~ 3000 K) without Velocity vector 

Temperature contour (300 K ~ 3000 K) without Velocity vector 

Выступающий
Заметки для презентации
この図では最高温度を3000Kにしています。
銅の融点は約1400Kです。
この図を見てわかるとおり、銅板が温度の影響を受ける1400Kになってるところは接合界面極近傍になっています。



Temperature contour (0~5000K) Mg/Cu 
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Particle size 0.04mm (40 μm) 
Mg/Cu, Vp = 600m/s, β=20° 

32 Temperature contour (0 K ~ 3500 K) 

Temperature was 
increased at over 3500 K 
in the interface of metals. 
The heat affected area 
was widened compared 
with the case of the 
Cu/Cu collision. 
  
And, temperature were 
increasing from the 
collision interface to the 
backside, like shear band. 



Particle size 0.04mm (40 μm) 
Mg/Cu, Vp = 600m/s, β =20° 
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The metal jet only consists of the projectile metal, AZ31 
in Mg/Cu combination. 

Cu 
AZ31 
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Cu Cu 
Cu 

AZ31 

Vp = 600m/s,  β =20° 

Comparison of the collision conditions by 
numerical results 
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Cu Cu Cu 
AZ31 

5000 K 

0 K 



Summary 
 The high speed inclined collision, as like the explosive 

welding process, was observed by using the single stage 
powder gun and high-speed video camera, for similar 
(Cu/Cu) and dissimilar （Mg alloy/Cu） combinations. 

 Metal jet generation was observed clearly for the similar 
and the dissimilar combinations.  

 From the numerical analysis by the ANSYS-AUTODYN, 
tendency of the wavy interface and the metal jet were 
agree well with the experimental figures.  
And, the thermal conditions of metals at high speed 
collision and the generation of interfacial waves, which 
are difficult to know from the experiments, can be 
obtained from the numerical results. 36 



Thank you for your kind attention 
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