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subject to bending gets smaller. Thus bending becomes less important as pro-

s { ) et s =

ject%]e speed increases. From these concepts, one can understand why pointed
projéctiTes peﬁetfatg more easily than flat ended ones. As the po%nted end |
ﬁenet?étes into.the target it generates bending waves, but these bending waves
trave]goutward at a s?ower rate than the projectile radius 1ncreases, therefore
the meéhanwsm of bending is removed or effectively reduced as a source of energy
: absorp‘1on.

:So far we have been-discussing ideal situations in which the projectile
is undeformed by the impact and subsequent penetration. This approximation is
reasonab]y accurate up to velocities of a few fhousand feet per second at most,
and it may fail well below a thousand feet per second Sir Geoffrey Taylor has
described the process of projectile distortion for flat-ended steel projectiles
on armor pTateIﬁiBS].By allowing the impact to generate elastic-plastic waves in -
' the projectile, with elastic waves reflecting between the plastic wave front and
thé rear of fhe prpjecti]é, he was able to describe mushrooming of the projectile
at a few hundred feet per second. At the order of a thousand feet per second the
apﬁroximations in his theory failed as distortion became more extreme. In
general it can be assumed that the contact area between projectile and target will
be'{ncréésed by plastic distortiqn.

At velocities of six to ten millimeters per microsecond hydrodynamic
behavior of both projectile and target can be invoked. Then the penetration
procedure becomes analogous to digging into the earth with a garden hose: a hole
is "washed" fn the target and the projectile is consumed in the process. The
mechanics of Jjet penetration, treating both projectile and target as incompressibie
fluids was . f]TSt deve1opﬂd during World War II [9.3¢], When applied to-a semi-infinite -
- target as in Fig. 9.18, the theory y1e1us depth of penetration, d, in terms of

the proaﬂctule or jet 1engih L:

d = L’Qj/P
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where = dens1ty of jet material and p = density of target material.
This theohy has been w1de1y used_}n connection with shaped charges and is
l 7 s T T EFS
_ reasonubiy successful for ~ ductile materials with high mo1t1ng po1nts‘ —

1t does [ot work well for glass or for lead.
| At extremely high projectiie velocities, say 50 mm/usec, new phenomena
come 1nto play. A small pellet striking a thick target can be expected to come

- to rTst very quickly and at a short dlstance into the target Its total energy

" has Qeen given to the target in this time and is confined to a volume bounded by

the stopping time and the shock propagation velocity. The latter limit expresses
the inability of the target material to carry energy away from the impact point
as rapidly as it is delivered. Consequently the energy density in the.targef
.may be very highj much higher, for example, than in a chemical explosive, so Vf
the effect of the impact on the target is the same as a very intense, nearly
point explosion. | | _
In this discussion of penetration an effort has been made to describe the
‘kinds of physical and mechanical behavior wh%ch can be ekpected in various
material and velocity regimes. The formulae given are at best approximate, but
the idea ﬁﬁat penetration results from competition between mechanisms for carrying
energy away-from the impact point and rate of defivery of energy in impact is
sound. Unfortunately, implementation of this idea is not simple. |
It has been tacitly assumeé, for the most part, that both projectile and
target are ductile. If they are brittle, crack propagation must be added as a
mechanism for energy transport. '?he—pvﬁbiem~%s—somewhat‘mﬁré‘tﬁmﬁTTtateé—bﬂi

net—fundamenrtaly arteveds
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The penetration problem is not fundamentally charged in this case; ﬁut
effects on bothrprojectile and taréet can be dramatic because.of the

. large Hugoniot elastic limits and compression moduli which can bg
'ﬁbtained £n brittle materials. This is welllillust:ated by a progrém"
being carried on at the Livermore Lawrence Laborétorges By Mark L.
‘Wilkins and his colleagues[937~8.41]1. They are concerned with the
penetration of cefamic-faced two-component armor by small—éalibéf
prbjectiles with impact velocities from about 1000 to 3000 ft/sec.
They have'condgcted parallel numerical and experimental studies which
have led to a ;ew understanding of the penetration pr;cess aﬁd to new
concepts In armor design.

The geometry of their experiments is shown in Fig. 9.19. Some
significant features of a typical calculation are shown in Fig, 9.20.
There the dark regions radiating from the point of impact and growing
from the interface to&ard the projectile represent regions of fracture.
This work deais-almOst egelusively with Eéfamic materials which have
large Hugoniot elastic limits and large compression moduli. Conse-
quentdy the stress developed at the point of impact is very much greater
than the yield strength of the projectile, causing it to flow laterally
and to be essentially removed .from further consideration. While this
destruction of the projectile tip is occurring, the fracture conoid
shown in Fig. 9.20 is spreading toward the iInterface of ceramic and
the backup piate. The backup plate itself is subjected to a large
pressure over ‘an area approximétely defined by the extension of the
fracture conoid, and as a result of this pressuré thcfe is a strongly

localized movement of the interface away from the impact surface. This
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movement arises from a combination of matefial compression under the
impact point, deférmatioﬁ prodﬁced by sﬁrong éhearing stresses caused
by the non—unlform loading, and bending response of the backup plate.
The initlal deflection produces tension in the ceramic near the inter-
face. The ceramic is weak in tension, so it fractuges in the region
adjacent to the interface and beneath the impact poin;.'

Asrtime pasées the region of fracture spreads to encompass the
-éntire fracture conoid, the local compressioﬁ modulus is reducéd
so that the impact stresses lie below the yield stress of the projectile,
deteriorationggf the projectile tip is arrested and the penetration -
proceeds. The ceramic tgrns out to retain its effective modulus well
beyond the time when fracture is complete within the fracture conoid.
For the case shown, fracture is nearly complete at six microseconds
after_impact, but projectile erosion continues for approximately
9 more microseconds. The net result of this is that only about 60%
of the projectile energy is delivered to the target. Thé rest of ‘it is
carfied away by the ejecta.

Dramatic gvidence of the correctness of the ébove ideés is
'EOntained in a series of expériments in which ceramic thickness, backup

thickness and materials were varied. BSome of the most germane are

briefly described below.

(1) 0.34" of A1203 (Coors Ad-85 Alumina) was backed by a one inch
plate of tool steel. A projectile striking it at 2300 ft/sec was
completely destroyed and, except for a few c;acks_in the ceramic,
radiatipg from the impact area, thé target was intact énd undamaged.

Here the axial fracture recion resulting from plate motion was suppressed
! g g P PP 3

so the compressive modulus of the ceramic remained high.
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(11) Aluminum backup plate thickness;‘S, was varied while qerémic
thickness, A, was held constant. The béllistic limit, VBL’ increaséd
- steadily with § until § = 0.23"™. At this thickness there was a
.:nearly discontinuous incréase in VBL’ ﬁnd for Iayger-s, VBL increased
only slowly. This change results.from,a tranqition of backup plate

response from the bending mode for thin plates to shear or plug

fracture, like that shown in Fig. 9.17, for thick plates.

Eiii} Ceramic thickness, A, was varied while backup platerthickness was
h}lé constant. - It was found that VBL/A wasAconstant fof any particular
c;rémic. The numerical value of the'ébnstantldepenas on the ceramic
mgtérial and on the dynamic strength of the backup material. Surprisingly,
phé dynamic strengths of 6061-T6 Al and woven fiberglass roving turn

out to be nearly\fhe same, though their bending moduli are much different.
The constancy of Vblfﬂ is suggested by the £q¥1owingAs;mple argument.
Sﬁppose fhat the ceramic responds elastically to impact.eyen at these
high pressures. Then the stress produced at any point in the ceramic
i;-proportional to impact velocity and decreases approximately with
distance, f, from the point of impact aé 1/r Theﬁ at the ballistic

limit the stress at the ceramiC*backuf interface is propcrtiona; to
ﬁBL/A. The constancy of VBL/A implies that motion of the interféce

is the primary reason for failure of the target to defeat the projectile,

and that this motion depends upon the stress applied to the backup

plate.

*VBL is the impact velocity at which the probability of penetration

is 0.5.
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(iv) Simultaneous measurements were made of positions vs time of
rear surface of the projectile, projectile-ceramic interface; ceramic-
backup interface, and back face of the Al backup plate using flash

1 . .
x~rays and streak camera. From these it is evident that erosion of

the projectile continues until almost twenty microseconds after impact
and that penetration into the target does not start until about that
time. In this particular case the projectile velocity was 2800 ft/sec

and the residual length of the projectile, after erosion was complete,

was 0.55 inches. With a fiberglass backup plate, penetration started

v

earlier, perhaps as early as ten microseconds, and erosion of the
projectile continued until almost 30 microseconds, though the final
length was the same as for aluminum backup. This difference 1s apparently

due to the lower bending modulus of fiberglass.

(v) Geometric scaling was verified for Coors Ad-85 Alumina, BQC and
BeO ceramic targets using 0.25", 0.30" and 0.45" projectiles. When

target dimensions were changed in the same ratio, V_. was unchanged,

BL
indicating that the penetration process does not depend significantly

on dynamic effects such as dislocation moetion, and that it does not

involve any characteristic physical lengths.

(vi) The effects of projectile strength were ﬁerified by experiments

in which the projectile was both "stronger" and '"weaker' than the target.
1f the projectile is stronger, it goes through the target with but little
Heformation; If 1t is weaker, it erodes in the fashion described zbove,
and it makes little difference how-mgch weaker, Iﬁ‘this context,
“stronger' means having a larger compression modulus, a larger Hugoniot

elastic limit and a larger yieid strength in tension. The relative

B
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importance of these is ill-defined. If the projectile is weaker than

the ceramic, penetration seems to depend primarily on the kinetic energy

of the projectile.

From the above discussion it is clear that a high ballistic

Iimit for a two component armor requires a ceramic with high compressive

strength and modulus whlch w111 resist ten51le stresses, perhaps because

of ductility, at the ceramic backup interface. The backup plate should

( -

have a hloh bendlng modulus and strength and a hlgh shear ctrength,

Since fiberglass aﬂd alumlnum bacLup glve sinllal results it iIs apparent

S b

T e - <. S s T P

& .
that the ability to withstand large deflections compensates in some

way for lack of bending stiffness. Since VBL/A is constant for a given
ceramic, it is clear also that lightweight céramics are advantageous
because A 1s larger for a given welght and V is thus increased.

A search for new materials, including beryllium-boron compounds,

is underway and it is apparent that this detailed study will lead to

sy

significant imprbvements in armor.

27t The computations described above were maée with the tﬁEJaimensional
| YHRMP"~Code G, 42]. There are a number of other two dimensional codes

which are suitable for these problems; all require a great deal of

- machine time for detailed analysis.



Chapter 9

" LIST OF SYMBOLS

A . area
¢ sound speed
d Ithickness
I ' detonatiog velocity
F . force
m mass
N ‘ the number of moles of gas
P pressure
Q _ heat of reaction
r radius
R Unilversal gas constant
t time
T temperature (p. Z), transit time (p. 16)
u ' . paiticle velocity
| UP particle velocity
US shock velocity
v speed
v specific volume
o dr@f:coefficient
Y ratio of specific heat
p density
c _ yield stress
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Figure 9.1
Figure 9.2

Figure 9.3

Figure 9.4

Figure 9.5
Figure 9.6
Figure 9.7
Figure 5.8

Figure 9.9

Figure 9.10

Figure 9.11

Figure 9.12

Figure 9.13
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ShockrwaveéAinduced by high explosives

p-V curves for a solid-solid phase transition

0. e Up curves for graphite showing phase tfanéition
at 400 kba% [9.6].

Terrestrial meteorite craters discovered since 1925,

. The lower curve represents conformed craters; the upper

curve inciﬁdes probable craters. Coesite was discovered
in 1960. [9.15].

(a) Experimént to initiate detonation in sample with
substained shock. (b) Ditto for short duration shock.
Effect of impact velocity of thick flyer plate con
initiation of detonation [9.20].

The increase in excess transit time caused by the short
duration of the initiating shock [9.20].

Configuration for impact bbnding of two metals.
Micrographs of impact bonds formed from the configuration
of Fig. 9.8 (obtained through the courtesy of Stanford
Research Institute).

Phase diagram of diamonﬂ [9.30].

Photographs of some of De Carli's diamonds; courtesy of
P. S. De Carli, Poulter Laboratories, Stanford Research
Institute.

Schematic cross—section of idealized chemical burster.
Shock wave incident on shell bounded by void

(a) =x-t plane , (b) p-u plane



Figure 9.14
Figure 9.15

Figure 9.16

Figure 9.17

Figure 9.18
Figufe 9,19

Figure 9.20

Idealized behavior at inner shell boundary.

(a) x-t plane ; (b) p-u plane.

Low velocity penetratiﬁn

Shear resistance to pénetration

Micrograph of 1/4" steel target partiall& ﬁenetrated by’
1/4" diameter steel sphere. Target Material - 4130
tempered martensite. Projectile - 2100 steel at
1.2d mm/ysec. Courtesy of Marvin E. Backman,

USN Ordnance Station, China Lake, California.
Penetration of semi-infinite target by high Velocity
jet. v = jet velocity, U = penet?ation velocity
Geometry of the (LLL) experiments. In some cases the
projectiles were .25" and .45" diameter.

Calculation of development of fracture conoid and

axial crack in alumina. [9.39]
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SHOCK WAVE SYNTHESIS OF HIGH PRESSURL PHASLS

owner of the De Carli patent, US 3,238,019. Allicd Chemical is presently oflering
for sale diamonds synthesized by the shock wave technique described and claimed
in this patent??,

Although we do make very small diamonds by shack wave synthesis, we are by no
mecans limited to the production of small diamonds. We have in fact produced poly-
crystalline diamonds of ncarly a millimetre in diameter similar in appcarance to
the meteoritic diamonds described by Carter and Kennedy. | have photographed some
pf these large diamonds, all of which measure 500 to 7C0 microns in their largest
dimensions (Figures 1, 2 and 3). In some of these parlicles one may observe veins

.- ‘
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FIGURES 1, 2, 3. Shock wave synthesized diamonds. These polycrystalline diu_monds are
500 to 700 microns in their longest dimensions although they are only about 1@ microns thick
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