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Abstract Effects of important parameters like impactor factor, plug geometry and initiation points on
bonding aluminum tubes to aluminum plugs were studied. The impact velocity and dynamic angle
between tube and plug should be precisely managed to achieve an optimum bonding condition. A new
explosive bonding technique with the use of two material impactors was proposed. Results are especially
suitable for using high-speed explosive materials to bond welded parts having dissimilar properties. A
welding window was first presented for bonding aluminum tube to aluminum plug with the help of the
experimental data. Numerical simulation was then performed to understand the effect of impactor on flat
and curved plugs. However, due to limited data analysis systems used to register explosive welding
parameters, it became evident that numerical analysis was necessary. The important findings were
explosion modeling and fast tube deformation. For low process duration time and fast deformation, the
modeling is very difficult. Numerical analysis with Abaqus software was performed to investigate the
bonding conditions. The calculated impact velocity of the tube and the dynamic angle between the tube
and the plug were compared with the numerical results under the same conditions. It was shown that the
numerical analysis was consistent with the predicted data. Eventually we concluded that in explosive
welding, curved plugs were more advantageous than flat plugs. It can be recommended that due to
having a connection surface in high-speed explosives, the use of plastic impactors is more favorable than
using hypoelastic impactors.
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1. INTRODUCTION oblique collision in which high transient pressure
is produced at the collision region. The process
Materials can be bonded together by high velocity uses an explosive detonation as the energy source
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to propel a flyer plate towards a base plate Figure
I. The impact velocity, V, in Figure 1, determines
the pressure.

This pressure results in the formation of a jet,
which contains the surfaces of the two materials
and scrves to bring them together to create a
metallurgical bond. The velocity of the collision
point, Ve, governs the time available for bonding.
Considerable progress has been made to establish
the optimum operational and physical parameters
required to produce an acceptable bond and
welding windows (of various parameters such as
flyer tube velocity — dynamic angle and impact
pressure — dynamic angle etc.) have been proposed
by different authors.

Explosive welding can be used to clad cylinders
on their inside or outside surfaces. One application
of such process is the internal cladding of steel
forging with stainless steel to make nozzles for
connection to heavy - walled pressure vessels.

Explosion welding can be used for plugging
leaking tubes in heat exchangers. Electric utilities
and petrochemical companies usc the process
because it is quick, casy, and reliable (Figure 1).

Techniques for welding tubes to plug employ a
small explosive charge, which on detonation
effects their high velocity collision, whercupon
under controlled conditions, a good bond is
sccured between the tube and the plug.

Basically, two different geometric shapes are
available, the use of which is dependent upon the
type of explosive material of high or low
detonation velocity.

The geometric shape using a high detonation

Base Plate
1

Figure 1. Model of explosive welding of two plates.
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velocity of explosive material has a mutual
inclination between the tube and the plug, Figure 2
[1].

The other geometrical arrangement, where the
surfaces to be welded are kept parallel to ecach
other [1], and at a short distance apart, Figure 3,
requires a velocity explosive material that has a
detonation velocity less than the sonic velocity of
the materials being welded.

The parallel set up with an impactor is
preferred because high detonation velocity
material can then be used, which are generally
more consistent in detonation, more contact and
more ecasily handled than low detonation velocity
explosive materials.

Due to limitations of data analysis systems for
registration of explosive process, the necessity for
numerical analysis arose. Therefore numerical
work was carried out to study the technique of
welding a tube to a plug using a parallel and curve
setup, an impactor (hyper clastic and perfectly
plastic) with a high detonation velocity explosive
material.

TUBEPLATE

CHARGE

DE TONATOR

=S

POLYTHENE
BUFFER

Figure 2. Inclined tube to tube plate welding geometry.

TUBEPLATE

PACKING

SPIGOT
WAX

Figure 3. Parallel tube to tube plate welding geometry.
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Measurements of tube inward velocities and
collision angle were been carrying out with
ABAQUS software, for comparison of the effect
of impactor and plug geometric shape.

2. IMPORTANT PARAMETERS IN
EXPLOSIVE WELDING

Stand Off Distance A minimum stand off is
required to sufficiently accelerate the flyer and for
surface jetting. Although it is possible to reduce
the explosive loading at higher stand off, the edge
instability and end effects are pronounced
resulting in unbounded regions particularly while
cladding large size. Short stand off operations are
suitable for metal foil, metal sheet or thin metal
plates and cylindrical geometric shapes.
Suggestions for stand off vary widely from
fraction of flyer thickness to more than twice of it

[2).

Impact Velocity The flyer velocity has to be
carefully chosen so as to, on one hand, satisfy
all the requirements of bonding and on the other
hand to set aside all chances for weld defects. Too
high a velocity is undesirable due to inhcrent
possibilities of defects and flyer damage.

From conservation of momentum it follows
that for two dissimilar metals A and B
impacting at a relative velocity of V,, and sound
velocity V, the impact pressure is given by [3]:

R 7 A 0
f ! i I + p.'f VS/I ’Illlpf? V—SB

For similar materials;

(P =pp=pVy =Vy=V)

This reduces to:

p.l' = %p 'V;)VS (2)

The minimum impact velocity to generate this
pressure can be found from [1]:

(1) For dissimilar metals (with A the stronger
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[l + P, V.S’A / IOHVSH

component): V, . =100 ]
; P Vs
3)
|’F—
(it) Similar metals, since V, = *\f
. 206, 200,
LP[min} = . = '_‘_; (4)

P Vs \,.[D Ly

Where E, = Young’s modulus of A.
Therefore For aluminum is:
\;p[min] =490 m/s

Attempts have been made to predict a
maximum impact velocity in terms of such
quantities as the flyer thickness, the collision point
velocity and the thermal conductivity of the
metals.

The maximum impact velocity that related with
impact energy is give by [2]:

2IF v
Vb{max) = (,O—.’) - (5)
A

Where IE is the maximum permissible energy
Values, for aluminum, equal 4.05 Mj/m’, P, is the
density of the flyer metal and 7, is the thickness of

the flyer metal. For aluminum, V(.= 980 m/s.
Optimum values of impact velocity, Vp, are
obtained by:

V=V,

Flmin)

ot 0 l(Vp(l 1) V;}{]:':in}) (6)

For aluminum, V, = 531 m/s.

Dynamic Angles For successful
explosive Welding associated with the interfacial
waves, a proper obliquity angle  must be
obtained.

Walsh, Shreffler, and Willing have shown
experimentally, that below a certain angle f3, , the
reentrant jet is absent [4], therefore, the interface
wave is not formed below a critical angle [3, .

The higher limit angle f3,and optimum

values of dynamic angle B, show a dependence
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TABLE 1. The Limits of Dynamic Angle.

Vomin=490 m/s | Viimay =980 m/s
B, 2.5% 4.5°
B, 11° 25
A 167 32.2°
i
5B =eemwems Upper Linit of Bynamic Angle
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= Lonwer Einit af Lymanic Angle
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Figure 4. Design of quality explosive welding for Al -Al

TABLE 2. Properties in Elastic Range of Aluminum.

Modulus of elasticity (E) 80 Gpa
Sound velocity (M 5300m/s
Poison’s Ratio (v) 0.34
Material density (p) 2770 kgm™

on specific pressure Py. It is expected that f3, also

depend on p,.
The following equations are obtained from
experimental results is [4]:

B, =&g 2

&

B, =32p. " (7)
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B, =46p,"”
Where the specific pressure, ps, is given by:

20

- 2 (8)
p Vp

Py

Here G ,is dynamic yield strength of material.

The B, and B, for aluminum, specify in
Table 1.

The welding window drown by using the data
presented in this work is shown in Figure 4. This
welding diagram can be cmployed for the design
of parameters for aluminum- aluminum systems.

While any point within the window would
mean successful bonding with a wavy interface.

3. SPECIFICATION OF MODEL

The base metal used for studying the explosive
welding parameters is BAL 157-T6 aluminum
alloy tubes, This was selected; because it
represented a family of high strength, heat
treatable alloys that would be used more
extensively in lightweight structural applications if
the alloys were joined by conventional fusion
welding techniques. The mechanical properties
and material properties of the plug and the tube are
assumed to be made of aluminum (BAL157-T6)
with properties in elastic range defined Table 2.

In the plastic range under quasi-static loading,
the material isotropic work hardening is replaced
by a best-fit curve of the type:

c=A(B+¢)" (9)

The values of the material constants are given in
Table 3.

The geometry of aluminum tube and plugs, for the
set-up used in the present FE simulation is shown
in Figure 5 and listed in Table 4.

Calculation of The Mass Of Explosive The
Blazynski and Dara [l] approach 1s concerned,

LJE Transactions B: Applications



TABLE 3. Material Isotropic Work Hardening
Characteristics (Aluminum BAL 157-T6).

o, (.-'\:"mu-:_?' ) 431.0
gl Nt 2640
o, ( Nmnai™) 479.2
=D 0.120
E¢

— 0.100

P

€ offset
A N ™) 655.9
B 0.222
n (0.2790

TABLE 4. Geometric Parameter of Aluminum Tube and
Plugs.

Tube outer diameter 72 mm
Tube thickness 3 mm
Explosive outer diameter 86 mm
Plug length 42 mm
Plug ends disc height 3 mm

Plug concave inward radius 61.844 mm
Tube length 78 mim

Trbe

Explosive

Carve Pieg

Figure 5. Section of curve plug, tube and explosive assembly.

mainly with the geometry and mechanical
properties of the system. If the diamecter of the
outer cylinder 1s Dy, the energy of the charge is E.,
the length of the assembly is L, the wall thickness
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of the inner cylinder is t, the detonation velocity is
Vg, for short cylinders (L<150mm), the energy of
the charge is [1]:

E, =0.1"pc V2 (2 (L) (0

This simplified expressions energy will be given
only approximate values of charge cnergy that for
Al-Al welding is:

E,=340311.87J

And the mass of explosive charge, m, may be
obtained by dividing the wvalue of the encrgy
needed for welding, E., by the Gurney cnergy for

TIT, £ e,

E.  340311.87
m=—=———H7—

et ~83.42gr.
4080 <

4, EXPLOSIVE WELDING SIMULATION-
ABAQUS EXPLICIT CODE

The computer code has three parts: pre—processor,
processor and post — processor.

Pre Processor The pre—processor is used to
define the initial state of the problem. Here the
mesh is generated and all the basic material data
necessary for the computations were stored.
Included in the material specifications were the
Johnson-cook equations. From these equations
quantities such as hydrostatic pressure and
temperature were derived for a given state. The
pre—processor utilized different cquations for
different parts of the system (i.e. flyer tube — base
tube). The base tube was restrained at the bottom
edge so that it did not move in the axial direction.
The Johnson—Cook strength model and shock
equations of state were used to represent the
properties of all materials considered. In the
Johnson — Cook constitutive cquations, the Von—
Mises flow stress of the materials under loading
was expressed as a function of plastic strain, strain
ratc and temperature. The material constants were
determined from experimental tests.

Vol. 15, No. 3, October 2002 - 289



Tebe g

Crrve Plng

i 13 I ]
I ) e O |
",ii - 'f ";" f f}
177 il Fxplosive
o SR IR B 3 45 )
: N TR ’
| R N G ]
L 7 5
: 2 1 7
T T T
SR LT WP, T s
DS T T B
RS, v 0, 0 ) |
"k 1‘\ \‘k"l\;a‘g&"”
! S e 1 1 Impactor

Figure 6. Model curve Plug, Tube Explosive and Impactor.

Processor The actual calculations were performed
in the processor. Here the constituent differential
equations were solved. In any iteration, cach
quantity was calculated and stored for use mn the
next iteration. At certain predetermined intervals
the processor stored the most recent values into the
post processor for output.
Post processor The post processor is an
iterative plot program, which puts the saved data
into graphics. Some types of plot facilities are
plotting of contour maps, the following quantities
can be mapped; pressures, tensile stresses, shear
stresses, principal stresses, plastic strain, strain
rate, internal energy, velocity components,
temperature, kinetic energy, and total energy.

As an example of explosive welding simulation
using FEM a plug of a specified outer profile
internally caps an aluminum tube. The outer

290 - Vol. 15, No. 3, October 2002
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Figure 7. Model flat Plug, Tube Explosive and Impactor.

surface of the tube 1s covered with explosive.

The assembly consisting of plug, tube, and
explosive is shown in Figures 6 and 7. The general
model dimensions of its individual components are
given in the data input file.

The model is assumed to possess rotational
symmetry and hence is treated as axisymmetric
and 4-nodded axisymmetric continuum eclement
with reduced integration scheme (ABAQUS
Designator CAX4R) is cmployed in model
discretization process [9].

The explicit FE procedure is employed in the
subsequent solution scheme. The model as shown
in Figure 6 and 7 is comprised of three different
parts: plug, tube and explosive.

To remove the shortcoming the outer surface of
the plug is targeted against the explosive inner
surface. The complemented detail is given in
the accompanying data input file and it’s

IJE Transactions B: Applications



recommended to be referred to by the reader.

The loading material is treated as high
explosive and Equation of State (EOS) of JWL
type defines its pressure-time. The numerical
values of the required parameters of the EOS are
given in the data input file. It is a prudent
precaution for the reader to refer to ABAQUS/
Explicit user's manual to make sure of the
implication and the influence of these parameters.

The plug and tube are considered to be made of
hard aluminum alloy with properties of:

a. Linear elastic in elastic range defined by
modules of elasticity (E) and Poisson's ratio (V).

b. This is followed by isotropic non-linear work
hardening with strain rate dependency, which is
defined by enhancement of yield ratio as a
function of strain rate.

5. EQUATIONS OF STATE

Equations of state in ABAQUS/Explicit provide a
hydrodynamic material model in  which the
material has only volumetric strength (the material
is assumed to have no shear strength); determine
the pressurc (positive in compression) as a
function of the density, p, and the internal energy
per unit mass, E, of explosive, P=f (p,E, )

The basic equations for the numerical
calculation are based on the mass, momentum and
energy conservation.

Aluminum tube used for in the simulation is
assumed to be work hardening elastic plastic
material. The work hardening condition can be
described by the following equations:

dpu 9(P+q—s,) N dt;

ot ox dy s
dpv _d(P+g-s,) . J7,, o
o dy Ox

Where u, v, are x, y-directional velocity
components; p, P, g, indicate density, static
hydrodynamic pressure, and artificial viscous
pressure. Sy is stress deviator in x direction. Sy is
the stress deviator along the y direction. Ty, 18
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shear stress.

The Mic —Grumeisen cquation of state solves
the pressure. Mie - Gruniesen cquations of state,
thus provide the lincar U, - Up Hugoniot form or
the JWL high explosive equations of state [5].

Mie - Gruniesen Equations of State A Mie -
Gruniesen equation of state is linear in energy. The
most common form is

Py :rp(Er37 mE!!) (12)

Where Py and Ey are the Hugoniot pressure and
specific  energy (per unit mass) along some
reference path and are functions of density only
and

r=r,£e (13)
p

That I'| is a material constant and for aluminum is
2.0.[5].

The equation of state and the energy equation
represent coupled equations for pressure and
internal energy. ABAQUS/Explicit solves these
equations simultancously at cach material point.

All input quantitics for energy in ABAQUS/
Explicit are units of energy per unit volume.
Linear equations of state can always be written in
the form

p=jf+ gE, (14)

Where f (p) and g (p) are functions of density only
and depend on the particular equation of state
model.

Linear U, - Up Hugoniot Form A common fit
to the Hugoniot data is given by

= -._EQ.C,_PA.T_]___‘ (15)

(1=sm)*

“H
Where n =1~ (p, / p) is the nominal volumetric

Vol. 15, No. 3, October 2002 - 291



TABLE 5. Constants in JWL Type Equation.

A 348.6Gpa
B 11.29Gpa
0] 0.24
R, 7.00
Ro 2.00
Eoe 5.7MJ ke-1

compressive strain and ¢, and s define the
relationship between the linear shock velocity, U,
and the particle velocity, Up as follows:

U, =c, +sU, (16)

For aluminum ¢; and s are 5330 m/s and 1.34.
With the above assumptions the linear U - U,
Hugoniot form, is written as [6]:

p:_p:&(lm%yrl‘npﬂﬁm_ (17)

[L=ST)

Therc is a limiting compression given by the
denominator of this form of the equation of state
or

1

nl%m T (18)
P

By, =L, (19)
s—1.

At M= 1/s there is a tensile minimum; thereafter,
negative sound speeds arc calculated for the
material.

JWL High Explosive Equation of State The
Jones - Wilkens - Lee (or JWL) equation of state
models the pressure generated by the release of
chemical energy in explosive. This model is
implemented in a form referred to as a
programmed burn, which means that the reaction
and initiation of the explosive is not determined by
shock in the material. Instead, the initiation time 18

292 - Vol. 15, No. 3, October 2002

determined by a geometric construction using the
detonation wave speed and the distance of the
material point from the detonation point.

The JWL equation of state can be written in
terms of the initial energy per unit mass, E;, as

[71:

P=A01-22 yexp(-r Loy
R p, P (20)

+ B2 yexp(-R, Py + Pk,

20 1]

Where A, B, R, R,, WWand E, arec material
constants that are defined in the *EOS option
along with a pressure cutoff.

The explosive material (PETN) propertics arc:

Density Pexp. = 880 kgm-3
Detonation Velocity V= 5170 ms-1

Constants used in JWL type cquation of state
(ESQO), shown in Table 5.

For the calculation of detonation of explosive,
the C-J volume burn method is used [8]. The C-J
volume buwmn is described in the forthcoming.
When the wvolume of the cell of the original
explosive in the calculation becomes equal to the
volume of the detonation products at Chapman —
Jouguet (C-J) state, the solid explosive is assumed
to be completely decomposed into the gaseous
products. Let Vg represents the initial volume of
explosive (the reciprocal of the initial density), Ve,
be the volume of the detonation products at the C-J
state, and the reaction rate of the explosive is
simply expressed as [8]:

V=V

Vo =Ve (2L}
P=(01-W)p,

Where W stands for the mass fraction of the
unreacted explosive, thus, before and after
reaction, W=1 or 0, respectively, P, 1s the pressure
of the detonation products. The pressure, P,
correspondingly, is assumed to be cqual to that of
the detonation products of the party reacted
explosive over the whole cell. The pressure,

LJE Transactions B: Applications



Figure 8. Curve plug with ablique perfectly plastic impactor.

volume, and encrgy of the reacted explosive are
correlated by the JWL equation of state described
in the foregoing.

6. EXPLANATION OF MODELS

Due to non-uniform radial velocity around the tube
when two front of detonation touch cach other, it
produces the Dutrich effect, which causes the
crack and fracture in the tube wall.

With regards to the models, there is no
recommendation in available publications for the
starting point of explosion in welding of tubular
structures.

As 1t has been pointed out in the experimental

fests, it has been suggested that the start of
explosive be in a ring form, where it can be placed
at the beginning or at the middle of plug.
Each of the two above initiations with two
different impactor materials, by choosing the same
type and mass of explosive material, will produce
different impact velocity and dynamic angles.

To find the effect of using the impactor, a
variety of methods was modeled using ABAQUS,
with regards fo the two different geometric shapes
of plugs (curve plug, flat plug) was modeled
(ABAQUS) for different cases. Two kinds of
impactor material, hyper elastic and perfectly
plastic material were used in these models. Four
cases of them are:

JE Transactions B: Applications

Figure 10. Flat plug with parallel perfectly plastic impactor.

I- Curve plug with space uniform thickness
(parallel), perfectly plastic impactor that initiation
was started from the first of explosive material is
shown in Figure 8.

2- Flat plug with hyperbolic geometric and
perfectly plastic material impactor that initiation
was started from middle of explosive material is
shown in Figure 9.

3- Flat plug with uniform thickness (parallel) and
hyperelastic material impactor that initiation was
started from the middle of explosive material is
shown in Figure 10.

4- Flat plug with one end supported and used
oblique hyperelastic impactor used that initiation

Vol. 15, No. 3, October 2002 - 293
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Figure 12. Impact velocity in perfectly plastic impactor at
various times from 2.5 to 10 ps.

was started from the beginning of the explosion is
shown in Figure 11.

7. RESULTS AND DISCUSSION

Impact velocity and collision angle is the most
important variables in explosive welding.

In this work variable angle techniques are
carried out with the use of concave plugs. Thus a
position within the region of Al-Al welding
window can be provided. This maintains
successful welding.

For this the abaqus/explicit FE code is used
successfully to model the contact response
between two similar materials at a very high strain

294 - Vol. 15, No. 3, October 2002
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Figure 13. Impact velocity in hyperelastic impactor at various
times from 2.5 to 10 ps.

rate. The loading is simulated using a JWL type
equation of state.

The welding window for bonding aluminum
tube to aluminum plug was made with help of
experimental formula and the position of the effect
of those parameters with the welding window were
checked. Six different arrangements of flat and
curve plugs were modeled, three with parallel and
three with concave curve plugs. Explosive material
was used is PETN. In both flat and curve plugs
attempt have been made to compare the effect of
perfectly plastic and hyperelastic impactor in
explosive welding tube to plug.

Two series of output simulation models were
considered. One was a dynamic angle and the
other, an impact velocity in collision points.

a) From Numerical Analyses The results
derived from those models can be illustrated as
following,

In this investigation two types of impactors
were used, perfectly plastic and hyperelastic.
Distributions of impact velocity versus the distance
of plug length for two different impactors are
shown in Figures 12 and 13. With perfectly plastic
impactor and 550m/s for hyperelastic impactor, the
maximum impact velocity is 600 m/s at 5us.

Distributions of dynamic angle versus the
distance of plug length for two different impactors
are shown in Figures 14 and 15. Dynamic angle is

IJE Transactions B: Applications
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Figure 15. The dynamic angle in hyperelastic imnactor at
various times from 2.5 to 10 ps.

21.7 degree at 10us, when uses perfectly plastic
impactor and 25.8 degree for hyperelastic impactor.

By comparing the results of the two material
impactors - perfectly plastic and hyperelastic - it
can easily be seen that the perfectly plastic
material causes more impact velocity and also
reduces the dynamic angle; because the shock
pressure acting on the flyer plate is higher with
perfectly plastic impactor. The reason for lower
dynamic angle is that the moving velocity of
collision point is faster so that the flyer tube
collides with the plug at the shallow angle.

Figure 16 shows the flat plug with middle

IJE Transactions B: Applications
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Figure 16. Flat plug with middle initiation and beginning
initiation.
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Figure 17. curve plug with beginning initiation and middle
initiation.

initiation and beginning initiation. For omitting the
zero amount dynamic angles in collision point, it
requires the initiation take place at the beginning
of the explosive material.

Figure 17 shows the curve plug with beginning
and middle initiation. To have a wavy interface
and being inside the welding window, the dynamic
angle should have minimum value.

Therefore, in implosive welding of tube to
curved plug the initiation must commence at the
center of the explosive material to achieve a low
dynamic angle.

Dynamic angle in the welding window area
must be observed. Figures 18 and 19 show
distributions of dynamic angle versus the position
of distance for being considered impactor or not.
Therefore as you see at the graphs, for the above-
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Figure 18. The dynamic angle without impactor at various
times from 2.5 to 10 ps.
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Figure 19. The dynamic angles with impactor at various times
from 2.5 to 10 ps.

mentioned data, the flyer tube may obtain a
considerable deflection when the setup is without
impactor. Therefore the usage of the impactor with
the existing models causes dynamic angle in the
welding window to minimize.

Figures 20 and 21 show distributions of
dynamic angle versus the absolute distance for
parallel and oblique impactor. Their setups are
shown in Figures 8 and 10,

Both parallel and oblique impactors change the
collision wvelocity. The parallel impactor reduces
the dynamic angle more because the moving
velocity of shock wave acting on the flyer tube is
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Figure 20. The dynamic angle with parallel impactor at
various times from 2.5 to 10 ps.
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Figure 21. The dynamic angle with oblique impactor at
various times from 2.5 to 10 ps.

faster when the inclined angle is small, and then
moving velocity of collision point is higher than
oblique impactor.

In reviewing these models, the collision
velocity is not uniform during the length of the
process, and in order to maintain uniform collision
velocity, the impactor must be used.

b) Experimental Data The simulation lines of
impact velocity and dynamic angle were added
into Figure 4, so called weldability window for
aluminum to aluminum welding, and all of them
were shown in Figures 22 and 23, together.
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Figure 22. Abaqus model welding of tube to flat plug in
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Figure 22 shows that the data obtained when
using flat plugs with different impactors, are
outside the window.

It can be scen in Figure 23 that the results
obtained when using curved plugs are inside the
window, indicating that the flyer and base tubes
can achieve a wavy Interface and therefore a good
bonding.

Perfectly plastic impactors are preferred over
hyperelastic impactors; because the perfectly
plastic impactors produce a uniform small
dynamic angle along the process. These are shown
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Figure 24. Setup for the explosive welding of tube to curve
plug.

Figure 25. Micrograph of the bonded interface of tube to
curve plug (< 100).

in Figures 22 and 23.

Wave interface of bonding Al — Al with using
curved plug are obtained from experiments of this
research [10]. Figure 24, shows the experimental
setup for the curve plug. Figure 25 shows the
photographs of the interface between the welded
aluminum tube and aluminum curve plug. The
interfacial wave begins to turn out at dynamic
angle () equal 14 degree, and then, as the angle

decreases, the wavelength of the interfacial wave
becomes shorter and shorter.

In addition to the above-mentioned results, the
numerical results agree with the experimental data
on the impact velocity, pressure distribution and
dynamic angle at collision point [11]. This
illustrates that a good quality of bonding is difficult
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to achieve under these conditions and in order to
reach the weldability region, due to variability of
the dynamic angle during the process, the use of
curved plugs are more suitable than flat plugs.

8. CONCLUSIONS

By paying attention to the particular geometrical
conditions of the tube in order to achieve sufficient
deformation energy, and prevent the fracture and
buckling of the tube [12], as well as to achieve
sufficient velocity, high pressure is required from
the explosion and low stand off is needed from the
geometrical conditions. Hence it is necessary to use
high-explosive material as suggested for cylindrical
geometric shape.

By using high-explosive materials we will have
high-collision velocity, which is problematic in
explosive welding, as in this process the collision
velocity must not exceed the material's sound
velocity. In order to reduce the collision velocity,
confrary to our expectation, the use of an external
material called impactor could not affect the
collision velocity.

Both material impactors are changing the
collision velocity and the perfectly plastic material
causes more impact velocity and also reduces the
dynamic angle. Both parallel and oblique impactors
change the collision velocity and the parallel impactor
reduces the dynamic angle more.

In order to reach the weldability region, use
of curved plugs is more suitable than flat plugs,
and to maintain uniform collision velocity, the
impactor must be used, and according to the
experimental results, the use of perfectly plastic
impactor is preferred over hyperelastic
impactor.

The numerical results agree with the calculated
data from experimental formula. Thus, the simulation
method is shown to be appropriate for solving
these types of problems. The simulation technique
employed here is not shape dependent and therefore
can be applied to any geometrical configuration of
two or more materials of the same or different
types without any difficulties.
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