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Abstract

The dominant materials solution used for ballistic transparency protection of armoured tactical platforms in commercial and military applications
is low cost glass backed by polycarbonate. Development of next generation ceramics is critical to offering enhanced protection capability and
extended service performance for future armoured windows to the soldier. Due to the high cost of testing transparent ceramics, a modelling approach
has been undertaken in parallel with ballistic testing to validate armour designs based on a transparent magnesium aluminate spinel, MgAl,O,,
striking-ply backed by polycarbonate. A key purpose is to characterize the influence of defects on the failure of laminates, both statically and
dynamically tested. Finite element modelling is used to predict unsuccessful designs and reduce number of laminate configurations in experimental
testing. A notional ceramic armour system based on spinel/polycarbonate assemblies is used to report results on the effect of surface and interior,

equal area defects on the ballistic behavior of a laminates.
Published by Elsevier Ltd.

Keywords: Armour; Modelling; Spinel; Failure analysis; Defects

1. Introduction

Transparent armour systems using ceramics as the striking
face have been explored since the early 1970s because they
potentially provide superior ballistic protection to conventional
glass-based transparent armour systems.! However, commercial
manufacturers have not experienced a demand for large trans-
parent (>1290 cm?) ceramic plates for commercial markets in
point-of-sale scanners and fluorescent lighting. Therefore, the
development of large and thick ceramic plates for transparent
armour applications has not proceeded to commercial maturity.
The U.S. Army has invested heavily in the development of next
generation materials, including ceramics, for military systems.?
The result of the on-going investments is a critical understanding
of ceramics strengths and weaknesses for military platforms.

As large transparent ceramic materials are available com-
mercially in sizes up to 900 cm?, progress in ballistic designs
has offered substantial increases in performance in transpar-
ent armour design. Among the potential ceramic materials
considered for armour — sapphire, edge-form-growth sapphire,
magnesium aluminate spinel, aluminium oxynitride — one was
selected for the current pursuit, magnesium aluminate spinel
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(MgAIl>04). Although individually, single impact testing has
shown small variations in ballistic efficiencies (<10%) of ceram-
ics, to achieve multi-hit performance, all of the ceramics
are effectively equivalent. technology assessment and transfer
(Annapolis, MD, USA) is providing ceramic spinel plates pro-
duced via hot-pressing in sizes up to 28 cm x 36.cm x 1.5cm
for this report.3

Finite element modelling has progressed substantially in the
ability to predict failure of materials under extreme dynamic
loading conditions. One of the limitations of predictive models
is lack of a complete dynamic materials properties database for
each of the materials in the simulations. In order to compen-
sate for parameters whose dynamic values were extrapolated
from their static or quasi-static properties, baseline experiments
are used to recalibrate the models.*> However, the recalibra-
tion method of modelling lacks many of the physical properties
and failure mechanisms associated with real-world materials.
Therefore, often recalibrated models lack the ability to pre-
dict within statistical error future failures over any substantial
ranges, and materials substitutions often lead to new calibra-
tion requirements. The desired approach is to validate a fully
characterized materials database with one calibration model,
and subsequently apply the model to modified designs. Despite
apparent limitations, recalibration of existing materials models
has proven effective in minimizing the number of simulation iter-
ations and in producing more successful predictions. Regardless
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of methodology, finite element tools can be applied effectively
to reduce the variability between impact tests and can be used to
validate designs with fewer experimental failures, when robust
models are created.

2. Experimental

Due to the sensitive nature of ballistic test results, surrogate
materials were assembled that do not represent current or future
armoured designs.

2.1. Ballistic coupons

Experimental coupons for ballistic testing consisted of lami-
nated layers of spinel bonded Deerfield 4700 (or Huntsman 399
equivalent) polyurethane adhesive to Bayer Makrolon polycar-
bonate. The laminate sandwich was assembled in an autoclave at
93-121 °C for 4 h. To reduce the variables in the investigation,
the backing layer thickness was fixed at 1.27 cm of polycar-
bonate. The ceramic striking material is varied between 1.1
and 1.5 cm, depending on the density of flaws introduced. The
bonding layer is typically 0.10 cm. Experimental samples were
evaluated only to attain penetration velocity to confirm the model
parameters. Otherwise, all results and discussion are based on
simulation analysis.

2.2. Modelling

The ballistic behavior of the ceramic spinel, polyurethane
and polycarbonate stack impacted by a surrogate projectile was
simulated using the non-linear ANSYS/AUTODYN commer-
cial package.” The material models used were obtained from
the AUTODYN library. The modelling laminated target con-
sisted of panels of spinel, polyurethane, and polycarbonate of
900 cm? cross-sectional area (30 cm in 2D models). The defects
were filled with air at 1 atm pressure. Some of the strength mate-
rial models of the laminated target materials had been previously
recalibrated using existing ballistic data. The numerical mod-
elling of undamaged armour coupons was carried out in two
and three dimensions. The projectile applied in the models was
a3.0cmlong, 1095 steel projectile, of conical frustum geometry,
(6 mm large base, 1.0 mm small base), using two-dimensional
axi-symmetric and plane symmetry models. Depending on the
geometric complexity of the laminated target and the existing
pre-processing capability of the solver, smooth particle hydro-
dynamics (SPH), Lagrange and Euler solvers were used. In
particular, when the SPH solver was used the target and the pro-
jectile were discretized by SPH with a particle size of 0.2 mm.
The element size used for the 2D Lagrange and Euler solver
was 0.25 mm. Since each of those solvers has its own charac-
teristics, to ensure result compatibility a target containing no
defects was simulated by all three solvers. All solvers produced
similar results. Results were obtained by simulating projectiles
impacting the targets at the experimental velocities ranging from
500 to 1000 m/s.
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Fig. 1. Types and locations of various defects explored using the experimental
and ANSYS/AUTODYN simulation tools for defects in ceramic spinel. Defects
were located either at the surface (A) or at the interior (B) of the spinel layer
of the laminated construction. The polymer layers are kept constant throughout.
Voids are simulated as ideal gas air.

2.3. Defect models

One of the advantages of modelling methods is the ability to
create physically challenging architectures to investigate effects
of point defects on failure. The sensitivity of ballistic measure-
ment tools is typically less than +10% due to the range of failure
modes invoked in the high-energy exchange between projectile
and target. Additionally, capturing the real-time failure modes
in the impact event requires highly specialized video equip-
ments. These factors contribute to a very difficult and expensive
set of experiments for investigating small flaws and the impact
on performance in the experimental realm. By using modelling
tools, however, the effects of macroscopic flaws and the loca-
tion of these flaws can easily be investigated in a model that
correctly captures the physics of failure in the materials. There-
fore, to enhance the understanding of flaws and the behavior
of spinel with defects, the modelling approach, which had been
validated previously by experimental data for the case of surface
introduced discontinuities, defined also as defects, is employed.

Consideration of defects in calculating the failure probabil-
ity of ceramic articles with short-term loading has been reported
by Gorbatsevichl et al.” The effect of various shapes and loca-
tions of defects of equal cross-sectional area was studied by
simulation of the impact. Fig. 1 shows pictorially the various
defect types and locations of defect investigated. The loca-
tion of the defects at either surface or interior to the sample is
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