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Abstract

Armour systems capable of defeating an incoming projectile on the surface of a ceramic have been reported
by several authors. This capability, called interface defeat, signi"es that the projectile material is forced to
#ow radially outwards on the surface of the ceramic without penetrating signi"cantly. In order to investigate
the conditions for interface defeat, two models for the interaction of a metallic projectile and a ceramic target
were established. With the aid of them, upper and lower bounds for the transition impact velocity between
interface defeat and normal penetration were estimated for a given combination of metallic projectile and
ceramic target. These approximate bounds were found to be consistent with transition velocities determined
experimentally for two projectile materials (tungsten and molybdenum) and "ve target materials (two types
of silicon carbide, boron carbide, titanium diboride and a polycrystalline diamond composite). ( 2000
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Ceramics have two main qualities which make them interesting for armour applications, viz., low
densities and high intrinsic strengths. These qualities o!er possibilities to design weight-e$cient
armour systems with high protection capabilities. However, a major drawback of ceramics as
target materials is their brittle behaviour, which is due to their inability to accommodate plastic
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Nomenclature

a projectile radius
K

1
bulk modulus of projectile material

p normal surface load per unit area
p
0

maximum normal surface load per unit area
P penetration
q
1

stagnation pressure
r radial co-ordinate
R

t
target strength according to Tate

t time
u penetration velocity
v
1

impact velocity
>

1
projectile strength according to Tate

z axial co-ordinate
a ratio between bulk modulus K

1
and stagnation pressure q

1
b ratio between yield strength p

:1
and stagnation pressure q

1
l Poisson's ratio
o
1

density of projectile material
p
:

yield strength in compression of target material
p
:1

yield strength of projectile material
q
:

yield strength in shear of target material ("p
:
/2)

q
:1 yield strength in shear of projectile material ("p

:1
/J3)

q
0

maximum shear stress in target

strains. This brittleness facilitates nucleation, propagation and coalescence of micro-cracks and
may lead to a heavily damaged and comminuted material as a result of impact and penetration [1].

In order to protect ceramic materials from damage, di!erent devices for load distribution and
attenuation, combined with con"nement, have been tested [2}4]. In this way it has been possible to
design ceramic armour systems capable of defeating ordnance velocity projectiles on the surface of
the ceramic. This capability, called interface defeat [2}4], signi"es that the projectile material is
forced to #ow radially outwards on the surface of the ceramic without penetrating signi"cantly.

When the surface load generated by the projectile exceeds a critical value, at a critical impact
velocity of the projectile, a transition between interface defeat and normal penetration behaviour
occurs [5]. Below this transition velocity the ceramic behaves as extremely strong, and above it
behaves as signi"cantly weakened. It is likely that the transition is related to the maximum
accessible strength of the ceramic material.

In this paper, the critical impact velocity for the transition between interface defeat and normal
penetration is studied theoretically and experimentally. Two models are established which permit
the determination of the surface load and the conditions for incipient and large-scale yield,
respectively, in the target. From them, the transition impact velocity is estimated for a given
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Fig. 1. Radial #ow of a long projectile and resulting normal surface load per unit area on a #at, rigid and friction-free
surface.

combination of metallic projectile and ceramic target. This transition impact velocity is compared
with such velocities determined experimentally for di!erent combinations of two projectile mater-
ials, viz., tungsten (WHA) and molybdenum (Mo), and "ve target materials, viz., two types of silicon
carbide (SiC), boron carbide (B

4
C) (reported earlier [5]), titanium diboride (TiB

2
) and Syndie

(a diamond composite).

2. Models

A long projectile with radius a is assumed to #ow radially on a #at, rigid and friction-free surface
as shown in Fig. 1. The #ow is assumed to be steady so that the loading of the surface is quasi-static,
which means that the initial transient part of the impact process is not considered. The material of
the projectile is considered to be linearly elastic and perfectly plastic with bulk modulus K

1
, yield

strength p
:1

and density o
1
.

With the assumption that the e!ects of yield strength and compressibility are small relative to
that of inertia, and the use of several other simpli"cations, the approximate relation for the normal
surface load per unit area on the axis of symmetry of the projectile

p
0
+q

1A1#
1
2a

#3.27bB (1)

with

a"
K

1
q
1

, b"
p
:1

q
1

(2)
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Table 1
Normal load per unit area p as a function of radial distance r [6]

Radius r/a Normal load p/p
0

0.000 1.0000
0.125 0.9994
0.250 0.9912
0.375 0.9741
0.500 0.9594
0.625 0.9341
0.750 0.8882
0.875 0.8353
1.000 0.7706
1.125 0.7029
1.250 0.6115
1.375 0.4976
1.500 0.3703
1.625 0.2353
1.750 0.1500
1.875 0.1000
2.000 0.0665
2.125 0.0471
2.250 0.0353
2.375 0.0253
2.500 0.0176
2.637 0.0106
2.864 0.0026
3.169 0.0000

and

q
1
"

1
2
o
1
v2
1

(3)

is derived in the appendix. Here v
1

is the impact velocity of the projectile and q
1

is the stagnation
pressure of an ideal #uid with density o

1
and velocity v

1
. The dimensionless parameters a<1 and

b;1 relate elastic and plastic e!ects, respectively, to the e!ect of inertia.
It is assumed that p

0
is the maximum normal surface load per unit area under the projectile and

that the radial distribution of this load can be approximated by one determined experimentally for
a low-velocity water jet [6]. Normalised results for this radial distribution of load per unit area p(r)
are shown in Table 1. The assumed load distribution, in combination with Boussinesq's elastic
stress "eld solution for a point load on a semi-in"nite elastic half-space [7], gives the relation
p
0
"(2.601#2.056l)q

0
between the maximum load per unit area p

0
and the maximum shear stress

q
0

which appears at a distance z
0
"(0.622#0.546l)a below the surface. These relations have been

obtained from numerical calculations for di!erent values of Poisson's ratio l and are approxim-
ately valid for 0.05)l)0.20. Here, an approximate lower bound p-08%3

0
for the transition from
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Fig. 2. Target and projectile used in reverse impact experiments.

interface defeat to normal penetration is obtained by putting the maximum shear stress q
0

equal to
the shear yield strength q

:
of the ceramic material, i.e,

p-08%3
0

"(2.601#2.056l)q
:
. (4)

For a ceramic material with the ability to accommodate plastic-like strains associated with
comminution, the comminuted zone would start at the location z

0
of the maximum elastic shear

stress and grow towards the loaded surface. When the comminuted zone reaches the surface,
penetration would start.

A plastic slip-line solution for the indentation of a rigid punch [8}11] is used to obtain an
approximate upper bound p611%3

0
for the transition value of the maximum load per unit area.

According to this solution there is the relation p
0
"5.70q

:
between the average load per unit area

p
0

and the shear yield strength q
:

when indentation occurs. Here, therefore, an approximate upper
bound for the transition from interface defeat to normal penetration is taken to be

p611%3
0

"5.70q
:
. (5)

Finally, relations (4) and (5) give the approximate transition interval p-08%3
0

)p
0
)p611%3

0
, i.e.,

(1.30#1.03l)p
:
)p

0
)2.85p

:
(6)

for the maximum normal load per unit area p
0
, where p

:
"2q

:
is the yield strength in uniaxial

compression according to Tresca's hypothesis. As relations (1)}(3) provide a relation between
normal load per unit area p

0
and the impact velocity v

1
, these relations and the inequalities (6) give

a transition interval also for the impact velocity v
1
.

3. Experiments

Impact experiments were performed with a two-stage light-gas gun using the reverse impact
technique [5,12}15]. Con"ned ceramic cylinders were launched against a stationary projectile
mounted in front of the barrel. The projectile was suspended in a block of plastic foam (density
40 kg/m3), see Figs. 2 and 3.

The stationary projectiles were cylinders with length 80 mm and diameter 2 mm (radius
a"1 mm). They were made of either sintered tungsten alloy (DX2 HCMF from Cime Bocuze) or
molybdenum (Mo from Plansee). The ceramic cylinders, with nominal length 20 mm and diameter
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Fig. 3. Stationary projectile in plastic foam "xture mounted in front of light-gas gun muzzle.

Table 2
Projectile material data

Projectile material Bulk modulus Density Yield strength
K

1
(GPa) o

1
(kg/m3) p

:1
(GPa)

WHA 285 17600 1.2
Mo 238 10220 0.9

20 mm, were made from two types of silicon carbide (SiC-1 and SiC-2), from titanium diboride
(TiB

2
), and from Syndie (from De Beers), which is a polycrystalline diamond composite (diamonds

sintered together in the presence of cobalt as a solvent/catalyst metal). The SiC-1 material was
produced by a pressure-assisted densi"cation method, and the SiC-2 material was made by a hot
isostatic pressing technique. The ceramic cylinders were cut from larger samples and machined
(ground or spark eroded) to "nal shape. Data are presented in Table 2 for the projectile materials
and in Table 3 for the target materials.

The con"nement was provided by a tube with a front and a rear plug. The plugs were locked to
the tube by threads and by two locking rings welded to the ends of the tube. They were made of
tempered steel (SIS 2541-3, comparable to AISI/SAE 4340, #ow stress 750 MPa). The tube and the
rings were made of marageing steel (Mar 350, #ow stress 2.6 GPa).

The inner diameter of the tube was slightly smaller (0.07 mm) than the diameter of the ceramic
cylinder. The tube was heated to about 4753C before the ceramic cylinder was inserted (shrink "t).
The front and rear plugs were mounted after cooling and tightened with a torque of 26 Nm. Finally,
the two locking rings were EB-welded to the tube.

Two 150 kV X-ray #ashes were used to determine the impact velocity v
1
. The "rst was

triggered at impact and the second after the interaction of target and projectile had ended. The
velocity obtained with the aid of the resulting doubly exposed picture slightly underestimates
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Table 3
Target material data

Target material Poisson's ratio Density Hardness HV Yield strength
l o

1
(kg/m3) (GPa) p

:
(GPa)

SiC 1 0.17 3220 21.6 10.4
SiC 2 0.16 3180 20.3 9.8
TiB

2
0.19 4400 20.6 9.9

B
4
C 0.17 2500 33.0 15.8

Syndie 0.07 4100 71.0 34.1

(by approximately 10}20 m/s) the impact velocity because of the retardation of the target by the
projectile.

Four 450 kV X-ray #ashes, positioned at the same radial distance from the centre line but
separated by 303, were used to record the penetration process. The penetration depth P in the
ceramic was determined from the X-ray pictures using image-processing techniques. The inaccur-
acy in the measurement of penetration depth was of the order of $0.20 mm. The instants of time
t of X-ray #ashes were measured within 0.1 ls. The penetration depth data were used to calculate
the average penetration velocity u over the observed time interval by means of linear regression.

The X-ray #ashes were triggered by means of a pulse caused by the short circuit of two insulated
copper wires (diameter 0.07 mm) glued onto the front end of the stationary projectile.

The hardness of the ceramic materials was measured at di!erent loads in the range 50 mN}150 N
with the use of a diamond indenter. The machines used were a Nano Indenter IIs (Berkovich
diamond tip), a Microhardness tester, MXT-a]1 Matsuzawa and a JJ Lloyd Instrument hydraulic
testing machine (M30K). The average hardness over the upper part of the tested load interval,
where the hardness was nearly constant, was used to calculate the yield strength p

:
of the ceramic

materials [16,17].

4. Results

Results obtained from the tests are shown in Figs. 4}7. Fig. 4 shows two representative #ash
X-ray picture sequences of the projectile and the target. Fig. 4(a) illustrates a case of interface defeat,
where no signi"cant penetration occurs, and Fig. 4(b) one of normal penetration. Fig. 5 shows
a more detailed picture of interface defeat (molybdenum projectile and silicon carbide (SiC-1) target
at 21.6 ls after impact).

Fig. 6 shows the penetration for di!erent combinations of metallic projectiles and ceramic
targets versus time after impact. The corresponding penetration velocities versus impact velocity
are presented in Table 4 and Fig. 7. Observed intervals for the transition impact velocities are
presented in Table 5. The lower limit is the highest impact velocity employed without signi"cant
penetration, and the upper limit is the lowest impact velocity employed with signi"cant penetra-
tion. These intervals are indicated with grey zones in Fig. 7. The continuous u vs. v

1
curves in the

"gure are based on Tate's model [18] and serve as references for the experimental data points.
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Fig. 4. X-ray pictures of tungsten projectile and silicon carbide (SiC-2) target at four di!erent times after impact. (a) Test
241. Impact velocity v

1
"1615 m/s, slightly below transition. (b) Test 242. Impact velocity v

1
"1805 m/s, slightly above

transition.

c

Fig. 6. Penetration P versus time t for tests indicated by impact velocity in m/s and test number in parenthesis.
(a) Tungsten projectile and silicon carbide (SiC-1, SiC-2) target. (b) Tungsten projectile and titanium diboride target. (c)
Tungsten projectile and Syndie target. (d) Molybdenum projectile and silicon carbide (SiC-1) target.
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Fig. 5. X-ray picture of molybdenum projectile and silicon carbide (SiC-1) target 21.6 ls after impact. Test 240. Impact
velocity v

1
"2090 m/s, slightly below transition.
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Fig. 7. Penetration velocity u versus impact velocity v
1
. (a) Tungsten projectile and silicon carbide (SiC-1, SiC-2) target.

(b) Tungsten projectile and titanium diboride target. (c) Tungsten projectile and Syndie target. (d) Molybdenum
projectile and silicon carbide (SiC-1) target. Shaded areas indicate region within which transition occurs. The curve in the
penetration and transition regions refers to Tate's model.

The di!erences R
5
!>

1
between target and projectile strengths above the transition velocity have

been determined in such a way that the Tate curves pass through the points (indicated with a "lled
circle) representing the lowest impact velocities employed which resulted in signi"cant penetration
velocities.

Figs. 8 and 9 show the intervals for the transition velocities obtained from the experimental tests
(indicated by vertical bars) and the lower and upper bounds for these velocities (separated by
shaded areas) determined from Eqs. (1)}(3) and the inequality (6). The transition velocity data
for tungsten projectile and boron carbide target (B

4
C) in Table 3 and Fig. 8 have been reported

earlier [5].
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Table 4
Impact and penetration velocity data for di!erent combinations of projectile and target

Test no. Projectile/target Impact velocity
v
1

(m/s)
Penetration velocity
u (m/s)

223 WHA/SiC-1 1845 690
224 WHA/SiC-1 1550 0
225 WHA/SiC-1 1705 570
226 WHA/SiC-1 1645 0 (t(20 ls)
230 WHA/SiC-1 1410 0
232 WHA/SiC-1 1510 0 (t(28 ls)
234 WHA/SiC-1 2175 970
241 WHA/SiC-2 1615 0
242 WHA/SiC-2 1805 640
243 WHA/SiC-2 1715 500
235 Mo/SiC-1 2240 720
236 Mo/SiC-1 2030 0
237 Mo/SiC-1 2200 770
239 Mo/SiC-1 2535 980
240 Mo/SiC-1 2090 0 (t(22 ls)
249 WHA/TiB

2
1615 600

256 WHA/TiB
2

1545 530
257 WHA/TiB

2
2370 1170

258 WHA/TiB
2

1465 0 (t(27 ls)
261 WHA/TiB

2
2500 1250

262 WHA/TiB
2

2135 910
263 WHA/TiB

2
1940 610

245 WHA/Syndie 2010 0 (t(22 ls)
250 WHA/Syndie 2295 730
251 WHA/Syndie 2210 800

Table 5
Transition impact velocities for di!erent combinations of projectile and target

Projectile/target Transition velocity interval (m/s)

WHA/SiC-1 1645}1705
WHA/SiC-2 1615}1715
Mo/SiC-1 2090}2200
WHA/TiB

2
1465}1545

WHA/Syndie 2010}2210
WHA/B

4
C [5] 1430}1480
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Fig. 8. Transition impact velocity v
1

versus target yield
strength p

:
for (a) tungsten projectile and (b) molyb-

denum projectile. The shaded areas correspond to the
interval between the estimated lower and upper bounds
for the transition impact velocity. The heights of the bars
correspond to the intervals of Table 3.

Fig. 9. Transition impact velocity v
1

versus target yield
strength p

:
for tungsten and molybdenum projectiles and

silicon carbide (SiC-1) target. The shaded areas corres-
pond to the interval between the estimated lower and
upper bounds for the transition impact velocity. The
heights of the bars correspond to the intervals of Table 3.

5. Discussion

A model has been established which makes it possible to estimate the surface load generated by
a projectile defeated on the surface of a ceramic target. The projectile was treated as a stationary jet
with a certain compressibility (parameter a) and strength (parameter b), and the impact surface was
considered to be #at, rigid and friction-free. Thus, the loading was considered to be quasi-static,
which is not true initially when the projectile hits the target. In order to establish a similar nearly
quasi-static loading experimentally, without damaging the ceramic, some kind of attenuating
device has to be used. In this study, such a device was provided by the front plug, which had such
thickness that it considerably reduced the initial load on the surface of the ceramic. Yet, a nearly
quasi-static loading is very di$cult to achieve in practice.
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Even under conditions of interface defeat, a certain deformation of the surface of the ceramic
target can be expected to occur due to the high surface load. This deformation has some e!ect on
the load distribution on the target, but this e!ect is not believed to be signi"cant. Another e!ect of
the surface de#ection is the generation of radial tensile stresses at the surface of the ceramic. These
tensile stresses were reduced in the experimental tests due to the con"ning action of the tightly
shrink-"t steel tube. The con"nement also counteracted the e!ect of the radial shear load due to
friction at the interface of target and projectile.

In the analysis, it has been assumed for the projectile that the e!ect of yield strength is small
relative to that of inertia, which means that the dimensionless parameter b de"ned in Eq. (2)
must be small. Comparison with results from numerical simulations suggests that Eq. (1) can be
used with fair accuracy for b(0.135.

The in#uence of the yield strength of the projectile in Eq. (1) can be compared to that in Tate's
model [18]. When the e!ect of compressibility is neglected, i.e., aPR, Eq. (1) gives

p
0
"q

1
(1#3.27b). (7)

When the penetration velocity u is zero, Tate's model gives the corresponding result

p
0
"q

1
(1#b). (8)

In these expressions the "rst terms, which are the same, represent the contribution from inertia,
while the terms proportional to b represent the contributions from yield strength. Thus, the
contribution from yield strength obtained here is 3.27 times larger than that in Tate's model.

Two pairs of bounds for surface loads and impact velocities have been estimated, viz., lower ones
for incipient plastic yield and upper ones for large-scale plastic yield in the target. For the estimated
upper bound (5), a slip-line solution for the indentation of a rigid punch was used. Because of the
di!erence between the nearly rectangular distribution of the punch load and the more bell-shaped
distribution of the projectile load, it is believed that the estimated upper bound is relatively low and
therefore useful.

From the impact tests, transition velocities were determined for the di!erent combinations of
metallic projectiles and ceramic targets by using #ash X-ray technique. Fig. 4(a) and (b) show
tungsten projectiles impacting silicon carbide (SiC-2) targets at impact velocities slightly below and
slightly above the transition impact velocity, respectively. Slightly below the transition impact
velocity the projectile material #ows radially, along the interface of the ceramic and the perforated
front plug, without signi"cantly penetrating the ceramic. Slightly above the transition impact
velocity, in contrast, the surface load is high enough to overcome the strength of the ceramic which
is therefore penetrated by the projectile. At such slightly over-critical impact velocities, the
penetration channel deviates from cylindrical shape in an irregular and asymmetric way which
was not observed at higher impact velocities. This indicates that the penetration is intermittent
and unstable when the impact velocity is slightly above the transition impact velocity. Similar
observations have been made also in some previous studies [5,14]. Fig. 5 shows a molybdenum
projectile which #ows radially on a silicon carbide (SiC-1) surface. In this case there appears to be
a certain space between the radially #owing projectile and the inner surface of the front plug. This
indicates that the radial #ow, once it has been established, can continue without support from the
front plug.
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It can be seen in Fig. 6 that the slopes of the penetration-versus-time curves for the tests above
the transition impact velocities vary with time. Thus, the penetration velocities evaluated using
linear "t give only averages of these variable velocities.

Fig. 7 shows that the transition from interface defeat to penetration is quite distinct, which may
indicate the presence of some type of material instability. The best agreement with experimental
data was obtained for the tungsten projectile and the two types of silicon carbide target. For the
tungsten projectile and the titanium diboride target, it is noted that there is a certain disagreement
between theoretical and experimental results.

It is noted that the experimentally determined transition impact velocities in Figs. 8 and 9
generally appear near the estimated bounds. Thus, with a tungsten projectile the transition impact
velocities are near the estimated upper bound for silicon carbides and titanium diboride and near
the estimated lower bound for boron carbide and Syndie. Also, with a molybdenum projectile the
transition impact velocity is near the estimated upper bound for silicon carbide (SiC-1).

The indentation method used for determination of the yield strength of ceramic materials
appears to give reasonable values. Thus, e.g., the yield strength obtained for silicon carbide (SiC-1)
is 10.4 GPa compared with the value 12.5 GPa determined from plate impact tests [19]. Further-
more, the transition velocity ranges determined from the impact tests, inequa#lity (6) and Eqs.
(1)}(3) lead to similar yield strengths around 10.2 GPa. As the strain rates in the ceramic targets
are moderate under conditions of interface defeat, except while the initial transients are present,
the use of static yield strengths in the estimation of transition impact velocities is believed to be
appropriate.
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Appendix A. Normal surface load per unit area on the axis of symmetry

The rotationally symmetric impact between a long cylindrical projectile and a #at, rigid and
friction-free surface is shown in Fig. 1. At large distance from the interface, the stresses in the
projectile vanish and the projectile material moves with the axial impact velocity v

1
. In terms of

cylindrical co-ordinates r and z (no dependence on u), and under steady-state conditions, the
equation of motion in the axial direction is

Lp
zz

Lz
#

1
r

L
Lr

(rp
rz

)"oAv3
Lv

z
Lr

#v
z

Lv
z

Lz B, (A.1)

where p, v and o denote stress, velocity and density, respectively. On the axis of symmetry r"0, the
radial velocity v

3
is zero, and hence we obtain

Lp
zz

Lz
(0, z)"Co

L
LzA

v2
z
2 B!

1
r

L
Lr

(rp
rz

)D
r/0

. (A.2)
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In what follows, all relations are to be evaluated on the axis of symmetry, and therefore indications
that r"0, such as in relation (A.2), will be left out. Integrating from z"0 to R, then, and using
the boundary conditions, we obtain

!p
zz

(0)"o
1

v2
1
2
!P

=

0

Lo
Lz

v2
z
2

dz!P
=

0

1
r

L
Lr

(rp
rz

) dz, (A.3)

where partial integration has been carried out on the "rst term of the right-hand side. This relation
can be expressed as

!p
zz

(0)"q
1
(1#/#t), (A.4)

where

q
1
"

1
2
o
1
v2
1
, /"!

1
q
1
P

=

0

Lo
Lz

v2
z
2

dz, t"!

1
q
1
P

=

0

1
r

L
Lr

(rp
rz

) dz. (A.5)

The quantity /, which represents elastic e!ects, is evaluated as follows. If the shear strength of the
projectile material is neglected here in comparison with the mean stress p

.
, there is a hydrostatic

state of stress p
rr
"prr"p

zz
"p

.
and p

rr"prz"p
zr
"0. Hence, Eq. (A.2) gives

Lp
.

Lz
"o

1

L
LzA

v2
z
2 B, (A.6)

where it has been assumed that o"o
1
. Integrating this relation from z@"z to R, and using the

boundary conditions, we obtain

!p
.
"1

2
o
1
v2
1
!1

2
o
1
v2
z
. (A.7)

The mean stress p
.

is also related to the density o through the relation

p
.
"!K

1A
o
o
1

!1B, (A.8)

where K
1

is the bulk modulus. With the aid of relations (A.7) and (A.8) we can now express the
derivative Lo/Lz in the second of relations (A.5) as

Lo
Lz

"!

o
1

K
1

Lp
.

Lz
"!

o2
1

K
1

L
LzA

v2
z
2 B. (A.9)

Substituting into the second of relations (A.5), we obtain

/"

1
q
1
P

=

0

o2
1

K
1

v2
z
2

L
LzA

v2
z
2 B dz"

1
2

o2
1

q
1
K

1
A
v2
1
2 B

2
. (A.10)

From relation (A.7) we obtain p
.
(0)"!(1/2)o

1
v2
1
. Substituting this relation and q

1
"(1/2)o

1
v2
1

into relation (A.10) we get

/"!

1
2K

1

p
.
(0). (A.11)
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On the axis of symmetry at the projectile-target interface z"0, the shear stresses p
rr , prz and

p
zr

are zero. Hence, the principal stresses are p
rr
"prr and p

zz
, and von Mises yield criterion gives

p
.
(0)"p

zz
(0)#

2
3

p
:1

. (A.12)

Substitution into (A.11) gives

/"!

1
2aA

p
zz

(0)
q
1

#

2
3
bB, (A.13)

where

a"
K

1
q
1

, b"
p
:1

q
1

. (A.14)

The quantity t, which represents plastic e!ects, is determined as follows. It is assumed that beyond
a distance b from the projectile-target interface, the projectile is in a state of uniaxial stress with
p
rz
"0. Then, the integration interval in the third of relations (A.5) is limited to z3[0, b]. In this

interval, the projectile material is assumed to #ow as a perfectly-plastic solid obeying von Mises
yield criterion and the associated #ow rule

p
rz
"

J6
3

p
:1

d
rz

D d D
, (A.15)

where d is the rate of deformation tensor with rz-component and norm

d
rz
"

1
2A

Lv
r

Lz
#

Lv
z

Lr B, Dd D"Jd
ij
d
ij
"SA

Lv
r

Lr B
2
#A

Lv
z

Lz B
2
#A

v
r
r B

2
#2A

Lv
r

Lz
#

Lv
z

Lr B
2
,

(A.16)

respectively. Substituting relation (A.15) into the third of relations (A.5), we obtain

t"!

J6
3

bP
b

0

1
r

L
LrAr

d
rz

D d DB dz. (A.17)

This expression is evaluated using a rate of deformation tensor d for a potential velocity "eld
(incompressible and non-viscous). The boundary conditions are taken to be such, that (i) the stress
"eld in the projectile is continuous at z"b with b"3a [6] and (ii) the axial velocity v

z
"0 at the

projectile-target interface z"0. The continuity of the stress "eld at z"b implies that the rate of
deformation "eld must have a jump. This jump is assumed here to be proportional to b for b;1.
With these assumptions t is obtained from relation (A.17) as

t+3.27 b, (A.18)

for b;1.
Substituting Eqs. (A.13) and (A.18) into Eq. (A.4), we "nally obtain the maximum normal stress at

the projectile}target interface

!p
zz

(0)"p
0
+q

1A1#
1
2a

#3.27bB (A.19)

for a<1 and b;1.
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