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I , . . Chapter IX Applications 

9.1 Int oduction 
I 

IA plications of the mechanics and physics of impact are extremely wide 
l 
I 

. rpnging. They extend throughout science and int? much of engineering; they 
) 

have.widespread commercial implications; they are natural accompaniment to the 
I , . 

violence associated.with war. Military needs have led to development of much 
I 

of the understanding of impact processes, but presently the importance of con-

. struct'ive applications in science and technology may exceed that of the military. 

A few applications ·of various kinds are described here in some detail and ot he rs 

are mentioned. To do more would require a separate text. References for furthe r 

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

.applications is buried in non-public files . 

9.1.1 Detonation 

Earlier chapters of this book have not dwelt on t he properties of 

explosives and the detonation process. Since many applications of dyn amic 

loading are inseparable from detonation, a brief description will be given he~e. 
~ A detonation wave is a shock in a chemically reacting material. Passage 

of the detonation shock through such a mat erial i ncreases pressure and t empe r­

ature to the reaction point; reaction proceeds to comp letion in a sonic region 

behind the shock front and is followed by a rarefaction wave in the detona t ion 

gases. Detonation is- very diffe rent from .combustion. The latt er propagates 

subsonicallY through the combustible mixture, and the pressures generated are 

not large , except through the effects of the confining container. Most of the 

explosions occurring in industri al acci dents are due t o confined combustion, 

e.g . dust explosi ons . But nitroglyceri ne, dynamite ~ PETN , ROX , etc. detonate. 

Their destructive effects a.re not subs t an ti a 11y altered by confinement. 



A simple and rather effective m~del of detonation is the Chapman-Jouguet 

•••• ···- ----:-modefr -I-t --is·-not·physically -_exact-but is -a good first approximation for -calcu-
~ .. . . 

lating detonation pre.ssures and other properties. The detonation front is 

assumed to be discontinuous in pressure, temperature, etc.~ end, the detonation 

reaction is assumed to take place in a zone i mmediate ly behind the shock front. 

Flow i/ assumed to be sonic at . the plane where chemical reaction is complete: 

{9 .1) 

where subscripts 11 111 denote values at ·the end of the reaction zone and D is 

detonation velocity. If the detonation gases satisfy an Abel equation of statet_~.ti: • 

p = . NRTp/(1 - ap) , (9.2) 

Eq. (9.1} can be combined witb the jump conditions to provide the followi ng 

relati"ons at the Chapman-Jouguet plane, i.e., the pl ane where Eq. (9.1) applies: 

po/pl = (y + ap )/(1 + y) {9.3) 
0 

u_1/D :: (1 - ap
0
)/(1 + y) {9.4) 

c1/D = p~/pl (9.5) 

P1 = 2 p0 D (_l _ ap 
0

) / ( 1 + y) {9.6) 

o2 = 2 2 2(y - l)Q/(1 - ap
0

) (9.7) 

P1 = 2p
0

{y - l)Q/(1 - ap ) (9 .8) 
_O 

• where subscript 110 11 refers to the undisturbed state , y is the ratio of specific 

heats, a is 11 co-volume11 of the , gases and Q is heat of reaction at V
0

, p
0

. 

Pl · is c'a_lled the 11 Ch apman-Jouguet pressure" of the explosive. To a good approx-
. . 

imation many solid explosives satisfy an ideal gas equation of state with a= 0 



and fr' ~ 3 t_~,l] .'-_ --· 
. ·1 . 

Some properties of commonly used ~xp1osives 

are given. in Tqple 9.1 . 

.. 
• I Table 9.1 I· 

I 
.Properties of Some Common Explosives* 

. . . . . . . . .. . 
I 
I 

Expldsive pl, kbar u1 ·, mm/ µsec D, rrm/µsec p0 , g(cc ___ Pp g/cc y 
. ! 

ROX I- 338 2.21 8.64 1.767 2.375 2.90 
i 

TNT 189 1.66 6.94 1.637 2.153 3.17 

64/36-RDX/TNT 292 .2.13 8.·02 1.713 2.331 2.77 
(Comp. B )-

77/23-RDX/TNT 312 2.17 8.25 1.743 2.366 2.80 
(Cyciotol) 

*W. E. Deal, J. Chem. Phys. '{]__(Sept. 57), 796-800. 

Isentropic expansion~rom the Chapman-Jouguet state is determined by com­

bining the equation of an isentrope, 

with the Riema nn ·integral 

The result is 

p{V - a)Y ' = constant 

u -- u1 = ± JP dp/pc 

P1 

(9.9) 

A shock wa~e running into the thapman-Jouguet state satisfies a (p,u) relation 

The pressure induced in an ' inert solid by a plane detonation \'lave normally inci­

dent on the interface is det~rmined by the intersection of the (p,u) curve for 



I I . . . 
a backward facing wave in the explosive, obtained from Eqs. (9.10) and (9.11), 

. . ·I 
with the Hugon~ot_of the inert. Some examples are given in Fig. 9.1 . 

. The Chaprnan-Jouguet state in an explosive is always follrn·red by a rare­
• \·;:-..:-t.CJ,3-::l 

faction"; so the shock wave induced in a sample is not follrn,red by a uniform 

state. j Hov,ever, the uni form state can be approached very closely by making the 

explos1Ve pad very thick (cf. Chapter '6 ). In this case it must also be made .,. 

ver; ·,irge in diam~ter, so the amount of explosive involved increas·es as the cube 

of the'significant experimental dimension . 

. 4 
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and few ·have ·been·-investigated in great depth. 

__ .. Reasons for the.importance of shock studies in science are two-fold: the shock 

wave provides a relatively easy method for producing very high pressures and 

rea?onably large compressions. Since pressure has some influence on all material 

proper~ies) it is natural to try to expiore such effects. Secondly, the very 

-- --rapidiJy with which stress is applied in the shock proces~ represents a variation 
• i 

from the usual scientific experiment, which is static or quasistatic at b~st, 

·and it is a matter of great interest to determine whether or not laws of physical 

behavior inferred from such experiments can be reliably extrapolated to dynamic 

situations. The techniques and principles outlined in earlier chapters can be 

combined to yield the results that rate effects between about 105/sec and 108/sec 

can be investigated in shock experiments and that phenomena v1hich equilibrate in 

a microsecond or less can be $tudied under essentially equilibrium conditions. 

9.2.1 Solid State and Materials Science 

Pro~l ems which have been studied under shock conditions include equations 

of state, electrical . and magnetic properties, interatomic potentials, hardening of 

metals, ·phase transitions, dynamics of mechanical failure and constitutive relations. 
. . ~ 

We shall examine particularly phase transition measurements. 

The most n·otable success in_ the stu9y of phase transitions by shock wave 

techniques is the discovery of the transition from body cen_tered cubic to the 

hexagonal close packed phase in iron at 130 kbar by Minshall in 1954(9.41.It was 
. 

thought to be a transition to the well knm·m face-centered cubic phase ( y) of 

iron until 1961 when Johnson, Stein and Davis[9.5]shm·1ed by shock techniques that 

the P-T phase line is thermodynamically inconsistent with transition to the y 

phase. Identification of this hitherto unknovm phase was accompl ished by x-ray 

diffraction studies at high static pressure, directly stimulated by the shock 

. wave experiments. This initial foray into the study of pressLrre-induced phase 
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transitions has led to €!xcursions and .to s·orne unanswered .questions about the 

•• ·-· mech alj ~ sms of ;api dly ~ccurri ng •transitions. • • 

. :Some equilibrium p-V curves for a first order solid-solid phase tran- . 
. . 

sition are sho)'m in Fig. 9.2. O~B is , an isothenn for which (ap/aV)r ·=, ?: in 

the mixed phase region. OCD is the· i sen trope through O. Point C is a cusp with 
t i 

a discQntinuity in slope; (3p/aV}s < 0 on CD, but not by much. OEF is th·e 

H •• I d I I h d d ugom fit centere at O. t too 1as a cusp at t e phase ~oun ary, an if the 

final s'.hock pressure is greater than p1 but less than Pz, tvro shocks are 

·_fonned . • Above p2 a single shock is .st~ble. 

Two procedures can be used to detect shock-induced p~ase transitions: 

one is to drive the shock with final pres~ure between p1 and p2 so as to 

produce la double wave. The amplitude of the first wave, ignoring the elastic I . . . . . . 
. . 

precursor, is then the stress for transition . If measurements made on samples 

of different thickness shov, no change in the first wave amplitude, it .is• pre­

sumed to be equal to the stress of static transition. It means, more precisely, . 
(. o-r l~-:._ (,,_, f-.,I 

that the rate of transition at th~s pressure i_s too slov1/;£0 be detect ed i n the 

experiment. Experience has indicated t.hat, very often at least, it is the 

static transition pressure. 

The second procedure is based on cruder experimental techniques, but is 

nonetheless effective. The 11flash gap11 technique, described in Chapter-8. , is i... 

• indifferent to the presence of multiple waves. · From each experiment only a 

single shock arrival is ~ecorded, corresponding to the transition pressure. If 

a graph is n1ade of us. vs UP, as in Fig. 9.3, a region i-s found in which · Us 

remains constant while ·u , increases. This corresponds to the region behre_en p . . 

p1 and p2 in Fig. 9.2 in whi ~h only the first shock arrival is recorded. 

Because p i s. not varied c_onti nuous ly, . it often happens that the pl ate au in Us 

is not observed; the re i s· only a briak in sl ope in the Us-Up diag ram, and thi s 

break in slope is taken to be t he t rans ition pressure. The ~echnique is l imi ted 



• : I lU . 

in. a1curacy by spacing ofthe experimental points. Materials in which phase 

·· ~--transitions have been studied by shock techniques include iron and its a1loys(9,7]., 

:.various rocks a~d mineralst9.e],bismuthW.9],gennanium[9,6)>various alkali halides(9,to] 

and numerous other materials[9.IQ ~ A particularly interesting shock-induced 

transition is that from graphite to diamond. The mechanics of this are not . I 
understood. The transition p.ressure lies betv1een 100 and 1000 kilobars, depen-

c-.di ng o~ the i niti i,_ 1 density of the graphite, and the recovered diamonds are 

polycrystalline particles, most of which are a few microns· or tens of microns in 
. . 

,,. 

diameter, composed of crystallites the order of a fev/ hundred angstroms diameter[9.l2.]. 

One of the effects of phase transitions is to change the conductivity of 

the material. There has long been an interest in the metal lic phase of hydrogen 

and calculations of the transition pressure range from less than one to the order 

of tv1enty megaba rs. Such a transition is not apt to be achieved in shock v;aves, 

but other transitions from molecular to atomic forms should exist, as in the 

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

9,2.2 Geophysics 

Geophysicists have responded eagerly to the avail ab·; 1 i ty of shock wave 

techniques f~r study of high pressure and impact phenomena. This response is due 
G . 

to interest in c6mposition of the earth and its core, where pressures exceed 

three thousa~d kilobars, and in the properties of meteor craters, which are 

produced by very high speed impact. 

The pr?blem cf earth composition is to detel1lline combinations of materials 

which are naturally abundant and geologically probable and which reproduce the 

average density of the earth, its moment of. inertia, and measured variations of 

sefami c wave velocity with deptn [9.13]. The increase of temperature with pressure 

in the ~nterior of the earth is thought to resemble that occurring in shock 

compression of rocks, so Hugoniot data can be.compared dire~tly with mode l 



. I . 
values(B.14-J. Such comparisons have led to the conck:;ion that an iron-silicon 

mixtJre is compatible with- composition of the earth's core, and that the 
i . ,_ . 

mechanical prope~tie~ of olivine, a mixture of magnesium and iron silicates, 

are compatible with know~.properties of the upper mantle[9.8],[9,!4J. 

1 A very recent and exciting development is the discovery that shock corn­

pressitn of rocks produces permanent changes which can be used as shock indicators 

. when sf udyi ng the microscopic properties of terr~stri a 1, 1 unar or other rocks. 

This field, \•thich has grown rapidly, is now knm·m as "shock metamorphism." 

• After development of a space program in the United States, follovling the 

l~unchins of the first Sputniks in 1957, the attentions of rAther large numbers 

of scientists were turned for the first time to close consideration of charac­

.teristics of other planets in our own solar system and of our moon. Among 

questions which received part1cular atten~ion is that which concerns the role 

played by meteoritic impact in determining the surface structure of the moon: to 

what extent are visible ciaters 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 and minerals, and final ly to the realization that the best source of 
. . 

• • information on this subject may \ie on our ovm earth. If vte can understand the 

extent to which meteoritit impacts have influenced surface structure of the 

earth we may be able to understand the surface 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 features of rocks have been reasonably well established as being due to 

,,.,...... 

the passage of ~hock v1aves [9,rsJ. • These features are different for iron and for .--

stony meteorites. The majority of rhe,teorites found and identified on earth are 
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ir6n,;for obvious reasons: an iron meteorite is malleable and is apt to stay 
. 1- . . . ' 

---·-in-one piece·during and after impact. · Stony-·meteorites shatter and mingle i,tith 
. I: , . - - . . 
• _ ~the s¥·rrounding natural rocks. It is therefore quite possible that the bulk of 

I. : 
rneteori. tes striking the earth are stony, but unidentified. : i . 

\ \The minimum velocity v,ith v,hich a meteorite originating v1ithin our solar 
' 

system I may enter_ the earth I s atmosphere is about e 1 even mm/µsec. Assumi rif the 

- -~·-meteor?ite to enter the atmosphere vtith minimum velocity,_to be spherical .·'<'11th 
. .j 

radius :! r and ·density p, no mass, to be lost by erosion, and a unifomly dense 

atmosphere, we find its velocity at the surface of the earth to be approximately 

11 exp(-375 a/pr) where a is drag coefficient, approximately equal to unity 
. -

for supersonic velocities[9.lbJ. Iron meteorites of 5 cm radius or less should .,,.-/ 
; 

• reach the earth at their tenninal velocities in free fall, about 7500 cm/sec. I . - . 

Smaller meteorites will slm·r more or burn, larger meteorites \'till slm·r less. 

Velocities of some larger meteorites at the surface of t he earth, assuming they 

have entered the atmosphere at eleven mn/µsec are given in the fo+-1-o-~ tab1e .. 1· 2 o,,,. 

ll\&LE. 9, L 
Veloci t ies of lron Meteorites 
.. at the Earth's Surfaces 

radius, cm: 10 20 30 50 100 

velocity, cm/sec: 9400 

.Iron striking anorthosite at .095-mm/11sec produces a shock of about 10 kb. At 

1.0 mm/µsec, the impact pressure is 120 kb and at 5 rrnn/µsec it is 800 kb. For 

stony meteodtes the pressure corresponding to the same _impact velocity will be 

50 to 70% of values obtained \•ti th iron. So a great range of shock pressures, 
. 

' . 
extending to over a 1000 kilobar. can be expected in various rneteo!'itic impacts. 

( 

Physical changes in rocks ?-nd minerals subjected to such fopact are high pressure 

effects, such as phase transitions, high strain rate effects involving the 
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• restructuring of grains and crystallites, and high temperature effects, primarily 
. .. ---~- ...• - ·\ __ 

melting (9. 15].. ~_,,,,, ,. 

In iron meteorites, which are composed of a and y iron, nickel, carbon, 

FeS, Fe
3

P, Fe
3
c and traces' of other materials, shock indicators are very prominent. 

They in'clude 11v-1idmanstatten11 patterns, attributable to the 130 kb a-e: transition 

- ·in iro), recrystallizatio~ above about 600 kb and formation of martensite or 

-·-pea~litk from shock heating. The · FeS chang.es crystallite.size and orientation 
I • 

and may' melt under strong shock. Fe3c recrystal l_i zes and carbon may appear as 

both graphite and shock.:..induced diamond. The latter consists of c·rystallites of 

a few hundred angstroms diameter bound into aggregate ·particles a few tenths 
/ 

millimeter in diameterl9.!lJ. 
.-

Identi fi cation of· craters produced by stony meteorites is more difficul t 

than for iron meteorites and depends to a large extent on microscopi c analysis 

of .materials collected from the crater. General features of a crater are its 

circularity and certain characteristic folding and faulting, together with 

11 br_ecciation 11 of fine material, i.e., compaction of loose soil into rock[9.t5]. 

11Shutter co_nes 11 may ·be present. These are cone-shaped pieces of rock sh01'ling 

evi_d_enc~ of bri_ttle fra:ture on their surfaces and believed to be fanned by passage 

of sh~ck waves and subsequent rarefactions through l_arge rock structures. 

Microscopic studies revea1 the presence of coesite and stishovite, these being 

high pressure forms of quartz, and of quartz grains containing 1amellae similar 

to crysta11ographic twins. The presence of maskelynite is common, this being an 

isotropic form of feldspar. Selective melting of mineral constituents and the 

presence of .glassy fragments are also observed. By these means, understanding of 

the role of meteoritic impact on earth surface structure has been greatly expanded 
. . 

• sin~e 1960 \'/hen ·coesite was di scovered . This t illustrated by Fi g. 9.4, \'/hich shm·1s 

the number of identifiable craters discovered since 1925. Some recently ident ified 
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cr~t rs are the order of 30 miles in diameter, and it has· been suggested that_,_v 
. ~ • • . 

majo}'.' features such as the Gulf of St. Lawrence and Hudson Bay Arc may even· be 
,. . \ ' . 

of meteoritic origin[9.IS] . 
• :i 
fince retur~ of the Apollo 11 and 12 missions there has been intense 

stt1dy «f the lunar rocks collected. The lunar surface appears to be composed 

la~gel} of fine dust to considerable depth with outcroppings of solid rocks on 
I • 

• the hei ghtsl9.15]. There is strong evidence of meteoriti_c jmpact in ·the form of 
! 

brecciation and melting. Few lamellar markings in quartz or other indicators 

of intermediate shock have been found; the ove0'1helming evidence is from 

me 1 ti n g [ 9. 19] . 

9~2.3 Miscellaneous 

The ~rincipal application of shock wave and impact techniques in solid 

state .chemistry is to the initiation of detonation. These studies have been 

motivated primarily by safety considerations and only in recent years by desire 

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

be~n beaten by ~ammers, crushed by falling wei~hts, dragged over rough surfaces, . . . 

dropped on the de_cks of battleships, dri 11 ed, poked, squeezed, pressed, burned, 

and ·otherwise mistreated, all in the interests of safety. ihe result is that an 
e 

extensive lore of initiation has developed with very little real understanding. 

In the 1950 1s there started vario~s experiments designed to shed some light on 

the mechanical and chemical processes involved in initiati~n. These have taken 

various forms, but have all been in tended to expose the solid explosive to a 

plane shock v,ave for a knm-1n time and to determine the extent of reaction which 

occurr:ed. 

An experimental arrangement.designed to measure the initiation of deto­

nation by a sustained shock is shO'tm in Fig. 9.5a. The flyer plate is acceler­

ated across a gap by an explosive system and strikes one face of an explosi ve 
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sample. The arrival time of the flyer at the left surface of the s anipl~ i1s 
I . 

' ' ~----recorded by pins "A";' arrival of the detonadon wave at the right surface of 

• the s~mp 1 e is ;ern rde d by pins "B. " T~e di ff ere nee bet,ieen these 1;; mes , . • 

T8-TA~· is the transit time through the sample, T. The thickness of the sample, 

d, and. its steady detonation velocity, D, are knm,m. The quantity 
' ! 

r I : 

t = .T - d/D 
' is ca11ed the 11 excess transit time 11 and is a measure of the time required

1

to 

start ~. steady detonation for the particular shock generated by this i mpact. A 
I I • 

"time to detonation" can be defined as ;, 

t · . b 

. .-• 

where IT· is a mean value of shock velocity in the s·arnp1e. The results of such 
s 

a set of, experiments are shown in Fig. 9.6 for a particular e_xplosive mixture 
\ . 

• known as .HMX 9404-03[9.20]. As the flyer plate velocity increases, the time ----

required to initiate detonation decrease.s. A difficulty encountered i_n inter-

preting such experiments is that the Hugoniot of the unreacted explosive is 

generally unknown 19. 21] . . 
.. 

When the thick plate is replaced by a thin foil, as i~ Fig. 9.5b,.the 

excess transit time, t 1
, is greater than t. The effect is shm·m in Fig. 9.7. 

It seems clear that obtaining in'(ormation of this kind represents a step to\'1ard 

understanding of these particular solid state reactions. lt seems equally clear , 

. however, t hat quantitative understanding is far off, particularly \•Jhen the -

likelihood of three-dimensional effe cts influencing even plane detonations is 

considered I 9. 22]. 

Another interesting application is to the production of very high magnetic 

fjelds[9. 23J.This is accomplished by first establishing .a large static field in a ~ 

configuration containi ng a. short circuited conductor, then e_xplosively accelerating 

the conductor~ Magnetic f l ux, whi~h is equal tb the product of magnetic induction 

and area, remains constant through the induction of eddy currents, area diminishes, 

so magnetic induction increases . Fields the order of 107 gauss have been 

. generated in this viay. 
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9.3 Engineering and Commercial Applications 
• • i i· 

-I , . 

. I . • 

.:·---+~These -include explosive forming and welding, impact sintering of granular 

materials, explosive.devices such as bolts, switches, timers, detonators,.and 
. I 

electrical pulse generators, demolition and construction techniques for mqving 
• I '. 

and fr.acturing rock, synthesis of new materials, such as diamond and SN, i mpact 
I 
I 

dril 1 ing, etc. 

I; 
. _ .9.3.l !~mpact Bonding 

;; 
• Explosive welding is a major area of appl_ication of impact mechanics. It . 

was initially suggested by knov1ledge that metals can be permanently bonded under 

static pressure if two clean surfaces are brought together under high pressu_re 

and held for long enough to allow diffusion to take place. It seemed reasonable 
I 

. I ,· 

··to suppose that the high pressures produced by high velocity impact might serve 

to pr6du~e diffusion welds, even though. the available time at pressur~ is sma11·. 

·it has in fact turned out to be quite easy to produce impact welds, though the 

mechanisms are not well understood. 

The nature of the i~pac~ welding process is such that material is removed 

• from the bonded surfaces during i mpact so prior cleansing i~ not required. 

Bonding is accomplished most readily in the confi guration illustrated in 
. . e . 

Fig. 9.8 [9.Z.4-]. The tv10 metals to be bonded are inclined at an angle a. If 

the velocity of the poi.nt of impact as it sweeps across the plates is supersonic, 

a steady shock configuration originates at the impact point and fl ov,r in both 

materials is stable . Bonding occurs most readily if the velocity is subsonic, 

a condition achieved by adjusting a. Then flow is unstable about the impact 

point and stress waves run ahe ad in one metal or both. One manifestation of 

unstable flow in this configur~tion is jetting[&z~and theories of welding have 

been based on this . hypothesis TB . .2.6], ~.9.n]. Bonding may be produced v,hether air is 

al10\ved between the plates or net . If the system is evacuated the v1elds are 

-----
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more unifonn and can be formed at l01·1e.r impact velocities. The mininium impact 

·- --velocities at which aluminum can be welded to aluminum and copper to copper are 1/Cl,, vv 
, . 

. 12 mm/µsec and . 23 JIUTI/µsec respectively. Some micrographs of explosively-
. ' . 
bonded specimens using the above technique, with subsonic f1Jw, are shovm in 

Fig. 9:9. Ripple marks at the interface are characteristic of the impact bond, 
' • ' ' 

but are occasionally absent. The scale of ripples is determined by the materials 
I 

. l • 

·.Jnvo1v~d, impact velocity and impact angle. 
1· ' 
iPrincipa1 difficulties encountered in applying the above technique to 

corrrnerci al processes are in setting the pieces at an a_ngle a > 0 and in 

evacuati_ng the space bet\•teen them. Both these problems can be avoided by p 1 acing 
·-

the metal s in loose contact and compressing them with an explosive which has a 

detonation velocity l ess than the elastic velocity in either metal. If the 

explosive is detonated at one end, the detonation, and therefore the point of 

impact ~ s111eeps across the metal interface subsonically, thus satisfyi_ng the con­

ditions for uns tab 1 e fl ow. 

There sti 11 remain many questfons to be ans\>/ered concerning the mechanics 

of impact bonding, but these do not prevent its application; it is presently 

being used, for example, to produce nickel-clad copper used in U.S. coins. It 

has been reported that bonding can be achieved betv,een t1110 ,p 1 ates in contact "' • 

using sufficient explosive of high detonation velocity even though the subsonic 

condition is violated C:3.Ze.J . And the occasfonal fonnation of butt welds betv,een 

adjacent pieces overlaid with explosive has also been reportedI9.29]. In neither __. 

case are the conditions for unstable flow satisfied. 

9.3 . 2 Shock Synthesis of Diamond 
. ' 

One of the most fascinating commercial or near-commercial applications 

of shock· generation procedures ·is synthesis of di amonds from 
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graphiter_g.30]. There has been speculation about the synthesis of diamond in 
. . j . . 

·------exp1dsive assemblies for a very 1ong time, and it is quite possible that some 

early experimen~s actually succeeded in producing diamonds, though positive 

identifications.were not possible[0.3t}. The first successful, verified effort _.,------

was_ reported by De Carli and Jameson in 1961 [9.\1]. The principal problem they / 

encountered was not in the making of diamond, that turned out to be quite easy; 
. J • . ,. 

but rather in its separation from the graphite in which it was for~ed. Indi-
1 

vi dual :crystallites \-1ere fou.nd 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, \<lhich 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 vari ati_ons are assoc-i ated with variations in the shock 

driver system and in initial graphite density. Graphite can be 

• shocked either by placing explosive in direct contact \"ith graphite or a container 

of graphite or by using explosive to drive a flyer plate against graphite or 

graphite container. \.!hen graphite density is increased in a given explosive 

system, shock pressure usually increases but shock temperature may go down. 

Introduction of porosity in a _sample at fixed shock pressure causes temperature 

to increase rapidly. Because of this interdependence of temperature, pressure 

and porosity, it is a difficult matter to determine the (P ~T) region in 1dhi ch 

shock synthesis occur.s. The situation is further complicated by variations in 

duration of shock pressure in various experiments. By and 1 arge it can be said 

that duration of the shock p~lse diminishes as amplitude inc reases. · Then if the 

transfon_nati on from graphite to diamond is a- rate process, 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 is most likel_y some rever~al of the transformation or"'!" rJliase of 
, • ! • ~7,cl~'kJ . • 
______ -?.~2~.' pressut:'e_ •.. _De. Carli_ reports _some j ndi cation ..that_ shock _syn th es i zed diamond 

. whichlhas been'a1iowed to cool slmvly ·after being shocked contains larger . • r . 
crystallites than samples which are rapidly quenched. This :;eerns rather (?dd, 

, I : 
since graphite is the stable phase _at atmospheric pressure; it is one more. 

i 
indication that shock synthes·is of diamond is a very compli cated process and 

I 
.. that 01·1_r understanding of it is still very limited. , 

r I 
····-··· - !~efore a_ny reader rushes out with explosive and graphite.to manufacture a 

:, 

diamond baub 1 e for his 1 ady, he should be v✓a rned_ that the product is b 1 acki sh or . . 

silvery, very hard to separate from graphite, polycrystalline, and very smal 1. 

Some of the larger ones are shm·m in Fig. 9.11. 

Shock wave synthesis of valuable· materials may turn out to be a fruitful 
I. . 

area for1 application of shock wave technology. It is difficult to assess the 

present commercial status of shock-synthcs "ized i ndus tri a 1 diamonds, but at 1 east 

two. companies are involved in the process and presumably hope that it v1il l be 

profitable_. There may be other substances which can be synthesized this •-ttay 

which will prove to_be equally or rr.ore profitable; very smal] particles of cubic 

boron nitride have been produced in shock, and other candidates may appear. 
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~.4 rdnance Applications 

. T~e _fundamental processes of war are destruction of property and personnel 

and protection from destruction. Of various destructive processes v1hi ch exist 

or can be invented, destiuction by violent mechanical means is certainly most 
: I 

common{and this leads -directly to probl_ems of impact and shock wave propagation. 

It has ~een emphasized in previous pages that applications of shock wave studies 

are not! limited to the military, but there is no denying that they are important 

to military matters. Many ordnance applications are obvious· and.well known. 

Other applications are newer and may relate to subjects discussed earlier in this 

chapter. Impact considerations. are involved in penetration of armor plate, 

fragmentation of shells, acceleration o~ particles by explosives~ explosive 

dispersal of liquids, blast effects of explosives and demolition, nuclear weapon 

design and many other problemi. Here we consider design of liquid dispersal 

devices and armor penetration. 

9.4.l Explosive Dispersal of Liqui ds r 

/ 

An idealized yersion of an explos ive device for dispensing liquids is .,..,,., 

shown in Fig. 9.12. The central sphere, region 0, contains explosive, the 

spherical shell, A, separates material to be dispersed, in B, from explosive, 
\) 

and the outer shell, C, encases the device. Practical details, such as place-
-

m2nt of the initiator and its leads are ignored. In the ideal case the exp losive , 

0, is initiated at the center and a spherical detonation wave travels outward. 
' 

Impinging on ·the shell A, it produces a series of shocks which are transmitted to 

the filler, B. These shocks tend to coalesce by the usual shocking-up process 

as they move outviard, and a sing1e shock will normally impinge on the. outer case 

-. .material, C. T~ere will usually be a shock reflected into B from C and one 

driven forv,ard into C. When the l atter shock reaches the outer free boundary of 

the case it reflects as a rarefaction, accelerating the case outward and driving 

a rarefaction back intu the liquid in B. After multiple reflections in C, the 
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ag nt and case achieve a common outward velocity. This expansion of·th~ d~se 

' _________ jnduc{s ... hoop stresses which eventually cause it to fr.acture. From this point on, 

• spherical symnetry is destroyed and th~ beha~ior of the system becomes very . I . . 
diffitult to describe. Filler Bis ultimately dispersed in droplets thro~ghout 

_. i 

a v6lu~e the order of a thousand times its initial volume and then furt~e~:dis­
i : 

persed:by diffusion and convection in the atmosphere; Various steps in th.e early 

procesf are illustrated in Figs. 9.13 and 9.14. 

!~n Fig. ~.13 is shown the effect of .a uhiform shock w~v; in the a~ent, B 
:, 

as it impinges on the outer case, C. The case is assumed to have higher impedance 

than B, as shol'✓n in Fig. 9.13 (b). The points labelled 1, 2, 3, ... . in 

Fig. 9.13bcorrespond to the regions 1, 2, 3,.:. in Fig. 9.13a. The states 

3, 5, 7~ ... are all zero pressure states correspohding to the condition that 
l 
I 

the outdr region is a void. 
' . ' 

The fi na 1 ve 1 ocity, uf, is reached by the ringing up 

process_ shm·m. In practice the incident shock is not uniform but is fol.lo'.'led by 

a rarefaction with states lying along OC in Fig. 9.13b. This means that the 
v . 

states 4, 6, 8, etc. do not lie on a single cross curve of material C as shown, 

but on a succession of cross curves, each lyirig belo0 the previous one .. Then 
. . 

the final velocity is less than uf and is reached in a t1me v1hich depends on 

the rate of decay of the wave bet~ind the initial shock. Ciearly it takes a longer 

time to reach the fi na 1 state if OC is very steep. 

In Fig. 9.14 is illustrated the somewhat more complicated situat ion 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 situation into account is 

straightforv✓ard but tedious. The final state reached in this case is found j ust 

as in the previous problem, but instead of ringing up tq states along the p = 0 

axis, the material in A ~ings up to uf on the Hugoniot of B, which is 

assumed here to lie _b elrn'I A. Here,:too, the effect of the rarefactior .follo·11ing 

the incident shock or detonation wave is to replace the single cross-cu rve 

1, 2, 4, ... by othe-s lying successively below one another until a final state 
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· l' The analyses shm-m in Figs. 9.13 and 9.14 are .reasonably applicable to a 

burst r in v1hich .the cases are very thin. Then the rise time associated \•fith 
I: 

ringing up can be ignored. Otherwise the more complicated analysis takin~ 

account of rarefactions as indicated above is required. 
, I : 

i 
\Although it is helpful to break the prob l em into pieces and analyze 
I i • 

these t;>Y characteristic methods, any detailed calculations are better done by 

direct1~umeric·a_1 integration using a Q-code of.the kind desc~ib~d in Cha~ter ~ 
• 'I . . 

Such calculations are useful in describing the early stages of burster beh~vior, 

but they are useless beyond the point of fragmentation of the outer shell. Then 

considerations beyond those discussed in this book.control the situation and ·, in 

fact, the later behavior is very poorly understood. 
• \ 

9.4.2 • Penetration of Armor by Projecti~es 

Protection of a target by annor a11cl penetration of armor by projectiles 

are very complicated problems, and their complete understanding requires much 

more in the way of mechanical and physical consideration than is the subject of 

this book. Ho·dever~ impact and shock do play major roles in·_ the process of 

penetration, and by using the concepts developed in preceding chapters we can 

· . gain some unders tan ding of the process. 

First of all we note that there are three possible modes of failure for 

·any al1llored target. The one \'1hich predominates when large, slow projectiles 

impinge on it is structural failure. In the case of a simple plate this occurs 

initially by bending, then by stretching and, finally, fractures may occur. At 

high velocities penetration is controlled by local impact effects without . , 
I . . -., 

involvement of bending or gross structural failure . Rou.ghly speaking this 1-'lill 

. occur when the time required for the projectile to penetrate the target is small 
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time for a bending wave to reach the nearest support ~ember. 

velocities, both local and structure effects are important. The 
! ,. . 

third mode is spall, associated usually with direct attack by explosive in con-

·tact \;tith the annor, although it may result also from high velocity projectile 

impact: if a layer of explosive of thickness l/16 to 1/2 the thickness of steel 

ann.or J1ate is placed in contact with the plate and detonated, a layer of thick-
. . I • . . 

.. 

. ness tie order_ of half the explosive thickness or greate~ and of area somewhat 

less t~1an the explosive area 1.-1ill be rippJ~ off and projected invrnrd at high ✓ 
velocity. The mechanisms of spa11 have been disucssed by Rinehart:9.33]and others / 

ef.tn•'-·'' .., t·re.,J 

and wil 1 _not be tcikeT1-uphere. 

Low velocity penetration is apt to be contro11ed by bendi_ng, as indicated 

above. In a simple approximation we can supp6se 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, a
0

, then the force resisting penetration is 

(9 .12) 

where d, .h, x, c ,re defined in Fig. 9.15. Then if perforation of the plate 

occurs at a;splacement x
0

, the energy required for perforation is 

(9.13) 

Equating this to the kinetic energy of the projectile having mass m, we get for 

the minimum velocity for perforation, 

v c = 2/no
0

dh/m x/lc (9.1 4) 

At somewhat higher velocities the force resisting penetration will be 

augmented by shear resistance of the plate itself. In Fig. 9.16 we envis ion a 

situation in which penetration of the target i s achieved by the projectile pushi ng 

out a plug of the same diameter. We again suppose that the target is stressed 
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to the failure point 

the tjectile; 

• . i i· • 
o

0 
and that the shear represents a dr_ag stress acting on 

!_; 

The work done in pushi_ng out the plug is 
i 

. '. 

I: 
11 

Adding :tqs. (9 .13) and (9.16) yields the expression 

·' r : 

• . 

where S = no
0

(x
0
/c)2 and a = c2/2x

0
2 Supposing that o

0
x

0
/c • is a 

! 
cons tan\ of t he target material, we find that Eq~ (9.17) yields a reasonable 

I 

(9.15) 

(9.16) 

(9.17) 

representation of the threshold energy required to penetrate steel plates up to· 

0.3 inches th·ick \vith flat ended rods for W/d up to 1500 ft-1bs/inch~9.34J. This / 

is within the range of incidence one migh t expect for reactor control rods 

ejected by accident and incident on the protecting shell of the reactor complex-. 

If the projecti le is very 1ong, the time required for pene_tr_ati on of the· target 

may not be l arge compared to the time for a wave to travel from one end of the 

projectile to the other. In tha£ case it is appropr_iate to match the wave 

impetjance of the rod to that of the plate instead of considering it a rigid mass. 

For example, suppose the rod is infi~i tely long and penetration is resisted by a 

force F(x). Then the res istance generates a simple wave in the rod, and the 

equation of motion becomes 

dx/dt u
0 

- o/pV 
2 • 

= - u
0 

- .4F(x)/"d pV -(9.18) 

For F(x) given by Fl + f2. in Eqs. (9.12) and (9.15), this yie1ds 

X = (u
0
/a) [1 - exp(-at)J (9.19) 
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a = 4a
0

(1 + h/c)/dpv _ 

p = density of projectile . 

v = speed of thin bar waves in projectile 

u0 • = initial_ velocity of projectile 

• I 

• • i i· 

I : 

\ If u
0 

is sufficiently large, x = X 
0 

for finite t and the projectile 
I 

J. . 

penetrates with some residual velocity. Fig. 9.17 is a micrograph of a target 

· which tas not been completely penetrated by a projectile. BQth. the sheari~g out 
11 . 

of the:Plug and bending of the target are evident, 

At still higher velocities complete perforation of a thin target may be 

easily achieved, but the ve 1 oci ty of the projectile is si gni fi cantly reduced. 
. . 

This reduction can be estimated from the forces of Eqs. (9.12) and (9 .. 15) and 

from momentum exchange vii th the target. _ As projectile velocity increases, momentum i . . 
exchange _dominates and the final velocity can be calculated simply by eq uati ng 

the initial momentum of the projectile with the final momentum of projectil e plus 

a plug from the target having the same area as the projectile. Then the velocity 

loss for initial velocity .v
0 

is 

ti.v/v
0 

= a/(1 + a). {9 .20) 

where a = pAhLm 

p = target density 

A = cross section of projectile 

h = target thickness 

. m = projectile mass . 

The principal mechanism of energy absorption for slow projectil es is 

probably plastic bending of the target plate. On impact a plastic bending wave 

radiates outward and the radius 9ffected after a time t is proportional to If. 

As projectil e speed increases, ti me for penetration decrease~ and the plate area 
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subject 

. 1, 
to bending gets smaller. Thus bending becomes less important as pro-

Jecti: e 
i 

speed increases. 
>· 

From these concepts, one can understand why pointed 

projectiles penetrate more easily than f1at ended ones. As the pointed end 

~enetrites into the target it generates bending waves, but these bending waves 
\ travel 'outward at a slower rate than the projectile radius increases , therefore 

the. mebhani sm of bending is removed or effectively reduced as a source of energy 
• I 
. I 

absorpr on. 

;So far we have been discussing ideal situations in Which the projectile 

is undeformed by the impact and subsequent penetration. This approximation is 

reasonably accurate up to velociti es of a fev1 thousand feet per second at most , 

and it may fan v1el1 beloi't a thousand feet per second. Sir Geoffrey Taylor has 

_described the process of project ile distortion for flat-ended steel projectiles 

on a:rmor plateI.9.35]. By all0'.•11ng the impact to generate e lastic-plastic \'/aves in 

the projectile, with elastic waves reflecting beh1een the plastic 1·1ave front and 

the rear of the projectile, 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 t he · 

approximations in his theory failed as distortion became more extreme. In 

general it can be assumed that the contact area beh1een projectile and target will 

be increased by plastic distortiqp. 

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 garde~ hose: a hole 

is 11washed11 in the target and the projectile is consumed in the process. The 

mechanics of jet penetration, treating both projectile and target as i ncomp ress ib le 

fluids was .first developed during World \•Jar II [9.36]. When applied to a semi-infinite 

. target as in Fig. 9.18, the theory yields depth of penetration, d, in terms of 

the projectile or jet l ength , L: 

• d = L✓pj/p 
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I ! -

where\ p~ _ = density of jet material and P = dens ity of target material. 

This theory has been widely used in connection with shaped charges and is 
' ! , . . /.-- - ------------.._ . 

reasonabt~y successfu} for ductile materials with high melting points. 

It does ot work well for glass or for lead. h extremely high projectile velocities, say 50 fflll/,,sec, new phenomena 

come into play. A small pellet striking a thick target can be expected to come 
. ! 

• to rr5t very quickly and a~ a short distance into the ta~get. Its total energy 

has been given to the target in this time and is confined to a volume bounded by · 
I 

the stopping ti me and the shock propagation ve 1 ocity. The 1 atter 1 imi t expresses 

the inability of the target material to carry energy a1vay from the impact point 

as rapidly as it is delivered. Consequently the energy density in the. target 

may be very high; much higher, for example, than in a chemical exp losive, so ✓ 

the effect of the impact on the target i s the same as a vety intense, nearly 

point explosion. 

In this discussion of penetration an effort has been made to describe the 

kinds of physi cal and mechanical behavior which can be expected in various 

material and velocity regimes. The fo rmulae given are at best approximate, but 

the idea tha.t penetration results from competition between mechanisms for carrying 

energy av-1ay from the imp act point and rate of de 1 i very of energy in impact is 

sound. Unfortunately, implementation of this idea is not.simple. 

It has been tacitly assumed, fo t the most part, that both projectile and 

target are ductile. If they are brittle, crack propagation must be added as a 

mechanism for energy trans port. "T:he-p-rob-lem-i-s-sooewlrat-mnrecompttrcrtetH,tl-t 

,not-f-urw-amerrta-liycrltere-d: 
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The penetration problem is not fundamentally changed in this case, but 

effects on both projectile and target can be dramatic because of the 

. large Hugoniot elastic limits and comp:::ession ~oduli which can b~ 

obtained in brittle materials. This is well illustra t ed by a program 

being carried on at the Livennore Lawrence Laboratories by Mark L. 

Wilkins and his colleagues[9.31 ~.9.41 l. They are concerned 'with the 

penetration of ceramic-faced two-component annor by small-caliber 

projectiles with impact velocit i es from about 1000 to 3000 ft / sec . 

They have· conducted para llel numerical and experimental studies which 
,.:·, 

have l ed to a new understanding of the penetration process and 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 growi ng 

from the interface toward the projectile represe.nt re_gions of fracture. 

This work deals almost exclusively with ceramic materials which have 

large Hugoniot elastic l imits and large compression moduli. Conse­

quently 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 t oward the interface of ceramic and 

the backup pl ate . The backup plate itself is subjected to a large 

pressure over ·an area approximately defined by the extension of the 

fracture conoid, and as a result 6£ this pressure there is a strongly 

localized movement of the interface away from the impact surface. Thi s 

---

----

------



44 

movement arises from a combination of material compression under the 

impact point, deformation produced by strong shearing stresses caused 

. by the non-uniform loading, and bending response of the backup plate. 

\ 
~1e initial deflection produces tension in the ceramic near the inter­

I 

face. The ceramic is weak in tension, so it fractures in the region 

adjacent to the interface and beneath the impact point. 

As time pass es the region of fracture spreads to encompass the 

entire fracture conoid, the local compression modulus is reduced 

so that the impact stresses lie below the yield stress of the projectile, 
'r 

deterioration.,.. of the projectile tip is arrested and the penetration 

proceeds. 
l,l 

The ceramic t~rns out to retain its effective modulus we ll 

beyond the t~ne 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. The rest of it is 

carried away by the ejecta. 

Dramatic evidence of the correctness of the above ideas is • 

contain.ed in a series of experiments in which. ceramic thickness, backup 

thickness and mater i als were varied. Some of the most germane a r e 

briefly described below. 

(i) 0.34n of A1
2
o

3 
(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, e:~cept for a few cracks in the cer8..Illic, 

radiating from the impact area , the target was intact and undamaged . 

Here the axial fracture region resulting from plate motion was suppressed , 

so the compressive r,10dulus of the cerar.1ic remained high. 
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(ii) Aluminum backup plate thickness> S, was varied while ceramic 

thickness> b, was held constant. The ballis_tic limit, VBL' increased 

steadily with S until S := O. 23 111
,. At this thickness there was a 

• nearly discontinuous increase in VBL' and for larger_ S, VBL increased 

only slowly. This change results from a trans_ition 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. 

(ii:!.) Ceramic thickness, !::,, was varied while backup plate thickness was 

held cons tant.. It was found that v
8
L/ Ii was cons tant for any particula·r 

ceramic. The numerical value of the constant depends on the ·ceramic 

material and on the dynamic strength of the backup material. Surprisingly, 

the dynamic strengths of 6061-T6 Al and woven fiberglass roving turn 

out to be nearly the same, though their bending moduli are much different. 

The constancy of vb
1
/6 is suggested by the following simple argument. 

Suppose that the cora~ic responds elastically to impact even at these 

high pressures . Then the stress produced at any point in the ceramic 

is proportional to impact velocity and decreases approximately with 

distance, r, from the point of impact as 1/r. Then at the ballistic 

limit the stress at the ceramic-backup interface is proportional to 

VBL/t::,. The constancy of VBL/6 implies that motion of the interface 

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 O. 5. 
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(iv) Simultaneous measurements were made of positions vs time of 

rear surface of the projectile, projectile-ceramic interface, ceramic­

backui interface, and back face of the Al backup plate using flash 
I 

x-rays 1
, and streak camera . From these it is evident that erosion of 
I 

the projectile continues untH 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, p~netrat ion started 

earlier, perhaps as early as ten microseconds, and erosion of the 

proj ect:i.le continued until almost 30 microseconds, though the final 

length was the same as for aluminum backup. This difference is apparently 

due to the lower bending modulus of fiberglass. 

(v) Geometric scaling was verified for Coors Ad-85 Alumina, B4C and 

BeO ceramic targets using 0.25 1
\ 0.30" .and 0.45" projectiles. When 

target dimensions were changed in the same ratio, VBL was unchanged , 

indicating that the penetration process does not depend significantly 

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

involve any characteristi~ physical Jengths. 

(vi) The effects of projectile s t rength were verified by experiments 

in which the projectile was both "stronger" and "weaker" than the target. 

If the projectile is stronger, it goes through the target with but little 

deformation. If it is weaker, lt erodes in the fashion described above , 

and it makes little difference how much weaker. In this context, 

"stronger" means having a lar ger compression modulus , a larger Hugoniot 

elastic limit and a l arger yield strength in tension. The relative 
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importance of these is ill-defined, If the proj~ctile is weaker than 

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

of the proje_ctile . 

• • ♦ • 

From the above discussion it :i.s clear that a h igh ballistic 

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

strength and modulus which will resist tensile stresses, perhaps because 

of _ductility, at the ceramic-backup interface. The backup plate should 
C • . - - . - . - . . 

~<:':e,a
0
1:ii~r_i bending modulus and strength and a high shea)? ftrength • . 

Since flberglass and aluminum backup give sirailar results, it is apparent 
• - ·-· E: f ~- - : -: :# - • • • • ~;r "= .. - • 

~hat the ability to withstand large deflections compensates in some 

way for_ lack of bending stiffness . . Since vB1/t is constant for a given 

ceramic, it is clear also that lightweight ceramics are advantageous 

because bis larger for a given weight and VBL is thus increased. 

A search for new materials, including beryllium-boron comp0unds, 

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

significant improvements in armor. 

:.< ~ The computations described above were made with the t~-¥ dim2nsional 

"I·IEX:P"..,.Code ~9.+2.1. 'There are a number of other two dimens iona l codes 

which are sui.table for these problems; all require a great deal of 

mach:i.ne time for detailed analysis. 

◄ • 
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Chapter 9 

• LIST OF SYMBOLS 

area 

sound speed 

thickness 

detonation velocity 

force 

mass 

the number of moles of gas 

pressure 

heat of reaction 

radius 

Universal gas constant 

time 

temperature (p. 2), transit time (p. 16) 

particle velocity 

particle velocity 

shock velocity 

speed 

specific volume 

drcrf coefficient 

ratio of specific heat 

density 

yield stress 
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The lower curve represents conformed craters; the upper 

curve includes probable craters. Coesite was discovered 

in 1960. [9 .15] . 
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substained shock . (b) Ditto for short duration shock. 

Effect of impact velocity of thick flyer pl ate on 

initiation of detonation [9.20). 

The increase in excess transit time caused by the short 

duration of the initiating shock [9.20]. 

Configuration for i mpact bonding 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 diamond [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 

Figure 9.19 

Figure 9.20 

Idealized behavior at inner shell boundary. 

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

Low velocity penetration 

Shear resistance to penetration 

Micrograph of 1/4" steel target partially penetrated by 

1/4" diameter steel sphere. Target Material - l1130 

tempered roartensite. Projectile 2100 steel at 

l.2d .mm/iisec, Courtesy of Marvin E. Backman, 

USN Ordnance Station, China Lake, California. 

Penetration of semi-infinite target by high velocity 

jet. v = jet velocity, U = penetration 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 sn,n JU-SIS or HIGH l'I\E:5:iUl\l rll,\SLS 

owner of the De Carli patent, US 3,238,019. Allied Chemical is pr.::sently offering 
for sale diamonds synthesized by the shock wave technique described and claimpd 
in this patent2:;. 

1 Although we do make very small diamonds by shock wave synthesis, we arc by nC\ 

1mcans limited to the production or small diamonds. We have in fact produced puly­
crys!allinc diamon ds of nearly a millimetre in diamc:cr similar in appc;1rancc to 
'the meteoritic diamonds described bv Carter and Kennedy. I have photographed some 
bf these large diamonds, all or wh.ich measure 500 to 7C0 microns in their larl;est 
dimensions (Figures 1, 2 and 3). In some of these particles one may observe veins 

FIGURES I, 2, 3. Shock wave synthesized diamonds. These polycrystalline diamonds arc 
500 to 700 microns in their lont:est dimensions althou0h they arc only about 10 microns thicli: 
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