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MATERIAL DESIGN PARADIGMSFOR OPTIMAL FUNCTIONAL
GRADIENT ARMORS

David S. Kleponis, Audrey L. Mihdcin and Dr. Gordon L. Filbey, J.,

US Army Research Laboratory, Aberdeen Proving Ground, MD
Kleponis@earl.mil - mihacin@earl.mil  skip@arl.mil

1. INTRODUCTION

An assumption frequently made in choosng materia property digributionsin
functiondly graded materid (FGM) armorsis that the hardest and strongest layer should
be at the front of the target. That is, maximum protection should be achieved when the
hardest and strongest layer is the first eement touched by the attacking penetrator. The
experience base of dud hard sted armors of the 1960s and the typicd arrangements of
SC or Al203 tiles mounted on fiber-composte or duminum subsirates over the past
thirty years support thisview. More recent views of what might condtitute an optimal
armor that employs ceramic materiasis that advantages can be redized by layering
elements of different materias and properties. Advancesin materias processing now
dlow the fabrication of graded materids, typically resuiting in (but not limited to)
discrete layers through the thickness. In terms of sirengths and hardness, materials
experts have often attempted to produce a materia with linearly decreasing properties
progressing through the thickness. It appears that this reasoning on how to vary
propertiesis driven by the dud-hard and the ceramic-on-soft-substrate experience.

A patidly conflicting view to this layering presentation againgt an attacking penetrator
comes from the experiments of Hauver et d. [REF]. Thiswork demongtrates dwell
phenomenon at the front surface of brittle ceramic targets, in which the attacking
penetrator does not proceed into the target but rather flows lateraly on the front surface
inamanner smilar to awater stream hitting asted plate. Their research sudied
conditions under which a period (dwell time) of non-penetration can be established & the
front surface. It isfound that aregion of soft materid on the front of the target can
actualy greatly enhance the performance of certain ceramic targets. Heurigticdly, the
phenomenon can be thought of as pre-compressng the ceramic and preventing strong
loading shocks from forming thet could leed to premature tensle unloading conditions
from any of the ceramic boundaries, including the front, first struck surface. Hauver et
a. experiments were usudly in heavily confined ceramic conditions, including the reer
surface. Dehn [REF] obtained computationd results, agreeing favorably with experiment,
that support this understanding of dwell phenomena.

It would thus seem that guiddines for materid ordering could be established, ether with
semi-empirical enginearing or with computationa models, to guide the materids
engineer in layering objectives that yidd the maximum benefit to armor performance.
This premise is examined with the solid-mechani cs wave-propagation code CTH, for Al
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iterations of materids layering, usng the computationd horsepower available a the
Aberdeen Mg or Shared Resource Center.

It is shown that once arationa problem configuration is established, the best target
performanceis not obtained with the conventionad wisdom of placing the hardest materid
at the front of the target. Thisisfound when targets are comprised of arange of materids
from week to strong, and depth-of -penetration (DOP) metrics are used. Best results from
an amor point of view are generdly to start with the softest at the front and build
monotonicaly to the hardest layer laid intimately againg thick Rolled Homogeneous
Armor (RHA) backing materid. Theresidua penetrations are measured into this RHA
backing. Itisdsoillusrated that layer thickness of target materid less than the diameter
of the attacking penetrator have little Sgnificant effect on the find penetration result.
Thistoo is an important result for the materids engineer. Although most of the results
presented are derived for a hemispherica nose penetrator at severd impact velocities,
results are dso given for blunt-ended and gjiva-nose penetrators.

2. PROBLEM CONFIGURATION

Given that the materids engineer can tallor FGMs, what
arethe optimd gradients to choose for strength,
toughness, ductility, and possibly density, such thet
bdligic performance is maximized? And how broadly
tuned isthe designer FGM to arange of threats?
Thought must dso be given asto which performance
parameter isto used, whether DOP into a contiguous
backup materid, or resdud length and velocity of the
penetrator following a paced FGM eement, or tota path
weight of the armor required to defeat the penetrator. .
The approach chosen was to calculate residua depth-of- Through thickness x
penetration (DOP) into Rolled Homogeneous Armor Figurel. Through-thicknessvariations
(RHA) placed in intimate contact with the FGM materid, using the solid-mechanics
wave-propagation code CTH. To illugtrate an optima FGM taxonomy, a condant

thickness region of congtant average strength was chosen for the candidate layered target.

The plan isto subdivide the region into 2,3,4,6 and 12 leves of strength, which in every

case average to the strength chosen for amonolithic materia. With a good experience

base in armor sted's, and an opportunity to experimentally check the code prediction, the

first caculations were made for layered hard sed targets. The Johnson-Cook visco-

plastic deformation law was chosen to represent the plastic large deformation pladticity

region. This can be written asfollows for the flow stress Y':

Material property

| g ®T-Troom 0 F o
Y:aqo+bjoem°§+qo*ne2i1- -~ room 2 4 -
( % gTjO'Troom ] i; Whefee——

Vs

For the various strength leve representations, it is reasonably accurate to vary only the
single parameter g0 (theinitid flow stress when the strain rate is 1/9) to represent the
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different drength levels of hard sted armor. It iswell established that “6-inch” RHA can
be accurately depicted with an 80 of 0.62 GPa.  For the optimization problem, we
elected to represent the harder, stronger FGM surrogete as layered sted that has an

average go of 1.0 GPa (order of 145 ks.) All other Johnson-Cook parameters are kept

the same asthe “6-inch” RHA backing. Therationae for thisisthat work hardened
materias, from a stress-gtain curve perspective, act like the origina materia but with the
location of the adtic modulus load line shifted increasingly to the right before

intersecting the plagtic portion of the origina curve. The Johnson-Cook parameters for
the“6-inch” RHA ged are shownin Table 1.

Table 1. Johnson-Cook parameters for “6-inch” RHA

a0 bjo go m n Tjo Poisson
Value 0.62 1.685 4.35E-3 0.800 0.74 0.15364 0.294
Units GPa GPa [-] [-] [-] eV [1]

Theyield stress of the outer layers for two or more sirength levels were aways taken as
8/0=1.38 GPa (order of 200 ks) and 80=0.62 GPa. For greater than two levels (threg,
four, sx and twelve were consdered), strength increments were made equa from layer to
layer. Thediagramin Figure 2 best illugtratesthis.
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Figure 2. Depiction of strength levels chosen.

The Mie-Gruniesen equation of sateis used to describe the dilatationd portion of the
deformation. The same vaues were used throughout for al strengths of stedl considered,

which is common practice in termind balistic computations.

3.LINEAR DISTRIBUTION RESULTS

These modd congtructs were computationdly placed on thick “6-inch” RHA and tested

for maximum depth of penetration when impacted by a hemispherica nosed, L/D =10
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tungsten sintered metal (WSM) penetrator. Penetrator initid velocity was chosen as 1300
nVs, which alows aredity check with available published balligic data. Depths of
penetrations were initidly caculated for “hard-to-soft” and * soft-to-hard” lay-ups, for the

cases of two, three, four,

Residual Penetration vs. Number of Levels gx and twelveyied

srength levels dong the

penetration direction. The

T surprising result is shown
—4 Hard To Soft inFgure3: for targets that
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Figure 3. Resultsfor linear strength distributions

_ increasing the number of
An example: o levels. Thisisrdated to
Fixed dimensions :
4 LEVELS  —e1mm the Sze of components
] ' in the experiment, and
o3| D=7.81mm not controlled by
| . directly by the number
| B of layers. Thefour leve
woll T=3175mm caseisshownin Fgure
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Figure4. Problem sizing and dimensions th? . 6t0. szeand
driking velocity are

chosen, the layered congtruct totd thicknessis controlled by the desire to have sufficient
overmatch so that resdud penetration into the “6-inch” RHA shows sengtivity to
vaidionsin the layering. With twelve layers, the consequences of these condraints are

that the tota thickness of the twelve layers shdl be 31.75 mm and the layer thickness

ghdl be 2646 mm. Thisisvery closeto one-third the penetrator diameter, o thet in this
layered FGM simulant, strength levels along the penetration path that vary significantly
in lessthan a penetrator diameter have little additional effect on the outcome of the
experiment. This result has been obtained in another way by Segletes[REFS]. Segletes
andyticaly examined the effect of periodic strength variation aong a penetration path

using a modified Tate procedure, and reached the same conclusion regarding fineness of
materid layers and their consequences on penetration behavior.
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4 ALL-PERMUTATION RESULTS

The linear hard-to-soft and soft-to-hard are but two of the 4! = 24 permutations available
in atarget made of four hardness leve items. Systematic iterations were done among the
twenty-four possible stacking arrangements. These numerical experiments were repeated
for griking velodities of 1050, 1125, 1300, 1375, and 1450 m/s, so thet in dl, 120
amulations were run. (Each amulation requires 9+ cpu hours on an SGI Origin 2000
classplatform.) If one denotes the four asending strength levelsas“1”, “2°,“3" and “4”,
an iteration table can be prepared for dl the possihilities. Thistable and the resulting
maximum resdud penetration are shown in Figure 5 for the 1300 mys sriking velocity
case. The pattern of the results are generaly quite smilar anong al the striking
veocties; only one has been illudtrated here.
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Figure5. Residual penetrationsby Iteration #. In thetable, 1=Weakest and 4=Strongest
material. “Case#’ and “Iteration #’ areequivalent.

A strong grouping of results by factor of sx isevident in Figure 5. Although the 1300
nVs case is the one shown here, this pattern trend of rising throughout each group of Six
with or without dight reversals at the ends was evident at al impact velocities from 1150
m/sto 1450 m/s. Re-examination of the iteration table shows that the beginning dement
grengths are grouped by Sx dementseach. That is, thefirst group of sx dl have the
weskest materid (“1”) firdt, then the second group of six have the second weskest
materid (“2") fird, etc. Interna ordering in each group amost dways favors weskest
materid before a stronger one, as cross-examindion of the graph and the table will
reved.

5. PENETRATOR NOSE SHAPE EFFECTS

Two extreme cases of nose shape geometry were examined. Results show that the trend
of best armor performance by ordering the target layering from week to strong continues
to hold for these cases aswell. The extremes considered were an equivaent mass WSM
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right circular cylinder of identica diameter but dightly reduced length to compensate for
replacing the hemispherica nose with ablunt end. Maximum resdua penetrations are
nearly identica to the hemispherica nose results, so that this order of changein nose
geometry does not change the conclusion.

The other extreme is a different experiment, which is directly supported by a series of
balidtic range tests with 0.50 cal AP (armor piercing) projectiles at full service velocity.

The projectiles have along ogiva nose shape. In this case, the target was an origindly
homogeneous, high-strength-stedl that had been induction zone hardened to produce two
contiguous leves of strength through the thickness. The plate was 15 mm in total

thickness, with an
extremdy hard (strong)
front layer for 60% of the
thickness (9 mm) and a
less hard rear layer for
40% of the thickness (6
mm.) Results of
smulaions a 908 nvs
(2800 fps) show dightly

20C Block 1 X (em) 20C Block 1 X (em)
5

o s St 50 5~ 2 reduced DOP in Figure 6.

Figure 6. Differences produced by soft-first (left) and hard-first (right). The frames are shown at

130 microseconds, shortly
after forward motion isarrested. Range experiments againg plates smulated by this
computation substantiate improved performance for soft-firs. The bdlidtic limit velocity
isabout 100 m/s higher for the soft-first configuration than the hard-first configuration.

6. CONCLUSIONS

Ordering of srength levelsis an important condderation in setting gods for functiona
graded materiads for armor systems.  Performance enhancements are available if
conventiond wisdom is ignored for more subgtantid evidence developed. Itis
demondtrated that for minimum depth-of -penetration, lower srength levels of an FGM
layered congtruct should be the firgt the projectile impacts. It is aso shown that strength
leve variations dong the path occurring in less than a penetrator diameter have little
effect on the penetration result.
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