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Abstract

Values of characteristic parameters such as thickness have big influence on the impact
behavior of a laminated armor. Determination of those values for an optimum laminated armor
usually requires evaluation of many computationally costly impact analyses. In this paper,
automated, efficient and effective determination of design parameters in a laminated armor for
best impact performance is investigated using an approximate optimization method. The
approximate optimization method is generated by coupling a parametric preprocessor, finite
element analysis software, response surface approximations and a numerical optimization
algorithm. The whole coupling is achieved through a commercial code, ANSYS Design
Optimization Module. The laminated armor of interest consists of three layers. The frontal layer
1s alumina ceramic, and it is supported by a 4340 steel mid-layer and a 2024-T3 aluminum rear
layer. The armor is impacted by a projectile with velocities of 1000 and 2000 m/s. The surface
normal of the armor has an oblique angle with the projectile’s moving direction. The 3-D impact
analysis of the armor is conducted using non-linear explicit dynamic finite element code
ANSYS/LS-DYNA. Optimization of the armor is performed to find the best thickness values of
layers and oblique (orientation) angle towards the least penetration of the projectile.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Armor design for high velocity impacts is often encountered in defense and aerospace
applications. Materials under high velocity impacts show highly nonlinear and dynamic behavior
including complex failure process. Commercial codes based on numerical methods are
increasingly used for the simulation of impact analysis. A popular 3-D explicit nonlinear
dynamic Finite Element (FE) code LS-DYNA [1] with advanced contact algorithms and material
models was successfully used to simulate several types of armors subjected to the impact of
projectiles moving at various velocities [2-4]. Success of FE codes for impact simulations
enabled armor design to be done efficiently in computer environment.

Determining the appropriate values of armor parameters that ensure lightweight structure and
no or little penetration of the impacting projectiles are of major goals in armor design. There are
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quite a few examples available in the literature related to armor design [5-6]. Available
examples are mostly not associated with high velocities. This is due to the nature of the
numerical analysis for high velocity impacts. The impact analysis carried out with explicit finite
element codes requires very small integration time steps leading to high computational cost in the
analysis. Another reason is that high velocity impact simulation requires advanced material
models and adaptive remeshing capabilities to be implemented in the codes many of which do
not have these features. Therefore, most of the high velocity impact simulations in the literature
include 2-D and axisymmetric structures.

The recently popular approximate optimization method which is based on integration of
analysis software, numerical optimization algorithm and approximation methods can be used for
armors to automate the design process and to reduce the design time. The approximate
optimization method has been recently used in the solution of several crashworthiness and
impact design problems successfully [7-8] and presents a potential for armor design as well. In
the approximate optimization method, armor design is formulated in the form of an optimization
problem that can be solved easily by a conventional numerical optimization algorithm.
Computationally expensive objective and constraint functions in the optimization problem,
which often come from FE analysis results, are replaced with their approximations before the
optimization problem is solved. Solution of the optimization problem leads to the optimum
design.

In this paper, the approximate optimization method implemented in ANSYS Design
Optimization (DO) module [9] is used to automate the design of a multi-layered laminated armor
efficiently. Design optimization is carried out to find the optimum thickness and orientation
angle of layers from the projectile’s impact direction towards the least penetration of the
impacting projectile for velocities of 1000 and 2000 m/s. Approximate optimization method
through ANSYS DO module was obtained by integrating ANSYS parametric preprocessor, 3-D
explicit dynamic finite element code ANSYS/LS-DYNA, ANSYS post processor, a numerical
optimization algorithm based on penalty methods and response surface approximation. Details
of the armor design are given in the following sections.

2. Design Optimization Methodology with Approximations

The impact design problems can be automated if formulated in the form of an optimization
problem as following:

minimize:
Yo (%) (1)
subjected to:
y,(x)<0,(j=1..,n) 2)
within the design space:
X, £x,<x,,(i=1...,N) (3)

where y,(x) is the objective function, y (x) (j=1,...,n,) are the constraint functions and
X= [x,,xz,...,xN] is the vector of design variables. x, and x, describe physical upper and
lower bounds on design variables. n, and N are the number of constraints and number of design
variables, respectively. The constraint and objective functions may correspond to weight,
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penetration depth, energy absorption, etc.

Solution of Eqns. (1)-(3) for impact problems can be efficiently done by replacing objective
and constraint functions with their Response Surface (RS) approximations. Approximations
serve as simplified mathematical models for replacing computationally costly impact analysis.
Optimization with approximations is often referred to as approximate optimization in the
literature. The approximate optimization method implemented in ANSYS DO module and used
in this paper is shown in Fig. 1. ANSYS DO module generates and utilizes polynomial RS
approximation for objective or constraint function as following [9]:

N N N-1 N
y(X) = aO + Zan’xn + zbnx: + Z zcmnxmxn
n=l

n=l1 m=1 n=m+1 (4)

linear
3

~
quadratic

i
quadratic+crossterms

where a, b, ¢ are coefficients to be determined.

In design optimization process, ANSYS DO first creates N+2 design sets to construct a linear
approximation. Here set indicates values of all parameters for a specific design. ANSYS DO
will either generate design sets randomly or use the existing ones in the optimization database.
Impact analyses are carried out at available design sets. Analysis results are then used to create
linear approximations of objective and constraints. Higher order approximations such as and
quadratic and quadratic with cross terms RS approximations are created using least square
method when there are enough design sets in the database. The optimum design is predicted by
solving Eqns. (1)-(3) with a numerical optimization algorithm based on penalty functions. The
predicted optimum is verified by exact analysis (ANSYS/LS-DYNA). If the predicted objective
and constraints are identical with the results from ANSYS/LS-DYNA, or the estimated optimum
design is satisfactory enough, the optimization loop is stopped. Otherwise, the newly calculated
results are added to the existing design sets and new approximations are created followed by the
solution of the optimization problem.
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Fig. 1. Approximate design optimization process with ANSYS DO module.
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3. Finite Element Mpdeling of the Armor and the Projectile

In this study, 3-D finite element modeling of a laminated armor impacted by a projectile that
has 7.62 mm diameter and semispherical nose shape is introduced. The armor consists of three
circular layers of different thickness. In developing the model, ANSYS Parametric Design
Language (APDL) [9] was utilized to further enable automatic model regeneration during the

design optimization process. Components of FE modeling which are mesh generation and
constitutive models are described in detail below.

3.1 Finite Element Mesh

FE mesh created for the armor and the projectile is shown in Fig. 2. The mesh is optimized
for stability, accuracy and efficiency of the impact analysis. The circular layers of the armor
were divided into three regions in mesh in radial direction; inner, middle and outer regions.
Mesh density is gradually coarsening from inner region, which is potential impact region, to the
outer region. Mesh transition between regions are good enough to prevent stress wave
reflections from the boundary of regions. The armor and the projectile are meshed with explicit
8-noded hexagonal elements of varying size between 0.3 mm and 1 mm. Maximum aspect ratio
of the elements do not exceed five in the mesh. The projectile has very fine mesh as well. The
armor-projectile initial FE mesh (before optimization) includes total 135,984 elements; 40,000
elements for the projectile and 95,984 elements for the armor. The translational nodal degrees of
freedom along the boundary of the armor layers were constrained to prevent any motion,
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Fig. 2. FE model of the armor and the impacting projectile.

Contact behavior between the projectile and the armor mesh was simulated with eroding
node-to-surface and surface-to-surface contact-impact algorithms of ANSYS/LS-DYNA. During
impact simulations, some local instabilities such as the excessive motion of some nodes were
observed. This was prevented by lowering the default contact stiffness scale factor f, from 0.1

to 0.05 by trial and error. FE analysis of the mesh was performed for 10 ps on P4-IBM PC with
1.9 GHz processor and analyses took between 2 and 6.5 hours of CPU time.
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3.2 Constitutive Models

Plastic kinematic hardening and Johnson-Cook constitutive models were used to simulate the
behavior of the armor layers and the projectile during impacts.

3.2.1 Plastic Kinematic Hardening Model

Plastic kinematic hardening material model is a strain-rate dependent elastic-plastic model
utilized to predict the response of the first layer of the armor made of alumina ceramic. In this
model, strain rate is accounted for using the Cowper-Symonds model which scales the yield
stress by the strain rate dependent factor as shown below [9]:

o, =|1+| = o, (5)

where o, is the initial yield stress, ¢ is the strain rate, C and P are the Cowper-Symonds strain

rate parameters. If C and P values are equal to zero, strain rate effects are not considered in the
formulation. Fracture is simulated by removing elements that reach a user-defined value of
equivalent plastic strain (erosion strain). Fracture strain is assumed to be 0.12. Plastic kinematic
model constants for alumina ceramic is given in Table 1.

Table 1. Plastic kinematic hardening material constants for alumina ceramic (Al,05)

Modulus of Density Poisson Yield Stress Tangent Strain Rate Failure
Elasticity (Kg/mj) Ratio (MPa) Modulus Parameters Strain
(MPa) (MPa)
E Jo v oy Er C P &
370,000 3960 0.22 200,000 0 0 0 0.12

3.2.2 Johnson-Cook Material Model

Johnson-Cook (JC) is a strain-rate and temperature-dependent (adiabatic assumption)
viscoplastic model. It is employed to describe the response of 4340 steel and 2024-T3 aluminum
layers of the armor and the projectile made of tungsten heavy alloy (WHA). The JC model
represents the flow stress with an equation of the form [9]:

o, =(A+Bg"{1+Clné*J(l—T‘m) (6)

where o, is the effective stress, ¢ is the effective plastic strain, ¢ is the normalized effective

plastic strain rate (typically normalized to a strain rate of 1.0 s'), n is the work hardening
exponent and 4, B, C and m are constants. The quantity 7 is defined as:

* T"T

T = room 7
Tmelt - Troom ( )

where T,o0m is the room temperature, T,y is the melting temperature and is typically taken as the
solidus temperature for an alloy. Fracture in the JC material model is based on a cumulative
damage law:
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Ag
D=)— (8)
&r
in which:
¢, =[D, +D, exp(Dp'){l +D,Inée }[1 +D,T"| 9)

where Ac is the increment of effective plastic strain during an increment in loading and ¢ is the
mean stress normalized by the effective stress. The parameters D, D,, D3, D4 and Ds are fracture
constants. Failure of elements is assumed to occur when D = 1. The failure strain ¢, and thus the
accumulation of damage is a function of mean stress, strain rate, and temperature. Failed
elements are removed from the FE model.

The JC material model was used in conjunction with Mie-Gruneisen equation of state model
[9]. Johnson-Cook and Mie-Gruneisen EOS material constants for WHA, 4340 and 2024-T3 are
given in Table 2 [10-14].

Table 2. Johnson-Cook and Mie-Gruneisen material constants for WHA, 4340 and 2024

Parameter [ Notation | WHA | 4340 | 2024-T3
Strength Constants
Density (Kg/m®) p 17670 7850 2770
Poisson Ratio v 0.28 0.33 0.33
Modulus of Elasticity (MPa) E 347,000 | 210,000 72,400
Static Yield Limit (MPa) A 926 792 264
Strain Hardening Modulus (MPa) B 843 510 426
Strain Hardening Exponent n 0.4 0.26 0.34
Strain Rate Coefficient C 0.0385 0.014 0.015
Thermal Softening Exponent m 0.5727 1.03 1
Reference Temperature (K) T room 300 300 300
Melting Temperature (K) Tels 1723 1793 775
Specific Heat (J/Kg K) cp 134 477 875
Fracture Constants
D, 0 -0.8 0.13
D, 033 2.1 0.13
D, -1.5 -0.5 -1.5
D, 0.042 0.002 0.011
Ds 0 0.61 0
Mie-Grunesien EOS Constants

S| (MPa) 304 164 200
S; (MPa) 331 294 300
Sy (MPa) 201.8 500 500
Yo 1.58 1.16 1.02

4. Optimization Problem Formulation for the Armor Design

Design of the laminated armor is of interest to prevent full penetration of the projectile
impacting at velocities of 1000 m/s and 2000 m/s. Thickness of layers and orientation of the
armor with the projectile’s moving direction as shown in Fig. 3a are considered to affect the
penetration performance and selected as design variables. The displacement of the projectile into
armor is utilized to derive the objective and constraint functions.

The goal and the requirements are expressed in the form of an optimization problem as
following:
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find:
X={T1,T2, T3, o} (10)
to maximize:
(U2-U1) an
subjected to:
Ul <02
0.5mm <T1 <£5mm
0.5mm <T2 <5mm (12)
0.5mm <T3 <5mm
0.0° <a <20°
U2

where Ul is the displacement of the reference point at the back face of the projectile.
corresponds to the distance between the reference point and the back face of the armor.
Penetration distance is measured using the distance between the projectile back face and the
armor back face as (U1-U2) since the nodes/elements on the projectile’s nose fail and are
removed from the FE model during impact. Eqn. (11) indirectly enforces minimum penetration
while Eqn. (12) puts a limitation on the penetration depth into the armor not to exceed the total
thickness. Eqn. (12) also indicates the range within which design parameters can be adjusted to
satisfy the objective and constraints. T1, T2, T3 are thicknesses of the layers and o is the
orientation angle. Initial values of design parameters were taken as T1 = 2 mm, T2 = 4 mm, T3
=1 mm and o = 5°. Derivation of objective and constraint function is shown in Fig. 3b.
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Fig. 3. Design variables (a) and the measurement of penetration in the armor (b).
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S. Armor Optimization Results

Optimization problem expressed by Eqns. (10)-(12) was solved using quadratic with cross
terms approximations through ANSYS .DO module. Optimization results for 1000 m/s of the
projectile impacting velocity are as following. The change of objective function, thickness and
orientation angle of layers with optimization set number is demonstrated respectively in Fig. 4. It
will be useful to remind that optimization process starts after N+2 design sets. That is, for our
case design set numbers bigger than 6 reflect optimization results in Fig. 4.
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Fig. 4. The change of objective function (a), thicknesses of the layers (b), and orientation angle (c) with optimization
set number (projectile velocity is 1000 m/s).

Simulations for initial and optimum designs under the impact of the projectile moving at
velocity of 1000 m/s are compared in Fig. 5.
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Fig. 5. Deformation of initial and optimum armor impacted by the projectile moving at velocity of 1000 m/s.

Optimization problem expressed by Eqns. (10)-(12) was resolved for the impact velocity of
2000 m/s of the projectile to investigate the influence of the impact velocity on the optimum
Results for design variables, objective function and constraint with respect to
optimization set number are illustrated in Fig. 6.
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Simulations for initial and optimum designs under the impact of the projectile moving at
velocity of 2000 m/s are compared in Fig. 7.
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Fig. 7. Deformation of initial and optimum armor impacted by the projectile moving at velocity of 2000 m/s.

The change of the objective function with impact velocity is demonstrated in Fig. 8. As seen
from Fig. 5 and Fig. 7, the approximate optimization method reduced the penetration depth
significantly by increasing the layer thicknesses and changing the orientation angle with only 10

FE analyses. Design variables converged to their upper limits.
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Fig. 8. The change of the objective function with impact velocity.

6. Conclusion

In this paper, an automated approach with approximate optimization method was applied to
design a three-layer laminated armor to resist the impact of a projectile moving at several high
velocities. Design automation was achieved through ANSYS DO module that integrates ANSYS
parametric preprocessor, 3-D explicit dynamic finite element analysis code ANSYS/LS-DYNA,
ANSYS post processor, a numerical optimization algorithm based on penalty methods and
response surface approximation. Armor was designed for minimum penetration subjected to a
constraint on maximum penetration distance. Thickness and orientation angle of the armor
layers were considered to influence the design objective and constraints and therefore they are
taken as design variables. ANSYS DO module was able to reduce the penetration into the armor
systematically and efficiently. Optimum design was obtained with limited number of FE
analysis.

The challenge in design optimization with ANSYS DO module comes from the difficulty in
parametric modeling of the structure of interest and the capability of the analysis code
ANSYS/LS-DYNA. ANSYS/LS-DYNA has quite a few advanced material models such as
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Johnson-Cook. However, it does not include the recent ones such as Holmquist [10] which are
considered successful in simulating ceramic behavior. Also ANSYS/LS-DYNA does not have
adaptive remeshing capability to overcome the mesh distortion problems that arise in high
velocity impacts. A fiture work may include the implementation of the aforementioned features
to ANSYS/LS-DYNA. Design optimization of the armor with different objective and constraint
functions such as weight can also be a future research topic.
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