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ABSTRACT
Ceramics such as Al2O3, SiC, TiB2 and B4C have been used in integrated
armor for over a decade and are an excellent prospect for the next generation
multi-functional armor systems. It is necessary to incorporate novel ideas in
ceramic armor design so as to develop improved armor with minimal added mass.
Preliminary research has demonstrated that the defeat capability of ceramic armor
tiles could be considerably improved by tightly wrapping them in a thin
membrane of suitable tensile strength. In the present paper we present some
recent experimental results relating to the effect of thin membranes attached to the
front face of Al2O3 armor tiles, on their ballistic performance. The experiments
were conducted to study the comparative effect of several front-face materials,
such as glass-fiber tape, E-glass/epoxy pre-preg, Carbon-fiber/epoxy pre-preg and
Ti-3%Al-2.5%V alloy. Tungsten heavy alloy was used as the projectile material.
It was observed that confinement by a thin layer of E-glass/epoxy pre-preg
resulted in a nearly 20% improvement in the ballistic efficiency for a mere 2.5%
increase in areal density. The improvement in ballistic efficiency is accompanied
by an altering of the failure mechanisms. High-speed photography and flash
radiography techniques have been used to gain insight into the mechanisms that
may be responsible for this improvement.
1. 0 INTRODUCTION
The next generation armor systems require integration of several attributes
within hybrid structures, which can be accomplished through introduction of
novel concepts in the materials-structural design. These attributes may include
great agility, effective communication, and controlled signature. New
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materials/structures must therefore be created in such a manner that they are lightweight, impact resistive, have structural integrity and at the same time can have
signature management and controlled communication capabilities. This can be
achieved by incorporating periodic arrays of thin conductor wires1, exhibiting the
desired electro-magnetic response into high strength, low-density hybrid
composites. Extensive research has been conducted to increase the ballistic
efficiency to areal density ratio of ceramics through various techniques. A number
of researchers have studied the effect of confinement of ceramics on their ballistic
performance and failure modes. Shockey et al.2 studied the failure
phenomenology of confined ceramics under rod impact. They concluded that the
key processes are crushing of the ceramic and the subsequent flow of fine
fragments lateral to and opposite to the direction of impact. Woodward et al.3
studied the perforation of confined and unconfined ceramic targets by pointed and
blunt projectiles. It was observed that front confinement of ceramic results in a
greater overall fragmentation. However, their experiments suggest that less
amount of very fine ceramic powder may form in the confined case as compared
to the unconfined target. Anderson and Morris4 have studied the effect of
projectile diameter on its erosion for thick (~ 4 cm) Al2O3 tiles under lateral and
rear confinement. They also observed that for constant-mass projectiles, longer
rods erode more than shorter rods for the same ceramic thickness.
When projectiles impact ceramic targets, a pulverized zone is formed ahead of
the projectile head due to intense stress conditions. Understanding of the failure
mechanisms resulting in this pulverization is important for developing improved
models and for designing better armor systems. Curran et al.5 present a
micromechanical model for comminution and granular flow of ceramics under
impact. Cortes et al.6 have numerically modeled the impact of ceramic-composite
armor. They present a constitutive model for finely pulverized ceramic taking into
account internal friction and volumetric expansion. Grace and Rupert7 have
incorporated models of Curran et al.5 and Cortes et al.6 to analyze long rods
penetrating ceramic targets at high velocities.
McGinn7 et al.8 have
microscopically studied the deformation and comminution of shock loaded Al2O3
to understand the failure mechanisms that produce this pulverized zone, often
referred to as the ‘Mescall zone’.
Recently, McGee et al.9 studied the effect of thin membrane wrapping on the
defeat capability of Al2O3 and SiC ceramic armor tiles. It was observed that
tightly hand-wrapping the tiles in commercially available Scotch glass fiber tape
improves the ballistic efficiency by nearly 20%. It was also observed that this
improvement is mainly a result of impact-face constraint that the tape provides,
and that the back-face constraint had little (if any) effect on the ballistic
efficiency.
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Following these observations, further experiments were conducted to
investigate the effect of the front-face-attached membrane on the failure
mechanisms and the projectile-target interaction. Also, the material and the
thickness of the front-face-attached membrane were varied to observe the
resulting effects on the ballistic efficiency. The experimental results are discussed
in the present paper together with some numerical simulations, leading to some
tentative conclusions on the potential factors that may be involved in this process.
2.0 EXPERIMENTAL PROCEDURES
2.1 Gas-Gun
A single stage gas-gun is used to launch the projectile. Helium is the
driving gas. The barrel diameter is 2.54 cm and its length is 4.8 m. Two velocity
sensors at the muzzle end of the barrel are used to measure the intial velocity of
the projectile. The sensors also trigger the high-speed camera and flash X-ray
heads. The gas-gun can launch a 17 gm sabot-projectile assembly at up to about
1100 m/s. The gas gun is operated with two different configurations of target
assembly depending on the nature of data of interest.
2.1.1 The stripped-sabot configuration: An Aluminum sabot carries the projectile
through the barrel. Prior to impact, the sabot is stripped by means of a maraging
steel stripper. After penetration, the projectile erodes and its velocity reduces. The
residual velocity is measured by means of residual velocity sensors. The
projectile is recovered from paper stacks, which act as momentum dump and the
residual mass is measured. Ballistic performance is evaluated by comparing the
kinetic energy of the residual rods. See Fig. 1.
2.1.2 The unstripped-sabot configuration: Using a sabot-stripper creates sabot
debris during the stripping process. This debris interferes with high-speed
photography. Hence, tests were also conducted without the stripper and the
residual velocity sensors. This configuration provides immaculate imagery of the
initial stages of the impact phenomenon and helps study ejecta characteristics.
However, the time window of data acquisition is limited to until the sabot
interferes with the penetration process.
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Figure 1. Stripped-sabot configuration for ballistic tests

2.2 High-speed Photography
The Hadland Imacon 200 high-speed image acquisition system was used to
study the ultra high-speed phenomenon of ballistic penetration. The camera can
be programmed to record a sequence of separate images at prescribed time
intervals. A sixteen-channel camera was used. Images were acquired from a point
of view normal to the path of the projectile.
2.3 Flash Radiography Procedures
During ceramic penetration, fine pulverized ceramic powder is ejected from
the front and rear surfaces of the tile. This obscures the view of projectile-target
interaction and the flow of eroded particles. An experimental set-up for flash
radiography provides dynamic, real time images of the projectile penetrating the
ceramic. Two 100 kV heads were used. Two configurations were used. In the
inclined X-ray configuration, as seen in Fig. 2, the X-ray heads are placed
inclined to the path of the projectile. This reduces the ceramic cross-section that is
pierced by the X-rays. This configuration helps study the interior of the target and
hence the target-projectile interaction during penetration. In the edge-on
configuration, the X-ray heads (see Fig. 2) are moved so that they are orthogonal
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to the path of the projectile. Since, the target thickness is large this configuration
does not reveal the interior. It helps study the flow of rod erosion products
emerging from the front surface.

Inclined X-ray

Edge-on X-ray

Figure 2. Flash radiography configurations
2.4 Target Material
Coors Al2O3 AD995 CAP3 armor grade tiles were used. These are 99.5%
purity tiles of 10.16 cm × 10.16 cm × 1.27 cm dimensions. The areal density of
the ceramic tiles is 4.98 gm/cm2.
2.5 Projectile Material
WHA (93% W, ~5% Ni, ~2% Fe) manufactured by Hogen Industries was
used. The projectiles were flat-ended cylinders of diameter 6.14 mm and length
20.86 mm. Also, WHA (93%W, ~5%Ni, ~2%Fe) procured from ARL was used
for flash radiography studies.
2.6 Membrane application techniques
2.6.1 Scotch 893 Glass Fiber tape: Commercially available Scotch 893 glass
fiber tape was used to hand-wrap the ceramic tiles. Scotch fiber tape has a tensile
strength of 525 N/cm. It is 0.15 mm thick. Elongation is approximately 4.5%.
Eight layers of fiber tape were hand-wrapped on tiles and then the back-face tape
was cut out so that only the front-face and edges of the ceramic tiles were taped.
The glass fibers on the cellophane tape run uni-directionally. Hence, the
orientation of the tape was alternated after every two layers (02/902/02/902).
Taping the ceramic tile increases its areal density from 4.98 to 5.31 g/cm2.
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2.6.2 Ti-3%Al/2.5%V sheets: Ti-3/2.5 alloy sheets of 0.127 mm, 0.254 mm and
0.508 mm were used. The sheets were bonded to the front-face of the ceramic
tiles using Loctite 312 super glue. The tensile strength of Ti-3/2.5 is
approximately 620 MPa. Elongation is approximately 15%. The areal densities of
ceramic tiles with 0.127mm, 0.254 mm and 0.508 mm Ti-3/2.5 sheets are 5.036
gm/cm2, 5.093 gm/cm2 and 5.207 gm/cm2 respectively.
2.6.3 E-glass/Epoxy pre-preg: E-glass/Epoxy pre-preg (BT-250E-1) manufactured
by Bryte technologies Inc. was used. The E-glass reinforcement has a cross
weave and the overall tensile strength is 434 MPa. The pre-preg was pressed onto
the front surface of the ceramic tiles and cured at 250o F (121o C), in a hot press.
Samples with one and three layers of pre-preg were prepared. The areal densities
are 5.019 gm/cm2 and 5.099 gm/cm2 respectively.
2.6.4 Carbon fiber/Epoxy pre-preg: Carbon-fiber/Epoxy pre-preg (BT-250E-1),
also manufactured by Bryte technologies was used. The Carbon (Graphite)
reinforcement also has a cross weave and the overall tensile strength is 669 MPa.
Samples were prepared using techniques similar to those used for E-glass/Epoxy
prepreg. Samples with one and three layers of pre-preg have areal densities of
5.017 gm/cm2 and 5.083 gm/cm2 respectively.
3.0 EXPERIMENTAL RESULTS
WHA projectiles were used to impact Al2O3 tiles at 900 m/s. The velocity was
well above the ballistic limit (V50) of the Al2O3 tiles and was maintained the same
for all the tests. Bare tiles and tiles with front-face fiberglass tape, Ti-3/2.5,
Carbon fiber/Epoxy pre-preg, or E-glass/ Epoxy pre-preg membrane of various
thicknesses, were studied.
3.1 Ballistic performance
Tests conducted with the stripped sabot configuration help to understand the
effect of impact-face constraint on the ballistic performance. The projectiles
weighed about 10.6 gm. The initial velocity of the projectile, measured by the
velocity sensors was used to calculate the initial kinetic energy. The residual
velocity sensors measured the exit velocity of the projectiles, after penetration.
The eroded projectiles were recovered from the paper stacks and weighed. The
residual kinetic energy was calculated. The ballistic performance was evaluated
by determining the kinetic energy fraction, defined by fKE = residual kinetic
energy/ initial kinetic energy. Some of the results are shown in Fig. 3.
As can be seen, the fKE for bare tiles is approximately 0.35. From the test
results for the E-glass/Epoxy, Carbon-fiber/Epoxy, and Ti-3/2.5, it is observed
that fKE tends to diminish with increasing thickness of the membrane layer. The
fKE for a three layered E-glass/Epoxy sample is approximately 0.12, about the
third of that for the bare tiles. This is a nearly 23% improvement in the ballistic
efficiency for a mere 2.5% increase in the areal density. It is also observed that

6

glass-fiber tape improves the ballistic efficiency substantially. However, the areal
density is increased by nearly 7%, mainly as a result of the cellophane content. It
is expected that after a certain critical thickness for the front-face membrane,
there will be a gradual reduction in the resulting improvement due to the
constraint effect.
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Figure 3. The effect of front-face constraint on the ballistic performance of
allumina tiles
Table 1. lists the residual velocity and residual mass measurements of the
projectiles. As can be seen from the Ti-3/2.5, Carbon-fiber/Epoxy, and Eglass/Epoxy tests, the residual velocity is decreased by more than 100 m/s for the
front-face-constraint samples. However, no strong correlation is yet observed
between the residual velocity and increasing thickness of the membrane. It is
observed that increasing the thickness of the membrane results in an increase in
erosion. Hence, preliminary observations suggest that increasing thickness and
hence the ensuing increase in tensile strength of the impact-face membrane,
increases the erosion of the projectile. Further tests are needed to isolate the
effects of key material properties such as tensile strength, stiffness, and elongation
of the front-face membrane on the residual velocity and erosion of the projectiles.
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Constraning
membrane material
Unconfined
Unconfined
Glass fiber tape
Glass fiber tape
Ti – 0.127 mm
Ti – 0.127 mm
Ti – 0.254 mm
Ti – 0.254 mm
Ti – 0.508 mm
Carbon – 1 lyr
Carbon – 1 lyr
Carbon – 3 lyrs
Carbon – 3 lyrs
E-glass – 1 lyr
E-glass – 1 lyr
E-glass – 3 lyrs
E-glass – 3 lyrs

Initial
velocity (m/s)
903.9
900.7
897.5
900.7
887.5
912.0
900.7
894.4
891.2
894.4
905.5
892.3
891.2
892.7
900.7
907.1
864.1

Initial
Mass (gms)
10.708
10.658
10.582
10.582
10.668
10.662
10.570
10.582
10.634
10.647
10.671
10.660
10.663
10.622
10.610
10.656
10.615

Residual
velocity (m/s)
682.0
671.0
545.5
563.7
624.4
584.7
636.7
561.7
616.0
632.5
633.6
540.8
538.0
593.4
527.5
517.0
532.1

Residual
mass (gms)
6.421
6.489
5.706
4.955
6.309
5.008
3.567
4.429
2.328
6.791
5.846
4.805
4.339
5.721
4.813
3.808
4.253

Table 1. The effect of various constraining materials on the residual velocity
and the residual mass of the projectile
3.2 High speed photography results
3.2.1 Front face: Fig. 4 shows the initial stages of an unstripped-sabot test for a
bare sample. The ceramic ejecta can be seen ejecting from the front surface.
Soon after impact, a pulverized zone (the Mescall zone) is formed ahead of the
projectile due to intense stress conditions. The ejection process clears the
pulverized ceramic away to accommodate the penetration of the projectile. A
significant portion of the kinetic energy of the projectile is transferred to the
ejecta. As can be seen, the ejecta for a bare sample is radially disperse and conical
in shape. Fig. 5 shows the initial stages of an unstripped-sabot test for a
constrained sample. The flow of ejecta particles is much more acute and
cylindrical in nature. The displacement measurement tools of the Imacon 200
software were used to calculate the velocities of these ejecta. It was observed that
during the initial stages, the ejecta velocity for samples with front-face membrane
was nearly 40% higher than that of the corresponding bare samples. The higher
kinetic energy associated with ejecta signifies reduced residual kinetic energy for
the projectile.
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Figure 4. Initial stages of impact of a bare tile
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Figure 5. Initial stages of impact of E-glass/Epoxy constrained tile
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Figure 6. Back face displacement of a bare tile
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Figure 7. Back-face displacement of an E-glass/Epoxy constrained sample
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3.2.2 Back face displacement: The projectile’s travel velocity and the rate of its
erosion govern its penetration rate. The back-face displacement gives a good
indication of the penetration rate. Figs. 6 and 7 show the back-face displacement
of a bare and a front-face constrained sample, respectively. It can be seen that the
back-face displacement is delayed by nearly 15 µs for the constrained sample.
This implies increased erosion and/or reduction in velocity.
3.3 Flash Radiography
Fig. 8 compares the X-ray images for bare and front-face-membrane
constrained samples. The edge-on X-rays indicate that the eroded projectile
particles for the constrained sample, exhibit a more oblique flow as compared to
that for the bare sample. The inclined X-rays provide a view of the interior during
penetration. The projectiles deform by mushrooming and shearing of its tip,
indicating ductile nature of its failure. The projectile for the constrained sample
exhibits a larger mushroom head. This confirms the increased penetration
resistance and erosion of the projectile. The more oblique flow of the eroded
projectile particles for a constrained sample, observed in the edge-on X-rays, is a
result of greater mushrooming.

µs )
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Edge-on X-rays
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µs )
Inclined X-rays
(8

Bare tile

(15 µs )
µs )
Edge-on X-rays
(7

µs )
Inclined X-rays
(9

Constrained tile

Figure 8. Flash radiography results
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4.0 CONCLUSIONS
Al2O3 tiles when impacted by WHA projectiles fail through a complex
combination of processes resulting from the shock-wave propagation and
reflection. These processes include fragmentation and formation of radial and
circumferential macro-cracks, pulverization of the ceramic into fine powder, and
ejection of the fine powder from front and rear surfaces. The WHA projectile
undergoes deformation and erosion. It is expected that the morphology of the
pulverized ceramic fragments and its flow characteristics govern the penetration
resistance of the ceramic tiles. Hence, it is important to understand the underlying
mechanisms producing the pulverization of ceramics. Preliminary numerical
simulations10 on DYNA2D (a two-dimensional hydrodynamic finite element
code) indicate that release waves emanating from the projectile edges reduce the
pressure and increase the shear stress at a distance equal to the projectile diameter,
ahead of the projectile. The resulting stress condition is highly conducive to the
pulverization of ceramic11, 12, See Fig. 9.

Figure 9(a) Computational grid displaying the geometry
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Figure 9 (b) and (c). Contours of maximum shear stress and constant ressure
in an Al2O3 tile 0.83 µ s after being impacted by a 6.35 mm WHA projectile 9
High-speed photographs indicate that the front face confinement of Al2O3 tiles
vastly alters the flow of the pulverized ceramic that is ejected out. The front-face
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ejecta from a bare tile is radially disperse and conical. For a constrained tile the
ejecta flow is more acute and cylindrical. Also the ejecta velocity for a
constrained tile is nearly 40% higher. Flash radiography indicates that
constraining the ceramic tile results in a much greater mushrooming and erosion
of the projectile. The greater erosion and reduced velocity of the projectile are
also manifested in the form of a significant delay in the back-face displacement of
the ceramic tile. Experiments indicate that impact-face restraint by fiber
reinforced polymer results in a substantial improvement in the ballistic efficiency.
Thin layers of E-glass/Epoxy improve the ballistic efficiency by nearly 20% for
an increase in areal density of 2.5%. Further research is needed to study the effect
of front-face membrane of other materials, so as to isolate the key material
properties governing the improvement in ballistic efficiency.
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