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Summary

This report documents the addition of cohesive wedge elements into the 2017 beta
version of the Elastic Plastic Impact Computation (EPIC) code.! These elements
allow the attachment of triangular-faced tetrahedral elements. This new capability
allows symmetric brick elements (24 tetrahedral elements arranged in a
hexahedron) to be attached to other symmetric brick elements using one layer of
cohesive wedge elements. The cohesive wedge elements use the cohesive material
model implemented previously by Beissel? to simulate bond strength. The
advantage of using cohesive elements, instead of solid elements, is that very thin
layers can be used without affecting the time increment.

Johnson GR, Beissel SR, Gerlach CA, Holmquist TJ. User instructions for the 2017 beta version
of the EPIC code. San Antonio (TX): Southwest Research Institute; 2017 Dec.

Beissel SR. The addition of a cohesive model to the EPIC code for simulating interfaces in
composite materials. San Antonio (TX): Southwest Research Institute; 2016 Aug. Report No.:
18.19018/017.
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1. Introduction

In the fabrication of armor, components are often attached together using adhesives,
and it is of interest to know how this “bonding layer” affects armor performance.
Modeling adhesive layers using solid elements is generally not feasible because
these layers are typically very thin, requiring a very small time increment and very
long computing times. In 2016 Beissel implemented cohesive hexahedral elements,
and a cohesive material model, into the Elastic Plastic Impact Computation (EPIC)
code.! This allowed for solid hexahedral elements to be attached to other solid
hexahedral elements using one layer of cohesive hexahedral elements. The cohesive
elements are used to represent the adhesive between two joined materials and the
cohesive material model is used to describe the adhesive strength. The advantage
of using cohesive elements, instead of solid elements, is that very thin cohesive
elements can be used without affecting the time increment. Beissel used these
elements to successfully model the bonding and delamination of metal plates
subjected to sphere impact, but the deformations were relatively small.

The US Army Combat Capabilities Development Command (CCDC) Army
Research Laboratory (ARL) recently identified a lack of robustness when these
elements were subjected to large deformations resulting from projectile impact and
perforation.? Because of this limitation, the CCDC Army Research Laboratory
provided funding to develop cohesive wedge elements to attach symmetric brick
elements (24 tetrahedral elements in a hexahedron). Symmetric brick elements have
been shown to be very robust for severe distortions. The remainder of this report
presents an overview of how to use cohesive wedge elements in EPIC, and some
example computations to verify that they are behaving as intended.

2. Using Cohesive Wedge Elements in EPIC

Figure 1 presents the geometry of a single wedge element and four wedge elements
arranged in a hexahedron. This four-wedge arrangement is used to attach two
symmetric bricks. A new feature developed under this effort allows a plate,
comprising four wedge elements, to be generated with the EPIC plate generator.
The wedge element becomes a cohesive wedge element when its response is
defined by the cohesive material model, implemented in 2016.! The cohesive
material model is simple and efficient, and requires only five constants. Figure 2
presents a schematic of the cohesive strength model and the EPIC input required to
define it.
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Fig.1  Schematic of a single wedge element (left) and four wedge elements arranged to
connect two symmetric bricks (right)
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Fig.2  The cohesive material model and input cards required to define its response

The top of Fig. 2 shows the form of the cohesive material model, where the strength,
o, is presented as a function of the normalized separation distance, A. As the
separation increases from zero, the function increases linearly, with a slope denoted
by E. After the maximum stress of o™ is reached at A, the function softens linearly
to zero at failure (A = 1). Unloading in the softening regime occurs at a reduced
slope, so that complete unloading occurs at zero separation. With this form, mixed-
mode separation can be modeled using a minimal number of model parameters: &5
and 6f are the normal and tangential single-mode separations at failure,
respectively, and §,, = A1*6); and o *are the normal single-mode separation and peak
stress, respectively, at the transition from hardening to softening.



The fields on the two lines of input required to define a cohesive material are shown
in the lower portion of Fig. 2, where DENSITY is the material density, DELTANC
is 85, DELTATC is 6f, DELTAN* is §,,, and SIGMA* is ¢*. If the density is zero,
the cohesive material will make no contributions to the nodal masses. Similarly, if
the top and bottom surfaces of a cohesive element are coincident (thickness is zero),
then the element will make no contribution to its nodal masses, even if a positive
density is provided. A more thorough discussion on the cohesive material model,
and its implementation into EPIC, is provided by Beissel'; it is also included in the
EPIC 2017 beta version user manual.?

There are two ways of creating cohesive wedge elements. They can be explicitly
meshed using the EPIC input generator or they can be automatically inserted
between two joined materials. Each is discussed in turn.

Explicit meshing of cohesive wedge elements is done using a new feature in the
EPIC input generator. This new feature allows for a one-element-thick plate, of
multiple four-element wedges, to be generated that connects a top and bottom plate
comprising symmetric bricks. This approach allows the user to define a desired
thickness; this also allows a zero thickness to be used. There are important
requirements when using this approach. If a zero thickness is used for the cohesive
element, then the virtual-particle option (SEEK = 8 or 18) cannot be used. If a finite
thickness is used, then the virtual-particle option can be used (and is the
recommended approach), but this requires that the cohesive thickness be at least as
large as the radius of a virtual particle, R = DTMAX*VREF, where DTMAX is the
maximum time increment allowed and VREF is the reference velocity.

Cohesive wedge elements can also be inserted automatically using a new feature in
the EPIC input generator referred to as “cohesive element insertion”. Here the user
simply identifies two joined materials (they share nodes at the interface) and
cohesive wedge elements are automatically inserted in between the two materials.
This option uses the cohesive element insertion card presented in Fig. 3, where
MAT]I is the material number for the first joined material, MAT2 is the material
number for the second joined material, and MATCO is the material number for the
inserted cohesive element. This approach always inserts zero-thickness cohesive
elements, thus not allowing the use of the virtual-particle option.

COHESIVE ELEMENT INSERTION CARD (415)
[ 18 [ maT1 | maTz [MATCO]

Fig.3  Description of the cohesive element insertion card



Two additional important requirements when using cohesive elements: 1) a contact
interface is always required for any computation that includes cohesive elements
(automatic sliding is the recommended approach) and MQUAD = 1 must be used
and 2) there are no cohesive materials available in the EPIC library, which requires
all cohesive materials to be defined in the input file using the two cohesive material
model input cards presented in Fig. 2.

3. Results

The following computed results use the new cohesive wedge elements and provide
verification that the elements and new features are behaving as expected; they also
demonstrate efficiency and robustness. The computed results use the 2017 beta
version of the EPIC code.’

Figures 4 and 5 compare the computed responses using hexahedral solid and
cohesive elements, and tetrahedral (symmetric bricks) and cohesive wedge
elements. The results using the hexahedral elements are provided by Beissel' and
are used to verify the response of the cohesive wedge elements. The cohesive
material model constants used are listed in Table 1 and are also provided by
Beissel.! Figure 4 presents the initial geometry, where the left side uses hexahedral
elements and the right side uses symmetric bricks and wedge elements. Figure 5
presents a top-view comparison of cohesive element damage for computations
using 0.6- and 0.8-GPa strengths at various times after impact. A significant number
of cohesive elements have eroded as there are no elements in the circular center.
The results are very similar for both hexahedral and wedge cohesive elements. It
should also be noted that several simple computations, using four wedge cohesive
elements, were also performed for additional verification.
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Fig.4  Initial geometry for a steel sphere impacting a high-hard-steel plate bonded to a
rolled homogeneous armor steel plate using cohesive elements. The left side uses hexahedral
elements and the right side uses tetrahedral elements.



c*=0.6 GPa c*=0.8GPa

Cohesive Hex [1] Cohesive wedge Cohesive Hex [1] Cohesive wedge

Fig.5 A comparison of the computed results using cohesive hexahedral elements and
cohesive wedge elements. The comparisons are provided for two strengths (c* = 0.6 and
0.8 GPa) and are shown at t =20, 40, 60, and 80 ps after impact.



Table 1 Material constants for the cohesive material model characterizing the bond
between the two plates

Parameter Value
o5 0.1 mm
of 0.1 mm
oy 0.01 mm
g’ 0.6 GPa, 0.8 GPa

Figure 6 presents a computed result that demonstrates perforation and conversion
using cohesive wedge elements. This example computation was run in parallel
(distributed), using automatic sliding, and the virtual-particle option (SEEK = 18).
The virtual-particle option requires that the thickness, t, of the cohesive elements
be no less than the radius, R, of a virtual particle. For this example, R = 0.224 mm
and thus the cohesive elements thickness was set to 0.23 mm. Also shown in Fig. 6
are the energies of the projectile, target, and total system as a function of time; they
are all well behaved.

Tungsten carbide sphere
V =900m/s
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Fig. 6  Computed result for a tungsten carbide sphere impacting a mild steel plate attached
to an aluminum back plate using cohesive wedge elements. The sphere perforates the target,
and the energies are well behaved.

Lastly, two computations were performed to demonstrate delamination.
Figures 7-9 present the results of a steel sphere impacting a plate of Dyneema.
Figure 7 presents the initial geometry where a 12.7-mm-diameter steel sphere
impacts a 7.9-mm-thick Dyneema plate at 441 or 600 m/s (the initial geometry is
provided by Zhang et al.,* which also includes experimental results). The Dyneema
plate is modeled using four layers of symmetric brick elements, each attached by a



layer of cohesive wedge elements. The symmetric brick elements represent the
response of Dyneema using an elastic orthotropic material model that provides for
high in-plane strength and low out-of-plane strength. The cohesive wedge elements
represent the delamination strength. Figure 8 presents the result for an impact
velocity of 441 m/s, where the sphere is stopped in the panel, and Fig. 9 presents
the result for an impact velocity of 600 m/s, where the sphere perforates the panel.
The computations are robust and efficient, and produce significant delamination.
Steel sphere

D=12.7 mm
V=441 m/s

é—ma plate
AD = 7.8 kg/m?
300 mm x 300 mm x 7.9 mm

Cohesive wedge
elements with a finite
thickness = 0.25 mm

Fig. 7  Initial geometry for a steel sphere impacting a Dyneema panel at 441 or 600 m/s. The
panel consists of four symmetric brick layers of Dyneema and are connected using three layers
of cohesive wedge elements.



Sphere stopped in the target

Fig.8  Computed result for an impact velocity of V =441 m/s. The sphere is stopped in the
target and exhibits severe delamination.

t=50pus

Vr=419m/s

Fig. 9  Computed result for an impact velocity of V = 600 m/s. The sphere perforates the
target and exhibits significant delamination.

3. Conclusions

This report documents the incorporation of cohesive wedge elements into the
EPIC2017 beta version. The behavior of the cohesive wedge elements was
compared to the behavior of cohesive hexahedral elements, and they were in good
agreement. Several computations were performed using a sphere to impact various
target configurations that included cohesive wedge elements. The computed results
demonstrated robustness for configurations that produced severe distortions. The



results also demonstrated that target delamination can be represented using
cohesive wedge elements, an important characteristic observed in the Dyneema
composite panels. In addition, two methods for creating cohesive wedge elements
was also developed. They can be explicitly meshed using the EPIC input generator
or they can be automatically inserted between two joined materials.
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