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developed fully with large applications in the
Abstract manufacturing industry.

. . L . It has been found to be possible to weld together
Explgsmn welding or bondmg IS a SOIId'Stat%ombinations of metals, which are impossible, by
welding process that is used for th@ter means. This is a solid state joining process.
metallurgical joining of dissimilar metals.When an explosive is detonated on the surface of a
The process uses the forces of controllggetal, a high pressure pulse is generated. Thisepul

detonations to accelerate one metal plate inf§PPe!s the metal at a very high rate of speethist

another creating an atomic bond. Explosio lece of metal collides at an angle with anothecei
g ) P metal, welding may occur. For welding to occar,

bonding can introduce thin, diffusionjetting action is required at the collision intexda This
inhibiting interlayers such as tantalum angkt is the product of the surfaces of the two peect
titanium, which allow conventional weld-upmetals colliding. This cleans the metals and alléavs
installation. In addition, explosive welding jgpure metallic surfaces to join under extremely high

nsidered Id Idin ; hi ﬁressure. The metals do not commingle, they are
consigered a cold-welding process, whic tomically bonded. Due to this fact, any metal rhay

aHO_WS metals to be jo_ined without losingyelded to any metal (i.e.- copper to steel; titamiio
their pre-bonded properties. stainless). Typical impact pressures are milliofis o

. . . si. Fig. 1 shows the explosive welding process.
This paper describes work carried out g™ P 9P

numerically analyze a two plate weldinc clad metal

process using a finite element method (FEN I :

and the verification of the results using e ~explosive 1i"‘-";r”_|
detonation - S5 —

experimental data. The numerical simulation N T,
identify factors such as the level of strair.,Efc'__d-qutE;if/"s/
induced in the plates and the direction of th WW/AET
shear stress at the collision zone, in tF

surface of flyer plates as indicators of bon Base Metal

strength. The phenomenon of jetting i
computationally reproduced.

. ) Fig. 1. Explosion bonding process.
Keywords: Explosive welding; Ferrous
metals and alloys; Wrought materials
The process can be divided into three basic stages.

1. Introduction (i) The detonation of the explosive charge.

. . . ) (i) The deformation and acceleration of the flyer
Explosive welding is a solid state welding processyate.

which uses a controlled explosive detonation tedor = o
two metals together at high pressure. The resultatit) The collision between the plates.

composite  system is joined with a durablegcheme of explosion welding with formation of
metallurgical bond. Explosive welding under h'ghcumulativejet presented here:
velocity impact was probably first recognized byriGa

in 1944. Explosive welding was first recognizedaas
possibility in 1957 in the United States when itswa
observed by Philipchuck that metal sheets being
explosively formed occasionally stuck to the metal
dies. Between that and now the process has been



The absence of oblique collision at explosion weddi
doesn'’t allow considering a process of join forrmati
as a collision of straight and reverse liquid jet.

Zones singled out during join formation at explosio
welding:

Fig 1. Welded join after sudden stop of explosioril- zone of contact point, 2- zone of ahead of azinta
welding point and 3- zone of join formation.

where: UO, 1 is velocity and thickness of general jet D — detonation velocity, WV velocity of shock-

. . . . ._compressed gas, Vk — velocity of contact point.
Uc, s velocity and thickness of cumulative jet P g y P

moving to the right (reverse) Calculation of temperature into standoff:

Un, n is velocity and thickness of jet moving toBoltzmann’s equation V = SRT

the left , m
where R=8,31 (universal gas constant}s0,029

To obtain a join at explosion welding it is necegda  (molar mass of air), V— velocity of collision.
follow to next conditions:

_ VZ2m
D <Co R

where:  sound velocity in welded materials . .
For the used conditions V = 2500 m/s (detonation

D is detonation velocity PP velocity of mixture of porous ammonium nitrate with
diesel oil 96:4) we obtain:

where: is a critical pressure in join
is apressureinjoin <
. . _ y _ 25007 0,029
where: is an angle of collision , is a critical T el 7270

angle of collision

According to the results of experiments about méth(~,|culation of stabilization

> , . length at explosion
of marks it is necessary to emphasize two points:

welding:
- Distance between the marks on the clad sheet
doesn’t change along the full surface. - h=8 mm, D= 2500 m/s, VO= 400 m/s.
- Marks on the clad sheet coincide with their - Time of plate flight to collision is 2A.0-6sec,

projections on the base sheet. . . . .
- Time of beginning of intense glowing of gas

clot is 30-4010-6sec.
------------ T Overall is 50-6010-6sec.

< sizes observed in practice at manufacture of
\\\\\\\\\\\ It is now generally accepted that jet formatiorthet
collision point is an essential condition for welgi

bimetal.
\\\\\\\\\\\\\\\\\\\\\\\\\
Suggested scheme of explosion welding e s ety 1o o e rorenl banl b

are more likely to form a metallurgical bond by
making it possible for the atoms of two materials t
meet at interatomic distances when subjected to the
explosively produced pressure waves. The pressure
has to be sufficiently high and for a sufficienbdgh

of time to achieve inter-atomic bonds. The velocity

where: VO — plate velocity, — angle of collision, L —
next concerned element, — zone of chemical
reaction.



the collision point, Vc (see Fig. 2) sets the timi The critical collision angle for jet formation.
available for bonding. This high pressure also eaus

considerable local plastic deformation of the meetal . The collision velocity, Vc.

the bond zone. As the bond is metallurgical in reatu

it is usually stronger than the weaker materiale Tt The kinetic energy and impact pressure in the

quality of the bond depends on careful coqtrol Ccollision region associated with the impact velpcit
process parameters such as surface preparatida, pr

separation, detonation energy and detonation ugloc

Vd (see Fig. 2). While various welding mechanism , .
have been proposed for the explosive welding, ey Aspects of the welding process have been studied in

almost agree that it occurs as a direct resultigh h detail by several investigators in the past. Attesmp
velocity oblique collision. Experimental resultsh@ve been made, for example, to determine the
indicate that there are certain critical values oth  Velocity imparted to a plate by an explosive chddje
the collision and the geometrical parameters whic&nd various empirical and semi-empirical equations

have to be observed. These can be summarized N@ve been suggested [5] and [6]. Attempts have also
follows: been made to find the minimum flyer plate velocity

and impact angle required for bonding [5], [6],,[[8]

and [9]. Welding windows (of various parameters
' such as flyer plate velocity-impact angle and inipac
pressure-impact angle etc.) have been proposed by
different authors [5], [6], [9] and [10].

* Since a jet is required at the collision regi@n
collision angle is critical. For a given metal, is a
function of the collision velocity [1]. It has been
shown experimentally that the collision velocity Vc

and the plate velocity Vp must be less than tF . _ . .
velocity of sound in either metal. El-Sobky anc he explosive welding trials with PETN and ANFO

Blazynski [2] used this to define the condition: Mixtures describeq _in_this paper were modeled using
necessary for the reflected stress waves notéofere  1he ABAQUS/Explicit finite element [11].

with the incident wave at the current collisionmtoit

is also known that at supersonic velocities, thABAQUS/Explicit can utilize any constitutive
dynamic pressure is not held for a sufficiently don equation that expresses the flow stress as a éumofi
period to create physical conditions conduciveh® t Strain, strain-rate and temperature. They include
adjustments of interatomic diffusion and ofamongst others, the Johnson—Cook [12] and Cowper—
equilibrium within the collision region. While Wi Symonds [13] constitutive equations for metals. In
et al. [3] suggested that the velocity of sound rnay addition, ABAQUS can employ any equation of state
exceeded by up to 25%; the subsonic collision aggpeithat expresses pressure as a function of densdy an
to be more satisfactory. As Vc is related to Vd and specific internal energy, for example, the Jones—
it may be adjusted by introducing an initial angle Wilkins—Lee (JWL) equation of state [14] for high
obliquity. The velocity of sound or more preciselye  explosives, such as pentaerythritol tetranitrate
velocity of stress wave propagation provides aneapp(PETN), nitromethane etc. In this study, the aresys
limit for Vp and Vc. were performed with Johnson-Cook constitutive
equations [12] (which relate the flow stress taistr
strain-rate and temperature). The JWL equation of
state [14] was used for high explosives and the

should be sufficient to produce a weld. It has beeWilliamsburg ~equation of state [15] coded into
suggested by Wylie et al. [3] that the impact eyergABAQUS. software was used for the ANI_:O mlxthe.
required is related to the strain energy and it The requwgd parameters for the constitutive equati
dynamic yield strength of the flyer material. Anpep and equation of state used for plates and epr95|_\/e
limit for the energy is also required to avoid ese r_espectlvely were extracted from the Autodyn materi
heating and possibly melting by viscous dissipatic!iPrary [16] and [17].
and thus the formation of brittle layers. Obvioysly
such an upper limit should be sought in terms ef ttThe main aims of the work were to numerically
melting energy of the lower melting point of thelave Simulate the process, to attempt to relate thegsoc
combination. variables to the physical parameters and to establi
how these can be used to predict whether or not

« A sufficient stand-off distance has to be prodide Ponding will occur. Part of this process included a
order to flyer plate can accelerate to the requirePro9ram of welding tests using titanium and staisile
impact velocity. steel cladding plates and carbon steel base plates.

Most tests were done with the relatively slow ANFO
explosive mixture. A few tests were conducted using
PETN with a higher detonation velocity.

« A minimum impact pressure must be exceeded (a
hence a minimum Vp), in order that the impact eper¢

Therefore, the critical parameters used to estaldis
weldability window are



Few attempts to numerically model and simulatstate to model low detonation explosive such as
explosive welding have been reported in the litegdt ANFO mixture. They successfully reproduced the
El-Sobky and Blazynski [2] studied the process gisirphenomena wave formations in explosive welding.
a liquid analogue. Their rationale was based on tIGrigon et al. [27] simulated the straight interfaoel
similarity between hydrodynamic fluid behavior ancthe phenomena of jetting using the Raven, an ekplic
material deformation close to the collision point i multi-material Eulerian code [28]. However, no
explosive welding. The strength of the material icriteria for successful bonding have yet been
small compared to the applied stress, thereforeafo demonstrated.

short period of time the material behaves as\iféte
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a liquid. In metals there is a transition from goid Fig 3. Summary of the experimental parameters with
flow to viscous flow, as stresses decreasthe PETN and ANFO mixture explosives (see figure
solidification begins. In the latter case the sgtnof 4)

the material is negligible. This aspect of a liquic
implies that in any liquid analogy mechanism fo
explosive welding only, the initial stages are
important. Lazari et al. [18], [19], [20] and [2@}ed ) ) )
the finite element method to analyze the transie Some welding trials were performed with two PETN-
response of metal plates under explosive loadinbased —explosives in inclined and parallel
Material non-linearity due to plasticity and straate ~arrangements, but most welding experiments were
effects were considered. The problem was treated carried out using ANFO mixtures with the plates
normal transient loading of plane stress elemefits mounted in parallel. Preliminary experiments were
rectangular shape. In this analysis, kinematicallundertaken to determine the flyer plate and colfisi
equivalent concentrated loads at the nodes repseser Velocities and the detonation velocity of the
the uniformly distributed explosive load. Obergakt €xplosives using a pin contact test method. All the
[22] simulated explosive welding by means of :Welding tests performed were simulated.

Lagrangian finite difference computer code, butyonl

produced jetting. Akihisa [23] produced interfaceFig 3 list the explosive welding tests carried oithe
waves but no jetting. In addition, the author assdim explosive used was either a 77/23 ANFO/perlite
that symmetric or asymmetric shear flow distribatio mixture or PETN. The majority of the tests were
was generated in the flyer and base plates and 'performed with the flyer and base plates set up in
modeling was performed based on this suppositioparallel arrangement. A few tests were made with a
Akbari mousavi et al. [24], [25] and [26] simulatec15° angle between the flyer and base plate The
explosive welding using the Williamsburg equatidn aparallel plate tests used a 50 mm thick EN1 migblst

2. Experimental tests and procedures



base plate (Metals Handbook, 2000; [29]) resting cmodel. The Johnson—Cook equations [12] (see
sand. Tests were performed for several stand-cAppendix 1) and shock equations of state were tsed
distances (from half to twice the flyer plate thielss) simulate the behavior of the plates. These equation
and for different thicknesses of explosive and rflyedescribe the behavior of materials subjected tgelar
plate. strains, high strain-rates and high temperatures
resulting from intensive impulsive loading due gt

The ANFO detonation velocities as measured usingVelocity-impact and explosive ~ detonation.  The
detonation velocity meter and the pin contact methcmaterial constants were determined from experinhenta

[10], [30], [31], [32] and [33], varied between 180 tests. The flyer and base plates were modeled using
and 2600 my/s. Arbitrary Eulerian Lagrangian formulation for both

components. The code requires the user to specify a
mode for tensile failure with the Johnson—Cook
plasticity model from a number of options. For this
work the tensile failure was set to a value of JaG@dt

the stainless steel and 4 GPa for the titaniumeplat
The Mohr—Coulomb model [34], was used for the
sand on which the plates rested and the JWL [®§ (s
Appendix 2) and Williamsburg EoS [24] for the
explosive. In the ABAQUS code, energy and
momentum transfer was through contact surfaces
between the base of the explosive and the upper
, surface of the flyer plate and between the lower
Most of the low explosives cannot generally Digrtace of the flyer plate and the upper surfacthef
initiated by a detonator _alone. A bqoster made (a5e plate. The base of the sand anvil was fixeal in
about 50-500g of high explosive such agirection perpendicular to its surface. The lower
Composition C4, which can be initiated by &g tace of the explosive and the upper surfaceénef t
detonator, is used to start the detonation. flyer plate were represented by independent nodés a

their interactions specified by appropriate contact
Following the tests two samples were cut from thalgorithms.

central region of each welded plate, one samp

parallel to the longitudinal axis of the plateg(iin the e |9ading is due to the detonation of the PETghhi
direction —of detonation), the other samplégypsiosive (9 and 75 mm sheet covering the upper

perpendicular to the direction of detonation. Eacgtace of the flyer plate) and the various thicees
sample was polished and metallography of the regic,s ANFO mixture low explosive (80, 107, 135 and
around the bond lines performed. 235 mm).

The test program was designed to determine theteffi
of changes in the operational parameters of ti
process (contact velocity, flyer plate velocity an
dynamic angle) on the physical parameters such
effective stress, strain and contact pressure. ihgad
due to detonation of the low explosive, which ighe
form of 80 mm and 235 mm high powder mixture:
covering the upper surface of the flyer plate foe t
different cases considered.

It was found that using an inclined plate arranggme
with high explosive (PETN) the plates only partiall
bonded, whereas with the parallel arrangement @i qicated jetting at the interface. In the areaselto
ANFO, bonding was almost 100% complete. In thye cqjlision zones where the jet forms, mesh size
case of the inclined plate set up bonding did RBUO 5,4t 0.02 mm were used, in other areas the meshes
until approximately half way along the plate i.8o8t \yere made an order of magnitude larger. Frictios wa
12 cm from the booster charge. also included in the modeling with a value of about
0.3 chosen as optimum for the coefficient of foati
3. Mode|ing explosive Welding [30]. The initial model assumed no bonding criteria
Later some criteria (see later section), were teser
into the model. Comprehensive descriptions of the
modeling can be found in [30] and [31].

It was found that the size of mesh was also impoérta
in visualizing the large velocity vectors which

Numerical simulations of the experiments describe
above were carried out using ABAQUS version 6.
[11]. The model has a novel approach to the proble ) ) ) )
in that no particular type of collision geometry o/ The data obtalned from_the S|_mulat|ons were va_aéldat
deformation pattern is pre-supposed. Starting sith by the explosive welding trials as well as impact
given initial geometry, the gradual development cwelding tests [24] and [25].

steady state collision geometry and the deformatic

pattern is calculated from the basic equation (3.1. Williamsburg equation of state applied to
motion. In this sense, the present computer maxlel ANFO mixtures

better founded in fundamental physics than thot

previously reported. However, this does not impigtt | ow detonation velocity explosives cannot be
the present model is free from empirical elementmodeled with the widely used Jones—Wilkins—Lee

Empirical relationships and idealised behaviors. (i. (JwL) EoS [14] as the reaction zone at the detonati
stress—strain models) constitute important partshef



front is thick compared with high explosives. Thispressure, and Gruneisen gamma can be found

means the energy and momentum in the volelsewhere [35] and [24].

Neumann spike cannot be neglected [35] and [36] a

the Chapman—Jouguet [17] pressure is more than t i ;

calculated using the JWL E0S, and a reactive mdel4' Finite element modeling

required [30]. The JWL is empirical and assumes tt L

Gruneisen gamma coefficient is constant, and isanoi4-1. Description of the code

complete EoS, so that temperature and entropy tan

be calculated without a crude assumption, for examgThe finite difference and finite element commursitie

that heat capacity is constant, which is not tilleere have used Eulerian methods for over 30 years to

is always a large increase of specific entropy oingg analyze problem with explosive loading, but until

from explosive to products. The JWL EoS can only kcomparatively recently, they were too computatitynal

employed assuming thermal isolation, as thdemanding and inaccurate to be attractive for sglvi

temperature is not defined. Consequently, a neproblems in solid mechanics. The strengths and

approach using the Williamsburg EoS [35] waweaknesses of the Eulerian formulation are

adopted with all the relevant parameters beirsummarized here in a brief description of the

determined from experimental measurements aicomputational methods used in Raven, an explicit,

thermodynamic analyses. multi-material Eulerian program developed by David
Benson [28]. The review by Benson [29] discusses th

The Williamsburg equation of state [24] is a semialgorithms in greater detail. Benson and coworkers

empirical EoS which relates the internal energyoU 1[30] successfully used Raven in the computation of

the specific volume V and the specific entropy Sexplosive compaction and shock synthesis.

Pressure is also calculated by means of U, V and

The small number of parameters required are foynd Operator splitting replaces a differential equatidth

fitting to the principal adiabats calculated usiag a set of equations that are solved sequentially. To

detonation code SIRIUS [37]. SIRIUS incorporateillustrate its application in a multi-material Etikn

the Theostar [38] and Murnaghan [39] EoS faocode, consider Eq. (2), a simple transport equation

detonation products and silica, respectively, wtdoh where is a solution variable, u is the velocity, and

based on statistical mechanics and intermoleculis a source term.

potentials. The reference state in the Williamsbur

equation of state is the detonation state, which

assumed to be ideal. i.e. satisfying the assumptdn M + u.Nj =f

the Chapman-Jouguet theory [14]. The mai It

assumption is that the reaction zone, in which tt

explosive decomposes to form stable moleculiThis equation is split into two equations,

products in chemical and phase equilibrium, i

extremely thin and flat. The Williamsburg equatimin )

state energy equation of order N in terms of reduc M =f

)

variables v is it 3)
N 7, % Vo o«
_ Uy 1+ byus “k —+uN/ =0 4
oo-ta e’ m o
u k=1 (1)

Where (3) and (4) are referred to as the Lagrangian
Where and Eulerian steps, respectively. The Lagrangiep st

uses the central difference algorithm to advanee th

solution in time in the same manner as a standard

s =EXP (S'_Sf;f) explicit Lagrangian finite element formulation.
Mref

Vv

Vref

u=

The Eulerian step is equivalent to a projectiorthef
and R is the gas constant. The equations invorsolgtion from one mesh onto another, and_ a perfect
4N + 4 basic parameters (thek, k, k, k, and projection shogld be completely (_:onservatlve. M_ost
Uref, Vref, Sref, nref). The reference values oflJr transport algorithms are conseryatlve by constoncti _
Vref, Sref and nref are the Chapman—Jouguet (C& flux added to one element is subtracted from its
values. Further information on the Williamsbur¢n€ighbor. Van Leer [31] developed the MUSCL
equation of state, including how to extract tntransport algorithm used in the current calculation

quantities required by the simulation softwarefsas 1he transport volumes are geometrical calculations
defined by the mesh motion and they are independent



of the transport kernel. The 1D algorithm is exthd

the point of contact and the angle of contact. Pajt

to 2D by performing sweeps along one mesmesh and material boundaries, and quantities as a

direction, then another sweep in the other directio

4.2. Material models

The Johnson—Cook constitutive model [32] was us¢

for the 6061 TO aluminum alloy. The advantage & th

equation is that the five parameters can easily |

function of time and distance for given co-ordinate
were also available.

For the sake of clarity, only a representative darop
the simulations of the experimental tests is priegskn
here. The results are presented in the followirdeor
(they are also listed in Fig 6).

extracted from mechanical tests. The Johnson—-Co

equation is

s =(sq+BeM+ Clne—i) 1- (%)rn
m-~ Ir
(5)

The five parameters are, B, C, n, and m. Tr is a
reference temperature (at whicb is measured) and

£0is a reference strain rate (often equal to 1). firse

term gives the stress as function of strain wit

£/€o = land T*=0. The second and the third term
represent, respectively, the strain

derived from quasistatic and dynamic mechanicaste
carried out on the 6061 TO aluminum alloy.

S

The overall movement of the flyer plate; Verticaba
horizontal velocities of flyer and base plates;
Maximum pressure (P); Maximum shear stresses
(S12); Maximum strains; The maximum base plate
velocity (assuming the base plate moves after itypac
The maximum impact angle. These variables are
discussed later and finally the collision velogtie
calculated by dividing the length of the materigltbe
total timing of the simulation process.

Comparisons of these results with experiments are
presented in a later section.

rate and tl
temperature effects. The values of the parameters w

Models for tests 1, 3 and 10 are shown in Fig.ig., &

. . . 100 T T T T T T T T T
The dynamic tests were conducted in a split ! ! ! ! ¥ ! & F
. . . = Flyer plate
Hopkinson bar at varying temperatures. The gl = S T N B A VR i
. . == §= = Base plate
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Fig. 11. The JC parameters obtained from the o} ---- R it A N e e ]
experiments are : : : : N . : : '
_50 77777 P \7'77i7777L7777\77774.,,,,,
| | | | | I | | | [nd
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expansion of the explosive products. The JWE 200 - - - - ;77777;7777;777”;”7?47,,;,,,,;”,”;,;,”: ,,,,,
equation of state defines pressure as function ; ; ; ; - ; ; :' ;
of relative volume (inverse of density), V, and -2501---- e i e .
internal energy per initial volume, E, as ; ; ; ; ; . ; ; ;
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Where P is the pressure, V is the relative
volume, E is the internal energy, is the Gruneisen

parameter, and A, B, R1 and R2 are constants whi

satisfy the mass, momentum, and energy conservat
equations.

5. Results of model

The simulations showing 3D maps and profiles of

number of physical parameters, such as conte
pressure, shear stress, normal stress, plastim,str

effective strain, strain rate, internal energy, efio
energy, temperature and velocity of the flyer plate

Distance of plates [m]

and Fig. 9, respectively. The explosive thickness i
divided into 60, 350 and 600 elements for test8 1,
and 10, respectively, and is shown in redl1. Therfly
plate is modeled using 50, 90, and 45 thickness
elements for tests 1, 3 and 10 respectively, and is
shown in blue. The base plate is shown in cyan and
has 200 elements through its thickness with
appropriate grading. The sand anvil is modeledgusin
400 elements through its thickness with appropriate
grading and is shown in green. Tests 4 and 5 weee a
inclined geometry arrangements. In all cases, the
lowest mesh size was used for in regions near the



contact surfaces, further away the meshes were méperformed correctly and the constitutive equatiang

larger. the equations of state used to model the behavior o
plates and explosive were correctly chosen. The
5.2. Validating the numerical results predicted velocities were also in reasonable ageaém

with experiment. This leads to the assumption that

redicted impact angle should also be similar &t th
The impact velocities of the plate predicted b'p P g

; ) ! . X -occurring in practice.
computational simulations agree with experiment

(see Fig 6). The collision velocities calculated b
dividing the length of the material by the totahing
of the simulation process was in agreement wit
experiments. Due to the geometry of the procetiseat
collision point, the dynamic angle defined as si
B=Vp/Vc [40] is in agreements wit the data obtaine
from the simulations. Fig 6 also shows maximur
pressure (P), maximum shear stresses (S12), -
maximum base plate velocity (assuming the base pl:
moves after impact) and the maximum impact angl
These variables are discussed later. Fig 4. Mechanical properties of the materials used in
this study and their Johnson—-Cook parameters [12]

For PETN and ANFO/mixtures the pressure at tr
detonation front is equal to the Chapman—Jougugt (C
value [15]. This confirms that the coding was

Based on this assumption, the numerical analyss wa
used to investigate the “local mechanism” at the
collision point in order to identify the internal
(physical) processes linked to the external
(operational) parameters.
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Fig 5. JWL parameters of the explosive used [14], C
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Fig 6. Variables results obtained from the analysis

For pure ANFO the velocity of sound is 3667 m/s an
the adiabatic gamma is 2.881.



Fig. 7.Inclined geometry arrangement and meshe
form.

Fig.8. Parallel geometry arrangement.

Fig. 9. Parallel geometry arrangement.

5.3. Vertical and horizontal velocities of
flyer and base plates

The flyer plate was accelerated initially by a dhoc
wave, resulting from the detonation pressure, aed t
by the expanding gaseous products of detonation. If
the stand-off distance between flyer and base plate
was sufficiently large, the flyer plate eventually
attained a terminal velocity. The vertical velocity
profile for the flyer obtained from the ABAQUS
analyses are shown in red in Fig. 9 for test 3. Big
shows that the velocity increases from zero to its
highest at the collision point and then the velocit
reaches zero. The predicted vertical velocities
compared well with those measured by pin contact
tests (see Fig 6). For the tests carried out with t
PETN explosive, the terminal velocities were reache
Therefore the vertical velocities can also be caegha
with the Gurney velocities [4]

Fig. 10. Vertical velocity of flyer and base plate
0.6 m from the edge of the plates.

]

P 7 3t
Fr="u (TR A)E ”] , where VT is flyer

plate terminal velocity, Vd is detonation velocdnd
R=my/m. is the charge to plate mass ratio, mp is plate
mass per unit area and me is the charge mass per un
area and k is the polytropic constant of explosivee
polytropic constant is 2.3 for PETN explosive and 2
for ANFO mixture [30].

The highest values were generated in parallel plate
geometries. The vertical component of the flyeitepla
also agreed with that determined using the Gurney
velocity, see Fig 6. The Gurney equation [4] caltes

the velocity perpendicular to the surface; therefios
value was compared with the value of vertical vitgyoc
obtained from this analysis (shown in Fig. 9). The
profiles of the vertical velocity of the base plateows
that the contact surface exhibits the condition of
Helmholtz discontinuity [41] i.e. the vertical veity

is positive ahead and negative behind the collision
point, see Fig. 9. The vertical velocity of the das
plate in green, if it assumed it moved when impadcte
increases to its highest negative behind the amtlis
point, return to zero at the collision zone andéases

to its highest positive ahead of the collision zone

The velocity of the flyer plate increases as thatepl
moves down towards the base plate. The velocity of
the base plate also increases on impact. As these t
velocities are of opposite sign, it is clear thas@ame
point on the interface, the velocities of the flyard
base plates will be equal. These velocities are



compared with the minimum velocities required fogenerated immediately at collision must be suffitie
bonding in Fig 8 later in this paper. to exceed the dynamic elastic limit of the matetial
ensure deformation of the metal surface into aTjeé

5.4. Contact pressure and pressure typ_ical predicted pressure _dist_ributions arpund the
distributions point of contact are shown in Fig. 13 and Fig. @4 f

IS : the tests 1 and 2, respectively. The spread of the
pressure on the surface depends on the angle atimp
An example of the variation of contact pressure, i. and the magnitude of the pressure. It can be desn t
the pressure normal to the surface is shown inHg. the pressure distribution depended on the angle
(test 2) for a point 0.6 m from the edge of thetqla petween the flyer and base plate. For the inclined
The contact pressures are about 107 Pa. In theedcl geometry the pressure distribution was spread datth
geometries, the contact pressure profile spreatisefu in front of the collision point and its maximum v
ahead of the collision point than in the parallewas about one third of that seen in the parallel
geometries. arrangement.

Fig. 11. Contact pressure (normal to the conta
surface) for test 2.

The pressure applied on the surface of the botr fly

and base plates (at one instant in time) for te& 3 Fig. 13. Inclined arrangements — pressure contour f
shown in Fig. 12. The pressure profiles for theeffly test 1.

plate are shown in red and for base plates in green

Pressure contour [pal

el

(1:1]

Fig. 14. Parallel arrangements — pressure contur f
test 2.

The highest pressure predicted was at the collision
point and of the order of 109 Pa, see Fig 6. An
Fig. 11. Pressure profiles of flyer and base pléest interesting feature of the inclined plate simulatis
3) at one instant in time. the presence of a small ‘hump’ on the surface ef th
base plates ahead the point of contact (see Fig. 13
In all cases, whether the collision point moveshwit This hump only appeared in the simulations of the
subsonic, sonic or supersonic velocity, the pressLexperiments in which the plates bonded. It is shown



that the pressure distributions are more localingtle ~Mechanical strain-rates of the order of 133were
inclined geometry than the parallel geometry due ‘obtained in these analyses. This is much lower than
the increased in the angle between the flyer asé be¢the strain-rate calculated by [45]. However, hisada
plates. In the case of the PETN explosive with veiwas obtained using hydrodynamic theory and
high velocity of detonation (7450 m/s), the pressuiassuming the shear strength of the materials doald
wave made a 30° angle with the horizontal surface neglected. Hydrodynamic theories give a very high
the base plate (see Fig. 14). This is becauseptheds value of pressure and thereby a very high straim-ta

of detonation is higher than the speed of the sannd is shown in [24] that the sizes of the interfacevesa
the material. In the parallel arrangement with thproduced using the hydrodynamic treatment were
PETN explosive, the shock is attached (the contegreater than the experimental results by 30%. Using
periphery moves supersonically i.e. no jet) athe strength models to describe the behavior oélimet
predicted in [42], [43] and [44]. In the inclinedtaup a reasonable agreement was found between the wave
the shock produced is detached due to the increa:sizes obtained from the simulation and the
angle reducing the velocity of deformation. Cowa&n ¢experimental results.

al. noted that if the shock was attached, no bandii

occurred because the pressure did not spread alfiea . :

the collision point to produce surface deformatonl 6. Discussion

jetting. No weld was obtained in this arrangemeot. ) _ _

test 2 (a parallel arrangement), with the detomaticThe impact velocity of the plate predicted by
velocity lower than the speed of sound, the contacomputational modeling agrees very well with
periphery moved subsonically (i.e. creating a get)i €xperiment. The collision velocity in the simulatio
welding occurred. The simulation results confirme Was obtained by dividing the length of the matebial
Cowan’s prediction, Holtzman [42]. The results alsthe total timing of the simulation process was atso
show that if only one plate contributed to the jag agreement with experiments. With the same impact
pressure maximum was closer to the surface of tangle as that used in the experiments the

other plate. This may be due to loss of materiainfr cOmputational model was used to investigate the
the surface of the jet producing plate. “local” mechanism at the collision point, to assis¢

identification of the internal processes and tdk lin
them to external parameters.

7. Conclusions

The present study has made it possible to model the
main features of the explosive welding process.
Relationships between operational conditions and
physical parameters, such as local stresses, stuath
particle velocities which determine the success or
failure of the weld were identified.

In general, the choice of contact algorithm, kinetr
penalty (see ABAQUS manual for details) made little
difference to the results. Bonding is dependenthen
) S o level of induced plastic strain in the two mategial
Fig 15: temperature distribution in explosion iesta  exceeding a threshold level. Shear stresses indaced
the two plates were not always of the same sigthdn
5.5. Dynamic angle profiles case of simulations of the bonded plates the shear
stresses were of opposite sign but had the same sig
for non-welded plates. The predicted impact veiesit
were in very good agreement with experiment and
calculations made using the Gurney equation.

The dynamic angle is one of the influential pararet
in explosive welding. The dynamic angles predidted
the simulations are shown Fig 6. This shows the st
of the angles between the flyer and the x-axis at
between the base p|ate and x-axis. The dynami@angACCOfding to this investigation, the influential
for tests 1-3 were 17.5°, 2.3° and 5.25°, respelgtiv Physical parameters affecting explosive bonding can
The dynamic ang]e obtained for the inclined geomet\be defined as effective strain, shear stress. The

arrangement (17.5°) was greater than its initigllan formation of a hump in the collision zone was found
(15°). in the cases where bonding occurred. The occurrence

of jet can be shown by simulations. The simulations
confirm some of the previous results for the expks

5.6. Strain-rate welding process.
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