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Abstract

6061 TO aluminum alloy was joined to 6061 TO aluminum alloy by explosive welding. This is a process in
which the controlled energy of a detonating explosive is used to create a metallic bond between two similar
or dissimilar materials. The welding conditions were tailored to produce both wavy and straight interfaces.

A three-pronged study was used to establish the conditions for straight weld formation: (a) analytical
calculation of the domain of weldability, in which the Szecket—Mayseless (Mater. Sci. Eng. 57 (1983) 149)
criterion was successfully used; (b) characterization of the explosive welding experiments carried out under
different conditions, and (c¢) 2D finite differences simulation of these tests using the explicit Eulerian
hydrocode Raven with a Johnson—Cook constitutive equation for the Al alloy. The numerical simulation
and the analytical calculations confirm the experimental results and explain the difficulties met for
obtaining a continuous straight interface along the entire weld.

Published by Elsevier Ltd.
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1. Introduction

The Mars Sample Return Mission planned for the future will use a capsule to collect soil
samples. This capsule will be hermetically sealed on Mars prior to the return mission in order to
avoid contamination upon return to Earth. A novel containerization technique that satisfies the
Planetary Protection Category V requirements has been developed at the Jet Propulsion
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Laboratory [1]. The proposed approach uses explosive welding, which possesses several
characteristics that are important for the planetary protection compliant containerization:

1. The weld formed is based on the metallic bond; thus, the seam behaves like a bulk metal,
1.e., it constitutes a bio-barrier.

2. The weld is very tolerant of contamination and thus has an extremely low probability of
failure and a high tolerance of the pre-welding contamination.

3. The surface cleaning is a mechanical process that does not use external tools that may be
contaminated.

The contaminants are stripped away by a very energetic process. This is the jet, that is
generated at the impacting surfaces. In addition, there are indications that the conditions
of welding may be capable of destroying any carbon—carbon based chemistry and, thus,
perform verifiable sterilization of even unknown life. The main disadvantages of the
explosive welding process, from a planetary protection point of view, are the small thickness
of the stripped layer and the propensity of the bond to form interface waves that may
prevent ejecta from completely leaving the bonded area and trap some surface particles within
these waves.

It is known that the quality and morphology of the interface depend on the collision angle, the
impact velocity, the properties of the materials, and the geometry of the welded plates. The
objective of the research program whose results are described herein, was to determine the right
parameters for providing the smoothest interface. The development of a theoretical model that is
capable of describing the mechanism by which waves are produced is the soundest approach and
was implemented herein.

Consequently, the first part of the study consisted of utilizing the recent advances in the domain
of explosive welding to develop an analytical understanding. The hydrodynamic analogy has been
frequently used for the prediction of the wave properties, but dynamic plasticity plays a significant
role. This enables the establishment of experimental conditions for the formation of the wavy and
smooth interfaces.

The second part of the study consisted of characterizing explosive welds carried out with
different initial configurations. The initial angle between the plates, o, was varied from 4° to 14° in
2° increments.

The third part of the study consisted of utilizing Raven, an explicit multi-material Eulerian
finite element program. Raven was developed for solving dynamics problems in solid mechanics
and materials science with an emphasis on the micromechanical aspects. The first step is the
simulation of the experimental tests performed by the Jet Propulsion Laboratory. All the
calculations were performed in 2D to reach the best equilibrium between quantity, rapidity,
reliability, and quality.

The origins of explosive welding are close to ballistic effects: the explosive welding mechanism is
very similar to the shaped charge mechanism described by Birkhoff [2]. Deribas [3] and Crossland
[4] wrote complete monographs on the process and a large number of scientists worked on the
understanding of the subject [2-26]. The parallel plate configuration (see Fig. 1), in which the
welding velocity is equal to the detonation velocity, illustrates the principal aspects of the process.
The initial angle o between the two plates is zero since they are parallel. The collision angle f is
obtained from the collision and plate velocities by simple geometrical considerations. A
geometrical analysis [5] shows that the plate velocity bisects the angle between the initial plate and



F. Grignon et al. | International Journal of Impact Engineering 30 (2004) 1333—-1351 1335

(b)

Fig. 1. (a) Mechanism of explosive welding (parallel configuration); (b) geometrical analysis.
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Fig. 2. Theoretical and practical boundaries for wave formation and jetting [6,7].

the deformed plate orientations. On a per unit of time basis, A goes to B with V, when point O
goes to B with V. Triangle OAB is isosceles; for triangle OBC one has

1/2V, = Vq sin(B/2). (1)

When f<10°, one can use the approximation V,= Vysin f8.

p and V,, are the most important parameters of explosive welding. The formation of a jet is a
necessary prerequisite for explosive welding.

Wittman [6] and Deribas [7] developed an explosive welding window (Fig. 2), in which the
collision angle f is plotted in the ordinates and the welding velocity, Vy, is plotted in the abscissa.
They studied jet formation, the critical impact pressure, the maximum impact velocity and wavy—
smooth transition velocity. For example, if V, reaches a supersonic value, there is no jetting. The
same happens if the impact pressure is too low. The wavy—smooth transition parameter does not
appear in this plot and needs to be studied more closely.
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2. Analysis
2.1. The smooth—wavy transition

A model capable of predicting the wave geometry would be able to determine the smooth-wavy
transition. Deribas [8] developed the first model, based on experimental results. It is a
hydrodynamic model, which describes wave formation as being analogous to fluid flow behind an
obstacle. Thus, the smooth-wavy boundary corresponds to the laminar-turbulent transition. In
fluid mechanics the Reynolds number characterizes this transition. Cowan et al. [9,10] introduced
the following Reynolds number R, for explosive welding:

R = (p, + pp) Vi /2(Hy + Hy), (2)

where p, and p, are the densities of the materials and H, and Hp are their Vickers
hardnesses.

This new parameter was an important advance in the domain, but the hydrodynamic analogy
contained limitations reported by Jaramillo and Szecket [11]. In the hydrodynamic model, the
waves generated behind an obstacle reach a stable configuration after a certain distance while the
waves at the weld interface must be created at the collision point. Furthermore, even if the fluid
analogy applies to the collision point, what kind of fluid is assumed and what is the response of
the regions removed from this area? Nevertheless, Cowan et al. [10] obtained correct results with
regard to the smooth—wavy transition. In all of their experiments, Eq. (2) in which R; is equal to
10.6 describes the transition very well. The limitation is that they studied only one collision angle,
p=12°. This relationship is not applicable for a generic collision angle. In order to generalize, it is
necessary to obtain a relationship between the Reynolds number and the collision angle. A model
was developed by Szecket [11-15] for the three following material couples: Fe—Fe, Cu—Cu, Al-Al
(2024 Al alloy) (Flyer plate thickness: 3.2 mm). When all the data for these three different systems
are combined, the following general relationship between the Reynolds number and the collision
angle is obtained with a correlation factor =0.9853:

R, = Kpp = 93.02(+9.62) — 13.45(+2.06) + 0.71(+0.14)> — 0.012(+0.03)5°. (3)

Eq. (3) provides a very good approximation of the smooth—wavy transition for the systems
studied. This equation is the first step toward a dynamic plasticity model and implies to redefine
R, by the elastic—plastic constant Kgp.

2.2. Weldability window

The advances achieved by Deribas [3], Wittman [6], Cowan [9] and Szecket [12] enable the
construction of a plot that Szecket named the “weldability window™, which includes both a
straight and wavy interface domain. This plot is applied to the 6061 TO aluminum alloy used
in this investigation. The appropriate equations for the inclined plate configuration used in
this investigation are presented next. The establishment of a weldability window requires
the relationship between the initial conditions (the initial angle o and the characteristics of the
explosive) and the collision angle 5. The geometrical considerations applied to this configuration
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give the following equations [4]:

sin <ﬂ g oc) = 21/72, 4)
v p—ua

Ve = sinpﬁ cos( 3 >, (5)
W p+a
N sinpﬁ cos( 2 ) (6)

Knowing «, V;, and V4, f can be obtained from Eq. (1). V), is calculated from the Gurney
equation [26,27] for the specific explosive welding geometry
~1/2

B (1+2/RP+1 1
b= V(S ) ”

R = C/M is the mass of explosive for unit mass of flyer plate. \/EE is the Gurney energy, which
is experimentally known for common explosives. The Gurney equation only predicts a terminal
velocity; the problem of the flyer plate acceleration is intentionally left out. V5, and V can be
calculated by Eqgs. (5) and (6). Known values of o, 8, Vq, Vp, Vi, Vy and the properties of the
material enable the design of the weldability window. This diagram can be drawn in both the V5,
vs. fand V}, vs. B plane. Eq. (8) gives the lower limit for welding (due to Deribas et al. [8]). In
Eq. (8), f is in radians, k; is a constant, H is the Vickers hardness in N/m?, and p is the density in
kg/m>. The value of k; is 0.6 for high-quality

| H
ﬁ:kl m (8)

pre-cleaning of surfaces, and 1.2 for imperfectly cleaned surfaces.

Eq. (9), due to Deribas [8] and Wittman [7], gives the upper limit for welding. k53 should be
evaluated experimentally at a value of V5, which is equal to half of the compressive wave velocity
Cr (V,,=2645m/s for pure aluminum); ¢ is the thickness of the flyer plate:

. P k3
SIS = 025125 ©)
where k3 = C¢/2, Gy = \/K/p, K = E/3(1 —2v).

Eq. (10), due to Szecket [11], gives the smooth—wavy transition zone for the 2024 Al alloy. This
zone has been built with experimental results.

For Al — Al 2024 :

R, = 122.32(4+16.9) — 19.35(+3.65)8 + 1.07(+£0.24)5* — 0.020(+0.005)4°,
correlation factor = 0.9939. (10)
Szecket [12] developed a weldability zone, which contained left and right boundaries. His results

for 2024 Al will be merged with data for the 6061 TO aluminum alloy used in this investigation.
Specific parameters are: p =2700 kg/m>; H,=38 kg/mm?; Cy=5293m/s.
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Fig. 3. Weldability window of the 6061 T0 aluminum alloy. Upper and lower limits due to Deribas [7], wavy—smooth
transition due to Szecket [12].

The transition zone is given for the 2024 aluminum alloy; nevertheless, the parameters
corresponding to the lower limit for less perfectly cleaned surfaces (V,, = 3000-5000m/s) should
enable a welding without waves. These values correspond to the collision angles 5 between 9° and
15°. If PETN and a value of R = 1/3 are chosen, the range of the initial angle « will be from 5° to
10°. Fig. 3 shows the application of Egs. (1)—(10) to the V5, vs. f§ space. Two different flyer plate
thicknesses ¢ are used: 1.5 and 3 mm. The smooth—wavy interface transition is shown in this plot,
and two regimes are clearly seen.

3. Experiments
3.1. Experimental set-up

Fig. 4a shows the proposed capsule used in Mars Sample Return Mission. The collapse of the
flyer tube upon the parent tube provides the hermetic seal of the capsule. The explosive is point-
initiated and the detonation follows a circular pattern with two fronts. The angle between the two
tubes is a. In order to experiment with these conditions, flat plates were tested. Indeed, Fig. 4b
shows that the axial collapse and not the radial propagation is responsible for welding. The radial
velocity Vg is supersonic with respect to aluminum and therefore cannot promote welding. Thus,
the problem was reduced to 2D in order to become tractable. One would need simultaneous
initiation along the radius to create a perfect 2D configuration. The experimental set-up uses a
chamfered parent plate in order to facilitate the creation of the initial angle . These experiments
have been performed with o varying between 4° and 14°. A PETN-based plastic explosive was
used with a linear density of 4.25 g/m.
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Fig. 4. (a) Configuration used in explosive welding of capsule; (b) detonation velocity Vg4, enables welding in
longitudinal direction whereas Vy; is too high to enable welding in the radial direction.

Fig. 5. Montage showing entire welded interface for o =4° configuration. Top: beginning of the weld. Welding from the
left to the right.
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Fig. 6. Weld interface for initial angle « =4°: (a) initial portion; (b) transition portion; (c) final portion.

3.2. Results

Experiments were carried out at initial angles of 4°, 6°, 8°, 10°, 12° and 14°. A configuration
with an additional gold sacrificial layer, used as a tracer, was also tested and characterized. Fig. 5
shows a montage with the entire welding interface. Welding was initiated at the top left and
terminated at the bottom right. The weld morphology is initially wavy (first 1/3) and then becomes
smooth. The same pattern was observed for the other values of «. Figs. 6-8 show details from the
initial, middle, and final portions of the weld for « =4°, 8°, and 10°, respectively. There are clear
differences between the wavelengths of the welds for the different values of «. Simple theoretical
considerations assume (and this is the main assumption of the analytical treatment of Section 2)
that explosive welding is a steady process, even at values of « different from zero. This means that,
for fixed initial parameters, the interfacial geometry retains the same shape along the length of the
weld. However, Fig. 5 shows that there is no stable interfacial geometry. Fig. 8 shows (marked
with arrows) a void due to solidification shrinkage.
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Fig. 7. Weld interface for initial angle o« =8°: (a) initial portion; (b) transition portion; (c) final portion.

Fig. 9 shows the welded interface for the configuration in which a gold interlayer was used. The
gold has been squeezed out of some regions and concentrated in other regions marked by the arrows.
This experiment enabled the verification of the pulsating nature of the interface. The presence of voids
from solidification shrinkage and the lower wavelength on the right are evidence of increased melting.

4. Finite element modeling
4.1. Description of the code

The finite difference and finite element communities have used Eulerian methods for over 30
years to analyze problem with explosive loading, but until comparatively recently, they were too



1342 F. Grignon et al. | International Journal of Impact Engineering 30 (2004) 1333—-1351

Fig. 8. Weld interface for initial angle o =10° using Au tracer at interface: (a) initial portion; (b) transition portion;
(c) final portion.

Fig. 9. Verification of pulsating nature of interface using gold interlayer (o=10°); notice presence of voids from
solidification shrinkage and lower wavelength on right.
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computationally demanding and inaccurate to be attractive for solving problems in solid
mechanics. The strengths and weaknesses of the Eulerian formulation are summarized here in a
brief description of the computational methods used in Raven, an explicit, multi-material Eulerian
program developed by David Benson [28]. The review by Benson [29] discusses the algorithms in
greater detail. Benson and coworkers [30] successfully used Raven in the computation of explosive
compaction and shock synthesis.

Operator splitting replaces a differential equation with a set of equations that are solved
sequentially. To illustrate its application in a multi-material Eulerian code, consider Eq. (11), a
simple transport equation, where ¢ is a solution variable, u is the velocity, and @ is a source term.

0
A R Vs 11
ot

This equation is split into two equations,
o9
s 12
o~ (12)
op
hivt . — 13
5 T Vo =0, (13)

where Eqgs. (12) and (13) are referred to as the Lagrangian and Eulerian steps, respectively.

The Lagrangian step uses the central difference algorithm to advance the solution in time in the
same manner as a standard explicit Lagrangian finite element formulation.

The Eulerian step is equivalent to a projection of the solution from one mesh onto another, and
a perfect projection should be completely conservative. Most transport algorithms are
conservative by construction: a flux added to one element is subtracted from its neighbor. Van
Leer [31] developed the MUSCL transport algorithm used in the current calculation. The
transport volumes are geometrical calculations defined by the mesh motion and they are
independent of the transport kernel. The 1D algorithm is extended to 2D by performing sweeps
along one mesh direction, then another sweep in the other direction.

4.2. Material models

The Johnson—Cook constitutive model [32] was used for the 6061 TO aluminum alloy. The
advantage of this equation is that the five parameters can easily be extracted from mechanical
tests. The Johnson—Cook equation is

a:(ao+B£”)(1 +Cln éi)[l —(T* (14)
0
with
T-T,
T —— 't 15
- (15)

The five parameters are oo, B, C, n, and m. T, is a reference temperature (at which o, is
measured) and & is a reference strain rate (often equal to 1). The first term gives the stress as
function of strain with &/¢p =1 and 7% =0. The second and the third terms represent,
respectively, the strain rate and the temperature effects. The values of the parameters were derived



1344 F. Grignon et al. | International Journal of Impact Engineering 30 (2004) 13331351

250

— =—293KO0.1/s
—=— 293K 1030/s [
—a— 293K 2500/s
—— 293K 3060/s

////‘/‘
2
100 4 é//‘/. 293K 5640/s —

150

true stress, MPa

—e— 193K 1000/s
—e— 373K 1000/s
50 —t— 473K 1000/s |_|
—=— 573K 1000/s
673K 1000/s

0 0.1 0.2 0.3 0.4 0.5 0.6

true strain

Fig. 10. Mechanical response of 6061 TO aluminum as a function of temperature (dashed curve represents ambient
temperature quasistatic response).

from quasistatic and dynamic mechanical tests carried out on the 6061 TO aluminum alloy. The
dynamic tests were conducted in a split Hopkinson bar at varying temperatures. The results of
the mechanical tests are presented in Fig. 10. The JC parameters obtained from the experiments
are

oo = 60 MPa, n=20.3,
B =500 MPa, m=1.
C =0.02,

For the explosive, the Jones—Wilkins—Lee [33] equation of state was chosen to represent the
expansion of the explosive products. The JWL equation of state defines pressure as function of
relative volume (inverse of density), V, and internal energy per initial volume, E, as

w w wE
P=A(1-——= e M +B[1-—— e ®V+ = 16
< R1V>e + ( RgV)e T (16)

where P is the pressure, V is the relative volume, E is the internal energy, w is the Gruneisen
parameter, and 4, B, R; and R, are constants which satisfy the mass, momentum, and energy
conservation equations.

4.3. Computational results

Fig. 11 shows a representative 2D configuration used in Raven. The dimensions are in
millimeters, the time is expressed in microseconds, and colors differentiate the materials in this
and subsequent figures: the explosive is yellow; the flyer plate is green; the parent plate is blue.

The computational results are presented as time sequences. Fig. 12 shows the simulation with
an initial angle of approximately 10° at 7, 10, 13, 15 and 20 ps. Calculations were also run for the
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Fig. 11. 2D section used for the computations (dimensions in mm); yellow: explosive; green flyer plate; light blue:
parent plate; red and blue: air.

other experimental o angles. The sequence of Fig. 12a shows that the angle f§ is not constant;
rather, it increases with time. Fig. 12b represents a plot of collisions angles, measured from the
computed welding sequences as a function of time. These measurements were made for different
values of o: 4°, 6°, 7.8°, 10° and 14°. This is an important result, and it is consistent with
the metallographic characterization of the weld morphology reported in Section 3. It should also
be noted that the thickness of the flyer plate is not constant either, contrary to the assumptions
made until now.

From the simulations it is possible to obtain the relationships between f and time, V, and time
and then, f and V},. The results of these measurements are shown in Fig. 13 for three values of
the initial angle «(4°, 8°, and 10°). The Szecket plot is superimposed on the same figure. The
interfacial weld morphology is initially wavy for the three angles. As the collision angle f increases
(and this angle increases with time, as shown in Fig. 12) the wavy—smooth boundary is traversed
for the three cases. From that point on the welding interface is smooth. Again, this is in full
agreement with the observations made in Section 3.

The computations also reveal the effect of o. The smaller «, the more rapid is the increase of 8
and V,. For a=4°, the interface has a very short smooth-wavy transition part, and the
wavelength is not constant. For o =8°, the interface has a large smooth—wavy transition part, and
its wavelength should not be constant. Furthermore, the transition zone is reached earlier than for
a=4°. For a=10°, the wavy part might be divided in two zones: the first one with decreasing
wavelength as in « =4° and 8°, the second one with constant wavelength. The transition region is
larger than for 4° but shorter than for 8°. These predictions from the numerical results are
confirmed by the experimental observations. Note also, in regard to the wave shapes, that
the wavelength depends on the impact velocity V), whereas the amplitude depends on the initial
angle «. Melting appears when V, is constant during a few microseconds (see o= 10°).



1346 F. Grignon et al. | International Journal of Impact Engineering 30 (2004) 1333—-1351

explosive welding 9.46 degrees explosive welding 9.46 degrees explosive welding 9.46 degrees
12,00 12.00 12.00
10.00 Time=7.02 10.00 - Time-10 10.00 Time=13
800 800
6.00 6.00
4.00 4.00
2.00 2.00
0.00 000
-2.00 200
—4.00 —400
=4
_— explosive welding 9.46 degrees _ explosive welding 9.46 degrees
10.00 Time=15 10.00 Time=20
8.00 8.00
6.00 6.00
4,00 4.00
2.00 200
0.00 0.00
=200 -2.00
—4.00 —4.00
£ 888888 8
o 53333238
70
60 —°
—&—7.8°

T = [ )t/
) ] /7

10

beta (degree)
!
S —
~

T I T

0 5 10 15 20 25
(b time (microsecond)

Fig. 12. (a) Numerical simulation of the explosive welding process: material behavior in function of time. Initial angle
o~10°. It should be noted that the collision angle is not a constant, but increase with weld propagation; (b) impact
angle f in function of time for different values of initial angle o.

4.4. Jetting

According to the experiments of Deribas and Wittman [6], for a fixed impact velocity, V7,
the formation of the jet depends only on the value of the collision angle . It has been shown
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Fig. 13. Interfacial geometry as a function of the initial angle o in the f vs. V}, plane.

for the geometry studied herein that the angle is not constant during the welding process;
however, the initial angle is a useful parameter for discussing our results and conclusions.
For an initial angle lower than 4°, no jet is formed in the simulations. On the other hand,
starting from this value, one sees a jet for each simulated configuration. It should be noted
that simulations stop at 14°, an angle for which one notes a major reduction in the
phenomena. The jets only form for initial angles between 4° and 15°. However, they
are not created at the same time and they do not carry (at first sight), the same quantity of
matter.

In Fig. 14 (configurations 8°, 10°, 12° with 25 ps), jetting first appears in the 10° configuration,
and it is also the configuration for which the jet lasts the longest. One concludes from this
that the quality of the welding is better at 10°. The weldability window recommends an initial
angle range of 5-10° with PETN and R = % All the theories suggest that when jetting occurs,
it occurs during the entire welding process. Once again, this is based on a constant collision
angle assumption. For Deribas [4], jetting is responsible for the formation of the waves.
Unfortunately, these diagrams do not give information about the microscopic mechanisms.
As one cannot see the jet along the entire welding process, the conclusion could be that it is
only made with materials located on the last welded millimeter. However, Fig. 15 shows
the 10° configuration with the sacrificial layer. One can observe that this third material is part of
the jet.

In fact, with the current simulations, one cannot reach a reliable conclusion about the
mechanism behind the formation of the waves. However, a relationship between the quantity of
ejected matter and the formation of the waves seems reasonable; calculations involving a constant
impact angle would help to establish this relationship. Another possibility is that when the melting
temperature is reached along the interface, the wavy solid phase welding process ends, and a
smooth, liquid phase welding process starts.
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Fig. 14. Jetting at 25 us for three different initial configurations (x~8°, 10°, and 12°). Note minute points ahead of
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Fig. 15. «=10° configuration with an additional layer of Al (red material) on the flyer plate. One can see that the
interlayer material forms the jet.
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4.5. Bi-material welding

All the completed experiments show that the geometry of the bond depends directly on the
welded materials. For a given configuration, changing one of the two metals is likely to remove
the waves. Numerical simulations allow arbitrary changes in the materials without any additional
expense. It is however necessary to know the Johnson—Cook parameters of the new material. For
the first test, 6061 TO aluminum alloy of the flyer plate was replaced by 6061 T6 aluminum alloy.

In the bimetal configuration, the formation of the jet appears 2 us later, and the geometry of the
jet is different. The aluminum “drops” of the second case appear bulkier but fewer than in the
first. It would be interesting to examine the speed of the “drops” to obtain more precise
observations.

5. Conclusions

The objective of this study was to establish the conditions for straight, smooth weld formation in
the explosive welding of 6061TO0 vs. 6061T0. The smooth and straight domains defined by Szecket
[11] were used to successfully predict the two regimes. Szecket’s [11] results for 2024 Al were
supplemented by the constitutive response for 6061T0 and yielded a plot applicable to the
experimental results containing both wavy and smooth domains. The present results follow
Szecket’s [11] calculation made for the 2024 aluminum alloy. It was possible to calculate the
relationship between the terminal velocity V}, and the flyer thickness with the Gurney equation. The
agreement between the calculation and the computational simulation proves that the assumption
made on the flyer plate acceleration is reasonable. Experimental observations (by optical
microscopy) on explosively welded specimens suggested that the V,—f relation was not constant
during the welding process since, in all cases, a region of wavy weld was followed by smooth weld. It
should be noted that the thickness of the materials influences the welding process and consequently
the collision angle f. For the configuration chosen for the capsules in the Mars Return Mission, the
flyer plate thickness is not a constant, and thus, the impact velocity ¥V, should vary.

Finite element calculations using Raven were conducted in a 2D geometry. The Johnson—Cook
constitutive equation was used with experimentally obtained constitutive parameters for 6061T0
Al obtained from quasistatic and dynamic experiments carried out over a broad range of
temperatures. From a numerical point of view, the results are particularly convincing. However, it
is manageable to reach a higher level of accuracy utilizing a model that would include higher
rate sensitivity. Although the individual wave formation could not be monitored because of mesh
size limitations, the results demonstrate that the collision angle increases with propagation
distance for all initial configurations analyzed. This change in collision angle is directly
responsible for the change in interface morphology from wavy to smooth at the welding front.
Furthermore, the correlation between the experiments and the simulations demonstrates that the
model is good enough to simulate the process.

The numerical simulation shows the formation of a jet under some initial conditions but does
not reproduce the micromechanics of the process. The wave formation occurs on a micrometer
scale that cannot be captured by the continuum mechanics computation. Nevertheless, jet
formation was observed for 8°, 10°, and 12°.
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