
ENGINEERING MODELS-OF BALLISTIC'

PERFORATION AT HIGH VELOCITIES

Final Technical Report

by

S. R. Bodner

April 1983

United States Army

RESEARCH & STANDARDIZATION GROUP. (EUROPE)

London England

CONTRACT NUMBER DAJA37-81-C-0047

Technion Research and Development Foundation -

Haifa Israel 1i:i;m S"ELECTS
' ('> •MAY 3 1 18

"Approved for Public Release: distribution unlimited

ReproducedF,.,, 83 05
Best Available Copy ,



-- ..---

READ INSTRUCTIONS

REPORT IIOCUMENTAT10N PAGE BEFORE COMPLETING FORM

1. Report Number 2. Govt Accession No. 3. Recipient's Catalog Number

4. Title (and Subtitle) 5. Type of Report & Period Covered

ENGINIEERING MODELS OF BALLISTIC PERFORATION Final Technical Report
Oct. 1980 - April 1983

AT HIGH VELOCITIES
6. Performing Org. Report Number

7. Author(s) 8. Contract or Grant Number

S. R. Bodner DAJA37-81-C-0047

9 Performing Organization Name and Address 10. Program Element, Project, Task

Technion Research & Development Foundation Area & Work Unit Numbers

Haifa 32000, Israel

11. Controlling Officv Name and Address 12. Report Date
U.S. Army Contracting Agency, Europe April 1983
Attn: AEUPC-PC, EschersheimerLandstrasse 163
6000 Frankfurt/Main, GERMANY 13. Number of Pages 66

14 Monitoring Agency Name and Address 15.

European Research Office, U.S. Army Unclassified
223 Old Marylebone Road
London, NW1 5TH, ENGLAND

16. % 11. Distribution Statement

Apprvýwd tor public release; distribution unlimited

18 Supplhementary Not,-

19 Key Words

Ballistics, Terminal; Impact;
Penetration; Perforation; Hopkinson-bar.

20 Abstract

-'The research program consisted of two main parts: (1) a series of ballistic

tests with long rod penetrators of SAE 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 bar (Kolsky bar) arrangement was set up to measure material

strength at high rates of loading. Results of the present ballistic tests will

be 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..

H..M 1. 73



- - p. -

Abstract

The research program consisted of two main parts: (1) a series of

ballistic tests with long rod penetrators of SAE 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-Hopkinscn (Kolsky bar)

arrangement was set up to measure material strength at high rates of

loading. Results of the present ballistic tests will be 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 overall 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

loading, 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 II - 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 (Rc) measurements.

Fig. 4 - Cavity profile in an aluminum target.

Fia. 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 profile after perforation of 133.5 mm AL 5083
H-115 target.

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

Fig. 9 - Characterization of the final deformation and hole
dimensiun 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 incldde the effects of projectile mass

loss will lead 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 mm diameter steel projectile

embedded in a teflon collar is propelled in a smooth bore (18 rmm)

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 mm 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 low 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 (W/d) of

0.3 to 0.5. The strain pulses were detected by two pairs of strain gauges

(WK-06-125AD-350 by Micro Measurement) and recorded by a two channel

digital 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) Polytetrafluoroethylene (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-strain 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]

Symbol C I Si Mn P _ S Cr _ M

[% 1 0.41 n.21 0.72 0.015 0.022 1.o6 1.22

Table II Mechanical Properties of Penetrator Material.

Yield Stress Ultimate Stress Elongation Impact Test
Y U.T.S. max IZOD

Kg f/mm 2 Kq f/mm2 Kgf m

78 - 8n 90 - 91 22 - 24 11 - 13

Table III: Tarqet Plates and Mechanical Properties of Target Material.

Mechanical Properties -

Plate Plate
Mater;al Thickness

Yield Stress Ultimate Max.
Stress Strain

T Y ( 0.2) U.T.S. 'Max

mm Kg /mm, Kg /mm2

50.8 86 97-98.7 15.1-15.3

R.H A.___1

75 80-85 91.3-98.6 15.3

R.H.A.

44,5 11-12 26.2-28.2 15.8-18.3
AL-5083 M-115

-1 .-1

(*) At Strain-Rate of s.O.l Sec for Steel and %0.6 Sec for Aluminum

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

(**) According to Mil-S-1256nB (ORD)
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Strikinq Velocity 146I M/Sec
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,Figlure 3 :Hole Profile After Perforatio~n of 75 mm R.HoA. Target"

and Hardness Test (Re) Measurements.
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Strikinq Velocity 1560 M/Sec

sample Round No. D~

Rp'Jdual Vel'Ccity 1390 M/Sec
133.5,.

AL-5083
in

Fl ue 4 Hole Profile, After Perforation of 133.5 -wn AL 5083 H-11ý

L tTarget (3 
x 44.5 rmm)
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AA

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

Etching: Boiling 50% H1-i

Fitr -Hole profile after perforation of 50.8 mm R.H.A. target.

(Round No. 15; Vs = 1461 m/sec; VR =1310 m/sec; LR =129 mm)
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c. Enlaraeeznet of entrance region (x2.5) b. Enlargement of exit region (x2.5)

Etching: Boiling 50% HCJ.

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

(Round No. 11; Vs = 1555 m/sec; VR=1342 m/sec; LR 96 mm
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in out

a. General view

* '

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

Etching: Feric Chloride + HCI + Alcohol

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

(Round No. 20; Vs = 1388 m/sec; VR = 1218 m/sec; LR = 136 mm)
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in -- - -W out

a. General view

1/

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

Etching: Feric Chloride + HCI + Alcohol

Figure 8: Hole profile after perforation of 133.5 mm AL 5083 H-115 target.

(Round No. 19; Vs = 1560 m/sec; VR = 1390 m/sec; LR = 138 mm).



Figure 9 Characterization 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. In previous engineering models of pen-

etration, e.g. [I], 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].
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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 associated stresses and

the work rate terms. Certain parameters that characterize the

field of stage I are determined by utilizing 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.



-3-

Input data consists of the projectile diameter, length,

density, and impact velocity, and the mechanical properties,

density and thickness of 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. In 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.
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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
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projectile and "effective mass" of target material multiplied

by their respective accelerations. In 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 Zij from the velocity field,

the conventional relation is used,

ij = (1/2)(vi,j + vj,i ), where Ekk = 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 (51, and is

convenient for the perforation problem,

= [I+C loa *eff = 0 S(E) (2)

y 0 lo0 0

In this expression, a is the reference "static" flow stress
0

(actually corresponding to ýeff = 1), the material constant

C is taken in practice to be zero for strain rates lower

than unity, and a isy
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the flow stress corresponding to the effective plastic strain

rate (calculated in the usual manner).

Total plastic work rate in a volume zone V can ben

expressed as

I= J a..•..dV = (ay) effv (3)
V Vn 1) 1] n n n

where (a y)n is the flow stress corresponding to the average

.elf

effective plastic strain rate over the volume V ;f , defined

by

ýeff ( '2-/•)/Vn]n ViidV (4)

n ~~n n 1 1

For zone boundaries with a tangential velocity

discontinuity Avi across a surface A , i.e. a shear velocity,

the plastic work rate is

S= [(a ) mld3f If tVilA dA (5)
s y M Am ASm

When the surfaces are the interfaces between flow zones, the

stress (a y) is taken to be the minimum value for the zones.

Friction losses 0- 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 if and v.
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respectively. In 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

and frictional forces would then be quantities Wn, 0 and *m

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

These quantities can be non-dimensionalized by dividing by

iR 2vo where R is the radius of the projectile (Fig.2), and

v is its current velocity, e.g.

WV W /(R vao) ; = /(iTR'vO ) ; etc. (6)

The work rate of the inertial forces in the zone Vn

due to the motion of target material is given by

W -n + d = Pt ý vividV (7)SVn 1 1

where Wk is the kinetic work rate and W is thed dynamic
work rate and pt is the mass density of the target. The

total acceleration consists of the local and convective

components,

vi = (vi) = )+(vVv (8)

Upon determining i from (8) and expressing the material

velocities in the plastic zones, vi, 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 vRav o, leads to
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(0tv2 00 g (9)

Wd = g2 (10)

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

proportional to v2 and the dynamic work rate to v. The

functions g and g in (9,10) depend upon non-dimensional

geometrical 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 = - p v R2 Lvv (11)

or, in non-dimensional form,

' = - p Lv/o (12)
p p 0

where p p is its mass density. The energy rate balance

equation for the complete system is therefore

.1 .~ "'*I.,

k W +* ++Wd (13)p Wv+ s f k d

or, using (10) and (12),

- + tR gLV/+o) WT (14)

where WT = WV + + Wf + (14a)
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Equation (14) 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 Wk . 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), Wj at each displacement increment.

This will determine v, 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 very 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 eq.(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 qR, Fig.2, where a and n are

obtained by minimizing Wij, 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 0. At this condition, n = n where

n 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(n0 -1) in this

treatment.
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In order to 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,

.effE = (v/ctR) (15)
£

-eff __ _ _ _
= (v/,cR) (16)

where

f (n) = 2n' - /n'+3 + n'kn[(1/3) (/n
4 +3 + n')l (17)

1

For zones III 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:

.1 f1(h)
Wv = S + S (18)

where f (T)) is given by (17), and S and S are the strain
1 1 2

rate factors defined by (2) for zones I and II having the

strain rates (15) and (16) respectively;

, {, (4n 3_ 5n2+1) 2x=S -11+n min(S ,S )] + + -- (19)
/_3r(n2_1) fa 2 3an R



- 12 -

S111 __s_ (x+HL) L
"af+ L [ + - (1-6) (20)and W f = 3¢• V3 a V,3 ( n2- 1)R

where L is the projectile length and 6=o for xaL-HL while 6=1

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

the incremental lifts of material in zone III at the forward

face of the target, where LHL = AX/(n 2-1), (see Fig.2).

Expressions for Wk and Wd are given by (9) and (10), and

the functions g and g for the assumed velocity field are
1l 22 n T1 j

g (, ) = [n(n) + 3-5n 2] + (21)g1 n 2_ 1) 2f1a2n2_- 1 (23

(a c,n) = + + I [2 (22)2 )2--1 3 R(T12-1) 4a n 2-1

Minimization of the sum of the dissipation rate terms

WT, (14a), is peri 4 rmed 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 WT with

respect to a which leads to a cubic in a with coefficients that

are functions of n and S (E). A numerical search technique isn

then employed to find values of a and n that would satisfy the

minimization conditions.
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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+cR=H

for x=x 0 , 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.[73. 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, ý, with

origin 0 determined by the semi-cone angle 6 for the region

forward of the projectile, i.e. zone II 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, namply,
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Til3R3 (1-cosW3)' (2+cosP) = R 2 (x-x_) (23)
3sin 3B 0

where nbR 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 1 (Fig.3). A further

geometrical relationship can be obtained between r b and 3 from

Fig. 3,

n = [(H-x)/R] (tan R)+ 1 (24)

which, combined with (23), leads to an equation relating 3

to (x-x) ),

S11 3 3(sin) (x-xO)
(X--!-(tanS) + - 0 = O(5

J R(1-cosS) (2+cosB)

This equation can bc solved numerically for ý for a given

projectile displacement x. The bulge height in the axial

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

Hb = (nbR/sinB) (1-cosB) (26)

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

radial direction r,

vr = v(r /r) 2 cose (27)
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where v is the projectile velocity and r and r are indicated

in Fig.3. For this velocity field, the strain rate components,

from (1), are

Er -2v(r 2 /r 3 ) cosO (28)rr I

0 = C v(r 2 /r 3) cose (29)

= -(1/2)v(r 2 /r 3 ) sinO (30)

Based on the velocities and strain rates in zone II, the work

rates WV' Wd and Wk could be calculated for that zone as they

were obtained in stage 1 using eqs.(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

rate i(12) due to the velocity jump across the boundary

between zones I and II is calculated from eq. (5). Zone I

also contributes a work rate Wd but not Wk and WV since the

velocity is constant throughout that volume.

Zone VI is unaffected by the flow process. The boundary

of III, IV and V, n0R, is the value for nR obtained at

the end of stage 1, when x=xO. 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



- 16 -

of the frictional forces Wf is again calculated by the methods

described for stage 1. Zone IV 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 zone III, y , is assumed to be3

constant along a circular arc d(r,), Fig.3, and is approximated

as the velocity at the interface with zone II, v , divided by
23

the radial width of the zone described by the arc length d so

that

y = (R 2 v cota)/[(r,) 2 B(n 0 R-r'sina)] (31)

where r' is measured from the origin 0 along the interface
surface A . On the basis that the plastic work rate in the

23

7ne III volume is due entirely to shearing deformation, the

term i(s) can be expressed by eq.(3) where ýeff = ( ) i//I.
v3 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
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Since the detailed velocity field of zone III is not

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

Wk' 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 ; 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 Kb has the

dimension of dynamic viscosity, it is not a material property

but a parameter that represents overall inertial resistance

to flow in an approximate manner. In 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

0 - f(Kb )ý dV (32)I
3

In actual computations for relatively thick target plates,

the contribution of (32) is small compared to that for ý(3)
V

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

The total 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
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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=xb when the bulge width

nbR reaches a maximum value, ni0R. Further continuation of the

deformation mode would lead to physically unrealistic situations

which indicates that another deformation mechanism initiates at

that condition.
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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 nbR 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 ý and the coordinates of its

intersection with the former bulge surface are nbR and E.

The relation between the geometrical parameters is

(1-cos6) 2 (2+cosB) (1-cosa) 2 (2+cosc) 3Ax__ _ __ _ __ _ __ _ _ _ __.. ..___ _ _ o (34)
sin3 B sin3  3 R

where a is the radial angle from the former sector origin

0- to the new boundary limit nbR, and is given by

a = sin-' [( /nb) sinB-] (35)
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and n b and B are geometrical parameters from the previous

step. The other necessary geometrical relations are

B = tan-'[R Tib-1)/(H+ý-x)] (36)

= )(n bR/sinB)(cosa-cosB) (37)

and the current bulge height Hb is given by

Hb + + (nbR/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 A of zones II and III, (Figs.3,4) or to the
23

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
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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 A23

during stages 2 or 3 would lead to a velocity discontinuity

(slip) along A (Figs.3,4) thereby separating the interior of23

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. In this analysis, the plastic and

inertial work rates of zone III are neglected and a shear work

rate on A is considered. From (5) and (6), this term is
23

ý1, = 1(2nnb /l/3taný) (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 : ý/[R(n - b)]. Failure will occur at

x = xs when y = ycr where y cr The mass of the

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. Initially, 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 A could take place23

when the material rupture condition is reached along that

surface during stages 2 or 3. There is no velocity disconti-

nuity along A prior to failure by this mode so the
23

standard methods for stages 2 and 3 are used and an appropriate

rate dependent failure criterion is introduced which involves

integrating (y3)avg over the time.Upon the critical condition

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,
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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 t 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 ý/[R(n -1)), equal to the ultimate strain

Ycr" Those zones are assumed to be limited in width to the

maximum bulge diameter n0R on the basis of physical

observations so that the shear strain rate along the inter-

face of tb- plug and the restraining zone is

ýýv/[R(nb0-1) ] (41)
2 b (1

If transition to plugging occurs during stage 2, then the

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

nR in (41).

Once the plugging mode has formed, further projectile

advancement is resisted by the work rates of the inertial

forces of zones I, II and III, 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. In 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, Kb [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 bfor this stage.

The plug length H is obtained from the geometry,p

Hp = R(cotý - cotBp ) (42)

where ý = sin-'(sinBp/nb) (43)

and 6p is the sector angle for the flow field of stage 2 or 3

at the onset of plug formation, x = x p

The bulge will continue to advance until the ultimate

shear strain is realized in zone II. At this condition,

x = x where x = x + H and H = YcrR(nr-1). The plug will
s s p e e cr b

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 E leading to

high shear stresses on the surface A 2 Fig.4. It is23'

reasonable to expect that failure would then precipitate on A 23

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 [12].

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 pf = 0.10 and W. = 0.05. A value

of p = 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 Rino-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 0 where x0 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-x 0 ) in this analysis whereas

b is assumed in [1] 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:

P0 - a fully ogival shaped plug within the cylindrical

boundary.

P - a cylindrical plug with an ogival nose, e.g. Fig. 3b1

of [9].

P - a fully cylindrical plug as described in stage 4 of
2

the analysis, e.g. Figs. 4, 8 of (71, Fig. 3a of [9].

P - a cylindrical plug with a wider head (combined
3

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 P and P . The
1 2

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 ps, x = 7.4 mm) due to separation of the assumed

cylindrical plug (P ) from the target plate at that instant.
2

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 A of stages23

2 and 3 were of the order of 105 sec-1. Test 3, Fig. 7, was

for a 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 ps when x 13.7 mm

but, because of the assumed ogival plug shape (P 0 ), 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 wi, maximum bulge diameter 10.5 mm. Effective

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

Zone

Notation vr ve vz ýrr v v £zz Ccj for

Jgj

Vr 0 -VZ V V 0
2aR mR 2aR 2(%R aR

v(n 2R2-r 2) vz -v(n 2R2+r 2 ) v(n 2R2-r 2 ) vII ~0
2aRr(n2-1) oR(n 2-1) 2aRr 2 (n 2-1) 2%Rr (n2-1) aR(n2-1)

-v
III 0 0 0 0 0 0

IV 0 0 0 0 0 0 0

Table_ . - Particle Velocities and Strain Rates for Each Zone of the Plastic

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

Fig. 1 - Schematic of five stage sequence of deformation

mechanisms for perforation process.

Fig. 2 - Plastic flow field for stage 1 of perforation

process - dynamic plastic deformation.

Fig. 3 - Plastic flow field for stage 2 of perforation

process - bulge formation.

Fig. 4 - Plastic flow field for stage 3 of perforation

process - bulge advancement.

Fig. 5 - Plastic flow field for stage 4 of perforation

process - plug formation.

Fig. 6 - Predicted histories of projectile displacement,

velocity, and resisting force during perforation

process (Test No.2, Table 2).

Fig. 7 - Predicted histories of projectile displacement,

velocity, and resisting force during perforation

process (Test No.3, Table 2).
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