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Summary This paper presents u new analytical model Jdeveloped to simulate ballistic impact of
projectiles on ceramicymetal add-on armours, The model 15 based on Tate and Alekscevskil's
equation for the projectile penctration into the ceramic tle, whilst the response of the metallic
backing is modelled [ollowing the ideas of Woodward's and den Reijer’s models. The result is a Tully
new analytical model that has been checked with data of residual mass and residual veloeity of real
fire tests of medium cahiber projectiles en ceramic/metal add-on armours. Agreement observed
between experimental und analytical results confirmed the validity of the model. Therefore. the
model developed can be a uselul ool Tor opumisanion of ceramic/metal armour design.

NOTATION
Diz) prajectile diameter
D, cquivalent projectile diameter
E: kinetic energy ol the effective zone ol back-up plate
£, buck-up plate plastic work
fs ceramic/back-up plate interface pressure
hi, equivalent back-up plate thickness (ballistic equivalence rule)
h. equivalent ceramic thickness after the ceramic fragmentation (ballistic equivalence rule)
I, back-up plate thickness
Iy, actual back-up plate thickness along the line of impact
i, ceramie tile thickness
B actual ceramic conoid thickness
L projectile length
Lei equivalent projectile length
Es actual projectile length
M, mass of the effective zone of hack-up plae
M, actual projectile mass
. ceramic conod momentum
R radius ol the eflective zone of buck-up plate
R, rachius of the ceramic conoid base
R, target penctration strength (Tate Alekseevskii model)
Szials distance travelled by radial cracks
Livosid ceramic tile break-up time
T work done on the back-up plate
! tine
" penetration velocity
Hiong ceramic’s longitudinal elastic wave velocity
Uphase 1 penetration velocity at end of ceramic fragmentation phase
r prajectile velocity
Bl ceramic’s radial fracture wave velocity
i projectile limit velocity for penetration (Tate Alckseevskii model)
" back-up plate velocity
; projectile/ceramic interface position
Y, back-up plate dynamic yield stress
Y. ceramic penetration strength (Tate Alekscevskn model)
Yo intuct ceramic penetration strength (Tate Alekseevskii model)
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¥ projectile strength (Tate- Alekseevskii model)

] ceramic conoid half-angle

h central back-up plate deformation
i oblique impact angle (NATO)

TH back-up plate density

fe ceramic density

P projectile density

4 armour density

INTRODUCTION

Lightweight ceramic/metal armours designing is a quite complex task for which three
different approaches might be followed: the empirical method. numerical simulation and
analytical modelling. The empirical method 1s the most widely used, taken into account the
difficulty of the analysis of such problems. It provides the highest accuracy but it has the
disadvantage of being valid exclusively lor the definite mussile target system on hand.
Semi-empirical techniques are usually developed in parallel. matching the experimental
results, and can be used to extrapolate the results to other systems. Such techniques are not
useful for a better understanding ol the physical phenomena taking place during the
penetration process. Numerical modelling derives a full solution of the penetration process
by solving the whole set of differential equations of the mechanics of continuous media. The
main advantage of this approach is the wider information provided which enables a betier
understanding of the process and it is quite valuable for an improved design of the armour.
The accuracy ol such codes is mainly dependent upon the definite constitutive equations
used to represent the behaviour of each individual material. The relatively large CPU time
required for a single simulation is a shortcoming for the utilisation of this approach as an
armour design tool.

Finally, the third approach is the development of simple analytical models by assuming
some hypotheses which simplify the actual mechanisms of the penetration process. Material
description is simplified by using simple equations and a few material parameters easily
obtained by experimentation. The main advantage of this approach is that it provides the
solution of a definite missile target system in a few seconds with a personal computer, thus
permitting the analysis of many different systems in a very short time. Disadvantages come
from the lower accuracy of such models compared to full numerical simulation.

Up to now only three analytical models aiming 1o simulate the penetration process on
ceramic/metal armours have been fully developed [1-3]. Recently. another analytical model
has been proposed by Walker and Anderson, but it is not yet fully developed [4]. All these
models are one-dimensional and they analyse only the normal impact of a metallic
projectile. In Florence's model, a global energy balance is proposed leading to the deriva-
tion of the ballistic speed limit. The more recent models by Woodward and den Reyer
propose a set of equations governing the main physical mechanisms taking part during the
penetration process. However. the deformation pattern of the target assumed by the three
former models is identical. All the previously cited authors assume that a conoid of
comminuted ceramic with a semiangle of about 65" is developed which pushes forward
a circular area ol the metallic plate with dimensions equal or greater than that of the base of
the ceramic conoid (Fig. 1).

With such hypothesis the force exerted by the projectile on the target s distributed over
a circular arca of the metal plate. which i1s much greater than the projectile section, so that
both the inertia and the resisting force of the metal plate are quite high. Results achieved
with these models are fairly accurate for the impact simulation of low caliber projectiles
such as the 7.62 AP. However, when the previously mentioned models are used for the
simulation of the impact behaviour of medium caliber projectiles, analytic results show
a poor agreement with experimental data. as can be shown in Fig. 2. where residual
velocities obtained by using Woodward’s and den Reijer’s models are compared to actual
firing tests results performed by Empresa Nacional Santa Barbara with 20 mm APDS
projectiles [5]. Therefore, these analytical models predict a higher resistance of the armour
than what is actually observed.
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Fig. 1. Deformation pattern of the target in Florence. Woodward and den Resjer models.
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Fig. 2. Analyvtical and experimental results of impact residual velocities of 20 APDS prejectiles onto
aluminag 99.5% aluminium alloy (3053 and 6082) targels.

Fig. 3. X-ray shadowgraph of the impact of 25 mm APDS projectile on alumina/aluminium target.

Medium caliber projectiles (20 mm APDS, 25 mm APDS, 30 mm APDS) include a core
of high-density material such as tungsten and have higher muzzle velocities than those of
low caliber projectiles. The penetration velocity is therefore much higher and the damage in
the armour is more localised around the impact zone. X-ray shadowgraphs taken during the
impact of 20 mm APDS projectiles on ceramic/metal targets [6] showed that the deforma-
tion ol the metal plate is much more localised than it was assumed by former analytical
models (Fig. 3).

ANALYTICAL MODEL PROPOSED

The model proposed was first developed to simulate normal impact of medium caliber
projectiles on lightweight ceramic/metal armours [7] and its validity has been checked by



comparing analytical predictions to experimental results of different ceramic/metal armours
impacted by different low and medium caliber projectiles [8]. A more refined version of the
model is presented here, aiming to simulate both normal and oblique impact of low and
medium caliber projectiles.

Muodelling the projectile behaviour

Mushrooming has been discarded in the analytical description of the projectile, thus only
projectile erosion has been included in the model as well as rigid behaviour when erosion is
negligible. As can be seen in the picture shown in Fig. 4, a 20 mm APDS projectile fired
against alumina/aluminium armour shows very little mushrooming. A similar behaviour
has been reported by Mayscless et al. [9] for steel projectiles at different impact velocities.

For erosion description, the equation proposed by Tate [10] and Alekseevskii [11] has
been chosen. 1t is similar to those used by Woodward and den Reijer. including a first term
representing the material strength and a second one representing a hydrodynamic pressure.
It has the advantage of being used by many researchers. who determined the values of the
parameters ol the equation fitting better the experimental behaviour, Although Tate and
Alekseevskii's model was first developed for metallic armours, many authors (Sternberg
[ 12]. Rosenberg et wl. [13]. Hauver e al. [ 14]. Hohler et al. [ 15]. Ernst et al. [ 16]) have used
it with advanced ceramics.

The equations of the model are

4 Pplt — u? =R, + 3 Py u, (1)
dL
a[— o - “- ..... “) {2]
de Y
— = - (3)
dt ppL

where Y, is the dynamic strength of projectile material, R, is the penetration strength of the
target. p, and p, are the densities of projectile and target, respectively, L the actual length of
the projectile, ¢ its velocity and « the penetration speed. Projectile behaviour is assumed to
be rigid-perfectly plastic; thus the projectile 1s assumed to be undeformed except for a small
zone near the projectile tip which is assumed to be plastic, and will then immediately be

Fig. 4. A picture illustrating « 20 APDS projectile before (left) and after (right) perforating a
ceramic metal target.



eroded. Such hypothesis is reasonable because the elastic energy stored in the projectile is
negligible compared to the energy dissipated in plastic deformation and erosion.

When the projectile velocity has been sufficiently reduced. the pressure on its tip is not
able to erode the projectile, therefore it will behave thereafter as a rigid body. Linear
momentum equation in that case is

de R +3p 0°
=R (4)
dt Py L

Tate--Alekseevskii model considers an ideal projectile with perfect cylindrical shape,
however actual projectiles usually have ogival or conical nose and a cylindrical body.
Therefore. for noncylindrical projectiles, equivalent diameter and length have been deter-
mined, so that Tate-Alekseevskii model could be used with such projectiles. Equivalent
diameter D, has been computed by weighting each differential clement of the projectile
with its diameter. according to the following expression:

_J& DY2)dz

s, (5)
|or D*(z)dz

By
where L, is the actual length of the projectile and D(z) the diameter for position =
Equivalent length L, is finally determined by equating to the actual mass of the projectile:

aM,

L = 3 £-)
tDp,

(|

(6)

where M is the projectile mass.

Modelling the conoid of comminuted ceramic

Fragmentation of the ceramic tile. One of the most important stages in the response of the
ceramic lile under impact is the initial phase immediately after the contact with the
projectile. During the first microseconds. a stress wave starts propagation from the impact
surface, producing in the material a cracking front advancing in the impact direction. This
front produces cracks well described in the literature [ 17] called circumferential and conical
cracks. These cracks are generated by tensile stress waves propagating from the border of
the impact area. Also in the vicinity of the projectile-ceramic interface, a volume (Mescall
zone) may develop where the ceramic 1s pulverised because the contact pressure is higher
than the compressive strength of the material. When the compressive wave reaches the rear
surface of the tile, tensile circumferential stresses are generated which will propagate
upwards.

Ceramic fragmentation is a continuous event taking place during the whole penetration
process. However, several authors [ 18, 3] assume that fragmentation occurring during the
first instants after impact is the most relevant on the decrease of ceramic strength. Crack
generation, as described above. permits the motion of small fragments. making projectile
penetration casier. Den Reijer proposes to build up a conoid of fragmented ceramic and to
assume lower mechanical properties for the material inside the conoid than those of the
intact ceramic. The time necessary to accomplish this stage is that required by different
cracking [ronts to go through the ceramic tile at an assumed constant speed.

Assuming that the conoid is fully fragmented when radial cracks generated at the rear
surface ol the tile reach the front face and also assuming that cracks are produced when
compressive waves have travelled through the tile thickness. the time required to finish the
first stage is

h. h,.
+—

(7)
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where h, is the ceramic tile thickness, u,,, the speed of the longitudinal stress waves and
Uerack the speed of radial cracks propagation. In order to fit the values quoted by Wilkins



[18] about the duration of the first phase. den Reijer assumes a value of v, equal 1o
one-fifth the value of uy,,.. During this first stage, ceramic strength is the highest one since
the tile is not yet fully cracked and the back-up metallic plate is sull undeformed avoiding
fragment motion. Therefore. den Reijer [3] assumes that the armour cannot be penetrated
by the projectile during this stage.

For steel projectiles and impact velocities below about 800 m/s. experimental results of
Wilkins and den Reijer show that the ceramic tile is not penetrated by the projectile during
the first stage. but such conclusion cannot be sustained for tungsten projectiles and impact
velocities around 1200 m/s. Hydrocode simulations of two impacts have been performed.
projectiles being similar to 20 mm APDS but with different materials and impact velocitics.
The armour is a 20 mm thick 99.5% purity alumina backed by 15 mm thick 5083 alumi-
nium alloy. Ceramic material has been simulated by using the constitutive equation
proposed by Cortés et al. [197]. For the first case analysed. a steel projectile at 800 m/s wus
considered, whilst in the second one. tungsten projectile impacting at 1250 m/s was con-
sidered. As can be scen in Fig. 5, after 12 ps [approximate duration of the first stage
according to Egn (7)] penetration is negligible (less than 1 mm) in the first casce and it is
quite noticeable in the second one (about 5 mm).

Tate-Alekseevskir's equation leads to the same conclusion. The following equation

Y. =T
(Y- Y, -

Uiim =
\; pp

gives limit velocity for penetration into the armour, Y, being the strength of intact ceramic.
Il appropriate values of parameters are introduced into Eqn (8) to simulate the impact
processes analysed by Wilkins and den Reijer, for differences in ceramic and projectile
strengths greater than 2.5 GPa no penetration will be observed. Such condition is widely
fulfilled according to observations made by Rosenberg et al. [13]. Hauver et al. [14] and
Hohler et al. [15]: in all cases strength measurements for different kinds of alumina provide
average values over 5 GPa. and even greater values for the first stage of the impact process.
However, when tungsten medium caliber projectiles are utilised, strength differences had 1o
be as high as 14 GPa to avoid any initial penetration. Obviously. such condition is then very
difficult to fulfill and therefore we can conclude that for medium caliber projectiles ({tungsten
core and speeds over about 1000 m/s). a significant penetration may be obscrved beflore
ceramic fragmentation.

Therefore, in the model proposed. even with intact ceramic, Tate Alekseevskii's equii-
tions [Eqns (1) (3)] are used to determine the penetration speed «. When the value obtained
is negative. we assume that the projectile is unable to penetrate the intact ceramic, the
penctration speed i is then taken as zero. If the penetration speed derived s positive, the
time to finish the first stage must be changed. because the projectile tip will meet the
cruacking front before its arrival at the Iront surface. That means that projectile tip and

metallic plate
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—

Fig. 5. Impact of 12 mm dumeter, 31.5 mm length projectile against a 20 mm alumina 99.5. 15 mm
S083 alummium alloy targetl. Solid contours at 12 ps after initial contact. Left: steel projectile at
ROO ms. Right: tungsten projectile at 1250 mos.
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Fig. 6. Mecung of projectile tp and radial cracking front. End of fragmentation stage.

cracking [ront positions must be checked continuously along the first stage. ending it
when both positions coincide (Fig. 6). Therefore. the condition for finishing stage one is
given by

N+ Serger = B (9)

Behaviour of the conoid of fragmented ceramic. When the projectile tip meets the cracking
front, the penetration proceeds into a volume of damaged ceramic whose mechanical
properties have been reduced. The volume of fragmented ceramic has a conoid shape
physically separated from the remaining intact ceramic tile by cracks. This conoid is
accelerated in the impact direction and distributes the pressure on the backing metallic
plate. Former analvtical models assumed a constant conoid semiangle between 60 and 65
for the whole penetration process. However, conical crack formation is not limited to angles
in that range: Wilson ei al. [20] have obtained. among ceramic fragments collected after fire
tests, conical cracks at angles much lower with respect to the impact axis, thus suggesting
that the ceramic volume separated from the tile and impulsed by the projectile would be
much smaller. Also hyvdrocode simulations of ballistic impact on ceramic/metal armours
demonstrate that in many cases the effective ceramic conoid impulsed by the projectile has
a semiangle much lower than those assumed by the former analytical models. Although
experimental data of the ceramic conoid semiangle are not always available, some authors
have detected dependencies on different impact parameters. For instance. Wilson et al. [20]
have observed a marked relation with the ceramic thickness to metal thickness ratio. high
values of such ratio leading to greater values of the ceramic conoid semiangle. On the other
hand. the conoid volume is also dependent upon projectile velocity. for high impact
velocities the damaged volume being more localised around the impact point. Following
these observations. the conoid semiangle has to be a function of ceramic and metal plate
thickness und impact velocity. although the values observed in numerical simulations for
different materials, projectiles and thicknesses are usually between 20 and 30 .

Field of velocities in the ceramic conoid. The veloceity field in the impact direction along
the armour as obtained from numertcal simulations show a distribution very far from
a constant value: at the projectile/ceramic interface, the ceramic particle velocity is equal to
the penetrution speed w. but it decreases very rupidly down to a slope fairly constant until
the ceramic/metal interface. Finally. in the buacking plate the speed is approximately
constant. In the present model. such velocity field has been approximated by the distribu-
tion illustrated in Fig. 7.

With this assumption, the rate of linear momentum of the conoid can be expressed by
Egqn (10), where f,, 1s the pressure on the ceramic/metil interface, R, the radius of the conoid
base and p. its lincar momentum (see Fig. 8):

dp, Dei  4.n3
L:{ = YL.rr---‘-l-' — fot RS, (10)

In Fig. 8. h is the actual thickness of ceramic separating the projectile tip [rom the metal
plate. Such parameter is decreasing with the penetration. In the same way the conoid base
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Fig 7. Velocity field assumed for the target in the analytical model.

Fig. 8. Cerumic conoid desription.

radius R, is also decreasing according to Eqn (11), where « is the conoid semiangle:

D.
R.=—2+ h,tanx. (1)

¢

Lincar momentum of the conoid p. can be obtained taking into account that the assumed
velocity distribution is lincar being u at projectile interface and w at the metal-plate

interface:
DE, . R: . DR, D R D.R
p. = Kﬂchctliﬂ(ﬁ == E + —T + w E =1 4 f 12 . (12)

The rate of change of the linear momentum can then be derived:

dp. _ dp.dhy | Cp.dR.  cp.du  dp.dw

(13)

+ G
dt  ¢Jh,, dt CR, dt A dt o dwode

Tate—Aleksecvskii’'s equation must now be changed by introducing the velocity w, in the
sccond term of the right-hand side. because the projectile is penetrating a nonstationary
medium:

¥y, F ]3,0,,(1' —uP =R +1 plu — w)?. (14)

According to Tate- Alekscevskii's equation, R, is the penetration strength of the material
fucing the projectile. Therefore, R, is equal to the ceramic penetration strength ¥, when the
projectile is travelling through the ceramic tile, and is equal to the back-up plate dynamic
vield stress Y, when it 1s penetrating the metal plate.

Ceramie penetration strength Y, Ceramic penetration strength is dramatically lowered
after fragmentation. When the ceramic tile loses its infegrity. it becomes a granular medium
with reduced mechanical properties. Wilkins [ 18] proposed the utilisation of two different
sets of mechanical properties, the first one for intact ceramic and the second one for
damaged material. In the present model. Wilkins® proposal has been followed by assuming



a constant value Y, for the ceramic strength during fragmentation and a lower value when
conoid formation has been completed. The resistance to penetration of ceramic fragments is
highly dependent on ceramic confinement. The metal plate being deformed and some
particles being expelled from the crater. more room for the fragments motion is available
and thus the penetration resistance decreases [ 3]. Following these ideas, the expression for
fragmented ceramic strength assumed in the model is

Y._' = Yun(i{ = ‘1 )--. (]5]

\ ”rlh.p:u 1,

where t,..¢1 i the penetration velocity at the end of fragmentation stage. when the ceramic
strength decrease starts.

Madelling the behaviour of the metal plate

Effective zone and velocity field assumed. In analytical modelling of impact problems the
analysis of the target is usually restricted to an effective zone, which is the most relevant on
the impact process and assuming simple velocity fields on those areas of the effective zone
for which the speed gradients are not very important [21]. In the ceramic, being a granular
aterial, speed change between the projectile interface and the metal plate is high. therefore
a nonuniform speed distribution has been adopted. However. numerical simulations show
very low velocity gradients in the metal plate in the impact direction. In the radial direction.
the velocity gradients are higher especially for the last stages of the penetration when the
projectile meets the metal plate and the process is concentrated in a narrow zone close to the
impact axis. Anyway, the speed change in the metal plate is much lower than that in the
ceramic conoid. thus a constant value w can be adopted for the whole effective zone.

Derivation of the magnitude of the effective zone has been carried out based on kinematic
criteria. As can be seen in Fig. 9, velocity in the impact direction as obtained from numerical
simulations. shows a marked reduction at a definite distance lrom impact axis. Such
distance :s approximately equal to the conoid base radius R, at the beginning of the
penetration and 1t is kept fairly constant for the whole process. Summarising, although the
conoid base radius R_ is decreasing with the resisting ceramic thickness. the effective zone
radius in the metal plate R is assumed to be constant and equal to the value of R, at the
beginning of the penetration:

D,
R= ="+ htanx (16)

Energy description of the problem: equation of motion of the metallic plate. Analytical
modelling of metal plates subjected to impulsive loads can be performed by expressions
based on energy balance or by equations of momentum rate of change. In the first

600 +

e

500

400
300 - \

———t=25ps
—&— (=45 s

velocity (m/s)

I L S T
Q0 5 10 15 20 25 30
radial distance to impact axis (mm)

Fig. 9 Velocity in the impact direction versus distance to impact axis for two different times.
Projectile: 20 APDS at 1250 m s, Target: 20 mm alumina. 15 mm 5083 aluminium alloy.



approach, the problem is usually formulated by uncoupling time and position in the
equation of the deformed plate. so that the displacement of any point is given by the product
of a shape function dependent on the position of the point by the displacement of the plate
axis. From this equation and the strain field derived from it. the energy dissipated £ by
plastic deformation can be determined. In the second approach, a distribution of stresses on
the effective zone border 1s assumed. usually the yield stress being assumed as the stress
acting on the border. to simplify the model.

In the present model, the first approach has been followed. since it provides enough
accuracy. Work dissipated by plastic deformation is obtained by Egn (17) as proposed by
Woodward et al. [22]. including plastic work done in stretching and in bending of the plate:
E, = nhydYyGh, + 16). (17)

|'|
where hy, is the plate thickness, d is the central plate deformation and Y, its dynamic yield
stress. The plastic work rate of change 1s thus:

: )
dj;]' - ﬂhh‘('hw(ghh - r)')A (18)

On the other hand. the rate of change of the work done by forces acting on the interface
ceramic/metal is (sce Fig. 10)
a7 _ rhR? 19)
= = I ot |
di o
Finally, for the effective zone defined above, the kinetic energy rate of change can he
expressed as
(iEk dw

"Lﬂ' = ?Tththhl\-'E;. {:l)}

and the energy balance equation is

- . {2 ) , dw
LRz = hh}},(—h., + :)) + R-hypy, —. (21)

3 ; dr
Penetration of projectile into the metal plaie. For high speed impacts the projectile may
fully erode the ceramic tile and meet the front face of back-up plate. In that case. the
projectile continues penetration into the metal plate untul complete perforation or projectile
arrest. In the present model, the actual behaviour is simulated allowing a different speed for
projectile and metal plate and utilising Tate-Alekseevskii's erosion equation, which leads (o

the following expression for the projectile motion:

dv__ Y tdosle—w) -

dt Pp L

With respect 1o the metal plate. the equation of motion (23) is derived similarly to
derivation of Egqn (21):
dw Y Di/4 — nhy Y, (5 hy, + 3)

dr M,

(23)
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Fig. 10. Force acting on the metal plate.
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Fig. 1'1. Fullv erosion of ceramic and contact of projectile with the metal plate.

where My, is the mass of the effective zone given by
[, D; :
M, = :frph( Rh, — j“—' (hy, — hyy) ), (24)
with hy, being the actual central thickness of the plate as can be seen in Fig. 11.

In ceramic-metal armours, the main function of the back-up metal plate is ceramic
fragment retention, its contribution to projectile deceleration when the projectile is in
contact with the plate being much less important. Therefore. the effect of metal resistance
decrease due to thickness reduction has been neglected.

Failure criterion

Two different failure criteria have been proposed to define full perforation of the armour.
The first one is typical ol impact at speeds much higher than the ballistic imit. In such cases,
the projectile erodes fully the ceramic tile. meets the back-up metal plate and finally
perforates it without producing important bending of the metal plate. Perforation criterion
is then fulfilled when central metal plate thickness is reduced to zero. which means
according to the proposed model.

iy =0 (25)

The second criterion is typical for lower impact speeds [or which the metal plate shows
important bending deformations. As can be seen by numerical simulations. when projectile
speed r is approximating metal speed w. the armour is defeated even though a full
perforation of the ceramic tile or the metal plate is not yet achieved. Therelore, a kinematic
failure criterion has been chosen. assuming armour defeat when

=, (26)

MODELLING OBLIQUE IMPACT
Ballistic equivalence rule (BER)

The main advantage of analyticul models as armour design tools 1s its computation
speed. For this reason, all of them consider only uniaxial problems or two-dimensional
problems with axial symmetry. Oblique impact is obviously a three-dimensional problem;
consequently, analytical modelling to maintain its simplicity usually convert it into an
equivalent normal impact by means of some hallistic equivalence rule (BER). Such rules are
simply a clever modification of those parameters controlling the penetration process. By the
application of BER, a new equivalent normal impact problem is defined, which can be
solved by the analytical model. Finally. BER is applied again to convert the solutions
required of the actual oblique problem.

Usually, modification is done exclusively on the geometric parameters defining the
problem. For instance. in the case of metallic targets a simple rule often used is the
transformation of the actual oblique impact on a plate of thickness h, into an equivalent
normal impact on a thicker plate the equivalent thickness h; being given by

h,

=
" cosl)

(27)

11



where () is the impact angle (the angle between the impact direction and the normal to the
target surface). In the present model, a geometric BER has been adopted, following basically
Eqn (27) both for the ceramic tile and the back-up metal plate. Residual velocity and
residual mass of the projectile after the perforation of the equivalent normal impact target
are adopted without any additional change as the prediction for the actual oblique impact
problem. Using such a simple equivalence rule, a good agreement with experimental results
is obtained keeping the one-dimensional modelling developed for normal impact simula-
Ltion.

However, application of such simple BER for the whole penetration process would
provide projectile residual masses lower than experimental values. The explanation of such
discrepancy is the duration of the fragmentation stage which is shorter in actual cases than
that assumed by the equivalent normal impact problem. since the actual ceramic tile 1s
thinner than the cquivalent one. To solve this difficulty. BER 1s not applied for the
fragmentation stage, for which actual projectile trajectory is simulated. Although oblique
impact is three-dimensional. the stress field produced during the first microseconds keeps
the axial symmetry observed in normal impact because stress wave propagation is radial
from the impact point. Ceramic fragmentation process is thus very similar to that occuring
in normal impact cases. conical cracks propagating from the rear face of the tile. In Fig. 12,
the radial cracks pattern produced 1n an oblique impact case can be observed, showing axial
symmetry.

The condition for finishing the ragmentation stage is the same as for normal impact. It 1s
finished when the projectile tip meets the radial cracking [ront propagating [rom the reur
face of the tile. Therefore. Egn (9) 1s substiluted by (see Fig. 13)

xcosl) + Serpex = he. (28)

X-ray tube
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Fig. 12, Left: front imuge of oblique of 20 APDS projectile against alumina/aluminum target. Right:
sketeh of experimental set-up (Empresa Nacional Santa Barbara).

12



0,
\\ II X

| _t Scrack
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Fig. 14, Conversion to normal impact by the Ballistic Equivalence Rule.

The simple BER is applied thercafter utilising Eqns (29) and (30) with equivalent
thicknesses il and hy, (see Fig. 14):

h.
A e v
h. T X, (29)
hh
hy = ———. 30
T Cos 0 (30}

RESULTS OF THE PROPOSED ANALYTICAL MODEL

In order to perform the simulations, the proposed Y, and Y, values for the projectiles
and ceramics have been estimated from the ones given in Refs [13,15].

Small caliber projectiles

For validating the model for small caliber projectiles, experimental results obtained by
Wilkins [ 18] have been used. In Fig. 15. experimental ballistic limits of 7.62 AP projectiles
impacting on AD 85 ceramic tiles backed by 6061 aluminium alloy plates have been plotted
as well as the results of analytical simulations using Woodward’s model and the proposed
model.

Results of the proposed model are in good agreement with experimental results both for
rhin backing plates and for thick ones. maximum deviation being less than 10%.

Medium caliber projectiles

For medium caliber projectiles (20 mm APDS, 25 mm APDS, 30 mm APDS). validation
of the model has been carried out using a great number of experimental results obtained by
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Fig. 16, Analytical and experimental results of impact residual velocities of 20 APDS projectiles
onto alumina 99.5% aluminium alloy (5083 and 6082) targets.
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Fig. 17 Analytical and experimental results of projectile residual velocities of 20 APDS projectiles
onto aluming 99.5% aluminium alloy (5083 and 6082).

Empresa Nacional Santa Barbara. Due to classification of fire test results, only a few of
them have been included in this paper. but it is enough to demonstratc the degree of
improvement achieved as compared to existing analytical models. For instance. Fig. 16
Hlustrates the same results shown in Fig. 2 but the results of proposed model are now
included showing a better agreement to experimental results than that achieved with
Woodward's and den Reijer’s model.

With respect to projectile residual masses. predictions of the model show also good
agreement to actual masses of projectiles after impact as can be seen in Fig, 17 (experimental
data from Peskes ef al. [S]). In Fig. 18, additional comparisons are carried out between
experimental data and analytical results for different targets and projectiles.

A good agreement between residual velocities experimental results and predictions of the
present model 15 observed also with 30 mm APDS projectiles. Residual lengths predictions

14
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Fig. 1. Analytical and experimental results ol projectile residual velocities and residual muasses of
20 APDS projectiles onto aluming 99.5% aluminiom alloy 6082 Tmpact angle: 30 NATO

are quite accurate too for 20 mm APDS and 25 mm APDS projectiles, although for 30 mm
APDS projectiles a lower erosion is predicted than that observed experimentally. Probably.
this discrepancy is due to the hypothesis of the model which assumes cylindrical projectiles,
whilst the actual 30 mm APDS projectile includes a cylindrical hole in its back thal reduces
its strength.

Oblique impact

Figure 19 illustrates residual velocities and residual masses of 20 mm APDS projectiles
after perforation of ceramic/metal targets at 50 NATO impact angles. In actual firing tests.
the impact velocity is not constant: there is a little scatter in actual impact velocities. This is
the reason of the scatter observed in analytical results plotted in the figures. The figures
show a good agreement between experimental data published by Peskes et al. [5] and
analytical results of the model proposed.

CONCLUSIONS

A new analytical model for simulating ballistic impact on ceramic/metal armours is
presented. The model permits a very fast computation of ballistic limits, residual velocities
and residual masses, being a very useful designing tool for ceramic/metal armours. The
model has been utilised both for small caliber projectiles and medium caliber projectiles.
perforating different ceramic/metal targets at different impact angles, analytical results
showing a good agreement to experimental data.
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