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SPALL MEASUREMENTS IN SHOCK-LOAOED HEMISPHERICALSHELLS FROM FREE-SURFACE VELOCITY HISTORIES*

D. J. CAGLIOSTRO,R. H. WARNES, N. L. JOHNSON, and R. K. FUJITA

ios AlainosNational Laboratory, P, O. BOX 1663, LOS Almos, NM 87545

Copper and tantalum hensishalls are externally loaded 5Y a hemlshell of PBX 9S01 detonated at its
pole. Free-surface velocity histories of the metal hemishells are measured at the pole and at
50’ from the pole with a Fabry-Perot interferometer. These histories are used to determine sDall
strength:and depths by simp_le wave-interaction analyses and
(CAVEAT)predictions using simpls and voio-growth span models,

1, INTRODUCTION

There has been much intarest in the dynamic

fracture, or span, of metals in planar

geometries.l Here, however, we address span

in 2-D axtsynnsetric converging geometries,

which occur in the design of shaped charges

where both normal and oblique shock waves

travel through a thin-walled shell.

2. EXPERIMENTSANO MEASUREMENTS

The HE (Fig. 1) is machined from a

101.6+mh.dlamcylinder to flt tightly around

the h&T!lSh@ll, The SE-1 detonator and 12,7+

diam P!3X9407 baoster initiate a detonation

wave that sweeDs around the shell t,ransmltting

a shock wave through its wall, normal at tho

polm and obliquo away from it. Uh@n tht shock

reaches the shell’s free surface, tht rcfloctod

tension wavo lntaract$ with ttw Taylor-wave..

induced negativo prcssur~ grkdiont p?oducing

tonsllc stressta that span t!w th~ll,

Th@$a intaractlons and tht span ltsolf art

inf~rrod frcfn tho frco-;urfaco velocity

measurements,A la$er hewn is refltctstd frcm

the desired spot on the hamishell to the

intaf‘qrometer, which producws a circular

fringe pattern that It focustd ontc the slit

plan@ of an el~ctronlc streak camra, To

ensure !iUff’

satisfactory

electroplated

the tantalum

and cleaned w

and analyzing

are compared with hydro-code

cient reflected light for a

camera record, the copper is

with 2000 angstroms of gold and

5 polished with #400 emery cloth

th acatone. Oetails on recording

tho dtta are 9ivWI by Uarnes.2

Thecoppcr hamishalls aromachlnod from OFHC

50,S+sn-thickpiate stock, and tho tantalwn

hemishalls arc forged from 3.lS+sn-thick,

annealed, 99,W-pur@ shtct stock. Ths copptr

grains arc 10 to 100 kdnwith amctn sizo of

about 80 J#TIand are slightly elongated along

tha circumforonce. Tho tantalum grains m 40

to 150#n with a mean size of about 80 m and

Hemishell Detonatorand Booster

%-3,18mm Thick- ““
13nY.a&n4

[11111 Wn-wdv 1

dw==K7tvK-u
Laserat 0“ N Lasefat 50”

Fig. 1, Apparatus and in$trumentatlon

Work ptrfonned undar the auspic~s of tha IJ,S, Department of En~rgy by Los Alamos Natlontil
Laboratoryunder H-7405-ENG-36,



ar, also slightly ●longatsd a;ong tha

cll“ctxnftrcnco.

Tha velocity histories for chc copper and

tantalbunhuinlshollsara shown in Fig. 2. In

gonaral, at tha POIC the surface accalorates to

a Jnp-off velocity whan the transmitted shock

trrivcs and th~n doc.aioratcsbecauso tha Taylor

wava attonutt~~ tho transmltt’!d sk::!!. This

pull back in velocity is Iimitod by the

mattrial’s ttnsilo strength. After pull back

tha Velocity remains relatively constsllt,

lndlc~tin~ spallation, until the rast of tha

shall catch~l up with th~ spalltd Iay@r, and

than it lncraasas, At 50”, jump-off occurs

Iattr and is Iowar bocaus~ the detonation wavo

travels farther and impacts thg shall

Obllqualy, catch-up occurs much soonar

indicating a smaller span gap. Tho two

rapcatod tantalum oxporlmonts aro very slmlltr

Oxcopt for an unoxplain~d 0,2-As tlrnashift,

Wcord durations at tho polo arc limited by

$urfaco roflcctivltytnd at 50” by @XptOStVO

gaaas Blocking th~ roflactcd light.

frm th~ jum~off RLI pull-b~ck v~lociti~s

(TatIIQ 1) and Raf. 3, span strangth o-

P CLAU/2 whara P. is th~ matorlal danslty,
CL

t;o elastic wavo voloclty, and AU th@ pull-back

vtlocity with #o = 8,924 and 16,6S6 g/cm3 and

CL
= 4.76 and 4.16 tnnlMm for coppor and

tantalun, rmsp~ctlvaly,

Our span m@asurwnant$ (Tabl@ 1) for coppor

m ht9har than tho 6.2-25 kbar roportad by

Mayars Snd Aimonol for copper impactad in

Tabla 1.

Shot Mttarltl Polar Jwn~Off
AngIo Vtloclty

(Oagrcts) (ndtis)

H-672 Coppsr o 1,60

H-641 Coppar 50 0.9s

H-673 ;tnttltxn o 1.20

H-642 Tantalwn 50 0.747

H-643 Tanttlwn 50 0,720

—.
3’ Copper
-? 3.0

I

p
,g 2,-J
$i 1.
>

I
@lo ~ 50” (1+.641)
8
r
~ ~op)

8 10 12 14 16 18 20 22 24 26
Time (pa)

~ *O1 ---. .–—..–

I
Tantalum

a

15
I

10 ‘

0.51

s----
I

Tlmo (ps)

~i , 2, Froo-surfaca wlocity historlos for
?(a coppor and (b) tantalun hwnlshalls

gun and arm hlgh~r than tho 10,3 kbar

matsurornantsby Sptlght and Taylor’ for coppar

Imptctod by an alumlnm fliw th~t producod a

froo-surfaco vtloclty of 0.22 nwl/us (0.953

n’d~s in our axpcrimcnts), On th~ other hand,

our mtasurcmants aro much lowor than tha 150

Icbar ulttfnato yi~ld ttrongth rrwasuranontsW

IWluoon and Marsh in @xploslvcly driv~n

coppor-coppw plata Impact wwifnsnts. For

tcntalun ourm@twrumants agraa with Spoioht

and Ttylor’sy tht? $how~d t span stren9th

Pul l-Beck Pull Back SpalI
VOIOcltY,AU Tima, At Stronpth

(rml/bJs) (#s) (kbar)

0!16 0.33 35

0,13 0.61 27

0.20 0.55 ?l

0.20 1.00 71

0.22 1!05 76

SpalI
Oopth, Kt
(rrrn)

0.01

1,50

1.12

2.13

2,24

Spal I
I’lmo,t

5
iu!)

0,21

0,3s

0.31

0,56

0.58



graatcr than 65 kbar. The vartation in th-

coppcr span strangtt,may indicato a dependence

on initial !hock prosauro or strain rat6 or

both.
U. have estimated $pall depth, or dist~nce

from tha frsa surface, X, using the jump-off

voloclty U , tha pull-back veloclt, AU, and the
j

durition of pull back At. Rofor to Fig. 3; the

followtng two equations for Xl can ba written

In tomns of At Jnd tho unknown span tlmo from

Jlanp-off t,: (1) X, -Utt~ and (2) X~ -

Usp(At - t~). Solvlng tlIa5e for X5, wa get:

X3 = UtU3pAt/(Ut + U3P). Substituting X$ in

(1) yitlds t, (Tablt 1).

3. NUMERICAL SIMULATIONS

CAVEATS 1s primarily # ccmputor codo for

shOck physics prObl~s with larga distortion

and int,rnal 111P. [t hat !acond-order ioatlal

accuracy with van Lo9r limiting and usas tho

Godunov mthod with an approxlmatt Rlomann

solver; this rasults in a highly &ccuraCo

dtscrlption of shocks in multl-di~nston$ and

multl-mtarials. It wcs used in cho two-

di~nsional, Lagrangian rrodtwith a sphorictl

mssllwith an IKII of lymmtry (90 @lm’mnts 10

the azimuthal direction and 20 and 40 @l@mcnts

across the thlckncsl of the homliholl and HE),

Tho HE it modolcd uiing a progru’rmd burn

w~th a JUL aquation of $t#t@ wtth unmodlflod
6

parntors and is dotonttad at tho iurfscc

bctwoon tho detonator and HE (Fig, 1). The

matals aro modclad ulth a HOM oquntion of stato
7

w!tb umnodlfiod paruMtorl, Span within the

metal was modtl~d in two WCYO: (1) amlnimwn

ipall strengthmodel in which If tho prolsuro

fallb balou the Ipall strength, tho matorlal

fails and cannot suttaln any tension thoroaftar

SPALL DISTURBANCE WAVE

(LJ,p=c~+u,-4jJ) ‘: / v

W4i’8NT
FREE SURFACE~ lL_ x

Fig. 3. Incident, raflactod, and spall-
disturbanca wavas at fraa Stirfaca

strength for tht first SPSII modol was adjustad

to best fit tho cxporimonts; tho aynuni:

Only the calculations of ths copper

h,rnisholl hava bctn txaminod. Figure 4

Illustratestha rolativo parfommnco of ths two

sPall modolso The HE modol was satisfactoryat

1:1716 SpaHModell ~

> 15

!’ ~ ?2

14 SpallM(ode12 z Coppmsto”
13 ——— I

8 9 10 11 12 13 14 15 16 17 18
Tlmo (PC)

;Lk?! ......_..._lCopp9rat50”

+0 11 12 1’:) 14 15 16 17 18

Fig, 4s .Exporim#ntand calculations for coppor
(a) at 0’ with $pall itrongth for mod-l I = 30
kbar, and (b) at 50° with \pall strongtt?for
modol 1 = 50 kbal,



the pole, but the jump-off velocity at 50” was

too high by about 50%, which Indicates that the

.JWLequation of state needs to be modified.

The larger jump-off velocity probably causes

some of the discrepancy between thQ

calculations and experiments,

Overall, the minimum span-strength model

was found to hava three difficulties: (1) two

different values of span strength were

necessary to describe the velocity history at

0“ and 50° because of the different wave

structurt at the two locattons; (2) a span

strangth much larger than those measured was

nwcassary to compensate for tha inability of

thomoriol to exhibit tension after failure; and

(3) the pole velocity was vary sensttlve to the

span parameter and thercfora, to slight

chanqo$ in tho HE madol, detonation ar~a, and

mesh size. Tho dynamic fracture model

exhibited none of these dffflculties, Tho

predicted span thicknass at the pole of 0,80

nsn agraas wall with the axperlmantal rasults,

At 50’, becausa tha span plana 1s not normal

to t?o surface, the $pall thickness prodlcted

by CAVEAT rang~s from 0,8-1.16 mn. This

suggests that the analysts of the experiment is

stnsitlve to the deepast spallatlon point in

the $h@ll,

4. SUMMARY AND CONCLUSIONS

From mchsured insldo-surfactvelocities In

Oxplostvoly 1oadad coppar and ttntalum

hemtsholls, span strongth$ and depths aro

dat~nnln?d (Table 1), Tha dynam~c fractur@

modtl for span wan found to bo $uporior to th~

consnonlyusad minimum span fractur~ model,
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