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g .5 ‘  Chaptér IX -- Applications

9.1 Introduction

n

EA ﬁ]ications of the mechanics and physicé of impact are extremely wide
-r?nginé.f They extend throughout science-and intp much of engineering; they

y hAVejwidespread commercial implications; they are natural accompanimént to the
vio]énce associated.with war. Military needs have led to development of much

of the Onderstanding‘of impact processes, but presently the importance of con-
“structive applications in science and technology may exceed that of the military.
A few'appiications'of various kinds are described here in some detail and others
“are mentioned. To do more would require a separate text. References for further

reading are given where possible, but unfortunately much of the material on

_app11cat50ns is buried in non-public files.

9.1.1 Detonation

Earlier chapters of this bock have not dwelt on the properfies of
explosives and the detonat{on process., Since many applications of dynamic
loading are inseparable from detonation, a brief .description will be given here.

A detonation wave s a shgck in a chemically reacting material. Passage
of the detonation shock through such a material increases pressure and temper-
ature to the reaction point; reac%ion proceeds . 1o comp1eti§n in a sonic region
behind the shock front and is followed by a rarefaction wave in the detonation
gdées. Detonatfon is very different from combustion. The latter propagates
subsonically through the combustible mixture, and the pressures Qenerated are
not large, except through the effects of the confining container, Most of the
explosions occurring ih'industriai_accidents are due to confined combustion,
e.g. dust explosions. Buﬁ,nitrogiycérine, dynamite, PETN, RDX, etc. detonate.

Their destructive effects are not substantially altered by confinement.



A simple and rather effective model of detonation is the Chapman-Jouguet

'-""‘5*~**model};-It”is“not—physically¢exact—but is-a good first approximation for- calcu-

‘Tating detonation pressures and other properties. The detonation front is
: assumed to be discontinuous in pressure, temperature, etc., and_the detonation

reaptiqn is assumed to take place in a zone immediately behind the shock front.

"~ Flow iJ‘assumed to be sonic at the plane where chemical reaction is complete:

I

where subscripts "1" denote values at the end of the reéction‘zone and D s

detonation velocity. If the detonation gases satisfy an Abel equation of state[fiij:-

p o= NRTp/(1 - a0) , c (e2)

Eq. (9.1) can be combined with the jump conditions to provide the following

relations at the Chapman-Jouguet plane, i.e., the plane vhere Eq. (9.1) applies:

po/r = (v +ap )/(1 + j) -l‘ (9.3)

u /0= (1 - apofffl +v) ,. o (9.4)

) /D = %/Q] : o¥d (9.5)
791 o= 0002(1_- a0,)/(1 + v) ; (9.6)

2 = 242 - DY - w)? | (9.7)

S oop = 20y - NQ/O - 20,) , .(9.8)

where szSCript "o" refers to the undisturbed state, y 1is the ratio of specific
heats, a is "co-volume" of the gases and Q 1is heat of reaction at VO, Po
- Py -is called the ”Chapman—douguet pressure" of the explosive. To a good approx-

imation many solid explosives satésfy an ideal gas equation of state with a =20



. ‘. b . = ~.3- .
cand iy = 3097 . ' F1' Some properties of commonly used explosives

are given in Tgble 9.1.

< I | . Table 9.1

~ Properties of Some Comon Explosivest

Explosive ' P> kbar u]; mm/useé' D, mm/usec Py g/c;_rlpl,,g/cc Yy -
RDX ! 338 2.21  8.64 1.767 2.375  2.90
T S 1s 166 6.94 1.637 2,153 3.17
64/36-RDX/THT 292 2.13 8.02 1.713 2.331 2.7
(Comp. B} o | _ _
77/23-RDX/TNT 312 T 217 8.25  1.743 2.366  2.80
{Cyciotol) : . _

*W, E. Deal, J. Chem. Phys. 27 (Sept. 57), 796-800.

: Isentropic expansion from the Chapman-Jouguet state is determined by com-

bining the equation of an isentrope,

p(V --a)Y' = constant , o (9.9)
with the Riemann ‘integral
. : _
U-up = % I dp/oc .
Py
The result is -
u-up = 2l (Y - AIY2 L) VB Ly (9.10)

A shock wave running into the Chapman-Jouguet state satisfies a (p,u) relation
2 s s A pi . :
Au =)™ o= 2(p-pg)” (Vq-a)/Ip(y+1) + py(y-101. (9.11)

The préssura induced in an inert solid by a plane detonation wave normally inci-

dent on the interface is determined by the intersection of the (p,u) curve for



%
a backward fac1ng wave in the explosive, obtained from Eqs. (9.10) aﬁe (9.11),
w1th the Hugon1ot of the 1nert Some examples are given in Fig. 9.1.
The Chapman-Jouguet state in an explosive is always followed by a rare-.
=193

fact10nv so the shock wave induced in a samp1e is not followed by a uniform
state.‘ However, the uniform state can be approached very closely by making the
explosive pad very thick (cf. Chapter'fg). In this case it must also be made
very 1erge in diameter, so the amount of explosive involved increases as the cube

of the;significant experimental dimension.



9.2 [Scientific Applications

ffThése”afg'QXt?eme1y varied aﬁd few have been investigated in great depth.
”hReasons fof the importance of shock étudies in science are two-fold: the shock
Qave ﬁfovides a relatively easy method for producing very high pressures and
‘ reasonably large compressions. Since pressure has some influence on all material
properties, it is natural to try to expiore such effects. Secondly; the very
_--5-rap§di%y with which stress is applied in the shock process represents a variation
ffom the usual.scientific experiment, which is static or'qﬂasistatic ét best,
-ahd it is a matter of great interest to determine whether or not 1aws of physical
behavior inferred from such experiments can be reliably extrapolated to dynamic
situations: The techniques aﬁa principles outlined in earlier chapters can be
combined to yield the results that rate-effects between about los/sec and ]08/sec
can be investigated in shock experiments and that phenomena which equilibrate in |

a microsecond or less can be studied under essentially equilibrium conditions.

9.2.1 Solid State-and Materials Science |

Problems which have been studied Qnder.shock conditions include équations
of state, e?ectripaf_and magnetic properties, interatomic potentia]s; hardening of
metals, phase transitions, dynamics of mechanical failure and constitutive reiations.
We shall examine pérticularly ph;Ze transition measurements.

The'most notable suécess in the study of phase transitions by shock wave
techniques is the discovery of the transition from body centered cubic to the
hexagonal cTose packed phase in iron at 130 kbar by Minshall in TQS@L‘idj.It was

lthought to be a trans}tion to the well known face-centered cubic phase (y) of
- iron until 1961 when Johnson, Stein and Davis[9-Slshowed by shock techniques that
~ the P-T phase 1ine is thermodynamically inconsistent with transition to the v
- phase. identif%cation of this hitherto unknown phase was accomplished by x-ray
diffraétion studies at high‘static péessure, directly stimulated by the shock

. Wave experiments. This initial foray into the study of pressure-induced phase
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trans1t1ons has led to, excursions and. to soime unanswered quest1ons about the

‘“mecha jsms of rap1d]y occurring - trans1t1ons | ' f
Some equilibrium p-V curves for a first order solid-solid phase tran-
sition:are shown in Fig. 9.2. 0AB 1s;an isotherm for which (ap/aV)I i: ?: in
the miﬁed phase region. OCD is the-isentroperthrough 0. Point C is a cusp with
a discgntinuity in slope; (ap/SV)s <.0 on CD, but not by much. OEF is the
Hugoniﬁt centered at 0. It too has a cusp at the phase boundary, and 1f the
" final shock pressure is greater than P but ]ess than Pos tvo shocks are
jformed ~ Above P, @ s1ng1e shocP is stab]e
Two procedures can be used to detec; shock-induced phase transitions:
one is to drive the shock w1th'f1na1 pressure between Py and pz' so as to
produce;a double wave. The ampllﬁude of the first wave, ignoring the elastic '
precursgr, is then the stress for fransition. If measurements made on samples .
Vof different thickness show no change iﬁ the first wave amplitude, it is'ﬁren

3

sumed to bé equal to the stress of static transition&rlif{yfgns, more Dreﬁ1sely
that the rate of transition at thjs pressure is too S]OH)EO be detected in the
experiment. Experience has indicated that, very oftén at;leagt, it is the

. static traésition pfessure. e ' _

The second procedure is based on cruder experimental techniques, but is
nonetheless effective. The “flash gap" technique,-déscribéd in Chapter. , is
*indifferent to the pres;nce of multiple waves. From each éxpefiment only a
single shock arrival 1is recorded, corresponding to the transition pressure. If

a graph is made of U g VS U ,-as in Fig. 9.3, a region is found in which U

. remains constant while U : increases. Th1s Lorresponds to the region between

P and pZ' in Fig. 9.2 in which only the first shock arr1va1 is recorded.
Because p 1is not varied cont1nuous1y, it often happons that the plateau in US
is not observad there is only a break in s;ope in the U Up diagram, and this

break in slope is taken to be ‘the transition pressure. The technique is limited

=
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1n-accuraoy by spacing of'the experimental pointsl Materials in which phase
W“*‘trénéftions have been studied By‘shock techniques include iron and its a]]oys[9:7},
Var10us rocks and m1nera1s[9€ﬂ bismuthl8gl, germanium(s, ,Uvar1ous alkali ha]1des[9hﬂ
and numerous other materials[oil]. A partrcu:ar]y interesting shocP induced
transition is that from graphite to diamond. The mechanics of this are not
understood. The transition pressure lies between 100 and 1000 kilobars, depen-
« ‘uding oh the 1n1t1a1 dens1ty of the graph1te and the recovered d1anonds are
po1ycrysta111ne part1c1es, most of which are a few microns or tens of microns in
diameter, composed of crystal11tes the order of a few hundred angstroms d1ameter[9'2J

One of the effects of phase transitions is eo change the conductivity of
the mater1a1 There has long been an interest in the metail1c phase of hydrogen
-and calculations of the transition pressure range from,Tess than one to the order
of twenty megabars. Such a transition is not apt to be achieved in shock waves,
but.ofher transitions‘from moleeu1ar to atomic forms should exist, as in tne

halogens, and may well be accessible to shock wave experiments.

9.2.2 CeOphJSICS
| Geophys1C1sLs have responded eagerly to the availability of shock wave
techniques for study of high pressure and impact phenomena. This response is due
to interest in composition of tﬁe earth and its core, where pressnres exceed
three thousand kilobars, and in the properties of meteor craters, which are
produced by very high speed impact. . |
The problem of earth composifion is to determine combinations of materials
~ which are naturally abundant and geologically probable and which reproduce the
average density of the earth, its moment ofeinertia, and measured variations of
seismic wove velocity with depthI2u3]. The increase of temperature with pressure —
in-the interior of the earth is thought to resembfe that occurring in shock

compression of rocks, so Hugoniot data can be compared directly with model



values[914). Such comparisons have led to the conclusion that an iron-silicon

. mithre is compatible w%th-composifion of the earth's core, and that the
i mech;nfcaT proﬁetfieg of olivine, a mixture of magnesium and iron silicates,
are cbmpatible Qith knownrproperties of the upper mantle [9.8], [9.14],

!A very recent and excitiﬁg development is the discovery that shock com-
,préssién of rocks produces permanent changes which can be used as shock indicators
. when studying the microscﬁpic properties of terréstria],rlunar or other rocks.
This fié]d, which has grown rapidly, is now known as "shock metamorphism;"

After déve]opment of a space program fn the United States, .following the
1éunching of the first Sputniks in 1857, the attentions of rather large numbers
of scientists were turned for the first time to.é]ose consideration of charac-
f_teristicsrof other planets in our own solar system and‘of our moon.  Among
questions which received particular attention is that which concerns the r01e'
pla}ed by meteorific impact in determining the surface structure of the moon: to
_ what extent are visib}e cﬁatérs on the moon due to meteorite impact rather than,
say, volcanism? These‘questions led, in turn, to more detailed consideration of
the physical consequences of meteoritic impact, then to studies of shock effects
on rocks'ahd.minerais,_and fina]]y to the realization that the best source of
'V'infdrmaiion on this subject may kﬁe on our own earth., If we can understand.the
extent to which mefeoritic_impacts have influenced surface structure of the
earth we may be able to understand the surfaée of the moon and rely on moon
missions only for confirmation of the theory. '

Through studies‘on rocks from craters, which began in 1872, and recent
experiments using shocks from nuclear and chemical explosions, certain charac-
teristic feéfures of roéks have been reasonably well established as being due to
. the passage of shock waves [9.551, These features are different for iron and for

stoﬁy meteorites. The majority of meteorites found and identified on earth are

—
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iron,,for obvious reasons: an iron meteorite is malleable and is apt to stay
”'"”“in‘One'piece‘during’and'after impact['_Stony'meteorifes'shatter'and mingle with
_the syrroundlng natural rocks. It is therefore quite possib1e that the bulk of
) meteor1tes striking the earth are stony, but un1dent1f1ed . e :
' LA

“The minimum velocity with which a meteorlte originating h1th1n our solar

'system-may enter the earth's atmospnere is about eleven mm/usec. Assumlng'the

-—«-moteornte to enter the atmosphere with minimum velocity, to be spherlcal with

radius': r and density p, no mass to be lost by erosion, and a uniformly dense
&tmosPhere, we find its ve}oc1ty at the surﬁace of the earth to be approximately

1 exp( 375 a/or) where o« 1is drag coefficient, approx1mate1y equal to un1ty

for supersonic velocitiesfa.16). Iron meteorites of 5 c¢cm radius or less should Es
reach tﬁe earth at their terminal.velocities in free fall, apout 7500 cm/sec.

Smaller meteorites will slow more or burn, larger meteorites will slow less.

Yelocities of some larger meteorites at the surface of the earth, assuming they

 have entered the atmosphere at eleven mm/usec are given in the fetlewing table. 3.2, -~

'T-RBLE 9, 7 ) - —_
B Yelocities of Iron Meteorites '
..at the Earth's Surfaces &
radius, cm: 10 15 20 30 Cso T 100
" ) ' e 4 8 g . 5 5
velocity, cm/sec: 9400 £.6 x 10 10 2.26 x 10 4.3 x 10 6.8 x 10

.Iron'striking anorthosite at .095 -mm/usec produces a shock of about 10 kb. At
1.0 mm/psec, the impact pressure is 120 kb and at 5 mm/eeec it is 800 kb. For |
stony meteorites the pressure corresponding to the same impact velocity will be
50 to 70% of values obtained Hith jron. So a great range of shock pressures,
extend1ng to over a 1000 Llaobar,ch be expected in various meteoritic impacts.
Physical changes in rocks and minerals subjected to such 1rpact are high pressure

effects, such as phase transitions, high strain rate erfects 1nvo:v1ng the
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res£ructufin§ of grains and crystallites, and high'temperétufe effect;, primarily
St ngro.sl, o | "
, _}n iron meteorites, which are compbséd of « énd 'f iron, nicke]? carbon,
Fes, FeéP; Fe3€ and traces of other materials, shock indicators are-very prominent.
They include "widmanstatten" patterns, a{tributable to the 130 kb a-e transition
in irong recnysta?]izatioﬁ above about 6b0 kb and formation of martensite or
*“'*pear1itp from shock heating. The FeS changes crystallite size and orientation
. and may;mé1t under strong shock. FesC recrystallizes and carbon may appear as
both graphite and shock-inducéd diamond. The latter consists of dn}stai]ites of
a few hundred angstroms éiametgr bound into aggregate particles a few tenths
millimeter in diameterLQJiﬁ. | .
Identification of craters produced by stony meteorites;is more difficult
tﬂan fbr iron meteorites and depends to a large extent on microscopic analysis
"anmatéria]s.coT1ected from the crater. General features of a crater are its
circularity and certain characteristic folding and faulting, together with
“brecciatﬁén“ of fine material, i.e., compaction of lcose soil into rock [ 9.15],
“Shatter cdnes“ may be present. These are coﬁe—shaped pieces of rock showing
evidenée of brittle fracture on their surfaces and believed to be formed by passage
of shock waveé and sﬁbsequent raﬁéfactions through large rock structures.
Microscopic studies reveal the presénée of coesite and stishovite, these being
. high pressure forms of quartz, and of quartz grains containing lamellae similar
to crystallographic twinﬁ. The presence of maskelynite is common, this being an
isotfopic form of feldspar. Selective mélting of mineral constituents and the
. presence of.glassy fragments are also observed. By these means, understanding of
the role of meteoritic impact oﬁ earth surface structure has been greatly expanded
'sihqé 1960 when coesite was discovered. TMs‘Ei!ﬁustréted by Fig. 9.4, which shows

the number of identifiable craters discovered since 1925. Some recently identified
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crétcrs are the order of 30 miles in diameter, and it has been suggested that.

majof featureshsugh as the Gulf of St. Lawrence and Hudson Bay Arc may é;eh"be
of meteorific originf 5], . |

—}Since return of the Apollo li and 12 missions there has been intense
study &f the lunar rocks collected. The 1unaf surface appears to be composed
1afge1¥ of fine dust to considerable debth with outcroppings of solid rocks on
' thé heightngJaj, There is strong evidence of meteoritic impact in the form of
brecciétion and me1ting. Few Tamellar markings in quartz or other indicators

of intermediate shock have been found; the overwhelming evidence is from

meltin‘g[a 19].

9.2.3 Miscellaneous

| The principal application offshock wave and impact techniques in solid
state chemistry is to the inifiation of detonation. These studies have been
motivated primarily by safety considerations and only in recent years by desire

and need to know more about the process of initiation itself. Explosives have

beén beaten by hammers, crushed by falling weights, dragged over rough surfaces,
dropped on the decks of battleships, drilled, poked, squeeéed, pressed, burned,

and otherwise mistreated, all in the interests of safety. The result is that an

; - & _
extensive lore of initiation has developed with very little real understanding.

In the 1950's fhere startea various experiments designed to shed some 1ight on
the mechaniqallaﬁd chemical processes involved in initiatiqn.' These have taken
various forms, but have all been intended to expose the solid explosive to a
plane shock wave for.a known time and to determine the extent of reaction which
occurred. .

. An experimental arrangement .designed to measure the initiation of deto-
nation by_a susfained shock is shqwn in Fig. 9.5a. The flyer plate is acceler-

ated across a gap by an explosive system and strikes one face of an explosive

Y

/



saﬁpT%. The arrival time of the flyer at the 1efﬁ sufface of the sample Jé
lnae"reéorééd_by pins “A“{-arrivé1'of-the detonatfon wave at the right surface of
the s}mp1e is ;ecérded by p%ns "“B. "‘ The d]fference between these t1mes,_.l-
T "TA’ is the trans1t time through the sample, T The thickness of the sample,

d, andi1ts steady detonat1on ve10c1ty, D, are known. The quantity . ‘=l T -4d/D
is cal?ed the "excess transit time" and is a measure of the tfme required Fo

start a steady detonation for the particular shock generated_by_thié impact. A

"{ime tp detonation" can bé defined as
WL T

‘where U, is a mean value of shock velocity in the sample. The results of such
a set of experiments are shown in Fig. 9.6 for a particular exp]osive mixture
“known as HMX 9404-0309.20], As the.ijer p?ate-veiocity iﬁcreéses, the time ‘i st
requifed to initiate detonation decreases. A difficulty encountered in inter-
-preting such experiments is thaf the Hugonfot of the unreacted explosive is
generally unknown T.9.21]. | ; - Y - -~
When the thick plate is replaced by a thin foil, as in Fig. 9.5b,. the
excess traﬁsit time, t', is greater than t. The effect ié,shown in Fig. 9.7.
It seems clear that obtainin§ information of this kind represents a step toward
understanding of these pafticu1ar s0lid state reactiohs. It seems equally clear,
-howeﬁer, that quantitatfve understanding is far off, particularly when the -
Tikelihood of three-dimensional effects influencing even plane detonations is
considered'[éizé] _ ‘:, , #a A - ; ' o f///
Another interesting app11cat1on is to the production of very high magnetwc
f1e1ds[£3733 Th1s is accomplished by first establishing.a 1arge static field ina -~
configuration containing a_short circuited conductor, then exp?osive1y accelerating
the conduc{or; .Mégnetic flux, whiéh‘iﬁ-equa1rt6 the productlof'magnetic induction
and area; remains constant through the induction of eddy currents, area diminishes,

7

so magnetic induction increases. Fields the order of 10 gauss have been

~generated in this way,



: 20

f - 7
9.3 Eng1neer1ng and Commercial App11cat1ons o ‘ , = b

~{~w “These 1nc1ude exp?os1ve form1nq and welding, 1mpact s1nter1ng of granular
mater a]q, exp]os1ve devices such as boTts, sw1tches, timers, detonators, and
electr1ca1 pulse generators, demo11t10n and construction techniques for mov1ng
and_frsctur1ng rock, synthesis of new materials, such as diamond and BN, 1mpact

dri111%g, ete.

el lpmpact Bondlng
EXp1os1ve welding is a major area of app11cat1on of 1mpact mechanics. It
was initially suggested by knowledge that metals can be permanently bonded under
static pressure jf two clean surfaces are brought together under high pressure
and helé for long enough to aﬁ?ow diffusion to take place. It seemed reasonable
"torsuppése that the high pressures_produced by high velocity fmpacf might serve
to produce diffusion welds, even though. the available time at pressure is small.
‘It has in fact turned out to be quite eésy to produée impact welds, thoﬁgh the
mechanisms are not well understood. |
The nature of the impac; welding process is such that material is removed
ffom the bonded surfaces during impact so prior cleansing is not required.
Bonding is accomplished most readily in the configuration {17ustr§ted in
Fig. 9f8t924J. fhe two Meta1s to&be bonded are inclined at.an éngle a. 1T . —
the velocity of the point of impact as it éweeps across the plates is supersonic,
2 steady shock configuratibn orfg%naﬁes at the impact point and flow in both
- materials is stable. Bonding occurs most readily if the Qe?ocity is subsonic,
a condition achieved By adjusting «. Then flow is unstable sbout the impact
point and stress waves run ahead in one metal or both. Oné'manifestation<of
unstable flow in this configuration is jettingrg2s5]and ﬁheofies of welding have o
been based on this hypcthcs*q 19.261,[8.21], Bonding may be produced whether air is —

allowed betwecn the plates or no* If the system is evacuated the welds are
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more [uniform and can be formed-at lower impact velocities. The minimum impact
- ——;~ve1éq1ties at which a1u$inum can be welded to aluminum and copper to copper are Al
4 % ﬁm/useb an& .23 mm/usec respectivé]y. Some micrographs of explosively-
Bondedlspecimens using the above technique, with subsonic flow, are shown 1in
Fig. 9.9. Ripple marks at the interface are characteristic of the 1mpact bond,
Vbut are occasionally absent. The scale of r1pp]es is determined by the materials
_;lnvo1v¢d, impact velocity and impact angle. _ |
'l‘ "_ EPr1nc1p§T difficulties encountered 1n'apb1ying the above technique to
commercial processes are in setting the pieces at an angle « > 0 and in
evacuating the space between them. rBéth these'problems can be avoided by placing
the metals in loose contact and compressing them with an explosive which has a
detonation velocity less than the elastic velocity in either metal. If the
explosive is detonated at one end, the detonation, and therefore the point of
impact, sweeps acfoss the metal interface subsonically, thus satisfying the con-
ditions for ﬁnstab}e flow.
There still remain mény questions to be answered concerning the mechanics
| of-impact bonding, but these do not prevent its application; it is presently
being used; for example, to produce ﬁicke1—c1ad copper used in U.S. coins. It
_ haé-beeﬁ reporfed that bonding cgn be achieved between two.plates in contact
using sufficient explosive of high detonation velocity even though the subsonic
condition is vio1atedi;12€].ﬁnd the occasional formation of butt welds between
adjacent pieces overlaid with explosive has also been reported[9.29], In neither —

case are the conditions for unstable flow satisfied.

9.3.2 Shock Synthesis of Diamond
' One of the most Fascanatlng commercial or near- commerc1a1 app11cat10ns

of shock Generai10n procedures is synthesis of diamonds from
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. graphite(9.30]. There has been speculation about the syntﬁesis of diamond in v

explosive assemblies for a very long time, and it is quite possible that some
early experiments actually succeeded in producing diamonds, though positive
identifications were not possiblel8.313, The first successful, verified effort

was reported by De Carli and Jameson in 1961 17¢.12]. The principa1.problem they

encounLered was not in the making of diémond, that turned out to be quite easy;

" but ra#her in its sepafétion from the graphite in which it was formed. Indi-

vidualécnystal]ites were found to be the order of a hundred Angstroms in diameter,
so rather high concentrations are necessary before positive identification can
be made by x-ray diffraction. A phase diagram for diamond, which is quite

speculative, is shown in Fig. 9.10. The shaded region labeled "shock wave

synthesis region" represents the range of shock pressures and temperatures in

which De Carli has succeeded in producing diamonds. In these experiments tem-

perature and pressure variations are associated with variations in the shock

~ driver system and in initial g?aphite density. Graphite can be

shgcked either by placing explosive in direct contact with graphite or a container
of graphitg or by using explosive to drive a.flyer plate against graphite or
grgphitg conta@ner. When graphite density is increased in a given explosive
system, shockkpressu?e usually increases but shock temperature may go down.
Introduction of porosity in a‘gahp1e at fixed shock pressure causes temperature

to increase rapidly. Because-of this inte?depéndence of temperature, pressure

and porosity, it is a difficult matter to determine the (P,T) region in which
shock synthesis occurs.‘ The situation is further complicated by variations in
duration of shock pressure in various experiments. By and large it can be said

that duration of the shock pulse diminishes as amplitude increases. Then if the

- transformation from graphite to diamond is a-rate procesé, the rate of trans-

~formation diminishes as temperature decreases. So the amount of transformation

which occurs in a given experiment may diminish -as the pressure increases.

\
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Moreover there 1s most 11ke1y some reversal of the transformatlon on’ re]éase of

| 9570

____shockipressure. De Carli_reports¥some indication that.shock synthes1zed diamond

which has been’ a]lowed to cool slowly after being shocked conta1ns ]arger
ctystq]11tes than samples which are rapidly quenched. This seems rather odd,
" since graphite is the stab]e phése at atmospheric pressure; it is oﬁe mbrzer
3 1nd1ca%1on that shock synthesis of diamond is a very complicated process and
. that oLr understand1ng of it is still very limited. o j

Eefore any reader rushes out with explosive and graph1te to manufacture a
diamond bauble for his 1ady, he should be warned that the product is b?ackqsh or
s11very, very hard to separate from gruph1te polycrystalline, and very small.
Some of the larger ones are shown in Fig. 9.11.

ﬁhock wave synthesis of valuable mater1aTs may turn out to be a fruitful
-area for app]1cat1on of shock wave techno]ogy It is difficult to assess the -
present‘commerc1a] status of shock-synthesized industrial diamonds, but at least
fwa‘companies are involved in the process and presumably hope that it will be
profitable. There may be other substances which can be synthesized this way

- which will prove to be equally or more profitable; very small particles of cubic

boron nitride have been produced in shock, and other candidates may appear.

é
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9.4 Qrdnance App?icatipné

-The‘fundamenta]'processes of war are destruction of property and personnel
- and protection from destruction. Of var16u$ destructive processes which exist
or can Be invented, destruction by violent mechanical means is certainly most
= common;aand this Ieads-direct?y to problems of impact and shock wave propagation.
| It has geen emphasized 1n.previous pages that applications of shock wave studies
:are not!]imited to the military, but there is ﬁo denying that they ére important
© to mi]i%ary hatters. Many ordnance applications are obViédé and well known.
Other applications are hewer_and may relate to subjects discussed earlier in this
chapter. Impact considerations are involved in penetration of armor p]ﬁte,
fragmentation of shells, acceleration of particles by explosives, explosive
dispersal of liquids, blast effects of explosives and demolition, nuclear weapon
désign_and many other problems. Here we consider design of 1iquid dispersal
devices and armor penetfation; |
9.4.1 Explesive DisperéaT of Liqﬁids r
. An idealized version of an explosive device for dispeh;ing liquids 1is
shown in Fié. 9.12. The central sphere, region 0, contains explosive, the
spﬁe}iééT she11; A, separates matgerial to be dispersed, in B, from’exp]osive,
and the outer shell, C, encases the device. Practical details, such as place-
ment of the initiator and its leads are ignored. In the ideal case the explosive,
0, is initiated at the center and a sphericai detonation wave travels outward.
Impinging on the she]j A, it producés a series of shocks which are transmitted to
the filler, B. These shocks tend to coalesce by the usual shocking-up process |
as they mové-outward, and a singje shock will normally impinge on the outer case
... material, C. There-wi11 usually be a shock reflected into B from C and one
driﬁen_férward into C. WHhen the 1a£fer shock reaches the outer free boundary of
the case %t reflects as a rarefaction, éccelerating the case.outward'and driving

a rarefaction back intu the liquid in B. After multiple reflections in C, the



; proces$ are illustrated in Figs. 9.13 and 9. 14,
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agent and case achieve a common outward velocity. This expansion of "the case

_jnducjsuhbop stresses which eventually cause it to fracture. From this point on,

Spher!caT synmétry is destroyed and the behaQior of the system becomes véry.

difficult to describe. Filler B is ultimately dispersed in droplets thrdqghout

a vbluﬁe the order of a thousand times its initial volume and then furthe?idis—
persed‘by'diffusion and convection in the atmosphere. Various steps in the early

l&n Fxg 9.13 is shown the effect of a unllorm shock wave in the agent B

as it 1mp1nges on the outer case, C. The case is assumed to have higher 1mpedance

than B, as shown in Fig. 9.13 (b). The p01nts Jabelled 1, 2, 3, . . . in
Fig. 9.13b correspond to the regioné 1, 2, 3, . . . in Fig. 9.13a.- The states
3,‘5, 7%. . . are all zero pressure statés corresponding to the condition that
the outéf region is a-void. The final vé]ocify,'uf, is reached by the ringing ﬁp'
process shown. In pract1ce the incident shock is not unlform but is foIlowed by
a rarefaction with states lying along OC in Fig. 9, ]3b This means that the
states 4, 6, 8, etc. do no? lie on a single cross curve of materiai C?as shown,
bqt on a succession of cross curves, eaéh lying below the previous pné. _Then
the final velocity {s 1ess—than Ug and is reached in a timérwhich depends on
the rate of decay of the wave begjnd the initial shock. Clearly it'takes a longer
time to reach the final state if 0C is very steep. |

In Fig. 9.74 is illustrated the somewhat more comp]1cated situation at
the inner shell, A. Here again it is assumed that the incident wave is a uniform
shock and the geometry is plane. To take the real situafion into account is
straightforward but tedious. The final state reached in th1s case is found JUSt
as 1ﬁ the previous problem, but 1nstead of "1ng1ng up to states a]ong the p=20
axis, the material in A rings up to uf on the Hugeoniot of B, which is
assumed here to Tje_beiow, R Fere, 'too, the e{febt of the rarefaction fo]?cuang
the incidentlshock or detonation wave is to replace the SIng?e cross-curve

1, 2, 4, . . . by othevs lying subcessive?y below one another until a final state

o



to?thé Teft of Ue ié reached on O0B. _-‘ . .; | : --QGP;
johe analyses shown‘in ngs. 9.i3 and 9.#4 are reasonably applicabie to a
burster in whiéh the-cases ére very thin. Then the rise time associated wi{h
ringing up can be ignored. Otherwise_the more homp]icated analysis tékiﬁg-
accbun? of rarefactions a§ indicated above is required. 1
E-Ali.l‘chough it is helpful to break the problem into pieces and ana]yze
. these by characterlst1c methods, any detailed calculations are better done by
direct’ humer1ca1 integration us1ng a Q-code of the kind descr1bed in Chapter;§i-¢
H
Such calculations are useful in descr1b1ng the early stages of burster_beh§v1or3
but they are useless beyond the point'of'fragmentatiqn 5f the outer shell. Then
‘considerations beyond those discussed in this boék.cohtro] the sifﬁation and, in

fact, the later behavior is.very poorly understood.
i ‘ , ‘

9.4.2 Penetration ofrArmor by Projécti1es

A Protection of a target by armor and penetration of armor by'projeéti1es
'afe'very complicated probleﬁs, and their complete understanding requires much
more in the way of mechanical and physical consideration than is the subject of
this book. However, impact and shock do pla} major roleg'in:the process of
peﬁetration, and by using the concepts develobed in precediﬁg ;hapfers we can
- gain some un&érstanding of the process.

First of all we note that thére are three possible msdes of failure for

"any armored target. The one whicﬁ predominateé when large, slow projectiles
impinge on it is structural failure. In the caée of a simbTe p]até this occurs
initial?} by bending, then by stretching and, finally, fractures may occur. At
high ve10c1t}es/penetrat1on is controlled by local impact effects without
involvement of bending or gross structural fa11ure.. Rg;ghTy speaking this w111

-oceur when the time required for the projectile to penetrate the farget is small
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compared to the time for a 5ending wave to reach the.nearest support'member..' S
-_At‘iqtennediate veTocit%es, both local and structure effects are important. The
‘thiré mode” is gpai],_associated usually with direct attack by explosive in con-
‘tact with the a;mor, although it may result also from high velocity projectile

1mpact§ if a layer of explosive of thickness 1/16 to 1/2 the thickness of 5tee1
arﬁbr éTate is placed in contact with the plate and detonated, a Iayer of thick-
1 ness t?e order of half the explosive thickness or greater and of area somewhat
less than the exp1051ve area w111 be rlppTg; off and progected inward at high
velocity. The mechaT1sms of spall have been disucssed by Rinehart % ¢.23]and others
and will not be %%‘EH_ZL here.

Low velocity penetration is apt to be contro?led'by bending, asrfndicated

above. In a simple approximation we can suppose that the plate is subjected

only to membrane forces and is supported at radius c. If the target has been

stressed to its yield point, S then the force resisting penetration is
Fy = ogudh sino = o ndh x/c | | (9.12)

where d, h, x, ¢ are defined in Fig. 9.15. Then if perforation of the plate'

occurs at displacement Xo» the energy required for perforation is

My % o dch (x,/c)° SN CR K
Equating this to the kinetic energy of the projectile having mass m, we'get for

the minimum velocity for perforation,

Vc = 21/71100(}% XO//E _ _(9.14)

At somewhat higher velocities the force resisting penetration will be
_ augmented by shear resistance of the plate itself. In Fig. 9.16 we envision a
situation in which penetration of the target is achieved by the projectile pushing

out a plug of the same diameter. Ue again suppose that the target is stressed

o
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to the failure point % and that the shear represents a drag stress act#ng on

,

the pibjecti]e:

[ . : | K ® 'Trdqox - - . C (9.15)

The work done in pushing out the plug is

1;
|

AdﬁingﬁEqs. (8.13) and (9.16) yields the eXpreésion

Wy - wdsh?/2 - RUPRETRR S L

LA 2‘* = S(hc + ah?) (9.17)
whefe S = 10 ix /c)2 and a = c2/2x 2 Supposing that o x /¢ -is a
: 0'"o o ° ) 00

i .
constanﬁ of the target material, we find that Eq. (9.17) yields a reasonable

representation of the threshold enérgy required to penetrate steel plates up to

0.3 inches thick with flat ended rods for W/d up to 1500 ft-1bs/inchi2.24]. This el
is Qithin the range of incidence one might expect for reactor control rods '
ejected by accident and incident on the protecting shell of the reactor complex.

if the projectile is very long, the time required for penetration of the target

may not be large compared to the time for a wave to travel from oné end of the
projectile té the other. In thal case it fis appropriate to match the wave
impedance of the rod to that of the plate instead of consi&ering it a rigidrmass.

" For example, suppose the rod is iﬁfinﬁte?y Tong and penetration is resisted by a
force F(x). Then the resistance generates a simple wave in the rod, and the

equation of motion becomes

.

dx/dt = u - olpv = uy - 4F(x)/ed%v ©(9.18)

For F(x) given by F, + F, in Egs. (9.12) and (9.15), this yields

X = (uofa) [1~- exp(mat)]._ . - | (9.19).
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, whérej,, : : a = 400(1 + h/c)/dev . s & orm.d P"'
B | . : ' - _ o F e '
-z p = density of projectile . i 3
; ’ v = speed of thin bar waves in projectile
: ' ué' = initial velocity of projectile
. 2 : e ™ . . % t r %
iIf Uy is sufficiently large, x = Xo for finite t and the projectile

penetrétes with some residual velocity. Fjg. 9.17 is a micrograph of a target
- which has not been completely penetrated by a projectile. Both the shear%ng out
of the plug and bending of‘fhe target are evidént-_' . '
At still higher velocities complete perforation of a thin target ma} be .
easi]ﬁ achieved, but the velocity of %herprojectile is significantly reduced.
This reduction can be estiﬁaté& from the forces of Eqs. (9.12) and (9.15) and
from mo@entum exchange with the target. As hrojecti]e velocity increases, momentum
exchangg|dominates and the final ;elocity can belcaicuiated éimp]y by .equating
_the initial momentum of the projectile with the final momentum of projectile plus
a plug from the target having the same areé as the projeéti]e. Then the velocity

loss for initial velocity .v_ is

0
v, = /(14 o) A (9.20)
where T _ « = pAh/m
p = target density
A = cross section of projectile

h. = target thickness

‘m = projectile mass .

The principal mechanism of energy absorption for slow projectiles is
- probably p1astfc bending of the target plate. On impact a plastic bending wave
radiates outward and the radius af%ected after a time t 1is proportional to vi.

As projectile speéd increases, time for penetration decreases and the plate area
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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



47

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
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Figure 5.8

Figure 9.9
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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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I

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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