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EXECUTIVE SUMMARY

This research program sought to devise blast and ballistic protection concepts applicable
to the design and fabrication of ship hull structures using AL6XN stainless steel sandwich pancl
constructions, which met threat and protection levels defined by the Navy. Efforts were undertaken in
two phases to design, fabricate, experimentally investigate and analyze the quasi-static and dynamic
behavior of sandwich beams and plates for several sandwich core topologies, at different size scales to
evaluate their performance in underwater explosion (UNDEX), in air (AIREX), surface (SURFEX) and
ballistic test environments. Several periodic cellular sandwich cores were assessed by performing
dynamic uni-axial compression tests, stretch-bend type sub-scale (1/12" and 1/5™ scale) panel tests, and
full-scale ballistic tests. Constitutive models were developed for the down selected core topologies to
enable the implementation of more convenient large (ship) scale analyses. Soft response cores such as the
prismatic cores and multilayer pyramidal cores were found better suited for water blast loading
applications and ship hull blister attachments.

Technical Approach

The approach used in this research program exploited progress made in metallic sandwich panel
design and optimization concepts and advances made in fabrication techniques. Guidance
from collaborating groups performing modeling work (ATR, Burtonsville, MD, Naval Surface Warfare
Center, Indian Head, MD and University of California, Santa Barbara) was used to select sandwich panel
design parameters for face sheet, core thicknesses, the relative density of the core, and panel sizes for
quasi-static and dynamic load testing. Panels were fabricated using a transient liquid phase bonding
approach while an alternate joining technique such as laser welding was explored for scaled-up panel
fabrication. The ballistic protection capability of selected sandwich panels were investigated either by
integrating a hard ceramic within the sandwich core or as a backing placed against the sandwich panel.
Underwater explosion (UNDEX) tests were performed on several candidate sandwich panel designs at
the Naval Surface Warfare Center in Carderock, MD. A breakdown of key research performed during the
two phases is given below and a list of more detailed papers resulting from the overall research effort is
given at the end of the report (Appendices A-G).

Achievements (Phase |)

Periodic cellular material cores can be broadly categorized in to three classes, (a) prismatic, (b)
honeycomb, and (c) microtruss cores. The core deformation, strength, and energy absorption of each of
these classes is a function of the sandwich panel design geometry, the material properties, and specific
loading condition. (e.g. compression, shear, bending). The core deformation, strength, and energy
absorption of each of these topology classes is a function of the sandwich panel design geometry, the
material properties, and specific loading condition. (e.g. compression, shear, bending). During Phase 1,
sandwich panels with periodic cellular cores covering all three topology classes were fabricated for
dynamic compression tests (“Dynocrusher” test) in a modified paddlewheel test device used by the Naval
Surface Warfare Center, Carderock, MD for underwater explosion (UNDEX) tests. For the dynocrusher
tests, 8-inch diameter, 4-inch thick cylindrical shaped, 304 and AL6XN grade stainless steel alloy
samples were designed, fabricated by the University of Virginia and tested at NSWC Carderock in the
regular corrugation, diamond corrugation, square honeycomb, triangular honeycomb, and pyramidal core
topologies. Four out of the five topologies are shown in Figure 1.




Figure 1. 8-inch diameter, 4-inch thick “dynocrusher” test specimens with periodic cellular sandwich
cores. (a) regular corrugation (b) diamond corrugation (c) square honeycomb (d) pyramidal core.

Prototype 29” x 29” x 2” thick AL6XN sandwich panels with a “Navtruss’ corrugated core
topology (based on a design provided by Advanced Technology and Research (ATR) Inc.) were then
fabricated and brazed in a picture frame assembly (Figure 2). The 2” core thickness selection represented
a 1/12" scaled size of a full-scale (24” thick core) panel design. The fabrication technology and the
optimized brazing cycle information were transferred to Cellular Materials International, Inc. for the
fabrication of additional sets of 29-inch square mini-paddiewheel test samples, with the other candidate
core topologies (square honeycomb, triangular honeycomb, multilayer pyramidal, X-truss, Y-truss).

(a) 12inches  (b) 12 inches

Figure 2. Photographs of, (a) “Navtruss” corrugated core (b) A “picture frame” type panel edge support.



Although a focal emphasis in this program was the design, fabrication, testing, and analysis of
sandwich panels for blast mitigation, parallel efforts were initiated in investigating the use of these
sandwich panels in ballistic protection, primarily by means of incorporating suitable ceramics within or
outside of the sandwich structure design. The response to 20 mm diameter fragment simulating
projectiles (FSP) and two other projectiles threats designated by the Navy were tested. The use of both
porous ceramics and hard ceramics of different materials were evaluated by NSWC Carderock, MD and
ATR as candidates for ballistic protection.

In support of a research effort in this program at NSWC Carderock of incorporating porous
ceramic as a cast structure with the open core architecture, a set of brazed AL6XN panels with a
pyramidal core topology was delivered to the Navy (Figure 3).

Figure 3. A brazed AL6XN sandwich panel (5.25” x 5 x 1’) with a pyramidal core for the integration of
porous ceramic within the open cellular structure for ballistic protection.

A study of using dense ceramic powders to fill the free space of the low density cellular metal
cores for fragment protection was initiated at the University of California, Santa Barbara. Under ballistic
loadings (e.g., projectile impact), ceramic powders undergo compaction and shear deformations, which
were expected to consume a significant amount of the kinetic energy of the projectile. It was also
postulated that the existence of ceramic powders may spread the impact load over a larger area on the
bottom face sheet of the sandwich panel, thus delaying failure of the face sheet. Numerical simulations
were performed on axisymmetric models of monolithic plates and square honeycomb core sandwich
panels impacted by 20 mm diameter fragment simulating projectiles (Figure 4).
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Figure 4. Schematic drawing of the numerical model of a fragment simulating projectile penetrating, (a) a
monolithic metal plate, (b) a square honeycomb core sandwich panel filled with SiC ceramic powders.



A series of finite element simulations were initially carried for a 4340 alloy plate of different
thicknesses to compute the residual velocity of a fragment simulating projectile (FSP) after complete
penetration. The thickness of the plate (k) was increased incrementally until the residual velocity of the
FSP became zero. This critical thickness and the associated areal density of the metal plate were
identified as the ballistic limit of the metal plate for the chosen FSP. Similar simulations were then
performed for a square honeycomb core sandwich panel filled with dense SiC powders. The core
thickness of the sandwich panel (/) was varied until such time the residual velocity of the projectile
reached zero. Figure 5 show the comparison of the results of the monolithic plate with the square
honeycomb core sandwich panel.
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Figure 5. Residual velocity of the fragment simulating projectile (FSP) versus the areal densities of the
targets. For the honeycomb panel with SiC powders, #; =2 mm, A; =3 mm, t=2 mm, s =23.5 mm

It is observed from Figure 5, that the projectile was arrested at a much lower areal density with
the SiC filled sandwich panel than with the solid plate, i.e. the sandwich panel outperformed the
monolithic plate in ballistic loading.

The ballistic tests in this program were conducted on full-scale (i.e. 24-inch thick) sandwich
panels. The proposed design configuration for these tests was a modular assembly of sandwich panel, an
armor pack, and hull plate as shown in Figure 6. In this arrangement, hard ceramic tiles were placed
against the back face of the 24-inch thick sandwich panel. In the chosen design, a 5 x 5 array of 4.13” x
4.13” x 0.64” alumina tiles was encased within an AL6XN honeycomb grid for containment and
restriction of damage to a localized area during fragmentation (Figure 7).
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Figure 6. Ballistic test sandwich panel integration concept (hollow truss core panel shown).
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Figure 7. Ceramic tile containment arrangement for the ballistic test armor packs. Twenty five alumina
tiles are contained in a 21” x 217 region of the 24” x 24" panel.

Ten armor packs were fabricated in support of the ballistic tests conducted at the Aberdeen Proving
Ground in Maryland. Microtruss core sandwich panels with a core relative density of 5%, one based on a
multilayered arrangement of hollow tubes (shown in Figure 6), and the other based on a multilayered

arrangement of pyramidal lattice truss cores (Figure 8) were designed and fabricated for full-scale
ballistic tests.
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Figure 8. Multi-layered pyramidal core sandwich panel for full-scale ballistic tests.

Achievements (Phase Il)

During Phase I, the dynocrusher test, 8-inch diameter samples were designed with a 5% core relative
density. From the quasi-static and dynocrusher test results, the honeycomb core topologies (square and
triangular) were observed to have a higher crushing strength compared to the prismatic and microtruss
core topology samples. A square honeycomb core sample was shown in Figure Ic. In the case of the
honeycomb samples, in a compression test, the core elements (honeycomb webs) are aligned with the
loading direction. For appropriate comparisons with the strength limits of the other core topologies, one
way of reducing the core strength is by tailoring its relative density. In this instance, additional sets of
square honeycomb dynocrusher samples with a 3% core relative density were fabricated (Figure 9b) for
comparisons with the results obtained with the original 5% core relative density samples (Figure 9a).




Figure 9(a) 5% relative density square honeycomb core dynocrusher sample with a web spacing of 1.2
inches. 9(b). 3% relative density square honeycomb core dynocrusher sample with a web spacing of 2
inches.

Additional dynocrusher samples in the double corrugation (X-truss) design (Figure 10) were fabricated
and provided to the Navy for quasi-static and UNDEX tests. Due to the short aspect ratio of the sample
(8-inch diameter : 4-inch height), and the necessity to have an appropriate number of unit cells within the
sample, a bi-layer, X-truss core arrangement was found to be more suitable, than a “larger” unit cell, X-
truss core single-layer between the top and bottom face sheets satisfying the ~3.5-4 inch sample height
requirement specified for the test samples by NSWC Carderock.

Figure 10. The double layer X-truss core dynocrusher sample with a core relative density of ~5.5%.

Dynocrusher samples were also designed and fabricated in a microtruss topology using commercial
woven wire mesh. Figure 11 shows a bi-layer design of the wire mesh core sandwich panel consisting of
two slabs (Figure 11). Due to the laminated assembly of each slab, the properties of each slab are highly
anisotropic. It was postulated that with a 0°/ 90° bi-directional lay-up, the anisotropic characteristic of
the core will be reduced when subjected to sandwich panel bending.
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Figure 11. A bi-layer wire mesh core, “dynocrusher” sample design.

The dynocrusher test samples fabricated using a 2-Mesh (i.e. 0.5” or 12.7 mm wire-to-wire spacing),
0.035” (0.9 mm) wire diameter, commercial wire mesh is shown in Figure 12. Four samples were
provided to NSWC/Carderock for testing.
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Figure 12 Woven wire mesh core, 8-inch diameter, “Dynocrusher” test samples. The wire diameter is
0.035”, and the wires are spaced 0.5” apart. The core relative density is 0.055

Each of the Phase I sandwich core topologies were tested for ballistic protection performance at a test
range at the Aberdeen Proving Ground, MD. Due to the inability to meaningfully scale down the
appropriate projectile threat levels, AL6XN sandwich panels had to be fabricated at the full-scale (24-
inch) core sizes for ballistics tests that were performed with two unspecified full-scale threat levels. The
University of Virginia fabricated 6, 24” x 24” x 24” block size sandwich panels with two microtruss core
designs. Figure 13 shows a multilayer hollow truss (tubular) core sandwich panel which is a brazed
assembly of 0.5” thick front and either 0.188” or 0.25” thick back face plates, 3 diamond oriented tube
core slabs and two intermediate solid layers. The tubular core assembly consisted of 1 O.D, 0.065” wall
thickness AL6XN tubes spaced ~4.25 inches apart with the three slabs separated by two 16GA (0.060”")
thick sheets giving an effective core relative density of ~5%. Figure 14 shows a multilayer pyramidal
core sandwich panel, with 23, 17 core height pyramidal layers separated by 22, 22GA (0.030™)




intermediate solid layers. Ballistics tests were performed by Navy personnel with 20mm diameter
fragment simulating projectiles and two other projectile threat levels, on the bare panels with the 0.25”
thick back face sheet, and also on the panels with the 0.188” thick back face sheet, by placing a ceramic
tile contained ‘armor’ pack against the back face. The effect with and without the ceramic supported back
face was tested for each of the core topologies, to determine whether ceramic reinforcement would be
needed or not for the down selected sandwich core designs.

Figure 13. Brazed full-scale (24 in. thick) tube core sandwich panel for ballistic tests.

2 pyraucial cors kipers faaeh 1.0 .|
-, 22 wvanedete sheols vet 0000 )

w4

025 41 AL-6XN phite (s b sarndwich paowd Wat)
01875 w1 AL-8XN piate (lor parmi bwdad with armor gack)

Figure 14. Brazed full-scale (24 in. thick) pyramidal core sandwich panel for ballistic tests.

The University of Virginia led a “tiger team” entrusted with the task of developing concepts for the full-
scale fabrication of blast protection blister compatible with shipyard construction practices along with
members from ATR, Bath Iron Works, CMI, NSWC/Carderock Division, NSWC/Indian Head division,
UCSB. The following issues were addressed.

10




Methods of blister attachment to the hull

Methods for assembling/joining (core and face sheet) components to create panels and blisters
Integration of the blister with the bilge keel consistent with ship yard practices

Methods for welding and inspecting full scale panels which are also applicable to second
generation 1/5th scale panels

= SR

A report laying out details of fabrication methods for the three down selected sandwich panel topologies
(square honeycomb, X-truss and pyramidal core) and presenting approaches of attaching full-scale
blisters to ship hulls was issued to ONR (Appendix H). The recommended approach uses a tiling
approach to create a blister from a tile = sub-panel = panel > blister arrangement illustrated in Figure
15.

/ Sub-panel
—

All dimensions in feet

Tile |10

L P .o

Tile to Sub-panel to Panel Configuration

Figure 15. Blister assembly concept



CONSTITUTIVE MODEL DEVELOPMENT

Constitutive models are required as input for large ship-scale analysis, where 3-D finite element analysis
methods are impractical due to the model geometry size and computational time. The downselected three
topologies of interest to the Navy were the square honeycomb core, X-truss and multilayer pyramidal
core topologies.

The modeling and analysis capabilities of the DY SMAS finite element hydrocode were demonstrated by
ATR and NSWC on the X-truss, Y-truss and square honeycomb topologies for the 1/12" scale (2-inch
core) panel geometries. Good agreement was indicated with the UNDEX tests performed using the
modified mini paddlewheel test fixture. By comparison, the topology of the multilayer pyramidal core
posed a more complex modeling challenge for DYSMAS users.

A dynamic constitutive model for the square honeycomb core was developed by collaborators at Harvard
University on a parallel ONR funded MURI program. Their simulations show a 2-3 fold increase in
dynamic to static strength due to strain rate sensitive effects on hardening of the stainless steels of
interest and inertial effects of the core consistent with experimental observations of UNDEX tests
performed on “dynocrusher” test samples at NSWC Carderock. The University of California, Santa
Barbara (UCSB) team developed constitutive models for the multilayer pyramidal core and multilayer
prismatic cores. Continuum constitutive laws applicable to truss and prismatic cores were implemented
and assessed comparing their predictions with the “dynocrusher” experiments. The laws were based on
Hill's yield criterion for orthotropic materials, modified to account for the effects of mean stress and the
associated compressibility upon plastic straining.

Parameters characterizing initial yield were obtained from both approximate stress analyses and finite
element calculations of unit cells. Finite element calculations were also been used to calibrate the
hardening. Once calibrated, the law was used to simulate the bending response of various sandwich
panels under either simply-supported or clamped end conditions. An assessment of the constitutive law
was made through comparisons with corresponding finite element calculations in which the core and face
elements were fully meshed. Additional assessments were made through experimental measurements on
a family of sandwich panels fabricated from a ductile stainless steel. Comparisons were made on the
basis of the global load-displacement response as well as the distribution of shear strain within the core.
Issues associated with end effects, boundary conditions and deformation localization were addressed.
Overall, the comparisons revealed that the proposed constitutive law was capable of predicting most of
the pertinent features of sandwich panels with high fidelity.

Specifically, the onset of yield, the hardening rate, the peak loads, and the deformations within the core
were adequately predicted. The largest apparent discrepancy pertains to the prediction of the onset of
strain localization, especially when failure is core-dominated. When compared with both experiments and
fully-meshed FE calculations, the continuum model overestimated the critical displacement. This
discrepancy was largely attributable to the isotropic nature of the hardening law. That is, because strain
hardening of the core was assumed to occur uniformly (without change in shape of the yield surface),
some modes of deformation localization may be artificially delayed. This is the case, for example, when
the law is calibrated by the shear stress-strain curve and localization occurs by core crushing at one of the
loading points. This shortcoming was remedied by extending the constitutive law to account for non-
uniform hardening.
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A dynamic version of the constitutive law was developed (Appendix 1). It was calibrated by using
dynamic unit cell simulations. The input embodies the material strain rate sensitivity as well as the
inertial effect associated with buckling suppression. Comparisons with dynamic experimental
measurements were performed involving impact by a metal foam projectile onto a square honeycomb
panel at high impulse at strain rates of order 1,000/s and the “dynocrusher” test simulation on the
multilayer pyramidal core panel and multilayer prismatic (triangular core and diamond core) panels.

The experimental and analysis efforts of this program indicated that a soft core response was preferred
for water blast loading, since the soft cores such as the X-truss core and multi-layer pyramidal core
enabled the dissipation of the impulse over a longer time period at lower transmitted peak pressures than
stronger cores such as the square and triangular honeycomb cores. Further consideration was also given
to the ease of fabrication of larger (12” and 24” thick cores, i.e. half-scale and full-scale) with these
topologies in the form of blisters conforming to the curved profiles of the proposed ship hulls, and a final
recommendation was made to select a X-truss core topology.
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Abstract

The quasi-static and dynamic compressive mechanical response of a multilayered pyramidal lattice structure constructed from
stainless-steel was investigated. The lattices were fabricated by folding perforated 304 stainless steel sheets and bonding them to thin
intervening sheets using a transient liquid-phase bonding technique. The resulting structure was attached to thick face sheets and the
through thickness mechanical response was investigated quasi-statically and dynamically, in the latter case using a planar explosive
loading technique. The lattice is found to crush in a progressive manner by the sequential (cooperative) buckling of truss layers. This
results in a quasi-static stress strain response that exhibits a significant “‘metal foam™ like stress plateau to strains of about 60% before
rapid hardening due to truss impingement with the intermediate face sheets. During dynamic loading, sequential buckling of the truss
layers was manifested as a series of transmitted pressure pulses measured at the back face of the test samples. The sequential buckling
extended the duration of the back face pressure-time waveform and significantly reduced the transmitted pressure measured at the back
face. The impulse transmitted to the structure is found to be about 28% less than that predicted by analytic treatments of the fluid-
structure interaction for fully supported structures. This transmitted impulse reduction appears to be a consequence of the wet side face
sheet movement away from the blast wave and is facilitated by the low crush resistance of the lattice structure.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Compressive response; Sandwich panels; Pyramidal lattice; Impulse loading

1. Introduction approaches that cancel in whole or in part, the momentum
imparted to a structure by a shock wave [7]. In the blast-

There is a growing interest in extending shock protection  loading situation, the deformation rates of structures

concepts developed for low-velocity impacts (such as
component packaging, head impact protection and vehicle
occupant injury prevention during automobile accidents)
[1] to the high-intensity, dynamic loading situations
encountered when explosively created shock waves impinge
upon structures [2 4]. Numerous blast mitigation ap-
proaches can be envisioned including increasing the
strength or mass of protective structures, using impact
energy absorbing schemes [5], adding polymer coatings/
films to retard fracture [6] and perhaps the use of active

*Corresponding author.
E-mail address: kpd2ta virginia.cdu (K. Dharmasecna)

0734-743X/$ -see front matter © 2007 Elsevier Ltd. All rights reserved.
d0i:10.1016 j.ijimpeng.2007.06.009

correspond to velocities of motion in the 100 m/s or greater
range {8]. This is more than an order of magnitude greater
than those typically encountered in automobile collisions
and most other impact events [1]. Dynamic effects might
therefore be more significant and need to be addressed
during design of blast mitigation structures.

One approach to blast mitigation exploits crushable
cellular materials [1]. Consider the processes that follow an
underwater explosion near a sandwich panel structure with
a cellular topology core (Fig. 1). Within the explosive,
detonation converts solids to gases across a detonation
front that propagates at speeds of ~5000-10,000m/s [9].
The solid to vapor transition results in a highly pressurized
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Fig. 1. Schematic illustration of the protection of a structurc using a
cellular metal core sandwich panel. For an explosion (here in water), blast
wave mitigation is achicved by control of the fluid-structure intcraction at
the face sheet-water interface and by corc collapsc and face sheet
stretching of the structure. (a) Before explosion; (b) after explosion.

gas bubble (with internal pressures of 1-10GPa). The
bubble rapidly expands, initially at the detonation velocity
of the explosive. This is greatly in excess of the acoustic
sound speed in water (~1400m/s). This supersonically
forces water outwards, creating an intense high-speed
shock wave traveling towards the sandwich structure.
Nonlinear effects in water are less significant than those in
air and the blast front speed quickly approaches the
acoustic velocity limit.

The pressure pulse in water rises sharply (with a rise time
of tens of microseconds established by the detonation time
of the explosive) and then decays with a characteristic time
constant, fy. The decay in pressure, p(¢), can be approxi-
mated as

p() = poe™'1", (1)

where py is the peak pressure, ¢ the time measured from the
peak in pressure and ¢, is a characteristic time constant.

The impulse per unit area, /y, transported by the pressure
pulse is given by

= /0 P03 = poto. @

When the pressure pulse impinges upon a rigid, fully
supported solid plate (one that is restricted from moving
away from the blast wave), the incident pulse is reflected
from the surface back into the water [10]. At the surface of
the plate, the pressures of the two disturbances are in
phase, and Taylor [10] and others have shown that the
plate is subjected to a peak pressure 2p,, and the
transferred momentum is 2/y. Taylor also calculated the
momentum imparted to unsupported solid plates that were
able to freely accelerate in response to the applied pressure
and showed that the transferred impulse was governed by
the mass/unit area of the plate. Thick solid plates were
shown to receive the same impulse as rigid, fully supported
structures but thin face sheets pick up much less impulse
because they are able to move away from the blast [10].

When a plate moves with velocity Vi, the fluid elements
(with density p,, and sound speed cy) close to the plate
move with the same velocity and a rarefaction wave of
magnitude pycy Vr is radiated back into the fluid. The net
water pressure due to the incident, reflected and rarefaction
waves results in a total plate loading:

p(t) = 2poe™"" — pucu V. 3)

For a sandwich panel, it has been assumed that the
fluid-structure interaction is controlled by the front (wet
side) face sheet and the relevant mass per unit area can be
taken as that of the front face sheet [11]. In this case, the
impulse transmitted into the sandwich structure depends
only upon the thickness of the front face sheet and the
density of the material it 1s made of. The impulse, I,
transferred to the front face of an unsupported sandwich
structure is then given by [10,11]

I = 21yg?/-9, 4)
where

pch
g="20"0, ()

in which p is the density of the face sheet material and A is
the thickness of the face sheet. The ph; product is also the
mass per unit area, myg of the face sheet. If p,, = 1000kg/
m’, ¢y =1400ms™', 1,=0.Ims and m=40kg/m?
(equivalent to a Smm thick 304 stainless-steel plate),
g = 3.5. For sandwich panel structures with steel face sheet
thicknesses in the Smm range, Eq. (4) indicates that the
impulse transmitted from water to the sandwich structure
is around 0.35 times that incident on a thick rigid plate, or
one that is fully back supported. This impulse reduction
arises because the front face is able to move away from the
pressure pulse.

However, neither Taylor’s analysis nor several recent
applications of it [11-13], fully address the fluid-structure
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interaction for the sandwich panel problem. The initial
front face velocity of the sandwich structure is reduced by
the deformation resistance of the core and the water
attached to the front face is then able to reload the
structure. This results in an increase of the momentum
transfer by a factor that depends on the core strength
[11-14] and inertial effects at high velocities. In the solid
plate situation analyzed by Taylor, the tensile reflected
wave in water results in cavitation at the water-plate
interface. However, in a sandwich panel structure, cavita-
tion can be delayed (by rapid acceleration of the light front
face) and the plane of tensile failure in the water then
occurs some distance above the front face. The additional
loading depends upon the velocity of the front face sheet,
which is established by the momentum originally imparted
to it and the front face retarding force resuiting from the
crushing resistance of the cellular material. Hutchinson and
Xue [13] and Liang et al. [15] have recently shown that the
core’s dynamic crush strength, oy, scaled by po governs the
additional impulse transferred to the core.

In this modified Taylor scenario [13.15], the momentum
per unit area transferred to the front face sheet and the
added water layer is given by

, a5
It = 10{2qqf"-4) - 1.27PLD[1 - q‘”("")]}. (6)
0

For a core with a dynamic strength of 0.15p¢ [13], the ratio
of the total momentum of the front face sheet and added
water layer to the incident impulse, /1/1y is ~0.5 compared
to 0.35 for a freely moving target surface. Various groups
have sought to develop a fuller understanding of these
extended Taylor effects [13-16].

There are many ways to create a sandwich panel
structure of the type schematically illustrated in Fig. 1
[17]. The mass of the system can be distributed in different
ways between the two faces and the core. Recent analysis
has indicated that the mass distribution significantly affects
the sandwich panel’s performance during water blast
loading [15]. Analytical and numerical studies also indicate
that the strength and topology of the cellular core have a
significant effect upon the dynamic response of the system
{12.13,15]. Many core topologies for metallic systems have
begun to be theoretically assessed [18]. Broadly, they can be
classified as honeycombs, lattice trusses, prismatic struc-
tures and foams. Several groups have used small-scale
impact testing and numerical analysis to probe the dynamic
response of these different structures and to experimentally
ascertain those best suited for blast mitigation applications
[19-23].

Several guiding design rules are emerging from these
studies. The dynamic core crushing resistance, a§D, is
important since it contributes to the forces that damp
the front face motion and governs the loads applied to the
support structure. High core strengths also ensure that
the face sheets of the panel remain well separated so that
the structure retains a high bending resistance. The core
also needs to possess significant in-plane stretching

resistance to impede bending deflections (Fig. 1). The ideal
core will depend upon the protection strategy. Cores
optimized for reducing the peak transmitted pressure to
the sandwich panel supports might be different from those
seeking to minimize back face deflection, or the avoidance
of front face sheet tearing or shear off at hard points.

The notional behavior of an idealized lattice truss core
panel for peak shock pressure mitigation is schematically
illustrated in Fig. 2. The system (Fig. 2(a)) consists of a
cellular structure with a nominal stress—plastic strain
response during through thickness compression shown in
Fig. 2(b). Under quasi-static loading, this response is
characterized by lattice collapse at a fixed, plateau stress,
0'§, until a plastic densification strain, ep, is reached where
upon cell wall/truss interference and friction cause a rapid
increase in strength. The plateau stress is a function of the
loading rate if the core is made from strain rate hardening
materials and if the deformation velocity is sufficiently high
that inertial stabilization of the (buckling) failure modes
occurs [24].

a Bufter plate
mass, my/ unit area
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Lattice truss
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Fig. 2. Dynamic core crushing of a ccllular corc sandwich panel used to
reduce the peak pressurce applied to the back face support structure.
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Suppose a faceplate with a mass, myg per unit area is
attached to the front and back of a lattice core. When a
blast wave arrives at the front face of the system, a fluid-
structure interaction occurs and momentum is transferred
to the buffer plate. The plate then acquires a momentum my
Vi per unit area where Vi, the initial plate velocity, varies
inversely with my. The plate’s kinetic energy is %mf V%. The
motion of the buffer plate is retarded by the reaction force
arising from the dynamic crush strength, oynof the lattice
structure (Fig. 2(c)) and inertial effects, which become
more important as the front face velocity increases beyond
~30m/s [24]. A plastic shock wave (across which crushing
occurs) is propagated at the plastic wave speed from the
front of the cellular structure towards the back face sheet.
For low front face velocities and a core with the ideal
mechanical response shown in Fig. 2(b), the force
transferred to the protected structure behind the system
never rises above oip A (where 4 is the back face area)
provided the crush zone deformation never exceeds the
densification strain and the crush zone front is arrested
within the cellular structure.

Higher velocity (>20m/s) motion of the front face can
result in significant increases in the reaction force applied
to the front face. These increases result from the inertial
resistance of the core (from the forces required for
acceleration of the material mass in and behind the crush
zone), inertial stabilization against buckling of core
members (webs and trusses) and material hardening at
high strains and strain rates. These effects all scale with a
dimensionless velocity, Vy/cey, where c is the acoustic wave
speed and &, is the yield strain of the material used to create
the cellular structure [25]. Radford et al. [20.21] and Lee et
al. [22] propose that for a foam core the dynamic strength
is given by

op = 05 +pVi/eas (7

where o\, is the core strength when strain rate hardening
and inertially stabilized truss buckling are accounted for, p.
the cellular sandwich core relative density, ¢4 the core
densification strain and V5 is the front face velocity. For a
bi-linear material with linear hardening rate, Xue and
Hutchinson have proposed a dynamic strength law of the
form [25]:

o E/V
0 zlﬂ/—'( - -1>, ®)
POy E \cagy

a b

where, E, is the tangent modulus and cq = y/E/p is the
elastic wave speed in the constituent material. During a
blast mitigation event, the front face velocity varies
between ~200m/s and zero, and so the overall response
of the core and the pressure applied to a supporting
structure is likely to be a complicated sampling of the
effects described above.

This study investigates the dynamic response of a passive
mitigation approach combining crushable cellular lattice
structure metals [8] with structurally efficient sandwich
panel concepts. The proposed approach has attracted
interest for underwater shock loading situations where the
structure located behind the sandwich panel experiences
reduced pressure as a result of four interrelated effects: (i)
modification of the fluid structure interaction at the front
(wet) face sheet, (ii) time dispersal of the blast wave’s
pressure-time waveform by controlled core crushing and
face sheet stretching, (ii1) the increased bending resistance
of sandwich panel structures and (iv) Kkinetic energy
dissipation by plastic deformation of all components of
the panel. These blast mitigation effects are expected to be
sensitive to the dynamic response of the core structure.

We investigate the reduction in transmitted pressures by
a back-supported lattice truss structure subjected to water-
borne shock loading resulting from the underwater
detonation of an explosive. Numerous lattice structure
topologies have been proposed and examples of three types
are shown in Fig. 3. Any of these structures can be
assembled to create lattices with a repeating space-filling
unit cell. An example of a pyramidal lattice assembled in a
3D structure to create a lattice block material is shown in
Fig. 4(a). In this case, the structure is composed entirely of
trusses. Fig. 4(b) shows a different configuration where the
lattice consists of layers of pyramidal trusses juxtaposed
with thin solid intermediate face sheets. These face sheets
provide increased in-plane stretch resistance and is the
structure explored in this study. We have developed
methods for its fabrication from stainless steels and report
its response to quasi-static compression and underwater
blast testing. We use hydrocode simulations to calculate
the dynamic loads applied to the explosively tested
structure and experimentally investigate its core collapse.
We find that a multilayered pyramidal lattice structure is
effective at dispersing high-intensity impulses, and this
significantly reduces the peak pressure transmitted to the
underlying structure. A 28% reduction in transmitted

Fig. 3. Examples of three-lattice truss structures used as cores of sandwich panels. (a) Tcetrahedral topology, (b) pyramidal lattice and (c) 3D Kagome

strueture.
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a without interlayer sheets

b with solid inteflayer sheets
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Fig. 4. Examples of pyramidal lattice multilayers using (a) truss connections and (b) thin solid plates to create multilayered structures.

impulse is also observed for the sandwich panel. This
suggests a beneficial fluid structure interaction effect, which
is realized even though the sample was tested with full back
support.

2. Lattice test structure fabrication

A sheet perforation and node folding method was used
to fabricate the test samples. The process is schematically
illustrated in Fig. 5. Sheets of 304L stainless steel were die
punched to create an array of elongated diamond perfora-
tions. These were then folded at rows of nodes to create a
single layer of the pyramidal lattice. The sheet thickness
was 1.52mm and the included angle formed during the
folding operation was 70°.

Intermediate face sheets, 0.76 mm in thickness, were
coated with a Ni-Cr-P braze alloy powder (Wall Colmo-
noy Nicrobraz 51). Single layers of the pyramidal lattice
were then sandwiched between the intermediate face sheets
and stacked node to node to create a multilayer core
assembly approximately 82 mm high. This entire structure
was then placed between Nicrobraz 51 coated, 4.8 mm
thick, 304 stainless-steel face plates and the assembly was
brazed at 1050°C for 60 min in a vacuum furnace at a
pressure of 0.13 Pa. After brazing, the panels were cut using
wire electro discharge machining to create 203 mm
diameter cylindrical samples that were approximately
92mm in thickness. A photograph of a typical sample is
shown in Fig. 6.

The relative density of the multilayer lattice structure
(including the intermediate face sheets) can be calculated
(as the volume of material to total cell volume) from the
unit cell shown in Fig. 7. If the trusses have a width, w,
length, /, and thickness, ¢, and the lattice is defined by a
truss-intermediate face-sheet angle, @ = 45° (correspond-
ing to a 70° bend angle of the perforated sheet, Fig. 5), then
given an intermediate face sheet of thickness, f, the
predicted relative density of the core is given by

o B ﬁ(4wt + 40 ©)
p_Ps_ I+ V2t)

The measured core relative density for the samples
fabricated here (including the intermediate face sheets
and a small amount of the braze alloy) was 9%, of which
4.5% (50%) consisted of truss layers.

The 304L stainless-steel alloy in the as-brazed heat-
treated condition had a Young’s modulus £ = 200 GPa, a
yield strength o, = 189 MPa, a tensile strength oyts =
600 MPa, a plastic strain to fracture & = 50% and a
tangent modulus £y = 2 GPa. The dynamic properties are
anticipated to be similar to those of other austenitic
stainless steels [26].

3. Quasi-static compressive response

One of the cylindrical specimens was loaded in compres-
sion across the front face at a strain rate of 5 x 10™%s™! and
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a

Perforation punch

Fig. 6. Photograph of one of the 304 stainless-stcel pyramidal lattice truss
structures. The core mass was approximately evenly divided between the
lattices and intermediate face sheets.

the stress-plastic strain response is shown in Fig. 8. The
normalized stress, ¢/poy [where oy is the parent alloy’s
quast-static yield strength] is also shown. The response is

Elongated diamond
perforated sheet.

Muilti - layer core

Fig. 7. A representative, 3D space-filling unit ccll for the multlayered
pyramidal lattice strueture.

similar to some metal foams. Upon yielding at a stress of
4 MPa, the lattice exhibited a nearly flat plateau behavior
and then began to modestly harden to a flow stress of
about 7MPa at a strain of ~60% before the onset of rapid
hardening due to lattice densification.




1108 H. Wadley et al. | International Journal of Impact Engineering 35 (2008) 1102-1114

Visual observations indicated that in the plateau region,
the plastic strain was accommodated by truss plastic
deformation followed by inelastic truss buckling and
intermediate face sheet wrinkling. Six markers on the
stress—plastic strain response shown in Fig. 8 corresponded
to the strains at which cooperative buckling of the
pyramidal truss layers occurred. Each buckling event
resulted in a small load instability.

The normalized plateau strength of the core, o/poy, was
approximately 0.2 using a core relative density (5) of 9%,
which includes the mass of the interlayer sheets. However,
the truss members of the pyramidal lattice (considered in
isolation) had an aspect ratio equivalent to that of a lattice
with a relative density of 4.5% increasing the normalized
strength metric to 0.4. This value of strength metric is

20
415
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Fig. 8. The quasi-static compression tcst responsc of the multilayered
pyramidal lattice structurc and comparisons with ABAQUS/Explicit finitc
clement analysis results.

w, wjelops
capevefp W {E Y]

consistent with recent measurements of single-layer pyr-
amidal lattices, which indicated a strength coefficient of
~0.4-0.5 for annealed 304 stainless-steel lattices in this
relative density (truss aspect ratio) range [27].

The micro-truss pyramidal core model was analyzed
using ABAQUS/Explicit Version 6.4 (ABAQUS, Inc,,
2003). The model was based on the geometry of the
test specimen. One-quarter of the structure was modeled,
so symmetry conditions were applied to the nodes on the
x—z plane at y = 0 and to the nodes on the y—z plane at
x=0. A velocity of ~2.25mm/s was appled in the
downward z-direction to the nodes located on the top
surface of the top exterior plate. This is well below the rate
at which dynamic effects become important. Built-in
constraint conditions were applied to the nodes located
on the bottom surface of the bottom exterior plate. Eight-
node brick elements were used to construct the model. The
total number of elements in the model was 146,528. The
general contact algorithm in ABAQUS/Explicit was used
to model contact between surfaces as the core of the
structure crushed.

The deformation history for the model is shown in
Fig. 9. Lines for the different finite elements were removed
to improve clarity and different colors were used to make it
easier to see the various parts of the model. The pattern of
crushing in the analysis was similar to the behavior
observed with the test. The initial peak stress of the model
was within 3% of that measured. Crushing of core layers
was progressive, one layer after another. This process
continued until all of the micro-truss layers compacted into
a densified core.

A comparison of the engineering stress-strain behavior
between the micro-truss pyramidal core finite element
model and the corresponding test specimen is shown in

W \/ VLtV
VAT ANY A TA
~— VAV AV O
Vi W AW !.v/

Fig. 9. Corc crushing scquence from finite clement analysis of multilayer pyramidal core quasi-static compression test at core strains of (a) 8.1%; (b)

16.2%; (c) 32.5% and (d) 65.0%.



H. Wadley et al. | International Journal

Fig. 8. The stress increased to the initial peak and then
decreased as the first core layer began to buckle and crush.
The applied strain rate was accommodated by this layer’s
collapse until it reached its densification strain. At this
point, it was redistributed among the other core layers and
the stress increased to a second peak coincident with the
initiation of buckling in a second layer. This pattern
continued as each of the layers was crushed and core
densification occurred.

This lattice core design maintains a consistent level of
strength because it has multiple layers. In the analyses,
even after a layer fails, the remaining intact layers are
able to support a large part of the initial peak load. The
FEM analysis stress—strain curves reflect a nearly constant
load-carrying capacity after the initial peak is passed
with some modest peaks and troughs. The test stress—strain
curve exhibits more pronounced peaks and troughs and
has subsequent peaks that are even higher than the
initial peak. At about 42% core strain, the stress starts
to increase continuously because all of the core layers
have compacted into a denser form. The core then
begins to behave increasingly like a solid cylinder
and supports larger load levels as it densifies and work
hardens.

The influence of friction between truss surfaces can be
seen when comparing the analysis with friction, to the
analysis without friction (Fig. 8). With friction present in
the analysis, the core behavior follows a pattern more
similar to the behavior seen with the test. When friction is
ignored, it takes much longer for the stress to start a
continuous upward trend.

of Impact Engineering 35 (2008) 1102-1114 1109
4. Dynamic behavior
4.1. Test methodology

An underwater explosive test method schematically
illustrated in Fig. 10 was used to investigate the dynamic
crushing behavior of the pyramidal lattice structure. The
test specimens were slip fitted into a thick, high-strength
steel cover plate with a central opening and positioned on
four HY-100 steel columns each ~3.8cm in diameter and
~12cm long. Four strain gauges were attached to each of
the specimen support columns and calibrated in a
compression test machine so that their averaged output
voltage could be converted to pressure applied by the back
face of the (203 mm diameter) test sample. An approxi-
mately 0.9 m diameter cardboard hollow cylinder was then
placed above the specimen and filled with water. In order
to produce a symmetric, plane wave type loading of the
sample, a 203 mm x 203 mm x 1 mm thick explosive sheet
was positioned centrally above the specimen at a distance
of 100mm from the top surface of the test sample and a
detonator placed at the center of the explosive sheet. The
sandwich panel back face pressure was recorded as a
function of time after detonation of the charge.

The test system’s response following detonation of the
charge was also obtained for a solid aluminum cylinder
calibration block. The back face pressure-time waveform is
shown in Fig. 1. In Fig. 11(a) the pressure at the back face
of the calibration test block is seen to rapidly rise to a peak
of 52MPa and then decay to zero in about 0.3ms. This
explosive event resulted in a transmitted impulse (measured

0.9m

| (203 mm
Detonator

Gage column tray

Strain gage

Explosive sheet |

X 203 mm x 1 mm) |

Fig. 10. Schematic illustration of the test mcthod uscd to investigate the

dynamic crush responsc of thc pyramidal lattice structurc. Calibration of the

systcm was also conducted using a solid aluminum samplc test picee of identical dimensions to thosc of the sandwich pancls.
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Fig. 11. (a) Transmitted pressure response and (b) transmitted impulse

response on lhe back face of 1he solid cylinder.

at the solid sample’s back face) of 11.8 kPas (Fig. 11(b)).
The oscillatory behavior exhibited by both wave forms is
believed to result from reverberation within the test system.

4.2. Pyramidal lattice response

The back face pressure wave form following detonation
of an explosive sheet (at time ¢ = 0) is shown in Fig. 12(a).
The wave form is very different to that of the aluminum
reference block response (Fig. 11(a)). The peak pressure is
approximately 1/5th of the solid cylinder (11 MPa com-
pared with 52 MPa), and the narrow initial pressure pulse
had been spread in time from ~0.3ms for the solid
reference sample to 1.8 ms for the sandwich panel. At least
four separate load spikes (peaks) can be seen in the first
2ms of the signal shown in Fig. 12(a). These spikes are
thought to correspond to load peaks associated with
cooperative buckling of truss layers convolved with the
measurement system’s impulse response. The two strongest
pressure peaks transmitted to the back face were 9.8 and
10.5 MPa. The average pressure was about 4.6 MPa, which
is about 15% above the quasi-statically measured plateau
strength.
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Fig. 12. (a) Transmitled pressurc responsc and (b) transmitted impulse
response on the back face of the multilayer pyramidal core sandwich
pancl.

The sandwich panel back face impulse is shown in
Fig. 12(b). The saturation impulse was 28% less than that
recorded for the aluminum reference block (8.5kPas
compared with 11.8 kPas) and its rise time was increased
by a factor of ~3 compared to that of the solid cylinder.
Comparison of the solid and pyramidal lattice pressure
waveform results suggests that the sandwich panel core
crushing occurred over a period of about 1.8 ms.

A sectioned side view of the sandwich panel specimen is
shown in Fig. 13. All seven layers of the structure had
collapsed by truss buckling. The thickness of the specimen
core had decreased from 82 to 40 mm corresponding to a
compressive plastic engineering strain of 51%, which
correlates to the strain at the end of the stress plateau
observed in the quasi-static test (Fig. 8). If the 42 mm of
core crushing occurred over 1.8ms, the average crush
velocity would be approximately 23m/s. During the
dynamic test, one layer of lattice nodes fractured and
the sample had separated into two parts about a quarter of
the way from the top of the sample. Examination of Fig. 13
shows that asymmetric buckling of the four trusses
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Fig. 13. Photograph of a quarter section of the pyramidal lattice structure
after dynamic testing. Note the significant intermediate face sheet bending
and truss buckling. Node rotation at the intermediate face sheets can be
seen.

emanating from the contact node with the interlayer sheets
had occurred. This then resulted in node fractures that
were not in the plane of the specimen but had all tilted
about 30° out plane in the same direction. These two
observations are consistent with node rotation during truss
buckling. This rotation can be clearly seen in the circled
region of Fig. 13. Fig. 14 shows a close up view of the truss-
buckling pattern. Some trusses were bent upwards while
others were depressed and were similar to the pattern
predicted by the finite element analysis. The buckled trusses
made contact with the intermediate face sheet and the
forces the trusses applied to the face sheet appear to have
been responsible for its bending.

5. Hydrocode simulations

The dynamic loading experiments described above
involved measurements of the transmitted forces on the
back faces through strain gage recordings on four support
columns. Measurements of the dynamic force (and result-
ing impulse load) on the front face are difficult close to an
explosion. Unfortunately, there are also no analytical
solutions for the underwater pressure loading resulting
from the detonation of an explosive sheet. Therefore, fully
coupled Euler-Lagrange finite element hydro code simula-
tions [28,29] were used to compute the pressure fields in the
fluid and at the solid cylinder-water interface. The code
captures the shock propagation following an explosion
within a fluid medium using an Eulerian solver, and
couples it to the structural response of the target medium
(the solid cylinder), whose response is found using a
Lagrange solver [30].

Due to the thinness of the explosive sheet (1 mm) and
high spatial and time gradients of pressure in the fluid
medium, a fine mesh is desired in the Eulerian mesh in the
direction towards the target. The Euler run was started
with 0.2 mm cells in the explosive sheet thickness direction,
and 0.4mm divisions in the other two directions (plane

Fractured
node

icm

Fig. 14. High magnification view of the truss buckling and node rotation
after dynamic testing.

parallel to the explosive sheet). To make the computational
problem more tractable, the symmetry of the solid cylinder
was exploited by selecting 1/4th of the model geometry for
computations (Fig. 15). The explosive sheet was specified in
terms of its geometry, explosive material properties, the
detonation velocity and JWL equations of state for shock
calculations. Fig. 15 shows a time sequence as the
propagating blast wave reached the front face of the solid
cylinder and underwent reflection. The incident wave front
is nearly planar at a standoff distance of 0.1 m.

At each time step, the pressure within each element of
the water column was calculated and the pressure data at
the water-sample interface were conveyed to the DYNA
Lagrange solver using a standard coupling interface. With
this pressure-time loading information, the dynamic
structural response of the cylinder (or sandwich panel)
was computed in terms of the stresses and strains of the
sample. The calculated nodal velocities and locations at
each time step were conveyed back to the Euler solver to
recalculate the pressures at the next time step and the
process was repeated.

Fig. 16(a) shows the calculated pressure loading on the
front face of the solid aluminum cylinder. It shows a peak
pressure of around ~350 MPa and a time decay constant of
approximately 0.035ms. The integration of the pressur-
e-time plot gives the impulse loading (per unit area) on the
cylinder. The test measurements with the solid cylinder
back face (Fig. 11(a)) indicated a peak pressure of
~52MPa and a ~0.4ms time constant for impulse
saturation to occur. It appears that significant dispersion
occurs in the sohd cylinder test resulting in a seven-fold
reduction in peak pressure and an increase in pulse width
from 0.035 to ~0.4 ms. Nevertheless, the calculated applied
impulse (11.5kPas) (Fig. 16(b)), is almost identical with
the experimental measurement (11.8kPas) (Fig. 11(b)).

6. Discussion

The quasi-static behavior of a multilayer pyramidal
lattice is close to the ideal response of an impact mitigating
material. Under quasi-static loading, the structure crushes
by sequential buckling of individual lattice layers with each
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Fig. 15. A time scquence of the blast wave propagation and interaction with a solid cylinder: (a) 1 = 0.047 ms; (b) r = 0.055ms; (¢) r = 0.065ms; (d)

t=0.075ms; (¢) = 0.14ms and (f) r = 0.2 ms.

layer-buckling event resulting in a small rise and drop in
flow stress. This behavior is analogous to that of metal
foams [8] and pre-buckled honeycombs [31]. The small
reduction in flow stress accompanying the cooperative
buckling of a layer of the lattice appears to be a
consequence of (i) the high work hardening rate of the
304 stainless-steel alloy, (ii) a small variation in the
buckling resistance of the individual trusses and (iii) post-
buckling stretching (bending) of the intermediate face
sheets.

During dynamic loading of the pyramidal lattice
sandwich panel, the average back face pressure was

~4.6 Mpa, which is slightly higher than the 4MPa
measured quasi-statically. Two pressure pulses (at 0.3
and 0.9 ms after the start of the pressure rise) applied much
larger pressures (9.5 and 10.5MPa, respectively) to the
back face. The average and secondary pulse pressures were
all significantly reduced from that calculated to be
imparted to (~350MPa) or measured (~52 MPa) at the
back face of the solid reference cylinder sample.

This reduction in transmitted pressure can only occur if
the applied impulse (the time integral of the pressure
waveform) is either reduced or stretched out over time
during plastic propagation through the structure. Both
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Fig. 16. (a) Calculated pressurc loading on solid cylinder front face. (b)
Calculated impulse loading on solid cylinder front facc.

appear to have occurred in the dynamic test. The
transmitted impulse was less than that transmitted to a
solid cylindrical sample (8.5 versus [1.8kPas) but this
reduction alone was insufficient to fully account for the
reduced back face pressure of the sandwich panel structure.
The seven-layer lattice structure tested here also dispersed
the pressure pulse extending its width from about 0.4 to
1.8 ms thereby reducing the transmitted pressure for a fixed
impulse.

The reduced impulse transferred to the sandwich panel is
presumed to be a consequence of front face sheet motion
away from the blast wave during fluid loading of the
structure. This motion is not possible for a fully supported
rigid plate and an impulse, 2Jy, is transferred to the
structure as measured in the experiments with the solid
reference block. The extended Taylor calculation above for
a Smm thick steel plate (the thickness of the face sheet used
for the sandwich panel) indicates that the impulse
transferred to an unsupported plate would be 0.35/,. For

core strains less than the densification limit, the momentum
impulse transferred to a sandwich panel therefore lies
between that of the unsupported plate and one that was
fully supported. The precise value will be controlled by the
force exerted by the dynamically deforming core during the
time over which the impulse is being transferred to the core
[32]. This will depend upon the instantaneous velocity of
the front face sheet, inertial effects associated with
acceleration of the core at the shock front boundary and
the dynamic strength of the core [13-16.20-24].

The location of the cylindrical test samples within the
test fixture was not conducive to the measurement of the
(changing) velocity of the front face of the deforming
sandwich panel. The average velocity of the crushing was
estimated to be about 23m/s. The average back face
pressure of the sandwich sample is slightly higher than that
of the quasi-statically measured and FEA predicted
strength, which is consistent with modest dynamic core
strength enhancements. Since the multilayer pyramidal
structure has metal foam-like response, a 1-D shock model
developed for the analysis of metal foams can be used to
estimate the initially peak front face velocity [33]. It gives a
velocity of around 70 m/s, which decreased to zero in about
1.8 ms. Larger dynamic strengthening effects from strain
rate hardening of the metal, inertial stabilization of truss
buckling and the inertial resistance of the system would be
expected during the high-velocity period of crushing.

Since the front face of the sandwich panel is moving, a
rarefaction wave of magnitude pycy Vi~106 MPa pressure
is radiated back into the fluid from the front face [14]. This
results in a peak pressure loading reduction from
~350 MPa for the rigid solid cylinder to ~244 MPa
(~70% of solid cylinder loading), consistent with the
reduced impulse loading measured experimentally. The
series of 4 strong sub-peaks present in the pressure wave
form may have been associated with high-velocity defor-
mation events associated with the sequential buckling of
the individual layers. Dynamic finite element analysis is
needed to investigate this behavior.

7. Conclusions

The compressive response of a multilayered pyramidal
lattice constructed from a 304 stainless steel has been
investigated quasi-statically and by explosive testing. We
find:

The structure collapses by truss inelastic buckling with
intermediate face sheet stretching.

The structure has near-ideal impact mitigation char-
acteristics exhibiting a nearly flat stress plateau to a
plastic strain of approximately 60% during quasi-static
compression testing. A series of small stress peaks are
identified with individual truss layer cooperative buck-
ling.

The dynamic response of the lattice results in a
reduction in the peak pressure transmitted at the back
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face (11 versus 52MPa for a solid structure) and
disperses the pressure waveform resulting in a waveform
width increase from 0.35 to ~1.8 ms.

The dynamtc compressive response indicates a series of
hardening/softening phases with pressures transmitted
to the back face varying from a low of 1 MPa to a
maximum of 11 MPa with an average slightly above the
quasi-statically measured core strength. These softening
phases are thought to be a consequence of the
cooperative collapse of one or more truss layers during
progressive propagation of a densification front through
the structure. Further studies are needed to evaluate this
phenomenon.

— The tmpulse transferred to the fully supported sandwich
structure is about 28% less than that transferred to a
solid plate. This arises from front face motion away
from the blast during the period of fluid structure
interaction with the sandwich panel.

~ The results suggest that a two-layered core that provides
a soft response during the fluid structure interaction and
a stiff response during later panel bending might
outperform a single core layer sandwich panel. The
fabrication approach developed in this study provides a
potentially useful method for creating such structures.
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Abstract

Metallic sandwich panels are more effective at resisting underwater blast than monolithic plates at equivalent mass/area.
The present assessment of this benefit is based on a recent experimental study of the water blast loading of a sandwich
panel with a multilayered core, using a Dyno-crusher test. The tests affirm that the transmitted pressure and impulse are
significantly reduced when a solid cylinder is replaced by the sandwich panel. In order to fully understand the observations
and measurements, a dynamic finite element analysis of the experiment has been conducted. The simulations reveal that the
apparatus has strong influence on the measurements. Analytic representations of the test have been developed, based on a
modified-Taylor fluid/structure interaction model. Good agreement with the finite element results and the measurements
indicates that the analytic model has acceptable fidelity, enabling it to be used to understand trends in the response of
multilayer cores to water blast.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Metallic sandwich panel structures offer significant advantages over equivalent mass per unit area
monolithic plates when exposed to underwater blast loading [1-9]. These benefits arise from a reduced
momentum transfer from the water to the structure, combined with shock mitigation by core crushing, as well
as enhanced resistance to bending [1-9]. These effects are influenced by the geometry of the sandwich panel;
namely, the apportionment of mass between each face and the core, the core thickness (or relative density for a
fixed face separation) and the core topology [1-8]. They are also sensitive to the material used to fabricate the
structure since its mechanical properties (modulus, yield strength, strain hardening), in conjunction with the
geometry and rate, determine the loads, the mechanisms of core collapse and the face deformation and failure
[1-8].
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Nomenclature

Cel elastic wave speed in base material

Cw sound speed in water

E, Er  Young’s modulus and plastic tangent modulus of base matcrial
he height of a single layer

H. total height of the core

. height of the water column

Iy free field momentum, Iy = pytg

I, impulse reaching the back face of the panel

It transmitted impulse

k spring stiffness

KE kinetic energy (due to front face plus attached water)
My transmitted momentum (front face and attached water)
mg mass/area of front face

my, mass/area of attached water at 1 = ¢,

Po peak pressure of free field impulse

Iy characteristic time of incident pressure pulse

b time corresponding to maximum velocity of front face
1 time incrementally longer than .

lorush  Core crushing duration

t characteristic time scale of front face velocity

Ve velocity of front face

Viscs maximum velocity of front face

Ve residual velocity of cavitated water

W, energy/volume absorbed by the core

X distance from front face of the panel (with water residing in x<0)
o location where cavitation first occurs in water

B fluid-structure interaction parameter, 8 = pyCylo/Myg
£rush  Core crushing strain

Eefr effective crushing strain-rate

&y yield strain of base material at imposed strain-ratc

n dashpot viscosity

p relative density of the corc

Pw density of water

53 average crushing stress of the core at a constant crushing strain-rate
Ocrush  Stress transmitted through the core during crushing
oyts tensile strength of base material

ay quasi-static yield strength of base material

oy yield strength of base material at imposed strain-rate
(2 dynamic yield strength of the core

The present assessment addresses a rccent cxperimental study of the water blast loading of a sandwich with
a multilayered pyramidal lattice structure (Fig. 1) [9]. In this study, a Dyno-crusher test methodology (Fig. 2a)
was utilized to create a planar pressure pulse by using an explosive sheet in water (Fig. 3), with incident
impulse Iy = 5.2kPas. This pressure front interacted with the wet side of the sandwich panel, resulting in
momentum transfer and acceleration of the face. Subsequent core crushing (with accompanying reaction
forces) decelerated the face, arresting it after a crushing strain of about 50% (Fig. 4a). The test revealed that
the stress transmitted through the core (Fig. 5a) was reduced by more than a factor of 25, while the pulse
broadened from its incident value of ~0.1 ms in the water to ~1.7ms. To fully interpret this information,
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All dimensions are mm

(a)

—_

® A

Fig. I. (a) The geometry of the multilayered pyramidal lattice core sandwich panel and (b) its unit cell dimensions.

analysis is needed, because the stress/time waveform is influenced by the test apparatus. Developing such
analysis is the primary objective of this article.

The specific objective is to fully understand the significance of these observations and measurements by
using a dynamic finite element analysis of the experiment, followed by the development of analytic
representations that relate the test results to the performance of panels subject to water blast. We describe the
sample geometry and essential details of the test, which become inputs to the dynamic analysis. One outcome
will be a quantification of the dispersion of the incident pressure pulse enabled by sequential crushing of the
multilayered structure.

2. The Dyno-crusher test

The Dyno-crusher experiments were conducted with cylindrical sandwich panels made from 304 stainless
steel (Fig. 2b). The core had a relative density of 9% with the mass distributed equally between the seven layers
of truss elements and the six intermediate face sheets. The structures were fabricated by a brazing method (see
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Explosive sheet
(203 mm x 203 mm x 1 mm)
Detonator

/ Blast wave
| propagation

----- Cover plate

\ Test sample

= Strain gage

Specimen tray

Gage column

Gage column tray

Strain gage

(a)

Fig. 2. (a) A schemalic of 1he Dyno-crusher tesl. (b) The mulilayered pyramidal core sandwich panel lesled in (a). (c) The solid aluminum
alloy cylinder with the same dimensions as the sandwich panel shown on (b).

Ref. [9] for details). The 304 stainless steel alloy in the as-brazed condition had a Young’s modulus,
E =200 GPa, a quasi-static yield strength ¢, = 189 MPa, a tensile strength gyrs = 600 MPa, a ductility of
50% and a tangent modulus Et = 2 GPa. The dynamic properties are similar to those of othcr austenitic
stainless steels [10]. In quasi-static compression, the material crushes at plateau stress, o.usn =4 MPa and
begins to densify at 60% strain [9].

The sample was placed flush with the top surface of a thick metal plate with a 203 mm diameter ccntral hole
(Fig. 2a). A 0.9m diameter cardboard cylinder was placed above the sample and filled with water to a depth of
1 m. A I mm thick, 203 x 203 mm diameter explosive sheet was centrally positioncd 100 mm above the center
of the test sample. The explosive was detonated from the center of the top surface, imposing the prcssures on
the wet face indicated on Fig. 3. When the pressure reflected. the cardboard cylinder disintegrates eliminating
some of the momentum imparted by the cavitated water {S]. The pressure on the bottom surface of the tcst
sample was measured using pre-calibrated strain gauges attached to four pedestals that supported thc sample.
A dynamic calibration was conducted by replacing the sandwich panel with a solid 6061-T6 aluminum alloy
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Fig. 3. The characteristics of the impulse generated in the Dyno-crusher tests obtained by independent calculation [12]. Also shown is the
pulse used in the present simulations (solid line).

block (Fig. 2¢) having identical exterior dimensions and exposing it to the same explosive loading. Thc stress-
time pulse transmitted in these tests is presented in Fig. 6.

3. The numerical model

Simulation of the 3D (fully meshed) truss system is computationally impractical. Instead, a continuum
representation of each layer is required (Fig. 7a). A dynamic constitutive law, and an assessment of its fidelity,
has been provided elsewhere [11-13]. The input stress/strain curves have been obtained using dynamic unit cell
calculations conducted for the truss members [13]. For all simulations, the commercial finite element code
ABAQUS Explicit has been used [14].

The pressure/time/radial location (p, t, r) characteristics for the incident impulse imposed at the top of thc
column are chosen to duplicate values calculated when the impulse reaches the panel (Fig. 3) [15]. The impulse
is regarded as planar and represented by a pulse (Fig. 3, solid line), having cquivalent peak prcssure and
impulse. That is, the small time delay between the arrival of the impulse at the center of the panel and the
perimeter is ignored. Because an axi-symmetric model is required for computational tractability, the four
separate gage columns cannot be reproduced. Instead, a single central column is used having the same total
cross-sectional area as the four columns. A spring and a dashpot have been introduced beneath the column to
address the elasticity and energy absorption of the base. The coefficients of the spring and dashpot are
calibrated by using the simulation model in Fig. 7b for the reference test, as described below. To duplicate the
measurements it has been found that the spring and dashpot must be connected in parallcl (not in series).

In order to delve into possible discrepancies with experiments caused by the homogenization, the 3D unit
ccll model depicted on Fig. 7c has been constructed, with symmetry boundary conditions imposed on the four
sides. Following prior assessments [11,13], small imperfections have been introduced into every truss member
with the shape of the first buckling mode (Fig. 7d). The response of the 3D model when exposed to dynamic
compression at high strain rate (corresponding to a face velocity, 100 m/s) is depicted in Fig. 8. Note that the
system collapses at a nominal stress, o.usn & S MPa, somewhat larger than that for quasi-static crushing [9,16].
As this proceeds, stress drops occur, attributed to sequential member buckling, exemplified by that occurring
at time ¢. The final peak, at time f, occurs because of contact between the back face and the core members
located within the bottom layer.
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(b)

(c)

Fig. 4. The seven-layer truss panel after testing. (a) Experimental sample. (b) The numerical model with homogenized cores. (c) 3D unit
cell model.
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Fig. 5. (a) The pressures transmitted through the multilayered pyramidal panel measured at the gage columns. (b) The corresponding
transmilled impulses. Comparisons between the measurements and the calculalions conducted using 1he continuum model are shown.

4. Calibration of the system compliance

The coefficients of the dashpot and spring have been calibrated by the reference test conducted using the
solid Al alloy cylinder. Initial calculations performed by assuming that the base is rigid (Fig. 6a) gave stresses
much higher than measured levels, accompanied by violent oscillations. The discrepancy has been attributed
to the viscoelastic response of the base. Accordingly, the calculations were repeated by incorporating a spring
to represent the elasticity of the base. The spring influences the spacing between the stress oscillations. By
adjusting the spring stiffness, k, the separation between peaks has been matched, as shown in Fig. 6b. When
matched, the first peak coincides closely with the measured value. The dashpot determines the height of the
ensuing peaks. A best match has been obtained by selecting the appropriate viscosity, n, as shown in Fig. 6c.
The values of k and n determined in this manner are regarded as the calibration levels applicable to the system.

Additional insights about the test emerge from comparisons of the measured and calculated variations in
impulse with time (Fig. 9). The transmitted impulse, IT, calculated using a rigid base is essentially the same as
the measured value. Moreover, both are twice the free field impulse, It = 21, consistent with the magnitude of
the pulse reflected back into the water (Fig. 10) {17]. Howcver, the impulse calculated in the presence of the
supports exceeds 21,. The reason is evident from plots of the velocity field in the water at various times aftcr
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Fig. 6. Transmitted pressures obtained from the simulations of the reference test. (a) Assuming that the base is rigid. (b) After
incorporating a spring to represent the elasticity of the base. (¢) Upon further adding a dashpot to address the energy absorption of the
base. Also shown on each figure is the transmitted pressure obtained from the experiments. Note the differences in scale on the ordinate of
each figure.
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Fig. 7. Illustration of the finite element models. (a) The axi-symmetric continuum model for the Dyno-crusher test. (b) The reference test
used to calibrate the model. (c) The 3D unit cell model constructed to delve into possible discrepancies between experiments and
continuum simulations. (d) The first buckling mode of a single pyramidal core unit, used to incorporate imperfections.
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Fig. 8. Deformed shapes of 3D one-unit column of seven-layer core at six different times during crushing at high strain-rate (face velocity

100 m/s). Also shown is the corresponding temporal dependence of the transmitted pressure. Comparisons reveal that member buckling in
sequential layers cause a series of stress drops.

detonation (Fig. 10). Soon after the initial impulse (= 0.4 ms) the water near the cylinder has positive vclocity
(downward is assigned to be positive, consistent with the analytic estimates described below): that is, adjacent
to the cylindcr, it is moving downward as the system compresses. At a later time, the stress on the supports
decreases, resulting in a spring back effect that causes the water near the cylinder to develop negative (upward)
velocity. Consequently, the water delivers another (smaller) impulse. The consequence is a second reflected
wave, evident at 72 0.8 ms. This additional impulse causes It to exceed 2/,. This impulse is not delivcred in the
experiments because the cardboard containment cylinder bursts before the spring back event takes place.

5. Transmitted pressures and crushing strains

The response of the multilayer pyramidal structure has been ascertained by using the same calibration
values for the spring stiffness and viscosity. Initial simulations have been performed by placing the panel on a
rigid base (no gage column) and computing the back-face stress and impulse as a function of time. For this
boundary condition both the continuum and 3D models can be used. The transmitted stresses are plotted on
Fig. 11. Notc that the stresses determined using both models are consistent. Namely, dynamic crushing again
occurs at a nominal stress, o.ush S MPa. However, the oscillations in stress causcd by sequcntial layer
buckling are missed when the continuum model is used. This deficiency is believed to be the source of thc
discrepancy between measurement and calculation discussed next.
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Fig. 9. Transmitted impulses in the reference test. (a) With gage column included. (b) Gage column replaced by a rigid base. The
experimental measurements and simulations are compared.

When the support column is inserted, the stresses calculated at the strain gages (Fig. 5a) differ from thosc
determined using a rigid base (Fig. 11). The difference is attributed to stress wave effects occurring in the
columns and supports. In particular, the stress at the first peak is higher (10 MPa instead of 5 MPa) because the
column acts as a wave guide. Thus, the stresses measured at the gages are not the same as the stresscs
transmitted through the core. This is the manifestation of the influence of the apparatus on the measurements.

The continuum simulations rcproduce the initial pressure pulse with excellent fidelity (Fig. 5), but miss some
of the ensuing details. The three basic discrepancies are as follows: (i) The crushing duration required to fully
compact the core, f.ysn = 1.3ms, is less than the measured crushing duration, f.q, = 1.7 ms. (ii) There is a
corresponding difference in the total transmitted impulse (Fig. 5b): It~ 6.5kPas instead of It~ 8kPas. Note
that both are larger than the free field impulse but smaller than the impulse imparted to the solid Al alloy
cylinder. (i) The third pressure peak found in the experiments, occurring at time, f = 1.2ms, is not
duplicated. These discrepancies are attributed to the absence of discrete load drops in the continuum
simulations (noted above). Attempts to introduce additional featurcs into the continuum model to capturc
thcse events have not been insightful.

The variation in the velocity of the wet face with time, plotted in Fig. 12, provides insights about the
response to be pursued in the following section. The result when the face arrests predicts the crushing strain
(Fig. 4), ecrusn = 0.5. This strain closely reproduces the measurements, contrasting with the discrepancies in thc
stresses and in the impulse.
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Fig. 10. Velocity fields in the water adjacent to the solid cylinder at two different times (0.4 and 0.8 ms; corresponding to two of the circles
marked as A and B in Fig. 6b). Note the large reflected pressure pulse at 0.4 ms caused by the primary impulse from the explosion. The
smaller, secondary pulse at 0.8 ms is caused by spring back of the support structure and gage column. It is responsible for the larger
impulse obtained in the simulation than in the measurements.
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Fig. 11. The transmitted pressures at a rigidly held bottom face (absent support columns) comparing the continuum and 3D simulations.

It is concluded that a combination of Dyno-crusher tests with simulations conducted using a dynamic
constitutive law and a 3D unit cell enable a comprehensive assessment of the response of multilayer sandwich
structures to water blast. The method provides insight into the fluid/structure interaction, especially the
relation between the core characteristics and the momentum imparted to the structure. This feature is
extended in the following section into analytic estimates.
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Fig. 12. Velocity of the top face as a function of time determined by simulation. Also shown is the prediction from Eq. (A.1) with ¢
determined by Eq. (A.3).

6. Analytic estimates

Front face velocity: A modified Taylor solution relates the peak velocity acquired by the top face, vp,c., to the
incident impulse [3-5]:

_ Po —1./1 28 O'CLD —ﬂfc/fo_l+ﬁ -fc/’O_o'(‘:(_D 1
et [e +<1—/3+ 20 )¢ T—5° 70 )

wlw

with,
B = pchIO/mf,

te = to(In B)/(B = 1),

where p,, and ¢, are the density of the water and its sound speed, respectively, my is the mass per unit area of
the front face and ¢ is the time when the front face reaches the maximum velocity (with time commencing
when the blast first arrives at the structure); § is the fluid-structure interaction parameter; py and ¢, are the
peak pressure and decay time for the impinging wave, respectively, with the blast impulse, Iy = poto [3- 5]. Here
6$p is the “dynamic yield strength” of the core. It is the stress imposed by the core on the top face when the
face velocity is at its maximum value. It can be estimated using [18]

1+ E<H“°—°—1)], )
E \cqey

where oy and &y are the yield strength and yield strain of the constituent material at the imposed strain rate

(that is, at strain rate, v,/ H,, with H, the total core height); 5 is the relative volume density of the core; ¢, is

the speed of elastic wave. (This formula differs from that for a square honeycomb core by a factor of 0.5,

reflecting the 45° inclination between the truss members and faces [16]). Combining (1) and (2) provides an

implicit expression for vg,.. and o$p. The accuracy of the analytic predictions is demonstrated by comparing
the temporal dependence of the front face velocity with the simulated result (Fig. 12). Moreover, we note that

oyp ~ 0.50vyp
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Vrace 18 relatively insensitive to a5, such that equally good correlations can be obtaincd by simplifying (2) as:
oyp = 0.50vp.

Velocity of cavitated water: When 1 = 1., the water begins to cavitate at location, x = x. (with x = 0 defining
the position of the front face) [3-5]:

O.C
Xe = —0.7lcy1o 2, 3

Po
The cavitation front moves through the water, away from the panel. It rcaches the surface in a time frame
much shorter than the core crushing duration, #..s,. Subsequently, the cavitated water moves roward the panel
with velocity, v(x), [5]:
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