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Abstract
Dynamic loading of materials is fundamental in understanding the mechanical

response of cellular solids and elucidates time dependent properties that pertain to energy
absorption under extreme conditions. Of particular interest is how the discrete behavior
of the individual cell in a stochastic foam affects the dynamic shockwave behavior. The
deformation mechanism in a stochastic open-cell foam is bending-dominated versus
stretch-dominated in periodic lattice structures, resulting in a decrease in the plastic yield
stress. Here, we investigate shockwave dynamics in stochastic open-cell foams through
phase contrast imaging and finite element modeling. We observe that the distribution of
pore sizes and the proximity of each produces a random topology with varying cell wall
thicknesses that cause points of high strain creating irregularity in the shock wave at
higher impact speeds. The shockwave dynamics of the stochastic foam are compared to
periodic additive manufactured (AM) foams with similar density and it can be observed
that modulation via microstructural control in elastomer foams has a dramatic effect on

shockwave dynamics.



Introduction
Cellular solids are an important class of materials widely used in engineering

applications due to their unique mechanical[1-7], electronic [8, 9], and thermal properties
[10-13]. Polymeric foams have diverse applications ranging from thermal insulation and
packaging, to light-weight structural components such as supports and cushions, vibration
dampening and shockwave mitigation in a large number of industries including
automotive, aerospace, electronics and defense.[14]

There is an increased demand for lightweight materials exhibiting enhanced
mechanical properties[15] such as increased strength and stiffness (initial loading
modulus)[6], fracture toughness[16, 17], and recoverable dimensions following high
strain compression[14, 18]. The tailorability of the properties of lightweight porous
structures has been historically limited by their stochastic nature, which in many cases,
gives rise to bending-dominated deformation responses associated with the structural
ligaments.[19-22] In some cases, the overall porosity, void dimensions, or relative
density can be controlled through synthesis and processing, but the lack of control at the
microstructural level makes it difficult to tailor properties that affect deformation
mechanisms at the meso-scale (nm-to- m). Structural hierarchy can be found in
numerous examples in nature [23] (bone, shell, etc.) and in modern engineering [17]
(architecture, composite structures, etc.). Today, the emergence of additive
manufacturing (AM) has opened up material design principles based on structural
topology or hierarchical assembly, where the overall bulk material behavior can be
altered by control of dimensions across a large range of length scales from the
atomic/molecular-scale (A-nm) (polymer molecular structure, network structure) to the

meso-scale (nm- m) (polymer-filler interactions, ligament features) to the m-mm scale



(strut and node geometries, topology). As a result, ultra-lightweight lattice structures
have recently been realized that exhibit increased strength-to-relative density, energy
dissipation, and recoverability to mechanical loading.[18, 24, 25]

There have been numerous recent examples in which structural hierarchy design
principles combined with fabrication by additive manufacturing have led to
transformations in mechanical, acoustic, and electronic properties in porous structures
[26-31]. Recently, for example, Chen et al. showed that adding an additional level of
structural hierarchy to traditional honeycomb architectures led to porous foams that
retained shape integrity under compression, and could be recovered with minimal damage
after compressive strains gf= -0.6 [32].

While these examples illustrate the revolutionary advances in mechanical
properties through control of structure, a remaining challenge is the extension of novel
properties to high strain rate loading conditions, including shock, that many of these
materials encounter in aerospace, automotive and military applications. Examples include
modulating shockwave propagation [33], dissipation and damping [34], and using
structure to induce energy localization for failure [35, 36] or heating [37].

We and others [38, 39] recently extended these quasi-static observations to high
strain rates by application of in situ X-ray imaging of the dynamic response of structural
foams under shockwave compression. In these recent studies, the porous structure was
found to modulate both the elastic and plastic compressive responses, as well as
localization phenomena. Here, we use in situ, time-resolved X-ray phase contrast imaging
to study the bending-dominated deformation mechanism at high strain rates of stochastic

foams at the Dynamic Compression Sector of the Advanced Photon Source (Argonne



National Laboratory). These open-cell foams were compared to periodic structures of
similar density fabricated using additive manufacturing techniques.
Experimental
Materials

SX358 foam samples were prepared by adding 5 wt% Sn-octanoate catalyst to a
resin mixture of polydimethylsiloxane (PDMS), polymethylhydrosilance (PMHS),
tetrapropylsilicate (TPS), and diphenylmethylsilane (DPMS), and diatomaceous earth
filler. The resin was cured at room temperature in a flat sheet mold, and the porous
network was formed by the evolution of hydrogen during curing and cross-linking. The
foam was post-cured at 100-120 for several hours. The SX358 stochastic foam is an
open cell structure with a large range of initial pore dimensions (10s - 1000s D 3
The stochastic foam material was compared to additively manufactured (AM) foams with
initial porosities of ~50%. The AM elastomer architectures were prepared with a heat
cured two-part PDMS formulation (Dow Corning SE-1700 clear adhesive). The
architectures comprised of 11 printed layers with a filament center-to-center spacing of
~440 D (strut diameters of ~220 D 3 which was printed using direct ink write methods
as described by Small et al.[35] and Duoss et al.[40]. For the SC-like structure, the
filaments are deposited parallel to one another in the xy plane and subsequent layers are
orthogonal to the previous, with every other layer in the z-direction aligned. In the FCT
structure, every other layer is offset by half of the filament center-to-center spacing,
creating a staggered layer symmetry.

The measured and simulated quasi-static compressive responses for both the

lattice structures[40] and the stochastic foam[41] were reported previously. Under quasi-



static compression, the load-deflection responses for the lattice structures were found to
be dominated by the layer symmetry and strut overlap, with the SC structure exhibiting a
higher initial compressive strength, until the structure becomes unstable and buckles,
resulting in a stress plateau prior to further stiffening at high strains. The stochastic foam
exhibits much lower compressive strength, but similar load-retention performance
compared to the lattice structures.

The properties of the AM and conventional foams are summarized in Table 1.
The as-prepared structures of the AM and conventionally prepared foams were
characterized by X-ray computed tomography using a Carl Zeiss X-ray Microscopy Inc.
(Pleasanton, CA), Xradia Micro-CT with 1261 radiographs at 20 second exposure time as
the sample was rotated 184 degrees. The radiographs were then reconstructed (Fig. 1)
using a TXM reconstructor (Carl Zeiss X-ray Microscopy Inc.) and then rendered using
Avizo 9.0.1 (FEI Visualization Sciences Group, Burlington, MA). The reconstructed
geometries were used to quantify the print quality/initial starting structures, and served as
input to finite element simulations [42]. Figure 1 shows 3-dimentional micro X-ray
tomographic images for the stochastic SX358 foam (A) and the lattice AM structures,
simple cubic (B) and face-centered tetragonal (C). The print quality is evident by the
uniformity in thickness as shown in Fig. 1D for the cubic structure and Fig. 1E for the
FCT structure, where the insets show the nodal points of the deposited filaments. Some
deviation exists for the FCT structure given its staggered geometry, but overall the

thickness of the part is consistent.



Table 1. Properties of additively manufactured and conventionally prepared PDMS
foams studied. Two layer symmetries (simple cubic and face-centered tetragonal) were

printed using direct ink write methods for the AM foams.

Simple cubic AM

Face-centered
tetragonal AM

SX 358
conventional

Dow Corning SE-
1700 adhesive

Dow Corning SE-

Parent material 10:1 (vol) A/B 1700 adhesive See Table 2
silicone adhesive

Layer symmetry ABAB... A1B1ASB-. .. None

Filament 220 220 N/A

diameter(um)

Initial density of
foam (g/cr)
(% porosity)

0.501 (47.1%)

0.505 (53.7%)

0.400 (58.3%)

Filler % and type

N/A

N/A

15% Diatomaceous
earth

Table 2. Formulation parameters for SX358 [42]. United Chemical Technologies (UCT)

(www.unitedchem.com) and NuSifvw.nusil.com) are the manufacturers.

Foam | wt % Constituent Spec Product Name

SX358| 17.19 Low MW PDMS UCT PS 340 or NuSil PLY 7601
14.45 Med MW PDMS UCT PS 342.5 or NuSil PLY 7608
43.36 High MW PDMS UCT PS 343.8 or NuSil PLY 7609
3 PMHS (M, = 12,150) Nusil XL-132 or UCT PS 120
5 Diphenylmethylsilanol Nusil PLY 7602
2 Tetrapropylorthosilicate | NuSil XL-121 or UCT T2090
15 Diatomaceous earth Celite 350
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Figure 1. 3D micro X-ray tomographic images for the stochastic SX358 foam (A) and

the periodic AM lattice simple cubic (B), and face-centered tetragonal (C) structures. The
images colored by thickness for the respective lattice structures are shown in (D) and (E)
with the insets detailing the nodal points for each structure respectively. The thickness is

given by the colormap on the bottom left of the image.

X-ray Phase Contrast Imaging Experiments

Shockwave compression [43, 44] was combined with in situ, time-resolved X-ray
phase contrast imaging (PCI) [45] to measure shock wave propagation and localization
behaviors in real time in the foam architectures. The experiments were performed using

the IMPULSE gun platform installed in the B-hutch (35-ID-B) of the Dynamic



Compression Sector of the Advanced Photon Source, and a schematic of the experiment
is shown in Figure 2. Briefly, a 12.7 mm bore single stage light gas gun launches
projectiles containing oxygen-free high purity (OFHC)-copper impactors into
instrumented targets that are co-aligned with the X-ray beam (E = 25 + 0.9 keV, O @ 0.05
nm). Foam samples, nominally 2 mm thick, were sandwiched between an OHFC-copper
baseplate and a rear PMMA window. Impact imparted a sustained shock wave into the
foam samples, which was diagnosed using multiple points of photonic Doppler
velocimetry.

Three photonic Doppler Velocimetry (PDV) collimated probes (AC Photonics)
were fielded to measure the projectile velocity, (probe 1), time of breakout of the
shock into the foam at the Cu baseplate/foam interface (probe 2), and time of breakout at
the rear foam/PMMA interface (probe 3). The interface particle velocity wave profile
was also recorded at the foam/PMMA interface with probe 3, from a vapor deposited 8
kA Al mirror on the PMMA window. A protruding piezoelectric impact pin (Dynasen,
Inc.) was used to synchronize the impact event, the PDV diagnostics, incident X-ray
bunch pulse, and the ICCD detectors. We previously reported application of this
approach with more detail of the experimental setup. [38, 45] Here, impact experiments
were timed to the 24-bunch X-ray structure of the Advanced Photon Source with impact

velocities of nominally gi~ 0.3, 0.5 and 0.7 km/s.
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Figure 2. Experimental setup of the dynamic X-ray phase contrast imaging experiments
performed using the IMPULSE gun platform at the Dynamic Compression Sector (35-
ID-B) of the Advanced Photon Source. Inset shows a schematic of the X-ray pulse, PDV

probe placement and the target assembly with respect to the foam sample.

Phase contrast images were obtained every 153.4 ns during the shock event,
corresponding to the 24-bunch mode structure of the APS (fwhm ~ 80 ps). The X-ray
phase contrast images were collected by conversion of the X-rays to visible light using a
LUAG:Ce (LwAlsOq,:Ce) scintillator coupled to 4 Roper Scientific Intensified CCD
cameras (ICCDs). Each camera was timed to collect 2 images during the shock event for
a total of 8 frames in each experiment. Figure 3 shows static images for the three foam
architectures along with 3D renderings from an STL file for the stochastic foam and CAD
drawings based on geometrical data for the AM architectures using the CT results shown
previously. In the static PCI image, the circles represent filaments parallel to the X-ray
beam, orthogonal filaments interlaid between the circles have higher contrast, whereas no

contrast represent voids between the filament layers.



Figure 3. Static images for all 3 foam architectures shown on the left and 3D renderings
of the stochastic foam (top), simple cubic (middle) and face-centered tetragonal (bottom)

foam.

Phase contrast imaging allows for direct determination of shock and particle
velocities from the images, by using an edge-finding algorithm to locate the position of
the interface of interest in each image. The in-material particle velogity) @f the
compaction wave was measured through the motion of the Cu baseplate/foam interface
The Lagrangian positions of the foam filaments allowed for determination of the
compaction shockwave velocity {§J ) from the decrease in X-ray transmission

associated with densification behind the plastic wavefront [46]. These data were



compared with shockwave velocity measurements using traditional velocimetry at the

baseplate and rear window of the sample.

Finite element modeling
The Lagrangian continuum equations describing shock propagation are the

conservation of mass, momentum and energy

"= div (1)

where is the mass density, is the internal energy, is the velocity, is the rate of
deformation, is the Cauchy stress, is Jocobian determinant of the deformation gradient,
and is the heat flow. In the present analysis heat transport is negligibl® ( ). For the
foam constitutive law, decomposition of stress tensor into deviatoric and pressure
components, = + , Where is the deviatoric stress tensor, is the pressure, and is
the second-order identity tensor is used. For the pressure, a Mie-Grlingigggguation

of state (EOS) is used:

= 1 )+ =1 2)

where is the Griineisen parameter, andand S are the intercept and slope of the



shock velocity" - particle velocityt curve. The deviatoric response was determined

using a viscoelastic Maxwell material model based on a Prony series with parameters
listed in Table 3. These were derived from extensive work done at Los Alamos on the
silica-filled polymer, Sylgard 184",

The shock simulations described below were done using Finite Element Method

code ABAQUS [47] with a user defined material model. In the current simulations the
following values for the material parameters were used [48]= $198 ,
= %!, =243, and = 1.5. The principal Hugoniot of SX358 and related

S5370 have been measured previously using traditional flyer plate impact techniques [49-

51].

Table 3. Viscoelastic Maxwell model shear moduli and relaxations times used in the

simulations of PDMS-based polymer foams.

n o[ 1] 23] a5 ]6[7] 8] 9 J1w]11]i12
*_ (x10 °)
+ 48 |07 |45 |74 |80 |83 |143|2.0(135[17.8 |23 |32 |38
(GPa)
s) 100 |10 [100 |10 [10F [10* |10° |1 |10t |1 |10 |10

Results & Discussion

Control of deformation mechanics and structural instabilities afforded by
hierarchical assembly has led to a new class of porous polymer structures with
“metamaterial” properties. For example, by controlling buckling phenomena through 2-
and 3-D ligament and node geometries, structures have been realized that have properties

such as negative Poisson ratios, e.g. contraction as opposed to expansion orthogonal to an



applied compressive load, or high modulus-to-density. High initial loading modulus and
yield strength have been achieved in lightweight foams through incorporation of “stretch-
dominated” architectures in which ligaments are put into tension orthogonally to
directional compressive loads thus providing structural resistance to yield. By controlling
topology, high strength-to-weight materials have been fabricated with Poisson ratios
exceeding the typical linear scaling of 0.33, commonly observed in conventionally
fabricated, bending-dominated porous foams.[52] More complex structures have also
been designed with structural folding mechanisms to achieve structural contraction under
load, and hierarchical structures, which create tailorable band gaps, thereby controlling
transmission of elastic or acoustic waves.[53] This novel class of materials has
applications in waveguides, vibrational damping, and acoustic cloaking, and are only
possible because of the ability to assembly structures through additive manufacturing.
Maiti et al. [54] recently compared compression set and load retention in a face-
centered tetragonal (FCT) AM lattice structure with a silica-filled stochastic PDMS foam
formulation similar to the one studied herein. The FCT foam structure had superior
compression set and load retention performance compared to the filled stochastic foam
under similar conditions.[54] From the simulations of the two foams under static load, it
was concluded that the improved performance of the FCT foam was derived from more
uniform, and thus lower local stress distributions than observed in the stochastic network.
Experimental measurements extending these novel thermomechanical properties
to high strain rate, high stress conditions are few.[38, 39] Under these conditions,
material response is not dominated by organized buckling phenomena, but rather

dynamic compaction phenomena, the resulting sound velocity of the compressed material



at pressure, and shock and rarefaction wave interactions; e.g. the underlying design
principles must be defined through materials properties in extreme, high-R T,
conditions. In previous work, we reported differences in jetting and localization
phenomena in AM lattice structures under shockwave compression as measured using X-
ray phase contrast imaging (PCIl). Here, we subject stochastic PDMS-based foam of
similar porosity to dynamic, shockwave compression conditions by plate impact driven
by a single stage light gas gun at the Advanced Photon Source. The behavior of the
stochastic foam was compared to AM structures of similar density. We expect
compaction and localization phenomena to deviate in the foams due to the instantaneous
compression and lateral confinement of a propagating shock wave, and stress conditions

sampled well above the elastic yield condition given the specific geometry for each.

Dynamic X-ray PCI measurements

Figure 4 shows measured dynamic phase contrast images of shockwave
propagation in the three foam architectures (propagation direction illustrated by arrow) at
similar impact velocities ofgr~ 0.3 km/s. Table 2 summarizes the shock states measured
in the stochastic PDMS foam and the two foam architectures at nearly matching impact
velocities. More detailed descriptions of PCI and PDV analysis were previously reported
for AM elastomer foams.[38] Similar analysis was performed on the SX358 data and it
could be seen that the elastic precursor wave was absent in the stochastic foams from

photonic Doppler velocimetry jump off times (data not shown).
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Figure 4. Dynamic X-ray phase contrast images of shockwave propagation and
compaction phenomena in stochastic (top), simple cubic (SC) (middle) and face-centered

tetragonal (FCT) (bottom) foam architectures at an impact velocity of ~ 0.3 km/s.

In SX358 (top), the sharp density discontinuity indicates that the initial shock in
the material results in a planar compaction wave. This is shown in more detail in Figure
5A with the grey scale plotted along the distance of the foam as indicated by the red line
in the PCI image (Fig. 5B). The consistency in X-ray phase contrast across the field of
view (1.7 x 1.7 mm) indicates that uniform density exists along the shockwave front (area

2 in Fig. 5B) as a result of the average compaction response.



40x10

30

Gey Vaue

10

1600 1200 800 400 (]
Distance (micrometers)

Figure 5. Density profile plot (A) of the line selection shown in the X-ray phase contrast

image (B) of shockwave propagation and compaction phenomena in a stochastic foam.

By contrast, the SC architecture, Figure 4 middle, the initial shockwave couples to
the periodicity of the structure resulting in the filament material closest to the Cu base
plate extruding between the struts and consolidating into a region of higher density
between the interstitial spaces, as evident by the contoured regions of higher contrast
highlighted in the first micrograph (8.143 D w.r.t. trigger) and at later time (8.909 D
w.r.t. trigger).

In the FCT architecture, the initial shockwave results in localization of stress
between the ligaments as in the SC structure, and it is evident by the regions of higher
contrast or higher density material in Figure 4 (bottom), but material extrusion and jet
formation is thwarted by the offset layer geometry. This results in a dampening of
localized stress, and formation of a periodic sinusoidal-like wave formed in the lattice
9.057 D after impact as shown in detail in Figure 4 (highlighted), with the subsequent

filament preventing material release into the interstitial space.



At higher impact velocities, o~ 0.5 km/s, Figure 6, the localized deformation
between the ligaments becomes enhanced in the SC geometry. The higher density
regions observed previously, consolidates into a jet that propagates at a velocity much
greater than the free surface velocity (u1.5y) and U > 2us due to focusing of the
shock-driven flow between the struts. In the experiment, the articulated jet propagates at
a velocity of U = 1.633 + 0.030 =D compared to the bulk compaction wave speed
Uspi = 0.799 £ 0.079 =D In contrast to the SC foam, at an impact velocity of 0.5
km/s, the FCT structure exhibits a more pronounced wave structure that mirrors the

staggered filament spacing, which is clearly observed in Figure 6 (bottom).

L@

i 4

Figure 6. Dynamic X-ray phase contrast images of shockwave propagtion and

compaction phenomena in SC and FCT foam architectures at ~ 0.5 km/s. An articulated
jet forms in the SC geometry due to high strain localization between the struts at higher
impact velocity as shown by the dashed (top inset), whereas staggered layer symmetry in
the FCT structure prohibits expression of material (bottom inset) causing an alternating
wave shape.

An additional experiment on SX358 at higher impact velocigy- 0.7 km/s, is



shown in Figure 7. The times annotated on the images are relative to the pin trigger time.
Similarly, at higher velocities, a more uniform compaction wave is initially observed. At
time 4.783 D some variation in the wave front can be seen and based on previous studies
[54] and the modeling done here, we believe this is a result of collapsing voids causing a

pressure differentiation at the compaction front, leading to non-uniformity in the wave.

Figure 7. Dynamic X-ray phase contrast images of shockwave propagation in a
stochastic foam (SX 358) at ~ 0.7 km/s with the compaction wave initially uniform in
density up to 4.647 D after PZT trigger, but forming inhomogeneity in the wave front at

later times.



From the X-ray PCI data, the stochastic foam exhibited quite different localization
phenomena under shockwave compression than the lattice structures. Analysis of the
bulk wave speeds suggests that the Hugoniot loci, determined from traditional wave front
measurements and impedance matching, are similar for the 3 different foam architectures
due to their similar shock impedance. However, the addition of X-ray PCI to the
experiments has shed light on the local compaction dynamics and indicate that traditional
approach to determining shockwave properties is over-simplified. The hierarchical
structuring of elastomers has a dramatic effect on shockwave dynamics and furthermore,
microstructure can be used to modulate shockwave dynamics as a means to tailored
performance. This is in stark contrast with conventional stochastic foams which
inherently have less process means of controlling structure compared to modern additive

manufacturing techniques.



Table 4. Summary of measured projectile (g), particle (uy), shock (W) and jet (Ue) velocities from impact experiments on

similar density stochastic PDMS foams and additive manufactured architectures, simple cubic (SC) and face-centered tetragonal
(FCT), and at nearly matching impact velocities, with subscripts el and pl referring to elastic and plastic wave states. PDV and PCI
indicates analysis of photonic Doppler velocimetry data or dynamic X-ray phase contrast images. Errors in initial density, measured

projectile, shock and interface particle velocities (PDV) were propagated through the wave equations as described by Mitchell and

Nellis [55].
Shot | Structure 2 Ug Usel Up.el, Pel Us,pl, Up,pl, Ppl Us,pl, Up,pl, I:)pl,calc Ujet,
# (g/cn?®) 3 3 3 (GPa) 3 3 (GPa) 3 3 (GPa) 3
(PDV) (PDV) (PDV) (PDV) (PCI) (PCI) (PCI)
IMP- | SC 0.501 0.313 1.753 0.092 0.081 | 0.575 0.309 0.147 0.541 0.302 0.082 N/A
15- +0.010 | £0.001 | £0.044 | +0.014 | £0.012| £0.019 | +£0.001 |+ 0.009| + 0.083 |+ 0.025 | +0.013
078
IMP- | FCT 0.505 0.309 1.404 0.090 0.064 |0.481 0.306 0.120 0.552 0.324 0.101 N/A
15- +0.010 | £0.001 | £0.040 | £0.003 | £0.001| £0.067 | +£0.001 | +0.008| +0.087 |+0.095 |+0.014
079
IMP- | SX 358 | 0.400+ | 0.292 0.408 0.290 0.055 0.423 0.289 0.048 N/A
16- 0.010 +0.001 | N/A N/A N/A +0.107 | +£0.001 | +0.008 | £0.028 | £0.046 | +£0.009
004
IMP- | SC 0.501 0.513 2311 0.070 0.082 | 0.827 0.505 0.269 0.799 0.519 0.208 1.633
15- +0.010 | £0.001 +'0 088 +0.014 | +0.017| +0.013 | +0.002 |+0.014 | £0.079 | £0.079 | +0.038 | +£0.030
074 -




IMP- | FCT 0.505 |0.504 1.193 0.124 0.074 | 0.763 0.497 0.236 | 0.805 0.507 0.206 N/A
15- +0.010 | +0.001 +'O 081 +0.017 | £0.009| £0.081 | +0.001 |+0.018 | +0.061 | +0.091 | +0.009

075 e

IMP- | SX 358 | 0.400+ | 0.722 1.129 0.685 0.309 | 1.064 0.715 0.304 | N/A
16- 0.010 | £0.001 | N/A N/A N/A +0.087 | +0.042 | +0.054 | £0.026 | +0.058 | +0.053

005




Comparison of shockwave compaction of stochastic and lattice foams

The finite element model (FEM) of the stochastic SX358 (open-cell foam) was
extracted from the x-ray computed tomography (CT) sample shown in Fig. 8a. The CT
sample size was reduced to 3.53 x 3.71 x 3.2 mm for the model compared to the larger
target size shown previously. For FEM analysis, the foam domain must be a closed
surface domain, therefore the CT mesh was first repaired (i.e. transforming the original
CT surface file into a SLT (stereolithography) surface file perfectly closed) and then,
using a surface reconstruction procedure, the FEM model (open-cell) was obtained as
shown in Fig. 8b and meshed to Fig. 8c. The finite element mesh consisted of linear
tetrahedron elements having a distribution of different sizes. The implementation of the
material model mentioned above followed the deviatoric vs. pressure response where the
deviatoric response was calculated incrementally while the pressure was determined from
the EOS (Equation 2). Please note in the FEM model only the solid portion of the foam
was modeled. The analysis was performed using the explicit time integration scheme
available in ABAQUS using Equation (1) with all foam surfaces free with no constraint
or periodicity was imposed in the present model. The initial conditions consisted of initial
flyer velocity. Simulations were carried out with the shock in the z-direction as shown in

Fig. 8d.



() (d)

Figure 8. The stochastic SX358 PDMS foam structure obtained directly from Computed
Tomography (a), repaired and reconstructed for the Finite Element Model (b), and
meshed using tetrahedron elements (c). Analysis was performed on an RVE section

under simulated shockwave compression, with the shock in the z-direction (d).

The SX358 foam was subjected to shock impact using a flyer plate with an initial

velocity # = 0.7 km/s, coincident with the experiment in Fig. 7. The simulation was

analyzed for a duration op= ' . The foam deformation is shown in Fig. 9 and

similar to the compaction physics observed using x-ray PCI, the shockwave advances



uniformly through the stochastic foam while the voided spaces behind the shock collapse

leading to foam compaction.

(@) (b)

(© (d)

Figure 9. Stochastic foam deformation at (& & ) ) 3 ' ,(d)

= "

As the foam deforms under the shock load, the simulation indicates (Fig. 9) that
the density distribution of the polymeric component has strong variability due to the
stochastic nature of the foam. This is not the case for the AM architectured foams, where

we previously showed the microstructure of the foam lattice controlling the spatial



distribution of polymeric material and uniquely modulating the shockwave behavior.[38]
After the simulation was complete, the results were averaged over boxes of

dimension @.x 4.x 78§ in the z direction as shown previously in Fig. 8d. Two
different values were used, = 9) % %add= & % %/ 8 was fixed at the small

value of 0.032 mm, indicative of a planar average. In Fig. 10, the distribution of the

pressure, density and average particle velocity in the z direction for an interval of

with a time spacing of 2= ) ' are shown. The pressure (Figs. 10a and 10b) and
density distribution (Figure 10c and 10d) mimic each other for the two regions analyzed.
The complex behavior reflects the void space collapse behind the shock front. A distinct,
but simpler particle velocity profile is shown (Figure 10e and 10f). Averaging over the

two box sizes 4, = 9) %%nd,= & % %shows similar variations, with the large

box giving slightly smoother curves, indicating slightly more bulk-like behavior.
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Figure 10. Results of the simulation showing the average pressure (a) and (b), polymer



density (c) and (d) and patrticle velocity (e) and (f) in the z direction for sectign8.6b

mm and w = 1.3 mm, respectively.

The spatial variation of density observed in the numerical simulations (Fig. 10c
and 10d) can be correlated with the different degree of contrast observed in the PCI
images shown in Fig. 7. While at earlier times the numerical distribution and the contrast
in the images shows no significant variation, yet at later times one can observe an
important variation in the shock front. It can also be seen that pressure and density show
strong correlation at these later times i.e. a pressure decrease occurs as the density of the
foam also decreases. This variability and correlation is more pronounced at latter times as
a result of the void space collapse behind the shock as it propagates, which proceeds well
after the shock as passed.

Extracting this information from a CT generated model is important for
understanding the microscopic shock behavior of the stochastic foam, since the imaging
technique used here is a transmission measurement and only gives us averaged
information of the shock front in stochastic foams due to the randomness of the voids.
This is not the case for the AM foams because of the periodicity of the filaments in the
beam direction. The PCI images show a variation in the wavefront and we can conclude
from insights gleaned from the model that this is due to the pressure decreasing during
collapse of the voids followed by an increase upon compaction of the voids leading to
non-uniformity of the polymeric material density distribution. For the duration of
simulations, no release waves originating from the flyer surfaces or from the sides of the

foam entered the regime where the averaging was done.



A striking difference between shocked stochastic and AM architecture foams can
be observed in strain distribution (Fig. 11). One observes random variability in the spatial
distribution of the strain revealing randomly positioned areas of localized concentrated
strain. This is in great contrast to AM architectures where high strain localization was

observed at highly specific regions leading to “jetting” formation in the architectures as

shown in the PCI in Fig. 6.

(@) (b)

() (d)



Figure 11. Strain in the z-direction for the polymeric componenent of the foam at (a)
2= &, 2 )',(c02= 3 ' (d=x= ' . Red indicates regions of high

localized strain.

The present analysis was focused on the mechanical aspects of foam deformation. During
the simulations only the mechanical quantities were tracked as spatial and temporal
variation. However, the temperature effect was considered in the polymeric material
model implemented but not monitored for plotting in the present simulations.

From the PCI experiments and simulations of the stochastic foam we can
conclude that the distribution of pore sizes and the proximity of each produces a random
topology with varying cell wall thicknesses that cause points of high strain creating
irregularity in the shock wave at higher impact speeds. This was clearly observed with
PCI and consistent with the FEM analysis performed here. In comparison, both the SC
and FCT foams exhibit unique shock behavior that is consistent with the periodic
structure of the AM architecture. This demonstrates the promise that AM offers in tuning
shock-driven flow at the mesoscale and can offer unique properties and/or functionality
not achievable in traditional stochastic structures allowing a mechanism of tailoring
shock properties for response such as detonation reactive flow, reactivity, or spatial
control of shock-driven flow; e.g. shockwave metamaterials. [56]

With the further development of advanced AM techniques, it is also envisioned to
control the shock state through composite material design pushing the envelope of
materials by design. The studies shown here have provided a more comprehensive

understanding into the shockwave dynamics and compaction phenomena in stochastic



foams. We have compared these stochastically oriented foams to periodic AM structures
of similar density and observe drastically different shockwave dynamics due to the stress
localization that results from the filament position being impacted and the subsequent

layers within the architecture.
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Highlights

Time-resolved X-ray phase contrast imaging was employed to study the bending
dominated deformation mechanism at high strain rates of stochastic foams compared to
additive manufactured structures.

Porous additive manufactured structures were found to modulate both the elastic and
plastic compressive response and localization phenomena in elastomer foams.
Compaction and localization phenomena deviate in foams as a result of specific geometry
due to the instantaneous compression and lateral confinement of a propagating shock wave,
and stress conditions sampled well above the elastic yield condition.

Finite element modeling shows variation in the compaction wavefront is due to the
pressure decreasing during collapse of the voids in the stochastic foam followed by an
increase upon compaction of the voids leading to non-uniformity of the polymeric

material density distribution.



