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Explosive welding technique
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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.


Welding window proposed by Wittman and Deribas
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Ref. Explosive welding of metals and its application, B. Crossland


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. 


(Dtop plate ; @bottom plate ; @jet region ; @surface layer of

Wavy interface of aluminum a||0y / oxides ; ®highly deformed region;®ultrafine grain region
magnesium aIon possibly due to dynamic recrystallization

Schematic of the metal jet generation

Wavy interface of titanium / nickel


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.

EIG. 2.5 Symmetrical oblique impact welding (11)

Velocity of jet

m, = m(l—cos j)

Mass of jet

Ref. B.Crossland; Explosive Welding of Metals and its Application, Oxford University Press (1982).
Y. Ishii, Metal to Kayaku (in Japanese), No.4, (1969). 5


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 U —

The Observation of Metal jet with
High-speed Swear Camera
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Behavior of metal in Observation of Metal jet with
explosive welding using High-speed Streak Camera

X-ray tlash light Al/Al (Similar metal welding)

Ref: Metal to Kayaku (in Japanese) No.4, (1969).  Ref: Y. Ishii, T. Onzawa: The Observation of

Metal jet with High-speed Swear Camera,
Metal to Kayaku, No.7, (1970). 6


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

Streak photograph 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.
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Ref. Y. Ishii, T. Onzawa: The Observation of Metal jet with High-speed Swear Camera

Metal to Kayaku, No.7, (1970). !


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.


Wavy interface generation
Bahrani’s theory

(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.

(f)

Ref: B.Crossland; Explosive Welding of Metals and its Application, Oxford University Press (4982).


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



Wavy interface generation

Interfacial waves in explosive welding is similar to the
Karman vortex street

( researched by Cowan et al, Kowalick et al, etc.)

THE MECHANISM OF EXPLOSIVE WELDING Kérmén VOrteX Street :

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

blunt body "= point of impact
fluid = flyer plate and/or base plate
Karman vortex = Interfacial waves

Karman vortex streets generated by a
cylinder in fluid flow

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


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.

10


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. 


Inclined collision using single—stage powder gun
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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
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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.

~
[Objectivel

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
Inclined | Collision velocity obtained
\[o} Metals angle from the experiments
[deg.] [m/s]
Copper / Copper 610
Cu/Cu| (Diameter: 38 mm) 20 i ental It
(Thickness: 3 mm) (experimental results)
Magnesium alloy
(AZ31) / Copper 580
Mg/Cu (Diameter: 38 mm) 2t (experimental results)
(Thickness: 15.5/3 mm)

E e AT Ly -
B e it

Target velocity: 600 m/s
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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
   


ANSYS AL
Solver: S

Numerical condition
TODYN 2-dimensional analysis

oH

(Smoothed-particle hydrodynamics)

Material:
diamete
Inclined

Cu/Cu, AZ31(Mg) / Cu
r: 38 mm, thickness : 3 mm
angle of target disc: 20°

collision velocity, V, : 600m/s

particle
(like as
Cu/Cu:

Size
the mesh size in Lagrangian)
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
Mie-Gruneisen formed shock equation of state

P : pressure, p, : density, C:sound velocity
s : material parameter, I': Grineisen coefficient

n=1-pylp

Johnson-Cook Strength model

2 136
Mg(AZ31)| 165 0012 | 0761 ] 1554 | 78

g, - effective plastic strain, &,” : normalized effective plastlc strain rate

Ty : homologous temperature = (T - T,,om) / (Tmeit = Troom)

A = Initial yield stress, B = Hardening constant, C = Strain rate constant .
n = Hardening exponent, m = Thermal softening exponent


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, V,=610m/s, p=20" )

Interval per
frames: 4ps

Qoo 100 17


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, V,=610m/s, p=20" )

r(e)t—16l (i)t—Z(I (g) t = 22'

Collision point velocity : 1756 m/s calculated by V, =2V s1n(B/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, V,=580m/s, p=20" )

Interval per
frames: 2ps

Qoo los 19



Experimental results
( Mg/Cu, V,=580m/s, a=20" )

() tMbps (D tF20psy, () t24psyy () t28ps,

Collision point velocity : 1670 m/s calculated by V, = 2V_sin(B/2)
Velocity of the front of the metal jet: 3450~3560 m/s 20



Experimental results

— comparison similar/dissimilar collision —
( Cul/Cu, V, =610m/s, a=20° )

T o e et i 0~1o

( Mg/Cu, V,=580m/s, a=20" )

WBlocity of theilgit of the metafljEE 3450~ 3560 fiils' =



Cu/Cu, rojectie
Vp = 600m/s, = "
a=20° ArGet S

Welded interface recovere
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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. Particle Size 0.05mm
Johnson-Cook strength model

AUTODYN-20 w121 from ANSYS

tdaterial Location

CU-OFHC Pro
CU-OFHC Tar



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 PEnIE S I

ISHS ZOHS

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


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 generatlon Cu/Cu

AUTODYM-2D 121 frorm ANSYE

hdaterial Location

CU-OFHE Fro
CLU-OFHE Tar

cu_cu-psizedl
Cyele 1663

Tirne 7.071E-003 ms
Units mm, mg, ms ! R ERY
Planar symmetry Ty oy SL8 RO DAL S, SO o (e, "I:lJH

ﬁAfHI
The metal jet conS|sts of prOJectlle 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) Wlth
Velocity vector (red: over 3500m/s) =


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.


-
(@)
)
(&)
(€D
>
>
=
&)
°
(<}
>
)
-]
@)
L
=
~~
X
(@)
o
(@)
QP
l
X
o
(@)
o
—
-
>
(@)
s’
-
o
&)
(<}
-
)
s’
[40]
-
(€D
<L
=
(b}
T

2.568e+H13

2.460e+13

2.352eH13

2.244e+H13

2.138eH13
2.028e+13

1.920e+13
1.812e+H13
1.704e+H13
1.596e+H13
1.488e+H13
1.380e+H13
1.272eHl3
1.164e+H13
1.056e+H13
9.480e+12

g.400e+12

7.320e+12

6.240e+12

5. 160e+12

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。
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Mg/Cu, \% 600m/s,|3 =20°

Partlcle3|ze 0.04mm (40 pm)

TEMP. (K] [All]

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.

Temperature contour (0 K ~ 3500 K) 32



Particle size 0.04mm (40 pm)

Mg/Cu, Vp = 600m/s, g =20°

The metal jet only consists of the projectile metal, AZ31
In Mg/Cu combination. 33



Comparison of the collision conditions by
numerical results

Vp = 600m/s, B =20°

34






Summary

m 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.

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

m 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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