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Crushing of a Textile Core Sandwich Panel
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A class of textile core sandwich structure is investigated with respect to their ability to absorb transverse com-
pressive load. To this end, experimental observations are compared to numerical simulations for cores made from
precrimped woven wire cloth laminated together via transient liquid-phase bonding. The experimental observa-
tions show that this structure exhibits key properties for being a promising load-absorbing structure, for example,
impact and blast protection. Matching numerical simulations show that the behavior can be captured with sim-
ulations and that a relatively simplified scheme can be used. The simulations also suggest sensitivity to the local
topology in absorbing energy, as well as explaining the somewhat unexpected deformation behavior observed exper-
imentally. Multifunctionality, owing to the accessible open space between cells, coupled with attractive compressive

behavior is achieved.

Nomenclature
d = diameter of the truss (wire diameter)
E = Young’s modulus of the material comprising the trusses
G¢ = shear modulus of the truss core
R = radius of the truss, d /2
r = radius of the connecting element in the woven structure
w = opening width (distance between wires)
Peore = relative density of the truss core
oy = yield strength of the material comprising the trusses
oy = compressive strength of the truss core
Ty shear strength of the truss core

I. Introduction

IGHTWEIGHT metallic materials based on topologically con-
figured cellular trusslike cores and dense face sheets have

recently been demonstrated to provide several advantages over com-
peting concepts, such as cores made from more traditional materi-
als such as hexagonal honeycombs or stochastic foams.!~ Panels
with a stochastic cellular core are not particularly weight efficient.®
However, panels with periodic truss cores, for example, tetrag-
onal and pyramidal topologies, exhibit superior thermostructural
characteristics® and are at least as weight efficient as the best com-
peting concepts, for example, honeycombs, especially for curved
panels.®” The mechanical benefit from topologically configured
cores lies in the ability for individual truss members within the core
to absorb external core loads initially as local tensile or compres-
sive truss loads only, with no bending of the trusses. When realized,
core properties are related to relative density in a substantially linear
way!73:
G(/E = Alécorea T; /UY = Bﬁcores U;/GY = Cﬁcore (1)
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where A, B, and C are a function of truss architecture, load orien-
tation, and node design.

Because of the open space between cells, topologically config-
ured cores provide opportunities for multifunctionality of a struc-
ture. For example, a sandwich panel designed for its traditional task
(transferring bending moment as coupled pairs in the face sheets
and shear stress in the core) could also function as an impact and
blast protection device by absorbing loads striking perpendicular to
the panel plane. Long, flat stress—strain curves with plastic collapse
occurring at a constant (plateau) stress are desired. For trusslike
core structures with open interconnected porosity, the aligned chan-
nels also provide the needed space for flow of a cooling medium
within the structure. This might be advantageous for components
subjected to elevated temperatures, for example, hypersonic vehicle
airframes, power electronics heat sinks, etc.’ For a topologically
configured core to achieve multifunctional goals at optimum me-
chanical performance, it is important that the material properties
of the base are good, that the nodes (the joints of the trusses) are
well designed (to avoid introducing local bending moments into the
trusses), and that the trusses adhere nearly perfectly to the face sheets
and adjoining trusses.®~!° However, manufacturing of topologically
configured cores with these characteristics can be a challenge from
both an economic and technical standpoint.'!

An alternative and compromise in design criteria and manufactur-
ing techniques for topologically configured materials, for example,
honeycombs and cast trusslike structures, involves metallic sand-
wich panels with textile cores (Fig. 1).!" This relatively inexpensive
approach to fabricating miniature metal trusstype structures'!!? is
based on a recognition that high structural quality porous metal ob-
jects have already been made for many years by taking wrought
metal wires and weaving them into bundles. Woven wire cloth,
braided cables, and knitted metal fabrics are good examples of
this.!® The textile approaches used to create such articles are very
well established and relatively inexpensive. Furthermore, a host of
base metal choices are available. Virtually all metals can be drawn
into wire and then woven, braided, or knitted into a variety of fil-
ament arrangements, such as dutch weave, hexagonal mesh, three-
dimensional weave, crimped mesh, and triaxial weave.?

However, conventional metal textiles are unsuited for most
multifunctional applications because the metal contacts are not
normally bonded and the articles are thin (exceptions include three-
dimensional woven articles). By lamination, many of these short-
comings can be overcome.!"'!? Several base metal types and core
architectures have been produced.'? The aligned porosity provides
the open space needed for other functionalities (heat exchange,
fuel storage space, conduits for wiring and piping, etc.). Efficient
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in-plane load support, good mechanical energy absorption, and high
convective heat transfer with low pumping requirements have been
observed. 111214

Consider the sandwich structure shown in Fig. 1, where improved
shear stiffness and strength (as needed for the cores of sandwich
structures subject to bending) can be achieved by having the core
porosity take on a diamond-oriented pattern (wires rotated 45 deg
within the face sheets). The relative shear stiffness and strength (for
bending about the lamination plane) for panels made in this fash-
ion should be about twice that of hexagonal honeycomb because
all of the wires get loaded on panel bending (and core shearing)
with virtually no wasted material. However, the structure is highly
anisotropic. In the following sections, we will investigate a model
system based on the diamond-oriented weave to evaluate the crush-
ing performance of this class of system. Experimental investigations
will be compared to numerical simulations to illustrate the physical
behavior and show that a simplified analysis is possible to estimate
the load capacity of this truss core sandwich structure.

II. Experiment

Experimental aspects of the structure being investigated be-
gan with precrimped-type 304 stainless-steel wires (diameter
d =1.2 mm) woven together forming a distinct squared pattern

Heat
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H Pressure /

~| d

Pressure

Fig. 1 Unit cell and method for fabricating sandwich structures with
textile cores.

(opening width w = 6.4 mm). The crimps are knuckles in the warp
and weft wires that lock the wires into place and are formed with
a crimping machine before to weaving. Weaves of this type are ad-
vantageous because the wire spacing and amount of wire bending
are very accurate and precise. Relatively easy pore alignment for
these types of meshes leads to high-quality cellular structures with
full nodal contact between laminas, albeit, at additional cost.

To fabricate the cores, the mesh were aligned and laminated
(20 ply) together in high vacuum using Ni-25Cr-10P as the tran-
sient liquid-phase bonding alloy. Details of this process may be
found in Refs. 11 and 12. Two types of structures were made, one
with and one without face sheets. The sample without face sheets
(Fig. 2) had a height of 53.8 mm, width of 56.2 mm, and thickness
of 39.7 mm. The sample with face sheets (Fig. 3) had 57.3 mm
(core height = 53.5 mm), 56.2 mm, and 38.0 mm, respectively. The
1.91-mm-thick face sheets were transient liquid-phase bonded in
a second heating. The final core relative densities were both 17%.
Note that this is a model system to explore the feasibility of the
structure. We do not expect that this material system made from
steel is in particular suitable for lightweight aerospace structures.
‘When made from more common aerospace alloys such as aluminum
and titanium, geometrically identical structures should behave me-
chanically similar but with properties scaled according to stiffness,
strength, and density of the parent alloy.

A convenient way to test the success of the structure is to com-
press it out-of-plane. Not only is this a relatively simple test method,
but it also subjects the core to the most severe loading condition it
can experience.® For trusslike core structures, experimental results
are not readily available in the literature. However, related struc-
tures, such as honeycomb? 322 and foam cores®?*2* have long been
studied for their resistance to compressive loading. Failure always
initiates at a local imperfection, commonly leading to the formation
of a localized shear band, leading to the final failure.

Both structures were quasistatically compressed to quantify me-
chanical performance and demonstrate their ability to absorb en-
ergy transverse to the primary plane. Eight snapshots of the struc-
ture during deformation are shown in Figs. 2 and 3, showing the

Fig. 3 Deformation during crushing for diamond weave core sandwich structure (with facesheets).
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Fig. 4 Stress-strain behavior for diamond weave core structures.

undeformed configuration (0%) and at various stages of compaction
up to the maximum deflection (70%). The measured stress—strain
curves are presented in Fig. 4. The constitutive responses initially
show a small region of near linear-elastic behavior and, thereafter,
a region where the stress increases only marginally for increas-
ing strain (more so for the sample with face sheets). This is typi-
cal of many cellular solids and shows potential for absorbing large
amounts of energy while minimizing and controlling the generated
stresses. The initial nonlinear-crushing stress is about 5 MPa for
both cases. The sustained crushing stress is about 7 and 10 MPa
for the cases without and with facesheets, respectively. Significant
strain hardening occurs for the configuration with facesheets. The
absorbed energy within the core at maximum strain was 9.8 J/cm?
(7.2 J/g) for the configuration with face sheets and 6.3 J/cm? (4.6 J/g)
for the configuration without.

The crushing response depends on the presence or absence of
facesheet constraint. When facesheets are present (Fig. 3) the crush-
ing is initiated by collapse of the center diamond followed by the
development of deformation bands, stretching from the corners to
the center. In the section Numerical Simulations, it will be shown
that this is a “global” failure mode, depending on the geometry and
boundary only and is not caused by local imperfections.

Absent facesheets to control the deformation (Fig. 2) a local-
ized diagonal shear band of deformed trusses is formed, eventually
leading to final collapse of the core. The structure and the load are
symmetric. If failure were driven by a global failure mode, as in the
case where facesheets are present, the deformation should be sym-
metric and not localized to an unsymmetric shear band. Thus, the
experimental observations imply that failure is governed by imper-
fections, which could lead to a range of failure modes and deforma-
tions depending on defect location, type, and severity. Experimental
observations of cellular foam and transversely loaded honeycomb
structures show a similar behavior involving localized failure modes.
Theoretical investigations designed to help explain these behaviors
have shown that failure initiates within the weakest point of the struc-
ture, instigating more extensive failure along crush bands.'®:24:23

ITII. Numerical Simulation

The focus of the numerical simulations is to develop a model
that can simulate the compressive behavior for the structure with
facesheets. We will not attempt to simulate the behavior for the
structure without facesheets (Fig. 2) because it is defect sensitive,

not an intrinsic behavior of the structure, and similar behavior has
been observed and modeled for related structures.'®!” In contrast,
the failure response for the structure with facesheets (Fig. 3) has
not been accurately reported to our knowledge. We will see in this
section that the crushing behavior is directly linked to the boundary
conditions and the geometry, hence a global structural behavior, and
not dominated by imperfections.

To this end, we will explore a simplified method to simulate the
response of the structure (without having to model all detailed con-
stituents) and attempt to explain the initiation and evolution of the
failure during crushing.

A. Model Definitions

To keep the numerical simulations tractable, we will investigate
a two-dimensional system, simulating only one ply of the structure.
We will show that this can be sufficient to capture the general be-
havior of the structure during deformation. Thus, only one layer
is simulated. The commercially available finite element program
ABAQUS? is used.

Two approaches for modeling the woven structure are considered:
1) assume that the nodes meet in one plane, “flat structure,” and
2) assume, more accurately, the woven structure where the wires
cross with an offset of the dimension of the wire, “woven structure.”
In the latter case, the (physical) nodes are simulated with a stiff beam
element. In addition, two topological configurations are studied: 1)
with a diamond in the center (Fig. 5a) and 2) with a nodal point
in the center (Fig. 5b). In all cases, three-node beam elements are
used to simulate each truss segment. Each physical truss is modeled

NANNNNNNNNNNNNN

Fig. 5 Models capturing types of morphology and boundary condi-
tions: a) diamond-centered structure, b) node-centered structure, and
¢) boundary conditions corresponding to infinite structure.
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by 25 finite elements, to capture the complicated deformation be-
havior of the structure. In each case, out-of-plane deformations are
prohibited, to simulate the support provided by surrounding plies.
The boundary conditions are schematically shown in Fig. 5. The
facesheets are considered stiff compared to the structure and are in-
corporated as boundary conditions (Fig. 5), not modeled explicitly.
For comparison, we will also investigate a model corresponding to
infinite width or laterally constrained core. To this end, additional
side boundary conditions have been included (Fig. 5c).

The model includes the elastic-plastic material properties mea-
sured for type 304 stainless steel as used in the testing.?” This metal
exhibits almost linear hardening beyond yield with a 0.2% offset
yield strength, o, =217 MPa. The hardening rate beyond yield can
be characterized approximately by a hardening modulus H =do/
de =2.5 GPa. Handbook values for this alloy in the annealed con-
dition are £ = 193 GPa and oy =205 MPa (Refs. 11 and 12). The
truss diameter is set to 1.2 mm and the opening width to 6.4 mm.

B. Results from Numerical Simulations (with Facesheets)
Qualitatively, models simulating the case with facesheets capture
the experimental behavior well, as can be seen by comparing Figs. 6
and 3. For the diamond-centered structure (Figs. 6a and 6b), the de-
formation is characterized by the center diamond collapsing along
with a cross band reaching from each of the four corners toward
the center. There is no noticeable difference between the collapse
behavior for the flat vs. the woven structure (Figs. 6a and 6b, respec-
tively). The numerical analyses of the node-centered model (Figs. 6¢
and 6d) show that the diamond above the center node initially de-
forms at a higher rate than that of the surrounding nodes. As the

i

¢) Node centered, flat

E a

d) Node centered, woven

load increases, adjacent diamonds in the horizontal planes begin
to collapse as well. Like the diamond-centered model, differences
between flat and woven structures are virtually indistinguishable.
Note that at 30% strain, some nodes and elements are above the
imaginary line of the upper facesheets (Fig. 6). This is because the
facesheets are simulated only by the boundary conditions as shown
in Fig. 5. During the actual test (Fig. 3), or if the facesheets had
been modeled using a contact analysis, these nodes and elements
get pushed down by the facesheets. Thus, this is where the model
reaches its limit.

Note that the models do not incorporate the contact between
trusses as they collapse onto each other, observed experimentally
for deformations higher than 30%. This could be incorporated in
the model, but we have omitted that for simplicity at this stage.
Hence, we limit the discussion of numerical simulations up to 30%
of the total deformation range.

The crushing and instability problem considered here exhibits
a special interesting evolution. In traditional instability problems,
for example, Euler buckling, a small imperfection needs to be im-
posed into the finite element model to achieve instability or buck-
ling (unless special routines simulating instabilities are used, of
course). However, due to the geometry of this structure, no such
imperfection was needed. This is due to the combination of free
vertical boundaries in combination with the constraint from the face
sheets, as discussed in the analogy discussed in the Appendix. This
type of boundary condition compromises the ideal design of a core
truss structure, requiring the trusses to absorb a transverse force and
bending over the truss at larger deformations. Hence, the trusses
will buckle in asymptotic buckling.?® Numerically, this is possible

Fig. 6 Evolution of deformation for four models (with facesheets).
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Fig. 8 Force-displacement for four models and comparison to mea-
sured data (with facesheets); displacement normalized with initial
height.

because beam elements are used, which indeed can transfer both
shear forces and bending moments. For the physical structure, bend-
ing of the trusses is possible because the joints between them are
stiff and strong enough to absorb a bending moment. Also, the truss
will start to yield early during loading and accelerate the bending.
Moreover, observe that the overall geometry gives rise to higher
stresses in the center of the structure. The stress rising effect can
be seen by studying a homogeneous, isotropic squared plate as dis-
cussed in the Appendix, where it is seen that the stresses have a
local maximum at the center. Thus, for the case where facesheets
are present, the geometry lends itself to a stress raiser in the center
of the squared structure, serving as a nucleation site for the collapse.
As a comparison, consider the situation where the core has a high
aspect ratio, namely, where the width is significantly larger than the
thickness. The boundary conditions shown in Fig. 5S¢ describe this
case, with the results presented in Fig. 7. Thus, this simulates a later-
ally constrained core with large aspect ratio. Here, the deformation
is uniform, and crushing can only be achieved by imposing imper-
fections, for example, as done by Chung and Waas'"!7 to simulate
crushing of a honeycomb core.

The quantitative results are monitored in a force-displacement di-
agram (Fig. 8). The node-centered models give a stronger response,
the nonlinear part of the curve initiates at higher loads compared to
the diamond-centered model. This follows directly from the stress-
rising effect discussed earlier and in the Appendix. Here, when a
centrally located diamond (diamond-centered model) resides at the
place of highest stress, the sample begins to collapse at lower loads
than the situation when diamonds are located slightly above or below
center (node-centered model). However, as the structure is crushed,
the response is distinguished by the woven structure exhibiting a
higher strain-hardening modulus. Thus, the local topology becomes
more important than the overall topology. This may not have been
expected, considering that instability problems are imperfection sen-
sitive and that the woven structure simulates the intertwining nature
of the wires. However, the modeled woven structure effectively has
a stiffer and stronger physical node, reducing the rotation therein,
resulting in higher yield strength, plateau stress, and more energy-
absorbing response.

The stiffness and strength of the physical node can be changed
in the numerical model, by changing the radius of the element con-
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Fig. 9 Force-displacement diagram for various stiffnesses of joints in
woven model: diamond-centered woven with facesheets.

necting the two woven layers (as described in the preceding sec-
tion). The force-displacement results are shown in Fig. 9, for the
diamond-centered, woven case. For Figs. 68, the nominal radius
r of this element was twice that of the trusses in the structure, R.
Using smaller radii for the connecting elements (r/R =% and 1,
respectively) results in a lower yield strength and plateau stress than
that of the flat structure. Interestingly, the stiffness and strength of
the connecting beam reaches a saturated value for 7 /R > 2, as seen
in Fig. 9. Experimentally, this may suggest limits on the amount of
bonding agent needed.

Finally, we will quantitatively compare the numerical result to
the experiments. The left ordinate in Fig. 8 corresponds to the force
required to compress one layer with data directly obtained from the
simulations. To compare this to the test results shown in Fig. 4, the
corresponding average stress for the structure is exhibited on the
right ordinate. In the experiment, stress is determined as measured
force divided by sample area (56.2 x 38.0 mm?). For the simula-
tions, the equivalent stress is determined by multiplying the individ-
ual ply force by the number of ply in the sample (20) and dividing
by the area. The results show that the woven structures simulate the
experimental results well regarding the initiation of the nonlinear
region. However, the numerical simulations tend to underestimate
the strain hardening, which is, again, likely due to a weaker sim-
ulation of the physical nodes and the omission of contact between
the trusses in the numerical model. Nonetheless, when the overall
complexity of the deformation is considered, the modeling approach
appears to have much merit.

IV. Summary

The crushing of a diamond-weave textile core sandwich panel
produced through a novel fabrication technique has been investi-
gated, both experimentally and numerically. This type of structure
shows much potential for multifunctional load support. In this study,
we have investigated its potential for serving as a panel with en-
hanced capability for absorbing compressive loads perpendicular
to the facesheet plane. Experimental crushing observations show
a large region where the response involves nearly constant force
during crushing, a key feature for materials suitable for impact and
blast protection. The numerical simulations, limited to the case of
facesheets, show that the structure can be modeled efficiently by a
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Fig. A1 Stress distribution of squared cross section, subjected to uni-
form displacement 6.

simplified, two-dimensional approach. The simulation also suggests
that perfectly bonded woven structures can potentially absorb more
energy than an ideal one-dimensional flat grid structure.

Appendix: Compression of a Solid, Isotropic,
Rectangular Plate

Consider an elastic plate of unit thickness with width a and
height /. We attach a coordinate system where the x direction spans
the width and the y coordinate the height. If the boundary condi-
tionsu(x =0)=0,u(x =a)=0,v(y=0)=0,and v(y =h) = -4,
where u and v are the displacement in x and y, respectively, are
applied, the stresses o,, and oy, in the x and y directions follow
directly from Hooke’s generalized law:

Oxx = %‘E(S/b)7 Oyy = ﬂE(S/b) (A1)

where E is the elastic modulus and for plane stress,

E=vy,  n=1/1-v) (A2a)
and for plane strain,
£=v/(1—-v)n, n=>0-v/A+vd-2v) (A2b)

where v is Poisson’s ratio. We note that the stresses are uniform.

When the boundaries conditions are changed so that u(y = 0) =0,
u(y=h)=0, v(y=0)=0, and v(y =h)=—4, thus leaving the
edges at x =0 and x =a free to deform, a closed-form solution
cannot be achieved. (No such solution is known to the authors.) The
solution from a finite element calculation for these later boundaries
is shown in Fig. A1, displaying Mises stresses [normalized with o,
in Eq. (A1)]. In this case, we have assumed a = A. It is evident that
the stresses are not uniform. The stress concentration in the corners
follows from the boundary conditions. Interestingly, this solution
also has a local maximum at the center of the structure. This stress
distribution is what we believe causes the failure to initiate in the
center diamond (Fig. 3).
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