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1. ABSTRACT

A frictionless contact separation treatment in a sharp-interface Eulerian framework is
presented to handle the general situation of high speed impact and separation of materials. The
algorithm has been developed for an established Eulerian based Cartesian grid multimaterial flow
code in which the interfaces are tracked in a sharp manner using a standard narrow-band levelset
approach. Boundary conditions have been applied using a modified ghost fluid method for elasto-
plastic materials. The sharp interface treatment maintains the distinct interacting interfaces without
smearing the contact zone while also removing the difficulties associated with Lagrangian moving
mesh entities in contact-separation situations. The algorithm has been tested and verified against
experimental and numerical results for three different problems in the high strain rate regime which
involve contact, separation and sliding of materials.
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2. INTRODUCTION

High speed impact leading to large deformation, penetration and fragmentation arises in
many applications including munition-target interaction[1, 2], geological impact dynamics[3, 4],
shock-processing of powders[5, 6] etc. In these situations large deformations of materials are
produced due to the propagation of nonlinear elasto-plastic shock waves generated due to the
impact. Numerical simulation of impact problems involving multimaterial interactions demands
accurate implementation of interfacial conditions at the region of impact. In Eulerian multimaterial
impact formulations[7] material interface treatments assume an artificial bonding between the
impacting interfaces of the adjacent materials because of the presence of a continuous normal
velocity field at material interfaces. Due to this, problems in which impact, separation and sliding
of materials play an important role in the dynamics are not well handled in Eulerian methods. On
the other hand, Lagrangian methods handle contact and separation rather naturally because of: a)



explicit tracking of interfaces, b) the presence of independent velocity fields in the interacting
materials and c) the kinematic contact constraints which couple the independent fields at the
impacting surface. However, in Lagrangian techniques detecting contact between surfaces can
pose challenges and maintaining “good” meshes in the course of large material deformations can
be onerous. Because Eulerian methods operate on fixed meshes while the materials flow through
the fixed (typically Cartesian) meshes, these aforementioned difficulties with Lagrangian
techniques are mitigated. Therefore, an approach that combines the desirable features of Eulerian
and Lagrangian methods for handling multimaterial interactions involving contact and separation
would be highly useful. This paper describes such an approach in a sharp interface Eulerian
framework[8] that avoids problems associated with Lagrangian mesh management while clearly
delineating interacting material interfaces and applying local contact-separation conditions.

To handle the problem of large deformations, an Eulerian formulation is an appealing
choice compared to a Lagrangian approach as problems related to mesh distortion and remeshing
of the domain can be avoided in the Eulerian setting. However, both the formulations suffer from
their own strengths and weaknesses in high strain rate problems. The relative advantages and
disadvantages of both the formulations have been discussed by Anderson[9]. In the field of contact
mechanics, much work has been done in the Lagrangian when compared to the Eulerian
framework. In the regime of high speed impact, a two-dimensional finite contact algorithm
developed by Taylor and Flanagan[10] for the PRONTO2D explicit dynamics code is a common
starting point. This algorithm has the capability to handle impact and separation of materials for
frictionless as well as frictional contact. The algorithm uses the master-slave approach to designate
impacting bodies. It is a two-step method in which first a predictor step predicts the nodal positions,
velocities and acceleration of the master body and then the corrector step calculates the force
required to prevent the penetration of master body into the slave body. This model has been used
in the regime of high strain rate problems as in the work of Camacho and Ortiz[11]. The
Lagrangian contact algorithm by Benson and Hallquist[12] developed for DYNA2D ( a nonlinear
explicit finite element software) is also well known for its capabilities to handle mechanical
interaction of two bodies or self contact in the same body. This contact algorithm has been used in
the work of Batra and Stevens[13]. Also, Belytchko et. al. [14] proposed a new contact detection
algorithm in the Lagrangian framework based on the moment method in meshfree discretization
that can handle general contact situations.

In Eulerian multimaterial impact computations the treatment of contact, separation and
sliding is not as well developed as in the Lagrangian case. One of the notable works by Benson[15,
16] to handle both frictionless and frictional contact in an Eulerian framework using a mixture
theory approach shows the capability of handling impact and separation of materials. The mixture
theory has been used to calculate the mean stress at the interface between the interacting materials.
The nonlinear contact constraint equations have been solved to impose the constraints for friction,
frictionless sliding and separation. Mixture theory based approaches hinge on the proper physical
treatment of the materials residing in the mixed cells and on ascribing suitable continuum models
for the mixed materials. Assumptions of local equilibrium in the mixed cells must be invoked, and
the problems of coexisting materials of vastly different impedances inside one element must be



addressed. The work of Vitali and Benson [17-19] using extended finite element method (X-FEM)
in arbitrary Eulerian Lagrangian (ALE) formulations overcomes problems associated with mixture
theories in handling sliding and separation and shows the capability of handling friction and
frictionless contact. In these works, the limitation of mixture theory vis-a-vis the prediction of
spurious stresses in mixed material elements has been overcome by creating independent velocity
fields for the impacting materials in an X-FEM framework which allows local enrichment in the
mixed material elements. Frictional and frictionless sliding has been handled by obtaining
independent velocity and acceleration fields in the individual interacting materials at the region of
impact. Separation between the different materials has been handled by introducing void material
between the impacting materials once the mean stress at the interface becomes tensile. Also, the
work by Vitali et. al.[20] to impose interfacial contact conditions using extended Eulerian
formulation (XEM) shows the capability of handling frictionless sliding with separation in
Godunov formulations.

The approach taken in this work is different from that in Vitali and Benson in that the
current formulation is purely Eulerian, i.e. no Lagrangian phase (as in ALE) is involved. The
interfaces are tracked using levelsets [21, 22], which means that they can be maintained in a sharp
fashion, i.e. this is effectively an interface tracking approach rather than an interface reconstruction
based on volume fractions. No mixture of materials at any stage of material-material interactions
is involved as the sharp interface approach maintains the materials as separate entities delineated
by two individually tracked levelset functions. The use of level set distance function for the
representation of interfaces also simplifies the collision detection algorithm since information on
distances between potentially interacting boundaries is implicitly and always available from the
level set fields. Boundary conditions on the sharply separated and interacting sub-grid interfaces
are incorporated implicitly using a modified ghost fluid method (MGFM)[23-25]. Since boundary
conditions at the interface are satisfied implicitly using ghost fluid method (GFM), there is no need
to solve additional non-linear equations to impose the contact constraints. The use of GFM to
handle boundary conditions helps to create independent velocity fields in each material and
frictionless sliding can be handled by coupling these fields at the interacting interfaces. In this
framework, much like in the explicitly tracked Lagrangian contact formulations, separation
between the materials occurs as a natural process of deformation [26-30], i.e. separation is not
enforced by introducing a void phase in a mixed material but occurs simply as the consequence of
evolving the sharp interfaces. This algorithm is purely local in implementation and can be used in
a parallel computing framework[31] and can be easily extended to three dimensions.

In previous works [8, 26, 27] simulation of multi-material impact problems involving collision
between the materials followed by large deformation, penetration and fragmentation were
performed. However the contact treatment was rudimentary in that once materials impacted they
remained in contact in the course of further interaction. This enforced prolonged contact of the
materials leads to physically unrealistic results in certain type of problems where separation
between the materials plays an important role. For example, in a flyer plate impact simulation
separation between the plates plays an important role in the wave physics[32]. Also, in the ricochet
of a projectile from a target separation and sliding of the projectile plays a crucial role in the



dynamics of both the projectile and the target [33]. Hence, to model these situations accurately
appropriate boundary conditions need to be applied along with the contact conditions at the
interacting interfaces. The contact model has been tested on three different types of multimaterial
impact problems which involves impact and separation of materials at high strain rate. The three
problems are:

(a) Simulation of flyer plate experiment which involves impact of two deformable bodies.

(b) Simulation of the Taylor bar impact test, which involves the situation when a
deformable body impacts a rigid body.

(c) Simulation of oblique impact of a projectile resulting in the ricochet of the impactor.

3. GOVERNING EQUATIONS

The governing equations and the description of the computational framework used in the
current framework have been discussed in detail in previous work[26]. A brief description of the
computing methodology is presented here for the sake of completeness.

The governing equations in Eulerian framework comprise a set of hyperbolic conservation
laws[34, 35]. In Cartesian coordinates, the governing equations of conservation of mass,
momentum and energy take the following form:
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In equations (1-5) V is velocity, p is density, E is the specific internal energy, D is strain
rate tensor, and G is the shear modulus of material. The stress state of material is specified by the
Cauchy stress tensor o (eqn. (4)) which consists of deviatoric part, S and dilatational part, P. The
dilatational part, P (pressure) is given by the Mie-Gruneisen equation of state:
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where, ec and P¢ denotes the reference internal energy and pressure at 0 K, and 7°(V) is the
Gruneisen parameter defined as
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where, p, is the density of the unstressed material.

The function f (V) is given as
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equation of state are given in Table 2[36].

The materials in the current work have been modeled as elasto-plastic solids. Hence, the
evolution of the deviatoric stress components is performed using the radial return algorithm[37]
with the yield surface being estimated using the Johnson Cook strength model[38]. The Johnson
Cook strength model is given by:
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where, gy is the yield stress, ¢, is the equivalent plastic strain, £* = £/¢, , € is the plastic strain
rate, and &, is the dimensionless plastic strain rate.
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Tyes. reference temperature =298 Kand , = 1s7%.

A, B, C, n, m, are model constants and their values for different materials have been specified in
Table 1.

4, NUMERICAL TECHNIQUES

4.1 Numerical Scheme

The governing equations of mass, momentum, energy conservation along with the
evolution equation of deviatoric stress components are solved using a 3" order ENO (Essentially
Non Oscillatory) scheme for the spatial discretization[39] and a 4" order Runge Kutta time



integration method in the current framework. The details regarding its implementation has been
discussed in the previous work[8, 26].

4.2 Level Set Representation of Embedded Interface

In the current Eulerian framework the level set method[21, 22] has been used to represent
embedded objects. The use of standard narrow band level set approach allows tracking the material
interfaces in a sharp manner. The level set field, ¢, at any point is defined as the signed normal
distance from the [*"* immersed object with ¢, < 0 inside the immersed boundary and ¢, > 0
outside. The interface is implicitly determined by the zero level set field i.e. ¢; = 0 contour
represents the [** immersed boundary (shown in figure 1).

The details regarding the implementation of the narrow band level set approach have been
discussed in previous work[26]. Note that the level set field provides sharp delineation of all
interacting interfaces so that even in those control volumes in which two or more interfaces coexist
there is no mixing of the materials.

4.3 Ghost Fluid Treatment for Elasto-Plastic Material Interactions

Boundary conditions at the sharply defined material interfaces in multimaterial high
velocity impact for the elasto-plastic solids have been enforced using a variant of the ghost fluid
method(GFM) [23]. GFM relies on the definition of a band of ghost points corresponding to each
phase of the interacting materials. The ghost points for a material are considered to be the points
lying outside the material and real points are those which are inside. The band of ghost points are
defined for each of the materials present in the computational domain. Once these ghost points are
identified the next step is to populate the ghost field for each of the materials. The ghost field is
obtained by constructing least-squares interpolation[40] of the field variables of real material
points and imposing the appropriate interfacial conditions as discussed in section 4.4. This least -
squares method has been found to work well in a wide range of situations of impact and penetration
including situations that lead to the formation of small fragments.

Consider the example shown in figure 2 in which material 1 and material 2 are separated
by an interface. The band of ghost points are identified separately for each of the material as shown
in figure 2. Once the ghost points are identified, the ghost field for material 1 is constructed using
the least square interpolation of the variables of the real points in material 1. Also, ghost field of
material 2 is populated using the information of the real points of material 2. The application of
least square field along with interfacial conditions leads to the population of ghost field for each
materials.

Once the ghost points are identified and the values of the flow variables (e.g. density,
velocities, pressure, temperature, stress components etc.) at these points are populated with the
least square field, the two-material problem can be converted to two single-material problems
consisting of real fields and their corresponding ghost fields. The use of GFM to convert a
multimaterial problem into extended single material problems is advantageous for handling contact



situations as it provides independent fields for each material. These independent fields can easily
be coupled based on the contact constraints locally at the impacting interface.

The detailed implementation of GFM framework using the least-squares approach is
provided in previous work[26-28].

4.4 Applying Conditions at Interfaces

In the current Eulerian framework, the interaction of the materials with each other or with
the surrounding void (in the case of free surfaces) is handled by the application of appropriate
boundary conditions at the location of the sharp interfaces defined by the zero-level set contour.
As the interfaces are arbitrarily aligned with the Cartesian grid, in order to apply the appropriate
boundary conditions the stress tensor and velocity vector is transformed to the local normal and
tangential directions. The normal and tangential velocity components are given as:
| =u.n (10)

n
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where, U is the velocity vector, fiand f are the local normal and tangential vectors and G, and G,
are the normal and tangential velocity vectors.

The total stress tensor o transformed in the local normal and tangential components is
given as:
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and o,,, o, are the normal stress components of the stress tensor and &, is the tangential
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Three types of conditions apply at the interfaces in the test cases shown in this work:

4.4.1 Material-Material Conditions

In the case where materials interact with each other on parts of the interface, continuity
of normal stress components and the continuity of normal velocity component are enforced. No
constraint is applied on the tangential components of stress and velocity fields. The coupling of
the normal component of stress and velocity and decoupling of the tangential components ensures
frictionless sliding between the materials. Thus, at the interfaces:
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where, &,, and &, are the normal components of the stress tensor, P is pressure.

4.4.2 Material-Void Conditions

This type of interfacial condition arises whenever the material interface interacts with a
surrounding void, i.e. at a free surface. Conditions corresponding to physically consistent wave
reflection phenomena are enforced at all free surfaces. Hence, zero-traction conditions on the
normal stress components are enforced on those portions of the interface that are free surfaces,
viz..

&, =0 (18)

=0 (19)

4.4.3 Material-Rigid Solid Conditions

The rigid solid interface can also modeled in the current framework in situations when a
deformable solid impacts on a rigid solid. The normal velocity at the colliding interface satisfies
the following Dirichlet condition given as:
u-A=U (20)
where, U, is the normal velocity of the rigid solid.

The continuity of the normal stress components is enforced and to ensure the free slip
condition no constraint on the tangential stress components is applied.

n

4.5 Contact Algorithm

In order to handle collision or separation of materials at a common interface a frictionless
contact algorithm is applied. The steps involved in the algorithm are explained sequentially below.

4.5.1 Detecting Collision

For all materials in the computational domain, the nodes in the Cartesian mesh that
straddle the material interface are tagged as “interfacial nodes”; “interfacial nodes” are nodes that
interact with the surrounding material. In the levelset framework these nodes are easily identified
as those for which the levelset value for one of the neighbors is of the opposite sign. Thus these
nodes represent the set of points in the domain that will be examined to determine if a collision is
imminent or not. This procedure is carried out after each update of the interfaces. To detect



collision, for every interfacial node, the distance between itself (level set indexed | ) and an
adjoining level set (indexed k) is computed using the associated level set functions from:

S =|h + VI =k (21)

Note that not every level set evolved in the computational domain needs to be checked for
collision. Collision checking is only conducted at an interfacial node if there are two level sets

whose narrow bands overlap at that node. If the distance &, computed between the two

approaching level sets is less than a specified tolerance, then the node is marked as a “colliding
node” (Figure 3). The tolerance value is set at xAx where x corresponds to the CFL number
which depends on the (local) interface advection velocity used to evolve the level sets in time. Use
of this preset tolerance preempts inter-penetration of level sets. Thus, at the instant at which an
interfacial node is flagged for collision treatment to take effect the two colliding interfaces are
separated by a distance xAx .

4.5.2 Kinematic and Stress Constraints

Use of the level set function facilitates the identification of colliding nodes between the
materials. Once the colliding interfacial nodes are identified, the next step is to calculate the
traction at the common interface between the neighboring materials, as shown in Figure 4(a). The
tractions at the colliding nodes (e.g. A1 and A2 in figure 4(a)) are calculated using a least-squares
approach[26] as explained in the next section.

4.5.3 Calculation of the stress field at the colliding nodes

The stress field in the region surrounding the colliding nodes is required to calculate the
value of normal traction at the interface. The least-squares method to obtain the stress field is
explained below:

Step 1: First, all the immediate neighbors (8 in 2D) of the interfacial point where the
normal traction is to be calculated are identified. For example for point Al the neighboring points
are shown in figure 4(b).

Step 2: Once the neighbors are identified then the “real” material points are selected, i.e.
points which lie inside the material; those points in the stencil that lie outside the material are
rejected in the calculation of stress field as shown in figure 4(c). Once all the “real” neighboring
points are identified the least-squares algorithm[40] is used to calculate the value of normal
traction at the colliding nodes. First, the “real” neighboring material points are used to generate a
bilinear interpolant given as:

T, =a +a,Xx+ay+a,xy (22)



where, T, is the bilinear interpolant to the normal traction field and a;’s the unknown coefficients
for the construction of the bilinear field.

The error in the approximation, e can be calculated from:

n
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where, n is the total number of available “real” neighboring material points and T, is the computed
value of normal traction at the neighboring nodes.

Least-squares minimization of the error (Eq. (23) provides the coefficients of the
interpolant (Eq. (20)) as follows:
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The value of the normal traction at the colliding node is then obtained from Eq. (22). If there
are not enough neighboring points inside the materials to construct the least-squares field, then the
field is not constructed and the value of traction at the colliding node itself is used. This eventuality
only arises in the rare instances when there are small fragments or sharp re-entrant corners. For
sufficiently well-resolved and smooth interfaces an adequate least-squares stencil is typically
available.

Step 3: The normal traction obtained at the colliding nodes is next used to find the value of
normal traction at the interface. First, considering any of the two materials shown in Figure 4(a),
say material 1, the colliding nodes in this material are known a priori (labeled Alin Figure 4(a)).
Then the closest colliding node in material 2 with respect to material 1 is identified (labeled A2 in
Figure 4(a)). These points Al and A2 are used to find the normal traction value at the intermediate
interfacial point (marked in Figure 4(a)) using Eqg. (25).

B WZTnl + WlTn2

n

(25)
W, + W,

where, T, and T,,, are the normal tractions at the colliding points which form a pair across the
interface and w,and w, are the weights given as:

Wy :|¢1| and w, :|¢2| (26)



where, ¢, and ¢,are the normal distance of the colliding nodes from the respective material
interfaces (such as Al from material 1 interface and A2 from material 2 interface).

The weights w, and w, gives measure of the influence of the respective colliding nodes on

the interfacial point. So, the farther the colliding nodes is from the interface the lesser is its
influence on the calculation of normal traction at the interfacial point.

The above process is applied to all the colliding nodes of material 1 in order to enforce the
contact conditions at the interface along the parts of the interacting interfaces that qualify as
colliding nodes.

4.4.4. Implementation of Contact Conditions:

Following contact and wave interactions at colliding interfaces, separation between the
materials takes place when the materials pull apart from each other at the common impacting
interface. The normal traction and normal velocity at the colliding interfacial nodes are used to
identify whether the materials pull apart from each other, based on which contact conditions are
applied as described below:

IfT,

Ninterfacial node

< 0 (compressive stress state) then the material-material conditions are
applied to both colliding nodes (e.g. Al and A2).

If T,

Ninterfacial node

to both colliding nodes. Once the material-void conditions come into play, separation between the
materials occurs naturally,i.e. no introduction of a void is necessary; the sharp interfaces are
evolved and pull apart due to the independent velocities in the individual interacting materials.

> 0 (tensile stress state) then the material-void conditions are applied

5. RESULTS

The performance of the contact algorithm has been tested for different situations
involving planar and oblique impact. Three problems where the collision and separation of the
materials are involved have been shown in the current work, viz;

1. Planar impact between two deformable bodies which is shown by simulating the flyer plate
impact problem.

2. Planar impact between a deformable body and a rigid body which can be seen in the simulation
of a Taylor Bar problem.

3. Oblique impact at 10 degree angle of attack between a projectile and a target leading to ricochet
of the projectile.

5.1 Flyer Plate Simulation

The numerical simulation of a plate impact experiment has been used in the past to study
the phenomenon of spall fracture [32, 41-43]. A complete description along with the experimental
results for spall fracture has been given by Antoun et. al.[44]. Plate impact simulation for the study
of spall fracture involves the planar impact and separation of the flyer and the target plates and



hence a contact model plays an important role in capturing the wave physics accurately. In this
work the flyer plate simulation has been performed without including the spall phenomenon and
is therefore realistic only up to the point of incipient spall at the lower surface. The simulation is
performed with the proposed contact model for three different cases in order to validate the wave
propagation phenomena in the interacting materials in the period prior to and following separation
of the impactor from the target. In the first case, the acoustic impedance of the flyer plate is less
than that of target plate; in the second case the flyer plate is of higher acoustic impedance and in
the third case the acoustic impedance of the flyer and the target plates are the same. The interaction
of the shock waves in these three cases has been discussed in the following.

5.1.1. Acoustic Impedance of Flyer Plate is Less Than Target Plate

In this case the acoustic impedance of the flyer plate (Aluminum) is less than the target
plate (Copper). The details regarding the plate’s geometric configuration , material properties and
the flyer plate velocity have been taken to simulate experimental data(experiment B-61)[45]. The
plates are cylindrical in shape as shown in figure 5(a); this allows use of the axisymmetric
computational geometry as shown in Figure 5(b). The simulation duration is10 us. The dimensions
of the plates along with the impact velocity are tabulated in Table 3.

As shown by theoretical analysis of the wave propagation phenomena in flyer plate
impact[44] , after the impact takes place shock waves of equal magnitude are generated in both
plates. The shock wave in the flyer plate travels into the impactor and interacts with its free surface;
due to this interaction, reflection of the wave at the free surface of the flyer takes place which gives
rise to the formation of a returning rarefaction wave. This rarefaction wave passes through the
flyer plate and interacts with the impacted surface which leads to the formation of tensile stress
conditions at the impact interface. Due to this tensile state at the impacted interface the separation
of flyer from target plate takes place as seen in figure 6(b). The configurations of the plates before
and after the simulation are seen in figure 6 which shows that the contact model was able to handle
the impact and separation of the materials.

To validate the results obtained from the simulation, the bottom free surface velocity at a
point which is 10 mm from the center of the target plate is compared with available experimental
results. The plot is shown in figure 7. The peak velocity at the bottom free surface of the target
plate matches well with the experimental data. The graph has been plotted till t = 0.3 us because
after this the effect of spall fracture comes into play. Since we are not using a damage model to
study spall fracture in this work the free surface velocity profile obtained from the current work
deviate from the experimental results aftert = 0.3 us. Grid convergence study has been
performed using four different grid sizes viz., Ax = 0.2mm, 0.1mm, 0.05 mm and 0.03 mm
respectively. The bottom free surface velocity for the grid sizes of Ax = 0.1mm, 0.05 mm and
0.03 mm at a point 10 mm from the center of the plate has been shown in figure 8 along with the
experimental results. This shows the convergence of the contact model as the grid is refined. Also,
the peak velocity at the bottom free surface has been considered to calculate an error measure for
the four different grid sizes. The error measure is defined as
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velocity of the finest grid with a grid spacing of 0.03 mm in this case. The four different grid sizes
of Ax = 0.2mm, 0.1 mm, 0.05 mm and 0.03 mm have been considered. The error measure plot
with different grid sizes has been shown in figure 9. As seen in the figure the error in calculated
bottom surface velocity converges with grid refinement with a near second-order convergence

behavior.

5.1.2. Acoustic Impedance of the Flyer Plate is Greater Than Target Plate

The contact treatment is tested next for the case where the acoustic impedance of the
flyer plate is greater than the target plate. The impact velocity and plate dimensions remain same
as the previous case, but now the flyer plate is Copper and the target plate is Aluminum. The stress-
velocity diagram [44] shows that in this case the impacting interface maintains a compressive
state throughout the impact and hence both plates should remain in contact and no separation of
target and flyer plate is expected. The wave physics involved in this situation is different from the
previous one and thus the ability of the present algorithm to accurately portray expected physical
behavior is demonstrated through this case.

After the impact takes place an initial shock wave of equal magnitude is generated in both
target and projectile in order to maintain the stress and velocity continuity at the impacted interface
and denoted as shocks S(Cu) and S(Al) in Figure 10(a). As the thickness of the flyer plate is less
than the target material, the shock wave in the projectile, i.e. S (Cu), travels upward and interacts
with the free boundary of the flyer plate where it is then reflected as a release wave. This release
wave returns to the impact surface and interacts with the target again to generate a shock wave in
the flyer plate and a rarefaction wave in the Aluminum target plate as shown in the Figure 10(b).
The wave reflection at the free surface of the Copper flyer plate and its interaction with the
impacted surface leads to the generation of successive rarefaction waves in the target, i.e. R2, R3
etc. shown in Figure 10(c) and 10(d). These rarefaction waves eventually unload the target material
to equilibrium. During the course of these interactions the flyer and target never separate, as
expected from the physics of the problem[44] .

5.1.3. Acoustic Impedance of the Flyer plate is Equal to Target Plate:

Previous studies of attenuation of shock waves in solids have been conducted for flyer
plate impact [46, 47] with the use of the same material for the flyer and the target plates. In this
situation, first a shock wave is produced in both flyer and target due to the impact which is the
same as in the previous two situations. Once the shock wave propagates into the flyer plate and
reaches the rear free surface of the flyer, it reflects as a rarefaction wave which propagates towards
the target and unloads the flyer plate to zero stress state. Once this rarefaction wave reaches the
impacted interface, it passes through the interface completely because both the materials are of
equal impedance. Now, the rarefaction wave moves through the shock compressed portion in the



target plate and it eventually overtakes the initial shock front and leads to the attenuation of the
shock wave.

In order to capture this wave physics of attenuation of shock waves, numerical simulation
has been performed for the impact between Aluminum-Aluminum plates. The dimension and
impact velocity is taken from the work by Fowles[48] in order to compare the simulation results.
The variation of peak pressure with the target plate location is shown together with the numerical
results from [48] in Figure 11. As can be seen in the figure the computed and theoretical values
are in good agreement through the wave interaction process.

It is evident from the results above that the shock wave attenuates while traveling in the
target plate. The attenuation begins after the wave has travelled a certain distance inside the
material. This is in agreement with the expected physics since the attenuation is caused by the
rarefaction wave which returns from the free surface of the flyer plate and catches up with the
shock wave in the target plate. This case demonstrates that the contact algorithm is able to handle
wave interactions at the interfaces accurately.

5.2. Taylor Bar Impact Simulation:

The simulation of Taylor bar impact is performed in order to assess the performance of
the proposed contact model in the situation where a deformable body collides with a rigid body.
The bar is made of Tungsten heavy alloy and the test configuration and dimension of the bar is
shown in Figure 12. The dimension and impact speed of the bar as shown in figure 12 have been
taken from the work by Batra and Stevens[13]. The material properties for the Tungsten Heavy
alloy is given in Table 1 and 2. The grid spacing of Ax = 0.1 mm has been used for this problem
in both the directions; this grid spacing has been used to yield a grid independent solution for the
current simulation.

The Taylor bar impact simulation results in the deformed configuration shown in Figure
13; contours of effective plastic strain are also shown in the figures. It is evident that due to the
development of tensile stress conditions and upward velocity at the bottom of the bar along the
outer periphery, the ends of the bar lift off the rigid target and curl upward. The bar radius at the
foot and maximum equivalent plastic strain at time 10 ps and 50 ps for present calculation have
been compared with the solutions obtained from Batra and Stevens[13] and is shown in Table 4.
Also, the contours of effective plastic strain at time 50 ps for current simulation and solutions
obtained from Batra and Stevens[13] is shown in Figure 14. The numerical results are in good
agreement. This shows the capability of the proposed contact model to handle the collision and
separation of a deformable body over a rigid surface.

5.3. Oblique Impact between Two Deformable Bodies:

The problem involving an oblique impact of two bodies is important in practical
applications. The phenomenon of ricochet of a projectile over the target has been analyzed in the
past to simulate the oblique impact problem[33, 49]. When ricochet results in the situation
depicted in Figure 15, there is a sustained interaction between the projectile and the target
throughout which the projectile is deflected away and separates from the target. Thus, this case is
a stringent test of the ability of the current contact scheme to effect contact-separation behavior in



the present sharp interface Eulerian setting. In order to assess the ability of the contact algorithm
to handle oblique impact situations and to capture ricochet phenomena, a high strength steel
projectile is impacted on a Tungsten heavy alloy (WHA) target. The angle of impact is 10° and
the impact velocity is1000 m/s. The length to width ratio for the projectile is 10.7 as used in
previous work [33]. The grid spacing is 0.2 mm for this simulation. The configuration for the
simulation is shown in figure 16. The deformation of the projectile at different times is shown in
figure 17.

In this case the contact model is able to predict the sliding between the projectile and the
target and the lift-off of the projectile from the target. From figure 17 it can be seen that there is
only a modest change in the horizontal velocity during the entire process which explains why
momentum loss of the projectile in this case is not significant. The vertical velocities developed
due to the impact and ricochet interaction are small compared to the horizontal velocity. Also, the
angle with which projectile leaves the target surface is found out to be approximately 9° for the
present angle of incidence of 10°. Hence, the angle with which projectile impacts the target is
almost the same with which it leaves, which shows the capability of the contact model to handle
impact, sliding and separation in the case of inclined impact.

6. CONCLUSIONS

An algorithm for the treatment of separation following contact of material interfaces is
presented for a well-established sharp-interface Eulerian high speed multi-material solver. The
advantage of the model lies in its ease of implementation; in contrast to Lagrangian contact
treatments search operations for detecting collisions are simplified by the use of levelsets and no
local constraints to prevent interpenetration through penalty-type force application is necessary to
separate interfaces. Since the framework is Eulerian difficulties associated with carrying meshes
through the material interactions, managing meshes to retain solution accuracy and stability and
detecting contact between interacting surfaces are circumvented. The contact conditions are
handled by implicitly satisfying the interfacial conditions on the parts of the interacting material
interfaces that are in contact using a modified Ghost Fluid Method. Use of a sharp interface
treatment obviates the need to develop special treatments for materials that coexist within a grid
cell. Such subgrid material pairs are always maintained as distinct entities separated by sharp
interfaces. The results obtained from our numerical simulations match well with experimental data
where available and with other numerical simulations. Using the contact model, it is demonstrated
that the wave physics involved in flyer plate impact cases have been captured accurately for
material pairs of various impedances. The contact algorithm is shown to handle contact with rigid
solids in the case of a Taylor bar impact. Finally, oblique impact of a projectile on a target at an
10° angle of impact has been studied using the present contact algorithm and its capability for
handling sliding and separation has been shown. The study of ricochet of a projectile obliquely
impact a target plate is the subject of ongoing work along with the extension of the algorithm in a
three-dimensional parallel computing framework.
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Material Yo B (GPa) N C m G (GPa) | Tm(K)
(GPa)

Copper [8] 0.4 0.177 10 | 0025 | 1.09 | 43.33 | 1358

Tungsten [8] | 1.51 0177 | 012 | 0016 1.0 1240 | 1777

High strength 1.50 0.569 0.22 0.003 1.17 77.3 1723
steel[8]

Aluminum[11] | 0.324 0.114 0.42 0.002 1.34 26.0 925.0

Table 1: Johnson Cook strength model parameters with reference to Eq (6) where A = Yo and &

=1.0s!
Material 0 v ¢ K I C S
W/ m-K _ 0 0
(Kg/mS) ( ) (J/Kg-K) (m/s)
Copper 8930 0.35 383.5 401 2.0 3940 1.49
Tungsten 17600 0.29 477 38 1.43 4030 1.24
heavy
alloy
High 7850 0.30 134 75 1.16 4570 1.49
strength
steel
Aluminum 2700 0.30 896 166.9 1.99 5386 1.339

Table 2: Parameters for the Mie-Griineisen E.O.S. for the used materials in
simulation



Plate Material Diameter Thickness Impact
(mm) (mm) Velocity
(m/s)
Flyer plate | Aluminum 120 t; =2 450
Target plate Copper 120 t, =15 -

Table 3: Material, dimensions and impact velocity of the
flyer and target plates

Time Current Simulation Batra and
Stevens[13]
Taylor Bar Deformed 6.2 6.1
Radius (mm)
t=10us
Maximum Equivalent 0.50 0.49
Plastic Strain
Taylor Bar Deformed 8.3 8.1
Radius (mm)
t =50us
Maximum Equivalent 2.27 2.20
Plastic Strain

Table 4: Comparison of deformed bar radius and maximum equivalent plastic strain at time
10 ps and 50 ps
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Figure 1: Level Set representation of embedded object



Material|Interface |# Band of Ghost points
,/ for Material 1
A S Band of ghost points
/I \\ for Material 2
I Material|l \
/
\\ /)
\ 4

Mafterial 2

l 1 1 x Real points of Matenial 2

A~ A , X

Real|points of Material 1 \

/

P N
N P
/\
/4 SN

/

A e 90 00

N

Mat]erial

Figure 2: Ghost Fluid Method (GFM) converts a single multi material interaction problem into two
single material problems where both materials are treated independently based on their real field
and corresponding ghost field



5=|¢1+ ¢2|

A Material 1
@ Material 2

@ @ Colliding Nodes

f‘ )
\
A @ o

b,

>

A

b,
A ) 11@®— @
YT\ ) J

7

X

Figure 3: Collision detection procedure between two materials by calculating
the relative distance § between two materials using the level set function ¢

and ¢,




#¢ Colliding Nodes

A Real Neighbors

Mazteriall_
A A A
AR
A % A
A2
A—A—A

Material 2

Interfacial Paint

(@) Calculation of normal traction at the interfacial

point

8 Colliding Node Al

A Accepted Neighboring Points of
Colliding Node Al

A Rejected Neighboring Points

A1l

J

A

(c) Accepted points for the construction of least-
square field for normal traction

%8 colliding Node A1

/& Neighboring Points of Colliding
Node Al

A A A

(b) Neighboring points of the colliding node Al

Figure 4: Procedure for the calculation of normal traction at the impacted interfaces between
two materials using the least squares method




Computational
Model -
Axisymmetric

Thickness, ¢,
Velocity, V'

Thickness, £,

—

&

L Al r Radius, D/2 'l
r Diameter, D '] Plane of
Symmetry
(a) (®)

Figure 5: (a) Geometrical sketch of the plate impact experiment, (b) Computational geometry
over which simulation is performed.

Aluminum
Copper

@ t=0us

(b) t=7us
Figure 6: Separation of flyer and target plates after the impact due
to the development of tensile stress state at the impacted
interface



N
Ul
o

N
o
o

150 == == Numerical Simulation

100

Experimental Result

Free Surface Velocity (m/s)

w
o

0 0.1 0.2 0.3
Time (us)

Figure 7: Free surface velocity plots of the target plate vs. time from numerical simulation
and experimental results

300

N
(O]
o

e EXxperimental

= == Grid Spacing = 0.03mm
===« Grid Spacing = 0.05 mm
eeeee Grid Spacing = 0.1 mm

200

150

100

Free Surface Velocity (m/s)

u
o

0 0.1 0.2 0.3 0.4
Time (ps)

Figure 8: Free surface velocity plots of the target plate vs. time from numerical simulation
for three different grid sizes of 0.1 mm, 0.05 mm and 0.03 mm along with the
experimental results



0.1

S
o —@— Error
S
L
oo - S ee=—=. Second Order Error
Profile
0.001
0.01 0.1 1

Grid Spacing, Ax (in mm)

Figure 9: Error measure plot of the peak bottom surface velocity of the target plate with
four different grid sizes of 0.2 mm, 0.1 mm, 0.05 mm and 0.03 mm with the second
order error estimate plot



Y (mm)

Y ()

25~

20 Impacted surface

15

=)
T

0 | | 1

sk

o e

w

0 | | |

1st Shock wave in Copper S(Cu)
Free surface of Copper flyer plate /’

>

=
)

r'" s

15t $hock wave in Ahuminum, S(A1)

Free surface of Aluminum target plate

(40

0 1 2 3 4
Pressure (GPa)

(a) Impact between Copper flyer plate and Aluminum target
plate produces shock wave S(Cu) and S(Al) at t =
0.5 ps inside both plates

Free surface of Copper flyer plate

Impacted surface

/
2nd Rarefuction W"Ilvt‘ R2

/
15t Rarefaction wave, R1

7
7/
Ist Shock wave in Alwminum, SAAD

Froe surface of Abuminum target plate

-

0 1 2 3 4 5
Pressure (GPa)

(c) The impacted surface maintains a compressive

stress state which leads to the successive

generation of second rarefaction wave R2 inside

the Aluminum plate at t = 2.5 us

Y (mm)

25|

| Free surface of Copper Nyer plate

20 Lmpacted surface

/

151 15t Rarefuction wave, R1

/ s

/
10F Ist Shock wave i Alumbnum, S(AI

- Froe surface of Aluminum tarped plute

oo L 1 1 1 el
0 1 2 3 4 5
Pressure (GPa)

(b) Shock wave S(Cu) after reflection from its top
free surface interacts at the impacted surface and
produces the first rarefaction R1 in the
Aluminum plateat t = 1.5 us

25k

Free surface of Copper fyer plate
Impacted surface
20 \ mp

3rd Rarefaction\wave, K3

154+

5 y 7

2od Rurefaction wave, R2
10+
Ist Rarefaction wave, R1
5 |— ——
Free surface of Aluminum target plate 15t Shock wave in Alsmisum, S(AL
0 1 1 1 L 1
0 1 2 3 )
Pressare (GPa)

(d) The interaction of the wave in the Copper flyer
plate with its free surface and the impacted
surface produces successive rarefaction wave R3
which unloads the Aluminum target plate at t =

3.5 us
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travelling inside the target plate after the impact which leads to unloading of the target plate
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Figure 13: Taylor bar deformation profile and effective plastic strain at different
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speed of 150 m/s
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Figure 14: Comparison plot of contours of effective plastic strain at t = 50 us
with the work of Batra and Stevens[13]
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Figure 15: Configuration for the simulation of oblique impact of projectile over the
target at 10° angle of attack
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Figure 16: Ricochet of high strength steel projectile over a tungsten target at 10° angle of attack
with a speed of 1000 m/s

1000 J\\\—\
800 r
=z
E
2 600 - = = = Horizontal velocity
[&]
é 200 = == Vertical velocity
e e \/elocity Magnitude
S
I 200
- - = - - - - = -
0 , 1 1 1 1 J
tl’ 5 10 15 20 25
-200 _
Time (us)

Figure 17: Variation of steel projectile head velocity with time of high
strength steel projectile



