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Analysis of the Mechanics of

Perforation of Projectiles in Metallic Plates

by

J. Awerbuch1 and S.R. Bodner2

Abstract

A mathematical model has been developed to describe the mechanism of
normal perforation of prcjectiles in metallic targets. The perforation process
is censidered to be divided into three interconnected stages. The analysis
accounts for an cffcctive mass of the buliet due to part of the target material
moving with the bullet, the deformation of the bullet during penetration, and
the increased strength of the target material at high rates of loading. The
analysis ernables the residual velocity to be calculated as a function of the
target thickness and its mechanical and physical properties, and of the mass,
geometry and impact velocity of the projectile. The geometry of the cavity,
i.e. entrance and exit diameters and plug thickness, are factors in the
analysis and are empirical quantities. The present theory can also predict

the force-time curve and the contact time for the perforation process.

1Lecturer, Department of Materials Engineering,
Technion - Israel Institute of Technolog -.

Professor, Department of Materials Engincering,
Technion - Israel Institute of Technology.
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Notation

A - projection of nose of projectile on the target plate

A1 - cross scctional area of the cavity in the first stage

A2 - cross sectional area of the cavity in the second stage

Ap - c¢ylindrical surface area of plug

b - plug length

Dl - diameter of the cavity in the first stage of the perforation process

(considered equal to entrance diameter)

02 - diameter of the cavity in the second stage uf the perforation process
(diameter of plug)

D3 - exit diameter
¢ - radial width of shear zone of the target plate

F - resultant force on effective mass of projectile

Fi - inertial force
F. - compressive force
FS - shearing force

Fl' Fz, F3 - total forces acting on the combined projeciile and effective
added mass during the different stages of the perforation process
F. ., F ., F - inertial, compressive and shearing forces acting on the
i2* "¢2’ "s2 . .
proiectile during the second stage

h - thickness of target plate

K - numerical constant depending on the shape of the projectile nose
m - instant:neous mass of projectile

m, - original mass of projectile
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Notation (cont'd)

=

=

?'

&

F m - projectile's mass at the end of the first stage

% m, - projectile's mass at the end of the sccond stage

§: t - time

B t,, t,, ty - duration times for the ditferent stages of perforation »
% te - total time for the perforation process E'
- V - instantanecus velocity 1§

V. - impact velocity
Vf - final velocity '
1° vz, V3 - projectile’s velocity during the different stages of the
-

E
% § ' perforation process
: Vz - velocity at end of secord stage

93 - velocity at end of third stage, equal to Ve
X ~ penetration depth of the projectile and effective added mass
a - semi apex of conical nose of projectile
Ye - dynamic ultimate shear strain
Y - shear strain rate
p - density of target material o
u -~ coefficient of viscosity for shearing deformation
O, - dynamic ultimate compressive stress /
T - dynami< ultimate shear stress

§ ~ displacement of combined projectile and plug during third stage
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Introduction

Perforation of a target plate due to the impact of @ projectile may
occur by a number of mechanlsms such as petal formation (or dishing), ductile
hole enlargement, plug formation, and the fragmentation (scabbing) of the
target material (as shown schematically by Goldsmith [1]}). Various theories
have veen proposed to explain the resistance of metallic plates to projectile
penetration. Due to the complexity of the problem, the suggested analytical
models are generally simplified by some basic assumptions and appiuximgtions.

The two main approaches that have been used to znalyze this problem are
those of ¢nergy balence and c¢f conservation of momentum. The e¢nergy balance
method was applied by Taylor [2] who studied the enlargement of a circular
hole by a conicai head projectile perforating a thin plate and derived an
expression for the total work required for plastic deformation. Thomson (3],
also using the energy method, derived equations for the energy dissipation
due to plastic deformation, heating, and inertial resistance of the target
material. A similar approach was proposed by Brown [4] to evaluate the
energy dissipated during the process of bullet containment in thin plates,

A different approach for the case of perforation of thin plates was
proposed by Zaid & Paul (5,6]. Their method is hased on momentum balance
for the target-projectile system which requires that the terminal shape of
the perforated plate be specified. A similar procedure was used by
Nishiwaki [7] who proposed a theory for the perforatior of thick plates

based upon data derived from static tests.

Inveszigations on plup formation during perforation were made, among
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others, by Recht & Ipson [8] who dealt with the case of high velocity im-
pact. Recht & Ipson [8] developed an encrgy asnalysis for the case of the
plug mode of failurc from which the residual velocity could be calculated
provided the minimum perforation velocity i1s known.

Most proposed analyses are restricted to the case of high velocity
impact in order to justify a number of assumptions such as a coastant velocity
during the perforation of tihin plates, the absence of plastic deformation
beyond the immediate zone surrounding the hole, and a constant pressure on
the projectile. These analyses arc also restricted to the case for which
the projcctile is not deformed during the perforation process and are gene-
rally based upon only one ot the possible mechanisms of perforation. Actual
perforation of a target plate, however, may occur hy a comb
more mechanisms. For example, the thickness of the sheared plug is generally
smallcr thau the target thickness and the plugging process commences only
after the projectile is embedded some distance in the target plate. For this
reason an approach based on a single deformation mechanism would not be
applicable for the case of projectile impact at ordnance velocities. In
fact, the residual velocities derived from those theories bascd on a single
mechanism are generally higher than the experimental results, e.g. [9].

The present investigation is an analysis of the perforation process
considering various deformation mechanisms to be acting at different stages
of the process. In this manner the various types of deformations could be
considered in an cverall manner and the analysis would be more representative
of the actval circumstances. A preliminary study of this nature was perform-

ed by Awerbuch [10] and expanded upon by Goldsmith and Finmigin [11). The
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present papex is a further development of those investigations and resolves

8 number of limitations. The perforation process is considered to consist

of three interconnected stages. The present analysis enables fairly

accurate predictions of post perforation velocities, contact times, and force-
time histories. The analysis still relies on a few empirical quantities

which can be determined from a small number of tests. Once these are dcter-
mined for a given projectilec and target material, predictions can be obiain-

ed over a wide range of projectile velocaties and target thicknesses.
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Preliminarv Discussion

A relatively simple model to describe the mechaivism of penetration and
perforation of projectiles in metallic plates was presented in an earlier
paper [10). In that formulation, the perforation process was divided into
two stages. The tirst was the ¢ompressive stage in which the forces acting
on the projectile were an ineitial force and a compressive force, and the

second stuge was that of plug formation and ejection,

The inertial force in the first stage 1s due to the acceleration of the
mass of the target material 1in contact with the projectile in the direction
of motion. The cxpression for this force compouent 1s obtained by equating

the work done by the incrtial force acting on the projectile to the change

of kinctic energy of the displaced target material. The compressive force

m

o s e, Sl

also acting on the projectile is due to the compressive strength of the tar-
get materaal ain contact with zhe projectile. Another basic assumption for
this stage is that mass fror the target material is added to the proj~..ile
during the penetration process.

The second and final stage, according to the preliminary analysis,
starts when the ejected plug is set into motion as a rigid body. In this

ic inortial furce and the compressive force do not act on the pro-

|
1
4

jectile and the mass of the projectile does not change. The only force,
therefore, during this stage is that due to the shearing of the ejected

plug from the target plate which wus assumed to he constant.

I

e

Final velocitics of projectiles computed according to this preliminary
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model were compared to experimental final velocities and reasonably good

agreement was obtained when the mechanical strength properties were raised
in an arbitrary manner to acccunt for the high rate of straining. The

comparison was carried out for the case of 0.22 inch caliber lead bullet

-

having a muzzle velocity of 400 mysec and target piates of commercially pure
aluminum, aluminum a'loy, and mild stee! of 1-6 mm thickness.

The results of an extensive scries of ballistic expe.iments have been
reported by Goldsmith and Finnigan (l1j. Hard steel spheres of 0.125 to
0.5 inck diameter impacted and perforated 0.05 to (.25 inch thick 2024
aluminum and 5AE 1020 and 4130 steel alloy plates at impact velocities of
500 to 8800 ft/sec. Comparisons were made of the experimental final velocities

to those calculated on thc basis of the preliminary model !10] and to a }

;
4
t
.
v

slightly modified fcrm of 1t deveioped in {11j. The prirncipal modification

——

was that the shearing force in the second stage of the perforation process
was taken to be proport 1 to the length cf the pluz still in contact i
with the target plate r 1 than a constant, Comparison of the final velo-

city obt2ined with this modification to that cbtained experimentally showed

slightly hetter agrecvmznt,

The experimental resujts of [11] and those of an extensive experimental i

program recentiy vonducted {i5] have indicated that the preliminary model

developed in [10]) is incomplete on some important points. These are:

(1) The final velocities of projectile computed from the model are
not in good agreoment with caperimental final velocities for the cases of

high velocity projectiles and for perforatiun of thick plates.
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«¢) The preliminary model does rot predict an important erperi-
mental observation, namely, that the difference between the initial and
tinal velocities decreases for initial velocities slightly greater than

the ballistic limit.

(3) The force-time curve obtained from this model is not fully real-

istic.

In order to overcome these limitations of the preliminary model, a more
detailed analysis has been developed in which the perforation process was
considered to consist of three separate but interconnected stages. The

observations and results of an extensive experimental program served to

3

ot ¢ ceriain assumptions of the analysis. Those experimental results

and comparisons with predictions b:sed on the present analysis are presented

in an associated paper [15].
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Analzsis

One principal mechanism of the plate perforation process is plug
formation and ejection. When the thickness of the sheared plug, b, is equal

to zerc, there is no punching and the mechunism of failure is considered to

IR e i ol o L

be the ductile type. When the plug's thickness i1s equal to the thickness

I,

of the target plate, h, perforation is completely by plug formation. However,
the mechanism of perforation is usually a combination of the two processes

with a transition stage betwzen them. The ratic of the plug to plate thick-

B 0 ol

nesses bs/h depends primarily on the mechanical and physical properties of

the projectile and target materials.

In the first stage of penetration, lig. la, shearing does not occur so

i it i
-

this stage is identical to that described in the preliminary analysis [10].
] The only forces acting on the projectile are the inertial force and the

compressive force.

The second stage of penetration, Fig. 1b, 1s the onset of shearing of

E a plug from the target plate. In this stage of incipient plugging, three

P

forces are considered to act on the projectile: an inertial force and &

compressive force (as formulated in the first stege), and a shearing force.

g T

The shearing furce 15 duc to the motion relative to the target plate of

target material which is accelerated by the projectile during this stage.

The change of the effective mass of the projectile, due to the addition of
target material moving with it, is considered 1n this stage as well as in
the first stage This stage ends when the plug is completely joined to the

projectile and both are moving at the same vclocity, Fig. lc.
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o The third stage, Fig. ld, starts when the ejected plvg and the pro-

dlie it li il
o

jectile are moving together as a rigid body. The only force during this
stage ic the shearing force wiach acts on the plug's circumferernce and along
its whole length. The viscous nature of this shearing force at high rates

of straining is consideied.

Since the time of contact between the projectile aind .ue turget is very

short (the time duration is about 10-30 psec for the case of a 0.22 inch
caliber lead bullet moving at a veiocity of 400 m/sec), the heat gensrated
at the projectils - target plate interface does not dissipste. A very thin
film of liquid is produced between the projectile and the target plate.

The coefficient of friction between the two bodies is therefore very small

so the frictional forces can be neglected. This conclusion has been made

R i S 2 o e o G v

by Krafft [12] and by other investigators.

The equatior, of motion for the perforation process in the direction of

motion is

g_f (mV) = -F )

& o o it . il el

el

where F is the resultant force scting on the projectile, m is the instanta-

neous mass of the projectile, and V 1s the instantaneous velocity of the

projectile in the medium.

In general, the force F is the resultant of three main components; Fi

e A i i ¢ b

the inertial force of the target material, Fc the compressive force, and

el bt

Fs the shearing force. Therefore,
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g_t_ (mV) = - (Fi+Fc+Fs] (2)

The particle velocity due to elastic stress wave propagation in ‘he

targe: is neglected in this analysis. This particle velocity, for example,

would be of the order of 1 m/sec for a 0.22 inch caliber lead bullet moving {

at a velocity of 400 m/sec, e.g. Davies [13]. The effect 2f the propagation f

i
of the plastic stress wave is also neglected since it can be assumed that :

T ok I T

its velocity would be smaller than the velocity of the prujectile for most

target materials.

T

PRI T TR

The projectile therefore transmits kinetic energy only to the mass it

displaces.

LI

1t is assumed that the element of mass of the target material

R

in contact with the projectile is set inte meticn while the remainder of

oy

the target material remains at rest.

) g il il

Each mass element is considered to

. T

move normal to the surface of the nose of the projectile. This 1s possible

on the basis that the target material is compres:ible,

PR ORI PRI T TRV

Another related assumption is that the effective mass of the projectile

s

increases during the penetration process due to addition of the target

material displaced in the direction of motion. Part of the kinetic energy

tmsis ol

imparted to the added mass by the projectile remains stored in the combined

A e

effective mass of the projectile while the remainder is converted to plastic

deformation and heat.

In the first stage cf the penetration process, only the inertial '

and compressive forces are considered to act on the projectile. The iner-

tial force is not distributed uniformly on the projectile's nuse surface
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but depends on the shape of the nose. Equating the work done by the

reaction of the inertial force on the target material to the change of

‘the kinetic encrgy of the displaced material (neglecting the work done in

changing the veclume of a mass element due to its compressibility) leads to
2

1
dFy dx = 5 dnV_ (3)

where dFin is the normal inertial force acting on an element area dAn of
the projectile, dxn is the displacement of a mass element of the target
material normal to the projectile surface, and Vn is the velocity of a
mass element in a direction normal to the projectile surface.

According to the sbove assumptions, the mass clement dm of the target

material of density p which is displaced by the projectile as it advances

dx_ would be
n
dm = pdxndAn (8)
Substituting Eq. (4) into Eq. (3) leads to

1 2
dF, = > p(dA )V (5)

Fi can be determined for each projectile's shape by integrating the

component of dF, 1n the direction of motion over the surface of the pro-

in

jectile.

b
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As an example, for a cylindrical projectile with a flat end:

E
&
%
:

g e

V =V, dF. =F., and  4A_=A
n in 1 n

s s

so that
F, = l-pAV (6)
i 2

If the geometry of the projectile's nose is more complicated, then:

-n
[[]
N -

KpAV (7)

Qi T T ——p

where K 1s a numerical constant depending on the geometry., Values of K

obtained by integration for some typical geometries are given in Table I:

TABLE I
Nose Shape K
Flat 1
Sphere 172
Cone (semi apex angle &) sinza

The compressive foice is distributed uniformly in the direction of

motion on the projectile's rose surface and can be expressed as Fc-ocA'
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A is the urojected area of the projectile's nose on the target plate and
a. is the ultimate compressive strength of the terget plate at the applicd
straining rate. The equation of motion for the first stage, Eq. (2), could

therefore be written as follows:

d ; dm av g .. L 2
gt (M) = Vg emar=Fy=-gKkAV -oh (8)

where the projected area Al includes the effect of possible flattening of
the projectile's nose. A1 i3 taken to he constant during stage 1l and is
measured by the entrunce opening. In the actual physical process, A1 would
be a function of x since the projectile deforms with nenetration distance.
This effect can be considered in an overall average manner to within the
level of accuracy of tnis analysis.

The inertial force Fi and compressive force Fc are considered to act
on the effective mass of the projectile which includes the target material
displaced by the projectile and moving with it (Fig. la). The problem of

physically locating the added mass with respect to the projectile is not

readily resolved since compressibility effects would have a large influence.

However, this determination is not required for the purpose of the present
analysis. It is important to note that the measure of the penetratioun
depth of the projectile, x, is that of the combined mass and not that of
the original projectile by itself. That is, the value of x is the distance
from the iratial impact surface to the front of the target material that

is moving at the projectile velocity (Fig. la). The effective mass of the




E
i
:

- 13 -

combincd projectile for use in the equation of motion is therefore

m.+oAlx whare my is the original mass of the projectile.

The rate of change of the effective mass of the projectile would be

S’E— = PA gr’% = PAV (9)

Substituting Eq. (9) and the relation

into Eq. (8) leads to:

1v2 + (mo+PA;x) V 9% = - L koA v? - o A

PA a 7 KeAy M (10)

Equation (10} can be solved by separation of variables to give

2+K 1/72
2 o mo/pA1 o

C
1 ’p(lvO.SK)] \me/pAlox) T ¢ (1+0.5K) . 2

V‘(K) = [V

where Vl(x) is the velocity of the combined projictile and added mess.

The time for the coumbined projectile to penetrate a distance x can be
calcu:ated by numerical integration of the expression
X X o 2+K ~1/2

| ( - , 2 c .na/OAl \' cc ‘
- Jrares ow, 'p(hO-SK)]\'ﬂa/pAl*x’/ - FrTeoSR &% (12)

19 ) <
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. The force-time curve for the first stage of penstration can be obtained
from Eqs. (8), (11) and (12). The first stage ends when xesh-b (tstl)
and the process of shearing starts. The value of the plug thickness b, which
is an essential factor for the detec-mination of the various quantities at the
end of the first stage, can only be cvtained empirically at the present state
of development of the analysis. It is shown in [15] that the ratio b/h is
essentially constant for a given projectile and target material within the
range of ordnance velocities.

In the second stage of incipient plugging, the inertial force continues

to act on the projectile and can be expressed as
: L 2
Fig = 7 KeAyY

where AZ is the cross sectional area of the cavity in the second stage.
This area can, in general, be considered a function of x, A2 - Az(x), in
the force expressions and in the equations of motion. The experimental

Tesults indicate that tor most cases A, is clcse 1o A, so that the complcte

1
cavity can be considerea to be cylindrical. In some cases there is apprecia-
ble enlargement, i.e. thc exit diameter is much larger than the entrance
diameter. 1lhe diameter can then be considered to vary linearly with x from

Dl 2t x:=h-b to I)3 at x=h to give a cuadratic function for Az(x). The

following development of the equations of motion will be restricted to constant
Az. In the subsequent comparisons with experiments, [15], A1 and AZ were

taken to be equal and the aveiage of the entering and exit areas. Check

studies taking A1=Al(x) and A

:A_ (1) showed little difference in the final

2
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Tresults.

‘The shape constant K in the inertial force expression was set equal
to> 0.5 for the second stage since for standard ordnance projectiles (not
armour piercing) the projectile's nose deforms and tends towaid a spherical
shape. This result can be seen from ballistic photographs as well as from
the geumetry of the ejected plugs and the deformed projectiles. This change
of K would imply an artificial discontinuity in the force. 1In practice, the
discontinuity is very small and not observed unless the time increments in
the computational procedure are taken to be very small.

The compressive force alsc acts during the second stage of penetration
and its initial value would be FC-OCAZ. The second stage ends when the mass
elcaent ai the rear side of the target plate moves at the same velocity of
the combined projectile and effective added mass, i.e. x<h, the plate thick-
ness. At that time the entire target material forward of the projectile
moves together with it at the same velocity. The force Fc therefore becomes
zero at the end of the second stage. A parabolic function for Fcz(x) that

meets the limiting conditions has been used in the analysis,

2
Fp(0) = oA, (1-(2bly ) h-b € x < h (13)

The alternative choices of linear functions or similar forms that repre-
sent the limiting conditions were found to have small effect on the calcu-
lated residual velocities. It is interesting to note that Eq. (13) does
lead to force-time curves which are very similar to those obtained in the

case of dynamic punching, e.g. Dowling, Harding and Campbell [14].

o vl

S



- 16 -

The sscond stage of penetration is also chavacterized by a sheariny
force. This acts along the surface of that part of the plug which 1s
moving together with the projectile, 1.e. zlong the surface nDz[x-(h-b)]
where D2 is the diameter of the cavity in the second stage. The shear ‘

force is then given by

F o(x) = TD, [x-(h-b)] h-b < x < h (14)

Lt SR U8 et L B o e Rt il ¢

The shear str..gth of metals 7 has been found to have a viscous dependence

on strain rate at very high rates of straining, e.g. [lo], [17). The shear

strength ¢an be taken to be ip the Bingham form

1T e 1o+ By (15)

where 1 is the cocfficjent of viscosity and ¥ is the shear strain rate.

The latter cun bc taken as V/e where e is the radial transition distance
between the plug snd the undeformed target material, 1.e. the width of
the shear zone The quantity e is referred to as the '"radial clearance"

in dynamic punching problems and 1t is essentially a property only of the

target material at high rates of deformation and can be readily obtained

experimentally. Analytical expressions for e can be deduced from the

T T T

; results given an [18] and [19].

The equation of motion for the second stage is the same as that

derived for the earlier ona with the change 1n the expression for the

compressive force (13) and the addition of the shearing force (14), (15).
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The equation then beccmes, for the case of constant D, and A, f

2
%F (@V) = F, = - %ncpsz2 - (Tuu%)vr[)z[x-(h-b)} - cc.'\z{l-[ﬂ{:—'ﬁl] ) ue)

where h-b < x < h, Substituting Eq. (9) into Eq. (16) leads to

dvz(x)
ax

un02 unDz(h«b)
- 1.n02x - Vx « ~ A

2
+ r.nDz(h-b) - ocA2 {1- |5:£%;El1 ):]//4“ml¢oA2x)V]

- [ (ho.sx)osz:'
an

where m, o mo+pA, (h-b) is the effective mass at the end of the first ctoge,

T 2 sdcl www

The time t for the combined projectile and added mass to reach the rear

surface of the target plate, i.e. x=h, is calculated by numerical integration

of 3

x=h

1
x=h-b

ARG e T ke

V can be calculated numerically by a computer subroutine from £q. (17).
The force time curve can be obtained from Eqs. (16), (17) and (18).
The third stage co-mences when the entire section of target material

forward of the projectile moves together with it as a rigid body. The

e

effective mass is then mz-m.'pRh where A is the average cross sectional area

of the entire cavity. During stage 3 the only active force is that due to

the shear stresses acting over the surface of the plug. These shearing

stresses are considered to act in a shear zone of depth e around the plug. g
]
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The displacement, §, of the combined projectile and added mass system with

respect to the plate is therefore related to e by

§ = ye (19)

L g

where v is the shear strain in the effected 20ne.

The displacement for

material failure, Ef, is reached at the maximum shecar strain of the materisal,

Yo i.e. £f=yfc, beyond which no further resisting forces act on the moving

. system, The shear strain that was developed in the sccond stage is small and

could be neglected. The equation of motion for the third stage is therefore

[
]
[«
1 4
Chal

—= = F_ = 1A {20)
- L)
“dtc P
where Ap-nDzb and D2 is the average cavity diameter in the second stage.

Using Eq. (15) for 1, Eq. (20) becomes

. AL&.' 1.A)
\f. - 1—[]2e E x - -—-Lm‘. (21)
&
which can be resadily solved for é and £.
. A u
ey o Lo 0 JA B ¥
£ {\Vz . ) ‘cxp(\ mye t)l " (22)
. A_u
ToC (mz_c_)l ! .l)__ )] Te€
£ (02 m ) \:7 [1 - exp\- ~C t)- T t (23)
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wheire Vz is the velocity at the end of the second stage. The force during

this stage con therefore be expressed as

\' A u
Fy= -Ap(‘r. + U ;i) !rexp (— 512’? t)] (24)

The time duration of the third stage t, is determined by the time

tecuired for the displacement § to reach Ef. The correspcending velocity at

this time.\'/3 is the final velocity of the projectile Ve The force-time

rtelctions for this stage can then be determined from the preceding equations.

The total time for the peirforation process is the sum of those of the

three stages plus the time required for the plug to leave the target plate.

That is

tf = tl + tz + t3 L v (25)

It is noted that this time would correspond to that of full ejection of
the plug. This would then be folluwed by ejection of fragments correspond-

ing to the effective mass added during stage 1 and then by the prcjectile

itself.
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Discussion

The preceding expressions enable the post perforation velocity, force-

time history, and contact time to be cslculated for penetration processes

that include dishing, plug formation, and ductile cavity enlargement. The
Telative importance of the mechanisms considered in the analysis would be
determined by the various physical, mechanical, and geometrical parameters
appearing in the equations. Of these, a few have to be determined empirically,

namely the entrance and exit hole diamevers D1 and D3 and the plug length

AT LY ST e, e SR O ST

b. Values for the coefficient of viscosity u and the width of the shear zone
e can be obtained from the results of other investigations and modified to

suit the partjicular ballistic test conditions.

The geometrical measurcments to be taken on experimental target plates

are Dl’ D3 and L. Fairly good results can be obtained by simply setting

D2 = Davg = 1/2 (Dl'Ds) and setting Al u A2 for the area corresponding to

Davg' For cases where D3 >> Dl' it would be more exact to calculate A1 on
the basis of Dl’ and to take DZ’ which is the average diameter of the plug,
ind 03 over the plug distance b, A large

to be the linear average of L,

aumber of measurements on 4 variety of perforated plates [10), [15]) has

shown that the ratios Davg/h’ and b/h are essentially constant for a given |
target piate material and projectile over the range of velocities of inter- |
est. This means that those parameters could be obtained from relatively
tew tests and then used in the equations to obtain results for other test

conditions.

il
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The viscosity of materisls at high shearing rates has been determined

by various rapid loading experiments, e.g. [14], [16], and [17). These

results could be used for u in the analysis. The perforation process itself

is a rapid loading experiment so u could be considered an experimentally

-determined material property within the framework of the analysis. That is,

p for a given plate material could be set so that the computed results would
best fit the test results. In practice, the values of u deduced from the
ballistic tests and those that had been obtained from more direct measurements
are generally in good agreement [15].

The width of the shear zone, e, could be obtained experimentally by
examination of etched specimens or can be deduced from the analyses of [18]
and [19;. Again both methods seemed to be in reasonable agreement. Either
could be used since the results are not sensitive to the exact value of e.

The dependence of the residual velocity on the properties of the pro-
jectile and target plate and on the test conditions appear to be in confor-
mity with general observations on projectile perforation. A typical set of
f rce-time, velocity-time, and displacement-time diagrams obtained from the
analysis is shown in Fig. 2. This cxample was calculated for the case of a
0.22 inch caliber lead builet perforating a 5.C mm thick aluminum alloy plate.
The component forces throughout the three stages are shown in Fig. 3 for the
same case.

The absence of an initial rise time for the force is due to the neglect
of the shape of the nose of the projectile on the rise time of action of the

compressive and jnertial forces. Those forces are assumed to act immediately

on the full cross section. Consideration of this effect would have only a

o b
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vory small influence on the overall results. The decay of the total force
during the first stage is due to the decrease of the inertial force. The
shear force acting in the second and third stages is seen to be important
and dominant in the last part of the perforation process. A discontinuity
in the force (dotted lines in Figs. 2§3) would appear at the onset of the third
stage due to the removal of the inertial force. Force continuity could be
maintained ty suitably changing the value of e, the width of the shear zone.
Detailed examination of ejected plugs has indicated that corresponding
changes in e do, in fact, take place during the ejection stage. The alter-
ation of e in the analysis to ensure fcrce continuity therefore seems to
have a8 physical basis.

A comparison of the predicted force-time relations with those obtained
in dynamic punching experiments, e.g. Fig. 4 from {14], shows reascnable
agreepent. In those curves, the time over which the force de:reases after
the first peak would correspond to stage 1, i.e. before the onset of plugging.

There are important differences between the force-time histories obtain-
ed from the present analysis and those obtained in {11} cn the basis of an
assumed deceleration-time function of the projectile. In [11] the force
tends to zero in the last part of the process while the present results
indicate that the firal force is still close to its maximum valve.

There are experimental indications that the force is large at the last
stage of perforation. This is the observation made in [11] and other bal-
listic experiments that the velocity drop i.e. the differenc: between initial
and final velocities, diminishes for velocities slightly in excess of the

ballistic limit, e.g. Fig. 21 of [11}. This result corresponds to the obser-
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vation that a projectil that perforates a plate under conditions slightly
exceeding the ballistic limit, i.e. a higher initial velocity or thinner
target plate, would have a relatively high terminal velocity, e.g. about

20% of the initial value. The impulse asscciated with the end process of
perforation is therefore significant. This in turn implies that the force
acting during the end process is high which is in accordance with the results
shown in Figs. 2 and 3. Another consideration is that the time interval for
the third stage, t3, is found to be sensitive near the ballistic limit, and
small increases in thickness or decreases of velocity would inc. ~ase tg by

a reletively large amount. This effect and a large terminal force are the
apparent causes of the observations on the velocity drop effect. The pre-
dictions of terminal velocities based on the present analysis (15] do, in

fact, show that the velocity drop initially decreases nithrincreq;ing initial

velocity as indicated in Fig. 21 of [l}];r 7 o S
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Conclusions

The analysis of the ballistic perforation problem that has been
developed seems capable of predicting post perforation velocities, contact
times, and force-time histories. The analysis ralies on certain geometrical
parameters which must be determined empirically at this stage of development.
Certain material properties are not well established and could be determined
by extrapolation of other results or by experimental observations. Both
these and the empirical geometrical parameters could be obtained frcm a small =
number of tests. Once these are determined for a given projectile and target

material, predictions can be obtained over a wide range of projectile velo-

citics and target thicknesses. Fuxther development of the analysisrwgggd

be to determine the empirical factors by basic considerations.
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List of Captions

Schematics of the stages of the perforation process.

Calculated example of displacement, velocity, and
force histories for the three stages of perforation.

Force-time relation for each of the force
components for the three stages of perforation
(same conditions as Fig. 2).

Load/Displacement curves for aluminum
(from Ref. [14]). .= ~ -
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