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PRINCIPAL SYMBOLS
A cross-section
A* radial cross-section (see figure 2.6)
A0 initial projectile cross-section
c plastic wave velocity
Dp projectle diameter
f uniformly distributed load on back-up plate per unit area
T vector function
F impact load per unit of undeformed projectile area
hb back-up plate thickness
h c ceramic facing thickness
1 momentum
K c ceramic’s bulk modulus
1 length
I deformed length
L length of projectile
Lel a length of projectile elastic remainder
Lero length of projectile after erosion phase
m, mass of comminuted ceramic in front of the projectile
M eject mass of ejected comminuted ceramic
Mp projectile mass after erosion
M blas fully plastic bending moment per unit length
MR plastic bending moment per unit length
M plastic bending moment per unit length
h . .
I}\de plastic hoop moment per unit length
MO averaged plastic hoop moment per unit length
N membrane force per unit length
N' membrane force per unit length
Npl as fully plastic membrane force per unit length
P additional resistance to penetration due to ceramic bulking
Q shear force per unit length
Q' shear force per unit length

7y
)

C3 Hwéo-do

NH
g
(4]

fully plastic shear force per unit area

reduced plastic shear force per unit length

radial position from symmetry axis

radial position of moving back-up plate plastic hinge
ejection hole radius

radial position of fixed back-up plate plastic hinge




eject

oK oK
s

g,

]

DM R ® R

radial position of moving plastic hinge at moment of
model initiation

time

ceramic facing breakup time

ceramic’s elastic wave velocity

projectile material’s elastic wave velocity

projectile material’s plastic wave velocity

projectile velocity (rear end)

velocity

radial velocity

initial projectile velocity

ballistic limit velocity

velocity of ejected comminuted ceramic

additional volume created by plastic deformation
volume occupied by projectile

additional volume created by outer annular plate section
deformation

additional volume created by central plate section deformation

available volume for comminuted ceramic

volume occupied by comminuted ceramic in pressureless
situation

V010 att= tbreakup

volume of ejected comminuted ceramic

ceramic conoid volume at t = bor cakup

outer annular section back-up plate deformation

central back-up plate deformation

back-up plate deformation at inner periphery of the outer
annular plate section (r = rh)

back-up plate deformation at moment of plug initiation
projectile/ceramic interface position

projectile/plug position

initial projectile/ceramic interface velocity (at t = ore akup)
projectile position at moment of plug initiation

vector function

ceramic conoid (half) angle

parameter in force function

shear strain or parameter in force function

radial strain

angle



back-up plate’s areal density

ceramic layer’s areal density

back-up plate’s density

ceramic’s density

strongly comminuted ceramic’s density
projectile’s density

dynamic stress

dynamic stress

dynamic yield stress of projectile or yield stress of back-up plate
material

d( )/dt

d2( ydr?




1. INTRODUCTION

Many objects, such as the case-wall of a centrifugal separator, an aircraft turbine or a
spacecraft, are always in danger of being damaged by high-speed impacts and need to
be protected. The protective material’s weight has to be minimal, especially for
aerospace applications. Much effort has therefore been made to clarify the behaviour of
the materials involved, in attempts to increase safety and decrease the accompanying
weight penalty. Fortunately, the development of such protective materials can benefit
significantly from the experience and knowledge gained from the evolution of armour
materials over the centuries.

Ancient man had various skins and furs available for protection against the
environment and antagonists. The Sumerians favoured the use of leather capes and
leather helmets in very ancient times (2800 B.C.). The Assyrians (1100-600 B.C.)
are generally considered the most advanced of the ancients in the scope and
sophistication of their armour. They used felt, wool, leather, wood, iron and bronze.
As the weapon designers were constantly improving the terminal effects of their
projectiles, the armours were becoming thicker and heavier. During World War I, the
first modern tank appeared. It was armoured with flat rolled steel plates. The increased
weight of the armour reduced the mobility of its user. Hence, armour materials
research was stimulated to find solutions for the major problems associated with
armours: penetrability, weight and expense.

In 1918 for example, hard enamel on a metal was found to improve the resulting
bullet resistance (Laible, 1980). High helicopter losses during the Vietnam war
especially intensified the research and development on lightweight armour materials in
the United States of America. Armour materials were required giving the same ballistic
protection as afforded by standard homogeneous steel armour, but at half the weight
(Abbot, 1968; Alesi & Barron, 1968; Rolston er al., 1968; Taussig, 1970). In the
search for these improved armours, ceramic materials were considered.

In the broadest sense, the term ceramics encompasses all inorganic materials, except
metals and metal alloys, and can range from a dense polycrystalline substance to a
vitreous glass. Many ceramic materials are stiff, brittle, very hard and stronger in
compression than in tension. These properties make ceramic materials suitable for
armour applications. Unfortunately, when projectiles are fired onto single ceramic tiles,
they are only able to provide a limited amount of protection. Their brittle behaviour
and poor tensile strength cause failure and prevent them from absorbing any
significant amount of energy. By supporting the ceramic facing with a ductile back-up
plate however, the performance of the armour is dramatically increased. The
performance of a specific armour concept is characterized by the panel’s ballistic limit
velocity (VSO)‘ This velocity is an approximation of the projectile velocity at which
50% of the impacts would result in complete penetrations and 50% in partial
penetrations. For example, a single 11.4 mm thick tile of AD-85 alumina has a
ballistic limit velocity of only 390 m/s. The ballistic limit velocity of an armour faced
with 6.35 mm AD-85 alumina supported by 6.35 mm aluminum, which has the



spall shield composite
adhesive adhesive

%
;

’
’
s
7
%
i

spall shield ceramic reinforced
plastic

Figure 1.1  Ceramic composite armour (expanded view).

same areal density, is 650 m/s when impacted by an identical projectile
(Mayseless et al., 1987).

The function of the ceramic facing in armours like this is to destroy the tip of the
projectile, to spread the load over a large area of back-up plate and to decelerate the
projectile. The role of the back-plate is to support the ceramic and to bring the
projectile and ceramic debris to rest. Using this principle, the Goodyear Aerospace
Corporation developed a ceramic composite armour in 1963 which matched the
performance of standard homogeneous steel but at half the weight. This armour,
presented in figure 1.1, consisted of a ceramic facing backed by glass-reinforced plastic
and could defeat a 7.62 mm armour piercing (AP) projectile.

Many companies and research institutes were motivated to develop other ceramic faced
armours with even better performance. The works of Wilkins et al. (1967-1978),
Florence & Ahrens (1967), Florence (1969), and Bodine ez al. (1969) covering both
experimental and theoretical studies on the relative effectiveness of various ceramics
against armour piercing projectiles, resulted in a fair understanding of the penetration
mechanisms dominating the impact event.

Experiments with lightweight armour systems are essential to improve the
understanding of the penetration mechanisms. Unfortunately, the complexity and
brevity of the impact process in ceramic faced armours, the event is completed within
0.0001 s (for a 7.62 mm AP projectile impacting at 840 m/s), make instrumentation
very difficult. Soon after impact, fine ceramic and projectile debris are ejected from the
impacted area and obscure the view for optical high-speed cameras. Only the back-up
plate motion can be observed easily optically before perforation. Aside from debris
problems, it is impossible to obtain information regarding the actual projectile
penetration into the ceramic faced armour using an optical technique. As a result,
most experimental data available in literature on impact onto ceramic faced armours is
limited to ballistic limit velocity determinations. Detailed data regarding the projectile
and armour behaviour throughout the impact event are very scarce.




The experimental work by Wilkins and his colleages in the seventies is the most
comprehensive in the field. In addition to ballistic limit velocity experiments, they
conducted flash X-ray experiments with ceramic faced armours to obtain detailed
information on the penetration process. They carried out their experiments with 2-inch
wide strips of ceramic faced armour. By setting up their flash X-ray system in plane
with the armour’s front surface (normal to the projectile’s line of flight), the resulting
shadowgraphs presented information regarding projectile rear-end position, projectile
armour penetration and armour deformation and projectile erosion. Strips wider than
2 inches could not be used because of the limited penetrating power of the X-ray
system. To the author’s knowledge, the work published by Wilkins ez a/. in literature
with respect to the information presented on the projectile and armour behaviour is
unique to this date.

Unfortunately, some of the data presented by Wilkins contradict other data presented
by him (Wilkins, 1988; Den Reijer, 1989). In addition, recent experiments at TNO’s
Prins Maurits Laboratory have shown that the reduction of the lateral dimensions of
the ceramic armours, as done by Wilkins to allow X-ray penetration, can influence the
performance of an armour panel in a negative way, As a result, there is doubt as to
whether the flash radiographs presented by Wilkins can be considered as fully
representative for the performance of full-size panels.

The recent availability of ceramics and back-up plate materials with outstanding
performances at acceptable prices has lead to a renewed interest in lightweight protective
materials over the past five years. An example of this new interest was the National
Technology Project “Ballistisch Arall” carried out by a consortium of Dutch
companies, led by AKZO. The project was sponsored by the Dutch Ministry of
Defence, and started in 1987. The goal of this project was to develop a family of
ceramic faced armours using arall for the back-up plate. Arall, gramid gluminium
laminate, is a Delft University of Technology invention. The multiple layers of metal
and fibre-reinforced composites in it, allow the back-up plate to be optimized for the
special impact loading. Even though many projectiles were considered in this project,
most emphasis was placed on defeating the 7.62 mm armour piercing (AP) projectile.

In the past, the design of such ceramic armour systems was based predominantly on
experimental ballistic performance data. However, the large number of parameters
influencing such an armour’s performance render the sole use of traditional
experimental ballistic performance data inefficient. The most fruitful results can be
expected when the experiments are supplemented by an analytical approach, which
includes the dynamic mechanisms accounting for the behaviour of these armours. The
advantage of an analytical approach, over the use of empirical models, scaling
procedures and hydrocode computations, is easily advocated. Empirical models need
to be supported by a huge amount of experimental data in order to be able to
accurately predict ballistic limit velocities of specific armour and projectile
configurations. More detailed information than the v_, cannot easily be supplied by
such models. By using geometric scaling, empirical models become more versatile,
although such procedures do not allow the projectile geometry, armour geometry,



armour composition or impact velocity to be varied independently. Hydrocode
simulations, on the other hand, have the potential of providing the most detailed
information on the progress of a penetration process (Anderson, 1987). An enormous
effort to develop brittle material response models for use within hydrocodes, is being
pursued at many laboratories (Mescall & Tracy, 1986; Van der Graaf, 1988; Johnson
& Holmquist, 1990). The tuning of the code predictions with experimental data is still
necessary at the moment. Unfortunately, the long CPU execution times make the use
of hydrocodes for parameter studies and ballistic limit velocity computations
impractical to engineers in the development process of these protective materials. An
analytic model requires only a limited amount of experimental data, yet is able to
present the user with details of the penetration process in addition to the prediction of
the ballistic limit velocity. The use of an analytic model allows a user to conduct
parameter studies by varying projectile and armour composition, geometry and
materials completely independently, without the immediate necessity to support this by
experimental data.

Hence, the “Ballistisch Arall” project aimed at a theoretical and experimental approach
to achieve its goal. Its theoretical approach included the development of an analytic
penetration model for ceramic faced armours. This model was intended to increase the
“feeling” for the important parameters in the impact process. As such, it was expected
to be able to examine the effect on the ballistic limit velocity of (limited) variations of
the projectile and armour geometry and properties about a reference ceramic faced
armour with a (laminated) metal back-up plate. The model was also expected to
present the user with details on the penetration process, such that the influence of
back-up plate related properties could be assessed. In addition, the model was required
to execute quickly enough on a personal computer (PC-AT) to allow it to be used as
an engineering tool.

In this thesis, a combination of theoretical and experimental work on ceramic faced
armours is presented. The development of the above-mentioned penetration model,
ALARM (Analytic Lightweight Armour Response Model), is described. The results
obtained with the model are compared with experimental data. The model’s potential
as an engineering tool is illustrated by examples of parameter studies.

In order to improve the understanding of the penetration process of projectiles into
ceramic faced armours, experiments were conducted. They supplied information
regarding projectile erosion, armour penetration and armour deformation throughout
the impact event. The novel experimental technique used for these experiments, the test
results and their analyses are subjects of this thesis too. The results of the experiments
were also used to evaluate and to validate the proposed description of the penetration
process in the analytical model.




2. MODELLING IMPACT ON CERAMIC FACED ARMOUR
2.1. Introduction

Over the years, only a few analytic penetration models for impact on ceramic faced
armour were presented in literature. In 1969, Florence published a model which yielded
a very simple formula for the ballistic limit velocity of a ceramic faced armour.
Prior & Hetherington presented a paper in 1986 where they reviewed Florence’s model
and described the initial development of a model to simulate the impact of a soft-core
(ball) projectile onto a ceramic-GFRP (Glass Fibre-Reinforced Plastic) composite
armour. These models were not capable of fulfilling the requirements set by the
“Ballistisch Arall” project. They do represent the state-of-the-art with respect to
ceramic faced armour modelling at the time that the model presented in this thesis
was developed.

Recently, Ravid ez al. (1989) presented a paper in which they proposed a procedure to
use their analytic model for the early stage of high-velocity impact, and their two-
dimensional, five stage, analytic model for the penetration and perforation of
moderate thickness viscoplastic plates by rigid projectiles, for the case of ballistic impact
of ceramic armour with a metallic back-up plate. Very recently, Woodward (1990)
proposed a one-dimensional model for the penetration into ceramic faced armour,
using a lumped mass model. The analytic penetration model presented in this thesis
was developed independently from the work by Ravid er a/ and Woodward. A
description of the model together with a comparison of model calculations with
experimental data was first published by the author in 1989.

In this chapter, a phenomenological description of the penetration process of projectiles
into ceramic faced armours is presented. The most characteristic mechanisms
responsible for the behaviour of these armours are isolated and addressed. The
important armour material properties are identified. Based on these observations, a
number of general assumptions and simplifications are proposed for use within the
analytic model. Subsequently, the projectile behaviour and armour response are
modelled, bearing in mind that:

- the model’s scope of application is limited to the family of ceramic faced armours
and projectiles that satisfy the following criterion: the thickness of the ceramic
facing, the thickness of the back-up plate and the diameter of the projectile have to
be of the same order,

- the model is developed for ceramic faced armours with a (layered) metal back-up
plate,

- the model has to present the user with details on the penetration process, such that
the influence of back-up plate properties can be assessed, and

- the model is required to execute quickly on a personal computer (PC-AT) so as to
allow its use as an engineering model.



The proposed resisting force model, which simulates the loading experienced by the
projectile and the armour during their interaction process, is presented next. The
resulting set of differential equations, describing the penetration model, are solved
numerically. The numerical solution technique and the outline of the Fortran-77
ALARM program are described. The model’s capabilities are illustrated by the
comparison of computed and experimentally determined ballistic limit velocities, at the
end of this chapter.

2.2. A phenomenological description of projectile penetration into ceramic
faced armours

Following Bodine ez al. (1969), the impact process of a projectile into a ceramic faced
armour can be simplified by discussing the process on two time-scales. The first time-
scale encompasses the time required for no more than a few stress wave reflections
through the armour plate and thus is of the order of a few microseconds. This period
of observation can be denoted as the shock-wave period. The second time-scale,
encompasses the subsequent structural response period of the armour and is
terminated when the armour is defeated or has arrested the projectile.

The penetration process into a ceramic faced armour during the shock-wave period will
be described first. When a hard core (armour piercing) projectile impacts a ceramic
faced armour at a velocity of approximately 800 m/s, shock degradation of the
armour and shatter of the projectile may result. Shock degradation of an armour, by
inducing extensive microfracture, results from the propagation of a high pressure wave
followed by a rarefaction wave through the ceramic. Shocks above the ceramic’s
Hugoniot elastic limit (HEL) are known to induce damage in ceramics (Bless, 1987).
The high stress wave induced in the projectile results in a radial expansion and
fragmentation of the projectile tip. This phenomenon is called bullet shatter or bullet
splash. The extent of the shock degradation and projectile shatter depends on the
shape and intensity of the initial shock wave and resulting rarefaction waves.

In the ceramic, a fracture front starts to propagate into the material ahead of the
projectile. According to Frechette & Cline (1970), the initial damage to the ceramic
originates at the impact surface at a number of points situated roughly in a circle
around the centre of contact with the projectile. From these points fracture spreads to
form a group of shallow coaxial cylindrical cracks, some of which join to complete a
shallow cylinder. The cylindrical cracks flare quickly into a conoid which tends to
intersect the back-up plate. The shape of these cracks strongly resemble the Hertzian-
type of conoid cracks (Evans, 1973). They propagate at a velocity substantially lower
than the sonic velocity of the material. The projectile continues to erode or flatten
during this fracturing process, while the actual penetration into the ceramic remains
slight. This is illustrated by the results of a HEMP finite difference computer
calculation in figure 2.1 (Wilkins, 1968). Fracture of the ceramic also originates at the
ceramic’s back-face. According to Wilkins, the fracture in the ceramic at its back-up
plate interface is a result of tension in the ceramic as it follows the motion of the back-
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Figure 2.1  Calculation of development of fracture and axial crack in a ceramic faced
lightweight armour (Wilkins, 1968).

up plate after the reflection of the shock wave. Hence, a few microseconds after impact
a ceramic fracture conoid has formed in front of the impacting projectile. The angle of
this fracture conoid depends on the dynamic loading conditions in the ceramic
material, but is typically of the order of 65 degrees.

The structural response period of the armour follows. The projectile attempts to
penetrate through the comminuted ceramic. Projectile erosion may continue to take
place, depending on the resistance the projectile experiences from the armour. Fractured
ceramic is pushed away and out through the impact hole. The ceramic conoid
effectively distributes the concentrated impact load over a large area of back-up plate.
The back-up plate deflects under the applied load, and thus creates space for the
comminuted ceramic to move as well. As the projectile continues its penetration, the
impact load is spread over an increasingly smaller area of the back-up plate by the
deteriorating fracture conoid. The back-up plate has to be able to carry this load and
dissipate the energy by plastic deformation. At some moment in time, depending on
the back-up plate’s properties, the plate reaches its limits of energy absorption, and
failure, either by plug shearing or strain failure, may become evident. The penetration
sequence presented in figure 2.2, which was calculated by Wilkins using the HEMP-
code, illustrates the given description of events.
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Figure 2.2  Calculated penetration of an armour consisting of 8.6 mm thick AD-85
alumina and 6.3 mm thick 6061-T6 aluminium. The steel projectile
had an impact velocity of 853 m/s (Wilkins, 1968).

2.3. The important mechanisms

Projectile mass erosion is a very important mechanism by which a ceramic faced
armour can defeat penetration. Wilkins has shown that much of the energy that the
projectile loses in the initial stages of impact is not absorbed by the armour, but is
consumed by erosion of the projectile, as is illustrated in figure 2.3. This erosion
implies a physical separation of material from the projectile so that its momentum no
longer contributes to armour perforation. As a consequence, the back-up plate may
have to absorb only some sixty per cent of the initial kinetic energy.

Studies by Mayseless er al. (1987) and O’Donnell ez al. (1990) have shown that a
negligible amount of projectile kinetic energy is dissipated in the fracturing process of
the ceramic facing. Nevertheless, the ceramic fracturing process remains very important.
The lateral extend of the fracture conoid and the type of fractures influence the
armour’s performance. In addition, the time necessary to complete this fracturing
process can influence the duration of the projectile mass erosion. A calculation by
Wilkins et al. (1969) showed that a two-microsecond delay in the completion of the
fracturing process, resulted in a noticeably extended projectile mass erosion, and thus a
better armour performance.
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Figure 2.3  Energy-versus-time curve for a sharp steel projectile impacting an armour
composed of 8.6 mm AD-85 alumina bonded to 6.3 mm thick
6061-T6 aluminium at a velocity of 853 m/s (Wilkins, 1968).

The confinement of the broken and comminuted ceramic in the ceramic conoid
contributes significantly to the penetration resistance of the armour. Johnson (1972)
concluded that the conoid filled with fractured ceramic is effective in defeating bullets
at velocities up to around 850 m/s because of the aluminium back-up plate which
possesses sufficient ductility to accommodate deflection under impact, yet restrains
and holds the conoid in place so that even when the ceramic is fractured its
penetration resistance is little impaired. Bless (1987) supports this by his observations
that as long as the fractured alumina cannot expand, it retains much of its initial
shear strength and cannot be easily penetrated. Hence, the ceramic, even when
fractured, remains able to distribute the high impact load over a large section of the
back-up plate.

The important role that the broken ceramic plays in penetration resistance can also be
concluded from experiments carried out by Woidneck (1978), who compared the
ballistic resistance of aluminium and aramid. Impacted at an equal areal density of
15 kg/m2 by a 3 gram blunt steel cylinder, the ballistic limit velocity of the aluminium
plate was 280 m/s, while the aramid plate had a ballistic limit velocity of 700 m/s.
Because, at equal total armour weight, including ceramic, the performance of these
armours is comparable, the ceramic layer must fulfil a more important function when
backed by a metallic (less-flexible) plate. The broken ceramic is capable of fulfilling this



10

function because the metal back-up plate restrains the broken ceramic from moving
out of the projectile’s path to a much greater extent than the aramid plate does.
Unfortunately, the mechanism by which the projectile penetrates through the
comminuted ceramic has not become completely clear from the experimental evidence
presented in literature.

The ceramic facing is usually bonded to the back-up plate. This bond may have an
effect on the support given to the ceramic material by the back-up plate, and thus on
the ceramic fracturing process. Wilkins (1968) investigated the role of the bond
between ceramic and back-up plate. The compressibility of the bonding layer will allow
tensions to occur in the ceramic depending on the thickness of the bonding layer.
These tensions are caused by the poor support given to the ceramic by the bond.
Therefore, a too thick bonding layer may result in a poor ballistic performance of the
armour. The ballistic performance of (thinly) bonded and unbonded ground ceramics
can be expected to be the same. The performance of some ceramic materials, with
irregular surfaces, increases when a bonding layer is used. Wilkins concluded that in
those cases the bonding layer had no structural effect on the armour. The irregular
surface of the ceramic material benefitted from the bonding layer as it filled in the
voids and served as a coupling medium between ceramic and back-up plate.

Because of the large amount of energy that has to be absorbed by the back-up plate,
and because of the importance of confinement for the broken ceramic’s penetration
resistance properties, the back-up plate’s behaviour is very important as well.
Experimental observations indicate that for much of the motion, the backing remains
bonded to the ceramic at some radius outside the base of the conoidal volume and
thus confines most of the backing’s kinetic energy absorption within this area. For
laminated back-up plates, delamination can occur. This allows an increasing amount
of backing material to be deformed. Provided that the back-up plate is not separated
from the facing over the entire panel, and provided reasonably large deflections are
tolerable, this is an effective energy absorption mechanism.

2.4. The important armour material properties

An enormous amount of scientific research is directed towards the correlation of
mechanical properties and ballistic performance, especially for the ceramics. So far, a
group of static properties, not one unique property, are identified to influence the
ballistic performance of armour ceramics. The properties are: ¢high) hardness, (high)
sonic velocities, (high) Young’s modulus, (low) Poisson’s ratio, (low) density, and
(low) porosity (Viechnicki ez al.,1987; Slavin ez al., 1988). High sonic velocities relate
to the ability of the material to remove energy from the impact point. The hardness of
the armour should be greater than that of the penetrator though above a minimum
threshold value; no further increase is beneficial. The low Poisson’s ratio probably
reflects the way the cumulative damage forms in the ceramic during the initial
compressive failure during penetration. The impedance, a property that governs wave
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propagation in a material is increased by the high Young’s modulus and low density.
According to Semple (1976), ballistic performance increases as porosity decreases.

Of course, the ceramic’s tensile and compressive strength are also very important for a
good ballistic performance. Unfortunately, the tensile strength, measured indirectly
through flexural testing, and the compressive strength are not found to have any
apparent relationship to performance. This is caused by the fact that traditional
mechanical behaviour tests are designed to measure the weakest portions of a sample.
These measures of strength therefore reflect the flaws inherent in the ceramic. For the
ballistics application, the strength of the individual grains and grain boundaries are
responsible for the performance.

The difficulty in determining material properties important to the impact event is
enhanced by the fact that the projectile interacts with the confined but broken and
comminuted ceramic for a considerable amount of time, as is illustrated in figure 2.2.
Hence, in addition to the above-mentioned material properties, a number of
unconventional properties such as the pressure increase in the ceramic due to the
bulking of the fractured material (dilatation), the friction, flow, and the abrasive
properties of the finely fragmented material, are expected to influence the ceramic’s
penetration resistance (Mescall & Tracy, 1986; Shockey er al., 1990; Johnson &
Holmquist, 1990). The importance of these unconventional properties are expected to
increase with ceramic confinement.

In Wilkins® second progress report on light armour (1967), he stated that the back-up
plate has to have: low density, to allow for a large plate thickness, high tensile strength,
and sufficient bulk and rigidity moduli, to prevent ceramic failure at the back-up plate
interface from the first stress waves. In 1968 he supplemented this statement by the
observation that an optimum back-up plate is made of a material that is stiff when
deflected, but not so stiff that a shear failure will occur.

2.5. General assumptions and simplifications for the model

The fracturing process of the ceramic facing during the shock-wave period of the
impact process has been shown to be very important. The ideal Hertzian-type fracture
trajectories depend on the elastic properties of the projectile and the brittle facing, but in
the dynamic impact situation the cracks travel through a time varying stress field and
deviate from the ideal path. In the extreme overload situation of the impact event, it is
very difficult to model the sequence of cracking. Therefore, in the present model,
primarily the structural response period is modelled. Such an approach is similar to the
one used by Florence (1969) and Prior & Hetherington (1986) for their models.

Hence, it is assumed that the ceramic fracture conoid exists at the moment that the
model is initiated, that the projectile has not yet penetrated the armour, and that the
projectile has lost some mass and velocity. This “start” situation is illustrated in
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figure 2.4. The fracture conoid angle is assumed to be known. According to Wilkins
(1967) and Florence (1969), this assumption is correct for impacts in the ballistic
range (around 800 m/s). Recently, Townsend & Field (1987) observed a small
velocity dependence of the conoid angle. Here, the angle is taken to be velocity
independent.

The impacting projectile is simulated by a blunt cylinder. It is assumed that the
projectile does not break up into large fragments during impact. The projectile is
allowed to erode mass during the penetration process.

In order to be able to carry out ballistic limit velocity computations, the projectile mass
erosion and velocity reduction during the shock-wave period of the penetration process
have to be accounted for. A so-called pre-model phase is added to the model which
calculates the projectile mass erosion and velocity reduction that occur during the
shock-wave period. Neither the support given by the back-up plate to the ceramic
facing during the ceramic fracturing process, nor the (possible) effects of a thin, thick
or no bond between the ceramic facing and the back-up plate, nor the effects of
projectile nose shape, are taken into account in the pre-model phase.

Another simplification is the assumption that the area of backing over which the
impact load is spread varies in time, such that as the projectile approaches the back-up
plate and the amount of ceramic between the back-up plate and projectile reduces, the
spread of load occurs over a progressively smaller area. It is proposed that this area is
dependent only on the invariant conoid angle and the projectile’s relative position to
the back-up plate. This assumption was also used by Prior & Hetherington (1986).
That the impact load is initially spread over a large area of back-up plate is illustrated
by the sequence of views presented in figure 2.5. This figure shows the interface of an
alumina (Al203) armour as seen through a glass back-up plate during impact of a
sharp projectile (Wilkins et al., 1969). The breakout of the large fracture conoid can be
seen clearly.

\ back-up plate

Figure 2.4  Start situation for the penetration model.
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t =2 psec

t =9 psec t =11 psec

Figure 2.5 Experimental breakout of fracture conoid in an armour of alumina
supported by a glass back-up plate (Wilkins et al., 1969).
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Because the back-up plate is initially loaded over an area with a radius several times
larger than its thickness, it is assumed that the bulging of the comminuted ceramic is
geometrically constrained to the deformation of the back-up plate. Hence, the ceramic
layer is not allowed to deform (or bulge) into the upper surface of the back-up plate.

With the broken ceramic’s penetration resisting properties being so dependent on
confinement, and because of the large amount of energy that has to be absorbed by
the back-up plate, the back-up plate’s behaviour has to include bending, shearing, and
stretching. Due to the large (plastic) deformations witnessed in experiments (Van Riet,
1988) and the computational constraints set for the model, the back-up plate
behaviour is approximated by using a simplified rigid-perfectly plastic approach to
structural deformation, whereby the entire back-up plate deformation field is described
using two circular plastic hinges. The plastic hinge theory is commonly used for
dynamically loaded structures, see for example Jones (1968) or Johnson (1972), and
allows for relatively simple expressions for the back-up plate behaviour.

2.6. Outline of the analytic penetration model

A two-stage penetration model is formulated based on the observations, assumptions
and simplifications presented in the previous paragraphs. This model primarily
describes the projectile/armour interaction processes during the structural response
period of the penetration event. It is assumed that the ceramic fracture conoid has
completed its development at the moment of model initiation. The initial conditions
for the model are obtained from a simplified analysis of the shock-wave period of the
penetration process.

The stages described here are presented in detail in the sections following this outline.

2.6.1. The initial conditions

As the projectile impacts the armour, shock degradation of the armour and shatter of
the projectile result. The ceramic facing develops a fracture conoid. During this
fracturing process it is assumed that the projectile is practically unable to penetrate the
armour and erodes mass. The response of the armour’s back-up plate is assumed to
be negligibly small. The formation of the fracture conoid is assumed to be completed
when the fracture front that follows the tensile wave that was created by the reflection
of the initial shock wave at the ceramic/back-up plate interface, reaches the ceramic’s
front surface.

The projectile mass erosion and velocity reduction that occur during this fracturing
process are approximated and taken into account when the first stage of the
penetration model is started. It is assumed that the projectile is penetrating the armour
at a small (user-given) velocity at the moment of initiation of the first stage of the
penetration model.
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2.6.2. The first stage of the penetration model

In the first stage of the penetration model, the projectile is allowed to penetrate
through the broken and comminuted ceramic. The projectile may either continue to
erode mass, to mushroom or to be rigid, depending on the resistance it experiences
during penetration. The penetration resisting force from the ceramic is proposed to be
given by a semi-empirical relation which accounts for the drag, but also includes
confinement and bulking (dilatational) effects of the comminuted ceramic. It is
assumed that the very strong bulking of the ceramic material that occurs during the
formation of the fracture conoid is limited to a small area directly in front of the
projectile. The magnitude of this bulking and the associated pressure build-up at the
moment of initiation of the first stage of the penetration model is taken to be such,
that the eroding projectile which is penetrating at the initial penetration velocity is in
equilibrium with the resisting force from the ceramic. During the penetration process,
the confinement of the ceramic is increased by the penetrating projectile, whereas on
the other hand, it is released by ejection of ceramic material through the impact hole
and by deformation of the back-up plate. It is proposed that the back-up plate is
loaded by the impacting projectile over an area that varies in time, such that as the
projectile gets closer to the back-up plate, the amount of ceramic between the projectile
and the back-up plate reduces and the spread of load occurs over an increasingly
smaller area. The comminuted ceramic in the conoidal volume in front of the
projectile is assumed to be constrained in its motion by the underlying back-up plate.
The back-up plate deformation is modelled by the use of circular plastic hinges. In
certain impact situations, the shear load on the periphery of the loaded section of the
back-up plate reaches the material’s shear yield strength. Whenever this occurs the
shear load that is being transferred to the surrounding back-up plate is limited to this
maximum value by means of the shear deformation model.

This stage of the penetration model ends either when the shear strain in the back-up
plate reaches a critical value, or when the projectile has (almost) completely penetrated
the comminuted ceramic, or when the projectile’s penetration velocity is matched by
the back-up plate’s deformation velocity.

2.6.3. The second stage of the penetration model

In the second stage, the projectile is assumed to be rigid and will no longer erode or
mushroom. The plug shearing deformation mechanism is initiated in either of the
following cases: when the shear strain in the back-up plate has reached the limiting
value, when the projectile’s penetration velocity is matched by the back-up plate’s
deformation velocity in the shear deformation model, or when the projectile has
reached the forward face of the back-up plate. A projectile/plug combination is
assumed to be formed instantaneously with a velocity that is obtained from a
momentum balance. The projectile/plug combination is decelerated by the shear force
acting on the plug’s periphery. The plug shearing may result in the complete separation
of the plug from the surrounding back-up plate. When this occurs, the armour is
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defeated and the execution of the penetration model is stopped. On the other hand,
the projectile/plug and the surrounding back-up plate may arrive at the same velocity,
at which time plug shearing is assumed to stop. The projectile/plug/back-up plate
ensemble is then decelerated by the forces in the back-up plate, using the membrane
deformation model. This membrane deformation mechanism is also initiated when, at
the end of the first stage of the penetration model, the shear deformation model is not
active and the projectile penetration velocity is matched by the back-up plate’s
deformation velocity. As the projectile/plug/back-up plate ensemble is being decelerated,
the back-up plate stretches. This may result in the back-up plate’s failure strain being
reached. When this occurs, the armour has failed and the execution of the penetration
model is stopped. On the other hand, the projectile may be brought to rest by the
back-up plate. In this situation the projectile is defeated by the armour and the
execution of penetration model is stopped.

2.7. The pre-model projectile mass erosion and velocity reduction

At the time that the model begins its computations it is assumed that the ceramic
material is already broken up. A certain amount of time is needed for this ceramic
breakup, which of course depends on the specific armour material properties such as
wave velocities, yield stress, strain behaviour and, of course, strength and shape of the
impact shock wave. During the ceramic break-up phase, which according to Wilkins
(1968) takes approximately 6 us for a lightweight armour consisting of an 8.6 mm
thick Al»03 facing supported by 6 mm thick Al 6061-T6, the ceramic presents an
almost impenetrable barrier, as can be seen in figure 2.1. The projectile will hardly
penetrate the armour during this phase, hence it erodes and loses mass and velocity. If
the model is to be used for ballistic limit velocity predictions, an estimate is required
for this initial erosion and velocity decrease.

Here, a simple formalism is used to estimate the time span in which the ceramic
presents an impenetrable barrier to the projectile. It is assumed that the ceramic’s
break-up. time depends on the time that the fracture front following the reflected
compressive (shock) wave needs to traverse the ceramic. It is known (Hornemann
et al., 1984) that this fracture front travels at a velocity significantly below the
ceramic’s longitudinal sonic velocity, u. . . Here, it is assumed that the fracture wave
moves at 1/5 of the velocity of the longitudinal sonic velocity (Kennedy ez al., 1986).
Hence, by taking into account that the impact shock wave has to travel through the
ceramic and reflect from the back face before the fracture front starts to travel through
the facing, the following expression for the break-up time is arrived at:

hc 5hc 6hc

Yoreakup = + = 2.1)
Ycela  Ycela  Ucela

The break-up times calculated with this equation match those presented by Wilkins.
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The actual mass erosion and velocity reduction is approximated by using the mass
erosion equations derived in section 2.8.2 with %, the velocity of the projectile/armour
interface, set to zero (neglecting penetration).

2.8. Modelling the projectile response
2.8.1. Introduction

At the impact velocities necessary to penetrate ceramic faced lightweight armours, the
initial pressures at the projectile/armour interface are much higher than the dynamic
flow stress in the projectile (Wilkins er al., 1969). Projectile erosion and/or breakup
generally results, which is an essential defeat mechanism of lightweight armours. In the
present description it is assumed that the projectile erodes and does not break up into
a discrete number of fragments during penetration, although some armour piercing
projectles do.

The projectile behaviour is divided into three phases; a mass erosion (flowing) phase,
where the nose of the projectile disintegrates or spatters, with modelling based on the
equations of White (1984) for missile impact; a mushrooming phase where the
projectile deforms to a2 mushroom shape, with modelling based on Yatteau’s work for
the Thick Plate Penetration Model (1985); and a rigid body penetration phase. The
frequently used approach towards the modelling of projectile mass erosion by using
Bernoulli’s equation (Tate, 1967) was not adopted here. Such an approach considers
equilibrium along the central streamline of the flowfields of the projectile and the
armour only, and is not compatible with the mushrooming and rigid body projectile
models used here. The mushrooming phase provides for a continuous transition from
the mass erosion model towards rigid body penetration. Omission of the
mushrooming phase would lead to an unallowable discontinuous projectile/armour
interaction. It is assumed that the projectile material behaves rigid-perfectly plastic and
it is thus assumed to be incompressible.

2.8.2. The mass erosion (flowing) model

It is known from experiments (Florence & Ahrens, 1967; Wilkins er al., 1967-78) that
at high velocities ductile materials spatter or flow out parallel to the armour surface.
This erosion implies a physical separation of material so that its momentum no
longer contributes to armour perforation. In practice with brittle penetrator materials,
this may happen in chunks, but as the physics of such a process is not developed yet,
it is assumed that projectile erosion is governed by plastic flow of the penetrator
material.

At some time after impact, (at time greater than Yoreak ) the eroding projectile, with
length L, cross-section A, and velocity v, is penetrating the armour at a velocity x.
The material in the rear-end of the projectile is moving towards the armour and is
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assumed to encounter at some moment what can be termed as a standing plastic
wave, a discontinuity of force, velocity, and cross-section, which is stationary relative
to the (moving) projectile/armour interface. This plastic wave has a velocity
¢ = ( v-X) relative to the moving tail. By moving through the wave front, the material
experiences an increase of cross-section to A, and a corresponding decrease in velocity
to v'. The plastic wave is assumed to be located at a very short distance § (§ << \VAQ)
from the projectile/armour interface. The material is assumed to flow away laterally
from the impact zone after passing the plastic wave. The eroding projectile’s
deformation is illustrated in figure 2.6. Rod erosion occurs as long as the velocity of
the undeformed rear-portion of the rod relative to the projectile/armour interface v-x,
exceeds the velocity u_,_, at which velocity plastic deformations propagate in the rod.
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Figure 2.6  The projectile mass erosion mechanism.
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First, the situation around the plastic wave is considered. Applying the equation of
continuity across the wave yields

(v-%)A, = (V-x)A (2.2)
By definition, there is no change of momentum across the plastic wave. Hence
pp(v-x)vAo—pp(v'-X)v'A+cyA0-o‘A0=0 2.3)

where pp is the projectile material’s density, Oy is the dynamic yield stress of the
projectile material, and ¢’ AO represents the force acting on the right-hand side
boundary of the control volume.

By using equation (2.2), the above equation becomes

pp(v—x)v—pp(v-x)v'+oy-o'=0 (2.4)

Next, the projectile material between the plastic wave and the armour
(control volume II) is considered. Since the plastic wave is stationary relative to the
projectile/armour interface and the projectile material is incompressible, conservation of
mass yields

' v A = A* * .
Po (v'-%) Pp ATV (2.5)
where v* is the velocity of the material flowing parallel to the armour surface at a
radius corresponding to the cross-section A*,
Because the plastic wave is assumed to be located at a very short distance o
(8 <<+A() from the projectile/armour interface, the momentum of the projectile

material inside control volume II is neglected when equating the momentum fluxes
through the boundaries of this control volume to the forces acting on it. Hence

pp A (V-X)V-p, A** %+ G'A) - FA; =0 (2.6)
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Using equation (2.5), this equation is rewritten as follows

PpA (V) V-p A(V-%)% + Ay -FA =0 2.7

Substitution of the expression for ¢' as given by equation (2.4), using equation (2.2),
and some straightforward manipulations, results in the following equation

pp(v-x)v-pp(v-x)x+0y=F (2.8)
or rewritten,
_\2 _
pp (v-%)°+ 0y =F 2.9)

where F is the load per unit of undeformed projectile area exerted on the projectile
during penetration of the comminuted ceramic. An expression for this load will be
described in section 2.10.

There remain two other equations for the projectile’s behaviour. While the projectile is
being consumed, its retardation is given by

dv Gy
3 = _p_L (2.10)

where L is the current length of the projectile. The rate of decrease of projectile length
is given by

& T o(v-x) (2.11)

which is also a direct measure for the mass erosion rate, since all material passing
through the plastic wave is assumed to be separated from the projectile.
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2.8.3. The mushrooming model

When decrease of the comminuted ceramic’s resistance causes the projectile’s relative
impact velocity v-x, to fall below the projectile material’s plastic wave velocity u las® the
relative displacement between the rear-end of the projectile and the proiectileyarmour
interface can start to be accommodated by plastic deformation of the projectile. Hence
mass erosion is assumed to stop. The mushrooming situation is illustrated in
figure 2.7. The plastic wave starts to travel through the projectile towards its rear-end,
yielding plastic deformation of the projectile material as it passes the plastic wave. In
this analysis it is postulated that the tail section (rear-end) of the projectile has the
uniform velocity v, while the mushroomed section of the projectile has a uniform
velocity x.

Consider the change of momentum of the deformed section of the projectile, shown
separately in figure 2.7. The equation for the momentum flux is given by

dI

= Pp Ay uplasv+o'yA0-FA0 (2.12)
where,

I=pp Ay Lgpo - Lot ¥ (2.13)
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Figure 2.7  The projectile mushrooming mechanism.
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In this equation, L represents the remaining length of the projectile at the end of
the mass erosion plexase L ela is the length of the projectile not yet influenced by the
plastic wave,

Substitution of the above equation into equation (2.12) yields

d
TPy (L. -L.J)X|=p Uplas v+ o -F (2.19)
dt[Fp * “ero " “ela P y

Taking into account that L., is a constant, differentiation yields the following
equation:

. ,d _

pp % ( I"e:ro - Lela )~ pp X aLela - pp Yplas ¥ + Oy - F (2.15)
Since

4, = 2.16

dt —ela ~ "~ Yplas (2.16)
equation (2.16) can be rewritten as follows:

x= 1 [y (v-x)+(o F) (2.17)

(Lero ~ Lela) |: plas Pp y ] '

The retardation of the rear-end of the projectile during the mushrooming deformation
phase is given by equation (2.10).

2.8.4. The rigid body model

At a certain moment, the velocity of the elastic remainder of the projectile v, has
become equal to the velocity of the deformed (mushroomed) section of the projectile,
%. From that moment on it is assumed that the projectile behaves as a rigid body.

At the moment that the mass erosion phase ends, the projectile’s mass (M_) is given
by p AO L Usmg Newton’s second law then yields the following equation for the
motion of the ngld body projectile remainder,

-F

x= (2.18)

pp Lero
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Since the projectile is a rigid body, its rear-end velocity v, and acceleration v, are
identical to x and x.

2.9. Modelling the armour response
2.9.1. Imtroduction

As stated in section 2.5, the armour’s response to the impact event is modelled
primarily for the structural response period of time. The response of the armour to the
impacting projectile is approximated by four deformation models using a simplified
rigid-perfectly plastic approach to structural deformation. It is assumed that the back-
up plate deformation field can be approximated by using a very simple deformation
mechanism based on two circular plastic hinges.

This approximate and simplified approach to the structural deformation of the armour
was preferred above a more refined (elastic-plastic) approach, because a more
complicated approach towards the structural response of the armour is not expected to
contribute significantly to the accuracy of the result due to the large number of
uncertainties which remain associated with the armour’s response at this moment,
such as the magnitude of the impact load, the ceramic conoid deterioration and the
associated impact load distribution through the comminuted ceramic conoid over the
back-up plate.

The initial deformation of the back-up plate is modelled by the use of circular plastic
bending hinges. This is the first model. In certain loading situations, the shear load on
the boundary of the central section of the back-up plate (i.e. the area of back-up plate
loaded by the projectile) reaches the material’s shear yield strength, requiring the use of
a shear deformation model, which effectively limits the shear load being transferred to
the unloaded section of the back-up plate. This is the second model. When the shear
strain reaches a critical value, or as the projectile impacts the back-up plate, a plug may
be sheared off by use of the plug shearing model. On the other hand, if the back-up
plate and projectile obtain identical velocities, they are decelerated by the forces in the
back-up plate modelled by the fourth model, namely the membrane deformation
model. The equations of motion for these deformation models are discussed in detail.
In addition, some back-up plate related topics such as the calculation of the radial
strain and the use of a multi-layer back-up plate are addressed as well.

2.9.2. Initial armour response model

An illustration of the situation some time after impact is given in figure 2.8. In this
figure, the back-up plate is represented by a solid line. It is assumed that the motion of
the armour remains limited to an area with a radius R, which is somewhat larger than
the initial base radius R_. .. of the comminuted ceramic conoid. It is also assumed
that the area of backing over which the impact load is spread varies in time, such that
as the projectile approaches the back-up plate and the amount of ceramic between
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Figure 2.8  The inital armour response model.

projectile and back-up plate reduces (as the conoid deteriorates) the load is spread over
a progressively smaller area of back-up plate. It is proposed that this area, with radius
rh(t) is dependent only on the invariable conoid angle and the projectile’s relative
position to the back-up plate.

It is also assumed that the deformation and velocity fields of the section of the back-
up plate supporting the deteriorating ceramic conoid (0 <r < rh) are uniform. The
velocity field of the back-up plate outside this area (rh < r < R) is assumed to be linear.
These deformation and velocity fields are obtained by assuming circular plastic hinges
to be located at r = R and r = r, . The hinge at R effectively restricts the amount of
back-up plate affected by the impact. The hinge at rh(t) is a so-called moving circular
hinge. This hinge is located at the edge of the loaded area of the back-up plate. In
view of the observations by Griffith & Vanzant (1961) that the material of a circular
plate tends to move in a transverse sense at high rates of dynamic loading, the
displacements in the direction r of the undeformed plate are neglected in the analysis.
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For a specific ceramic conoid angle o, projectile diameter D_, position of the projectile
tip x(t), and back-up plate central deformation Wy (1), the radius of the area of back-up
plate over which the impact load is spread, rh(t), is given by

) =329 + (hc - (x(t) - w, (t))) tan o (2.19)

where D_ is the projectile’s diameter and h _ the thickness of the ceramic facing.
At the moment of model initiation, x(tbre akup) =0 and wo(tb reaku p) = 0. Hence,

D

- _P -
N (tbreakup) = - +hc tana = R

rigid (2.20)

Some time after impact, the mass of the comminuted ceramic in the conoid in front
of the projectile, see figure 2.8, is given by

1 Dﬁ Dy 2
m () = 37 pc (hc—(x(t) - Wy (®) )) 4+ RO+ rp | (2D

where p¢ is the ceramic’s original density. The effect of bulking (dilatation) on the
mass of the comminuted ceramic in the conoid in front of the projectile is assumed to
be small and is neglected in the above equation.

The impact load acts on the top of the ceramic conoid. The motion of the material in
the ceramic conoid in front of the projectile is assumed to be constrained by the
motion of the underlying centre section of the back-up plate (0 <r <r,). Hence, it is
loaded on top by the uniformly distributed impact load per unit of undeformed
projectile area F, and (in the opposite direction) by the unknown load f per unit area,
which is assumed to be uniformly distributed over the base area of the deteriorating
ceramic conoid. This base load f, is the result of the back-up plate’s reluctance to
deform and accelerate.

Hence, the equation of motion for the comminuted ceramic in the conoid in front of
the projectile can be obtained and is given by

DZ

D
1 P,_p 2 | 2
37 P, (hc-(x-wo)) Rty | Wy = Fags - frr,  (2.22)

where ( ) denotes d2( )/ de2.
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By rewriting equation (2.22), the following expression for the (unknown) load f, is
obtained:

2 2
D D D
_ 1 p 1 . P,_P 2
f—r—z FT—ng Wo(hc—(x-wo)) i + 3 rh+rh (2.23)
h

As indicated, the back-up plate deformation mechanism is approximated by the use of
two circular plastic bending hinges. It is assumed that the loaded centre section of the
back-up plate deforms uniformly, and at some moment after impact moves at a
velocity W The velocity field of the back-up plate outside this area (rl_1 <r<R) is
assumed to be linear and is thus given by

w () = R Wo(t) (2.24)

(R-rh(t))

The acceleration of this annular plate section (rh < r < R) is fully determined by the
above equation and given by

(R-1) (R-1)

W) = 7(R_rh(t)) Wo® + (R_rh(t))z

This acceleration is the result of the loading on the periphery of this annular plate
section.

i'h(t) v'vo(t) (2.25)

As stated earlier, the back-up plate is assumed to be made from a rigid-perfectly plastic
material. In principle, therefore, it is necessary to employ a multi-dimensional yield
surface between the bending moments, membrane forces and shear forces in order to
be able to solve the equilibrium equations for a plate made of this material. Onat &
Prager (1954) have derived equations for the load carrying capacity of shells of
revolution made from a rigid, perfectly plastic material which obeys Tresca’s yield
criterion and associated flow rule. However, these relations are very difficult to handle.
Hodge (1960), therefore, proposed a two-moment limited interaction surface which
maintains all interaction between force and force, and moment and moment, but
neglects all interactions between force and moment. If it is assumed that yielding is
controlled by the Tresca criterion, the result is a linear surface in four dimensional
space.

However, even this yield criterion is considered too difficult to handle for the simple
armour response model being developed here. Hence, an even more simplified yield
criterion is required here. It is therefore proposed that for the situation where
membrane forces are assumed to be dominated by bending moments, the interaction
on the yield surface between moments and forces can be approximated by assuming
an average value for these moments of two-thirds of the fully plastic moment. In the
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situation where a bending moment is assumed to be dominated by a membrane force
on a boundary, the membrane force is assumed to be fully plastic, whereas the bending
moment is assumed to be reduced to zero. In a situation where shearing and bending
occur, it is assumed that the interaction on the yield surface can be approximated by
assuming an average value for the bending moments of two-thirds of the full plastic
moment and the shear force to be fully plastic.

Use of this approximate and simplified yield criterion has given acceptable agreement
when comparing the results of calculations using the penetration model with the
experimentally observed back-up plate responses (see also chapter 5).

Now consider an element of the annular outer plate, as is shown in figure 2.9. On the
boundaries it is loaded by radial moments MR and M;_, a hoop moment M, , and
shear forces Q and Q), all per unit distance along the e&e of the element. The back-
up plate thickness is given by hb’ while Pb denotes its density. The equation for
rotational equilibrium by taking moments about the hinge positioned at r = R, see
figure 2.9, is given by

R R

j Pp by, W (R-D) rdd dr + ] j Mgd6 dr + MpRd0 +
T

h h

+ My, r,d6 - QRrprde = 0 (2.26)

Figure 2.9 The loading situation on an outer annular segment of the back-up plate.
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The rotary inertia effect is disregarded. Because the deformation of the back-up plate is
assumed to be small, the contribution of the membrane forces is ignored.

After substitution of equation (2.25) into (2.26), and some straightforward

manipulations and regrouping, the following equation is obtained for the shear load
Q, on the periphery at r = %

Me MpR My

Q= 2 "Ry, TR *
l"'bWO + l'wa()fh . LR4-—'R2I‘ +£r3R 1 4
(R-l‘h)2 Ty (R_rh)3 n 12 h 3 'h 4 h
(2.27)
where
R
A 1
(R"rh) j Mg dr (2.28)

and Hy, denotes the areal density of the back-up plate (= Py h )
Accordmg to the simplified yield criterion (including all the assumptlons discussed on
p. 26),

A 2 1.2
H 0 = gMplas = ghb O'y (2.29)

where G_ represents the yield strength of the back-up plate material, which is assumed
to be strain-rate insensitive.

The acceleration of the centre section of the back-up plate can now be derived. This
plate section is loaded by the uniformly distributed load per unit area f, on its top
surface and by the shear load Q and radial moment M;_ around its periphery as is
illustrated in figure 2.8. Newtons equation of motion then Vields

o1 2Q
%o = ;;(qu (2.30)
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Substituting equations (2.23) and (2.27) into (2.30) yields the equation of motion
for the centre section of the back-up plate:

A
W= [ (2.31)
with
FD2 8RM
A = P plas +
- 2 " 2
4|.Lbrh 3|,1b h (R-rh)
2w, E
0 'h 1 _4 1.2 2 23 1 4
-— 33 [ﬁR - ER  t gth - Zrh]
(R—rh) h
and
p.(h-x+w,) D2 D
B=1+—p 0P+ Py by |
3lerh
2 1.4 122 23 14
+ >3 [12R -3R rh*ath‘Zrh]
(R-rh) I'h

This equation of motion for the response of the centre section of the back-up plate is
valid for as long as the shear load per unit length Q is smaller than the back-up plate’s
shear strength per unit length Q (= h,_ t_, with 17_ representing the shear strength of
. plas % y T, L

the back-up plate material). It can also be used only for as long as the projectile has
not reached the back-up plate and the projectile’s penetration velocity is not matched
by the back-up plate’s deformation velocity, because in these instances, the plug
shearing or membrane deformation model is initiated. When the shear load per unit

length Q exceeds Qpl as® the shear deformation model is initiated.

2.9.3. The shear model

In those situations where the shear load per unit length Q reaches the maximum value

las (= h,_ 1), the back-up plate deformation is controlled by the shear model. This
mocilel effectively limits the shear load Q, that is transferred to the outer annular
section (r, <r < R) of the back-up plate at the location of the moving plastic hinge at
r=rp,asis illustrated in figure 2.10. This outside section therefore responds as if it
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Figure 2.10 The shear deformation model.
were loaded by only, whereas the centre section of the back-up plate (0 < r < rh)

is loaded by the loaa f on its surface and by Q plas on its periphery.

Since the velocity field of the outer annular plate section of the back-up plate is
assumed to be linear and given by equation (2.24), the entire motion of this plate
sectxon is related to the motion at its inner periphery (r = r. )

Let wO denote the displacement of this outer annular plate section at the location of
the moving plastic hinge. Using equation (2.27), substituting la for Q then yields
the following equation for the acceleration of this annular plate section at the position
ofr= N

o %o Th A
B

= -0y 2.32
%o R-1) (2.32)

with

Qpl as (R—rh r MB (R-rh) - M R- rh) R - Mrh R- rh) 1,
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and
L (lgé . lp22 23 1
B = ub[lzR - 2R rh+3th-4th

where according to the simplified yield criterion (see equation 2.29),

A 2
=M9 M

Mgp = M; = 3 %plas

h

The equation of motion for the (rigid) centre section of the back-up plate is given by,

Q
W0=—l—(f-2—fl£J (2.33)
My h

Substitution of equation (2.23) gives the following result

A
Y =B (2.34)
with 2
A FD 2Q
4ubr§ Ho'h
and
P D2 D
2
B=1+—% (h -x+w) Tp + Tprh + 1
3;,Lbrh

During the shear deformation stage, the shear strain in the back-up plate, at the
position of the plastic hinge atr = I is given by

o %o

- 2.35
i (2.35)

’Y:

When the shear strain exceeds a limiting value, or when the projectile reaches the back-
up plate, or when the projectile’s penetration velocity is matched by the deformation
velocity of the centre section of the back-up plate, the plug shearing model is initiated.
If, on the other hand, the shearing ends, the response model as described in the
previous section is continued.
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2.9.4. The plug shearing model

The plug shearing model is initiated by the shear model or when the projectile strikes
the back-up plate. In experiments (Van Riet, 1987-1991) it is often observed that a
small amount of ceramic material remains in front of the projectile as it plugs through
the back-up plate, therefore the possibility is left open to initiate plugging as the
distance between the projectile tip and back-up plate is less than a user-specified value.
It is assumed that a plug is instantaneously formed, with an initial velocity X, that is
obtained from conservation of momentum. The plug consists of the remaining
ceramic conoid in front of the projectile and the corresponding back-up plate section
whose diameter is equal to the current ceramic conoid base diameter (2rh). Projectile
mass erosion or mushrooming is assumed to stop at the moment that this plug is
formed.

The projectile/plug combination is decelerated by the shear load on its periphery. This
shear load decreases as the contact area between the plug and the surrounding back-up
plate reduces due to the plug shearing action. The surrounding back-up plate is
accelerated by this shear load. Plug shearing can result in total plug separation from
the surrounding back-up plate in which case the armour is assumed to have failed.
When the sliding between the plug and back-up plate ends before complete separation,
the membrane deformation model as described in section 2.9.5 is selected.

Just after plug formation, the projectile, the ceramic conoid in front of it, and the
centre section of the back-up plate, are assumed to have the same velocity, X. By
applying the conservation of momentum principle to the projectile, the ceramic conoid
in front of it, and the corresponding back-up plate section, the following expression for
the initial projectile/plug velocity is obtained.

%
[
| >

(2.36)

with

D 2
L T (rh B _22) Dp

ela . . 2 D 2
A= Mp(f( +Ler0 (V-X)J+WO uubrh +——D— ’—4“+—221'h+l‘h
3R . -—B)
rigid = 2
and
D
2
2 7tMc(rh'_Zp_) Dp EB 2
B=Mp+1tpbrh+ D T+2 rh+rh
3(R. . -—£)
rigid 2

where, T is the radius of the back-up plate plug, which now has obtained a fixed value
and Mp 1s the (eroded) projectile’s mass.
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The projectile/plug combination is decelerated by the shear load st, on its periphery,
see figure 2.11. The magnitude of this shear load depends on the contact area between
the plug and the surrounding back-up plate. It is given by

h
st = (q] Qplas (2.37)
with
h = hy - (x'-xpi-(w(')-wpi)) (2.38)

where X5 and w_. are the displacements x and w at the moment of plug initiation.

pi

T

=
7
I 7 T'MD Qo,,s

Figure 2.11 The plug shearing deformation model.
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The equation of motion for the projectile/plug combination is easily obtained, and
given by

-2xr
£ = };)st (2.39)
2 e (p-7) Dy Dy 2
M, + Ty + D. (7 vt 2 hmtHh)

“p
3 (Rpjgiq=3)

The equation of motion for the surrounding back-up plate (i.e. the outer annular
section of the back-up plate) can be obtained from equation (2.32) by substitution of
Q.. for las’® and taking into account that the hinge at r, has come to rest (i, = 0).
s as . . . h
Tgus, the acceleration of the surrounding back-up plate is given by

A
(MS(R- rh) + MRR + Mrhrh - st(R- i, )

Wo = - (Rerp) 1 11 22 23_ 14 (2.40)
“b(ER "z R rh+§th-th)
where according to the simplified yield criterion (see also discussion on p. 26),
Mp =My =3 Mplas
and (2.41)

2
My = 2| M
Th =~ 3 |hy plas
due to the reduced height of the contact area caused by the partial plug separation.

Plug separation is complete when
hy - h =0 (2.42)

If, on the other hand, the relative velocity between the plug and the surrounding back-
up plate becomes zero, the membrane deformation model is initiated.
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2.9.5. The membrane deformation model

The membrane deformation model is activated when either the projectile’s penetration
velocity is matched by the back-up plate’s deformation velocity in the initial armour
response model, or the relative velocity between the projectile/plug combination and the
surrounding back-up plate is reduced to zero. The outer annular back-up plate section
is assumed to stretch as a membrane with bending continuing to occur in the
circumferential direction and at the hinge positioned at r = R, see figure 2.12, The
membrane deformation model ends when either the projectile/plug/back-up plate
ensemble has come to rest, or when the back-up plate’s failure strain is reached.

For simplicity, the ceramic conoid in front of the projectile and the corresponding
back-up plate section are also denoted as the plug in the situation where a plug has
not physically been formed.

As before, two equations of motion are derived. One for the projectile/plug
combination and the other for the surrounding back-up plate. Both equations relate
the acceleration to the (unknown) shear load on their shared periphery. However, the
acceleration of the projectile/plug combination is identical to the acceleration of the
surrounding back-up plate at r = r, . Hence, elimination of the (unknown) shear load
Q from either one of these equations yields the equation of motion for the entire
ensemble.

7 , 7

;
Wo

X_

AR N

Figure 2.12 The membrane deformation model.
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The projectile/plug combination is decelerated by an unknown shear load Q. Hence,
Newton’s equation of motion yields,

2 P 21 |¢=
Mp+7tubrh+ ~— ot x—-2uth

(2.43)

This same (unknown) shear load works, in the opposite direction, on the surrounding
back-up plate (rh <r < R). Consider an element of this annulus, as shown in figure
2.13. At its boundaries it is loaded by radial moments My, and M;, , a hoop moment
MO’ the (unknown) shear forces Q, and Q', and the membrane f&ces N and N/, all
per unit length along the edge of the element.

Due to the (possible) plug shearing action, the membrane force N may be applied
eccentrically from the middle plane of the plate. This offset is given by

hy, -h
b
Weee = ( 2 J (2.44)

Figure 2.13 The loading situation on an outer annular segment of the back-up plate.
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The equation of motion for this outer plate section is obtained from the equation for
rotational equilibrium of this annulus, by taking moments about the hinge positioned
atr = R, see figure 2.13:

R
R-r) .,
By WWO (R-r) rd8 dr + j Mgd6 dr + MpRde +
™ Th

+ My r,do + N(w(')+weoc) r,do - QR-r)rde = 0 (245

Again, the rotary inertia effect is disregarded.

It is assumed that due to the stretching action, the bending moment My, is
dominated by the membrane force N across the full section of the plug/back-up }hate
periphery (r = rh), whereas along the other peripheries the membrane forces are
assumed to be dominated by the bending moments. Following the simplified yield
criterion, the membrane force N is thus taken to be fully plastic, and is given by

h h
N = h_b Nplas = *lg hb ()'y (2.46)

due to the reduced height of the contact area caused by the (possible) partial plug
separation. Whereas according to the simplified yield criterion (see also discussion on
p. 26) the bending moments are given by

Mp = Mg = 3 Mplas
and (2.47)
M, =0
h

After some straightforward manipulations and regrouping, the following equation is
obtained from equation (2.45) which relates the shear load Q to the acceleration w(')
of the outer plate section on the periphery at r = 1
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_ 4R-2m y . N(wy+ Weie .
Q= 3®Rrr, Mplas ®rp)

3

Wi 1 1,2 2 14
Ho [ R4 - > R2 Ty +?th_Zrh:| (2.48)

4 00 | - .2
(R_rh)Z ry 12 2

With the acceleration of the centre section of the back-up plate ¥ equal to the
acceleration w,, of the outer back-up plate section at r = s substitution of equation
(2.48) into (2.43) and some regrouping yields the following equation for the motion
of the entire projectile/plug /back-up plate ensemble.

o s _ A
Wy =X =g (2.49)
with
4R - 2rp (w0+wecc) i N
A= 20 FRE) Mps* R
n P h
and
p 2
1 2 he (rp-37) D, EP 2
BZ;Mp+ubrh+ D T+21'h+rh +
3(R. . -—£)
rigid 2
2
b 1 4 1 5,2 23 _ 14
+—'—2-(HR -ER I‘h+‘3“th-Zrh)
(R'rh)

This equation of motion is used for as long as w(') is positive and the radial failure
strain in the back-up plate has not reached its limiting value.
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2.9.6. Computing the radial strain

Because it is assumed that the back-up plate has a rigid-perfectly plastic behaviour,
there is no direct relation between stress and strain. Here, the strain is approximated by
examining the radial elongation of the back-up plate section betweenr=Randr=1,.
At r = r,_ the back-up plate has a deformation of wb. The length of this segment 1s
therefore approximated by

r=\ﬁﬁ-592+wf (2.50)

while the original undeformed length of this segment is given by
1=(R-1,) (2.51)

This yields the following expression for the radial strain:

11 %o
g = 1 = 1+&}%T -1 (2.52)

The strain in the circumferential direction is not taken into account because in view of
the observations by Griffith & Vanzant (1961) the displacements in the direction r of
the undeformed plate are neglected in the analysis.

2.9.7. The multi-layer back-up plate

A formalism was introduced which allows the description of layered multi-material
back-up plates within the model. By layering the back-up plate the properties of the
individual layers can be chosen such that an optimal performance of the armour is
obtained. In the model the back-up plate is regarded as being one single plate.
Inclusion of multi-layered back-up plates can therefore only be realized by translation
of the individual layer’s properties to single back-up plate properties. These back-up
plate properties are: the plastic membrane force N las® the plastic shear force las® the
plastic bending moment Mpl as® the areal density Hp the limiting shear strain v, and
the radial failure strain € .

The following formalism was chosen to simulate the behaviour of a multi-layered
back-up plate. It is assumed that the individual layers are not bonded together. An
individual layer of the multi-layered back-up plate may fail in either one of two modes
i.e. the radial (normal) strain failure or the plug shearing failure mode.
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At any moment, a single layer strain failure is allowed to occur on the basis of the
overall back-up plate deformation. The consequence of a single layer strain failure is
that that layer is assumed no longer to be able to carry any membrane force. This
implies that in computing the overall membrane force carrying capabilities of the back-
up plate, this layer is no longer taken into account. For all other properties, the
presence of this layer is still accounted for. It is assumed that a strain-failed back-up
plate layer is located such that, at the location of the plastic bending hinges, the layer
is still forced to undergo the hinge motion.

When a plug is formed in the model and plug shearing commences, the properties of
the deformed back-up plate section are modified as layers of the back-up plate are
sheared off. These sheared off layers are assumed to be delaminated and no longer
contribute to the remaining strength properties of the back-up plate. Of course, they do
contribute to the mass of the plug in front of the projectile. In the deceleration phase
of the back-up plate, sheared off layers are not taken into account.

With the exception of the strains, the overall back-up plate properties are simply
obtained by summation of a given property over the number of contributing layers, as
the layers are assumed not to be bonded in any way.

2.10. The resisting force from the ceramic

During penetration of the comminuted ceramic by the projectile, the ceramic exerts a
force on the projectile. As was discussed in section 2.4, a number of material properties
is known to influence the ceramic’s resistance to penetration. However, no detailed
information is available in the open literature, which accurately describes the force
resisting the projectile’s penetration.

The function for the resistive force from the comminuted ceramic is proposed to
include drag, confinement and bulking (dilatation). It is given by:

Volo
F(1) =W(B (%-wp) +v)+1> (2.53)
F is defined as a force per unit of undeformed projectile area.

The first term of the above expression,

Vol0
W(B (- wg) +Y) (2.54)

describes the drag experienced during penetration. Vol is the volume available to all the
comminuted ceramic and depends on the deformation of the back-up plate and the
penetration of the projectile. Vol0 represents the volume occupied by the comminuted
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ceramic in the conoid in a pressureless environment and may change due to ceramic
material ejection through the impact hole. Their ratio simulates the reduction of the
drag force due to the fact that as more volume becomes available for the ceramic to
move 1o, the resistance will decrease.

The term within the brackets is a special case of the general expression for the force
experienced by projectiles during penetration of a sand-like medium (Allen ez al,
1957). It was obtained by Prior & Hetherington (1986) from a generalized theory due
to Recht (1973), to describe the drag force during penetration of comminuted
ceramic. According to Prior & Hetherington, the constant B is a function of the
ceramic’s bulk modulus and density whereas the constant y is assumed to be a
function of the Young’s modulus, the shear strength and the yield strength. Due to
the fact that the ceramic is comminuted at the moment of projectile penetration, its
mechanical properties may differ from those of the intact bulk material. Therefore, the
constants § and y must be obtained by tuning the model to experimental ballistic limit
velocity data.

The ceramic material in a relatively small area directly in front of the projectile is
assumed to be very strongly fractured during the shock-wave period of the impact
event. It is assumed that this strong comminution has caused significant bulking of
this material. Due to the confinement of this bulked material to approximately the
same volume that it occupied when unfractured, it is pressurized. This pressure forms
an additional resistance to penetration by the projectile, and is represented by the
second term in the expression for F. This additional resistance to penetration and its
decay are approximated by

VolO - Vol <
P= KC T for Vol = VO]O
0 (2.55)

P=0 for Vol > Vol0

where K¢ is the ceramic’s bulk modulus.

Inidally, Vol, > Vol due to the bulking of the fractured material. It is very difficult to
quantify Volo, and thus the additional resistance to penetration P. However, when the
projectile penetration velocity is given at the moment that the model is initiated,
equations (2.9) and (2.53) must hold and will yield the initial value of P. The initial
value of Volo (a% oloini) can then be obtained through equation (2.55).

Experiments with sharp projectiles (Wilkins er al., 1967-1978) have shown that
ceramic faced armours present an almost impenetrable barrier to the projectile during
the first few microseconds of impact. The penetration velocity just after this period, at
the moment that the model is initiated (at t = ), is probably considerably

t;
breaku
lower than the impact velocity. P
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The initial projectile penetration velocity X is assumed to be given by

v

. 0

X = (2.56)
Ucela Pe

1+
Ypela pp

where v, represents the projectile velocity. U, and Upe), TEPTESENL the ceramic’s and
the projectile’s longitudinal sonic velocities. Xﬁmugh this equation is strictly speaking
only valid at the moment of impact, it is used here as an approximation of the
penetration velocity just after the shock-wave period of response. By changing the
projectile’s longitudinal sonic velocity, “Ecla’ the initial penetration velocity, can be
reduced or increased to fit experimental observations.

With the initial penetration velocity X given, the additional penetration resistance P
can be quantified. Introduction of Xini’ the expression for the resistive force F,
equation (2.53), and the expression for P, equation (2.55), into equation (2.9) yields

Vol,. . Vol -Vol._.
. 2 _ ini . L Oini ini

Pp (Vo ~¥in)” * Oy = oI, (B(xini wo) * Y)* K. [ Vol
(2.57)

Multiplying both sides of this equation by Voli i-Volo_ .» taking into account that
Wy = 0 at this moment in time, and regrouping yields 1

2 2
. X 2 —
voly, ([5 o y) +Voly, Volini[Kc - (pp (Vo - %02 + °y)] -K_ Voloy; = 0
(2.58)
The only unknown in this equation is Voloi ., since Vol. ., the available volume for

. . 1 s . .
the comminuted ceramic at the moment ofn model initiation (see also figure 2.8) is
given by

2
o =tan |22 Do g2 2.59
Ohni =3%he| 7 2 Rrigida * Rrigid (2.59)
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Equation (2.58) presents the following solution for Volo, K
ini

Vol. .

mi . 2
Vol = -%. )40 -K +
POini 2 (Pxy, +Y) Pp (Vo - X" + Oy - Ko

) 2 .
* \/("p(vo‘xini)2+°y'Kc) +4Bxi MK,

(2.60)

Substitution of this expression for Voloirli and the expression for Voli ni into equation
(2.55) presents the additional penetration resistance at the moment of model
initiation.

In order to compute the penetration resistance decay, the equations which describe the
changes of Vol and Vol need to be obtained.

The volume available for the comminuted ceramic Vol, changes due to deformation
of the back-up plate and penetration of the projectile. The volume Volo occupied by
the comminuted ceramic in a pressureless environment may change due to ceramic
material ejection through the impact hole. Since the additional resistance to
penetration was found to decay very rapidly, the equations describing the changes of
Vol and VolO need to be determined for the first stage of the penetration model only.

At the moment of model initiation, the conoidal volume available for the
comminuted ceramic, is given by equation (2.59). The additional volume, created by
deflection of the back-up plate, Vp]as, can be subdivided into two parts ; Vy the
additional volume created because of the deflection of the central section (0 < 1'<rp)
of the back-up plate and Vy, the additional volume created because of the outside
section’s deflection (r, <r<R) as is shown in figure 2.14. Vp]a5 can thus be written
as

2n R 2% rh(t)
V1as® = Vi@ + Vi, © = J’ jw(r,t) rdrdd + [ | w (0 rdrd® (2.61)
0 rh(t) 0o 0

For application within the model, it is convenient to differentiate this equation with
respect to time;

R $Hh®
(% Vpl a s(t) =2n Iw(r,t) rdr + 2 nwo(t) J' rdr - 2n rh(t) i‘h(t) (w(rh,t) - wo(t))
rh(t) 0

(2.62)
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Figure 2.14 Location of additional volume for the comminuted ceramic due to
penetration of the projectile and deformation of the back-up plate.

Since in the first stage of the penetration model
w(rh,t) = wo(t) (2.63)

and using equation (2.24), equation (2.62) can be rewritten as

27w, 1
d B 0 3 1.2 13 2
r Vplas “®ry | ® R -ZRr +grn, |+ mwyn (2.64)

whereby for as long as the initial armour response model is active, w(') is equal to Wy
The available volume for the comminuted ceramic also depends upon the projectile’s

penetration into the ceramic conoid. The amount of volume occupied by the projectile
at any given moment during ceramic penetration is given by

- P
Vproj_ T X (2.65)

Hence, the ceramic conoid volume change due to projectile penetration is given by

2
d D

d—tvproj =nz X (2.66)
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Thus, the following expression is found for the change of the available volume for the
comminuted ceramic in the first stage of the penetration model:

d 2n WO 1 1 D

2 13 .2 .
aV()l:(_R—T—r? €R3-5Rrh+§rh +1tw0rh—1r.Tx (2.67)

Initially, Vol, is given by equation (2.59).

In experiments, it is often observed that comminuted ceramic ejects from the impact
crater. See for example Florence & Ahrens (1967), or figure 3.1 which shows the
impact of a 7.62 mm AP projectile onto a ceramic faced armour. Therefore, it is
possible that through ejection of comminuted ceramic the confinement of the ceramic
material within the conoidal volume decreases.

This option of release of confinement is implemented in the model, although
discussions with Bless disclosed that the ejection of debris did not influence the
armours resistance significantly during experiments carried out at the University of
Dayton Research Institute (Den Reijer,1988).

Basically, the process is modelled by decreasing the mass and thus volume of the
comminuted ceramic in the conoidal volume. Ejection of material is assumed to take
place through a circular ring around the projectile impact zone. Figure 2.15 illustrates
the assumed behaviour. Bernoulli’s equation (Clancy, 1975) is used to get an
estimate of the (relative) velocity of the ejected particles. It yields

1, 2
P = "z'pc veject (2.68)

where the density of the ejected, once strongly comminuted, ceramic is estimated by

Vol._.
y m
Pc = Vo, Pc (2.69)

Olm

Thus, the (relative) velocity of the ejected particles is given by

2P (2.70)

Voo =
eject '
pC
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The mass (and volume) flux out of the impact crater is thus given by

D2
d [ d_ — 2 p S
dt Meiect =Pc ar VOleiect TP (rhole T4 } (Veject %)

dt
2
D
2 2P
= p.m [rho]e -Tp) = -x 2.71)
pC

where, Thole I8 the ejection hole radius.

Hence, the change of the volume of the comminuted ceramic in a pressureless
environment due to ceramic ejection is given by

(2.72)

’

Veject

'

]

stationary flowfield around tip of projectile

Figure 2.15 Assumed mechanism for the ejection of comminuted ceramic from the
impact crater.
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2.11. The Analytic Lightweight Armour Response Model (ALARM)
2.11.1. Introduction

The penetration model has been translated into a computer program. This program
solves the set of differential equations governing the behaviour of armour and
projectile during the impact event. It can be used to compute the penetration process
for a single impact velocity, or to predict the ballistic limit velocity (v5 ) of a specific
armour concept. In the following sections a brief outline of the numerical procedure
and of the program is presented.

2.11.2. The numerical solution technique

The differential equations derived for the ALARM model, can be represented by a set
of maximal 12 first order nonlinear differential equations, schematically represented
by,

_)
(Y;t) (2.73)

These equations need to be integrated in time. A reliable procedure is required for the
integration, with automatic truncation error control, and only a few derivative
evaluations for every time step.

The Adams-Moulton predictor-corrector method was selected for this purpose (Gerald
& Wheatley, 1984). Only two derivative evaluations are necessary for every time step.
The Adams-Moulton method cannot be used to start the integration process. The
Runge-Kutta-Gill method is used for this purpose (Gerald & Wheatley, 1984). Both
methods have local truncation errors of the same order.

In the integration routine, the local truncation error is controlled as follows. The
stepsize, At, is reduced whenever the local truncation error estimate exceeds a user-
specified upper bound. In those cases the stepsize is reduced to At/4 and the
integration process is restarted at (t-At) by doing three steps of Runge-Kutta-Gill,
followed by the Adams-Moulton steps.

If the local truncation error estimate is smaller than a specified lower bound, usually
two per cent of the upper bound, the stepsize is increased from At to 2At. The
integration process is again restarted by doing three steps of Runge-Kutta-Gill.
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2.11.3. Brief outline of the ALARM program

The AT ARM program consists of 16 subroutines with approximately 1900 lines of
Fortran-77 code. The personal computer executable is 140 Kb in size. The general
flowchart of the program is presented in figure 2.16.

The main program is called BAL, the program starts in this routine. This routine calls
INPUT, which reads and echos all input data. Consequently, BAL may calls V50
which, by calling the ALARM routine with different initial projectile velocities
determines the ballistic limit velocity. The ALARM subroutine and all the routines it
calls actually contain the ALARM model, The ALARM routine calls the BOUND
subroutine which sets some constants and boundary conditions for the integration
process, followed by a call to the INTEGR routine, the routine that actually controls
the integration process. It selects the back-up plate deformation models, the projectile
deformation models, checks for armour failure, projectile defeat and end-of-time. In
the process it calls the routines BNDBAK and BNDPRO, where specific boundary
conditions for the individual back-up plate and projectile deformation models are set.
It also calls WSHAPE, which computes the back-up plate’s deflected shape, and

(reurncr ’——’LIM:'UT ]

{
i

vee vso
s

1

F11DEQ

i
1[5

Figure 2.16 Schematic flow chart of the ALARM program lay-out.
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PLTWRT, which creates a plotfile to be used by the plotting program. Most
important, the INTEGR routine calls F11DEQ, the integration routine. This routine
calls FUNCT. The FUNCT routine contains all the sets of first order nonlinear
differential equations described governing the behaviour of projectile and armour. At
certain instances the FUNCT routine calls the FORCE subroutine, which computes
the comminuted ceramic’s resisting force.

2.12. Comparison of experimental and analytical results
2.12.1. Introduction

An ALARM computation results in detailed data on the projectile erosion, armour
penetration and armour deformation throughout the impact process. By variation of
the impact velocity, the armour’s ballistic limit velocity can be determined as well.

In order to assess the capabilities of the model, a detailed comparison of the
computed results with experimental data is required. However, experimental data
showing details of the penetration process are very scarce in literature. Wilkins (1968)
presented the data shown in figure 2.17. This figure shows the position of the
projectile, the armour penetration and the armour deformation throughout the
penetration process for a pointed projectile impacting an armour of AD-85 alumina
supported by aluminium at a velocity of 850 m/s. Unfortunately, comparison with
Wilkins’ own flash radiographs taken at early times after impact (16 ps), figure 2.18,
revealed a discrepancy with the situation presented in figure 2.17. Wilkins (1988)
confirmed the “plotting error” in this figure, but did not supply the correct data.

Hence, with no reliable detailed experimental data available, the ALARM model
predictions can be compared with experimentally obtained ballistic limit velocities only.
For this purpose, two series of Wilkins’ ballistic limit velocity experiments with pointed
.30” (7.62 mm) armour piercing projectile simulators impacting various armours of
AD-85 and aluminium 6061-T6 were used. In addition, the influence of back-up
plate bending stiffness is assessed. These comparisons served as the first overall checks
of the validity of the model.

2.12.2. Simulation of Wilkins’ ballistic limit velocity experiments

ALARM ballistic limit velocity computations were carried out for ceramic faced
armours consisting of an AD-85 alumina facing, 8.6 mm or 7.9 mm thick, supported
by several thicknesses of aluminium 6061-T6. In order to obtain results which
compare well to the experiments, three parameters had to be tuned. Tuning of these
parameters is necessary and inevitable, since no data was available which could be used
in determining the value of the parameters in the ceramic resistance force function.
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Figure 2.17 Position-versus-time curve of a 7.62 mm AP projectile simulator
impacting an armour of 8.6 mm thick Coors AD-85 alumina backed by
6.3 mm thick 6061-T6 aluminium at 850 m/s (Wilkins, 1968).
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Figure 2.18 Comparison between calculation and experiment at 16 ps after impact of
a 7.62 mm AP projectile simulator onto 8.6 mm thick AD-85 alumina
bonded to 6.3 mm thick 6061-T6 aluminium. Impact velocity is
850 m/s (Wilkins ez al., 1969).
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These three parameters are B, v and Yhole' The values were obtained by trail and error
and are given by,

B =0.600 107 (-)
¥ =0.675 109 (-)
pole = 0-005 (m)

Results of the ALARM computations are presented in table 2.1 while in figure 2.19
the computed ballistic limit velocities versus back-up plate thicknesses are presented for
the above configurations.

The results obtained with other analytic penetration models for ceramic faced armours
are also included in this figure to allow for comparison. Florence’s model is based on
a simplified back-up plate membrane deflection, and therefore, not capable of
describing bending or plug shearing, which according to experimental observations are
very important deformation mechanisms for armours with thicker (>5.5 mm) metallic
back-up plates. Not surprisingly therefore, the ballistic limit velocities computed by
Florence’s model do not compare well to the experimental values. Recently, a
comprehensive analytic model for projectile impact onto ceramic faced armours was
proposed by Woodward (1990). In this publication, he compared his model
predictions with the same set of experimental data as is done here. His model
predictions are, therefore, included in figure 2.19 too.

For the two other analytic models, the one presented by Prior & Hetherington (1986)
and the one presented by Ravid et al. (1989), no model predictions of the
experimental data by Wilkins were available. Hence, they are not included in
figure 2.19. The comparison presented in figure 2.19 shows that the predictions by the
ALARM model match the experimental ballistic limit velocity data better than the
predictions from the models by either Florence or Woodward.

Graphs with detailed information regarding the computed projectile mass erosion,
projectile and back-up plate velocities and displacements, pressures on the projectile and
strain in the back-up plate are presented in the figures 2.20, 2.21, 2.22 and 2.23, for
armours with thin (3.1 mm), normal (5.0 mm, 6.3 mm) and thick (9.0 mm)
aluminium 6061-T6 back-up plates. In each figure, five history plots are presented. In
one of them (plot A), the projectile’s rear-end velocity, projectile/armour interface
velocity (projectile tip velocity) and back-up plate velocity are presented. Others show
the projectile mass erosion (plot B), the load exerted on the armour (plot C), the
position of the projectile/armour interface, the maximum back-up plate deformation
and the maximum back-up plate deformation of the outer annular plate section at the
location of the hinge atr = rh (plot D), and the accumulated strain in time (plot E).

Plot E in the figures 2.20 and 2.21 shows that the radial strain in the back-up plate
reaches the limiting value of 13 per cent (for Al 6061-T6). Hence, the failure mode
for armours with thin back-up plates is strain failure. This failure mode remains
dominant for back-up plates up to 5.5 mm thick. For back-up plate thicknesses above
5.5 mm, a plug shearing failure mode appears to be dominant, as can be deduced
from the figures 2.22 and 2.23. The radial strain history plots (E) in these figures
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Figure 2.19 Comparison of ballistic limit velocities obtained by experiments
(Wilkins, 1968), the ALARM model, Florence’s model (1969) and
Woodward’s model (1990), for armours of AD-85 alumina backed by
various thicknesses of 6061-T6 aluminium impacted by 7.62 mm AP
projectile simulators at normal incidence.

show that the radial strain does not come close to the limiting value of 13 per cent
(for Al 6061-T6). The back-up plate responses presented in plot D of these figures, do
show a significant amount of plug shearing action as there arises a difference between
the maximum back-up plate displacement (wo) and the maximu{n back-up plate
displacement of the outer annular back-up plate section at r = T (W())' Although the
projectile is brought to rest just before the plug separation is completed in these two
figures, a slight increase of the initial impact velocity will show plug shearing as the
failure mode.

The change in back-up plate failure mode at a back-up plate thickness of
approximately 5.5 mm was also observed experimentally by Wilkins (1968).

When figure 2.19 is considered, it is observed that for back-up plate thicknesses from
5.5 mm through 9.0 mm the predicted ballistic limit velocities compare very well to
the experimental values. For very thin (< 3.0 mm) and thick (> 9.0 mm) back-up
plates the ALARM results deviate from the experimental values, mainly because of the
description used for the back-up plate deformation. The ALARM back-up plate
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deformation models are based on plastic bending hinges and are not accurate when
used in describing membrane deformation, the primary deformation model for
armours with very thin back-up plates. The very thick back-up plates are loaded on a
relatively small area compared to the thickness of the back-up plate, making the use of
plastic hinges to describe the deformation questionable.

Table 2.1 Comparison between ballistic limit velocities obtained with the ALARM
model and experiments (Wilkins, 1968) for armours composed of
Coors AD-85 alumina and aluminium 6061-T6, when impacted by an
8.5 gram 7.62 mm AP projectile simulator.

Back-up plate Ceramic thickness Ceramic thickness
thickness hC = 8.6 mm hc = 7.9 mm
[mm] V., ALARM Ve €XP. V. ALARM Ven €XP.

>0 [m/s] rOn/s] >0 [m/s] 9nls]

3.0 522

3.1 536 549 473 518

3.5 583 515

4.0 638 570

4.5 696 619

4.6 711 632 614

5.0 764 673

5.1 777 701 689

5.5 819 735

5.8 834 853 754 670

6.0 836 758

6.3 842 871 759 792

6.5 848 761

7.0 869 773

7.2 879 914 781

7.5 901 797

7.8 928 819 843

8.0 948 835

8.5 1012 965 883

9.0 1103 939

9.4 1233 995 990 909

9.5 - 1004
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2.12.3. A rwo-layer back-up plate

One of the reasons to develop a lightweight armour response model was to study the
influence of back-up plate properties, such as bending stiffness. In the literature
(Wilkins, 1968; Laible, 1980) it is reported that for an 8.6 mm thick layer alumina
backed by two layers of 3.15 mm thick aluminium, the ballistic limit velocity drops
almost 100 m/s as compared to the v, of a similar armour with a single layer
6.3 mm thick back-up plate. According to Wilkins (1968), this drop in V&g is caused
by the increased flexibility of the two-layer back-up plate which is less capable of
confining the comminuted material inside the fracture conoid and thus allows the
projectile to penetrate the armour more easily. The ALARM model was used to check
whether it could reproduce this experimental result.

The model predicts an 80 m/s decrease of the ballistic limit velocity for an armour
which consists of an 8.6 mm thick alumina facing backed by two layers of 3.15 mm
thick aluminium 6061-T6 compared to the armour with a single 6.3 mm thick back-
up plate. This is conform the experimental results. When the same ceramic facing is
supported by two layers of 2.5 mm thick aluminium instead of a single 5.0 mm thick
back-up plate, the ALARM model predicts the ballistic limit velocity to drop by
114 m/s. ALARM computations show a drop in the ballistic limit velocity of only
19 m/s, when the ceramic facing is supported by two layers of 4.5 mm thick
aluminium instead of a single 9.0 mm thick back-up plate. Hence, the drop of the
ballistic limit velocity due to layering of the back-up plate is found to depend on the
armour configuration.

Understanding of this behaviour can be obtained by analysis of the back-up plate
responses and failure modes for the two extreme situations. For the armour with the
5.0 mm thick back-up plate, the dominating failure mode is strain failure, as is
illustrated by figure 2.21. Changing the stiffness of the back-up plate by layering it,
increases its flexibility, causing a faster armour response and the strain failure to be
reached even earlier. Hence, the increased flexibility results in an decreased energy
dissipation by the back-up plate, and thus in a significantly lower ballistic limit velocity.
For the armour with the 9.0 mm thick back-up plate, the plug shearing failure mode
dominates. Only a limited amount of kinetic energy is dissipated by the back-up plate
surrounding the plug, as is illustrated by figure 2.23. Hence, its energy dissipation can
be improved. The increased flexibility of the layered back-up plate results in a reduced
ceramic confinement and thus more projectile kinetic energy has to be dissipated by the
armour. The increased flexibility, however, also facilitates back-up plate deformation,
as is shown in figure 2.24. In this situation, the failure mode is not significantly
changed by the increased flexibility. Hence, the back-up plate can decelerate the
projectile for a longer period of time and can dissipate more energy before back-up
plate failure occurs. The resulting drop in ballistic limit velocity of this layered armour
is, therefore, not large (19 m/s) and shows that the increased flexibility of the layered
back-up plate almost compensates the negative effects.
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The analysis of these simulations indicates that the magnitude of the drop in ballistic
limit velocity of an armour with a two-layer back-up plate depends on the additional
projectile kinetic energy that has to be dissipated by the armour due to the reduced
ceramic confinement and the (additional) energy dissipation by the layered back-up
plate.

2.13. Conclusions

A simple analytic model has been developed that is capable of carrying out ballistic
limit velocity computations for ceramic faced lightweight armours. It describes the
major phenomena, known to be of importance for the penetration process, such as:
projectile mass erosion and mushrooming during ceramic penetration, time-dependent
loading and load distribution on the back-up plate, deformation of the back-up plate
and strain and shear failure modes for the back-up plate.

Although some parameters need to be tuned to insure that the computed armour and
projectile behaviour compare to the experimentally obtained values, the model appears
capable of describing the effect on the ballistic limit velocity of (limited) variations of
the armour geometry and properties. The back-up plate failure modes as predicted by
the model are in agreement with experimental observations.




61

3. IMPACT EXPERIMENTS ON CERAMIC FACED ARMOUR
3.1. Introduction

In the previous chapter, the available knowledge in literature was compiled in the
attempt to form a consistent understanding of the penetration process of a projectile
into a ceramic faced armour. Unfortunately, literature was found to be lacking in
reliable and detailed experimental data on a number of important aspects of the
projectile/armour interaction process.

For example, the penetration of the projectile through the comminuted ceramic inside
the fracture conoid was not very well understood. Nor was the interaction between the
ceramic layer and the back-up plate completely clear. Projectile mass erosion, a very
important mechanism by which an armour can reduce the amount of kinetic energy
that it has to absorb, forms another example of some controversy. Wilkins’ analysis of
flash radiographs in his third progress report on light armour (1968), shows the
projectile eroding mass during the first 20 ps of the impact event. Ravid et al. (1989),
however, assume that the projectile erodes only for a very short period of time (some
2.5 ps) and may break up into a number of fragments afterwards. Bless (Den Reijer,
1988) assumes that all mass erosion occurs during the time that the armour appears
to behave like a rigid anvil (the so-called dwell-time), implying that all projectile mass
erosion occurs as the projectile has not yet even started to penetrate the ceramic facing.
According to Bless, this dwell-time is strongly dependent on the ceramic fracturing
process.

Therefore, the main objective to carry out an experimental programme was to obtain
information on the projectile/armour interaction process for a number of different
projectiles and armour configurations. To fulfill this objective, the results of the
experiments needed to show details of: the projectile erosion process, the penetration
process into the armour, and the armour’s response. The experimental data thus
becoming available, could also be used for the verification and validation of the
behaviour predicted by the ALARM model.

3.2. The experimental programme

The understanding of the pentration mechanisms dominating the impact event was
expected to benefit most from impact experiments with simple projectiles and armours.
Therefore, a blunt circular-cylindrical rod was used as a projectile with most of the
experiments. The armours used consisted of a homogeneous ceramic facing supported
by an aluminium back-up plate. The back-up plates were not reinforced by modern
composite materials.

In order to study the influence of the back-up plate properties, armours with four types
of back-up plates were used. A concept of 8.1 mm thick alumina, backed by 6.0 mm
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aluminium, weighing 47 kg/mz, was used as a base-line reference. This armour just
defeats the 7.62 mm AP projectile at muzzle velocity (840 m/s).

Experiments were also carried out with armours consisting of an 8.1 mm thick ceramic
facing supported by heavier, 8.0 mm thick, and lighter, 4.0 mm thick back-up plates.
The thick back-up plate gives optimal support to the comminuted ceramic inside the
conoid. The thin back-up plate cannot support the ceramic facing very well, but
deforms and absorbs energy easily. Based on Wilkins’ observations (1968), it was
expected that the failure modes of these back-up plates differed. Hence, including
armours with these back-up plates in the programme allowed study of the apparent
differences in the projectile/armour interaction processes caused by these different back-
up plates. The projectiles were also fired at a concept with two 3.0 mm thick layers of
aluminium instead of the single 6.0 mm thick layer. According to literature (Wilkins,
1968; Laible, 1980), the two-layer back-up plate, which has a four-times lower
bending stiffness than the single 6.0 mm thick back-up plate, would cause the
armour’s ballistic limit velocity to decrease by almost 100 mv/s. Since the armour with
the 6.0 mm thick aluminium back-up plate was designed such that its ballistic limit
velocity lies slightly above the 7.62 mm AP projectile’s muzzle velocity (840 m/s), the
armour with the double back-up plate was expected to be defeated by the projectile.
This presented the possibility to study projectile defeat and perforation at identical
projectile velocity and armour areal density.

In order to obtain a complete overview of the projectile/armour interaction processes
with these armours, the rods were fired into them at velocities just above and below
their ballistic limit velocities.

The applicability of the results obtained with the rod projectiles for the 7.62 mm AP
projectile impact situation had to be ensured. Therefore, the rod was to be designed
such that it inflicted a similar response to the armour, with the same magnitude of
stress and time-scale of events, as would result from a 7.62 mm AP projectile impact.
In order to obtain references, a number of experiments were also conducted with
standard 7.62 mm AP (hard-core) and 7.62 mm ball (soft-core) projectiles.

Thus, the experimental programme included the following series:

- steel rod impact on the four ceramic faced armour concepts, at velocities above and
below the ballistic limit velocity.

- 7.62 mm AP (hard-core) projectile impact at muzzle velocity (840 m/s) on the
ceramic faced armour concepts with 6.0 mm and with 2*3.0 mm thick back-up
plates.

= 7.62 mm ball (soft-core) projectile impact at muzzle velocity (830 m/s) on the
ceramic faced armour concept with the 6.0 mm thick back-up plate.
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3.3. The experimental set-up
3.3.1. Introduction

Recent experiments with lightweight armour systems (Van Riet, 1987-1991) have
shown the difficulty of using optical techniques for instrumenting impact experiments
onto ceramic faced lightweight armour systems. Soon after impact, fine ceramic dust
is ejected from the impacted area which obscures the view for optical high speed
cameras, as is illustrated in the sequence of Imacon frames in figure 3.1 for a
7.62 mm AP projectile impacting a ceramic faced armour. Of course, the back-up plate
motion can easily be observed optically before perforation. Aside from dust problems,
it is impossible to obtain information regarding the actual projectile penetration into
the ceramic faced armour using an optical technique.

The use of flash X-ray photography provides a solution. X-rays are a form of
electromagnetic radiation, with wavelengths very much shorter (from 1/1000 to
1/100000) than that of visible light. This distinctive characteristic forms the basis of
the ability of X-rays to penetrate materials which may absorb or reflect light. X-rays
proceed in straight lines towards the objects; some of the X-rays pass through, others
are absorbed. The intensity of X-ray radiation is reduced during transmission of
material by absorption. The intensity of the transmitted radiation depends on the

Figure 3.1 Imacon high speed camera photographs of a 7.62 mm AP projectile
impacting a ceramic faced armour at 840 m/s.
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intensity of the incident radiation, the material absorption coefficient and the thickness
of the material traversed.

Exposure of films is realized by converting X-rays to visible light by light intensifying
screens. When objects are traversed, the intensity of the X-ray radiation is attenuated,
resulting in a lower degree of film exposure. The darker regions on the film represent
the more easily penetrated parts of the objects and the lighter regions the more opaque.
Therefore, the image recorded on the film (the flash radiograph) can be regarded as a
shadowgraph of an object.

In the sixties, Wilkins conducted flash X-ray experiments with ceramic faced armours
in an attempt to obtain detailed information on the penetration process. He carried
out his experiments with 2-inch wide strips of alumina tiles supported by aluminium.
By setting up his flash X-ray system in line with the armour’s front surface (normal
to the projectile’s line of flight), the resulting flash radiographs presented information
regarding the projectile’s rear-end position, armour penetration and armour
deformation. Similar results could be obtained by using the Prins Maurits
Laboratory’s Field Emission (model 730/2660) 600 kV flash X-ray system, since the
steel core of the 7.62 mm AP projectile is visible on the flash radiograph as it is
surrounded by no more than 50 mm of alumina (p = 3800 kg/m3). However,
experiments at PML’s small calibre test range with single and multiple 50 x 50 mm
tile configurations, showed a significant influence of the ceramic layer’s lateral
dimensions on the ballistic protection level. Figure 3.2 shows pre and post-impact
photographs of two armours. The armour on top consisted of a single 8.1 mm thick
alumina tile, with dimensions 50 x 50 mm, bonded to a large plate of aluminium.
The other aluminium back-up plate was completely covered with 8.1 mm thick
alumina tiles. The bonding layer between ceramic and back-up plate and processing
were identical for both armours. Both were impacted by 7.62 mm AP projectiles at
muzzle velocity (840 m/s). The back-up plate on top clearly shows a perforation, the
other does not. This illustrates that a single 50 mm (approximately 2-inch) wide strip
of armour material, as used by Wilkins, clearly influences the performance of the
armour (in a negative way).

Additional experiments were carried out in an attempt to construct some means to
apply the correct amount of lateral confinement corresponding to the situation
encountered with a fully covered armour panel. The confining material had to be of
low density and thickness to prevent significant absorption of the X-rays. An example
of such a confinement ring around the ceramic tile is shown in figure 3.3. None of the
confinement rings worked satisfactorily.

A flash X-ray set-up was therefore required which could visualize the projectile during
impact for armour panels with large (155 mm x 155 mm) lateral dimensions. This
was realized with flash X-ray pulsers set up in an oblique fashion so that the direction
of the X-rays are at a small angle (26°) to the armour’s front face, At this angle the
X-rays only have to penetrate some 18 mm of alumina and 9-18 mm of aluminium
aside from the projectile. This is easily achieved by a 600 kV system.
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before impact after impact

before impact after impact

Figure 3.2  Influence of armour panel ceramic facing lateral dimensions on ballistic
performance of the panel when a 7.62 mm AP projectile impacts at
840 m/s.

before impact after impact

Figure 3.3 The effect of a confinement ring around a single ceramic tile of a panel
when a 7.62 mm AP projectile impacts at 840 m/s.
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In order to be able to follow the entire penetration process in some detail, flash
radiographs were generated at 2, 4, 6, 8, 10, 12, 14, 16, 20, 25, 30, 35, 40/45, and
60 us after impact, covering the entire interesting timespan of the impact process. Of
course the eroded projectile, the ceramic facing fragments and the back-up plates were
recovered as well after every experiment.

3.3.2. The armour panels

The armour panels were composed of 8.1 mm thick Morgan Matroc Hilox 973
alumina and aluminium 6061-T6. For the bonding layer Scotchdamp BA-9323
from 3M was used. Based on the experimental observations discussed in the previous
section, the lateral dimensions of the armour panels were set to 155 mm. Because the
alumina was available as tiles of 50 x 50 mm only, nine tiles had to be used to
completely cover the panel. Four back-up plate configurations were used; a single
4.0 mm thick plate, a 6.0 mm thick plate, a package of two unbonded 3.0 mm thick
plates, and an 8.0 mm thick back-up plate. The material properties of the alumina and
aluminium are presented in table 3.1.

To ensure proper bonding of the ceramic tiles to the aluminium plate the ceramic tiles
were cleaned with methylchloroform (CH,CCI ) The aluminium plates were
degreased (30 minutes in a bath of P RS’% 40 grams/l) at 75° C) and etched
(20 minutes in a bath of chromic acid CrO (55 grams/1) and sulphuric acid H SO

Table 3.1a Material properties of Morgan Matroc Hilox 973 alumina.

Density [kg/m3] 3810.0
Hy [kg/mm2] 1217 * 67
Young’s modulus [GPa] 378 £ 15
Longitudinal sonic velocity [mm/ps] 10.82 £ 0.22
Flexural strength [MPa] ~230
Compressive strength [MPa] ~1700
Grain size [um] 1-20
Open porosity [%] 0
Poisson’s ratio (estimated) 0.24
Bulk modulus [GPa] 242

Table 3.1b- Properties of aluminium 6061-T6.

Density [kg/m3] 2705.0
Ultimate yield strength [MPa] 310
Ultimate shear strength [MPa] 200
Failure strain [%o] 13
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Figure 3.4 Typical example of an armour panel resulting from the vacuum bag
manufacturing process (8.1 mm alumina and 4.0 mm aluminium).

(275 grams/l) at 60° C). Afterwards the aluminium plates were rinsed with cold water
and dried. The bonding material was applied to the aluminium plate after which the
individual tiles were placed by hand. Proper alignment was ensured by wrapping tape
around the plates to prevent motion of the ceramic tiles before hardening of the
bonding layer.

To ensure good bonding, a vacuumbag technique was used to apply the proper
amount of pressure to all the tiles. For this purpose, the panels were placed on a thick
aluminium plate, which was covered by a teflon foil. On top of the armour plates
another teflon foil was placed together with a woven glass fabric. The entire plate was
then covered by a thin plastic foil. By means of a small vacuum pump the enclosed
volume was evacuated. For the entire 24 hours of hardening time of the bonding layer
(at room temperature) the vacuum pump was left attached to the vacuumbag. The
resulting bonding layer was thin (approximately 0.2 mm).

Armour panels like the one shown in figure 3.4 are the result of this manufacturing
process.

3.3.3. The projectiles

The choice of the rod’s geometry and material properties was based on a number of
requirements. The rod was required to have similar penetration capabilities as the
7.62 mm AP projectile. This 7.62 mm AP projectile consists of a hard steel (R¢ = 60)
ogive-nosed core, followed by a lead plug and is surrounded by a tombac jacket (see
figure 3.5). It has a maximum diameter of 7.62 mm, is 32.0 mm long, and weighs
9.55 grams.

In order to ascertain the same time-scale of events and magnitude of stress in the
armour, the impact velocity of the rods was required to be close to the muzzle velocity
of the standard projectile, typically some 840 m/s. The rod’s length-over-diameter
ratio had to be slightly higher then the 7.62 mm AP’s ratio. This facilitated the
determination of the projectile mass erosion during the impact process. In order to




reduce projectile-originated scatter in the experimental results, high strength steel alloys
were rejected for use. These alloys are often very brittle which may result in

unpredictable break-up during impact, and thus scatter with respect to the ballistic
performance.

Ballistic impact experiments with various rods resulted in the selection of a rod. The
selected rod weighs 7.0 grams, has a 6.0 mm diameter and is 31.5 mm long
(I/D = 5.3). This rod is manufactured from steel (ETG-100; von Moos Stahl AG
Luzern). The quasi-static material properties of ETG-100 are presented table 3.2,
Figure 3.5 shows the steel rod.

Table 3.2 Properties of ETG-100 steel.

Density [kg/m3] 7800
Ultimate yield strength [MPa] 1030
Ultimate shear strength [MPa] 590
Hye 28
Failure strain [%o]) 7

Support for the selection of the 6.0 mm diameter rod was obtained by Van Zuidam
(1990). Using streak photography he measured the maximum back-up plate
deformation profiles of ceramic faced armours when impacted by various projectiles.
The ceramic armours in his study consisted of a 10.0 mm thick alumina facing
supported by 4.0 mm aluminium. Aside from the 7.62 mm AP projectile, blunt steel
rods with 5 mm, 6 mm, 7 mm, and 8 mm diameters, all weighing seven grams, were
fired at the armours at approximately 820 m/s. The results of these experiments are
comprised in figure 3.6. The back-up plate response that resulted from the 6 mm

Figure 3.5 The 7.62 mm ball projectile, the 7.62 mm AP projectile and the steel rod
(from left to right).
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Figure 3.6 Comparison of maximum back-up plate responses of armours of
10.0 mm alumina backed by 4.0 mm agluminium when impacted by the
7.62 mm AP projectile and several blunt steel rods at a velocity of
approximately 820 m/s (Van Zuidam, 1990).

diameter rod’s impact followed almost completely the response caused by the
7.62 mm AP projectile.

Aside from the steel rod, two other projectiles were used with the experiments presented
in this thesis: the 7.62 mm AP hard core projectile from DNAG and the 7.62 mm
ball projectile (ss77) from FN Belgium. The 7.62 mm Ball projectile consists of a lead
core and is surrounded by a tombac jacket. This ogive-nosed projectile has a
maximum diameter of 7.62 mm, and is 28.5 mm long. It weighs 9.45 grams, and is
also shown in figure 3.5.

3.3.4. Projectile acceleration techniques

The weight and length-over-diameter ratio of the rod prevent its successful acceleration
to the velocity range of 700 m/s to 1100 m/s using a conventional full bore launch-
tube. The highest allowable pressure in the launch-tube acting on the rear cross-section
of the rod is not high enough to accelerate it to these velocities. The rod can be
accelerated to higher velocities by increasing the rear cross-sectional area of the rod,
using a lightweight sabot and a launch-tube with a larger bore-diameter. Hence, in this
study the rod/sabot packages were launched from a 13.0 mm diameter smooth bore
launch-tube.
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Slender blunt rods travelling through air at supersonic velocities do not have a stable
flight behaviour. The projectile will soon start to yaw due to small disturbances.
Without changing the geometry of the projectile, this can only be prevented by either
spinning the projectile or by placing the armour as close as possible to the launch-
tube’s muzzle. Spinning the projectile during launch was rejected for use within this
programme. Hence, the armour had to be placed close to the launch-tube.

This, however, required that the sabot discards from the rod immediately after the
rod/sabot package leaves the muzzle of the launch-tube. Otherwise the sabot will
impact the armour soon after the rod, ruining the test results.

A four component sabot was developed for this purpose. This sabot uses an
aerodynamic separation technique. The package is shown in figure 3.7, and consists of
two fingers and a split obturator. A female conical air-scoop is added at the forward
end. The ram air pressure produced by the sabot’s travel through the air is contained
by the cone and produces a force which causes the sabot to first pivot around its rear
corners and then separate from the central rod. The sabot segments then tumble and
fly away from the rod as the ensemble travels downrange. The split obturator, a
unique design feature, separates into two sections after it leaves the launcher. These
sections have a strong unstable flight trajectory due to their shape. At approximately
1.27 m downrange from the launcher’s muzzle, the sabot segments can easily be
separated from the rod by letting them impact the sabot-catcher, a thick steel plate
with a 20 mm central hole which allows only the rod to continue its flight,

Unfortunately, aerodynamically opening sabots are very vulnerable to disturbances in
bow to stern air flow. Disturbances in the air flow are caused by energetic gases
immediately behind the rod/sabot package which can accelerate rapidly once the sabot
package has left the launcher’s muzzle. This energetic gas flow bursts past the
rod/sabot package to form a “reverse flow” region where the atmosphere surrounding
the sabot moves from the stern of the sabot to the bow. This “reverse flow” region

Figure 3.7  The rod/sabot package.
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destabilizes the rod/sabot package during its early flight, often causing undesired
tumbling of the package. In order to suppress “reverse flow”, the launch-tube has been
adapted. Four slots have been drilled in the launch-tube wall near its muzzle to vent
almost all of the gas-charge while the rod/sabot package is still supported. This
procedure was proposed by Swift & Strange (1987).

Nevertheless, the experiments showed that on many occasions the projectile impacted
the armour with small amount of yaw. Rod impact with a yaw angle smaller than
four degrees, however, was considered acceptable.

The 7.62 mm projectiles were launched from a standard army 7.62 mm FAL-rifle
(Fusil Automatique Légére, FN Belgium), which was rigidly attached to a rig and fired
automatically.

3.3.5. The flash X-ray set-up

At the time that this programme was carried out, a four channel 600 kV Field
Emission (FE) flash X-ray system (model 730/2660) and two 1.2 MV Scandiflash
(S¢) units (model 1200) were available at PML’s Laboratory for Ballistic Research.
Two flash X-ray pulsers were necessary to obtain all the information regarding
projectile mass erosion, projectile position and armour deformation at a specific
moment in time: the flash radiograph created by the obliquely positioned pulser
provided information regarding projectile length and mass erosion, whereas the image
from the second pulser set up in line with the armour panel’s front surface provided
information regarding the position of the projectile’s rear-end, projectile debris
formation and armour deformation. By using four pulsers, data was obtained at two
moments in time during one éxperiment.

All FE pulsers were operated at their maximum voltage, 600 kV. The Sc pulsers were
operated at 1100 kV. All pulsers produce a wide beam of radiation at the moment of
triggering. In order to prevent X-ray cassettes from being exposed twice, diaphragms
are placed such that beam widths are limited to those areas on the cassettes where the
projectile armour interaction image is recorded. The diaphragms used consist of thick
(20 mm) steel plates.

The X-ray pulser heads were protected by 5 mm thick aluminium plates. The X-ray
cassettes, with the Kodak Lanex Regular X-ray films and Ortho-G intensifying
screens, were protected from armour and projectile debris by 2 mm thick plates of
aluminium. Two cassettes were used. One (300 x 900 mm) contained two films
(300 x 400 mm each) to record the images of the three pulsers set up in the
horizontal plane. The other cassette (300 x 400 mm) contained a full-size film to
record the image from the pulser set up in the vertical plane. Figure 3.8 presents a view
of the experimental set-up inside and outside of PML’s medium calibre test chamber.
The positions of the pulser heads, diaphragms, cassettes and armour for the
experiments with the rods are presented in figure 3.9.
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Figure 3.8 The experimental set-up in and around the test chamber during

experiments.
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Figure 3.9 Positions of launch-tube, armour, pulsers, diaphragms, X-ray negatives
and velocity measurement screens, in and around the test chamber,
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Figure 3.10 The armour panel in its supporting rig.

The armour panel had to be held in place such that the supporting structure did not
obscure the projectile/armour interaction from the X-rays. This required the armour
panel to be supported at the four corners only. The supports resembled table legs in
order to prevent the projectile/armour interaction flash radiograph generated by the
obliquely set up pulser from being obscured by the supporting rig. The armour panel in
its support is shown in figure 3.10.

The experimental set-up for the tests with the standard 7.62 mm projectiles differed
only slightly from the one presented hete. It is described in detail in a report by this
author (1990).

3.3.6. Triggering of the flash X-ray pulsers and velocity measurement

In order to be able to fire the flash X-ray pulsers at the desired moments in time after
impact, an accurate triggering mechanism was needed to pin-point the moment of
impact. Accurate triggering in the nanosecond regime was necessary since the pulsers
were required to flash at specific moments in time (2, 4, 6, 8, 10, 12, 14, 16, 20, 25,
30, 35, 40/45 and 60 ps after impact) during consecutive experiments.

A triggerfoil technique was used for this purpose. A triggerfoil consists of two thin
layers of aluminium foil separated by a thin layer of paper. These three layers are taped
to the ceramic facing of the armour plate and connected to a pulse generator. As the
projectile impacts, the two aluminium foils are connected causing a short-circuit, and
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thus a trigger pulse. This trigger pulse was fed into four delay generators (three Hewlett
Packard model 43114A digital delay generators and one Scandiflash DG-1000C
delay generator), which set the delays for the flash X-ray pulsers. These pulsers were
monitored by a processing storage oscilloscope (Krenz Electronics PSO 5070) to
check the proper operation of the delay generators. Two of the three FE pulsers needed
to flash at the first moment in time after impact while the third FE pulser had to flash
at the second moment in time, together with the Sc pulser.

The projectile velocity measurement was carried out by measuring the interval of time
needed by the projectile to travel a distance of 1000 mm. For this purpose, two infra-
red lightscreens (Drello L.S-19i) were set up in the path of the projectile (see
figure 3.9). The design of these lightscreens is such that emitter and receiver are
incorporated in one measuring unit. When the projectile passes the lightscreen the
receiver is shaded. The signals from the lightscreens were fed into a Racal-Dana
nanosecond counter (model 1991), from which the projectile velocity was easily
obtained.

A schematic flowchart of the triggering and measuring equipment for the experiments
with the rods is presented in figure 3.11.

13.0mm smooth

fire uni — -
unit bore launch tube

IR lightscreen " ocounter 1
1
Krenz PSO
IR lightscreen
2
Krenz PSO i
trigger foil —_"—r L
'-l S N\
delay generator delay generator delay generator
,—_t'\—+
amplifier amplifier amplifier amplifier
- .
Sc X-ray pulser FE X-ray pulser FE X-ay pulser FE/Sc X-ray pulser

Figure 3.11 Schematic flowchart of the triggering and measuring equipment set-up.
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3.4. Interpretation and analysis of the flash radiographs

Figure 3.12 shows a typical set of (cut-outs from) two flash radiograph positives from
one of the experiments with the 7.62 mm AP projectile. The image on the left presents
the radiograph obtained from one of the pulsers set up in line with the front face of
the armour panel. Hence, the armour is seen from the side; its lateral dimensions
(155 x 155 mm) prevent any X-ray radiation penetrating through it, so it is seen as a
black shadow. The projectile is easily recognised in the image. The lead section in the
rear of the projectile is clearly visible, due to its high density. These radiographic
images were used to determine the distance between the rear-end of the projectile and
the ceramic facing and the deformation of the armour plate. The diameter of the
fringes of shattered projectile material flowing away laterally from the impact area were
also measured from this radiograph.

The image presented on the righthandside of figure 3.12 was created by the obliquely
set up pulser. They were used to determine the length of the eroding projectile. The
actual penetration of the projectile into the armour is simply obtained from the
difference between the projectile’s length and the distance between its rear-end and the
ceramic facing.

When deducing data from flash radiographs, one has to take into account that the
radiographs show some image distortions (Held, 1985; Verhagen, 1988).

The appearance of the shadow picture is influenced by the relative positions of the
source of radiation, the object and the film, but also by the direction of the beam of
radiation with respect to the object and the plane of the film. The shadow cast by the
object will be larger than the object itself because the object is not in contact with the

Figure 3.12 Set of flash radiograph cut-outs showing the projectile/armour
interaction for a 7.62 mm AP projectile impacting 8.1 mm alumina
backed by 6.0 mm aluminium at 16 s after impact.
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film; the degree of enlargement is determined by the relative distance of the object
from the film and from the source. The form of the shadow may also differ according
to the angle which the object makes with the incident rays. These geometric distortions
were easily corrected for in the analysis of the radiographs.

The sharpness of the shadow depends on the spot size of the X-ray source and the
position of the object between the source and the film. The shadows cast when the
source is not a point, but a small area, are not perfectly sharp because each point of
the source casts its own shadow of the object, and all of the shadows are slightly
displaced relative to each other, thus producing a blurred image. All FE pulsers have a
5 mm diameter anode, i.e. a 5 mm source spot size. The Sc pulsers had 4 mm
diameter anodes installed, giving them a 4 mm diameter source spot size. With the
experimental set-up presented in this thesis, this unsharpeness (penumbra) is smaller
than 0.5 mm. In the analysis of the radiographs, penumbra was taken into account.
The blurriness of the image also depends on the displacement of the object during the
exposure time. In this study, where objects move at velocities of typically 1000 m/s,
the X-ray pulser’s exposure time of only 20 ns prevented motion-unsharpness from
becoming noticeable.

Aside from correction for geometrical distortion and penumbra, some other
manipulations have to be carried out when analysing the flash radiographs. In some
experiments the armour panels were slightly tilted due to misalignment; on the average
this tilt angle was smaller than 1°, but as a result the armour panel appeared thicker
than it should on the image of the pulser radiating in line with the armour’s front
surface. Because of this, the projectile’s length (rear-end to ceramic facing) and the
armour’s deformation appeared smaller than they were on the radiographs, as is
illustrated in figure 3.13. These effects were easily corrected for. However, when the
armour’s deformation was very small, the armour’s misalignment could completely
obscure it on the radiograph, and was prevented from being measured.

The images of the projectiles on the flash radiographs created by the obliquely set-up
pulsers had to be analysed with extreme care. The beam of radiation made an angle of
64° (90°-26°) with the projectile’s axis of flight and the X-ray negative. In the analysis
of the radiographs, the obliquity was accounted for.

Analyses of flash radiographs of reference objects have shown that lengths could be
measured with an accuracy of £ 0.5 mm. Due to the difficulty in determining the
location of the projectile tip in the oblique radiographs, the projectile length and
projectile penetration could be determined with an accuracy of £ 1.0 mm (Den Reijer,
1990). The data reduction procedure of flash radiographs using PML’s image
processing facilities is described extensively in a report by this author (1990).

Due to the geometric distortions, penumbra and armour misalignment, some images
in the sequences of flash radiographs presented in the next chapter appear smaller or
larger than others.
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situation li: deformation obscured

Figure 3.13 Obscured projectile length (rear-end to ceramic facing) and armour
deformation due to imperfect armour alignment.
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4. RESULTS OF THE EXPERIMENTS WITH THE ROD PROJECTILES
4.1. Introduction

The results of eight series of ballistic impact experiments are presented in this chapter.
Armours with an 8.1 mm thick Morgan Matroc Hilox 973 alumina facing supported
by four different aluminium 6061-T6 back-up plate configurations (4.0 mm,
6.0 mm, 2*3.0 mm and 8.0 mm thick) were impacted by steel rod projectiles just
below and above their ballistic limit velocities.

More than 130 experiments using the X-ray equipment were necessary to obtain the
data showing the projectile armour interaction process at 2, 4, 6, 8, 10, 12, 14, 16,
20, 25, 30, 35, 40/45 and 60 us after impact for each of the eight series of
experiments.

4.2. The experimental results
4.2.1. Armours of 8.1 mm alumina and 6.0 mm aluminium
4.2.1.1. Impact below the ballistic limit velocity

A complete sequence of flash radiographs was compiled from eight experiments and is
presented in figure 4.1. The average projectile impact velocity was 815 m/s
(+ 26 m/s). In all of these experiments the projectile was stopped by the armour.
Figure 4.2 presents the projectile rear-end position, armour penetration and armour
deformation in time as deduced from these radiographs. The resulting projectile length
reduction in time is presented in figure 4.3. On both figures, polynomials are best-
fitted through the data-points. During the first 16 us, no significant armour
penetration and armour deformation could be measured. Projectile fragments are seen
moving away laterally from the impact area from the moment of impact onwards.
Projectile length reduction occurs until 45 to 50 us after impact. A typical recovered
projectile, as is presented in figure 4.4, weighs, on average, 2.6 grams and is
approximately 12 mm long. Hence, approximately 60% of its mass has been eroded.
With all experiments the ceramic facing has completely delaminated from the back-up
plate after impact. Figure 4.5 shows an example of a recovered ceramic facing viewed
from front and rear. A typical example of a recovered back-up plate is shown in
figure 4.6. As can be seen from the front view, some fractured ceramic material is still
attached to the plate. In this example it has approximately the original ceramic
thickness, indicating that the projectile was unable to penetrate the ceramic material
directly in front of it. The area of back-up plate covered with ceramic material has a
20 mm radius around the impact point. This suggests that this section of the back-up
plate was initially loaded by the projectile through the ceramic conoid. The area
corresponds to the base area of a 65° ceramic fracture conoid. Figure 4.6 also shows
the resultant back-up plate deformation. The maximum deformation is 5 mm, No
cracks or shear-zones have been detected in the back-up plate.
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4.2.1.2. Impact above the ballistic limit velocity

The armour is no longer capable of defeating the projectile, when the impact velocity is
increased by 101 m/s to 916 m/s (+ 18 m/s). The results of seven experiments were
used to obtain the sequence of flash radiographs presented in figure 4.7. The
projectile’s rear-end position, armour penetration and armour deformation versus time
are presented in figure 4.8. The projectile length reduction in time is presented in
figure 4.9. Again, polynomials are fitted through the measured data.

During the first 14 ps of the impact process, no significant armour penetration or
armour deformation was measured. After this period they both increase rapidly. The
back-up plate deformation is limited to a relatively small area, At 60 us, the maximum
deformation is 11 mm. Back-up plate failure is noticeable in the “normal” radiograph
at that time. Figure 4.10 shows a typical recovered back-up plate. A section with an
approximate diameter of 10 mm has been sheared out. Figure 4.11 presents an
example of a recovered projectile. It has an average weight of 2.3 grams and is 10 mm
long; hence, 70% of its mass is eroded.

In most experiments in this series, the projectile pushes all ceramic material ahead of it
without penetrating the material on the impact axis. After some experiments a
(comminuted) ceramic plug was recovered together with the eroded projectile.
Radiographs taken shortly after back-up plate perforation, show these plugs flying in
front of the eroded projectile. In a few experiments, the projectile appears to have been
capable of penetrating a limited thickness of ceramic. This has caused some scatter in
the armour penetration data.
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Figure 4.2  Position-versus-time curves of a steel rod impacting an armour of
8.1 mm alumina backed by 6.0 mm aluminium at a velocity below the
V5o (815 m/s).
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Figure 4.3  Projectile length-versus-time curve of the steel rod impacting an armour

of 8.1 mm alumina backed by 6.0 mm aluminium at a velocity below

the V50 (815 m/s).
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Figure 4.4 Recovered steel rod after impact of an armour of 8.1 mm alumina
backed by 6.0 mm aluminium at a velocity below the A2 (815 m/s).

a) front view b) back-face view

Front and back-face view of an 8.1 mm thick ceramic facing recovered,
after a steel rod impact on the alumina backed by 6.0 mm aluminium at
a velocity below the V50 (815 m/s).
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a) front view b) front view (detail)

c) side view (cut-through)

Figure 4.6  Front (a), detail (b) and side view (c) of a 6.0 mm thick back-up plate
recovered, after a steel rod impact on 8.1 mm alumina backed by the
aluminium at a velocity below the V50 (815 my/s).
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Figure 4.8  Position-versus-time curves of the steel rod impacting an armour of

8.1 mm alumina backed by 6.0 mm aluminium at a velocity above the
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Figure 4.9  Projectile length-versus-time curve of the steel rod impacting an armour

of 8.1 mm alumina backed by 6.0 mm aluminium at a velocity above

the V50 (916 m/s).
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a) front view b) side view (cut-through)

Figure 4.10 Front (a) and side view (b) of a 6.0 mm thick back-up plate recovered,
after a steel rod impact on 8.1 mm alumina backed by the aluminium at
a velocity above the Y50 (916 m/s).

Figure 4.11 Recovered steel rod after impact of an armour of 8.1 mm alumina
backed by 6.0 mm aluminium at a velocity above the V5 (916 m/s).
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4.2.2. Armours of 8.1 mm alumina and a package of two 3.0 mm thick layers of
aluminium

4.2.2.1. Impact below the ballistic limit velocity

Steel rod projectiles impacting the double back-up plate armours at a velocity as high
as 819 m/s (£ 13 m/s) were unable to perforate it. Hence, contrary to the
expectations, this armour is not significantly easier to penetrate when compared with
the armour with the single 6.0 mm thick back-up plate.

The sequence of flash radiographs, presented in figure 4.12, was compiled from seven
impact experiments. Figure 4.13 presents the projectile rear-end position, armour
penetration and armour deformation in time as was deduced from the radiographs.
Polynomials are fitted through the data-points. The data show that the projectile was
unable to penetrate the ceramic facing as the distance between the location of the
projectile tip and back-up plate remains constant. The projectile length reduction in
time is presented in figure 4.14. It continues for longer than 60 us. The average
recovered projectile weighs 2.4 grams and is 11 mm long (approximately 70 per cent
erosion, see figure 4.15). A typical recovered back-up plate is shown in figure 4.16. A
clearly visible, comminuted ceramic plug is seen still bonded to the back-up plate. The
smooth ceramic front facing visible on top of this plug confirms the above observation
with respect to the projectile’s inability to penetrate the ceramic facing. The maximum
deformation of the back-up plate was 11 mm for both layers of the back-up plate.

4.2.2.2. Impact above the ballistic limit velocity

By an increase of the impact velocity with 119 m/s, this armour was defeated by the
steel rod. Eight impact experiments where rods impacted the armour at an average
velocity of 938 m/s (+ 23 m/s) were used to obtain the complete sequence of flash
radiographs. This sequence is presented in figure 4.17. At 60 s failure of the back-up
plates become visible. At 120 ps the projectile is observed to have perforated the
armour completely. The projectile rear-end position, armour penetration and armour
deformation in time are presented in figure 4.18. The projectile length reduction in
time is shown in figure 4.19. The radiographs show some scatter in the projectile’s
behaviour. The image at 30 pus shows a much larger projectile than the earlier and later
radiographs. The reason for this scatter is not clear. Figure 4.20 shows one of the
recovered projectiles, on average weighing 2.3 grams and measuring 10 mm in length.
The radiographs show that the back-up plate deformation has a more local nature
than when impacted at the lower velocity. The perforated two-layer back-up plate is
shown in figure 4.21. A 10 mm hole has been created by the rod. Some star cracks
can be seen radiating outward from the impact area. The two layers have failed by a
combination of shear and star-cracking.
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Figure 4.13 Position-versus-time curves of a steel rod impacting an armour of
8.1 mm alumina backed by two 3.0 mm thick layers aluminium at a
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Figure 4.14 Projectile length-versus-time curve of a steel rod impacting an armour of
8.1 mm alumina backed by two 3.0 mm thick layers aluminium at a

velocity below the Vs (819 my/s).
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Figure 4.15 Recovered steel rod after impact of an armour of 8.1 mm alumina
backed by two 3.0 mm thick layers aluminium at a velocity below the
V50 (819 m/s).



92

a) front view b) front view (detail)

c) side view (cut-through)

Figure 4.16 Front (a), detail (b) and side view (c) of two 3.0 mm thick layers
aluminium recovered, after a steel rod impact on 8.1 mm alumina
backed by the aluminium at a velocity below the Y50 (819 my/s).
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Figure 4.19 Projectile length-versus-time curve of a steel rod impacting an armour of

8.1 mm alumina backed by two 3.0 mm thick layers aluminium at a
velocity above the V50 (938 m/s).
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Figure 4.20 Recovered steel rod after impact of an armour of 8.1 mm alumina
backed by two 3.0 mm thick layers aluminium at a velocity above the
V5o (938 m/s).

a) front view b) side view (cut-through)

Figure 4.21 Front (a) and side view (b) of two 3.0 mm thick layers aluminium
recovered, after a steel rod impact on 8.1 mm alumina backed by the
aluminium at a velocity above the Vso (938 nv/s).
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4.2.3. Armours of 8.1 mm alumina and 4.0 mm aluminium
4.2.3.1. Impact below the ballistic limit velocity

The sequence of flash radiographs presented in figure 4.22 were taken from the results
of nine ballistic experiments. The average projectile impact velocity was 786 m/s
(£ 26 m/s). All projectiles were defeated by the armour. The projectile rear-end
position, armour penetration and armour deflection are presented in figure 4.23. The
projectile length reduction in time is presented in figure 4.24. The projectile does not
appear to penetrate the ceramic material directly underneath it. Projectile length
reduction continues for more than 55 us. A recovered projectile is shown in figure
4.25. It weighs, on average, 2.4 grams and is approximately 11 mm long. A recovered
back-up plate is shown in figure 4.26. The maximum deformation is 11 mm. In
some back-up plates star-cracks are visible, indicating that the armour had just failed,
even though the projectile was unable to penetrate.

A few impact experiments at very low velocities (<600 nv/s), show interesting details of
the conoid cracks in the oblique radiograph at late times after impact (>20 ps). A
representative set of radiographs, taken at 25 ps after impact, is presented in
figure 4.27. In the image created by the obliquely set up pulser, two light grey lines are
visible flaring out from the projectile impact area into the armour. The light grey
colour of these lines indicates that at those locations the X-rays radiate through less
material compared to elsewhere. Hence, these lines visualize the location of (opened)
cracks in the ceramic facing. The angle that these cracks make with the impact
direction indicates that they represent conoid cracks. This radiograph therefore presents
the unique opportunity to measure the actual angle of this conoid. On the radiograph,
the lines make an angle of approximately 58° with the impact axis. Taking the oblique
projection into account, simple algebra yields that the fracture conoid has a (half) top-
angle of 53°.

4.2.3.2. Impact above the ballistic limit velocity

A 43 m/s increase of the projectile velocity (to 829 m/s + 17 m/s) resulted in armour
perforation. The complete sequence of flash radiographs is presented in figure 4.28.
The data deduced are presented in figure 4.29. They show that the projectile is not
able to penetrate the ceramic material directly underneath it. The projectile length
reduction in time is given in figure 4.30. A recovered back-up plate is shown in
figure 4.31. This plate has failed by a combination of shear and star-cracking. A back-
up plate area with a 35 mm diameter seems to be initially loaded by the projectile. A
recovered projectile is shown in figure 4.32. It weighs 2.4 grams and is 11 mm long.
According to figure 4.30, this erosion is the result of some 55 ps of length reduction.




97

*(s/ux 9g /) IWII] ONSI[BQ AL MO[3q AIDO[2A B 18 WNTUTN|E WILI ()'} Pue eurwnje ur | °g Junoeduwr pox
[291s € JO uonoeIlur mouLre/snoafoxd syp Sumoys sydeiSorper ysepy (,9¢) snbijqo pue [euwiou Jo duanbag zz'y 2msig

sigi




98

40
+ projectile
30 r _Q_—wt rear—end
§ S A armour
N o Q penetration
20 N O armour
= R deformation
£ 1o [5>
C
§ l
st ~ AAAAA AA A
7 O =S o
8 alumina o A__A"T.&‘-~-
T~
-10 | alu-nln!'%
'O‘"v~Q.~‘e__~~~_‘~
-20 | ©
_30 1 1 1 1 1 1 1
(0] 10 20 30 40 50 60 70
time (us)

Figure 4.23 Position-versus-time curves of the steel rod impacting an armour of

8.1 mm alumina backed by 4.0 mm aluminium at a velocity below the
V50 (786 m/s).
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Figure 4.24 Projectile length-versus-time curve of the steel rod impacting an armour
of 8.1 mm alumina backed by 4.0 mm aluminium at a velocity below
the V5o (786 m/s).
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Figure 4.25 Recovered steel rod after impact of an armour of 8.1 mm alumina
backed by 4.0 mm aluminium at a velocity below the V50 (786 m/s).

a) front view b) side view (cut-through)

Figure 4.26 Front (a) and side view (b) of a 4.0 mm aluminium back-up plate
recovered, after a steel rod impact on 8.1 mm alumina backed by the
aluminium at a velocity below the V50 (786 m/s).
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Figure 4.27 Normal and oblique flash radiograph at 25 us after impact of a steel rod
impacting 8.1 mm alumina supported by 4.0 mm aluminium. Impact
velocity is 576 m/s.
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Figure 4.29 Position-versus-time curves of the steel rod impacting an armour of
8.1 mm alumina backed by 4.0 mm aluminium at a velocity above the
V50 (829 mv/s).
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Figure 4.30 Projectile length-versus-time curve of the steel rod impacting an armour
of 8.1 mm alumina backed by 4.0 mm aluminium at a velocity above
the V50 (829 m/s).
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a) front view b) side view (cut-through)

Figure 4.31 Front (a) and side view (b) of a2 4.0 mm aluminium back-up plate
recovered, after a steel rod impact on 8.1 mm alumina backed by the
aluminium at a velocity above the V5o (829 m/s).

.

Figure 4.32 Recovered steel rod after impact of an armour of 8.1 mm alumina
backed by 4.0 mm aluminium at a velocity above the Vs (829 m/s).
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4.2.4. Armours of 8.1 mm alumina and 8.0 mm aluminium
4.2.4.1. Impact below the ballistic limit velocity

The sequence of flash radiographs presented in figure 4.33, show a steel rod impacting
the armour at an average velocity of 995 m/s (x 16 m/s). At this velocity the
projectile is not able to perforate the armour. The results are presented in figure 4.34.
The position of the projectile-tip cannot be determined at times greater than 40 us,
since from that moment onwards the projectile’s rear-end position was no longer
visible in the radiographs.

Projectile length reduction in time is presented in figure 4.35. The reduction continues
for less than 50 ps. A recovered projectile weighs, on average, 1.8 grams and is 8 mm
long (figure 4.36). A typical example of a recovered back-up plate is presented in
figure 4.37. A section of the back-up plate has been sheared off. Signs of local tensile
stress failure are also observed at the back-up plate’s rear face. Over an area with a
20 mm radius fragments of the bonding layer are visible. This suggests that the
impact load was initially spread over this area. The results presented in figure 4.34,
show that the projectile was unable to penetrate through the ceramic material directly
in front of it.

4.2.4.2. Impact above the ballistic limit velocity

With an increase of 96 m/s of the impact velocity, the projectile was able to perforate
the armour. The sequence of flash radiographs presented in figure 4.38, show the
projectile armour interaction process for the steel rod impacting the armour at an
average velocity of 1091 m/s (+ 14 m/s). The data deduced from the radiographs are
presented in the figures 4.39 and 4.40. After 34 us the position of the projectile can no
longer be determined. At 40 ps, back-up plate failure is clearly visible. The back-up
plate deformation has a very local nature. Figure 4.41 shows an example of a
recovered back-up plate. It shows some evidence of spallation. A 10 mm diameter plug
is sheared out of it. The initial stages of failure resemble those observed in the previous
section. The spalled back-up plates show only a minimum amount of overall back-up
plate deformation. The projectile’s length as observed in the oblique radiographs shows
some scatter between images. This scatter is probably due to the spallation mechanism.
Projectile length reduction continues for some 40 ps. A recovered projectile weighs, on
average, 2.6 grams and is approximately 12 mm long (figure 4.42).
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Figure 4.34 Position-versus-time curves of the steel rod impacting an armour of

8.1 mm alumina backed by 8.0 mm aluminium at a velocity below the

2 (995 m/s).

40
30+t
£ 201 +
2
9
+
10 | +
+
+
o 1 1 1 1 i 1
0 10 20 30 40 50 60 70
time (us)

Figure 4.35 Projectile length-versus-time curve of the steel rod impacting an armour
of 8.1 mm alumina backed by 8.0 mm aluminium at a velocity below

the V50 (995 m/s).
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Figure 4.36 Recovered steel rod after impact of an armour of 8.1 mm alumina
backed by 8.0 mm aluminium at a velocity below the V50 (995 m/s).

a) front view b) side view (cut-through)

Figure 4,37 Front (a) and side view (b) of an 8.0 mm aluminium back-up plate
recovered, after a steel rod impact on 8.1 mm alumina backed by the
aluminium at a velocity below the V50 (995 m/s).
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Figure 4.39 Position-versus-time curves of the steel rod impacting an armour of
8.1 mm alumina backed by 8.0 mm aluminium at a velocity above the
Vso (1091 m/s).
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Figure 4.40 Projectile length-versus-time curve of the steel rod impacting an armour
of 8.1 mm alumina backed by 8.0 mm aluminium at a velocity above
the V50 (1091 m/s).



a) front view b) side view (cut-through)

Figure 4.41 Front (a) and side view (b) of an 8.0 mm aluminium back-up plate
recovered, after a steel rod impact on 8.1 mm alumina backed by the
aluminium at a velocity above the Vzo (1091 mvs).

Figure 4.42 Recovered steel rod after impact of an armour of 8.1 mm alumina
backed by 8.0 mm aluminijum at a velocity above the V50 (1091 m/s).




4.3. Analysis of the experimental results
4.3.1. Introduction

The flash radiograph sequences, the differences between the deformation profiles of the
various armour concepts and the recovered ceramic facings, back-up plates and
projectiles, were used to analyse the projectile/armour interaction process. From these
observations conclusions can be drawn about the most probable mechanism used by
the ceramic facing to distribute the impact load over the back-up plate.

The influence of the various back-up plate properties on the armour’s performance will
be assessed by analysis of the back-up plate deformation profiles and failure modes.
The deformation and erosion of the rods during impact is discussed as well.

4.3.2. The behaviour of the ceramic facing during impact

On the basis of the experimental observations, the recovered ceramic facings, the
fragments found attached to the back-up plate and the literature, the following
description of events is proposed for the response of the ceramic facing during the
shock-wave phase and the following phase of structural response.

On impact, the stress field in the ceramic is initially elastic (the Boussinesq stress
field), and the largest tensile stresses are in the radial direction (Timoshenko &
Goodier, 1932; Evans, 1973). The tensile strength of ceramics is very low compared
to their compressive strength. Therefore, the cracks that form (normal to the direction
of maximum principal stress) are ring cracks concentric around the impact site, near
the rod’s periphery. According to Shockey ez al. (1990) and Frechette & Cline (1970),
these cracks are shallow, extending only a millimetre or so beneath the ceramic’s
surface. The ring cracks continue to grow, however, following paths normal to the
direction of principal tensile stress, assuming angled trajectories from the initial
normal-to-the-surface direction. Thus, several Jarge Hertzian conoid cracks extend into
the ceramic material. Frechette & Cline observed that as the impact velocity approaches
the armour’s ballistic limit velocity, other conoids of larger cone angle are formed
around the primary conoid. Some of the recovered ceramic facings show indeed
evidence of multiple overlying conoid cracks.

Star cracks, caused by high tensile hoop stresses, also run into the ceramic material.
Slight discontinuities in the recovered conoid fragments at their intersections with
members of the star cracks indicate that these star cracks occur earlier in time.
According to Frechette & Cline, these star cracks emanate from the conoid surface, the
intersection of the conoid with the back-up plate and from within the conoid enclosed
volume. They assume that these cracks then spread faster than the (Hertzian) conoid
cracks, in order to account for the fracture discontinuites described above. However, it
is very unlikely that the star crack velocity is higher than the Hertzian conoid crack
velocity as both are caused by principal tensile stresses in the ceramic. It is more likely
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that the star cracks originate at the ceramic back-up plate interface, soon after the first
reflection of the impact stress wave. They then spread radially and towards the impact
surface. They meet the conoid cracks as these have just extended into the ceramic over
a limited depth, causing the described discontinuities in the lower section of the conoid
when the conoidal cracks extend. Mescall & Tracy (1986), support this reasoning with
computations of their HEMP computer code, showing tensile hoop stress failure
shortly after reflection of the stress wave at the ceramic back-up plate interface. Wilkins
(1968) also shows failure proceeding from the ceramic back-up plate interface towards
the impact face in his HEMP computations. Although he excluded failure by hoop
stresses from his computation, the failure is caused by the loss of support by the back-
up plate and therefore very similar to the failure described above.

The recovered sections of the fracture conoids that survived impact, see for example
figures 4.6 and 4.16, show that on many occasions the projectile was unable to
penetrate through the ceramic material directly in front of it. These fracture conoids
include a cylindrical section of ceramic material which appears partly pulverised but
recompacted. Its diameter is comparable to that of the projectile. This pulverisaton of
the ceramic may be explained in the following manner. Bless e al. (1987) showed
that shocking of ceramics above the HEL (Hugoniot Elastic Limit) will introduce an
extensive amount of microfracture to the material, They also showed that the HEL is
exceeded in AD-85 alumina when a steel projectile impacts at a velocity above
370 m/s. Hence, in the impact velocity range used for the experiments reported on
here, i.e. 700-1100 m/s, a peak shock stress is introduced into the alumina facing of
the armour which exceeds the HEL to a significant degree. Taking into account that
the diameter of the blunt projectile (Dp) is comparable to the thickness of the ceramic
facing (h¢) and assuming that the peak transient stress falls to Dp/h¢ of its peak value
at the ceramic rear-surface, a substantial amount of ceramic underneath the blunt
projectile is expected to experience a peak shock stress above HEL, explaining the
partial comminution of the ceramic material.

When the shock waves no longer dominate the response of the ceramic, the structural
response follows. The recovered pie-shaped segments of the fracture conoids show
details of overlying conoid-like fractures (figures 4.6 and 4.16). The fracture pattern
shows that these conoid-like cracks occur later than the star cracks. Their slope, similar
to the Hertzian conoid cracks, indicate that these cracks do not originate from the
ceramic’s impact face. Some of the recovered fragments show initial fracture
orientations perpendicular to the ceramic’s back face, suggesting a tensile radial stress
at the ceramic’s back face as the instigator. According to Wilkins® HEMP
computations, these fractures could have been generated early in the impact process.
However, photographs of the development of axial cracks and conoids in alumina
armours backed by thick steel plates and impacted by conical projectiles, show no signs
of these rear-surface initiated cracks (Wilkins er al., 1969; Frechette & Cline, 1970).

It is likely, that these conoid-like fractures start occurring some time after the primary
Hertzian fracture conoid intersects with the back-up plate. The high impact load
accelerates the conoid and the underlying back-up plate. The back-up plate deforms




113

correspondingly, introducing high tensile radial stresses near the edges of the fracture
conoid’s base. The relatively low tensile strength of the ceramic results in conoid-like
cracks growing opposite to the direction of impact and towards the axis of impact.
During this process, which is illustrated in figure 4.43, relatively thin “conoid-shell
elements” are formed, which due to their constraint to follow the back-up plate’s
deformation, introduce a high shear load on the periphery of the central ceramic
volume in front of the impact area. When lateral confinement of the “conoid-shell
element” is sufficient, shear failure around this periphery occurs. As a result the impact
load is now spread over a smaller area of back-up plate. The process repeats itself,
depending on the loading and back-up plate response. It may end when the ceramic
plug has completed its formation. This plug then loads the back-up plate over an area
nearly equal to that of the projectile. As a result this plug may shear through the back-
up plate or be defeated by it. Ceramic plugs have indeed been observed flying in front
of the projectile on flash radiographs taken late after penetration.

Figure 4.43 A phenomenological description of the ceramic fracturing process.
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The proposed behaviour suggests that aside from a group of static properties, as
proposed by Viechnicki ez al. (1987) and Slavin er al. (1988), being hardness, sound
velocity, Young’s modulus, Poisson’s ratio, density, porosity, tensile strength and
compressive strength, a high shear strength is also very important for ceramic
materials, in order to be able to distribute the impact load effectively. Rosenberg er al.
(1990) confirm that ceramic materials exhibiting a lower (after shock) shear strength
are easier to penetrate with blunt projectiles.

The markings on most of the recovered back-up plates indicate that they were loaded
by a fracture conoid with a (half) cone angle of approximately 65°. This angle is some
20 per cent larger than the angle measured from the cracks visible on the flash
radiograph taken during low velocity impact (<600 m/s). This may indicate that the
cone angle is not independent of impact velocity, but increases with increasing impact
velocity. Such a behaviour was observed by Townsend & Field (1987) for impacts on
unsupported alumina. On the other hand, the cone angle may not be constant
through the thickness and flare wide on approaching the back surface of the ceramic,
as was described by Frechette & Cline (1970). The impact experiments presented were
not set up to accurately measure the conoid’s shape over a large range of impact
velocities. Hence, further investigations are required to confirm either of the proposed
mechanisms.

4.3.3. The behaviour of the back-up plates during impact

The observed back-up plate responses to rods impacting at velocities below the v50’s
are for the various concepts, to some extend, similar to each other. These responses
are shown in figure 4.44. The reponse velocities, deduced from the polynomials, are
presented in figure 4.45. Due to the moderate accuracy of the radiograph analysis
procedure, an accurate analysis of the armour responses during the first 16 us of the
impact process cannot be given. After this period the responses of the armours with the
4.0 mm, 6.0 mm and 2*3.0 mm thick back-up plates may be compared to each
other, as the projectiles have impacted these armours at almost identical velocities
(786 m/s, 815 m/s and 819 m/s, respectively). One can see then, that the armour
with the 2*3.0 mm thick back-up plate, which has the lowest bending stiffness of the
three, shows the fastest response upto 40 ps after impact. The single 6.0 mm thick
back-up plate, which only differs from the 2*3.0 mm thick back-up plate in its 4 times
higher bending stiffness, responds slower to the impact event. The 4.0 mm thick back-
up plate’s response lies between the two during the first 40 us of the impact process.
Its slightly higher bending stiffness than the 2*3.0 mm combination, apparently
compensates its 33 per cent lower mass, tensile and shear strength.

At 26 ps after impact, the 6.0 mm thick back-up plate starts its deceleration, followed
by the 2*3.0 combination at 32 ps. The 4.0 mm thick back-up plate starts its
deceleration later than 40 pus after impact, due to its relatively poor tensile-load
carrying capabilities. The response of this back-up plate therefore exceeds the response
of the 2*3.0 mm thick back-up plate, late after impact (>60 ps). The response of the
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Figure 4.44 Comparison between the maximum back-up plate deformations of
armours of 8.1 mm alumina backed by various aluminium back-up
plates, when impacted below their ballistic limit velocities by steel rods.
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Figure 4.45 Comparison between the maximum back-up plate deformation velocities
of armours of 8.1 mm alumina backed by various aluminium back-up
plates, when impacted below their ballistic limit velocities by steel rods.
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8.0 mm thick back-up plate lies between the others. This response is caused by an
impact at 995 m/s, almost 200 m/s (24 per cent) higher then for the other armouts,
preventing a direct comparison with the responses of the other back-up plates.

The comparisons show that a high bending stiffness results in better support of the
ceramic fracture conoid, as it reduces the deformation transient and the accumulation
of strains. At later times after impact (>30 ys) the back-up plate’s ability to dissipate
the kinetic energy of the eroded projectile, the ceramic fracture conoid and itself
becomes important. For metallic back-up plates a quick dissipation of energy is
essential in order to prevent the strains to accumulate to a catastrophic level.

When the impact velocity is increased, all the armours are defeated by the rods. Their
back-up plate responses are presented in figure 4.46. The response of the armour with
the 4.0 mm thick back-up plate when impacted at a velocity of 829 my/s illustrates the
necessity for a back-up plate to dissipate the energy quickly. Its failure can completely
be attributed to the high strain accumulation during the back-up plate acceleration
accompanied by its poor tensile-load carrying capabilities, which result in a too slow
deceleration and energy dissipation. The other three armour responses are very similar
to each other. Analysis shows that the impact load can account for this high back-up
plate acceleration if only a very small area of back-up plate is involved. Hence, the
shear load carrying capabilities of the back-up plate must have been exceeded by the
impact loading. Very local deformation has indeed been witnessed in the flash

15
—_— 6 mm Al
v = 916 nv/s
121 |- 2%3 mm Al
v = 938 mv/s
E e 4 m Al
£ ok v = 829 m/s /
8 ...... 8 mm Al /-/
- v =1091 m/s ~
m -
£ prd
g 8 v
()]
©
3 -
O‘ 1 L 1 1
o} 10 20 30 40 50 60 70

time (ws)

Figure 4.46 Comparison between the maximum back-up plate deformations of
armours of 8.1 mm alumina backed by various aluminium back-up
plates, when impacted above their ballistic limit velocities by steel rods.
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radiograph sequences. Shear failure zones are also visible in recovered back-up plates.
The experimental results indicate that shortly after impact (16 ys) the ceramic facing
appears to have lost its ability to distribute the high impact load over a large section of
the back-up plate. Although it appears as if the ceramic facing experiences a dramatic
change of behaviour when impacted at these higher velocities, its behaviour can be
completely explained by the phenomenological description of events presented in
section 4.3.2. The increased impact velocity results in a higher impact load, which is
accordingly distributed through the ceramic conoid over a section of the supporting
back-up plate. However, the increase of loading is most likely such that, at some
radius of the back-up plate, significant local shear deformation results. This causes
high tensile and shear stresses near the edges of the ceramic fracture conoid base.
These stresses cause failure of the ceramic conoid, as described in section 4.3.2, and
reduce the area over which the impact load is spread. As a result, the high impact load
is now distributed over an even smaller area, immediately causing more shear
deformation and more conoid base area reduction. This process may continue until
only a small section of the ceramic conoid remains, distributing the load over an area
of back-up plate comparable to that of the projectile. The unstable nature of this
process results in a fast concentration of the impact load on a very small area of back-
up plate, as was observed experimentally.

The results of the experiments indicate that there are a number of back-up plate
properties, namely tensile strength, shear strength, strain to failure, density and bending
stiffness, that can strongly influence a ceramic faced armour’s performance. This will
be discussed below.

Good tensile load carrying capabilities of the back-up plate reduce the growth of tensile
strains, as they aid the back-up plate’s resistance to deformation, especially when the
deformation grows larger. The majority of impact experiments above the ballistic limit
have shown that a too high shear load on the back-up plate, early in the impact
process causes catastrophic back-up plate failure. Hence, the shear load carrying
capabilities of the back-up plate are very important as well. A high strain to failure
allows the back-up plate to absorb more energy before failing. The back-up plate’s
density has to be as low as possible. A low density allows a large back-up plate
thickness to be used. The increase of thickness is accompanied by increases of the
tensile load, shear load and bending moment carrying capabilities of the back-up plate.
A high bending stiffness reduces the deformation transient as the back-up plate is
more reluctant to deform. It aids in the confinement of the ceramic fracture conoid to
its original volume. The lateral extent of the deformation field increases with bending
stiffness. Thus, a high bending stiffness effectively reduces the tensile strains in the
back-up plate. However, the bending stiffness has to be considered as a subtle
parameter. Both an increased and decreased stiffness may, depending on the armour
configuration and materials used, improve performance.

When the armour’s back-up plate fails by radial strains exceeding the material’s
ultimate strain, an increase of the bending stiffness of this back-up plate will improve
the armour’s ballistic performance as it improves ceramic confinement and hinders
back-up plate deformation and thus the accumulation of strain.
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On the other hand, when one considers an armour with a back-up plate that fails by
plug shearing, an increase of its bending stiffness will not enhance the performance,
unless it significantly increases ceramic confinement. The shear strength of the back-up
plate is the weak link. Increase of the back-up plate’s bending stiffness will further
reduce the response of the surrounding back-up plate, shortening the time necessary to
complete plug separation. However, by decreasing the back-up plate’s bending stiffness
such, that the shear strength remains the back-up plate’s weak link, the armour’s
performance may be enhanced. The decrease of bending stiffness, facilitates the
response of the back-up plate material surrounding the plug, thereby lengthening the
time necessary to complete plug separation. As a result the projectile/plug is decelerated
over a longer period of time and the back-up plate dissipates a larger amount of kinetic
energy. However, the lower bending stiffness also reduces ceramic confinement which
may counteract the positive effect from the increased flexibility.

The experimental results show that for armours with 6.0 mm thick and 2*3.0 mm
thick back-up plates, the ballistic limit velocities lie close together. The positive effect
from the increased back-up plate flexibility appears to be balanced by the negative effect
caused by the reduction of the ceramic confinement.

4.3.4. The behaviour of the projectile during impact

All the series of flash radiographs presented in section 4.2 show a similar projectile
behaviour. From the moment of impact onwards, projectile material is seen being
ejected in radial directions from the impact area. Projectile plastic deformation appears
to remain confined to a small area near the projectile/armour interface. The high
circumferential stresses and the grain texture of the projectile material - long stretched
grains in the axial (impact) direction - cause radial fracture of the ejected material. The
high radial velocity gradient in the resulting strips of ejected material cause them to
stretch and fail at some point in flight. The fringes of free-flying projectile material
created by this process are visible in almost all the late-time radiographs. With the
exception of fracture, the projectile’s deformation process resembles that of a water jet
impacting a rigid wall.

The flash radiographs and recovered projectiles indicate that the radial ejection process
continues in a similar fashion after the formation of the fringes. Plastic deformation
of the projectile remains limited to a small area adjacent to the projectile/armour
interface. The radial fracturing process of the ejected projectile material also continues.
As time progresses the strips of ejected material may either fracture, break loose or curl
backwards due to their interaction with the armour. A schematic description of the
projectile behaviour is given in figure 4.47.

Information on the projectile length reduction in time was obtained from the
radiographs. All projectile length reduction polynomials are merged in figure 4.48. As
can be seen, the differences in residual projectile lengths are very small for all situations
and velocities considered. The recovered projectiles vary in length between 8 mm and
12 mm. Their shanks show very little plastic deformation (mushrooming). Some still
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have a few curls of ejected material attached to them. On average, these recovered
projectiles account for about 34 per cent of the projectile’s original mass (7 grams).
The length reduction rates are presented in figure 4.49. It shows that the length
reduction process continues for a period of 40 to 60 ps. The longer length reduction
periods are associated with impact on armours with more flexible supports (e.g. the
2*3.0 mm thick and 4.0 mm thick back-up plates).

The series of experiments show that the blunt steel rods appear to erode mass for a
considerable amount of time. The rods do not break up into a discrete number of
fragments during impact. The recovered shanks show little plastic deformation. The
fringes of eroded projectile material, visible on the radiographs, fly away from the
impact area at maximum velocities of 560-960 m/s, i.e. close to the impact velocity.
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Figure 4.47 A phenomenological description of the observed projectile behaviour.
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Figure 4.48 Comparison between the projectile length polynomials resulting impact at
velocities below and above the ballistic limit velocities of armours of
8.1 mm alumina backed by various aluminium back-up plates.
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4.4. Conclusions

The flash radiographs presented in this chapter show that the novel flash X-ray
technique provided a unique means to monitor penetration of projectiles into ceramic
faced armours without limiting the lateral dimensions of the armour panels. Ceramic
particles did not, as some researchers feared, obscure the projectile/armour interaction.
Even though the analysis of the radiographs is time consuming, the technique
provides new possibilities for observing projectile behaviour inside armour materials.

The phenomenological behaviour and break-up process of the Morgan Matroc
Hilox 973 alumina facing following a rod impact is described and understood. In
contrast with the experimental work with blunt rods by Wilkins (1967), the projectile
was not able to penetrate through the ceramic material directly in front of it in most of
the impact experiments.

The observations suggest that aside from a group of static properties, as proposed by
Viechnicki er al. (1987) and Slavin et al. (1988), a high shear strength is also very
important for ceramic materials, in order to be able to distribute the impact load
effectively. '

The influence of back-up plate properties on the protection level obtained has been
discussed. An increase of the back-up plate’s tensile strength, shear strength or ultimate
strain can improve armour performance depending on the armour configuration. A
reduction of the back-up plate’s density also improves performance. The increase of
bending stiffness is expected to have a positive effect on the protection level as long as
the back-up plate does not fail by plug shearing. The ballistic performance of armours
with back-up plates that do fail by plug shearing may be enhanced by decreasing the
bending stiffness of the back-up plate. However, the lower bending stiffness also
reduces ceramic confinement which may counteract the possitive effect from the
increased flexibility. The tuning of the bending stiffness may becomes especially
important for applique (add-on) armour systems and armours where the thickness of
the ceramic facing and back-up plate are constrained.

The analysis of the experimental results showed that the shear failure mode in the
back-up plate is probably caused by a catastrophic loss of load-distributing capabilities
of the ceramic facing. As early as 20 us after impact the armour’s inability to defeat
the projectile is clearly visible.

The erosion and deformation behaviour of the blunt steel rods is similar in all series
of experiments. The rod erodes mass for a considerable amount of time (> 40 ys). On
average, the rods eroded by about 66 per cent. The shanks recovered show little plastic
deformation. The fringes of eroded projectile material, visible in many of the
radiographs, move away from the impact area at maximum velocities of 560-
960 m/s.
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The smooth match between the data-points and the curve-fits indicate that the impact
experiments reproduce very well. Only with a few series of experiments above the
ballistic limit velocity, some scatter of the data-points is observed. Still, it is believed
that the results presented in this chapter are reliable and representative.

The results and observations from the eight series of impact experiments with blunt
steel rods were used to form a data-base containing detailed information on the
penetration processes into ceramic faced armours. Both analytical and hydrocode
modelling of impact phenomena on ceramic faced armours can benefit from this data-
base.

4.5. Recommendations

Based on the observations and results presented, a number of recommendations for
future research can be given.

The experimental technique used and the accuracy of the radiograph analysis
procedure prevent the accurate measurement of and discrimination between early time
(<16 us) responses of the various back-up plates. Streak photography or VISAR
interferometry experiments can be used to accurately measure the armour response
during the first 16 s of the impact process.

Impact experiments with short projectiles (I/D < 1) allow the development of the
injtial ceramic fracture conoid to be studied. Combined analysis with the streak
photography or VISAR may result in an improved understanding of the events,
leading to the further confirmation of the presented phenomenological description of
events. In particular the events leading to the ceramic’s catastrophic loss of load-
carrying capabilities need further investigation.

In addition, the influence of projectile material and geometry on the ballistic limit
velocity of ceramic faced armours need to be assessed. A preliminary study on this
topic, showing the influence of the projectile geometry on the ballistic limit velocity, is
presented by Van Zuidam (1990). According to this study, the ballistic performance
changed only marginally when the blunt rod’s length over diameter ratio was varied
from 2.2 to 9.7. All the armours used had relatively thin back-up plates (4.0 mm
aluminium 6061-T6). Their failure was observed to be primarily caused by too high
tensile strains. The results presented in this chapter indicate that the failure of armours
with stiff back-up plates is probably caused by a catastrophic loss of load-distribution
capabilities of the ceramic facing which results in a too high shear loading of the back-
up plate. It is therefore expected that a much larger influence on the ballistic protection
level is experienced when stiff armours instead of armours with relatively thin back-up
plates are impacted by blunt rods with various length-over-diameter ratios.
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5. MODEL SIMULATION OF THE EXPERIMENTS WITH THE RODS
5.1, Introduction

Before the impact experiments with the rods could be simulated with the analytic
model, a number of input parameters had to be quantified. These parameters govern
the geometry, composition and material properties of the rod and the armour. In
addition, the penetration resistance properties of the comminuted ceramic, as defined
in section 2.9, had to be specified. After having obtained the required set of input
parameters, the ballistic limit velocities were computed for steel rod impact onto
8.1 mm thick alumina supported by a whole range of thicknesses of aluminium.

In order to compare and verify details of the penetration process as predicted by the
model and as experimentally observed, the analytic model was also used to simulate
all eight series of impact experiments by using the same initial conditions as in the
experiments.

5.2. The ALARM model input parameters

A number of parameters governing the armour and projectile material properties and
impact conditions had to be quantified in order to use the model. Most of them
could be obtained easily, as they describe the armour and projectile geometry and
composition. A large number of the input parameters describing the material properties
of the projectile, ceramic and back-up plate were obtained from available data sheets.
The fracture conoid angle had to be specified as well. The (half) conoid angle was set
at 65°. At this angle, the size of its base-area matched the experimental observations of
section 4.2. The radius of back-up plate allowed to respond to the impact event was
set at 5/3 of the base-radius of the ceramic’s fracture conoid. The flash radiographs
and recovered back-up plates show that most of the plastic deformation is limited to
within this area.

In the ALARM model, the projectile’s elastic wave velocity is used to set the initial
armour penetration velocity at the moment that the ceramic fracture conoid has
completely formed, typically some 5 ps after impact. For this purpose the ALARM
model uses an equation which is strictly speaking valid at the moment of impact only.
In order to obtain initial penetration velocities close to the ones observed
experimentally at 5 us after impact, the elastic wave velocity is used as a tune
parameter and was set at 500 /s, which is approximately ten per cent of its original
value.

Neither the steel’s dynamic yield strength nor its plastic wave velocity were given in the
available ETG-100 data-sheet. Hence, they had to be obtained from the experimental
results. During the first 40 us of the impact process, the experimentally observed
projectile behaviour, presented in section 4.3.4, complies reasonably well with the
projectile behaviour modelled in the so-called mass erosion phase of the impact
process. The projectile material’s dynamic yield strength was determined from the
experimentally obtained projectile rear-end position and length reduction polynomials
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using equation (2.11). The dynamic yield strength was found to be 0.17 1010 N/m2,
very close to the value of 0.19 1010 N/m2 given by Rosenberg & Tsaliah (1990) for
a similar but slightly stronger steel (R = 30 compared to R; = 28).

At the moment that the projectile’s length reduction velocity equals the plastic wave
velocity, the end of the projectile mass erosion phase is initiated in the ALARM model.
Therefore, the plastic wave velocity was set to 133 m/s, equal to the average length
reduction rate measured from the polynomials at 40 us after impact.

The input parameters left to be determined were the comminuted ceramic’s penetration
resistance properties, represented by the constants B and y in equation (2.53), and
(optional) the radius of the hole, rhgle, surrounding the impact point through which
the ejection of comminuted ceramic may take place (equation 2.71).

These parameters cannot yet be derived from known material properties. They had to
be obtained using a tuning procedure. The parameters were chosen such, that the
ballistic limit velocities of the armours with the thin back-up plate (4.0 mm) and thick
back-up plate (8.0 mm) matched the experimental results. The ceramic ejection option
was not used.

5.3. ALARM simulation versus experiment

The ballistic limit velocities of armours composed of 8.1 mm thick Morgan Matroc
Hilox 973 alumina supported by a whole variety of thicknesses of aluminium
6061-T6 were computed by the model. The results are presented in table 5.1, and
compared with the experimental results in figure 5.1. The ALARM model correctly
predicted that the ballistic limit velocity of the armour with the double back-up plate
lies close to the Vs of the armour with the 6.0 mm thick back-up plate. Based on the
limited amount ofo experimental ballistic limit velocity data, the agreement between
experiment and simulation appears to be good. The ALARM model computations
show that the armour with the 4.0 mm thick back-up plate failed due to the
accumulation of high tensile strains, when impacted just above the ballistic limit
velocity. The armour with the double back-up plate (2*3.0 mm) failed in a combined
shear/tensile mode when impacted just above the ballistic limit velocity. The first back-
up plate was sheared off, the second layer failed in tension. The armours with the
6.0 mm and 8.0 mm thick back-up plates both fail by plug shearing. These failure
modes match those observed experimentally.

In order to compare details of the penetration processes as predicted by the ALARM
model with the experimental observations, simulations were carried out for all four
armour configurations at the same impact velocities that were used in the experiments.
The results of these simulations are presented in table 5.2. It shows that the ALARM
model correctly predicts armour or projectile defeat in all situations. Comparisons
between experimentally determined and predicted projectile rear-end position, armour
penetration and back-up plate deformation profiles are presented in figure 5.2 for the
impacts at velocities below the ballistic limit.
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Table 5.1 Comparison of the experimentally obtained and ALARM generated
ballistic limit velocities and failure model for armours of 8.1 mm thick
alumina supported by aluminium when impacted by blunt steel rods.

Back-up plate | ballistic limit velocity [m/s] failure mode
thickness
[mm} experiment simulation experiiment simulation
3.0 662
3.5 728
4.0 786 - 829 790 shear & strain strain
4.5 837
5.0 865
5.5 889
6.0 815 - 916 916 shear shear
2*3.0 818 - 938 905 shear & strain | shear & strain
6.5 945
7.0 975
7.5 1008
8.0 995 - 1091 1045 shear shear
8.5 1086
9.0 1131
9.5 1183
1200
» 1100
£
2 1000 |
8
3
- 300
£
g 800
'_i:) O  experiment
8 700 —— ALARM model
600 L : 1
2 4 6 8 10

back—up plate thickness (mm)

Figure 5.1  Comparison of ballistic limit velocities obtained by experiments and the
ALARM model for armours of 8.1 mm alumina backed by various
thicknesses of aluminium when impacted by the steel rod.



126

Table 5.2 Comparison of experimentally obtained and ALARM generated
maximum back-up plate deformation, residual projectile mass and failure
mode for armours of 8.1 mm thick alumina supported by aluminium,
when impacted by blunt steel rods at velocities below and above their
ballistic limit.

Back-up | impact | max. deformation | residual projectile failure mode
plate velocity mass
thickness
[mm] | [m/s] [mm] [10-3 kg]
experiment | simulation | experiment | simulation | experiment | simulation
4.0 786 11 16 2.4 3.6 - -
4.0 829 - - 2.4 3.4 strain & | shear
shear
6.0 815 5 5 2.6 3.0 - -
6.0 916 - - 2.3 2.6 shear shear
2*3.0 819 11 12 2.4 3.2 - -
2*3.0 938 - - 2.3 2.7 shear & | shear
strain
8.0 995 7 5 1.8 1.9 - -
8.0 1091 - - 2.6 2.0 shear shear

For all four impact events, the computed back-up plates responses are somewhat slow
when compared with the experimental data. This is very evident at early times after
impact, as is illustrated in figure 5.3. The ALARM-model correctly predicts that the
differences in back-up plate response become more significant at late times after
impact. The computed positions of the rear-end of the projectile match the
experimental observations very well. The armour penetration by the projectile is
somewhat over-predicted by the model, especially when the (slow) back-up plate
response is taken into account.

A comparison between the projectile lengths as experimentally determined and
computed by the model is presented in figure 5.4. With the exception of the projectile
impacting the armour with the 8.0 mm thick back-up plate, projectile length reduction
is slightly under-estimated. The too high armour penetration by the projectile early in
the impact process, as computed by the model, is accountable for this result. The
comparison of the simulations with the experimental results show that for impact
below the armour’s ballistic limit velocity, the ALARM model is capable of presenting
details of the impact process with acceptable accuracy.
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Comparison between predicted (ALARM) and experimentally obtained
maximum back-up plate deformations of armours of 8.1 alumina
backed by various aluminium back-up plates, when impacted below their
ballistic limit velocities by steel rods.
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ALARM simulations were also carried out for projectiles impacting at velocities above
the armour’s ballistic limit. The comparisons between the simulations and the
experimental results are presented in figure 5.5. Also here, the computed projectile rear-
end positions match the experimental data very well. The maximum back-up plate
deformation, however, clearly lags behind when compared with the experimental results
for all but the armour with the 4.0 mm thick back-up plate. At the specified velocities,
the ALARM model predicts that the shear failure mode dominates in all four back-up
plates. This failure mode was also observed experimentally for the armours with the
6.0 mm and 8.0 mm thick back-up plates. According to the experimental data
presented in sections 4.2.2 and 4.2.3, the armours with the 2*3.0 mm and 4.0 mm
thick back-up plates failed by accumulation of high tensile strains in combination with
some plug shearing. The ALARM model predicts the correct back-up plate failure
modes, when the armours are impacted at velocities just above the computed ballistic
limit velocity. However, at the higher velocities used with the experiments, the model
predicts the shear failure mode to be dominant. Especially for the armour with the
4.0 mm thick back-up plate, this was accompanied by large differences between
simulated and measured responses as observed in figure 5.6.

This figure also shows that there exists a time-delay of approximately 25 us between
the measured and computed responses of the armours with the 2*3.0 mm, 6.0 mm
and 8.0 mm thick back-up plates. The projectile length reduction and armour
penetration profiles presented in figure 5.7 and 5.8 match the experimental results
fairly well. The armour penetration profile calculated for the impact onto the armour
with the 4.0 mm thick back-up plate is somewhat over-estimated. The armour
penetration calculated for the impact into the armour with the 8.0 mm thick back-up
plate is somewhat under-estimated. Due to these deviations from the experimental
results, the projectile length reductions calculated for impact into these two armours
differ somewhat from the experimental data.

The comparison of the simulations with the experimental results show that for impact
above the armour’s ballistic limit velocity, the ALARM model is also capable of
presenting details of the impact process correctly, with the exception of the back-up
plate response. The back-up plate response is found to clearly lag behind, especially in
those situations where the experimental results indicate that the armour’s back-up plate
had failed by plug shearing.
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5.4. Discussion

The results of the ALLARM simulations show that the calculated behaviour complies
reasonably well with the experimental observations. The ballistic limit velocities
computed for the armours with the 6.0 mm thick and 2*3.0 mm thick back-up plates
match the experimental data very well.

The back-up plate responses computed by the model for impacts below the ballistic
limit velocity are somewhat slow when compared with the experimental observations.
This may directly be attributed to the assumption of the ALARM model that the
section of back-up plate, loaded by the projectile through the ceramic fracture conoid,
is rigid, and cannot deform. This implies that the ceramic fracture conoid loaded by
the projectile and all of the back-up plate material directly underneath it, are
constrained to experience the same acceleration. However, the series of flash radiograph
sequences show the back-up plate bulging from the moment that deformation
becomes noticeable. Only a small central area of back-up plate seems to experience the
maximum acceleration. Hence, a comparatively large section of back-up plate
encounters the maximum acceleration in the model. With similar impact loading
conditions, this inevitably results in a slower acceleration of the back-up plate by the
ATARM model when compared with the experimental results. By introducing a
modification to the back-up plate deformation field used in the ALARM model, such
that it better simulates a bulging back-up plate, the model can be expected to produce a
better match with the experimental back-up plate deformation data.

The discrepancies observed between the calculated and experimentally obtained armour
penetration profiles are related to the projectile/armour interaction mechanism used in
the model. In the series of experimental results presented in chapter 4, the projectiles
appear (almost) unable to penetrate the ceramic material directly underneath it. As
presented in section 4.3.2, the impact load is distributed through the ceramic conoid
over a limited area of back-up plate shortly after impact. As the back-up plate deflects,
the edges of the base of this ceramic conoid are no longer able to distribute the impact
load. This results in the impact load being distributed over an increasingly smaller area
of back-up plate, without the projectile having to penetrate through the ceramic
material. The ALARM model assumes that the projectile is able to penetrate through
the ceramic material inside the fracture conoid. The ceramic material in front of the
projectile is assumed to distribute the impact load over an area of back-up plate. The
size of this area decreases as the projectile penetrates through the ceramic material and
closes in on the back-up plate. Hence, while over-estimating the ceramic penetration,
the model distributes the impact load over the back-up plate in a similar fashion as is
observed experimentally.

The differences between the calculated and the measured back-up plate deformation
profiles, for impacts above the armour’s ballistic limit velocity, are also related to the
aforementioned projectile/armour interaction mechanism. The quick response of the
back-up plates, observed in the experiments, is probably caused by a too high shear
load on the back-up plate, which results in a quick localization of the impact load on a
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small area of back-up plate, as described in section 4.3.3. This immediately initiates
the plug shearing mechanism. In the ALARM model, the projectile has to penetrate
through almost the complete thickness of ceramic facing before it can effectively
distribute the load over a similar small area of back-up plate. On average it takes the
rod projectile some 35 us to accomplish this ceramic penetration, which reasonably
matches the time-delay observed in the comparisons of the results presented in
figure 5.5.

The ALARM simulations showed the correct failure modes for rod impact onto
armours with 4.0 mm and 2*3.0 mm thick back-up plates at a velocity slightly above
the calculated ballistic limit velocity. However, when the impact velocities of the rods
were increased to match those used in the experiments, the failure modes were seen to
change to plug shearing which was accompanied by large differences between the
calculated and measured back-up plate responses. This change of back-up plate
response and failure mode is caused by the use of a slightly too low back-up plate
shear strength in the model. Simulations with an increased shear strength (15 per
cent) satisfied the experimental results better.

5.5. Conclusions

The simulations with the ALARM model show that with a limited amount of
empirical data, the model can reproduce the effects of (limited) variations of armour
geometry on the ballistic limit velocities with an acceptable accuracy (~10 per cent).
The armour failure modes at the ballistic limit velocities calculated with the ALARM
model match the experimental data satisfactorily. The projectile/armour interaction
mechanism used in the model is found to deviate somewhat from the mechanism
observed experimentally. However, by over-estimating the ceramic penetration, the
model distributes the impact load over the back-up plate in a similar fashion as is
expected on basis of the experimental results.

For impacts below the armour’s ballistic limit velocity, the projectile and armour
deformation processes match the experimental evidence fairly well. For rod impacts,
which cause back-up plate plug shearing, the predicted deformation process shows the
shear failure mode to occur later in time. In its present form, the ALARM model is
not able to predict the rapid decrease of load-distribution capability of the ceramic
facing as indicated by the experimental evidence.

The change of failure mode, calculated by the ALARM model for the armours with
the 4.0 mm and 2*3.0 mm thick back-up plates, when the impact velocity of the rods
is increased, show the importance of using the “correct” material properties. One
should apply extreme care when analysing the results of simulations which include
strain-rate sensitive materials, for example.
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5.6. Recommendations

The comparison between experimental observations and the calculations by the model
highlight a number of areas where the analytic model can be improved.

Modifications of the projectile/armour interaction mechanism used in the analytic
model to match the mechanism observed experimentally more accurately are expected
to improve the model’s performance. However, the prediction of the armour response
for impacts above the ballistic limit velocity, may already improve significantly, when
only the ceramic’s catastrophic loss of load-distribution capability is included in the
model. This could be accomplished by instantaneously reducing the base-area of the
ceramic fracture conoid to an area corresponding to that of the projectile when the
shear load on the periphery of the loaded section of the back-up plate exceeds its
ultimate value.

The model may also be improved by the use of a more comprehensive model for the
initial phase (the first few microseconds) of the impact process. In addition, the
evaluation of the back-up plate responses have indicated that a more elaborate two-
dimensional (elastic-plastic) back-up plate deformation model can be expected to
match the experimentally observed deformation better.

It is, however, questionable whether the implementation of such an improved model
leads to more accurate predictions, considering that the ceramic break-up process,
governing the creation and deterioration of the ceramic fracture conoid, is understood
on a phenomenological basis only. With the behaviour of the (confined) fractured
ceramic so difficult to characterise and model, the use of empirical relations are
inevitable and unfortunately to some extend inaccurate. Hence, it is believed that,
depending on the available resources for continued development, the best return on
investment is to be expected from the inclusion of the catastrophic loss of load-
distribution capabilities by the ceramic.

All of the experimental work presented has been carried out with one type of alumina
(Morgan Matroc Hilox 973). In order to allow the use of other ceramic materials
within the ALARM model, ballistic experiments with those materials need to be
conducted in order to determine the necessary input parameters. In order to be able to
assess the applicability of the model for use with armours with composite back-up
plates, ballistic experiments need to be conducted with those materials too.
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6. RESULTS OF THE EXPERIMENTS WITH THE 7.62 MM PROJECTILES
6.1. Introduction

The results of three series of impact experiments are presented and discussed in this
chapter. Radiographs are presented for standard 7.62 mm AP and 7.62 mm ball
projectiles impacting 8.1 mm of Morgan Matroc Hilox 973 alumina supported by
6.0 mm aluminium 6061-T6 at muzzle velocity. The difference between the two
projectiles is that the AP projectile contains a (steel) hard-core, whereas the ball projectile
has a (lead) soft-core. Both projectiles weigh 9.5 grams. The muzzle velocity for both
projectiles is approximately 835 m/s. They present the same amount of kinetic energy
to the armour and thus allow the influence of the projectile composition to be studied.
In order to allow for the influence of back-up plate flexibility to be assessed, the
7.62 mm AP projectiles were also fired at an armour concept with two 3.0 mm thick
layers aluminium.

The extend to which the steel rod used in the previously described experiments acts as a
simulator of the 7.62 mm AP projectile will be assessed by comparison of the results of
the impact experiments presented here with those presented in chapter 4.

6.2, The experimental results
6.2.1. 7.62 mm AP projectiles impacting 8.1 mm alumina and 6.0 mm aluminium

The fourteen sets of flash radiographs showing the penetration process of the 7.62 mm
AP projectile into 8.1 mm thick alumina and 6.0 mm aluminium were obtained from
eight impact experiments. In these experiments the average projectile impact velocity was
841 m/s (+ 17 m/s). In all experiments the projectile was defeated by the armour. An
example of a recovered back-up plate is shown in figure 6.1. A small amount of
fractured ceramic material is still present on the impact axis. It is approximately 3 mm
high. Details of the pie-shaped ceramic fragments are visible on the front face of the
back-up plate. Some lead has been deposited on the back-up plate, typically some
30 mm away from the impact axis. It must have originated from the lead in the rear
part of the projectile. Figure 6.1 also shows the deformation of the back-up plate. The
maximal deformation is 9 mm. No cracks or shear zones could be detected in the
back-up plate material. In all experiments the ceramic facing was found delaminated
from the back-up plate after the experiment.

Figure 6.2 shows a typical example of a recovered ceramic facing viewed from the front
and the back. A hole with a diameter of approximately 20 mm is visible at the impact
face. The back surface shows a much larger damaged area (approximately 50 mm in
diameter). The fracture pattern of the damaged area visible at the back and front
surface of the ceramic facing complies with the observations in 4.3.2.
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a) front view b) side view (cut-through)

Figure 6.1 Front and side-view (cut-through) of a back-up plate recovered after a
7.62 mm AP projectile impact into 8.1 mm alumina backed by 6.0 mm
aluminium at 841 m/s.

a) front view b) back-face view

Figure 6.2  Front and back-face view of a ceramic facing recovered after a 7.62 mm
AP projectile impact into 8.1 mm alumina backed by 6.0 mm aluminium
at 841 m/s.
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Figure 6.5 Projectile length-versus-time curve of a 7.62 mm AP projectile impacting

an armour of 8.1 mm alumina backed by 6.0 mm aluminium at
841 m/s.



144

Cut-outs of the flash radiographs showing the projectile/armour interaction in time as
captured by the normal and obliquely set up pulsers are presented in figure 6.3. Notice
the bulging of the lead rear-end of the projectile at later times (>20 us) after impact.
The lead was constrained in its motion by the projectile jacket and the decelerating
projectile core, which caused the bulging. Figure 6.4 presents the projectile rear-end
position, the armour penetration and armour deformation in time as were deduced
from the fourteen sets of radiographs. Polynomials were “best” fitted through the
measured data-points.

For a long period of time, approximately 16 s, the projectile appeared not to penetrate
the ceramic material. The armour’s deformation was also hardly detectable in this
period of time. The projectile’s length, however, reduced continuously during the first
35 to 40 ps of the impact process (figure 6.5). At 35 us after impact, only the bulged
lead section of the projectile together with some small particles are visible in the
radiograph created by the obliquely set up pulser. Of course, a section of the steel
projectile core may be situated inside the lead bulge, invisible for the X-rays. This
projectile core section can be 10 mm long at most, since that is the average length of
the remaining projectile bulge at 45 s after impact. With only this length of projectile
core surviving impact, and no significantly large broken projectile fragments visible in
the radiographs, a large amount of projectile material must break up into very small
particles, as in an erosion process. A typical recovered projectile is shown in figure 6.6.

Figure 6.6  Recovered 7.62 mm AP projectile after impact of an armour of 8.1 mm
alumina backed by 6.0 mm aluminium at 841 m/s.
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6.2.2. 7.62 mm ball projectiles impacting armours of 8.1 mm alumina and 6.0 mm
aluminium

Eight experiments with 7.62 mm ball projectiles impacting 8.1 mm thick alumina
supported by a 6.0 mm thick layer of aluminium were used to obtain 15 sets of flash
radiographs at different moments in time. The average projectile impact velocity was
829 m/s ( 50 m/s). In all experiments the 7.62 mm ball projectile was defeated by the
armour. In all experiments the ceramic facing was completely delaminated from the
back-up plate after the experiment. Figure 6.7 shows a typical example of a recovered
back-up plate. Notice the small section of broken ceramic facing on the impact axis,
similar as in the case of the AP projectile. It is approximately 3 mm high. In a larger
area surrounding the impact point, 45 mm in diameter, the bonding layer is still present
on the aluminium back-up plate. This area corresponds to the area expected to be
covered by the ceramic conoid base during impact. Outside this area, projectile material
deposit is still visible on the back-up plate. In some sections of the back-up plate, details
of the ceramic conoid pie-shaped segments are visible. Figure 6.7 also presents a post-
impact side-view of the (cut-through) back-up plate. Its maximal deformation is
9 mm.

a) front view b) side view (cut-through)

Figure 6.7 Front and side-view (cut-through) of a back-up plate recovered after a
7.62 mm ball projectile impact into 8.1 mm alumina backed by 6.0 mm
aluminium at 829 m/s.
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Cut-outs of flash radiographs showing the projectile/armour interaction in time, as
observed by the normal and obliquely set up pulsers, are presented in figure 6.8.

Figure 6.9 presents the projectile rear-end position, the armour penetration and armour
deformation in dme as were deduced from the fifteen sets of radiographs. The position
of the rear-end of the projectile decreased linearly in time. This indicates that the
projectile rear-end was not decelerated by the impact event.

In approximately 38 ps, the entire projectile was eroded, as is concluded from figure
6.10, where the projectile length is presented in time. Projectile material (jacket and lead)
moved in two directions: one parallel to the front surface of the ceramic facing creating
the fringes of projectile material also observed with 7.62 mm AP projectiles, and one at
an angle of approximately 26° with the armour’s front surface, into the armour
through the Hertzian cone cracks as is schematically illustrated in figure 6.11.

The radiograph taken at 16 ps after impact was the first, where signs of projectile
material flowing into the ceramic facing through the ceramic conoid cracks were visible.
At later times the projectile’s shape changed completely. It had flowed out over the
ceramic conoid. This flowing continued when the projectile material reached the back-
up plate surface, which occurred at approximately 60 ps after impact. The material
continued its way in between the ceramic facing and back-up plate. This indicates that
the delamination of the ceramic facing and back-up plate is progressing at that time,
because the radiographs do not show any sign of complete delamination. The locations
of projectile material deposit found on the back-up plate support the given description
of events. Armour deformation became noticeable at 25 ps after impact. As the
projectile did not penetrate the ceramic facing directly underneath the impact point, the
position of the projectile tip is directly related to the deformation of the armour back-up
plate.

In the situation of an armour perforation, the projectile will in most cases already be
completely eroded. The armour fails in its ability to absorb the kinetic energy transferred
to itself by the projectile. A debris cloud, probably primarily consisting of shattered
ceramic and back-up plate material exits the armour and may cause damage.
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Figure 6.9  Position-versus-time curves of a 7.62 mm ball projectile impacting an
armour of 8.1 mm alumina backed by 6.0 mm aluminium at 829 m/s.
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Figure 6.10 Projectile length-versus-time curve of a 7.62 mm ball projectile impacting

an armour of 8.1 mm alumina backed by 6.0 mm aluminium at
829 m/s.
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Figure 6.11 Proposed deformation mechanisms for a ball projectile impacting a
ceramic faced armour (Prior, 1987).

6.2.3. 7.62 mm AP projectiles impacting 8.1 mm alumina and a package of two 3.0 mm
thick layers aluminium

Nine impact experiments with 7.62 mm AP projectiles impacting 8.1 mm thick Morgan
Matroc Hilox 973 alumina supported by two layers of 3.0 mm thick aluminium
6061-T6 were used to obtain 14 sets of flash radiographs at different moments in time
after impact. The average impact velocity was 846 m/s (* 15 m/s). Again, contrary to
expectation, every projectile was defeated by the armour. The ceramic facing was found
completely delaminated from the back-up plates after the experiment. Figure 6.12
shows a typical example of a recovered back-up plate. Small fragments of ceramic
facing are still bonded to it. The first layer of the back-up plate is heavily deformed and
has cracked. The second back-up plate layer has a large indentation but no cracks could
be detected. Figure 6.12 also shows the cut-through back-up plate from aside. The
maximum deformation of the first back-up plate layer is 15 mm; the second layer’s
deformation is 14 mm.
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a) front view b) side view (cut-through)

Figure 6.12 Front and side-view (cut-through) of a two-layer back-up plate recovered
after a 7.62 mm AP projectile impact into 8.1 mm alumina backed by
two 3.0 mm thick layers aluminium at 846 m/s.

Cut-outs of flash radiographs showing the projectile/armour interaction in time are
presented in figure 6.13. The bulging of the lead in the rear of the projectile as described
in 6.2.1, also occurred here. Figure 6.14 presents the projectile rear-end position, the
armour penetration and armour deformation in time as were deduced from the sets of
radiographs. Polynomials were “best” fitted through the measured data. For a long
period of time, approximately 16 ps, the projectile appeared not to penetrate the ceramic
material. Notice that even though the back-up plate is much more flexible than in the
other situations considered, the back-up plate response could not be measured for the
first 20 ps of the impact process. The projectile length reduced continuously during the
first 40 ps of the impact process, as is concluded from figure 6.15. At 35 ps after
impact, only the bulged section of the projectile together with some small particles are
visible in the radiograph created by the obliquely set up pulser. Of course, a section of
the projectile core is still present inside the lead bulge, invisible on the radiographs. At
45 ps after impact, this section of the projectile core is (approximately) 10 mm long at
most. Since no large projectile fragments are visible in the radiographs, the projectile
front must have broken up into very small particles, as in an erosion process. After

45 s the projectile was deformed in such a way that the armour penetration could no
longer be determined.
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Figure 6.14 Position-versus-time curves of a 7.62 mm AP projectile impacting an
armour of 8.1 mm alumina backed by two 3.0 mm thick layers
aluminium at 846 m/s.
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Figure 6.15 Projectile length-versus-time curve of a 7.62 mm AP projectile impacting

an armour of 8.1 mm alumina backed by two 3.0 mm thick layers
aluminium at 846 m/s.
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6.3. Analysis of the experimental results
6.3.1. 7.62 mm AP impact versus 7.62 mm ball impact

The influence of projectile composition is assessed by examining the differences in
projectile behaviour and armour response caused by either a 7.62 mm AP or a ball
projectile impact. These projectiles differ in the fact that the AP projectile contains a
hard steel core. Both projectiles weigh 9.5 grams. The muzzle velocity for both
projectiles is approximately 835 m/s. They therefore present the same amount of kinetic
energy to the armour.

Consider figure 6.16 where the projectile rear-end positons in time are presented for the
two projectiles impacting the same armour. From this figure it becomes clear that for
the first 25 ps of the impact process the position of the rear-end of the projectiles
decrease at the same rate. Notice that the initial projectile lengths differ for AP and ball
rounds. Figure 6.17 presents the projectile rear-end velocities for both projectiles as were
obtained from differentiation of the curve fitted polynomials. During the mentioned
period of 25 us, the projectile rear-end velocities correspond to the initial projectile
(muzzle) velocities. The lead section in the rear of the AP projectile prevents the
deceleration of the AP-core from becoming visible. After this period of time the
deceleration of the AP projectile becomes noticeable. The AP projectile’s rear-end
velocity drops to 470 my/s at 35 us after impact. The ball projectile’s velocity remains
constant at approximately 829 m/s until the projectile is completely consumed.

In figure 6.18, the armour penetration in time along the impact axis is presented for the
two projectiles. As described in section 6.2.2, the ball projectile does not penetrate the
ceramic facing directly underneath the point of impact. Hence, the armour penetration
is related to the armour back-up plate deformation. The AP projectile appears to be able
to penetrate the ceramic facing. At 45 us after impact, the projectile has penetrated some
4 mm of ceramic facing.

The back-up plate deformation caused by the AP projectile is almost identical to the
deformation caused by the ball projectile as is shown in figure 6.19. The back-up plate
deformation velocities deduced from the curve fits show that the back-up plates reach a
maximum velocity of 127 m/s at 35 ps after impact.

In summary, the projectile composition has no significant influence on the armour’s
overall response. The ceramic faced armour experiences both projectiles as being “soft”.
The fact that the AP projectile is capable of penetrating the ceramic facing to some
extend, suggests, that at higher velocities, this projectile will be able to localize the
impact load on the back-up plate earlier in time. This is expected to result in a slightly
better performance of 7.62 mm AP projectiles against ceramic faced armours than
comparable ball projectiles, as was confirmed by Van Riet (1987-1991).
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Figure 6.16 Comparison of projectile rear-end positions in time of the 7.62 mm AP
projectile (at 841 m/s) and the 7.62 mm ball projectile (at 829 m/s)
impacting an armour of 8.1 mm alumina backed by 6.0 mm aluminium.
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Figure 6.17 Comparison of projectile rear-end velocities in time of the 7.62 mm AP
projectile (at 841 m/s) and the 7.62 mm ball projectile (at 829 m/s)
impacting an armour of 8.1 mm alumina backed by 6.0 mm aluminium.
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Figure 6.18 Comparison of armour penetration in time of the 7.62 mm AP projectile

(at 841 m/s) and the 7.62 mm ball projectile (at 829 m/s) impacting an
armour of 8.1 mm alumina backed by 6.0 mm aluminium.
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Figure 6.19 Comparison of back-up plate deformation in time of armours of 8.1 mm

alumina backed by 6.0 mm aluminium when impacted by the 7.62 mm
AP projectile (at 841 nv/s) and the 7.62 mm ball projectile (at 829 m/s).
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6.3.2. The influence of back-up plate flexibility

The 7.62 mm AP projectile was observed during penetration of armours with two
different types of back-up plate; a stiff single 6.0 mm thick layer of aluminium and a
more flexible back-up plate composed of two 3.0 mm thick layers of aluminium. This
allowed the assessment of the influence of back-up plate flexibility on the response of
projectile and armour, similar as was done with the rod projectile (see section 4.3.3).

Up to 35 ps, the projectile rear-end positions did not differ for the two situations
considered (figure 6.20). After this time the projectile impacting the stiff armour
decelerated slightly faster. Even though the flexibility of the back-up plates differ
significantly, only a very small difference in projectile length reduction during impact
was observed. When, however, the armour penetration is considered (figure 6.21), it is
clear that the projectile penetrated the flexible armour faster. At 45 ps, the projectile tp is
located 11.7 mm from the ceramic facing compared to 7.6 mm for the projectile
impacting the stiff armour (figure 6.21). With this difference in armour penetration,
one would expect a difference in projectile deceleration as well. As in the previous
comparison, the lead in the rear-end of the projectile prevented differences in projectile
core deceleration from becoming visible.
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Figure 6.20 Comparison of projectile rear-end positions in time of 7.62 mm AP
projectiles impacting two armours; 8.1 mm alumina backed by 6.0 mm
aluminium (at 841 m/s) and 8.1 mm alumina backed by two 3.0 mm

thick layers aluminium (at 846 m/s).




157

15
12 r
—— 6 mm Al .
= ’
E -—- 2%3 mm Al ’
~— 9_ ,
C
9
©
@ 6fr
c
0]
Q
3—-
O 1 1
0 50 60 70

time (ws)
Figure 6.21 Comparison of armour penetration in time of a 7.62 mm AP projectile
impacting two armours; 8.1 mm alumina backed by 6.0 mm aluminium
(at 841 m/s) and 8.1 mm alumina backed by two 3.0 mm thick layers
aluminium (at 846 m/s).
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Figure 6.22 Comparison of back-up plate deformation in time following impact with
a 7.62 mm AP of two armours; 8.1 mm alumina backed by 6.0 mm
aluminium (at 841 m/s) and 8.1 mm alumina backed by two 3.0 mm

thick layers aluminium (at 846 mv/s).
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The comparison of the back-up plate deformation profiles presented in figure 6.22
shows that the presence of a more flexible back-up plate becomes noticeable only after
some 25 us. At 35 ps, the flexible armour back-up plate velocity has already climbed to
180 m/s in contrast to 130 m/s for the stiff back-up plate.

With the higher armour penetration and deformation, one would expect the flexible
armour’s ballistic limit velocity to be lower than the v, of the stiff armour. This
seemed to be confirmed by post-impact visual inspection of the two-layer back-up
plates, which showed that they were very close to complete failure, whereas the stiff
armour’s back-up plates showed no signs of failure yet. As with the rod projectile, this
difference in ballistic limit velocity is not expected to be as large as the 100 m/s as was
suggested by Wilkins (1968; Laible, 1980).

6.4. The blunt steel rod as a simulator of the 7.62 mm AP projectile

In 1967, Wilkins carried out experiments with blunt and sharp projectiles. He observed
that the projectile nose-shape was responsible for differences of up to 40% of the
ballistic limit velocity for armours with AD-85 alumina facings. Hornemann ez al.
(1984) showed that the stress wave generated in the armour depends strongly on the
nose-shape of the projectile. In this section, the projectile/armour interaction process as
observed for the blunt 6.0 mm diameter rod is compared with the results obtained for
the ogive-nosed 7.62 mm AP projectile. This allows us to assess whether the results
obtained with the blunt steel rods are representative for the penetration of the ogive-
nosed 7.62 mm AP projectile.

The position-versus-time curves for the 7.62 mm AP and the 6 mm rod projectile
impacts into armours of 8.1 mm alumina supported by 6.0 mm aluminium, at
velocities of 841 m/s and 815 m/s respectively, are compared in figure 6.23. This
comparison shows that the experimental results match very well. The armour responds
almost identical to both projectiles. There are some differences in the armour
penetration data. The 7.62 mm projectile appears to penetrate a limited amount of
ceramic material directly underneath the point of impact, whereas the steel rod appears
unable to do so. Differences are also observed between the position of the rear-end of
the projectile and the rod at late times after impact (>25 ps). This can be expected as
the lead plug in the rear-section of the 7.62 mm AP projectile decelerates slower than
the rod as it bulges around the central hard steel core of the 7.62 mm AP.

Both projectiles were also fired onto armours of 8.1 mm alumina supported by two
3.0 mm thick layers aluminium at velocities of 847 m/s and 819 m/s, respectively.
The resulting position-versus-time curves are compared in figure 6.24. Again, the
experimental results for the two projectiles match very well. Hence, the armour response
observed in the experiments with the blunt steel rods may be considered as
representative for the response to a 7.62 mm AP projectile impact.
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Figure 6.23 Comparison of the position-versus-time curves for 7.62 mm AP projectile
(at 841 m/s) and 6.0 mm steel rod (at 815 m/s) impact onto 8.1 mm
alumina supported by 6.0 mm aluminium.
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Figure 6.24 Comparison of the position-versus-time curves for 7.62 mm AP

(at 846 m/s) and 6.0 mm steel rod (at 819 m/s) impact onto 8.1 mm
alumina supported by two 3.0 mm thick layers aluminium.
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Having obtained this result, it has to be considered surprising that a blunt steel rod
(R¢ = 28), weighing 7.0 grams only, inflicts a similar response to a ceramic faced
armour as the ogive-nosed 7.62 mm armour piercing projectile with its hard-core
(R¢ = 60) and its 36 per cent higher weight (9.5 grams). The difference in projectile
material composition on one hand and the influence of the projectile nose-shape on the
other hand may be held responsible for this result.

The similarity between the armour responses resulting a 7.62 mm AP and ball projectile
impact, presented in section 6.3.1, indicates that the use of steel or lead for the
projectile’s core does not influence the response significantly. Hence, it is unlikely that
the (smaller) differences in material composition between the 7.62 mm AP projectile
and the 6.0 mm steel rod are accountable for the better performance of the rod.

The difference in projectile nose-shape may very well have a significant influence on a
projectile’s performance in a ceramic faced armour. The strength and shape of the
shock wave introduced into the armour by the blunt rod are different from the shock
wave introduced into the armour by the 7.62 mm AP projectile. This fact is illustrated
by Hornemann ez al. (1984), who shot blunt and sharp projectiles at glass specimens.
Bless et al. (1987) have shown that at impact velocities above 370 m/s, blunt rods (of
diameter comparable to the thickness of the ceramic facing) cause much more alumina
to experience a peak shock stress well above the Hugoniot elastic limit (HEL) when
compared with ogive-nosed projectiles. These shocks above the HEL induce extensive
microfracture in ceramics (Bless ez al., 1987). According to Rosenberg ez al. (1990),
this (above HEL) shock wave may even cause “catastrophic” loss of shear strength and
a corresponding poor ballistic performance with some materials. Even though according
to Bless (1987) alumina, when confined, retains its shear strength when shocked above
the HEL, the extensive microfracture induced over a large volume in the ceramic by the
blunt rod, may have degraded the ceramic such that the blunt projectile performs
“better” than the 7.62 mm AP projectile.

The similarity between the armour responses resulting from an 7.62 mm AP and rod
projectile impact may, however, be limited to the materials used, and the velocity regime
of the above experiments. By changing the impact velocity, the peak shock stress in the
ceramic changes as well. This may cause such a change of the shock degradation of the
ceramic for the blunt rod projectile impact, that the similarity between the armour
responses for the 7.62 mm AP and rod projectile is lost.

6.5. Conclusions

The flash X-ray experiments have resulted in detailed information regarding the
penetration processes of 7.62 mm AP and ball projectiles into ceramic faced armours.

The AP projectiles impacting the armour with the 6.0 mm thick single back-up plate
experienced the armour as a rigid barrier for at least 16 ps. Projectile length reduction,
which does not necessarily imply mass erosion with these projectiles, continued for the
first 35 to 40 us of the impact process. The lead section in the rear-end of the
AP projectile obscured the steel core’s deceleration from vision. No large fragments of
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the projectile core could be traced on the flash radiographs, contradicting projectile
break-up in large fragments, and suggesting a continuous kind of projectile mass
erosion. Post-impact analysis of the back-up plates and the other experimental results
indicate that the projectile did not penetrate the entire ceramic facing nor did the back-
up plate material show any signs of failure.

The 7.62 mm ball projectile mainly acted by transferring an impulse to the ceramic
faced armour. It was unable to penetrate the ceramic material directly underneath the
impact point. Projectile material moved into the conoid cracks and along the front face
of the armour panel: this confirmed the behaviour postulated by Prior (1987). In
approximately 38 us, the original projectile was completely consumed and had (partly)
squashed out over the ceramic conoid. The back-up plate responses for an AP or ball
projectile impact overlapped completely when the projectiles impacted at muzzle velocity.
The ceramic faced armour experiences both projectiles as being “soft”. However, the
hard steel core of the 7.62 mm AP projectile, causes it to perform slightly better than
the the ball projectile, as other experiments have shown (Van Riet, 1987-1991).

The ceramic faced armour with the two-layer back-up plate also defeated the 7.62 mm
AP projectile at muzzle velocity (846 m/s), contrary to expectation. During the first
25 us of the impact process, the projectile rear-end position, armour penetration and
back-up plate deformation almost completely matched the data obtained with the
armour with the single back-up plate. After this period, the flexibility of the back-up
plates resulted in a faster armour penetration and deformation. The post-impact
analysis of the back-up plates showed that in most cases the layer closest to the ceramic
facing had failed, indicating that the armour was almost defeated by the projectile. The
large difference in ballistic limit velocity (~100 m/s) for armours with single and two-
layer back-up plates, as was suggested by Wilkins (1968; Laible, 1980), was not
witnessed here.

With all three series of experiments, fringes of projectile material were observed moving
away from the impact area parallel to the front face of the ceramic armour. These
fragments move at the initial projectile velocity.

The armour responses caused by the steel rod and the 7.62 mm AP projectile are very
similar. They allow the steel rod to be used as a 7.62 mm AP projectile simulator.
However, the similarity between the armour responses may be limited to the velocity
regime and materials used with the presented experiments. The rod is a far more
efficient penetrator than the 7.62 mm AP projectile. In addition to the fact that its steel
is not as hard as the AP projectile’s core, the rod weighs 36 per cent less.
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7. SIMULATION OF EXPERIMENTS WITH THE 7.62 MM PROJECTILES
7.1. Introduction

One of the main reasons to set up the ALARM model was to speed up the design
process for armours giving protection against 7.62 mm AP and ball projectiles. With
the simplified model used in ALARM one cannot expect to handle all the geometrical
and material complexities involved with these projectiles. The comparison of
experimental results for 7.62 mm AP and steel rod projectile impact presented in
section 6.4, showed that the steel rod can be used as a simulator for the 7.62 mm AP
projectile. Therefore, also in the computer simulations the steel rod is used instead of
the real projectiles.

In this chapter then, the applicability of the ALARM model for describing the
penetration process of AP and ball projectiles will be assessed by simulations of the
experiments that were presented in chapter 6. For the ball projectile, the rod’s
mechanical properties were modified to comply with those most commonly used with
soft-core projectiles (o = 0.8 10 N/m“, u las = 50 m/s). The armour materials
used in the impact experiments with the 7.82 mm projectiles are identical to the
materials used for the steel rod experiments. Hence, the simulations were run with the
same input parameters.

7.2. ALARM simulation versus experiment
7.2.1. Simulation of the impact experiments with the 7.62 mm AP projectile

Figure 7.1 presents the comparison of the experimentally obtained and predicted
(ALARM) projectile rear-end positions, armour penetration and back-up plate
deformation profiles for the 7.62 mm AP projectile impacting an 8.1 mm thick
alumina facing supported by a 6.0 mm thick layer of aluminium at an initial velocity
of 841 m/s. The model correctly predicts that the projectile is defeated by the armour,
because it calculates the ballistic limit to be 916 m/s.

The experimental and calculated results match fairly well. The maximum back-up plate
deformation is under-estimated by the model. A maximum deformation of 6 mm is
predicted, whereas the back-up plates recovered from the experiments showed a
maximum deformation of some 9 mm. The armour penetration is slightly over-
estimated, especially early in the penetration process. The reasons for these
discrepancies were discussed in section 5.4. The calculated projectile rear-end positions
start to deviate from the experimental data at 20 ps after impact. This is caused by the
lead in the rear-end section of the 7.62 mm AP projectile which barely decelerates and
bulges around the decelerating core of the projectile. The comparison does show that
during the first 20 us of the impact process, the influence of projectile material
properties with respect to the deceleration of the rear-end of the projectile early in the
impact process is minimal. The model predicts that 58 per cent of the projectile
simulator’s mass is eroded.
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The comparison between the observed and calculated response of the armour with the
8.1 mm thick alumina facing and the two-layer (2*3.0 mm) back-up plate, to impact
by the 7.62 mm AP projectile at a velocity of 846 m/s is presented in figure 7.2.
Again, the model correctly calculates that the projectile is defeated by the armour as it
calculates a v 0 of 905 m/s. Also in this situation, the armour penetration is slightly
over-estimatecsi by the model. The maximum back-up plate deformation lags behind
compared with the experimental observations. The model predicts a final maximum
deformation of 13 mm which compares well to deformation measured from the
recovered back-up plates (14 mm). The model calculates that 55 per cent of the
projectile simulator’s mass is eroded.

7.2.2. Simulation of the impact experiments with the 7.62 mm ball projectile

The results from the ALARM simulation for the 7.62 mm ball projectile impacting a
ceramic faced armour of 8.1 mm alumina and 6.0 mm aluminium at a velocity of
829 m/s are compared with the experimental data in figure 7.3. The calculation shows
that the projectile is defeated by the armour (calculated V5o = 884 m/s). As in the
other situations, the armour penetration is over-estimated and the maximum back-up
plate deformation is under-estimated by the model. According to the model, the final
maximum deformation is 5 mm. The recovered back-up plates showed an average
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Figure 7.3 Comparison between predicted (ALARM) and experimentally obtained
position-versus-time curves of the 7.62 mm ball projectile impacting
8.1 mm alumina backed by 6.0 mm aluminium at a velocity above the
ballistic limit (829 m/s).
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maximum deformation of 9 mm.

Due to a difference in projectile length between the 7.62 mm ball projectile
(L = 28.5 mm) and the low-strength rod (7.62 mm ball simulator, L = 31.5 mm),
the projectile rear-end positions do not overlap completely. The calculated projectile
rear-end positions show that the projectile’s rear is barely decelerated by the impact
event. In 47 us the projectile is eroded completely. The experiments showed that
projectile erosion is completed in only 38 ps. The 9 us discrepancy between experiment
and simulation is caused by the projectile simulator’s (larger) length and the model’s
over-estimation of the armour penetration.

7.3. Comparison of the simulation results

In the previous chapter the results obtained from the experiments with the 7.62 mm
projectiles were analysed and compared to each other. In order to verify whether the
model responds correctly to changes in projectile and back-up plate composition, the
differences between the calculated projectile/armour interaction processes for 7.62 mm
AP and ball projectile impact and for 7.62 mm AP projectile impact onto armours with
single and two-layer back-up plates are compared to those observed experimentally.

7.3.1. 7.62 mm AP impact versus 7.62 mm ball impact

The comparison of the position-versus-time data generated by the model for impact
of the hard-core and soft-core 7.62 mm projectiles onto the ceramic faced armour
complies with the experimental observations presented in 6.3.1.

During the first 20 us of the impact process, the difference in projectile rear-end
positions is minimal, as in the experiments. Although the armour penetration is over-
estimated for both projectiles, the model does show that the 7.62 mm AP projectile
penetrates the armour slightly easier. The back-up plate deformation profiles overlap
each other completely during the first 60 pus of the impact event. This was also
witnessed in the experimental data.

The model predicts a ballistic limit velocity of 884 m/s for 7.62 mm ball projectile
impact and 916 m/s for 7.62 mm AP projectile impact. As expected on the basis of
the experimental results, these ballistic limit velocities lie closely together. However,
contrary to expectation, the model predicts that the 7.62 mm ball projectile penetrates
the armour easier than the AP projectile. One may conclude, that the calculated
ballistic limit velocities for the 7.62 mm ball projectile will better satisfy the
experimental expectations when the simulator’s length is reduced to match the length
of the 7.62 mm ball projectile.
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7.3.2. The influence of back-up plate flexibility

The results derived from the comparison of the calculated position-versus-time data
for 7.62 mm AP projectile impact onto an armour with a single layer (6.0 mm) back-
up plate and an armour with a two-layer (2*3.0 mm) back-up plate, match the
experimental observations presented in section 6.3.2.

For more than 35 ps, the differences between the position of the rear-end of the
projectiles remain very small. It also takes approximately 25 ps before the differences in
armour response become evident. The final projectile erosion is similar for both impact
situations and of the same order of magnitude as witnessed in the experiments.

Even though the experiments presented in chapter 6 did not supply the ballistic limit
velocities for these two armours, it was expected that they would lie close together.
According to the model, the stiff armour’s ballistic limit velocity is 916 m/s whereas
the flexible armour’s Vgo = 906 m/s.

7.4. Conclusions

The comparison between the experimental results and the model simulations show
that the results match fairly well. Taking into consideration that simple geometry,
single material rods were used to simulate the complex ogive 7.62 mm projectiles, a
better match cannot be expected.

The distinct similarities and differences observed experimentally for 7.62 mm AP and
ball projectile impact are also evident in the comparison of the associated simulations.
The influence of back-up plate flexibility on the projectile/armour interaction process,
as addressed in section 6.3.2, is also witnessed in the simulations.

Hence, also in the situations considered here, the ALARM model is capable to present
the user with useful information and tendencies in the projectile/armour interaction
processes.
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8. PARAMETER STUDIES WITH THE ALARM MODEL
8.1. Introduction

The comparisons between the experimental data and the model simulations have
shown that the model is capable of calculating the effects of limited variations of
geometry and properties about a reference ceramic armour configuration with
acceptable accuracy. In order to demonstrate the model’s potential to assist in a
projectile/armour optimization process, a number of studies are presented.

For a range of ceramic facing and aluminium back-up plate thicknesses ballistic limit
velocity computations were carried out with the steel rod projectile (simulating the
7.62 mm AP) and the low strength rod (simulating the 7.62 mm ball projectile). The
generated data was used to carry out armour weight optimizations, illustrating
ALLARM’s capabilities with respect to armour optimization.

In order to illustrate the model’s capabilities to aid in the optimization process of the
armour’s back-up plate, ballistic limit velocity computations are presented for armours
with back-up plates of three different types of aluminium: 6061-T6, 2024-T4 and
7075-T6.

Finally, the influence of the rod’s length-over-diameter ratio on the ballistic limit
velocity is assessed.

A ceramic material optimization study is not included in this chapter. The use of
another ceramic material with the model requires a number of input parameters, such
as the constants in the ceramic’s resistance function and the ceramic conoid angle.
These parameters are not yet available for ceramic materials other than Morgan
Matroc Hilox 973 and Coors AD-85.

8.2. Armour weight optimization for the steel rod (7.62 mm AP) projectile

Ballistic limit velocity computations were carried out for 4 ceramic layer thicknesses
(7 mm through to 10 mm) and 17 back-up plate thicknesses, starting at 1.0 mm and
increasing to 9.0 mm in 0.5 mm intervals. Hence, a total of 68 ballistic limit velocity
computations were carried out using the ALARM code. The projectile and armour
properties used for the comparison with the steel rod experiments were also used for
the computations presented here.

The results are presented in figure 8.1. This figure shows that the steel rod is defeated
by a whole range of differently composed armours when it impacts at the muzzle
velocity of the 7.62 mm AP projectile (840 m/s, the horizontal line in the figure). All
armours with a ballistic limit velocity above 840 m/s defeat the projectile at this
velocity. The two-slope structure of the curves is related to the change in failure mode
of the back-up plate.

For lightweight ballistic protection materials, the performance is preferably related to
the armour’s areal density. Figure 8.2, therefore, shows the performance of the armour
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concepts related to their areal densities, for armours with areal densities less than
55 kg/m2. In this figure, the increase in areal density represents increase in back-up
plate thickness.

Best performance is given by an 8.0 mm thick ceramic facing backed by a 5.0 mm
thick aluminium plate weighing 44.0 kg/m2, as can be derived from this figure, since
this armour defeats the projectile at the velocity of 840 m/s with the lowest areal
density. If the projectile’s velocity is increased by 100 m/s, however, the ALARM
model predicts that an armour concept with a 9 mm thick facing performs best on an
areal weight basis.

8.3. Armour weight optimization for the low strength rod (7.62 mm ball)
projectile

Ballistic limit velocity computations were also carried out with the low strength rod. Its
geometry and mass were taken identical to those for the steel rod. The projectile
material properties were modified to simulate the 7.62 mm ball projectile’s soft core, as
described in section 7.1. The range of armours was identical to the one used for the
computations in the previous section.

The results of the ALARM computations are presented in figure 8.3. Again there is a
large number of armour configurations that defeat the projectile at a velocity of
840 mV/s (the horizontal line in figure 8.3).

Figure 8.4 presents the performance of the armours against this threat as a function of
their areal weight. The lightest armour capable of defeating the low strength rod
projectile when it impacts at a velocity of 840 m/s, weighs 43.8 kg/m?2 (9.0 mm
alumina supported by 3.5 mm aluminium). Figure 8.4 also shows that if the low-
strength rod’s initial velocity is decreased by 100 m/s, as if it was fired from a
distance, this optimum (lightest) armour configuration is replaced by one with an
8 mm thick ceramic facing.

Comparison of the figures 8.4 and 8.2 shows that the low strength rod presents a
comparable threat towards the armour as its steel counterpart. The weight of the
lightest armour capable to defeat the low strength rod is approximately equal to the
weight of the armour necessary to defeat the steel rod projectile. This similarity
between the performance of both projectiles is quite unlike that for more conventional
armours. With rolled homogeneous armour steel (RHA) the 7.62 mm ball projectile is
defeated at almost half the weight necessary to stop the 7.62 mm AP round.

It is interesting to examine the behaviour of the optimum armour’s behaviour in more
detail, in order to illustrate some of the typical features of soft projectile impact. The
ALARM generated history plots for the optimum armour configuration when
impacted by the soft rod at 840 m/s are presented in figure 8.5. The velocity plot
shows that the projectile’s rear-end is not decelerated by the impact event. The
projectile is seen to erode almost completely in 48 ps. At this same time plug shearing
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Figure 8.3 Computed ballistic limit velocities as a function of back-up plate
thickness for armours of Morgan Matroc Hilox 973 alumina backed by
aluminium 6061-T6, when impacted by the soft rod projectile
(h¢ = ceramic thickness).
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commences. The erosion is not completed because it cannot be handled by the plug
shearing deformation model. At 69 ps after impact the plug shearing ends as the plug
and its surroundings obtain the same velocity (175 m/s). The membrane deformation
model decelerates the ensemble further. It comes to rest at 170 s after impact, when
it has accumulated some 12 per cent strain. The back-up plate’s deformation is some
17 mm. A small increase of the impact velocity will result in strain failure of the back-
up plate.

8.4, Back-up plate material optimization

In the requirements for an optimum back-up plate for a ceramic faced lightweight
armour concept, Wilkins (1968) stated that a back-up plate has to be rigid, yet flexible.
A 100 rigid back-up plate makes a plug shearing failure mode the weak link, a plate
that is too flexible does not give optimum support to the ceramic. In this section an
exercise with the ALARM model is presented which illustrates the influence of the
back-up plate material on the protection level.

Simulations were run with the steel rod projectile and armours consisting of a 9.0 mm
thick alumina facing supported by a range of back-up plate thicknesses, starting at
1.0 mm through to 9.0 mm. Aluminium 6061-T6, 2024-T4 and 7075-T6 were
used for the back-up plates. The aluminium alloy 6061-T6 is very common in
ballistics applications, the 2024-T4 alloy is more ductile with better tensile and shear-
load carrying capabilities and has a higher strain to failure. The 7075-T6 alloy is very
rigid with even better tensile and shear-load carrying capabilities but with a low strain
to failure. Table 8.1 presents the (quasi-static) material properties used for these
aluminium alloys.

Table 8.1 Quasi-static material properties of the three types of aluminium.

6061-T6 2024-T4 7075-T6
Density [kg/m3] 2705.0 2705.0 2705.0
Ultimate yield strength [MPa} 310 460 540
Ultimate shear strength [MPa]} 200 290 340
Failure strain [%] 13 18 10

The results of the ballistic limit velocity computations are presented in Figure 8.6.
Over the complete range of back-up plate thicknesses, the performance of the armour
with the 6061-T6 back-up plate is worse than with the other back-up plate materials.
The aluminium 6061-T6’s comparatively low tensile and shear load carrying
capabilities are responsible for this result.

The armours with the 2024-T4 back-up plates have higher ballistic limit velocities
than the armours with the 7075-T4 back-up plates for as long as they are thinner
than 3.5 mm. Membrane deformation is very important for the armours with these
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Figure 8.6 Comparison of computed ballistic limit velocities for armours with a
9 mm thick Morgan Matroc Hilox 973 alumina facing supported by
back-up plates of aluminium 6061-T6, 2024-T4 and 7075-T6, when
impacted by the steel rod projectile.

thin back-up plates, as is illustrated in figure 8.7. Even though the outstanding tensile
and shear strength properties of the 7075-T6 back-up plate result in a faster
deceleration of the projectile/ceramic/back-up plate ensemble than with aluminium
2024-T4, its poor elongation property causes the 7075-T6 back-up plates to be
surpassed by the weaker but much more flexible 2024-T4 plates.

For armours with back-up plates thicker than 3.5 mm, the plug shearing deformation
mechanism is very important. This is illustrated by the sequence of graphs presented in
figure 8.8 for impact of the steel rod into an armour with a 4.5 mm thick aluminium
7075-T6 back-up plate. The shear strength of 7075-T6 is greater than that of the
other alloys. Hence, the armours with the 7075-T6 back-up plates are found most
successful in defeating the projectile in this range.

Wilkins (1968) conducted a limited number of experiments with various back-up plate
materials. His experiments with armours consisting of an 8.6 mm thick AD-85 facing
supported by various 6.3 mm thick aluminium back-up plates, (partially) support the
observations with the model as they showed that armours with back-up plates with
greater shear strength were harder to defeat.
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Wilkins’ experiments also showed that the ballistic performance of aluminium
2024-T4 was worse than that of 6061-T6, even though the strength of 2024-T4 is
superior to that of 6061-T6. According to Wilkins (1968) the elongation property of
aluminium 2024-T4 with dynamic loads is inferior and was responsible for the
observed behaviour.

This experimental result is not reproduced by the model. In the ALARM simulations
no strain rate effects are taken into account. The simulations, however, show that the
armour’s response is not very vulnerable to changes in the radial elongation property
of the aluminium for armours with relatively thick (6 mm) back-up plates, such as the
one used by Wilkins. Hence, based on the simulations it is very unlikely that inferior
radial elongation properties can be held responsible for the poor behaviour of
aluminium 2024-T4 as was proposed by Wilkins. This topic therefore needs further
investigation.

8.5. The influence of the rod’s length-over-diameter ratio

Preliminary computations with rods indicated that by changing the projectile’s length-
over-diameter (I/D) ratio the projectile can pose a higher threat to the armour. To
investigate the influence of the projectile’s 1/D ratio on the ballistic limit velocity,
computations were catried out for steel rods with I/D ratios of 4.0 (L = 26.3 mm),
5.3 (L=31.5mm) and 6.6 (L. = 36.7 mm). The 31.5 mm long rod represents the
standard projectile. The total projectile mass was kept constant for all projectiles. All
computations were carried out with armours consisting of a2 9 mm thick alumina
facing (Morgan Matroc Hilox 973) supported by aluminium 6061-T6 back-up plates.

The results of the computations are incorporated in figure 8.9. Significant differences
in the performance of these (equal mass) projectiles are immediately visible.

The rod with I/D ratio equal to 6.6 defeats the armour with a back-up plate of
5 mm thickness when it impacts at an initial velocity of 840 m/s. The two shorter
rods are easily defeated by this armour at this velocity. The rod with 1/D ratio of 5.3
needs an initial velocity of 987 m/s to perforate this armour. The shorter rod D
ratio of 4.0) has even more difficulty, it needs an initial velocity above 1200 m/s to
defeat the armour. These results indicate that projectiles with high length-over-
diameter ratios pose a large threat to ceramic lightweight armours,

For all three projectiles impacting an armour of 9 mm alumina supported by 5 mm
aluminium at 838 m/s, the model generated history plots are presented in figures
8.10, 8.11 and 8.12. Comparison shows that the rear-end of the projectile with the
largest L/D ratio is decelerated at the lowest rate. The projectile mass erosion plots
show that the mass erosion rate is lower for projectiles with higher I/D ratio. Thus,
the projectile with the largest L/D ratio transfers its kinetic energy to the armour at the
lowest rate.
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Figure 8.9 Comparison of computed ballistic limit velocities for armours with a
9 mm thick Morgan Matroc Hilox 973 alumina facing supported by
aluminium 6061-T6 back-up plates, when impacted by the steel rod
projectiles with length-over-diameter ratios of 4.0, 5.3, and 6.6.

The armours are seen to respond in a similar fashion during the first 30 to 40 us after
impact of either projectile. Hence, at the end of this period of time, the projectiles have
accomplished approximately the same. But since the projectile with the highest L/D
ratio transfers its kinetic energy to the armour at the lowest rate, it has the largest
amount of kinetic energy still available to continue penetration. At 60 us after impact,
for example, the kinetic energy content of the shortest projectile (I/D = 4.0) that still
has to be dissipated by the armour is 7.9 J compared to 79.0 J for the longest
projectile (I/D = 6.6). Not surprisingly therefore, the projectile with the highest IL/D
ratio perforates the armours at a lower velocity than the others. Of course, there exists
an optimum L/D ratio which gives best performance. A projectile with an extremely
high 1/D ratio may not be able to penetrate a ceramic faced armour at all.

It should be realized that the ALARM model may not be able to calculate the
penetration behaviour correctly for blunt projectiles with very low length-over-diameter
ratios (< 2). Experimental observations (Van Riet, 1987-1991) have shown that
fragment simulating projectiles (FSP’s) with their blunted nose and low L/D ratio
(1.5) are capable of defeating a ceramic armour at a velocity below the one predicted
by the ALARM model for these projectiles. This is explained as follows.




"(0'% = @/D 3moafoad pox [931s LIOYs Iyl 4qQ
s/w g¢g 3 paredur usym ‘Aerd dn-yoeq 9.1 -1909[V ¥o1p wWw ¢ & 4q pauroddns eurum[e ¢/ 6 XOH J0n1BW
UBSIOW YOMJI UI 6 JO INOULIR UB JOJ SILIOISIY UIENS Pue amssaid ‘Sanmopa ‘syudwdoedsip ‘ssewr paindwo)) (‘g 9InSig

178

dgpml Auloen =e|d dnaeq _——

{10pX) Aud0jan admjuewn Jjwessdfosd [
") Auzgen pua-Jeas ajLajosd
(soww) ey (Soutw) sugy (Soaw) auwy
oS54 oo} 0s o5t 001 0s o5l
i s ’a 800 1 i o o i
—— §
Feo'a ' T
n
¥0°0 El g
2 a
s0°0 ¥ 1 m
3 Le A o
U 3 £
s0'0 ~ ° v
1 Ly a 2
s o S a
FoL'o o 5
5 b £
2vo ¥ s 7 3
g sean J
Lyioo © te 3 2
A 8 s

(m) wawaleydsip awe)d dnyienq - — ..
(m) weawazeidsip a12)d dnypeq ‘xew —_—
(X) Wewsreidann a1emwy Jtwedsdfoud S/ 928 ALIJOT3A WILW 3TLISr0ud
o, LR
(samw) BuiL (501 BuiL noy jEels ww ge 3WL3roUg
0S4 oo oS oS} oot 0s
* + = 0000 - * = 000°0
ww o's SS3IUXDIHL 3ig7d 4n-»Jue
s00°0 Fioo o
9L-1909 W ¢ WIUILEW ILyd dN-X3u8
-
Y Foo'o @ reco'e
.W uw o' ¢ SSIUMIIHL usa3d
— Fswoo 2 Feoo'o g
\\\ ﬂ 8 (£¢6 xoiiH) fo2e ¢ U3 LW BUIJYS JiWbu3D
—_—
o200 ¥ +v00 0 .m
€ =
Leapro U bennen
s20°0 4 §00°0 5
& g
Foto® tepg'o "
otc'o € 900°0 5 1200y 35U00SBL JNAWE WEI@MIUGIT JiIl6]eur
g )
sL0'0 < 000 = ."m..@
~-




179

UBSIOW YOTYI UII 6 JO INOULIE U J0J SSLI0ISTY Urens pue amssa1d ‘san1o0[aa ‘sluswaoeldsip ‘ssewr paandwo) [1°g 33t

“(€'6 = /D 2Anoalord pox [931s [euLIOU 3 4q
sau g¢g 18 patoedurr usym ‘a1e1d dn-3oBq 9 1-1909[V HOIy3 W G & Aq pauoddns eurnye ¢/6 XOTH J0NEW

(SOuiw) ewil
Dm, b ool 0s

m) wawsiedsip aeic dojieq - s

(m) wewale|dsip aieyd dnjpeq Xew -

() wawale)ds\p 2Ieja Jwedsasfoad _

(SoiW) awiy
o5t o0t 0%

| OoL0

.wD.‘o
Feoc’0
roL'o
reL'o

vL'Q

[FS00°
FoLD"
Fsio”
020"

Fsao"

Lseo-

(+ 00X} uiens jepeld

(W) .m pue m ‘x asuodsaJ

(Soudlw) aw)

(apm} suaojan awe)d dmipeg c——

(IOpX) ALI0[EA @3ejiail) Jwedsd/odd — — -

(") Aua0|an pua-~dead ajwiarosd JR——
(Sauiw) BwiL

os1 ool 05 PH]
3 -t : ° i
<
a
- o
)
E <
bz 3 ~
o <
a %
Le g
T -
[}
L, & b
g a
o €
rs n g
siex 3 3
® R 2
S/W 8£8  : ALIDDIEN TWILIUL 3TLI3F0Ud
J {1t .
(Soutw) autl pou 13215 ww 09 37LI3ratd
o5t 00} 0s
i 2 f coo"
uw 0's SSIUNIIHL JLETd dN-XDH8
o000
aL-1908 W WIHBLBU 3LB7d dN-X0B8
200"
uuw 06 SSIWHDIHL Jube3)
rcoots T
3 (£46 x0liH) €027 ¢ WWIHILBU SUIDYS DIUBH3D
Fvoo” .n__.
2
Fsoo'o g
2
n
reco'o v
2 |18pau asuodsay onowuy wbBiamubin Jndieus
| &
B i




180

"(9'9 = /1) 3mosload pox pas Suof s £q
s/ g¢g 18 paroedurr uoym “aerd dn-yoeq 9 1-1909[V JonR unu ¢ e 4G pauroddns eurune ¢/ 6 XO[E J0NBW
UBSIOW YOIy} WU 6 JO INOULIE UE JO0] SSLIOISIY Urens pue 2mssaid ‘sanooa ‘stuswaoedsp ‘ssew paindwon Z1°g am3ny

(nopm) Avioian a1eicd doyien . ———
(10pX]} Aulcian alejusiul Jwess/foud -

"] Audoan pua-Jesy ayLalodd —

(S0uTlw) 3wty (50udiu) Bwi] (50uiw) awi|
051 001 05 " 051 ool 0s o5} 004 05
i 1 A 00°0 1 i il o H ) A 0
<
- 2
Fa0°0 Ly o
a
00z =
(4N 5 <
b2 3 -
00 @ 1 m
g 3 roor @
o ] q
. - 2 [od
800 8
n H ¥
3 R 3
FoL'o o 5 - 009
3 L m
Fero ¥ [s » 3
=] B+*x J -
.- L by [ oo
Frie o - 9 w_ FN,
(m) wawazeidsip awe)d dnjaeq — -
(m wswaledsip 2i1e)d dmjzeq "xew ——
(x) wawaledsip sxejiawn Jwedazfaud e o S/U 8€8 1 ALIDOTEA WILILL 3TNLISCDHL
Souw) aw; Saudw) aw
¢ W) awiy t 1wy uig pOJ 13315 ww 95 ¢ 371L33roud
051 001 05 [ 0ot 05
- L = o000 L L - 0000
wWu 0°S ©  SS3UMIIHL 3LH1d dN-XlBe
[soo 0 Fioo'0
91-1809 W WIE3LIBY 31904 SN-¥IBE
-
Fooo @ f200°0
g wyw o5 SSIUMDIHL JIUWbu3D
Fsioo @ bcoo'o B
L 3 (£¢6 xONH) g02TW THIUILEW 9UIDbE Jwsa3D
Fozo'o X Froo'a §
€ =
5 U L o
s20°0 Y 500°0 5
8 i
Loco: E n
oto'o E 900’0 = 18pouw asuodsatl Jnowdy WEBMUEIT Jj1A|euY
SED'0 g 000 ©
Facovo 8 oo & o foin
-~y




181

As was discussed in section 4.3.2, shocking ceramics above the HEL (Hugoniot
Elastic Limit) will introduce an extensive amount of microfracture to the material. The
extend and depth of this shocked region depends on the diameter of the (blunt)
projectile. Hence with low L/D ratio projectiles a much larger amount of ceramic in
front of the projectile experiences a peak shock stress above HEL and is damaged. As a
result the low 1/D projectile may start to penetrate the armour earlier in time and with
more ease. In the ALARM model, the ceramic fracturing process is assumed to be
independent of the projectile geometry. In addition, the ceramic’s resistance to
penetration is assumed to be insensitive to the additional microfracture induced to the
ceramic by a projectile geometry dependent shock wave. For short projectiles, this may
result in an over-estimation of the projectile’s erosion and a too slow penetration of
the rod. This inevitably results in incorrect predictions, as some experiments confirm.

8.6. Conclusions

The presented results show the capabilities of the ALARM model. The model can be
used to help design armour systems especially when the emphasis is placed on the
back-up plate build-up and back-up plate related properties. It shows the probable
mechanisms used by the armour to defeat high and low strength projectiles.

The computations show that the lightest armour (composed of a Morgan Matroc
Hilox 973 alumina facing and an aluminium 6061-T6 back-up plate), capable of
defeating the steel rod projectile at a velocity of 840 m/s consists of an 8 mm thick
facing backed by a 5 mm thick back-up plate at an areal density of 44.0 kg/m2. The
soft rod projectile is defeated by an armour composed of a 9 mm thick facing backed
by a 3.5 mm thick back-up plate at an areal density of 43.7 kg/m2.

However, when other back-up plate materials are taken into consideration, armour
performance can be improved further. Depending on the armour configuration,
simulations show other aluminium alloys, such as 2024-T4 and 7075-T6, to
perform better.

For as long as projectile geometry induced shock wave effects do not alter the length
and appearance of the initial break-up process of the ceramic facing, the ALARM
model can be used for projectile optimization studies as well. This is illustrated by the
examples in section 8.5 showing a significant decrease of the armour’s ballistic limit
velocity when it is impacted by a projectile with an increased length-over-diameter
ratio.

The design of new projectiles, such as SLAP (Saboted Light Armour Penetrating)
projectiles, indeed show a tendency toward a high 1L/D ratio to improve performance
against modern armours.
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9. CONCLUSION

A combination of theoretical and experimental work on impact of projectiles onto
ceramic faced armours has been presented in this thesis. The theoretical work was
directed towards the development of a simple penetration model whereas the
experimental work was intended to increase understanding and knowledge of the
phenomena and mechanisms governing the impact event.

9.1. The ALARM model

The theoretical work has resulted in the development of the ALARM model. This
one-dimensional analytic penetration model simulates the response to the impact
event of both the projectile and armour.

The model allows the projectile to erode mass, to mushroom or to be rigid from the
moment of impact onwards. It is assumed that the ceramic facing of the armour
starts to fracture directly after the moment of impact. This fracturing process results in
the formation of the ceramic fracture conoid. During this fracturing process it is
assumed that the armour presents an impenetrable barrier to the projectile. In the
model most emphasis is placed upon the interaction between the ceramic and the
back-up plate and the response of the back-up plate itself, after the ceramic fracture
conoid has been formed. It was assumed that as the projectile penetrates the ceramic
facing, the impact load is distributed over an increasingly smaller area of back-up plate.
The response of the armour to the impact event is simulated by four deformation
models; the initial armour response model, the shear deformation model, the plug
shearing model and the membrane deformation model. These models use a
simplified, rigid-perfectly plastic, circular symmetric approach to structural deformation
of the back-up plate. The back-up plate is allowed to fail by either one of two modes,
e.g. plug shearing or strain failure. The penetration resistance experienced by the
projectile as it penetrates the comminuted ceramic is expressed in terms of an empirical
expression. The constants in this expression have to be obtained from a tuning-
procedure by matching experimental and calculated ballistic limit velocities. The model
also requires a number of other input parameters which have to be obtained from
ballistic experiments with reference armours as well. The fracture conoid angle forms
an example of such a parameter. Hence, in order to be able to perform penetration
calculations, the results of a few ballistic experiments with reference armours, composed
of the same materials, have to be available.

The comparison of the ballistic limit velocities calculated with ALARM and various
other models and the experimental data supplied by Wilkins indicated that the
ALARM model once tuned predicted the experimental data best. However, the
comparison has shown that the calculated results may strongly deviate from the
experimental values when the back-up plate thickness exceeds the thickness of the
ceramic facing.
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The comparison of the model simulations with the experimental results obtained for
steel rod projectile impact onto armours of alumina supported by aluminium have
shown that the computed ballistic limit velocities and associated back-up plate failure
modes match the experimental results. For impacts below the armour’s ballistic limit
velocity, the calculated projectile and armour deformation profiles match the
experimental evidence fairly well. The back-up plate responses are somewhat slow
whereas the armour penetration is slightly over-predicted by the model. For impacts
above the ballistic limit velocity that cause plug shearing, the model calculates that the
shearing occurs much later in time than was observed experimentally.

The various comparisons of measured and calculated details of the penetration
processes showed that the model can reproduce the effects of limited variations of
projectile and armour geometry and properties about a reference armour, and thus can
present the user with the tendencies and the characteristic phenomena associated with
specific impact events.

The model’s ability to be used for armour optimization studies was illustrated by a
number of examples. The model is also capable of predicting the influence on the
ballistic performance of limited variations in projectile geometry and material
composition. However, the examples show that one should apply care to ensure that
the variation of armour and projectile geometry and properties do not affect
mechanisms which were assumed invariant in the model.

9.2. The impact experiments

The experimental work was started with the development of a novel experimental
technique using flash radiography to visualize and study the penetration process of
projectiles in ceramic faced armours. The unique feature of this technique is that it
allows the use of armour panels with large lateral dimensions, and thus prevents the
penetration process to be influenced by (unwanted) boundary effects. The flash
radiographs produced with this technique proved to be very valuable.

The series of radiographs showing blunt steel rod projectiles impact ceramic faced
armours with four types of back-up plates at velocities above and below the ballistic
limit velocities resulted in an improved understanding of the penetration mechanisms.
The results show that the blunt projectile is not able to penetrate the ceramic material
directly underneath the point of impact, quite contrary to the expectations based on
Wilkins” work. The rods were seen to shorten and erode for a long period of time
(> 40 ps), and did not break-up into a limited number of fragments during impact.
Fringes of projectile material are seen moving radially away from the impact area at a
velocity slightly below the projectile’s impact velocity. The remaining recovered rod
shanks showed little plastic deformation.

The ceramic facings were found to fracture and a so-called fracture conoid was formed
as was expected from literature. This fracture conoid spreads the high impact load over
a larger section of the supporting back-up plate. A few radiographs actually show the
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conoid cracks opened during impact. The recovered armours indicated that the fracture
conoids had a (half) top-angle of approximately 65°. The fracture conoids recovered
had largely deteriorated to the shape of a cylindrical plug with a diameter
approximately equal to that of the impacting projectile. Some segments of fracture
conoids showed details of overlying conoid-like fractures. Their slopes, similar to those
of the conoid cracks, seem to indicate that these fractures originate from the ceramic’s
back-face. The height of the cylindrical plugs was found to be approximately equal to
the thickness of the facing and thus confirmed the experimental data from the
radiographs that showed the projectile practically unable to penetrate the ceramic.

From the experiments a deeper understanding of the ceramic’s behaviour has emerged
which deviates from the perception of the ceramic/back-up plate interaction process
obtained from literature. On the basis of this understanding, the following
phenomenological description of events that lead to the deterioration of the fracture
conoid is proposed.

At some time early after impact, the Hertzian conoid cracks intersect the back-up plate
and thereby complete the formation of the fracture conoid. The high impact load then
accelerates the fracture conoid and the underlying back-up plate. The back-up plate
deforms correspondingly and introduces high stresses near the edges of the fracture
conoid’s base. The relatively low tensile strength of the ceramic results in conoid-like
cracks growing opposite to the direction of impact and towards the axis of impact.
During this process, relatively thin “conoid-shell elements” are formed, which due to
their constraint to follow the back-up plate’s deformation, introduce a high shear load
on the periphery of the ceramic material in front of the impacting projectile. When the
lateral confinement of the “conoid-shell elements” is sufficient, shear failure around
this periphery occurs. Hence, during penetration the fracture conoid deteriorates and
the impact load is spread over a smaller area of back-up plate. This process may repeat
itself, depending on the loading and the response of the back-up plate and ends when
a ceramic plug has formed with approximately the same diameter as the projectile.

In some series of experiments at velocities above the ballistic limit, the back-up plate
deformation profiles indicated that the impact load was concentrated quickly (<20 ps)
over a very small area of the back-up plate. Hence, the fracture conoid must have lost
its ability to distribute the high impact load over a large area of back-up plate soon
after impact. Although it appeared that the ceramic facing experienced a dramatic
change of behaviour when impacted at these higher velocities, its behaviour can be
explained completely by the phenomenological description of events presented above.
The increased impact velocity results in a higher loading on the back-up plate.
However, the increase of loading is most likely such that at some radius of the back-
up plate significant local shear deformation results. This causes the fracture conoid to
deteriorate as described above. As a consequence, the already too high loading is now
distributed over an even smaller area of the back-up plate, which immediately causes
more back-up plate shear deformation and fracture conoid deterioration. The unstable
nature of this process results in the catastrophic loss of load-distributing capabilities of
the ceramic facing and the fast concentration of the impact load on a small area of
back-up plate, as was observed experimentally.
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This description of events is very valuable, as it extends the knowledge and
understanding of the (catastrophic) deterioration process of the ceramic fracture
conoid and the loading process on the back-up plate during the structural response of
the armour.

The measured back-up plate responses and the recovered back-up plates allowed the
influence of some back-up plate material properties on the armour’s structural response
and performance to be assessed and clarified. The large difference in ballistic limit
velocity (~100 m/s) for armours with single and two-layer back-up plates, as
suggested by Wilkins (1968; Laible, 1980) was not witnessed with the blunt rod
projectile experiments.

A significant amount of experimental work on ceramic faced armours presented in
literature is conducted with standard 7.62 mm projectiles. The experimental work with
these projectiles is often limited to the determination of ballistic limit velocities and the
analyses of the recovered projectile and armour fragments. The series of flash
radiographs presented in this thesis reveal the projectile/armour interaction processes of
these standard projectiles during impact on ceramic faced armours.

The radiographs of the experiments with the 7.62 mm AP (hard-core) projectile
impacting armours of 8.1 mm alumina supported by 6.0 mm aluminium at muzzle
velocity (841 m/s) showed that the projectile is capable of penetrating a limited
thickness of the ceramic facing only. The projectile is seen to shorten for some 35 to
40 ps. It does not seem to break-up into a number of large fragments. The lead part
in the rear-section of the projectile bulges around the remainder of the steel core. At
35 us after impact, the ogive-nosed projectile has been reduced to the approximate
shape of a ball with a 10 mm diameter. The recovered back-up plates showed that the
projectile was unable to perforate the armour.

The 7.62 mm (soft-core) ball projectile is also defeated by this armour when it
impacts at 829 m/s. This projectile was seen to act by transferring an impulse to the
armour. In approximately 38 ps the projectile is completely eroded. Projectile material
is seen to move into two directions, along the front surface of the armour and into
the conoid cracks. Eventually the projectile material reaches the ceramic/back-up plate
interface and continues its path between both materials. These experimental
observations confirm the behaviour postulated by Prior (1987) for ball projectile
impact on ceramic-composite armours.

The back-up plates were seen to respond similar to impact of the hard-core (steel,
R = 60) and soft-core (lead) projectiles. Hence, the ceramic faced armour experiences
both projectiles as being “soft”. These observations imply that one has to apply
extreme care when considering a projectile’s core as the only effective part of the
penetrator when designing projectile simulators or simulating impact on ceramic faced
armours.

The 7.62 mm AP projectile was also defeated by the ceramic faced armour with the
two-layer back-up plate when it impacted at muzzle velocity. As with the steel rod
experiments, the recovered back-up plates did not indicate a large difference between the
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ballistic limit velocities of the armours with the single and the two-layer back-up plates.
During the first 25 us, the armour responds as if it had a single layer back-up plate.
After this period, the high flexibility of this armour results in a faster armour
penetration and deformation than observed with the armour with the single layer back-
up plate. These observations suggest that inertial effects dominate over strength
properties early in the impact process.

The comparison of the experimental results obtained for the 7.62 mm AP projectile
and the steel rod projectile impacts shows that the projectile/armour interaction
processes are very much alike, Hence, the steel rod is a far more efficient penetrator
than the 7.62 mm armour piercing projectile. It is capable to inflict the same amount
of damage to the armour as the armour piercing projectile using 36 per cent less mass
(and kinetic energy). The good performance of the steel rod is mainly contributed to
its blunt nose-shape.

9.3. Recommendations for future theoretical and experimental work

The improved understanding of the impact process and the comparison of the
experimental results with the calculations by the model have indicated a number of
areas where the analytic model can be improved.

The modification of the projectile/armour interaction mechanism used in the
penetration model to match the mechanism observed experimentally is expected to
improve the model’s performance. The model may be improved also by the use of a
more comprehensive model for the initial phase (the first few microseconds) of the
impact process. In addition, the evaluation of the back-up plate responses have
indicated that a more elaborate two-dimensional (elastic-plastic) back-up plate
deformation model can be expected to match the experimentally observed
deformations better.

Balancing the necessary efforts to implement these improvements with the expected
increased accuracy of the end-result, as done in section 5.6, has resulted in the belief
that the most efficient improvement is expected to come from the inclusion of the
catastrophic loss of the ceramic’s load distribution capabilities to the model. This will
significantly improve the match between the experimental and calculated armour
response for impacts above the ballistic limit velocity.

In order to further improve and verify the understanding of the penetration
mechanisms and validation of the ALARM model, additional experimental data is
necessary. These experiments should include other ceramic facing and back-up plate
materials. The effects of projectile geometry (I/D ratio), nose-shape and material
composition should also be included in such an experimental study.

In order to study the ceramic fracturing process and the events that lead to the
catastrophic loss of load distribution capabilities of the ceramic facing in more detail,
experiments need to be conducted using instrumentation techniques that allow a more
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accurate measurement of the first 16 us of the projectile/armour interaction process
than was presented here.

9.4. Summary
In summary, the main achievements of the work presented in this thesis are:

- An analytic penetration model has been developed which can be used to study the
influence of limited variations of projectile and armour geometry and composition
on the ballistic performance. As such it can be used to predict tendencies and carry
out optimization studies. In addition it presents the user with details on the
projectile/armour interaction processes which are very helpful to increase
understanding and analyse experimental observations.

A new experimental technique using flash radiography was developed to study the
projectile/armour interaction process throughout the penetration event. The unique
feature of this technique is that it does not require that the lateral dimensions of the
armour panels used be reduced to such an extent that boundary effects can influence
the penetration process.

A large number of experiments were conducted with steel rod projectiles and
7.62 mm AP and ball projectiles impacting ceramic faced armours with four different
types of back-up plates at velocities below and above the ballistic limit. The resulting
series of radiographs show details of the projectile/armour interaction process
throughout the event.

- The experimental results have resulted in an improved understanding of:

1) the ceramic’s behaviour and function,

2) the back-up plate’s behaviour and function,

3) the influence of variations of back-up plate thickness and composition on the
armour’s performance, and

4) the behaviour of the 7.62 mm armour piercing projectile, the 7.62 mm ball
projectile and the steel rod projectile during high velocity impact.

The experimental data presented and the associated improved understanding of the
projectile/armour interaction process represents a significant contribution to the
knowledge base on impact on ceramic faced armours.

The improved understanding of the impact event and the comparisons between the
model predictions and the experimental results have resulted in the identification of
a number of areas within the penetration model where the description used may be
improved. On the basis of this information, recommendations for modifications to
the model are proposed.
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SUMMARY

Ceramic faced armours can, when properly designed, significantly reduce the weight of
classical ballistic protection as used for instance in armoured vehicles. This thesis
presents a combination of theoretical and experimental work on the principal processes
that give these armours their enormous protective properties.

The theoretical work described in this thesis has resulted in the development of a one-
dimensional penetration model which simulates the response to the impact event of
the projectile and the armour in an approximate manner. The penetration model
accounts for: 1) mass erosion, mushrooming and rigid body behaviour of the
projectile; 2) drag, confinement and bulking (dilatation) of the ceramic facing;
3) bending, shearing and stretching of the back-up plate.

The various comparisons of measured and calculated details of the penetration
processes have shown that the model can reproduce the effects of variations of
projectile and armour geometry and properties about a reference projectile and armour.
Hence, the information on the characteristic phenomena associated with a specific
impact event generated by the model presents the user with guide-lines for armour and
projectile design optimization.

The experimental work was directed towards increasing the knowledge base and
understanding of the mechanisms governing penetration into ceramic faced armours.
For this purpose a novel experimental technique was developed that used flash
radiography from several angles to visualize the projectile/armour interaction process at
discrete moments in time throughout the impact event. The unique feature of this
technique is that it does not require that the lateral dimensions of the armour panels
used be reduced to such an extend that (unwanted) boundary effects influence the
penetration process. This technique was used to visualize and study the
projectile/armour interaction process of steel rod projectiles impacting
alumina/aluminium armours. The effects of four different types of back-up plates and
velocities above and below the armour’s ballistic limit were investigated. The
penetration processes of the 7.62 mm AP and 7.62 mm ball projectiles, which are
often used in experiments with ceramic armours, were also visualized, analysed and
discussed.

These experiments have resulted in an improved understanding of the
projectile/armour and ceramic/back-up plate interaction mechanisms. On the basis of
this understanding, a new phenomenological description of events that lead to the
deterioration of the ceramic fracture conoid and the associated impact load
concentration is proposed.

The improved understanding of the impact event, and the comparisons between the
model predictions and the experimental results have also resulted in the identification
of 2 number of areas within the penetration model where the description used may be
improved. On the basis of this information, recommendations for modifications to
the model are proposed. In order to further improve and extend the understanding of
the projectile/armour interaction processes, and to aid the modelling efforts,
recommendations for future experimental research are presented as well.
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SAMENVATTING (summary in Dutch)

Keramische lichtgewichtpantsers kunnen wanneer zij goed ontworpen zijn, het gewicht
van de ballistische bescherming zoals gebruikt in gepantserde voertuigen sterk verlagen.
Dit proefschrift presenteert een combinatie van theoretisch en experimenteel onderzoek
naar de voornaamste processen die deze pantsers hun bijzondere beschermende
eigenschappen geven.

Het in dit proefschrift beschreven theoretische werk heeft geresulteerd in de
ontwikkeling van een één-dimensionaal penetratiemodel, dat het gedrag van het
projectiel en het pantser na inslag op een benaderende wijze beschrijft.

Het penetratiemodel houdt rekening met: 1) massa-erosie, paddestoelvorming en star-
lichaamgedrag van het projectiel; 2) weerstand, opsluiting en uitzetting (dilatatie) van
de keramische toplaag; 3) buiging, afschuiving en rek van de achterlaag.

De vele vergelijkingen tussen gemeten en berekende details van de penetratieprocessen
hebben laten zien dat het model in staat is om de invloed van variaties van de
geometrie en eigenschappen van zowel het projectiel als het pantser om een
referentiesituatie te reproduceren. De aldus door het model gegenereerde informatie
met betrekking tot de bij het inslagfenomeen behorende karakteristieke verschijnselen
kan ook door de ontwerper gebruikt worden om de richting te bepalen waarlangs de
optimalisatie van projectiel of pantser het meest succesvol zal zijn.

Het experimentele onderzoek was gericht op het uitbreiden van de kennis en het begrip
van de mechanismen die het penetratieproces in keramische lichtgewichtpantsers
beheersen. Voor dit doel werd een nieuwe experimenteertechniek ontwikkeld die gebruik
maakt van rontgenflitsfotografie uit verschillende richtingen om het projectiel/pantser
interactieproces op discrete momenten in de tijd te visualiseren. Het bijzondere van
deze techniek ligt in het feit dat de (zijdelingse) afmetingen van het pantser niet
zodanig aangepast moeten worden, dat ongewenste randverschijnselen het
penetratieproces kunnen beinvloeden.

Deze techniek werd gebruikt om het penetratieproces van eenvoudige stalen staaf-
projectielen in aluminiumoxyde/aluminium pantsers te visualiseren en te bestuderen.
Zowel de invloed van vier verschillende achterlagen als van inslagsnelheden boven en
onder de ballistische limietsnelheid van het pantser werden bestudeerd.

De penetratieprocessen van de veel gebruikte 7.62 mm AP (pantserdoorborende) en
7.62 mm ball projectielen zijn ook gevisualiseerd, bestudeerd en beschreven.

De experimenten hebben geresulteerd in een verbeterd begrip van de interactie-
mechanismen tussen projectiel/pantser en toplaag/achterlaag. Op basis hiervan is een
nieuwe fenomenologische beschrijving van het proces voorgesteld dat leidt tot de
afbrokkeling van de keramiekkegel en inslag-belastingconcentratie op de achterlaag.

Het verbeterde begrip van het penetratieproces en de vergelijkingen tussen de
modelberekeningen en de experimentele resultaten, hebben geleid tot de identificatie van
een aantal plaatsen waar de gebruikte modelbeschrijving zou kunnen worden verbeterd.
Uitgaande van deze informatie worden aanbevelingen voor modificaties aan het model
voorgesteld. Teneinde het begrip van de projectiel/pantser interactieprocessen verder te
verbeteren en te verbreden en het modelleerproces te ondersteunen zijn ook
aanbevelingen voor experimenteel onderzoek opgesteld.
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