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Abstract

The research program consisted of two main parts: (1) a series of
ballistic tests with long rod penetrators of SAEL 4140 steel impacting
target plates of RHA steel and 5083 aluminum alloy, and (2) the
development of an improved five stage engineering model of the ballistic
perforation process. In addition, a split-Hopkinson {Kolsky bar)
arrangement was set up to measure material strength at high rates of
loading. Results of the present ballistic tests will te used in
conjunction with subsequent improvement of the engineering model to
account for projectile mass loss effects. The current model does
demonstrate good correlation with ballistic test results in the

standard velocity range.
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Description of Research Program

The overali research program consisted of two major parts and a
secondary supporting project. The first major task was the design
and performance of a series of ballistic tests with long rod
penetrators made of SAE 4140 steel. These were used to impact target
plates of rolled homogeneous armor steel (RHA) and 5083 H-115 aluminum
alloy. Thicknesses of the RHA plates were 75.0 mm and 50.8 mm and the
aluminum target consisted of 3 plates in contact, each of 44.5 mm, for
a total thickness of 133.5 mm. Impact was normal to the plate with
impact velocities ranging from 1356 to 1560 m/s. Eight of the shots

were successful in supplying useful information.

The tests were conducted in a well instrumented ballistic range
which provided pre-impact velocity measurements by photo-cells and
X-ray photographs of the projectile immediately prior and after
perforation by flash radiographic equipment. After completion of the
ballistic tests, the target plates were sectioned and etched around
the perforation cavities which were then subjected to close inspection.
Mechanical property tests were also made on the projectile and target
materials. Since the perforation process occurs at very high rates of
toading, mechanical properties at those rates would be useful in the
analytical modelling., This data can be obtained by means of a split

Hopkinson pressure bar (Kolsky bar).

When the measured residual velocities following perforation are
extrapolated to zero by an analytical procedure, an estimate could be
obtained for the ballistic limit velocity, VL’ for the projectile and

the various target plates. For the steel plates, VL for the 75.0 mm
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thickness was obtained to be 1325 m/s, while that of the 50.8 mm steel
target plate was VL = 1150 m/s. In the case of the aluminum targets,

the test data was not sufficient for a reasonable estimate of VL'

Some of the more important results of the various tests and
examinations are attached to this report as Appendix A. The attached

figures and tables consist of the following:

Fig. 1 - Geometry of projectile of SAE 4140 steel.

Table I - Penetrator: Material composition.

Table I1 - Penetrator: Mechanical properties.

Table III - Target plates: Mechanical properties.

Table IV - Projectile velocity characteristics prior to impact.

Table V- Contact time, residual velocity, and physical and
geometrical characteristics after perforation.

Table VI - Dimensions of projectile entrance and exit holes in
the target plates.

Figs. 2,3 -~ Cavity profiles in steel target plates showing
hardness (R.) measurements.

Fig. 4 - Cavity profile in an aluminum target.

Fig. 5 -~ Hole profile after perforation of 50.8 mm RHA
target.

Fig. 6 =~ Hole profile after perforation of 75 mm RHA target.

Fig. 7 - Hole profiie after perforation of 133.5 mm AL 5083
H-115 target.

Fig. 8 - Heole profile after perforation of 133.5 mm AL 5083
H-115 target.

Fig. 9 - Characterization of the final deformation and hole
dimension for Table VII.

Table VII - Characteristic parameters measured for defining
the final target deformation.

This examination of the results of the ballistic tests is
intended to serve as a physical basis and motivation for the development
of an engineering model of the perforation process at high impact
velocities. The test results, especially the residual velocities and

residual projectile lengths, will also serve as reference data for
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subsequent comparison with analytical predictions. The model would
include the effects of erosion of the projectile and of plastic

deformation and inertia of the projectile and target.

The second major task was the development of a new five stage
engineering model of perforation of a metal target by a rigid
projectile of standard ordnance velocities. The initial stage relies
on an assumed velocity field for a plastically deforming medium with
a moving boundary (the indenter), where the unknown parameters are
determined from the upper bound theorem of plasticity modified to
include dynamic effects. Subsequent deformation stages include the
development of a bulge at the rear surface of the target, the extension
of the bulge, the development of a plug and a shear zone, and the
ejection of the projectile and plug following material failure. This
model is an improvement over that of Awerbuch and Bodner as it does
not rely on any empirical factors and is more suitable for extension
to the case of projectile erosion., A paper describing this model has
been prepared, "Dynamic Perforation of Viscoplastic Plates by Rigid
Projectiles", by Ravid and Bodner, and appears as Appendix B of this
report. It has been accepted for publication in the International
Journal of Engineering Science (for publication in 1983). Further
improvement of the model to include the effects of projectile mass
loss will Tead to a theory that could be correlated with the results

of the test program,

The secondary supporting project was the setting up of a split-
Hopkinson bar arrangement (Kolsky bar) in order to obtain stress-

strain relations at high rates of loading. The experimental facility
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is shown schematically in Fig. 1. A 12.7 %m diameter steel projectile
embedded in a teflon collar is propelled in a smooth bore (18 %m)

powder gun and strikes the input bar which is made of the same material
as the projectile (PH - 15-5). Both input and output bars are identical,
each 12.7 %m in diameter and 876 mm long. The length of the projectile
in the present tests was 100 mm and its impact velocity was in the range
of 15 to 35 meters per second. The maximum stress produced by the higher
velocity was about 720 MPa, which was a little over half the yield stress
of the Hopkinson bars. Such Tow velocities were obtained by shortening
the cartridges and using between 0.5 and 1.0 grams of gun powder. The
specimens were short disks, 12 mm in diameter with aspect ratios (¢/d) of
0.3 to 0.5. The strain pulses were detected by two pairs of strain gauges
(WK-06-125A0-350 by Micro Measurement) and recorded by a two channel

digita! oscilloscope {Explorer 204 by Nicolet).

Four metals and four polymers were each tested at two or three impact
velocities and the tests were repeated at least three times. The materials
tested were:

(1) SAE 1070 Steel

(2) 2011-T3 Aluminum

(3) 99.93% Purity Electrolytic Copper
(4) Commercial Brass

{5) Polyamid (Akulon) 6

(6) Polytetrafluorcethylene (Teflon)
{7) Structural adhesive FM-300K

(8) Structural adhesive FM-73

The oscilloscope records of the tests conducted with the non metallic
specimens showed that the reflected pulses were large compared to the

transmitted ones, and since the strain rate is approximately proportional

to the magnitude of the reflected pulse, this means that the strain rates
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in the tests of the non metallic specimens were higher than in the
metallic specimens (where the reflected pulses were relatively
smaller). It was also clear from the oscilloscope records that the
strain rates were not constant throughout the tests but varied in
time. In the tests of the non metallic materials one could relate
to average values of strain rates, whereas in the tests of the
metallic specimens average values were meaningful only over small

portions of the loading pulses.

Some of the stress-ctrain curves are shown in Figs.2-5. The
curves of the non metallic specimens are given with indications of
the average strain rates for each curve, whereas the results of the
metallic specimens are presented with indications of the maximum

values of the strain rates.

The personnel who worked on the research program during this
period are: Professor S. R, Bodner, Associate Professor J. M. Lifshitz,

and Mr. Moshe Ravid and Mr. Ezra Scher, both graduate students,
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Table I : Penetrator Material Description. SAE 4140 [EN 19A]
Symbot C Si Mn P S Cr Mo
[¢1 ok in.21in.7210.m5]0.022 }1.06 |n.22
Table I] : Mechanical! Properties of Penetrator Material.
Yield Stress | Ultimate Stress Elongation Impact Test
Y U.T.S. € 1200
p max
o f
Kgf/mm2 Kgf/mmZ % Kg 'm
78 - 80 90 - N 22 - 24 -3

Tahle I1l: Tarqget Plates and Mechanical Properties of Target Material.
—_—

*
Mechanical Properties - ™
Plate Plate
Material Thickness
Yield Stress Ultimate Max .
Stress Strain
T Yp(oo.z) U.T.S. & max
mm Kgf/mm2 Kgf/mm2
50.8 86 97-98.7 16.1-15.3
R.H A.(””)
75 80-85 91.3-98.6 15.3
%%
R.H.a, )
by,S t1-12 26.2-28.2 15.8-18.3
AL-5083 H-115

(*) At Strain-Rate of 0.1 Sec-‘

for Steel and 0.6 Secu1 for Aluminum

Plates(obtained on M.T.S. machine, 25 ton capacity).

(**) According to Mil-5-12560B (ORD)
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5triking Velocity 1461 M/Sec
Sample Round No. 15

Residual Velocity 1310 M/Sec

50.8{ 2
mm RN

sut

Aftor Perforatior o f

Fiﬁurez CHde Prafile

and Hardness Test (HRc) Meas remerng.,

Striking Yelocity 1664 M/Sec

Res tdual velocity 1342 M/Sed

75
mm RNA

Hole Profile After Perforation of 756 mm R.H. A, Target

Figure 3

and Mardness Test (Rc) Measurements.
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Figure 4

Striking Velocity 1560 M/Sec

Rrcidual Velocity 1390 M/Sec

Sample Round No. 10

133.5 nm

1-5083

Hole Profile, After Perforation of 133.5 =m AL 5083 H-11¢

Target (3 x Lu.5 mm)




a. General view

b. Enlargement of exit region (x2.5) c. Enlargement of entrance region (x2.5)

Etching: Boiling 50% HCl

Figure 5: Hole profile after perforation of 50.8 mm R.H.A. target.

(Round No. 15; V_ = 1461 m/sec; Vg = 1310 m/sec; L

S




in

a., General

c. Enlargement of entrance region (x2.5)

b. Enlargement of exit region (x2.5)

Etching: Boiling 50% HCl

Figure 6: Hole profile after perforation of 75 mm R.H.A. target.

(Round No. 11; vg = 1555 m/sec; VR = 1342 m/sec; Lg = 96 mm)
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out

a. General view

¢. Enlargement of entrance region (x2.5) b. Enlargement of exit region (x2.5)

Etching: Feric Chloride + HCl + Alcohol

Figure 7: Hole profile after perforation of 133.5 mm AL 5083 H-115 target.

(Round No. 20; Vg = 1388 m/sec; Vg = 1218 m/sec; Lg = 136 mm)




- 22 -

in ———yp out

a, Gencral view

c. Enlargement of entrance region (x2.5) b. Enlargement of exit region (x2.5)

Etching: Feric Chloride + HCl + Alcohol

Figure 8: Hole profile after perforation of 133.5 mm AL 5083 H-115 target.
{Round No. 19; Vg = 1560 m/sec; Vg = 1390 m/sec; Lg = 138 mm).




Figure 9

Characterijzation of the Final Deformation and Hole

Dimensions for Table VII.
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DYNAMIC PERFORATION OF VISCOPLASTIC PLATES
BY RIGID PROJECTILES*

by

M. Ravid and S. R. Bodner
Faculty of Mechanical Engineering
Technion - Israel Institute of Technology
Haifa 32000 Israel

Abstract

A model is formulated for the dynamic perforation of
viscoplastic plates by rigid projectiles. The process is
considered to occur in five continuously coupled but distinct
stages which are amenable to analytical treatment. An essential
feature of the analysis is the use of postulated, physically
motivated, deformation mechanisms in conjunction with the upper
bound theorem of plasticity theory which is modified to include
dynamic effects. Special attention is given to the bulging
process and effects associated with the later stages. This
model is self-contained and capable of predicting the exit
velocities of the projectile and the plug. It also determines the
bulge and plug shape, provides the force-time history of
the process, and describes a number of geometrical features
of the transient and final deformation state of the target

plate.

*The research work reported in this paper has been sponsored
in part by the U.S. Army (European Research Office, London)
under Contract DAJA37-81-C-0047.




Introduction

During the penetration and perforation process of a
rigid cylindrical rod in a metallic target plate, the target
material undergoes extensive plastic deformation due to the
high pressure developed by the penetrator/target interaction.
After a short, high pressure impact phase which could exist for
about a microsecond, a stable, steadily growing plastic flow
field develops in the target. This flow field has a major
influence on the penetration process since it governs the
resistance to penetration in the initial stage prior to the
onset of bulging and is also an important factor on the exit
of the projectile. 1In previous engineering models of pen-
etration, e.g. [1), the static and dynamic effects of the
flow field have been considered in a very approximate and
overall manner which required the use of some empirical
factors. In addition, the dynamic effects that have to be
taken into account in an overall approach are not entirely
obvious as has been discussed by Tate ([2]. Another limitation
of the simplified model is the difficulty of properly incor-
porating the influence of material strain-rate dependence.
Despite these shortcomings, the simplified three stage model
of [1] has been reasonably successful in predicting the most

important features of the perforation process (7].




In this paper, the process is analyzed by means of a
five stage sequence of deformation mechanisms shown in Fig.l.
These are 1. dynamic plastic penetration, 2. bulge formation,
3. bulge advancement, 4. plug formation and exit, and
5. projectile exit. The first, principal, stage involves
the determination of an approximate plastic flow (velocity)
field surrounding the projectile at each increment of
penetration and includes the development of a "lip" on the
entry surface of the target. Material strain-rate depend-
ence is considered in obtaining the asscciated stresses and
the work rate terms. Certain parameters that characterize the
field of stage 1 are determined by wutilizing a modification
of the upper bound theorem of plasticity to include dynamic
effects.

A plastic flow velocity field is also assumed for each
of the later stages with parameters introduced to describe
the geometrical features of the deformation mechanism under
consideration. In these cases, the parameters are obtained
directly from the mechanics of the situation without the need
for prior test information or minimization procedure. The
resultant flow field, in turn, determines the forces that
resist the perforation process. The improved engineering
model presented in this paper is essentially self-contained
and can provide adequate analytical treatment of the various

physical phenomena associated with perforation.




Input data consists of the projectile diameter, length,
density, and impact velocity, and the mechanical properties,
density and thickness 9f the target material. The predic-
tions based on this information are the time histories of
the projectile velocity and displacement and of the resisting
force, and also the history of the plastic deformation state
of the target plate including the entry "lip", the rear
surface bulge, and the plug shape. 1In addition, the analysis
gives the exit velocities of the projectile and the plug.
Since the projectile is assumed to be rigid, flattening is
not taken into account although the general method can be
extended to include this effect. A flat ended projectile
is considered for simplicity, while other nose geometries
would require modification of the plastic velocity field
but would not cause any essential difficulty in the calcu-

lations.




General Formulation

The general procedure for analyzing the various stages of
perforation is to assume a plastic flow velocity field that
describes the particular mechanism. This field would be
required to meet the kinematical constraints and the compati-
bility and incompressibility conditions and, in some cases,
would initially contain certain undetermined parameters.

Those parameter values would be obtained by minimizing the
expression for the rate of plastic work, i.e. the energy
dissipation rate, at each increment of penetration. Convective
inertia terms arising from the motion of the target material,
i.e. terms proportional to the square of the velocity, are
taken to be part of the dissipation function to be minimized.
On the other hand, the local inertia terms, which are
proportional to the acceleration, are treated as an “effective
mass” of material acting together with the projectile and

therefore not subject to the minimization process.

This procedure can be rationalized on the basis of
Martin's 1972 theorem on acceleration fields (3] which
states that the rate of work of the inertial force based on
an assumed acceleration field would be an upper bound on
the actual one, Alternatively, the upper bound theorem of
plasticity, in the absence of applied forces, can be inter-

preted as applying to the inertial force consisting of the




projectile and "effective mass" of target material multiplied
by their respective accelerations. 1In problems involving
prescribed forces acting on plastic media, e.g. the dynamic
punch problem, the material acceleration terms would be part
of the expression to be minimized based on direct application
of the upper bound theorem. That was the method employed by
Tirosh and Kobayashi in [4].

To obtain the strain rates ;ij from the velocity field,
the conventional relation is used,

€19 = (1/2)(vilj + vj,i)' where €, = 0 (1)

The target material is assumed to be rigid-plastic with the
flow stress a function of strain rate. Work hardening can be
considered indirectly by taking the flow stress to be the
average value, with respect to plastic work, over the full
strain range. Strain rate dependence of the flow stress is
introduced by a logarithmic relation which has been used by
a number of investigators, e.g. Lindholm (5], and is
convenient for the perforation problem,

rseff

oy =0, [1+C log10 € ] = 9, S(g) (2)

In this expression, 9, is the reference "static" flow stress

eff _ 1), the material constant

(actually corresponding to €
C is taken in practice to be zero for strain rates lower

than unity, and °y is




the flow stress corresponding to the effective plastic strain

rate (calculated in the usual manner).

Total plastic work rate in a volume zone Vn can be

expressed as

on . _ seff
W% = 6n°ijeijdv = (oy)nen Vn (3)

where (cy)n is the flow stress corresponding to the averacge

effective plastic strain rate over the volume Vn,Eifﬂ defined
by

ceff _ .

€ = [(/2/3)/Vn]6n sijeijdv (4)

For zone boundaries with a tangential velocity
discontinuity Avi across a surface Am , i.e. a shear velocity,

the plastic work rate is
We = o), /V3] { 1871, o (5)

wWhen the surfaces are the interfaces between flow zones, the
stress (cy)m is taken to be the minimum value for the zones.
Friction losses ﬁ? due to relative motion between the
projectile and the adjacent target material can also be
represented by (5) with a friction coefficient u that could
vary between 0 and 1. For greater generality, these
coefficients are taken to be different on the frontal and

lateral faces of the projectile and designated Ue and Hp
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respectively. 1In practice, the overall influence of the
frictional forces is small during stages 1 to 4. They are
the dominant factor for stage 5 and the coefficients are
obtained from the available information, e.g. dynamic
punching tests.

The dissipative work rate due to the internal stresses

*m

and frictional forces would then be quantities Wn, ws n

£

summed over the volumes and areas over which they are acting.

and W

These quantities can be non-dimensionalized by dividing by
nR’voo where R is the radius of the projectile (Fig.2), and

v is its current velocity, e.q.

(A - *nNn 2 . o - * 2 .
y = LG/ (nR*vo ) 5 W Izr:lw’;‘/mn vo_) ; etc. (6)

The work rate of the inertial forces in the zone Vn

due to the motion of target material is given by

» _ &n .1 - .
W, = Wk + Wd VividV (7)

o, [
t n

n
I

where ﬁ; is the kinetic work rate and ﬁg is the dynamic

work rate and Pe is the mass density of the target. The

total acceleration consists of the local and convective

components,

. _p ) )
Vi = pevy) T oaelvi) vy (8)

Upon determining v, from (8) and expressing the material

i
velocities in the plastic zones, vyr as functions of the
projectile velocity v and the geometry, the inertial work rate
can be decomposed in the form of (7). Non-dimensionalizing

the inertial work rate terms by dividing by nR’vco, leads to




e
o
"

2
(otv /oo) 9, (9)

e
Q-

(0 VR/G) g (10)

It is noted that the non-dimensional kinetic work rate is

proportional to v? and the dynamic work rate to V. The

functions g and g 1in (9,10) depend upon non-dimensioneal
1 2

qeometrical parameters of the flow field.

For a flat nosed, cylindrical projectile, the work rate
of the total force acting on it in the negative velocity

direction is given by
W= - op T R?L vv (11)
or, in non-dimensional form,

Rl ]
W = - Lv/c 12
P o /9, (12)
where pp is its mass density. The energy rate balance

equation for the complete system is therefore

ﬁ; = ﬁ; + ﬁ; + ﬁ; + ﬁ; + ﬁé (13)
or, using (10) and (12),
. oy
-[ppL + ptR 9J(V/°o) = wT (14)
where '% = '& + ﬁ; + ﬁé + ﬁ; (14a)




Eguation (l4) can be interpreted as a simple dynamical
equation of motion in which the total mass is that of the
projectile plus an effective mass of target material.
Another, and different, effective mass term appears in the
expression for W; . In this respect, the analysis is

similar to that of (1] but the various terms are obtained

from more fundamental considerations.

As discussed previously, it may be necessary in certain
cases, e.g. stage 1, to obtain certain geometrical parameters
by minimizing the energy dissipation terms on the right

hand side of eq.(14), W at each displacement increment.

.
This will determine G, and a simple iterative procedure is
used to obtain the projectile velocity v and time for the

next increment in displacement Ax. For the other stages, all
the geometrical parameters of the assumed flow field are
obtained from the kinematic, continuity and incompressibility
conditions. A typical complete calculation of the perforation
process requires about 10 minutes on a minicomputer,

e.g. Digital PDP 11/44. Detailed descriptions of the velocity

fields and analytical procedures for each of the stages are

given in the following sections.
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Stage 1 - Dynamic Plastic Penetration

This stage would develop vefy shortly after initial
impact and is characterized by continuously growing
plastic zones surrounding the projectile. An approximate,
axisymmetric velocity field that satisfies the geometrical
compatibility conditions was suggested by Iddan and Tirosh
(6] for the punch problem and is used in this analysis,
Fig.2. The velocity components in cylindrical coordinates
for the various flow zones and the corresponding strain rates
from eqg. (1) are given in Table 1. Velocities normal to a
zone boundary are required to be continuous &across the inter-
face while discontinuities in the tangential direction lead to
shear energy dissipation, eq.(5). To maintain zero volume
change, material in zone III must move opposite to the
direction of penetration leading to "frontal petalling" of the
entry surface, HL.
The longitudinal extent of the plastic zone ahead of the
projectile at a penetration distance x is given by aR while
the plastic zone radius is nR, Fig.2, where a and n are
obtained by minimizing W, eq. (14a), at each increment of
penetration Ax., This stage will end when the plastic zone
depth reaches the rear surface of the target plate, i.e.
x + aR = H, for which X=X . At this condition, n = o where
noR is the maximum radius of the plastic zone and also the maximum
extent of the shear zone in subsequent stages, so that the shear
zone width e defined in [1,7] would correspond to R(no-1) in this

treatment.




In order toc use the strain rate dependence of the yield
stress, eq.(2), average effective strain rates are calculated

from eq. (4) for zones I and II giving, respectively,

ceff
€

) = {v/aR) (15)
s £,(n)
et - (v/oR) — M — (16)
2 ﬁ(nz_T)z
where
fl(n) = 2n? - Vn*+3 + n?¢n{(1/31(/n"+3 + n?)1] (17)

For zones I1I and IV, the average effective strain rate is

zero.

Calculation of the non-dimensional energy dissipation
rate terms of (14a) for the velocity field described in
Table 1 leads to the following expressions:

o £, ()
wv = S + § ,— (18)
! 7 /3n?-1)

where fl(n) is given by (17), and S1 and S2 are the strain
rate factors defined by (2) for zones I and II having the

strain rates (15) and (16) respectively;

T (4n?-5n%+1)

o1 2x
W = ——— {al1+n min(S ,5 )] + + — (19)
S /Int-1) 12 R

3an
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2
, S, u 2u_n (x+H.) L
and P S [ L s+= (1-8| (20
£ 330 3(n?-1) R R

where L is the projectile length and §=o for xZL-HL while §=1

for x<L—HL. The frontal lip height H. is the accumulation of

L
the incremental lifts of material in zone III at the forward

face of the target, where 0H; = Ax/(n?%-1), (see Fig.2).

Expressions for W; and Wé are given by (9) and (10), and

the functions gz and 92 for the assumed velocity field are

nz 1 an(nz—i) 1
g (a,n) = gn(n) + 3-5n2[ + — (21)
1 (n2_1)2 16(!2 n2_1 3
n? {a x 1 [2n? an(n)
gzla,n) = -t — t — ] — -] (22)
n?-113 R{n%-1) 40 n-1

Minimization of the sum of the dissipaticn rate terms
ﬁ;, (14a), is per:iormed at each increment of penetration Ax
with respect to the parameters that describe the plastic zone,
a and n. A workable procedure is to formally minimize ﬁ; with
respect to a which leads to a cubic in a with coefficients that
are functions of n and Sn(é). A numerical search technique is
then employed to find values of o and n that would satisfy the

minimization conditions.

—




Stage 2 - Bulge Formation

Once the front of the plastic zone developed in stage 1
reaches the rear free surface of the target plate, x+aR=R
for X=X, the mode of plastic deformation transforms into
one characterized by the formation of a spherical bulge on
that surface. Uplifting of material at the impact surface
then ceases and;the material in a truncated conical sector
forward of the projectile is pressed as a spherical
expansion to form the bulge. This effect is clearly observed
in ballistic tests, e.g.[7). The essential physics of this
mode is that of target mass movement compatible with
incompressibility. The associated plastic flow velocity
field determines the resisting forces acting on the
projectile. No minimization procedures are therefore
required for this stage.

In order to analyze the velocities and forces, it is
convenient to introduce spherical coordinates, r, 6, ¢, with
origin O determined by the semi-gone angle 8 for the region
forward of the projectile, i.e. zone 1I of the proposed flow
field shown in Fig.3. A similar radial expansion flow field
has been used by Avitzur (8] and others in analyses of metal
processing. The relation between the spherical bulge geometry,
and the movement of the projectile is obtained from the

incompressibility requirement, namely,




{1-cosB)’ (2+cospP)
3sin’B

3p3 _ 2 (o
nan = TR (X xo) (23)
where an is the radial extent of the bulge in the plane of
the rear surface of the plate, and X=X is the displacement
of the projectile from the end of stage ' (Fig.3). A further
geometrical relationship can be obtained between n, and B from
Fig.3,

np = [(H-x)/R] (tang)+ 1 (24)

which, combined with (23), leads to an equation relating 8

tO (X"XO) ’

_ 3 3(sin’B) {x-x )
[lﬂﬁﬁl(tan8)+ 1 - 0 — (25)
R(1-cosB)? (2+cosB)

This equation can be solved numerically for 8 for a given
projectile displacement x. The bulge height in the axial

direction, Hb' can also be obtained from the geometry,

H_ = (an/SinB) (1~cosB) (26)

b

In zone II, the only non-zero velocity is v, in the

radial direction r,

v._ = v(r /r)? cos® (27)
r 1




where v is the projectile velocity and r and r are indicated
1
in Fig.3. For this velocity field, the strain rate components,

from (1), are

érr = -2v(r:/r3) cos® (28)
> - o - 2 3

€gg = E¢¢ = v(rl/r } cosb (29)
Ere = —(1/2)v(rj/r’) sin® (30)

Based on the velocities and strain rates in zone II, the work
rates ﬁv, Wd and &k could be calculated for that zone as they

were obtained in stage 1 using egs.(3,4,7,8).

Zone I is considered to be a "dead" zone with the
material moving uniformly with the projectile velocity v so
that a tangential velocity discontinuity exists on the

interface between zones I and II. The shear work

(12)

rate ws

due to the velocity jump across the boundary
between zones I and II is calculated from eq.(5). 32one I
also contributes a work rate &d but not ﬁk and *V since the

velocity is constant throughout that volume.

zone VI is unaffected by the flow process. The boundary
of 1III, IV and V, noR, is the value for nR obtained at
the end of stage 1, when X=X . The velocity field for zone
V is not specified since its influence on the stage 2
process would be negligible except, possibly, for frictional

forces acting along the projectile surface. The work rate




of the frictional forces Wf is again calculated by the methods
described for stage 1. Zone 1V is a narrow
region at the rear surface and its contributions are

negligible.

A proper velocity field for zone III of Fig.3 would be
difficult to construct. Instead, the overall influence of
this region is considered in an approximate manner. From
observations of cavity cross-sections, e.g. [7, 9], it is seen
that this region acts primarily as a transition zone which
undergoes shearing deformation due to the material velocity
along the interface with zone II (assuming no discontinuity
in that velocity) and the absence of material movement in

zone VI.

The shear strain rate in 2zone III, ?3, is assumed to be
constant along a circular arc d(r'), Fig.3, and is approximated
as the velocity at the interface with zone II, Vot divided by
the radial width of the zone described by the arc length d so

that

Y, = (R*v cotB)/[(r')28(n R-r'sing)] (31)

where r' is measured from the origin O along the interface
surface Azs. On the basis that the plastic work rate in the
7one II1 volume is due entirely to shearing deformation, the
term ﬁ;‘) can be expressed by eg.(3) where Efff = (;3)avg//§.
The average shear strain rate in zone III can be calculated
by integrating (31) over the volume of zone III and dividing

by the volume V .
3




Since the detailed velocity field of zone III is not

specified, the work rates due to the dynamic effects, W, and

d
&k’ are approximated by the work rate of equivalent body
forces (per unit volume) acting on the target material in
zone III. Those body forces are assumed to be proportional

to ;3 as an approximation to both the local and convective
acceleration effects. The coefficient of proportionality,

Kb' is obtained by enforcing continuity of the total resisting
force acting on the projectile at the time corresponding

to the transition from stage 1 to 2. Although K, has the

b

dimension of dynamic viscosity, it is not a material property

but a parameter that represents overall inertial resistance

to flow in an approximate manner. 1In the absence of other

information, Kb is taken to be constant throughout stage 2

and the subsequent stage 3. The inertial work rate term for

zone III is therefore approximated as

w) = sk Y )Y.av (32)
v b'a’ '3

I 3

In actual computations for relatively thick target plates,
the contribution of (32) is small compared to that for ﬁéa)

so the approximate nature of (32) is not significant.

The tctal work rates for stage 2 would therefore consist
of the dynamic term from zone I, the shear term from the
interface of zones I and II, the various terms from zone II,
the shearing and inertial terms for zone III, and the
frictional term from zone V. These would then be used in

the energy balance equation (13) to obtain the motion and




forces at each increment of projectile displacement. For this
stage, the velocity field is completely specified by the
requirements of incompressibility and geometry so that the
determination of parameters by a minimization procedure is not
required. Stage 2 continues until X=Xy when the bulge width

an reaches a maximum value, ngR. Further continuation of the
deformation mode would lead to physically unrealistic situations
which indicates that another deformation mechanism initiates at

that condition.




Stage 3 - Bulge Advancement

Guided by observations of bulge formation and growth,

e.g. [7,9] the alteration to the deformation pattern is
taken to be an axial displacement of the bulge region with
the new bulge radius an ending on the former bulge surface,
Fig.4. This bulge advancement is due to target material
displaced by the projectile, and the resulting geometry is

determined by the incompressibility condition.

From Fig.4, an increment of projectile displacement
Ax leads to an advance in the bulge where the new spherical
increment has a sector angle B and the coordinates of its
intersection with the former bulge surface are an and §£.

The relation between the geometrical parameters is

(1-cosB)? (2+cosB) _ (1-cosa)? (2+cosa) _ 38x _ o (34)
sin®B sinla ngR

where o is the radial angle from the former sector origin

0~ to the new boundary limit an, and is given by

a = sin”! [(ny/ny) sinB”] (35)
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and n; and B~ are geometrical parameters from the previous

step. The other necessary geometrical relations are

B = tan"[R(nb-1)/(H+£-x)] (36)
£ = &£ + (n;R/sinB-)(cosa—cosB-) (37)
and the current bulge height Hb is given by

Hy = £ + (n R/sinB) (1-cosB) (38)

These equations are sufficient for obtaining the bulge
geometry at each increment of projectile displacement. The
work rates of the various forces associated with the plastic
flow field could be calculated by the procedures described
for stage 2 and these stages will be fully continuous.

Stage 3 of bulge advancement could continue even for x>H.
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Failure Mechanisms

The penetration processes described by stages 1 to 3 are
common to a large range of ballistic impact conditions, but the
terminal stage leading to failure of the target and exit of the
projectile is characterized by a number of possible mechanisms.
Some of these are described and illustrated in [9]. It is
possible for stages 2 or 3 to lead directly to a terminal stage.
This could occur by the development of adiabatic shear bands on
the interface A23 of zones II and III, (Figs.3,4) or to the
target material being relatively brittle and failing in shear
on that surface. Such early failures in the penetration process
lead to separation of a truncated conical sector (a conical plug)
consisting of zones I and II, (Figs.3,4) from the target plate
and are "low energy" modes of plugging failure as discussed,

e.g. in [10].

Alternatively, and more commonly for ductile targets that
do not fail by adiabatic shearing, a conventional plugging
mechanism of "intermediate" energy (with a cylindrical plug)
could develop from stages 2 or 3 by the formation of a flow
field with a shear zone within the maximum bulge radius. For
this mode, the radius of the ejected plug is essentially equal

to or less than that of the projectile.

Very ductile target plates, which exhibit "high energy"”
ballistic resistance could experience failure by mechanical
instability of the system when stage 3 is carried out to its
geometrical limitation. The resulting plug is relatively

short and has a spherical cap which is the frontal part of




- 22 -

the bulge. This and the preceding modes of failure are
described in more detail in the following sections. They are
the ones most commonly observed in ballistic tests on metallic
plates, but other failure mechanisms and combinations of the

above modes are also possible.

a. Adiabatic Shearing

The appearance of adiabatic shear bands on surface Az3
during stages 2 or 3 would lead to a velocity discontinuity
(slip) along A23 (Figs.3,4) thereby separating the interior of
zone III from the resisting force field. A physical descrip-
tion of the process is given in [10]}, and an analytical
treatment of the formation of adiabatic shear bands in metals
subjected to rapid shear deformations is presented in [11].

It is possible to modify the calculations for stages 2 and 3
for this condition so that a flow field analysis leading to
failure can be obtained. 1In this analysis, the plastic and
inertial work rates of zone III are neglected and a shear work

rate on A23 is considered. From (5) and (6), this term is
welzs) = (20nn.)/ (/3tang) (39)

Shear strains would accumulate in the band region during
stage 3 and an approximate measure of the shear strain at the
rear surface is y = g/[R(ng-nb)]. Failure will occur at

X = X, when v = vy where vy__ * v?rcr. The mass of the

cr
ejected target material (plug) consists of zones I and II,

Fig.4, at the failure condition and its average velocity
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could be obtained by momentum considerations from the velocity
field. 1Initially, the projectile and plug will move together
but they will separate as the projectile is slowed due to

frictional forces.

b. Brittle Failure in Shear

Shear failure along the interface A23 could take place
when the material rupture condition is reached along that
surface during stages 2 or 3. There is no velocity disconti-
nuity along Az3 prior to failure by this mode so the
standard methods for stages 2 and 3 are used and an appropriate
rate dependent failure criterion is introduced which involves

integrating (;3)av over the time.Upon the critical condition

g
being realized, a truncated conical plug will eject as in the

previous case.

c. Plug Formation and Exit (Stages 4 and 5)

Conventional plug formation could commence at.any time
during stages 2 and 3 and has to be examined in parallel with
the bulging processes. The mode having the lower resistance
to continued penetration will be the active one. Plugging
could occur in a variety of geometries and could also combine
with scabbing to form complex failure modes as indicated by
Fig.3e of [9]. A complete analysis would require consideration
of each geometry but only the simple cylindrical plug is

described in this section.

The flow field assumed for plug formation (stage 4) is

shown in Fig.5 alongside the field for stage 3. For this mode,




~ 24 -

all the target material in zone I forward of the projectile

is assumed to move at the projectile velocity v and is
restrained by shear stresses in zone II. Zone III is
considered to contain fractured material and to be ineffective
in shear. The coordinate ¢ defining the boundary between
zones II and III is obtained by setting the shear strain at
that point due to the prior shear deformation in stage 3,
approximated by c/[R(n°-1)], equal to the ultimate strain

Yor® Those zones are assumed to be limited in width to the
maximum bulge diameter ngR on the basis of physical

observations so that the shear strain rate along the inter-

face of the plug and the restraining zone is
Y, T v/[Rinpg-=1)] (41)
2

If transition to plugging occurs during stage 2, then the

current value of the bulge width, an is used instead of

o]
b

R in (41).

Once the plugging mode has formed, further projectile
advancement is resisted by the work rates of the inertial
forces of zones 1, II and I1I, the shear work rate in zone II,
and by friction along the lateral surface of the projectile.
These quantities are determined in a manner similar to those
of stages 2 and 3. 1In calculating the work rates of the
inertial forces in zones II and III (Fig.5) the parameter
that represents dynamic effects in stages 2 and 3, Ky [eq. (32)],

must be modified to account for the difference in the velocity

field. A similarity argument is used to obtain a new value of
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K. for this stage.

b
The plug length Hp is obtained from the geometry,
H = R(cot¢ - cotB 42
P ¢ p) (42)
- s =1 .
where ¢ = sin (51n8p/nb) (43)

and Bp is the sector angle for the flow field of stage 2 or 3

at the onset of plug formation, x = xp.

The bulge will continue to advance until the ultimate
shear strain is realized in zone II. At this condition,
_ - - o_ .
X = xs where xS xp + He and He Ych(nb 1). The plug will
then detach and exit with the projectile. A distinct exit
stage (stage 5) can be considered consisting of the projectile

subjected to frictional forces, and a free cylindrical plug

with a cap corresponding to the bulge shape.

d. Ductile Failure

If failure by any of the previously described or alternative
modes does not occur, then stage 3 would continue until a
mechanical instability condition is reached. This arises when
the projectile displacement beyond the rear surface of the
target exceeds the bulge advancement coordinate § leading to
high shear stresses on the surface A23, Fig.4. It is
reasonable to expect that failure would then precipitate on A23
and that a plug will form consisting of zones I and II at that

condition (x>H) which will have a spherical cap slightly
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wider than the projectile. This capped plug would stay
attached to the projectile as it exits from the plate and

will subsequently separate.
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Numerical Examples

Numerical exercises based on variations of the ductile
plugging exit mode were carried out for the cases of A.P.
projectiles ot 7.62 mm diameter reported in {7] and [i2].
Ductile plugging was observed in those tests to be the
dominant exit mechanism and was accompanied in a few instances
by scabbing and fragmentation. Only the hard core of the A.P.
projectile was considered for the calculations. The core was
idealized to be a rigid cylindrical rod having the
maximum core diameter of 6.1 mm and the actual core length of
23.8 mm. The strain rate parameter in (2) was taken to be
C = 0.025 based on tensile test results, and the friction
coefficients were set to be Mg = 0.10 and Mg = 0.05. A value
of u = 0.10 is given in the literature for dynamic metal
working conditions and a lower value should be used here for
the lateral surfaces because of the higher velocities and

temperatures.

The computed and test results are listed in Table 2,
from which it appears that the predictive capability of the
present analysis is fairly good. Some further explanations
are required for reading Table 2. All the test results
listed are given in {12] and those of tests 1, 2, 3 are also
presented in [7). For some reason, the value of b for test
3 in [7) is not consistent with the correct value given in
[12]) and in Table 2. The width of the shear zone in the

tests, e, was measured to be the maximum extent of the visible
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shear strains, e.g. Figs. 5, 7 of {7], and the corresponding
quantity in the present analysis is R(no-1) listed in the

last column of Table 2. Examination of cavity cross-sections,
e.g. Figs. 5, 7 of [7], were used to obtain b, the length of
the shear zone within the original target thickness. The
corresponding parameter in the analysis is H-x where X, is

the extent of the penetration at the end of stage 1. Predicted
plug lengths, Hp, obtained from the computations for stage 4
are listed, but test data for the actual plug lengths is not
available. As expected, Hp < (H—xo) in this analysis whereas

b is assumed in [!'] to correspond to the plug length.

Test results for the final velocity of the projectile
give a range of values which are a consequence of the ejected
plug and fragments activating the measurement system prior to
the projectile in some of the tests. Calculated values for
the final projectile velocity based on the present analysis
are generally within the experimental range and appear to be
more consistent with the test results than those of [(1,7].
Predicted plug velocities are slightly higher than those of
the projectile because of the friction on its lateral surface

during stage 5.

In addition to the primary exit modes discussed previously,
there are secondary differences in the exit mechanisms. A
number of possible variations of the basic ductile plugging
mode have been incorporated in the calculation procedure and

the one appropriate for the test was used. It is recognized
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that this procedure is an empirical input and corresponds, in
effect, to distinguishing fine differences in the exit
behavior. These differences appear to be related to the
observed scatter of terminal velocity values for nominally
identical test conditions which is especially pronounced near
the ballistic limit. The variations of the ductile plugging

mode that were considered are as follows:

P

° a fully ogival shaped plug within the cylindrical

boundary.

P - a cylindrical plug with an ogival nose, e.g. Fig. 3b
of [9].

P - a fully cylindrical plug as described in stage 4 of
the analysis, e.g. Figs. 4, 8 of [7], Fig. 3a of [9].

P - a cylindrical plug with a wider head (combined
plugging and scabbing) due to the combination of
zones I and III in stage 4 (Fig. 5), e.g. Fig 3e
of [9].

Two plugging conditions were calculated for test 7 since the
actual shape seemed to have features of both P1 and Pz. The

results are an example of the range in final velocity values

obtainable from variations in the basic plugging mode.

Calculated histories of the projectile displacement,
velocity, and resisting force are shown in Figs. 6 and 7 for
tests 2 and 3. For the thinner target, test 2 - Fig. 6, the
duration of the high resisting force during stage 1 is very
short, 1.6 us, and stages 2 and 3 play an important role. A

rapid drop in the resisting force occurs during stage 4 (at
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t = 10.3 us, x = 7.4 mm) due to separation of the assumed
cylindrical plug (Pz) from the target plate at that instant.
Stage 4 continues until the plug is fully ejected from the
target plate. The maximum value of x, 33.4 mm, is the

distance for complete exit of the projectile from the deformed
target at the end of stage 5. Calculated items not listed in
Table 2 for test 2 are: plug mass 0.6 g, maximum bulge height
3.7 mm, maximum bulge diameter 10.1 mm. Effective strain

rates in the bulge region and along the surface A23 of stages

2 and 3 were of the order of 10° sec™!. Test 3, Fig. 7, was
for 2 thicker target plate and the duration of stage 1 is
longer, 8.5 us. Again, stages 2 and 3 are important factors.
Plug separation takes place at t = 22.1 us when x = 13.7 mm
but, because of the assumed ogival plug shape (Po), there is

no sharp drop in the resisting force during stage 4. Additional
computed quantities for this case are: plug mass 0.5 g, maximum
bulge height 3.8 mm, maximum bulge diameter 10.5 mm. Effective

strain rates were about 1/3 lower for the thicker target plate.
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Strain Rate Field: E

Vi H
elocity Field vi 44
Zone
Notation vr vz Err eee czz eij for
iz3
1 vr -vz v v -v_ o
2aR aR 2aR 2aR aR
- v(n?r?-r?) vz -v(n’R¥+r?) | v(n?®R%-r?) v 0
2aRr (n2-1) aR{n®-1) | 2aRr? (n2~1) | 2aRr?(n?~1) [aR(n2-1)
111 0 = 0 0 0 0
n‘-1
v 0 0 0 0 0 0

Table 1 - Particle Velocities and Strain Rates for Each Zone of the Plastic

Flow Field Assumed During Stage 1 of the Penetration Process
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Caption for Figures

Schematic of five stage sequence of deformation

mechanisms for perforation process.

Plastic flow field for stage 1 of perforation

process - dynamic plastic deformation.

Plastic flow field for stage 2 of perforation

process ~ bulge formation.

Plastic flow field for stage 3 of perforation

process - bulge advancement.

Plastic flow field for stage 4 of perforation

process - plug formation.

Predicted histories of projectile displacement,
velocity, and resisting force during perforation

process (Test No.2, Table 2).

Predicted histories of projectile displacement,
velocity, and resisting force during perforation

process (Test No.3, Table 2).
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