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Abstract

The quasi-static and the dynamic damage mechanisms in alumina tiles backed by xnite thickness support
plates and subjected to a variety of boundary conditions were investigated. The tile/plate assemblies were
impacted by NATO 0.3 cal. armor piercing (AP) rounds with hardened and sharpened steel core. The
alumina tile samples were 50]50 mm2 area, their thicknesses ranging from 3 to 12 mm. The backup plates
were made from 5 and 10 mm thick steel, aluminum, and SpectraTM composite. The tiles were mounted in
a special con"nement frame, which enabled the tile samples to be subjected to biaxial compressive stresses,
hence the con"nement e!ect on the ballistic failure mechanisms could be examined. Several parameters
associated with impact of ceramic tiles are discussed: the irreversible plastic deformation of the backup plate,
the number of radial cracks, and changes in damage mechanisms with changing tiles' thickness. It is shown
that the support plate plays a major role in the survivability of the alumina tile, and from a certain assembly
thickness it may be considered as a semi-in"nite. Furthermore, while suppressing the lateral movement of the
fragments reduces the damage to the tile, biaxial compressive con"nement gives only limited additional
protection. ( 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Composite armor is a combination of a hard material, such a ceramic, with a metallic or "ber
composite back-up plate. It has been shown [1,2] that the overall thickness of monolithic metallic
armor is reduced when a ceramic plate is placed before the metallic plate. This results in a reduction
of the overall weight. The task of the ceramic plate is to break-up and erode the projectile and to
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increase the contact surface of the metallic plate by forming a hard cone, which reduces the local
pressure in the backup [3}6]. The metallic or composite backup absorbs the kinetic energy of the
impactor. Ballistic penetration involves several physical and material parameters, among them
the velocity at impact, hardness and shape of the projectile, hardness, density, and toughness of the
tile, the rigidity and strength of the backup plates, thicknesses, etc.

Various ceramics are used as the hard plate facing the projectile [7,8]. Alumina is one of the most
readily available and cost-e!ective materials; while transparent ceramic are the most expensive and
less available. For backup plates, aluminum is often preferred due to its low density and cost, while
steel is ine!ective due to its high density. Fiber-reinforced plastic composites are frequently used
due to their low density and high strength and strain energy to failure [9]. However, the modulus of
these materials in the impact direction is low, hence their ability to reduce the deformation of the
ceramic is minimal.

The most important parameter in impact is the velocity at incidence. Up to 700 m/s impact is
considered to be low velocity, which causes quasi-static damage [10]. Velocities exceeding
3000 m/s are termed hypervelocity, at which the stress waves are faster than the crack propagation
velocity in most ceramics. In this case the dynamic properties govern the behavior, and the
hydrodynamic #ow characterizes the damage [10]. In the regime of intermediate impact velocities
the damage is a combination of quasi-static and dynamic damage. Each regime is characterized by
di!erent impactor (small AP rounds in the low-velocity regime, heavy rods in the hypervelocity
regime, etc.), and by di!erent thicknesses and masses of the ceramics. Therefore, di!erent damage
mechanisms are expected.

The failure mechanisms in composite armor has been investigated for several decades. Cone
crack has been considered as the major damage mechanism (in the sense of mechanical resistance
for penetration), in relatively thick ceramic plates, as demonstrated by Wilkins [3,5,6] in his
pioneering works. Wilkins analyzed the perforation of alumina tiles backed by aluminum plates,
assuming that the major damage mechanism is that of a cone crack. The nature of the analysis was
axisymmetric, and good agreement with X-ray #ash photography analysis was obtained. The cone
crack damage in brittle materials was extensively studied by Hertz [11] and more recently by
researchers involved in determining the damage in ceramics [12,13]. Cone crack is appeared to be
the major damage mechanisms in ceramics subjected to ballistic impact [14}19]. Rigorous
analytical models were developed to de"ne the ballistic limit velocity, applying the principle of
the conservation of energy. According to these models, the kinetic energy of the projectile is
transformed to strain energy in the backup plates, assuming no energy is consumed by the ceramic
tile [19,20], or to obtain the residual velocity after impact [21}35]. Numerical analysis, mainly by
"nite elements, has been used to de"ne the parameters involved in cone crack impact damage, such
as the driving force to nucleate damage and the angle of the cone [24}27]. Both the analytical and
the numerical analysis consider the cone as a hard undamaged continuum material. It has been
shown, however, that in thin ceramic plates the cone contains radial cracks [27].

In thinner ceramic tiles, where the thickness is comparable to the projectile's diameter, radial
cracks are usually observed as the major damage mechanism [27}31], but it is mostly ignored, due
to the inability to include it in a 2-D, axisymmetric analysis.

The shape of the impactor has a signi"cant in#uence on the failure mechanisms of ceramic tiles.
Hard, cone-shaped impactors improve the penetration depth in metallic targets by generating
plastic #ow in front of the hard cone [5], while in ceramics blunt or #at impactors generate
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increased damage [5]. The overall mass and kinetic energy in #at impact (impactor and sabot) are
usually higher than the mass of armor piercing rounds. The target ceramics or glasses are usually
very thick or edge-on specimens, therefore no radial crack can be generated due to the high bending
rigidity of the target, so that the damage is in the form of a conical envelope of microcracks
[19,32}34].

The mechanisms of perforation in con"ned tiles has attracted the attention of researchers since
resistance to perforation can be improved by applying an external load. Several methods have been
developed to con"ne ceramic tile under compressive deformation [30,31,34}40]. In all the tests the
ballistic damage was reduced or the performance of the ceramic improved. The common procedures
to con"ne ceramic tiles are to use the mismatch of the thermal expansion coe$cient between the
ceramic and the metal, and inserting the ceramic tile in a cavity in a metal. A new method has been
suggested by the author [31], which is simple yet e!ective in generating high biaxial compressive
stresses in ceramic tiles. By changing the pre biaxial compressive stress level and boundary
conditions, the quasi-static and the dynamic damage could be distinguished from one another.

The major damage mechanisms in 5}12 mm thick alumina tiles supported by thick (30 mm)
support blocks, impacted by 0.3 cal. NATO armor piercing rounds were the result of quasi-static
loads, since the impedance mismatch at the tile/support interface was low [31]. It was suggested
that the evolution of the major impact damage mechanisms in alumina tiles consisting of the
following: formation of tensile radial cracks that initiate at the opposite surface, propagation of
a cone crack that initiates in the vicinity of the contact zone, and fragmentation of the cone crack
under compressive stresses. The dynamic damage, viz. spall, is generated after the quasi-static
damage, provided tensile stress of a su$cient amplitude exists, as it does in tile supported by
aluminum or by plastic reinforced "ber composites. Biaxial con"nement of the tile on thick
supports signi"cantly reduced the quasi-static, but not the dynamic damage.

In this investigation we study the damage mechanisms in alumina tiles backed by steel,
aluminum and spectra composite [9] of "nite thickness as the backing plates. The support plate
materials were selected for their distinctive sti!ness, energy absorbance and impedance. Steel has
a high elastic modulus and high strain energy dissipation capability. It is therefore able to reduce
the deformation at impact, to dissipate the kinetic energy, and to minimize re#ection of the stress
waves from the tile/support interface, the latter being due to low impedance mismatch. Aluminum
and alumina have a moderate impedance mismatch and the aluminum has medium sti!ness, while
the Spectra composite, due to its very low acoustic impedance, re#ects most of the stress waves; it
has a low normal modulus of elasticity, and it can therefore undergo large deformation, but its
ability to dissipate energy is high.

2. Experimental program

2.1. The conxnement frame

The design of the con"nement frame has been fully described elsewhere [31]. A ceramic tile freely
rests on a slightly undersized "nite thickness support plate and is mechanically clamped at its sides
by four bolted vertical wedges. The tile/plate assembly rests on a massive steel support with a hole
of 35 mm diameter, Fig. 1. The wedges and main base were each designed with a wedge angle of 153,
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Fig. 1. The tile/support-plate assembly on a hollow steel block.

which produces a high clamping load on the tile. A torquemeter was used to control the torque
applied to each of the eight bolts fastening the wedges. The tiles can thus be constrained by a high
biaxial compressive stress. The wedges where quenched and annealed to 50 Rc in order to reduce
any plastic deformation arising during the impact process.

Calibration curves of the biaxial compressive stresses in the tile as a function of the clamping
torque were obtained by a set of strain gages. Calibration was performed on 5 and 10 mm thick
tiles. The biaxial compressive stresses were about 130 MPa. The 10 mm thick tile exhibited a factor
of 0.5 of biaxial compressive stress for the same torque as with the 5 mm thick tiles. Constant
biaxial compressive stresses were applied on all of the tiles by the controlled torque for comparison.

2.2. Support conxguration

Three types of backup plate materials were used: 4340 steel, Al 7075 T6, and SpectraTM
composite. The backup plates were 5 and 10 mm thick and dimensions of 49]49 mm2. The tile
samples were placed freely on the backup plates, and both rested on a hollow steel support block
with a 35 mm diameter hole, as shown in Fig. 1. The impedance mismatch of the steel/alumina
assembly is low, while it is high for the alumina/spectra assembly, as shown in (polyethylene
properties were taken for the spectra as the representative values for the normal to the plane
modulus and density) Table 1.

2.3. Boundary conditions

Three di!erent boundary conditions were applied on the edges of the tiles': (i) the tile rested on
the support plate with no lateral constraint, designated &no constraint' (Fig. 2a), (ii) it was con"ned
by the four wedges that suppressed movement of the tile's fragments, designated &zero' (Fig. 2b), and
(iii) it was con"ned under a biaxial compressive stress of about 130 MPa (Fig. 2c).

2.4. Tile material

The tiles were 98% grade alumina with an average grain size of 10 lm (Rami Ltd. Israel). Tiles'
dimensions were 50]50 mm2, and the thickness ranged between 3 and 12 mm. All the tiles were
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Table 1
Mechanical and physical properties of the materials [43]

q <
L

<
T

Z
(Kg/m3) (m/s) (m/s) (106 Kg/m2s)

Alumina 3900 9870 6345 42
4340 steel 7700 5900 3230 45
Aluminium 2700 6320 3130 17
Polyethylene 1060 2350 1150 2.5

Fig. 2. The applied boundary conditions: no constraint (a), &zero' constraint (b), and biaxial compressive stresses (c).

ground #at to avoid uncontrolled bending or stress wave re#ections. A thin foil of tin (0.15 mm) was
attached to the con"ned tiles' edges in order to re"ne the stress distribution there.

2.5. AP conditions

Tile samples were impacted by the NATO 0.3 cal. AP rounds, each having a total weight of 9.4 g,
which includes a 7 g. pointed hardened steel core of 6 mm diameter. It is noted that sharpened
impactors are less e!ective in perforating ceramic target [5]. The round's velocity at the target was
measured to be 870$10 m/s. The average kinetic energy of a round is 3.56 KJ.

3. Results and discussion

The following discussion of the experimental results is based on the characteristic damage
mechanisms observed lately [27,30,31]: the quasi-static damage, namely, radial cracks, the cone
crack and the fragmentation of the cone envelope, and the so-called dynamic damage, resulting
from the re#ected stress waves.

Two quantities were measured in order to quantify the damage: the irreversible de#ection of the
support blocks and the number of radial cracks. Both are measures of the quasi-static damage,
resulting from the deceleration forces generated during impact. The irreversible plastic deformation
was measured by an indicator with sharpened cone pointer, with resolution of 5 lm, the reference
height was that of an unimpacted assembly, the measure was the point of maximum de#ection, only
for tiles impacted at or closed to (within a circle of 5 mm diameter) the center of the tile. The
number of radial cracks was counted under optical microscope with the magni"cation of 600.
A necessary comparison with tiles supported by a semi-in"nite support is made.
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3.1. 4340 steel support

All the tiles subjected to &no constraint' boundary conditions and backed by the 10 mm steel
plates were shattered. The variety of fragment sizes depends upon the tile thickness. The 12 mm
thick tile was shattered into fragments of a large variety of sizes, from pieces of the order of
magnitude of the tile thickness to submillimeter fragments, with a negligible amount of alumina
powder. As tiles of a smaller thickness were tested, the variety of fragment sizes also grew smaller.
Thus the 3 mm tile was shattered into a large amount of alumina powder. The same phenomenon
was observed when the backing plates were made of 5 mm thick steel, but the variety of sizes and
the size of the fragments were smaller even in the case of the 12 mm thick tiles. A more exact
analysis of the fragments was di$cult since certain amount of fragments and of alumina powder
were ejected from the con"nement frame due to the large pressure generated at impact. Further-
more, it was impossible to derive the exact failure mechanisms from these tiles, although clear
radial crack patterns and the traces of the bottom surface of the cone crack mechanism were
observed at the surface of the backing plates. This suggested that radial cracks and a cone crack are
the major damage mechanisms in the current assembly, similar to the mechanisms observed when
the tiles were backed by semi-in"nite support [31].

The damage to the tiles backed by 10 mm steel supports and subjected to &zero' boundary
conditions was reduced signi"cantly. The damage mechanisms could be identi"ed since the tiles
remained intact, and revealed radial cracks and wide-angle cone cracking as observed and analyzed
in [31] as the major damage mechanisms. These are quasi-static and result from the large forces
generated during projectile deceleration. The most important parameters that govern this damage
is the bending rigidity of the support, which is high in steel. Only limited spall damage was detected
in the upper portion of the 12 mm thick tile. It was the result of stress waves re#ected from the
wide-angle cone crack's (new) surface. Spall damage increased as tiles of lower thicknesses
were used. A clear observation is that &zero' constrained tiles exhibited an increased variety of tile
fragment sizes and fragments of larger size. Tiles supported by a 5 mm thick steel plates
were fractured by similar mechanisms, but with increased spall damage, formed parallel to the tile
surface, resulted tensile stresses due to re#ected stress waves in addition to the quasi-static damage.

When con"ned by biaxial compressive stresses of 130 MPa, the damage in the alumina tiles
dropped dramatically. The 12 mm thick tile backed by a 10 mm thick plate remained practically
intact, except for a wide angle cone crack that sliced the tile in two, as shown in Figs. 3a and b.
A small number of radial cracks were evident, fully developed only in the bottom &slice' of the tile.
The upper &slice' revealed two major spall cracks, presumably from stress waves re#ected from the
wide-angle cone crack and the upper (free) surface of the tile, and a damage zone at the upper
surface, resulted #aking of alumina chips. Schematic presentations of the stress tensor accountable
for cone crack advancement in uncon"ned and con"ned tiles is shown in Fig. 3c, providing the
rationalism for the &wide' angle shape of the cone crack in con"ned tiles. Note that the horizontal
tensor in the con"ned tile decreases as a result of the con"nement stresses. The damage to the 8 mm
thick tile was essentially the same, but increased in terms of the number of radial cracks and spall
cracks. The thinner tiles were shattered and no direct evidence of the damage mechanisms in the
tiles is detected, besides the radial crack patterns at the support plate.

The observed damage to the 12 mm thick tile supported by a 5 mm steel plate was of the same
nature, but with an increased number of radial cracks and spall cracks (compared with the same tile
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Fig. 3. The damage to a con"ned 12 mm thick alumina tile on 10 mm thick steel support: the top (right) and the bottom
(left) surfaces (a), and a view over the top (right) and the bottom (left) surfaces of the wide angle cone that &sliced' the tile
(b). Schematic presentation of the stress tensors in uncon"ned (top) and con"ned (bottom) tiles gives the explanation for
the wide-angle cone crack (c).

on a 10 mm thick support). In Fig. 4, three slices of the tiles are evident. All the thinner tiles,
biaxially compressed by 130 MPa and supported by 5 mm thick steel plates were shattered and
disintegrated into small pieces.

A plot of the irreversible de#ections of 5 and 10 mm thick steel support plates, as a function of tile
thickness for various boundary conditions is shown in Fig. 5a. These de#ections were measured at
the center of the de#ected zone underneath the projectile/tile contact zone. The &zero' and 130 MPa
boundary conditions only slightly in#uenced the irreversible de#ection of the alumina tiles backed
by the 10 mm thick steel plates, compared with that of the unconstrained tiles (Table 2). The 3 mm
thick tiles were perforated regardless of the boundary conditions, and large plastic deformation was
found in the steel supports (which were not perforated). The situation was di!erent with regard to
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Fig. 4. The damage to a con"ned 12 mm thick alumina tile backed by 5 mm thick steel plate: the top and the bottom
surfaces, together with the top view over a &slice' of the tile resulted the wide angle cone crack and the spall cracks (a), and
a view over the upper and the lower surfaces of the &slices' (b).

Fig. 5. The irreversible de#ections of the 5 and 10 mm thick steel supports (a), the number of radial cracks in the alumina
tile (b), and the areal density as a function of tiles thickness and the three types of boundary conditions.
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Table 2
The irreversible de#ections of the supports and the number of radial cracks for various tile/support assemblies and
boundary conditions

Support Tile thick (mm) De#ection (mm) No. of radial cracks

None Zero Max None Zero Max

3 * * Perf. * * *

5 Perf. 10.5 6.3 41 40 41
Steel 6.5 6.05 5.23 4.36 37 * 51
5 mm 8 4.44 * 2.5 37 38 36

10 3.24 0.31 0.43 28 26 28
12 1.9 0.25 0.09 27 25 24

3 3.78 2.76 4.23 26 * 25
5 0.67 0.6 0.36 25 26 22

Steel 6.5 0.41 0.35 0.26 23 22 *

10 mm 8 0.39 * 0.13 22 * 18
10 0.31 * * 19 * *

12 0.24 0.03 0.02 15 18 11

3 * * * * * *

5 * * * * * *

Alum. 6.5 * * * * * *

5 mm 8 Perf. * Perf. 33 * *

10 * * * * * *

12 Shear 1.83 1.31 33 31 35

3 * * * * * *

5 * 10.52 11.93 * 43 42
Alum. 6.5 Perf. * * *

10 mm 8 4.17 2.13 0.97 28 37 35
10 1.92 * * 26 * *

12 1.2 0.19 0.04 22 21 19

the 5 mm thick steel support, where the e!ect of the boundary conditions was more pronounced.
The irreversible de#ections of unconstrained tiles were large, about 2 and 6 mm for the 12 and the
6.5 mm thick tiles, respectively (Table 2), but dropped to about 0.1 and 4.4 mm for con"ned tiles of
the same thicknesses, respectively. The unconstrained tiles/support assemblies (5 mm thick each)
were perforated, while the 3

5
mm thick tiles/support assemblies were perforated regardless the

boundary conditions.
It seems that the tiles and 10 mm thick steel support assemblies, with alumina tiles thicker than

5 mm may be considered semi-in"nite assemblies, as the irreversible de#ection for these assemblies
(Fig. 5a) are nearly constant, with only small slope. However, this is not so in the case of the 5 mm
thick steel support, with which the same e!ect was achieved only for a con"ned 10 mm thick tile.
Nevertheless, the irreversible de#ection of the tile/semi-in"nite steel support is somewhat lower
[31]. The de#ections of the backup plates supporting thin tiles and subjected to 130 MPa biaxial
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compressive stresses, are higher than those of &zero' constrained tiles. We postulate that this is the
result of buckling of the tile under the normal quasi-static loads and the in plane compressive
stresses, which increase the de#ection of the cracked tile, reducing its e$ciency. The same
phenomenon was observed when the tiles were supported by thick support blocks [31].

The number of radial cracks as a function of tile thickness, support thickness, and boundary
conditions are shown in Fig. 5b. It appears that the number of radial cracks strongly depends upon
the thickness of the backup plate and of the tile, and depend less on the boundary conditions.
Indeed, the rate of change of the number of radial cracks as a function of thickness is about the
same for the three boundary conditions. It appears that the large quasi-static loads generated
during deceleration of the projectile overcomes the in#uence of the con"nement when the tiles are
backed by "nite thickness supports.

Alumina tiles supported by semi-in"nite steel supports have su!ered mainly from quasi-static
damage, which took the following sequence: radial tensile cracks, cone crack and fragmentation of
the cone envelop (compressive damage). These damage mechanisms occur since the stress
waves are either transferred into the semi-in"nite support and vanish there, or they are re#ected but
are insu$cient to cause tensile stresses of large enough amplitude for cracking [31]. This is due to
the almost identical acoustic impedance of alumina and steel. The situation changes with
"nite thickness support. Although no signi"cant stress waves are re#ected from the tile/support
interface, there is full re#ection from the free surface of the steel. However, since the stress wave
velocity in steel is only 60% of that in alumina, there is a delay in the development of tensile
stresses. Hence, the spall crack damage resulting from re#ected stress waves in tiles supported by
10 mm thick steel is limited, and the damage is mainly quasi-static one.

In practice, the most e!ective tile/support/boundary-condition assembly, measured in terms of
de#ection versus areal density, is the 10 mm thick alumina tile backed by 5 mm steel support and
subjected to &zero' boundary condition, as shown in Fig. 5c. The areal density, however, is still large
for practical applications, but the tile has remained essentially intact. Therefore, the most impor-
tant parameters in this assembly are the bending rigidity (EI) and the acoustic impedance mismatch
between tile and support.

3.2. Al 7075-T6 support

The study of the damage mechanisms in alumina tiles backed by "nite thickness aluminum
supports was a rather di$cult task. Most of the tiles supported by 5 mm thick aluminum plates
were perforated, regardless of the boundary conditions (see Table 2). It is still possible, however, to
describe the damage mechanisms and sequence and to measure some important parameters,
especially in thicker assemblies.

When supported by 10 mm thick aluminum plate, the 12 mm tiles were shattered into relatively
large pieces and a large variety of fragments, resulting mainly from spall cracks intercepting the
radial cracks. As thinner tiles were used, the damage increased steeply. The 8 mm thick tile
disintegrated into small pieces and a large amount of alumina powder. The 6.5 mm thick tile and its
support were perforated. The 12 mm thick tile supported by 10 mm thick plate, subjected to &zero'
and 130 MPa biaxial compressive stresses permitted a more detailed analysis of the damage
mechanisms. The damage consisted of a large number of radial cracks (see Table 2), a wide angle
cone crack, and spall cracks caused by stress waves re#ected from the newly free surface of
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Fig. 6. Top view of an 8 mm thick alumina tile supported by a 10 mm thick aluminum plate and subjected to biaxial
compressive stresses of 130 MPa.

the wide cone and the free top surface of the tile. The top surface of an 8 mm thick tile subjected to
compressive stresses of 130 MPa is shown in Fig. 6.

The irreversible deformations as a function of tile thickness, backup plate thickness and
boundary conditions are shown in Fig. 7a. The importance of the backup plate's modulus and
thickness can be visualized by comparing the de#ections of steel (Fig. 5a) and aluminum (Fig. 7a)
plates. The only data for 5 mm thick aluminum supports were obtained for con"ned 12 mm thick
tiles. It is noted that in these tests, as well as in the steel supported tests, the de#ections of the
biaxially compressed thin tiles were larger than those under &zero' boundary conditions, presum-
ably due to buckling that occurred when the radial cracks formed.

Counting the number of radial cracks in tiles backed by "nite thickness aluminum plates was
a di$cult task. It was evident that the number of radial cracks was greater than that in tiles
supported by st(see Table 2), and that the boundary conditions have only a minor in#uence on it.

The de#ection versus areal density of alumina tiles backed by 5 and 10 mm thick aluminum
plates is shown in Fig. 7b. The optimal assembly mm thick tile supported by 10 mm thick
aluminum plate, subjected to &zero' boundary condition.

3.3. Spectra composite support

All the tiles backed by "nite thickness Spectra composite, regardless of tile thickness or
boundary conditions were shattered into small pieces and a large amount of alumina powder,
resulted large number of radial cracks and spall cracking. A typical damage to the 10 mm thick
Spectra composite and to the 12 mm thick tile subjected to 130 MPa biaxial compressive stresses is
shown in Fig. 8, were a clear, large number of radial cracks can be seen. The radial cracking was
the result of the low bending rigidity of the Spectra composite in the direction of the penetration.
The spall damage mechanism was the result of the almost full re#ections of the stress waves at the
tile/support interface, due to the large impedance mismatch between alumina and Spectra com-
posite (Table 1). We assume that a material with massive spall damage cannot be considered as
a continuum, cannot support loads, and therefore cannot generate tensile stresses to initiate radial
cracks. Therefore, the radial cracking mechanisms were seemed to form before the spall cracking.
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Fig. 7. The irreversible de#ections of the 5 and 10 mm thick aluminum support as a function of tiles thickness and the
three types of boundary conditions (a), and this de#ection versus areal density (b).

This explication is based on hundreds of experimental impact tests. It was impossible to obtain any
de#ection measurements or to count the number of radial cracks. The backup plates were sheared
and large delaminations between the composite plies were observed.

3.4. Damage mechanisms and tile thickness

An important observation from Figs. 5a and 7a is the irreversible plastic deformation of the
support as a function of tile thickness, schematically shown in Fig. 9. In thin tiles the de#ection
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Fig. 8. The damage to the Spectra composite and the shattered alumina tile. The straight lines emanating from the center
of the alumina tiles are the radial cracks. A large mass of the tile was shattered and disappeared as a result of the spall
damage.

Fig. 9. Schematic presentation of the irreversible de#ection of the support as a function of tile thickness, and the in#uence
of con"nement.

reduced very rapidly as tile thickness increases, and then, in thicker tiles, it reduces very moder-
ately, as already observed by Rosenberg et al. [41]. We attribute this behavior to changes in the
damage mechanisms as a function of tile thickness. A large de#ection is obtained when no ceramics
involved in the perforation process, which is associated with plastic #aw and related mechanisms
and triggered when a sharpened and hardened armor piercing round is impacting on a metal target.
When a thin ceramic layer is interposed, fracture of the sharpened tip of the projectile occurs,
reducing its perforation e$ciency. The major damage mechanism in the thin ceramic layer is
the formation of the radial cracks, with negligible e!ect of the cone. As tiles of greater thickness are
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used, the fragmentation of the sharpened projectile cores increases, and the depth of penetration
decreases. At a certain tile thickness, presumably comparable to the projectile diameter [25], an
additional damage mechanism, cone cracking, becomes e!ective. The cone crack creates an
e!ective zone of high compressive strength in the tile, which, in turn, causes increased fragmenta-
tion of the projectile. This is a very signi"cant stage in defeating the projectile. Any additional
increase in tile thickness has only a minor in#uence, since the failure mechanism remains essentially
the same, and therefore the rate of change of de#ection is small. Same phenomenon was observed
by the present authors when using semi-in"nite support blocks [31], and by other investigators
[39]. From practical point of view, the point that indicates the appearance of the cone de"nes the
recommended tile/backup assembly thickness.

We assume that con"ning thin tiles has only a minor e!ect on de#ection, since the radial cracks
remain the major damage mechanism [31]. However, in thicker tiles, the formation of radial cracks
may be delayed, the cone becomes wide angled, and the compressive strength more pronounced,
resulting with reduced de#ection.

4. Summary

The damage to alumina tiles, subjected to impact of sharpened 0.3 cal. NATO AP rounds and in
particular, the e!ect of con"nement on the damage mechanisms was studied. The alumina tiles,
3}12 mm thick, were backed by "nite thickness, 5 and 10 mm thick support plates, made of steel,
aluminum, and Spectra composite. Two types of damage mechanisms were identi"ed: Quasi-static
damage, resulting from quasi-static loads, and dynamic damage caused by re#ected stress waves.
The quasi-static damage is characterized by fragments of a large variety of sizes, the dynamic
damage by a small variety of "ne fragments and alumina powder. Same mechanisms and sequence
were observed in similar tiles supported by semi-in"nite supports [27,31]. It is noted that the
nature of the ballistic damage mechanisms is the result of an impact of a pointed projectile, which is
eroded during the initial stage of the impact, su!ers from mass and velocity reduction. The stress
waves and their re#ections advances in a semi-hemisphere shape, with rapid reduction in their
magnitude far from the contact zone.

The quasi-static damage was in the form of radial tensile cracks, also observed in [27}31],
resulting from bending deformation due to the quasi-static loads, initiated at the bottom surface of
the tile and propagated to the top surface as a semi elliptical crack [31]. Radial cracks were
generally ignored in analytical and numerical analysis due to the di$cult to incorporate them in
2-D analysis, and due to the reduced importance of this mechanism for thick targets. This was
followed by a cone crack, initiated in the tile/projectile contact zone and propagated toward the
bottom surface [3}5,15}17,25,26,31]. Microscopic analysis of the primary zone of the cone crack
showed massive friction between crack surfaces [31] suggesting large component of shear at the
initial stage of the cone crack propagation (for less than 0.5 mm), after which the cone crack kinked
to a mode I dominated crack. When the kinetic energy was su$cient, crushing of the cone envelope
due to high compressive stresses. Such cracks denoted as &wing' crack by Ashby and co-workers
[42] as the governing damage mechanisms in brittle materials under large compressive stress, and
lately by Lawn [12]. The dynamic damage was in the form of spall cracks. In the case of
low-impedance support material, these cracks were generated by re#ected stress waves from the
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tile/support interface; when high-impedance material, such as steel, was used, the stress waves were
re#ected from the free surface of the support and the damage was reduced.

While the thick steel support caused reduced spall damage, that damage increased with
aluminum supports, and becomes very signi"cant in tiles supported by Spectra composite. The
latter caused almost full re#ections, resulting in predominantly dynamic damage. Furthermore,
reducing the steel support thickness in order to promote stress wave re#ection with varying the tile
thicknesses and the levels of con"nement caused only moderate changes in the damage, so that the
quasi-static damage still dominated and initiated the damage.

The lateral con"nement has only a moderate e!ect on the quasi-static damage, and a still
diminished one for thin tiles. A 12 mm thick tile on a 10 mm thick steel support, subjected to
130 MPa biaxial compressive stresses exhibited similar damage as a &zero' constrained tile or a tile
with no constraint. In these cases, the "nite bending rigidity of the support dominated the damage
mechanisms. Dynamic damage is una!ected by the lateral con"nement. This was demonstrated by
the damage in alumina tiles backed by Spectra composite, which was in the form of "ne fragments
regardless of the boundary condition and thickness.
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