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where, 

i 

, 

38 

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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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 

---

----

------
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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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Figure 9.2 

Figure 9.3 
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Figure 9.5 

Figure 9.6 

Figure 9.7 

Figure 9.8 

Figure 9.9 

Figure 9.10 

Figure 9.11. 

Figure 9.12 

. Figure 9 .13 
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Shock waves induced by high explosives 

p-V curves for a solid-solid phase transition 

U - U curves for graphite showing phase transition 
s p 

at 400 kbar [9 . 6]. 

Terrestrial meteorite craters discovered since 1925 . 

The lower curve represents conformed craters; the upper 

curve includes probable craters. Coesite was discovered 

in 1960. [9 .15] . 

(a) Experiment to initiate detonation in sample with 

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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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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