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ABSTRACT

Solid particles can be fragmented by a fast-moving fluid if their velocity difference is
great enough, such as during the atmospheric entry of meteoroids or the shock compression of
engineered particulate composites. The extent of particle deformation and breakup in such
systems is poorly understood because the necessary extreme conditions make observation
difficult and data scarce. To meet this need, experiments combining ultrafast synchrotron-based
radiography with plate impact loading were performed at the Dynamic Compression Sector at
the Advanced Photon Source. Metal microspheres of several densities and strengths (Au, Ta, W)
were placed inside a polymer matrix. A planar shock wave was then produced in the polymer by
the impact of a gun-launched flyer plate. X-ray images of the resulting flow were collected at
~150 ns intervals. These images document the progression of particle deformation across a range
of flow conditions and particle materials. They show that the extent of deformation is sensitive to
the ratio of drag stress to particle strength. The deforming particle’s shape is determined by the
initial shock-particle interaction, fluid stagnation pressure, and vorticity, each acting on its own
timescale. A set of scaling relationships is presented to capture these observations and enable
comparison with prior hydrodynamic data. The result is a framework for predicting the

conditions under which strong particles are severely deformed by a shock driven flow.
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1. INTRODUCTION

The deformation and breakup of an inclusion in an otherwise uniform fluid is a phenomenon that
spans from geologic to hypersonic rates, and length scales from the submicron to the
astronomical (e.g. [1-4]). For example, the cascading aerodynamic breakup of the Tunguska
meteoroid produced a multimegaton air blast [5], while many engines apply a similar process to
atomize and burn incoming fuel [6, 7]. In both cases, a body is broken apart by the forces it
generates as it pushes through a relatively quiescent fluid. At other times, the loading can be due
to externally generated shock waves, like lithotripsy of kidney stones or a supernova-produced
shockwave striking a cloud of interstellar medium [4, 8]. It is conventional to highlight the
physical similarities across such flows through non-dimensional characterizations. For example,
at high Mach number, compressibility effects with shock waves will be prevalent, while at low
Mach number the flows will be incompressible. The Atwood number is another key parameter
which defines the relative density between the medium and the entrained body, distinguishing a
light bubble of Helium in a nitrogen filled shock tube, from a raindrop falling in air. If either
fluid is a liquid, then the Weber number becomes important because it provides a measure of
inertial versus surface tension effects. Indeed, these parameters are so widely applied that most
reviews on the subject will specialize in a subset of them, often including charts of the different
behavior which are observed under yet finer subsets of these parameters, e.g. [6, 9-12]. Largely
absent from these categorizations is the case where one or more of the bodies is neither a gas nor

liquid, but a solid possessing significant shear strength.

Intuitively, the discussion of fluid-solid deformation seems to imply a particular range of
relative velocity. For example, a typical bullet moving through air would not be relevant to the

current topic because its deformation is negligible. At the other extreme, a multi-megabar shock
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wave which turns a solid metallic sphere into a plasma, leaves no fluid-solid interface left to
speak of [13]. However, there are many technologically important examples of fluid-solid
deformation that lie in between these extremes. As a particularly vivid example, Frost et al. [14]
showed how a second charge detonated near the fireball of a metallized explosive will produce a
sympathetic effect, but only if the second blast wave is able to deform or fragment the already
dispersed metal particles. Other examples include heterogeneous slurry explosives used for
improved mining safety [15], the reactive composites used to increase munition lethality [16,
17], and thixotropic emulsions in development for ballistic armor [18]. Unlike the preceding
discussion of Mach and Weber numbers, no simple non-dimensional parameter has been applied
to categorize such cases. This makes it challenging to predict the rate and extent that a strong
particle will be deformed by a fluid flow. While having a broad range of experimental data
would be beneficial, such data is scarce due to severe challenges in diagnostics, e.g.

microparticles traveling at supersonic speeds inside optically opaque flows.

The goal of the present study is to document and analyze the type of fluid-particle
interaction described above. To this end, high-speed synchrotron radiography was used to
observe particles at ~150 ns intervals after the passage of a shock wave in an encompassing
fluid. The result was a series of images, tracking the motion and deformation of W, Ta and Au
microspheres at a spatial resolution of ~1/60'" their diameter. This paper is organized as follows.
Section 2 introduces the experimental setup. Section 3 discusses of the qualitative features of the
radiographs, followed by a quantification of the deforming particle shape and position. The goal
is to show how the particle’s properties (density, size, and strength) interact with the imposed
flow to determine the rate and extent of deformation. In this regard, the Au and W particles offer

a special comparison, being of equal density but having yield strengths differing by ~100 times.



In section 4, a model for the particle deformation as a function of time is constructed by
borrowing from the comparatively expansive literature on fluid-fluid systems. To this, a simple
plastic flow criterion is added. This model serves to demonstrate some interesting phenomena,
such as the existence of a regime in which the strength of the metal particle may be of negligible
importance, while the viscosity of the polymer remains an important factor. Section 5 provides
conclusions and proposes suggestions for future experiments, along with a few areas where our

current results will be useful.
2. MATERIALS AND METHODS

Metal microspheres of W, Ta and Au were embedded within blocks of silicone (Dowsil
SE1700, Dow Chemical Company). This polymer was chosen because it is translucent, shear-
thinning, non-toxic, and thermosetting, all properties which make it well suited to building
samples with precisely located internal features. It was also used in our recent studies to
investigate the motion of metal particles in a post-shock flow [19], and the wave structure in
polymer-metal composites [20]. Hence, its dynamic properties are relatively well characterized.
With an initial density (p,,) of 1.13 g/cm?, its equation of state (EOS) can be approximated by
the linear relationship U, = 2.4 + 1.2u,, where U, is the shock speed and w,, is the material
speed, both in km/s [20]. The high-pressure, high-strain-rate viscosity of the polymer was
previously determined to be of order 10 Pa-s under conditions similar to those studied here,

though a pseudoplastic strength model may be more appropriate [19].

The W and Ta particles were supplied with high sphericity by Tekna Advanced
Materials, where a plasma spheroidization process was employed to manufacture them. The Au

particles were spheroidized by melting a layer of fine powder on top of a nonwetting ceramic



substrate. Ta, W and Au have bulk densities (p,) of 17.0, 19.3, and 19.3 g/cm?, respectively
[21]. Based on the manufacturing methods, the microspheres are expected to have similar density
and EOS as the bulk. The microspheres were placed on top of a cured layer of silicone using a
micromanipulator. They were then held in place by a small volume of the same uncured material
and the remaining sample volume was then cast to form a 14x14 mm cross section. While there
was no macroscopic gap or compositional difference, this cold joint still produced a faint line
when observed with phase contrast imaging (PCI). Viewed from the impactor direction, the Au,
W and Ta particles were placed along the diagonal of a 1.64x1.14 mm rectangle, with the W in
the center location. This process places the particles 1 mm away from each other. This
arrangement served to keep the particles from interacting with one another while also keeping
them in a single field of view and delaying the arrival of the lateral release wave. Their depth
below the impact surface was chosen to balance the duration of the high-pressure state against
the possibility of particle-flyer impingement. The final depths were measured using the focus of
an optical microscope, correcting for the index of refraction of the polymer. These depths are
also reported in Table 1. The initial diameters, also measured during the optical inspection, are
included in Table 1. As listed, the uncertainty in these measurements is less than +5% of the

diameter.

Polycarbonate impactors, traveling at speeds of 3.35-6.02 km/s, were used to shock
accelerate the polymer sample, as listed in Table 1. These impact conditions correspond to
material speeds in the polymer for Mach 0.73-1.35, taking the polymer ambient sound speed as
2.4 km/s [20]. The projectiles were launched from a two-stage light gas gun at the Dynamic
Compression Sector (35-1D) at the Advanced Photon Source at Argonne National Laboratory.

The impactors were made from solid polycarbonate with a diameter of 12.7 mm and several



centimeters long. The choice of these velocities, times, and materials are based on prior
experiments and simulations, indicating the likely conditions under which significant particle
deformation would be observed [22]. The particle acceleration and deformation were observed
at a spatiotemporal resolution of 1.67 um/pixel and 153.4 ns per frame, using the ultrafast
radiography capabilities of 35-1D [23]. This combination of high speed and resolution is not
available with more conventional flash x-rays [11]. The experimental schematic is shown in

Figure 1, including the relative positions of the sample, projectile, and x-ray diagnostic.

3. RESULTS

3.1 Motion of the shock wave, polymer, and particles

Figure 2 shows the in situ radiographs from each experiment, sorted into columns based
on the particle material, with W on the left, Ta in the center, and Au on the right. This means
that the strongest particles are shown on the left and the softest on the right. The images are also
sorted into rows based on the polymer speed (pressure), which starts at a minimum of 1.76 km/s
in the top row and moves to a maximum of 3.25 km/s in the bottom row. Within each group of
images, the progression of deformation versus time is displayed by a series of sub-rows, each
corresponding to images collected 153.4 ns apart in time. The reference time (t=0) in these
images corresponds to the time when the first frame was taken. These radiographs highlight the
unsurprising trend that stronger materials subjected to weaker shocks (upper left) deformed less
than softer ones subjected to stronger shocks (lower right). To better understand such key
concepts, we will discuss a few representative images in detail, followed by quantitative analysis

of the entire set.



Figure 2(a)(0 ns) shows a W particle initially at rest, labeled as arbitrary time t=0. The
image below, Figure 2(a)(153.4 ns), presents the particle and the shock front just to its right
(labeled by a solid blue arrow). The area behind the shock appears darker in these radiographs
because of the shocked material’s greater density and correspondingly greater x-ray attenuation.
The time evolution of the shock front can be tracked between frames, allowing us to measure the
shock speed of the polymer (U,). The wave front position was assigned using human judgement,
rather than digital image processing, which produced an estimated uncertainty of +1 pixel.
Given that each shock front moved at least 400 pixels between frames, and the frame timing is
comparatively error free, this leads to an uncertainty estimate of <1%. This procedure could not
be applied to the fastest shock, seen in Figures 2(m-0), since it appears only in one image. In
that case, the shock speed has been estimated using the measured projectile speed and known

EOS.

The material velocity of the polymer (u;) was measured by tracking the thin fiducial
(marked by dashed blue arrows in Figure 2(a)(153.4-767.0 ns)). As mentioned in Section 2, this
feature was introduced by the bond line between successive polymer layers and was visible due
phase contrast. Because this feature is comparatively faint, the error in measuring its
displacement was about £5 pixels. Given the overall displacement, the uncertainty in u, is
estimated at ~3%. For the prototypical results in Figure 2(a), the measured polymer speed was
1.76 km/s, which also applies to the images in Figures 2(b, c) since they were obtained from the
same shot, hence the velocity label at the left applies to the entire row of images. The fiducial
tracking method failed for the fastest impact velocity, where it could not be reliably located. For
that case, the EOS-based calculation of U, was also used to supply u;. The term ‘material

velocity” has been used to describe u,, in place of the shock physics term ‘particle velocity’ to



avoid the confusion which the latter would cause when discussing the metal particles. These
radiographic measurements of U, and u; can be compared against a recently published EOS
which was based on more conventional laser velocimetry methods [20]. The present
measurements agree to within 3% of the previous result [20] (see Table 1), building our

confidence in the present method.

The polymer material located away from the particle reaches u,; almost instantaneously,
as the sharp shock front attests. In comparison, the particles accelerate at a much slower rate.
This can be seen in Figure 2 (a) by comparing the position of the particle to the polymer fiducial
(dashed blue arrow), the latter initially outpacing the former. Figure 3 summarizes the motion of
each particle and the far-field polymer, and shows the expected trend where particles initially lag
the polymer, accelerating gradually during the first few hundred nanoseconds. This is due to the
large impedance mismatch (Upp, < U,p,) and relative weakness of the drag force, as discussed
in detail elsewhere [19, 24]. In Figure 3, the displacement is based on the left-edge of the
particle, which is considered the most reliably locatable feature, though it is not a perfect
representation of the center of gravity, a common problem in droplet breakup studies, e.g. [12].
The uncertainty in selecting this edge (~2 pm) is believed to be small relative to the uncertainty
of the true center of gravity relative to this edge, which may be a substantial fraction of the
deformed length, being ~300 microns in the most extreme case. Where possible, all
displacements were calculated from the dynamic images captured during the <2 ps in which the
experiment occurred. This is helpful because small shifts between the sample and camera can
occur during the delay between the last static image and when the gun is fired [25]. In the three
highest speed impacts, this was not possible because the shock had already passed over the

particle by the time the first images were collected. Without suitable stationary fiducials, it is



quite challenging to compute this drift. However, in the lower speed impacts, these shifts could
be measured since the particles remained stationary in the first dynamic image, hence the added

error can be estimated to be only £4um.

While no release fan within the polymer is obvious in Figure 2, its position can be
predicted using LLNL’s finite element hydrodynamic code ALE3D [26]. We performed 2D
axisymmetric simulations of a 12.7 mm diameter polycarbonate impactor striking a 14-mm
diameter sample. The polymer sample was modeled using the same EOS mentioned previously,
while the polycarbonate EOS is available from Marsh [20, 21]. The predicted pressure,
longitudinal, and transverse velocities can be obtained at the radial location where the outer
particles reside in the real samples (no particles are included in these simplified calculations).
These results are plotted in Figure 4, with the times coinciding with each image in Figure 2
marked by open symbols. This provides an approximate prediction for the time history of
velocity and pressure that each particle would have encountered. The results show that a few of
the later images in Figure 2 were collected after the lateral release wave had begun to reach the
location of the particles. This compromises the assumption of a 1D flow whose only
perturbation comes from the particle. The effected images are marked in Figure 2 by a red
asterisk. Ideally, the arrival of release waves would have been postponed to later in time, such
that a uniform flow could be maintained. However, since the simulations show relatively modest
changes in each parameter, the post-release images are kept in our analysis. It should be noted
that releases from the rear surfaces of the sample and impactor did not arrive in the field of view

during the observation window.

3.2 Particle deformation



After the passage of the shock in Figure 2(a)(153.4 ns), the projection of the W particle
transforms from a circle into an ellipse, indicating that the spherical particle presumably became
an oblate spheroid. The aspect ratio of this ellipse continues to grow for at least the next frame
(Figure 2(a)(306.8 ns)), before settling into a steady shape that translates to the right at roughly
the same speed as the surrounding polymer (Figure 2(a)(460.2-920.4 ns)). Figure 2 (b) shows
how the softer Ta particle deformed when exposed to the same environment as the W particle in
Figure 2(a). Instead of an oblate spheroid, the Ta particle became longitudinally asymmetric,
with a curved upstream face and flattened tail, appearing in projection like a reverse capital “D”
(Figure 2(b)(306.8 ns)). The trend for a softer material to deform more is highlighted further by
Figure 2 (c), which shows a Au particle that was exposed to the same shock. At early times, the
Au particle initially takes on an oblate shape similar to the W Particle. At a slightly later time, it
has the reverse “D” shape seen in the Ta, before eventually developing a very elongated tail. In
the tail region, the Au appears a lighter shade of gray because it has been drawn thin enough to

allow noticeable x-ray transmission.

At the faster polymer speed of 1.90 km/s (Figure 2 (d-e)), similar shapes are repeated for
the W and Ta particles, though more deformed in each case. The Au shape is still elongated
(Figure 2(f)), though slightly less than before and with thin streams of material leaving the
trailing side (767.0 ns). At 2.30 km/s, the W particle has a deformed shape similar to the one
observed at 1.90 km/s (Figure 2 (g)), though with some concavity on the tailing side. The Ta
particle progressed from a “D” shaped projection into something closer to a crescent shape
(Figure 2 (h)). The Au passed through the elliptical and crescent shapes before assuming one
more akin to that of a mushroom (Figure 2(i)). This Au particle shows reentrant flow features

visible near the upstream face and material streaming out from the downstream side in thin
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projections. At 2.53 km/s, the W particle deforms past its initial oblate shape into a bowl shape,
with the Ta particle passing through this stage and reaching the type of mushroom seen at lower
velocities only in the Au (Figure 2 (j, k)). The Au shape is like those displayed at lower speeds,
but with an even more well-developed recirculating flow (Figure 2(I)). At the highest velocity of
3.25 km/s, all three particle types deform similarly, stepping through bowl-like and into

mushroom shapes (Figure 2 (m-0)).

With more ideal images, it would be possible to reconstruct the 3D shape of the particles,
at least so long as they remain axisymmetric. While the near complete attenuation makes this
approach impossible, the projections still provide useful clues about the internal structure. For
example, we can compare the volume of the solid of revolution for each projected outline (V).
For the Au particle shown in Figure 2 (c), the maximum apparent volume is computed to exceed
the initial such volume (V,,) by a factor of more than 2. The time history of apparent volume is
plotted in Figure 5, where it has been nondimensionalized by V,,. It is seen that the large increase
indicates some void or polymer volume within the solid of revolution. Hydrodynamic
simulations, not shown here, indicate positive pressures in this region, so we conclude that the
added volume is most likely composed of polymer, not void. While only one example is shown,
the same conclusion applies to the other apparently distended shapes in Figure 2. To compute
this apparent volume, the centroid of the projected area was found and then the profile on either
side of the longitudinal axis passing through this point was integrated through a revolution of 2.
The average of these volumes is shown, although the differences produced by asymmetry were

found to be small.

A better idea of the likely 3D shape of the particles can also be gained by comparing the
radiographs to simulations previously published by several groups [27-31]. Zhang et al. [27]
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simulated the interactions of a shock traveling through a liquid explosive containing a variety of
metal particles, including tungsten and steel. The shock pressures and material densities in those
simulations are similar to those measured here. In the immediate wake of the shock, they
predicted a flattening of the particle in the longitudinal direction, with a sharpening at the poles
[27]. Sridharan et al. [29] reported similar shapes for aluminum particles in shocked
nitromethane. At slightly later times, their work also showed how the radius of curvature of the
downstream face can invert and form a bowl-like shape, similar to our experimental observations
[29]. The computational results of Fujisawa et al. [28] further concur for Al particles in
nitromethane. While these results suggest the formation of a curling ridge of material behind the
particle equator, this cannot be verified from our images. Klein et al. [31] also showed
simulations suggesting that a reverse “D” profile in the projected particle image likely
corresponds to a bowl-like shell whose interior is filled with the other phase. Klein et al.’s [31]
simulations also show the development of a reentrant flow within the particle and the beginning
of what looks like the mushroom shapes observed here. These cases are illustrated in Figure 6 as
3D renderings with corresponding density projections, each compared with a representative

image taken from Figure 2.

Given the low contrast of the images, it is difficult to discern whether the particles
remained entirely connected or were torn apart. Perhaps the best evidence for fragmentation is
observed in Figure 2 (h)(460.2-767.0ns), where the main Ta particle appears to be trailing a
small body without any evident connecting ligament. This feature has been enlarged in Figure 7,
with arrows marking the location of the possible satellite particle. While this satellite particle
might be dismissed as a speckle in the image, it should be noted that it tracks with the main

particle from one frame to the next frame. The very thin streams of material trailing the main
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bodies in other images, e.g. Figure 2 (k), also suggest a level of distention that may make the
question of true fragmentation somewhat meaningless. Likewise, Figure 2 (m) shows a blocky
pattern of material downstream of the W particle, whose connection to the main body appears

tenuous.

Having described the observed deformed particle shapes, we now focus on quantifying
them. Given the complexity of the shape changes, the low image contrast, and lack of fiducial
marks, it is impossible be measure the full deformation gradient. Instead, the particle’s
maximum longitudinal (streamwise, h) and transverse (spanwise, w) dimensions will be used to
quantify the deformation, as has been previously done for similar configurations [32-34]. Other
potential quantities of interest, such as transverse vortex spacing, or the dimensions and location
of primary and secondary vortices were precluded due to the image quality [32, 34]. Even this
simple measurement is challenging due to uncertainty as to whether some particles remain
cohesive or become fragmented. We chose to set the bounding dimension to include all the
particle material, in effect treating them as cohesive bodies, hence matching the analysis by
Ranjan et al. [32] and Hansen et al. [33], but not Layes et al. [34]. The benefit of this criteria is
that it can be consistently applied, though it means that relative motion between disconnected
fragments is treated indistinguishably from internal strain. These results are plotted in Figures 8
and 9 for width (w) and height (h), respectively. Also shown are analytical predictions from a
model that will be discussed in Section 4. The values of h and w have been nondimensionalized
by the initial diameter (d,), though this has little relative effect since the initial sizes were all
similar. The absolute particle dimensions are included in Table S1 of the supplemental material.
Such information is included in the hope of being useful as validation data for future models.

The markers in Figures 8 and 9 each contain an image of the relevant particle, all drawn to the
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same scale, and this is intended to help connect the reported dimensions with the observed
shapes. Likewise, the ordering of the subplots within Figures 8 and 9 matches that used in

Figure 2 to enable an easy comparison.

We summarize our observations for Figures 8 and 9 as follows. At 1.76 km/s, Figure 8
shows that both the W and Ta particles contracted in the longitudinal direction, while the Au
particle contracted and then re-expanded. At 1.90 km/s, all three particle types again initially
contracted, albeit only the W particle remained in this state. The Ta particle continued
deforming until it regained its initial length, while the Au particle stretched well past it. At 2.30
km/s, the W particle again initially contracted but then rebounded to its initial length. The Ta and
Au particles both reached maxima well above their initial lengths. A similar pattern is observed
at a polymer velocity of 2.53 km/s. At 3.25 km/s, the deformation progressed similarly for all
three particle types, highlighting minimal sensitivity to their strength differences. The marker
images in Figure 8 show that a contraction in h corresponds to an oblate spheroid or crescent
shape, while the re-expansion indicates a deeper crescent or a mushroom shape. The deformation
pattern at 3.25 km/s, and at lower velocities for the Au particle, is similar to that observed for
copper and aluminum spheres subjected to much more intense shocks [33], as well as for

shocked gas bubbles [32, 34, 35].

In the transverse direction (plotted Figure 9), the general trend is for a monotonically
increasing dimension. However, the transition from bowl-like to mushroom-like shapes was
sometimes accompanied by a large collapse in the previously expanding transverse width. This
occurred most notably for Au particles at 1.76-2.30 km/s, but also in Ta particles at 2.30 and 2.53

km/s. In the case of Au particles at 1.76 km/s, W/do peaked at a ~1.5, before dropping back to
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~1. The differences among the materials are also significantly less pronounced than they were for

the longitudinal dimension.

The temporal evolution of such flows can be best understood and compared with

previous experiments by applying nondimensionalization. In the case of shock-particle

interaction, common choices for the time scaling include t, = d"/Ub and t, = do/ub, in the

latter case sometimes including an additional density ratio factor (p“/pb). We decided to follow

Robey et al. [13] and Ranjan et al. [32] and adopted t, as the representative timescale. This
choice can be rationalized for a process in which the fluid velocity is thought to be more
determinative than the rate of initial shock passage, though as a practical matter U, and u,, often
scale linearly with each other. The particle’s longitudinal and transverse dimensions have been
plotted versus nondimensional time (t/t,) in Figure 10, with the length scales being
nondimensionalized by the initial particle diameter d,. Most striking from these plots is how the
high velocity data clusters together regardless of material type, while at low velocities the
stronger metals (W and Ta) show significant spread. This is an indication of a transition from
strength-related to hydrodynamic flow [4]. This transition could be due purely to the increased
intensity of the driving pressure, but may also include a loss of strength in the particles due to

effects like thermal softening, strain localization, or fragmentation [36].

This nondimensionalized data is also compared to previous results from Ranjan et al. [32]
and Hansen et al. [33]. Ranjan et al. [32] performed experiments on dense bubbles of Ar gas in a
N filled shock tube. From their reported 5 cm bubble diameter and 0.745 km/s fluid velocity, the
value of t, is calculated to be 67 ps for this study [32]. Being gas filled bubbles, it is quite clear

that strength and viscosity effects contribute minimally in these results. Hansen et al [33]
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collected similar data for a 120 um diameter Al particle in a shock compressed polymer. These
shocks were much more extreme than in our experiments, reaching a peak material velocity of 77
km/s (t, = 1.3 ns) [33], so there is again little doubt as to the flow’s hydrodynamic nature.
These can be compared to the fastest velocity data shown in Figure 10 (3.25 km/s), where t,,
spans from 29 to 34 ns. Figure 10 (b, d) shows how these three data sets collapse onto a
common trend which is controlled by the particle size and speed of the flow. This is further
evidence that the convergence of the data sets, shown in Figure 10 (a, c), tends toward a
hydrodynamic limit. The common deformation path can also be considered in terms of aspect

ratio by combining the information in Figure 10 (a) and (c). Doing so reveals deformation paths

for the present data which pass through a minimum h/w value of 0.6, before increasing to 1.4.
These results are also comparable to the simulations presented by Klein et al. [4] and Niederhaus

etal. [37].

These preceding observations provide several clues about what phenomena are most
important regarding the deformation of strong particles inside shocked fluids. For example, the
initial compression from a sphere to an oblate spheroid obviously indicates a compressive stress
acting along the longitudinal axis. More importantly, the duration of this contraction highlights
the relative role of the incident shock pressure compared to the sustained stagnation pressure.
Likewise, the reentrant flow patterns seen at later times in the softer materials indicate that
vorticity plays an important role. We have also already touched on some of the consequences of
particle strength by comparing the W and Au particles. These various factors, and their time

evolution, will be the focus of the next section.

4. DISCUSSION AND MODELING
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This section seeks to assemble a simple analytical model for the microparticle
deformation, similar to those that exist for gas bubbles [4, 38, 39]. Our objective is to help
inform multiphase models where particle drag and reaction rate are affected deformation [30].
The overall approach will be to follow the phases of the deformation chronologically, favoring
scaling relationships and simple approximations wherever possible. For clarity, the symbols

used in all equations are summarized in Table 2.
4.1 Shock-particle interaction

When the incident shock reaches a particle’s upstream face, a transmitted a shock will
propagate forward into that particle, while a reflected shock travels back into the polymer. This
accelerates the upstream face of the particle toward the still stationary downstream face. Zhang
et al. [27] have shown that the initial speed of the upstream particle-matrix interface will be close
to the uniaxial solution, meaning that the material velocity (u,) within the shocked region of the
particle will be approximately equal to that found via an impedance matching calculation for
quasi-infinite plates. This transmitted shock will reach the downstream face of the particle at a

time (z) governed by,
Ts = — (1)

where U, is the shock speed in the particle and d,, is the particle diameter [30]. This leads to an

approximate axial strain of,

Sh _ UaTs _ Ua (2)

do do Ug

This is of course identical to the strain under uniaxial compression, having neglected the

particle’s transverse expansion. The result would be an oblate spheroid with a longitudinal
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length reduced by §h. Simulations leading to this characteristic shape have been presented by
Sridharan et al. [29] and Fujisawa et al. [28]. An acoustic description, including the focusing of
the colliding shocks at the rear surface, has also been presented by Haas and Sturtevant [35].
The actual axial strain may be somewhat less than predicted by Equation 2 because the upstream
interface velocity decreases due to the lateral release [27]. To evaluate Equations 1 and 2, the
values of u, and U, can be calculated from the measured polymer shock velocity, the equations
of state for the relevant materials being available in the literature [20, 21] . Equation 2 indicates
the maximum strain due to shock-particle interaction would occur for the Ta particle (~9%). For
the Au and W particles, these maximum values would be 8 and 7%, respectively. For the
weakest shocks observed, the strains would be only ~4-5%. For a nominal particle diameter of
100 pm, the shock-particle interaction times would range from 11 to 16 ns, again varying only

slightly between the different particle materials.

The fact that the particle strength does little to resist these strains should be obvious from
the magnitude of the pressure difference imposed by the shock. For example, the weakest
shocks presented had a magnitude of ~10 GPa prior to reflection. In comparison the Hugoniot
elastic limit for W is only ~1 GPa [40], while its Steinberg-Guinan yield strength is ~2 GPa [41].
This balance will be examined in more detail where the applied stress and particle strength are

more comparable.

4.2 Drag, viscosity, and particle strength

After the initial period of shock-particle interaction, additional axial compression can be
supported by the sustained drag force. Specifically, the higher pressure at the front stagnation

point can push material toward the lower pressure equator. This is the mechanism responsible
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for the initial pancaking of small fluid droplets in an incompressible air flow [6] and is also how
expanding meteoroids have been treated [42]. Based on the particle shapes observed, it does not
seem unreasonable to think that a similar phenomenon occurred. Given this, there is an appeal in
adopting the related fluid dynamics models, though treating the metal particles as fluids may

seem counterintuitive.

Treating a solid metal hydrodynamically, i.e., neglecting its strength, is a reasonable
approximation only if the applied stresses are significantly higher than the metal’s flow stress
(o). Inthis case, the applied stress is generated by the drag force (F;), which can be divided by
the particle’s initial cross-sectional area (A) to give an approximate stress. In calculating F,, the
Clift-Gauvin [43] drag model was used because it shows good accuracy over a range of
Reynolds (Re) number and has previously been applied successfully to other shock compressed
fluid-particle systems [19, 44]. While a Newtonian model is not the most accurate representation
of high-pressure polymer constitutive behavior, previous work has shown it is adequate for
describing the overall time dependence of the drag force on a small particle, which is the goal
here. In the present use, the particle size was characterized by d,,, with the effects of the
deformation on the drag coefficient neglected. The particle’s evolving shape will change the
drag coefficient, but accounting for this is beyond the present scope and the reader is referred to
elsewhere in the droplet breakup literature [4, 12, 45]. The polymer viscosity (x) was estimated
from each particle trajectory using the same method as elsewhere, with the present results
reproducing the previously reported range of 15-50 Pa-s for SE1700 silicone [19]. Dividing the
resulting drag stress by the metal’s yield strength provides a way of comparing their relative

magnitudes, which is plotted in Figure 11. When this quantity (R) is larger than unity, then
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plastic flow is likely, and when smaller than unity the deformation will tend to be elastic. Put

mathematically, the ratio of drag stress to yield stress is formulated as:

R=22>¢, 3)

Aap

where C; Is a constant characterizing the critical ratio, expected to be ~1. This is similar to the
form proposed by Melosh [42], who applied it to the breakup of meteoroids. Whereas brittle
meteoroids can be considered to fragment into a strengthless mass of particles after exceeding a
drag-to-strength ratio of 1 [42], the ductile metals studied here are expected to retain their
strength at significant strains. This flow strength will be approximated by the Y, yield parameter
listed by Steinberg et al. [41]. These values are 2.2, 0.77 and 0.02 GPa for W, Ta and Au,
respectively. Of course, this neglects many well-known aspects of metal plasticity, i.e. strain
rate dependence, strain hardening, strain localization, and thermal softening. For example,
uniform adiabatic deformation at a stress of 2.2 GPa would raise the temperature of W by ~800
K per unit strain, assuming ambient thermodynamic properties and a Taylor-Quinney factor of
0.9 [46]. Setting aside shear localization, melting alone would prevent such conditions from
persisting to indefinite strains. Nonetheless, we believe this simplistic view of plasticity can

provide a useful starting point.

Even these rudimentary mechanics are sufficient to demonstrate that the Au particles had
practically no strength in comparison to the drag stress. At early times, the drag stress was >600
times the yield strength of the Au. At the smallest observed value, the drag stress still exceeded
the yield stress by >30X. This can be seen in Figure 11 by the band of dashed red lines
corresponding to the Au particles, as calculated from the Clift-Gauvin [43] model just discussed.

Hence, hydrodynamic behavior is a reasonable approximation for the Au particles. For the
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stronger materials (W and Ta), the drag stress is still several times larger than the flow stress (~6-
24X) at early times. However, at later times the drag stress decayed below the flow stress,
reaching a minimum of R~0.1. This is shown by the dashed green and blue bands in Figure 11,
which plot the value of R for the W and Ta particles, respectively. At the large initial values of
R, these stronger particles are expected to deform hydrodynamically. At later small values of R,
their behavior will be more elastic, meaning minimal deformation. In between these extremes,
the particles will pass through a regime where the deformation may still be large, but is also

influenced by the deviatoric stress in the particle.

It is interesting to compare these strength effects to those caused by the viscosity of the
surrounding polymer. In the present experiments, the Reynolds number (Re), peaked at only
~10?, declining to <1 as the particles came to rest relative to the polymer, where Re is defined
based on the initial particle diameter and the relative velocity between the particle and the
polymer as, Re = p(u, — u,)d,/u. For an inviscid approximation to apply, Re should be at
least ~10°% [47]. In the case of the Au particles just discussed, this means a high value of R
coexists with a low value of Re. The surprising meaning here is that the strength of the metal

particle can be neglected in regimes where the polymer viscosity cannot.

To understand this counterintuitive result, consider that a change in fluid momentum is

always balanced against the divergence of stress (o;;),

Du; opP asij

th:_+ax’ (4)

axl- j
where g;; has been decomposed above into deviatoric (S;;) and hydrostatic parts (§ Okk0ij),
with the pressure P = gakk. DD—f is the material derivative of velocity with respect to time, p is
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the density, and body forces have been dropped. In the case of an incompressible fluid, a
Newtonian constitutive relationship asserts that the deviatoric stress is simply the strain rate
tensor multiplied by a constant y, i.e. viscosity. In the parlance of solid mechanics, this would
be referred to as perfect plasticity with a strain rate sensitivity exponent of 1. As the length scale
of some fixed velocity differential diminishes, the strain rate necessarily increases and viscous

effects grow. The Newtonian constitutive relationship can be substituted into Equation 4,

Du; opP 82ui
Dt O0x; H asz ( )

This can be re-written in terms of nondimensional variables to reveal the underlying scaling as

follows,
Du' _ 0P | u 0%
bt ax;! | Lvp ax]_,Z’ (6 a)
where,
L
u; = =, (6b)
1,
t = ;t ) (6¢)
(L 2 L
P=p F)P,anol;=v. (6 d)

Here, L and v are the characteristic length and velocity of the flow. The pre-factor ﬁ in

Equation 6 (a) is obviously the reciprocal of the Reynolds number.

Starting with Equation 4, the same process can be applied to consider the metal particles,

in this case leading to,

22



DLi,:a_PI_FLaSiJ” (7 a)

Dt’ ox;'  v2p ax;’
Sij =18, (7b)

where ] is the square root of the second invariant of S;; at yield, i.e. the von Mises flow criterion.
This choice for scaling S;; asserts that the most relevant scale for the deviatoric stress is the von

Mises equivalent stress. The justification is that most theories of metal plasticity claim this
quantity dictates stress during flow. The fact that this only applies during plastic flow is not very
limiting since that is the behavior under consideration. Among the other invariants which one
might have chosen, the first is zero by construction and the third has little physical meaning in

this context. The result of this nondimensionalization is to see that the pressure gradient will

dominate the material’s strength when # is small.

We can now compare the pre-factor # in Equation 7 to that of # in Equation 6.
Assuming for the moment that both J and u are themselves independent of the flow velocity,
then it is clear that increasing the velocity drives # toward zero faster than it does ﬁ.
Likewise, reducing the particle length scale increases % while leaving # nominally

unchanged. This explains how the strength of gold can become irrelevant even while the
viscosity of silicone remains important. It is simply a matter of having a high velocity flow and

small length scale, which exaggerates viscous effects in comparison to strength effects.

It might be objected that this conclusion is an artifact of an overly simplified strength
model that neglects strain rate effects. To this, let us consider the strain rate sensitivity of a

typical metal in comparison to a viscous fluid. For example, moving from a strain rate of 10° to

23



10%s7?, the flow strength of Ta may increase by 10-15% [48], as compared to the 10X increase in
shear stress that a viscous material would experience. For a material like copper, the increase in
strength may be somewhat larger depending on the strain of interest, but it will still be dwarfed
by Newtonian viscosity. The same could be said of the effect of size on flow strength [49]. In
fact, if this nondimensionalization breaks down due to an oversimplified material model, the
more likely cause may be the viscous model. At least some data shows that the strain rate
dependence of a shock compressed polymer may be substantially less than unity [19]. If that is

correct, then the polymer would approach an inviscid response faster than predicted above.

A final note on this point is that the pre-factor in Equation 7 (#) shares a similarity to

the criterion presented in Equation 3. We note that the drag force in an inviscid flow follows

F4 « pv?, while the stress in von Mises plasticity follows o, « J. Applying these substitutions
to Equation 3, one will find that the scaling is identical to Equation 7. The specific form intuited
for a plastic sphere dragged by a viscous flow therefore corresponds to a special case of the more
general relationship. This justifies the heuristic arguments made in favor of Equation 3 and also

provides a path for considering other constitutive properties.
4.3 Particle flattening

Accepting that the metal particles can be treated as inviscid fluids after the initial shock
passage, at least within the proposed assumptions, then it is possible to estimate their
deformation rate. For a droplet being dragged within an incompressible inviscid flow, the
transverse expansion velocity (v,) scales as,

Vo = Co(up — ug) |5 ®)

a
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where u,, is the longitudinal velocity of the surrounding fluid, p,, is the density of the fluid, p, is
the density of the particle, and u, is the longitudinal velocity of the particle [3]. This
relationship can be found by applying Bernoulli’s equation from the pole to the equator and
taking the pressure differential as equal to the stagnation pressure. As such, it is only applicable
for p, > pp. The use of incompressibility is warranted in the present experiments because u;, —
u, is well subsonic in the post-shock state [50]. The notion of treating the polymer as inviscid is
more suspect, as was just discussed. Despite the moderate Reynolds numbers, we will still apply
Equation 8 in order to predict of the particle deformation approximately, recognizing that it will
become less accurate as the particle velocity approaches that of the polymer and Re drops. In
Equation 8, the constant C, is a fitting parameter which has been added as a concession to the

error introduced by assuming inviscid behavior.

During the time period when the particles remain spheroidal, Equation 8 predicts the

following transverse width (w) and longitudinal length (k) as a function of time (t),

w(t) = do + [, v,dt 9 a)
ho) =% [3). @ b)

Strictly speaking, the d, used here should account for the hydrostatic pressure and be slightly
less that the actual initial diameter, but this difference is small at these pressures and so has been
ignored. Likewise, this strain would be additive with that from Equation 2 but that contribution is
expected to be small, as has already been discussed. Compressibility aside, Equations 9 (a) and

(b) are simply related to each other through conservation of mass.

4.4 Instability and vorticity
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Even if the drag force remains well above the flow strength, the particles cannot continue
to pancake indefinitely. A limit is imposed by the fact that the deformation will eventually
become unstable. For a liquid drop, this limit comes from a competition between the rate of
radial expansion versus the tendency of the droplet to break apart [6]. A diverse array of droplet
fragmentation morphologies have been taxonomized, each occurring for a particular balance of
surface, inertial and viscous influences [6]. Most relevant to the present case are those droplets
which have a similar density to the surrounding fluid and high Weber number (i.e. inertia
dominates surface tension). Under these circumstances, droplets deform into the so called
‘backwards-bag,” and ‘sheet-thinning’ morphologies [12]. In the case of a ‘backwards-bag’
breakup, droplets assume a shape very much like that shown in Figure 6(b), which is created by
vorticity and a Rayleigh-Taylor (RT) instability [11, 12]. Likewise, the same pancaking-to-RT
transition has also been posited to explain the limited lateral spread of fragmenting meteoroids
[51, 52]. For an impulsively accelerated system, the analogous Richtmyer-Meshkov (RM)
instability will produce similar patterns in spherical clouds of tiny droplets [53, 54], or gas

bubbles [55].

The current experiments showcase vortex driven instability (RM or RT) in the
recirculating pattern seen in Figure 6(c-d). More subtle evidence for the importance of vorticity
can also be seen in the lobed azimuthal asymmetry that appeared in some of the most deformed
particles, which is likely due a Widnall vortex instability [13, 56]. The baroclinic origins of such
vortex rings were explained for shocked gas bubbles by Haas and Sturtevant [35]. Fujisawa et al.
[28] have more recently used simulations to study the circulation production for a shock moving

through an aluminum particle in nitromethane and found that it reaches a peak near a time of
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dO/Ua, and then drops quickly to a near constant value. The magnitude of this circulation (I")

was modeled using a form from Picone and Boris [57],

[ = Cydou, (1- ;‘T”b) In (%) (10)

where a free fitting parameters (C5) has been added to help compensate for the fact that there is
significant uncertainty in this value [34]. Other estimates for the same quantity are available
from Ranjan et al. [58]. Using this estimate of ', along with Jacobs and Sheeley’s [59] vortex
model of the RM instability, it is possible to predict the length scale of the vortex driven

deformation as a function of time (a(t)),

a(t) = C, (% sinh™! (;—; k*Tt + sinh(ka0)> - ao). (11)

In the original formulation, a is the deflection of a sinusoidal interface as a function of time (t),

a, is the initial perturbation amplitude and T is taken to be equal to _74&0, where k is the wave
number and q, is the initial growth rate of a,. In the present work, I" will be taken as constant
obtained from Equation 10. The trailing a, term has been added to account for the fact that we

are interested in the change in the particle’s width from the initial state. In the present case,
where there is no periodic sinusoidal front, k will be taken as 2—: and a, set to d,,, similar to
Haas and Sturtevant [35]. The lack of periodicity also leads to the issue that the vortices may
move laterally in a way not captured by the model. In a similar manner, the particle is free to

expand (or contract) in the transverse dimension in ways that it would not be if it were part of an

infinite periodic array. It is also known that RM growth rates are affected by viscosity [60],
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which has not been considered in spite of that fact that some of the data lie in a low Re regime.

For these reasons, a free fitting parameter (C,) have been added to Equation 11.
4.5 Model assembly and evaluation

The RM instability will grow as the particle pancakes under the influence of the
stagnation pressure. At some point, the RM instability will become the dominant deformation
mechanism, assuming the particle remains in a plastic state, i.e. Equation 3 remains satisfied.
While this transition is somewhat arbitrary, we will fix it as the point when the length scales in
Equations 11 and 9 (b) become equal. Putting together these various components, we arrive at

the following model for the particle shape,

do + [, vadt if AFpo > ¢,

w(t) = (12 a)
w(t™) if % <,
3 3
% if == > Cyand 2% > a(t)
14
3
h(t) ={ a(®) if 4> ¢ and <5 < a(t) (12 b)
14

h(t) i TS<G

Op

where t~ signifies a time infinitesimally prior to t, and is used only to denote that the particle
shape does not change under this condition. The existence of three conditionals for h(t) but
only two for w(t) is because we do not have a quantitative model for how the RM instability
influences the transverse width of the particle, though a qualitative link to vorticity has been

previously described [32].
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Equation 12 can be fit to the observed longitudinal and transverse particle dimensions for
each material, polymer velocity, and observation time by optimizing the values of C;_,. As
C,_, relate exclusively to the hydrodynamic behavior, they were fit to only the fastest velocity
data, e.g. the polymer velocity of 3.25 km/s. The motivation is to tune the hydrodynamic aspects
of the model relative to the most truly hydrodynamic data and avoid convolving strength effects
where they do not belong. We have discussed that this subset of experiments are well
approximated as hydrodynamic through comparison with both the lower velocity data and the
results from Hansen et al. [33] and Ranjan et al. [32]. The numerical values of C,_, were
computed using nonlinear optimization to be 0.485, 2.82, and 8.08, respectively. Fixing these
values, the strength related parameter C; was then fit using the entire data set, with the result
being 3.96. This procedure helps test how well the C;-scaled strength can account for deviations

between the data and the hydrodynamic model.

These results are shown in Figure 12 (a, b), where the dimensions predicted by the fitted
model are plotted against the observed dimensions, both having been normalized by d,. Ideally,
all points would collapse onto the solid lines shown. While the model is far from perfect, the 72
observations do cluster around these lines. Unsurprisingly, the agreement is better for the
longitudinal dimension (h) than the transverse one (w). This is expected due to the lack of
consideration given to vorticity in the case of w. It is interesting to compare these results with
predictions made when C; is set to zero, i.e. the hydrodynamic version of the model. This is
shown in Figure 12 (c, d). In the case of h, the Au results still mostly cluster along the perfect-
prediction line. In contrast, the Ta results systematically fall below the predicted deformation, a
trend which is even more pronounced for the stronger W. This shows how the strength terms in

the model serve to collapse the predicted deformation closer to reality. In contrast with these
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results, eliminating the strength term results in relatively little increased scatter in the predicted
versus observed values of w, apparently because it is less important to constraining the

deformation in this dimension and probably because of the worse initial fit.

The model’s performance in the time domain is plotted in Figures 8 and 9. The individual
components of the piecewise model are plotted as dashed and dotted lines, with the predicted
path plotted as a thick solid line. Looking at the model predictions for w shown in Figure 9, one
would expect a monotonically increasing transverse dimension, plateauing when the applied
stress falls below the flow stress. This is in reasonable agreement with the observed behavior of
W and Ta. However, the model fails to predict the transverse contraction seen in Ta at 2.33-2.53
and Au at 1.76-2.30 km/s. This occurs because the model assumes the transverse width simply
continues to expand as though the particle were continuing to flatten, even at times when vortex
suction is clearly significant [32]. Accounting for this would require a non-periodic RM model.
The bias introduced by fitting to the data without accounting for this contraction may help

explains the underprediction seen for several of the cases.

Figure 8 (1.76 km/s) shows that the model correctly predicts a contraction in h for the W
particle, and contraction followed by re-expansion in the Au. While it also predicts a contraction
and re-expansion for the Ta, the observed re-expansion is substantially smaller than predicted.
For the W and Ta particles, there is a predicted plateau in the deformation at relatively early
times, when the applied drag stress is computed to fall below the flow strength, a feature also
seen in the data. This early transition from plastic flow to a quasi-rigid plateau explains why the
W deforms relatively little in Figure 2 (a). Despite an initial R value of ~6, the drag stress drops
quickly in comparison to the flow stress, reaching R < C; after 55 ns. Even at a strain rate of

~108s?, this time is short to accumulate severe plastic deformation. As expected, this plateau
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happens later in time for the Ta as compared to the W. This is presumably the cause of the
greater rebound in the value of h for the Ta and compared to the W for the 1.90 and 2.30 km/s
shots, which the model captures well. Given the extreme softness of the Au particle, no such
plateau is predicted during any of the observed times. While similar trends and good agreement
hold for the 1.90, 2.30 and 2.53 km/s cases, our model falls apart at the highest polymer velocity
of 3.25 km/s. At that velocity, it would predict that the strength of the W stops the particle
deformation at an earlier stage than is seen in the experiment. Such model failure might be due to
not including thermal softening, strain localization, or damage in the strength model. By
contrast, the purely hydrodynamic prediction, observed by ignoring the plateau, is quite close for

all materials in this case.
5. CONCLUSIONS AND FUTURE WORK

This study has focused on a transition regime of particle-fluid interaction which is
bounded between fluid-like and rigid particles. In between, particle strength is seen to be
important during at least some period of the process. Ultrafast radiographs revealed the time
dependent morphology and extent of particle deformation as a function of particle strength. We
constructed a simple model built on an incompressible and inviscid assumption that was able to
rationalize the observations by adding a rudimentary notion of the particle strength. This

included fitting data from a wide range of impact velocities and post-shock observation times. It

highlights the key phenomena, based on the scaling of # predicting when a particle crosses

from a strength related regime into a hydrodynamic one. It also shows how the initial shock-
particle interaction, the sustained stagnation pressure, and shock-imparted vorticity can all

contribute to the particle deformation. We envision that these results will inform future
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multiphase models and help predict how parameters such as drag, and reaction rate evolve in a
shocked flow. Likewise, the present findings may also be useful for unraveling aspects of the
shock wave structure of bulk composites, where microstructure is known to be important [20].
By providing an experimental benchmark for these phenomena, we hope the preceding scenarios

can be better analyzed.

Future experimental work should focus on attaining higher quality images which would
make it possible to apply a non-binary analysis of the absorption contrast. This would mean the
ability to see internal features, like the wall thickness in concave regions, and to measure the
included polymer volume. Improved signal will help quantify particle fragmentation. It would
also allow the vortex to be better understood by revealing its radii and velocity defect [32].
Hence, it would lead to a richer comparison for future hydrodynamic simulations, needed to
better understand the evolution of particle drag as a function of particle shape. This would also
help to relax several other unavoidably simplistic assumptions which have been made here. For
example, more realistic constitutive models could be included to explore the possibility of
softening at the highest impact velocities. For an even greater challenge, the apparent 3D
instability effects could be considered in conjunction with material failure criterion to develop an

understanding of the fragmentation process.

SUPPLEMENTAL MATERIAL

See the supplementary material for a table of measured particle displacement and

deformation versus time.
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Figure 1: Schematic of the experiment showing the particle-loaded polymer, incoming projectile, x-ray beam, and
detector.
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Figure 2: In situ radiographs showing the motion and deformation of 15 particles made of W (a,d,g,j,m), Ta
(b,e,h,k,n) and Au (c,f,i,1,0). Each particle was embedded in a solid polymer block, which was then shocked to a
material velocity of 1.76-3.25 km/s (labeled at left). Images were captured at time steps of 153.4 ns (labeled at
right). As an example, the shock front in (a) has been marked by solid blue arrows. The fiducial used to track the
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polymer motion has also been marked in (a) by dashed arrows. The red asterisks highlight where the lateral release

wave may disrupt axisymmetric flow.
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Figure 3: The measured displacement of each metal particle for surrounding polymer speeds of 1.76 km/s (a), 1.90
km/s (b), 2.30 km/s (c), 2.53 km/s (d), and 3.25 km/s (e). Each case shows an initial particle lag and slow velocity

equillibration.
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Figure 4: The effect of the lateral release on the pressure (2), longitudinal (b), and tranverse (c) velocity obtained
from our ALE3D simulations. The simulated impact speeds, taken from the measured values, are labeled in (a) and
apply to (b) and (c) as well. Values are reported for locations 1 mm off the central axis to approximate the
conditions seen by the Au and Ta particles in the experiment. The times corresponding to the images in Figure 2 are

indicated by the large marker points.
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Figure 5: The volume of the solid of revolution corresponding to the outermost projected profile of a Au particle
(1.76 km/s) increased substantially as the particle deformed. This volume includes all materials contained within the
particle’s distended envelope; it does not distinguish solid metal from entrained polymer or void. To highlight the
change, the apparent volume has been normalized by its initial value and plotted as a function of time.

Figure 6: Part | shows observations of oblate spheroidal (a), ‘backwards-bag’ (b) and mushroom shaped (c, d) metal
particles. Hypothesized 3D renderings and their projected density maps are shown in parts iii and ii.
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Figure 7: A closer view of the Ta particle from Figure 2 (h) (460.2-613.6 ns) which shows a suspected fragment
moving behind the main particle. The material velocity of the polymer in this shot was 2.30 km/s.
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Figure 8: The longitudinal length of each particle is compared to the predictions of Equations 9 (dashed line), 11
(dotted line), and 12 (solid line). All values have been normalized by d,,.
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Figure 10: Nondimensional deformation histories of the particles are shown for the longitudinal (a, b) and transverse
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, is shown as a function of time for each particle, which compares the relative

magnitudes of the drag stress and the flow stress. The fitted critical value is shown by C;, while a naive value of
unity is also shown.
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Table 1: Impact and measured shock parameters for each experiment, along with the particle size and position.
Entries marked by * are calculated from the impact speed and known EOS of the materials, whereas the others are
direct measurements. Uncertainties are listed in each column heading and described in the text.

Impact velocity Particle d, £5% | u, 3% Up+1% Embedment

+0.5% (m/s) material (um) (m/s) (m/s) depth £0.1
(mm)
3350 Tungsten 103 1759 4590 2.36
3350 Tantalum 96 1759 4590 2.36
3350 Gold 138 1759 4590 2.36
3591 Tungsten 109 1896 4753 2.66
3591 Tantalum 95 1896 4753 2.66
3591 Gold 119 1896 4753 2.66
4426 Tungsten 96 2303 5328 3.11
4426 Tantalum 93 2303 5328 3.11
4426 Gold 131 2303 5328 3.11
4681 Tungsten 93 2529 5513 2.86
4681 Tantalum 94 2529 5513 2.86
4681 Gold 116 2529 5513 2.86
6024 Tungsten 101 3247* 6296* 3.29
6024 Tantalum 94 3247* 6296* 3.29
6024 Gold 112 3247* 6296* 3.29
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Table 2: Definitions for symbols used in equations and text.

Quantity symbol
Time t
Shock-particle interaction time based on U, T
Shock-particle interaction time based on U,, t,
Flow-particle interaction time based on u, ty
Arbitrary characteristic time T
Time infinitesimally before t t”
Rectangular coordinate X;
Arbitrary characteristic length L
Initial particle diameter dy
Change in longitudinal particle dimension Sh
Transverse particle dimension w
Longitudinal particle dimension h
Cross-sectional area of particle A
Initial amplitude of RMI ay
Thickness of RMI a
Wave number of RMI k
Shock speed in particle U,
Shock speed in polymer Up
Material velocity u
Material velocity of the particle U,
Material velocity in polymer Uy
Rate of transverse particle expansion U,
Initial growth rate of RMI dg
Characteristic velocity v
Reynolds number (pVL/M) Re
Ratio of drag to yield stress R
Viscosity (of the polymer) u
Drag force exerted on particle F,
Flow strength of particle oy
Pressure P
Deviatoric stress tensor Sij
Stress tensor gjj
Square root of the second invariant of S;; J
Density p
Density of the shocked polymer Pp
Ambient density of particle Pq
Circulation in polymer r
Fitting parameters Ci_y
Material derivative D
Dt
Apparent volume of particle 4
Initial volume of particle Vy

47



