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Ejecta from periodic grooved Sn surface under unsupported shocks

*
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Dynamic failure and ejection characteristics of a periodic grooved Sn surface under unsupported shock loading are
studied using a smoothed particle hydrodynamics method. An “Eiffel Tower” spatial structure is observed, which is com-
posed of high-speed jet tip, high-density jet slug, longitudinal tensile sparse zone, and complex broken zone between
grooves. It is very different from the spike—bubble structure under supported shocks, and has been validated by detonation
loading experiments. In comparison with that under supported shocks at the same peak pressure, the high-speed ejecta
decreases obviously, whereas the truncated location of ejecta moves towards the interior of the sample and the total mass of
ejecta increases due to the vast existence of low-speed broken materials. The shock wave profile determines mainly the total
ejection amount, while the variation of V-groove angle will significantly alter the distribution of middle- and high-speed
ejecta, and the maximum ejecta velocity has a linear correlation with the groove angle.

Keywords: ejecta, grooved Sn surface, “Eiffel Tower” structure, unsupported shock

PACS: 62.20.M-, 62.50.Ef, 47.20.Ma

1. Introduction

Ejecta can be produced when a shock wave reflects from
a metallic surface with imperfections where particulate frag-
ments will be separated from the bulk and ejected outside
the free surface at a higher velocity.!!"?] Ejecta formation is
thought to be a limiting case of the Richtmyer—Meshkov insta-
bility (RMI) at a metal-vacuum (or gas) interface.>* Because
of potential damage and mixing impacted by these ejecta, this
process has many important practical applications like py-
rotechnics or inertial confinement fusion, and has motivated
considerable research work worldwide. !

It is a general consensus that the physical mechanism for
ejecta production is microjetting from surface imperfections
(e.g., grooves, pits, or scratches) on the free surface of shocked
metals.!'=>] The mass and velocity distribution of ejecta are
relevant to various factors, such as shock strength and sur-
face roughness. Zenller et al.!'®! investigated the effects of
shock breakout pressure, surface roughness, and groove an-
gle on the ejecta production from Sn samples. Rességuirer et
al.'>7) studied the influence of various interface perturbation
conditions on the laser shock-induced microjetting from the
grooved metal surface. Chen et al.!® confirmed experimen-
tally the self-similar expansion evolution of ejecta on melted
Sn sample subjected to high pressure loading. Chen et al.!”)
and Shao et al.''%!1] simulated the micro-scale microjetting by
molecular dynamics method, explained that the jetting fluid
is the main mechanism of microjetting qualitatively, and ob-
tained the change rules of microjetting characteristics in a
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12131 carried out a series

wide range of pressure. Wang et al.
of simulations by a smoothed particle hydrodynamics (SPH)
method, and found that the ejection factor reaches its maxi-
mum at the half groove angle 45 degrees and reduces with the
change of groove angle. They also found that the ejection pro-
cess can be affected by the micro-structure of surface defect,
besides the wavelength and depth of periodic grooves.

The previous focus of experimental and numerical re-
search was the ejection behavior and influence factors under
supported shocks, but unsupported shocks (shock waves fol-
lowed by an unloading rarefaction wave) will be formed in
high power laser and detonation loading conditions. When un-
supported shocks reflect at the sample surface, the microspall
will be formed near the free surface under the interaction of
the incident unloading and free surface reflecting rarefaction
waves, while the microjetting will be generated from the sur-
face with interface defects owing to the RMI. Therefore, the
mechanism of ejecta becomes more complicated due to the
coupling between the microspall and microjetting. However,
there is a little work about these issues and the mechanism of
dynamic failure process is still not clear now.

In this paper, we simulate the ejecta production from typi-
cal periodic grooved Sn surface under unsupported shock load-
ing, and investigate the dynamic failure process and ejecta
characteristics. Furthermore, we analyze the influence of
shock profile and groove angle on the total mass, spatial distri-
bution characteristics of ejecta and the maximum velocity of
jetting.
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2. Model and method

The geometric model in this paper is Sn that has periodic
grooves on the surface, as shown in Fig. 1. The height of sam-
ple is 120 pm, the depth of groove is 40 pm, and the angle is
30°-150°. The unsupported shocks with different profile and
peak pressure are generated by impacting Sn sample with a
flyer and adjusting the flyer thickness and initial impact veloc-
ity. In the simulations, the free boundary condition is imposed
on the impact direction and the periodic boundary condition
is imposed on the directions which are perpendicular to the
impact direction.
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Fig. 1. Calculation model.

Figure 2 is wave profiles about supported shock and un-
supported shock at Psg = 33 GPa when they reach the bottom
of grooves. That the shock wave is supported means that the
shock wave is followed by a high pressure platform and the
pressure does not decrease with time and distance behind the
shock wave. That the shock wave is unsupported means that
the shock wave is followed by an unloading rarefaction wave,
which looks like a triangular wave, and the pressure decreases
with time and distance behind the shock wave. For unsup-
ported shock, the peak value of pressure and unloading veloc-
After the flyer of 15 um
thickness impacts the Sn sample at a speed of 2.35 km/s, the

ity are two important parameters.

shock waves are propagating from the impacting surface to
the interior of the flyer and sample respectively after their col-
lision. The unloading rarefaction wave forms and propagates
towards the sample when the downwards shock wave arrives
at the free bottom surface of the flyer and gradually catches
up with the upward traveling shock wave in the sample, which
eventually converts to an unsupported shock wave. In the fol-
lowing discussion, the shock pressure is the peak value Psp
when the unsupported shock wave reaches the bottom of the
grooves.

We simulate the ejecta from the periodic grooved Sn sur-
face using the in-house SPH program developed by Wang et
al.'">131 SPH is a Lagrangian particle code which uses no

background mesh. In the SPH methodology,!'*! smoothed par-
ticles are used as interpolation points to represent materials
at discrete locations, so it can naturally obtain the history of
particles and easily trace material interfaces. For a function
f, its function value at a certain location can be expressed
as summation interpolants over the neighbor particles using
a smoothing kernel function W with the smoothing length A.
The meshless nature of SPH methodology overcomes the dif-
ficulties due to large deformations. Various applications of
SPH have been found in recent years, and it has been ex-

tended to high-explosive explosion, hypervelocity impact, and

so on.[15.10]
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Fig. 2. (color online) Wave profiles about supported shock and unsup-
ported shock at Psg = 33 GPa.

The following equations about SPH are used to model the

ejecta:
%’i ;#( Uf‘)wim
& o (o7 U“)(Z 5aQ,,> i

where W;j o = dW;;/dx{, W;; g = 8Wl~j/8x?, and Q;; is artifi-
cial viscosity. The stress tensor can be split up into a hydro-
static pressure part and a deviatoric stress

0% = _p5oB 4 1oB, )

To obtain the deviatoric stress, we calculate the stress rates
with the Jaumann stress rate tensor

1% _ rOTRPY _ ¢PROY — 2GEoP, 3)

with the strain and rotation rate defined by

oU*  JUP
e = < 5t o ) : “)
1 (oU% QUP
ap _ L _
R =3 ( oxF  Ix¢ ) ' ©)

The hydrostatic pressure part is calculated with metal polyno-

mial equation of state.[!*]
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For the problem of material fracture, the stress compo-
nents and pressure are set to zero when the maximum pull
stress of the particle reaches the fracture strength and cannot
withstand the negative pressure anymore. Metallic polynomial
equation of state, Steinberg—Guinan constitutive model, and
Lindeman melting law are used in the simulation. The mate-
rial parameters of Sn are listed in Table 1. The Sn material can
be melted with a release shock wave Psg = 33 GPa.

Table 1. Material parameters of Sn.

) ¥inax b Ho Po h
/100 GPa /100 GPa /(100GPa)~! /100GPa /g-em™3  /K~!
1.6x1073 3x1073 8.8 0.21 73 1.1x1073
Tmo/K T B n

565 2.36 130 0.1

3. Ejection characteristic under unsupported
shocks

The ejecta at different times in 6 = 120° and Psg =
33 GPa are shown in Fig. 3. At 19 ns, the unsupported shock
front reaches the bottom of grooves and starts to interact with
the grooves. At 24 ns, the bottom of the grooves has been jet-
ting and forms an upward protruding tip, the pressure in jetting
area reduces rapidly, and the unsupported shock continues to
travel toward the free surface. At 60 ns, the whole grooves
have been jetting, the high density jet slug is formed in the
middle of ejecta field, and the tensile failure area is generated
at the bottom of ejecta field. At 200 ns, it has formed a spa-
tial structure that is similar to “Eiffel Tower”, which consists
of high-speed jet tip, high-density jet slug, longitudinal ten-
sile sparse zone, and complex broken zone between grooves,
marked in Fig. 3. It can be seen clearly that the high-speed jet
tip has been broken and the ejecta mass mainly concentrates
on the middle jet slug. The longitudinal tensile sparse zone is
generated at the bottom of grooves under the interaction be-
tween the upward incident and downward free surface release
rarefaction waves, while the complex broken zone is gener-
ated under the coupling among the incident, the free surface,
and the transverse release rarefaction waves between grooves.
The similar “Eiffel Tower” spatial structure has been validated
by the detonation loading experiments. 7]

The similarities and differences of ejecta are analyzed un-
der supported and unsupported shocks at 8 = 120°, Psgp =
33 GPa, and t = 200 ns, as shown in Fig. 4, where the yellow
line is the position of theoretical free surface, and the red and
green lines are the bottom positions of ejecta statistics under
unsupported and supported shocks respectively. It can be seen
that the “Eiffel Tower” spatial structure under the unsupported
shock is obviously different from the spike—bubble structure
under the supported shock. The large regions of longitudinal
tensile and broken are formed due to the complex interaction

of waves. In contrast with the supported shock case, the trun-
cated location of ejecta moves to the interior of Sn sample due
to the coupling of microspall and microjetting.
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Fig. 3. (color online) Ejecta images in different time under unsupported

shock at Psg = 33 GPa and 6 = 120°.
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Fig. 4. (color online) Ejecta images under (a) unsupported shock and (b)
supported shock at 8 = 120°, Psg = 33 GPa, and ¢t = 200 ns.

The mass and accumulated mass of ejecta along the im-
pacting direction are analyzed under supported and unsup-
ported shocks, as shown in Fig. 5. It can been seen in Fig. 5(a)
that the mass of middle-high-speed ejecta under unsupported
shock loading is significantly lower than that under supported
case because of the decreasing of shock pressure when the re-
lease rarefaction wave follows a leading shock wave. There
is no distinct boundary between the middle-high-speed ejecta
and low-speed broken zone because the main mass of ejection
concentrates on the jet slug, whereas there is obvious signal of
mass jump between the low-speed broken zone and the dense
bulk of Sn sample. The maximum penetration distances of the
jet tip for the two shock profiles are almost equal, because the
peak pressures are equal when shocks reach the bottom of the
grooves. It is shown in Fig. 5(b) that the total mass of ejecta
increases under unsupported shock loading because of the ex-
istence of large mass of the low-speed zone. For high shock
pressure, the Sn releases to a liquid phase and then the dy-
namic tensile strength of Sn has a significant decrease. Under
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unsupported shocks, the interaction of the unloading rarefac-
tion wave behind shock wave with the rarefaction wave re-
flected from interface leads to a biaxial tension and forms the
large mass of the low-speed zone. Under supported shocks,
there is not a biaxial tension because of only a rarefaction wave
reflected from interface, so the large mass of the speed broken
zone is not formed. At the bottom of ejecta statistics, the total
mass is 40 mg/cm? and the ejection factor is 2.76 under un-
supported shock loading, yet the total mass is 20 mg/cm? and
the ejection factor is 1.38 under supported shock loading.
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Fig. 5. (color online) Distribution of (a) mass and (b) accumulated mass
along impacting direction under unsupported shock and supported shock
at 6 = 120°, Psg = 33 GPa, and t = 200 ns.
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By tracking the move trail of Lagrangian particles, we
analyze the material source of middle-high-speed ejecta. The
distributions of material source of ejecta under unsupported
and supported shocks are shown in Fig. 6, where the black
area is the source region of middle-high-speed ejecta. A lot
of ejecta are generated from the whole groove shape under
supported shock loading, but only a little jetting product is
generated from the bottom of groove under unsupported case
because of the decreasing of shock pressure.

o

\"\

Fig. 6. Material source of ejecta under (a) unsupported shock and (b) sup-
ported shock at 8 = 120°, Psg = 33 GPa, and t = 200 ns.

4. Influence of groove angle under unsupported
shocks

The simulation results of ejecta with different groove an-
gles at Psg = 33 GPa and ¢t = 410 ns are shown in Fig. 7. The
spatial structures of ejection field with different groove an-
gles are similar, which include high-speed jet tip, high-density
jet slug, longitudinal tensile sparse zone, and complex bro-
ken zone between grooves. The bottom position of grooves
is nearly consistent with varying grooves angles, but the dis-
tribution of spatial structure is obviously different. For the
high-speed jet tip, the distance and mass of jetting reduce with
the increase of groove angle. For the jet slug, there are wing-
shaped blocks in small angles (30° and 60°). The incident
shock wave has not arrived at the wave crest of the grooves yet
and is released by rarefaction wave reflected from the groove
edge. Therefore the materials at the wave crest of grooves are
not tensile and keep a condensed state, and the materials at
the wave trough of grooves get a high velocity and drive the
materials on both sides of grooves with a lower velocity. Fi-
nally the wing-shaped blocks are formed. With the increase
of groove angle, the incident shock wave can arrive at wave
crest of grooves, and then the wing-shaped blocks disappear.
For the longitudinal tensile sparse zone, the area reaches its
minimum at the half angle 45°, and expands with the increase
or decrease of groove angle. For the complex broken region
between grooves, it does not significantly change with small
groove angles (30° and 60°), and the ability of forming com-
plex broken zone is enhanced gradually with the increase of
groove angle.

The mass and accumulated mass of ejecta along the im-
pacting direction are also analyzed with different groove an-
gles, shown in Fig. 8, where the black, long dashed line is
the position corresponding to the white, long dashed line in
Fig. 7. There are dramatic changes in the curve of mass for
small groove angle (30° and 60°), because the high-density jet
slug exists with wing-shaped blocks. With increasing the an-
gle, the curve becomes smooth. It is shown in Fig. 8(b) that
the truncated locations of ejecta statistics are nearly consistent
for different groove angles and the total mass is 40 mg/cm?,
which means that the depth of bottom broken region depends
on the profile of unsupported shocks. The middle-high-speed
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ejecta are obviously influenced by the groove shape and have
different growth trends for the accumulated mass with differ-
ent groove angle.
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Fig. 7. (color online) Ejecta images with different groove angle at Psg =
33 GPaand t =410 ns.
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Fig. 8. (color online) Distribution of (a) mass and (b) accumulated mass
along impacting direction with different angle under unsupported shock at
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Finally, the maximum ejecta velocities are extracted in
Fig. 9 and show a linear reduction with the increase of groove
angle.
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Fig. 9. Maximum ejecta velocity versus grooved angle.

5. Conclusion

We have discussed the dynamic failure and ejection char-
acteristics of a periodic grooved Sn surface under unsup-
ported shock loading by a smoothed particle hydrodynam-
ics method. An “Eiffel Tower” spatial structure is observed,
which includes high-speed jet tip, high-density jet slug, lon-
gitudinal tensile sparse zone, and complex broken zone be-
tween grooves. It is quite different from the spike—bubble spa-
tial structure under supported shocks and has been validated
by detonation loading experiments. In contrast with the sup-
ported shock cases with similar peak pressure, the high-speed
ejecta decreases under unsupported shocks and the truncated
location of ejection moves towards the interior of Sn sample
obviously, while the total mass of ejecta increases due to the
vast existence of low-speed broken materials. The main mech-
anisms for these differences are the interaction of complex
wave system and the deduction of shock pressure of unsup-
ported shocks. Finally, we have studied the influence of in-
terface defect angle on ejecta under unsupported shocks and
found that the shock profile determines mainly the total ejec-
tion amount, while the variations of groove angle will signifi-
cantly change the spatial distribution characteristics of middle-
and high-speed ejecta. The maximum ejecta velocity shows a
linear reduction with the increase of groove angle.
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