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1NITIAT14JN Ok PRESHOCKED HIGH EXPLOSWES
PBX.9404, I’BX.95LU PBX-95.1,MONITORED WITH IN.

MATERIAL MAGNliTICGAUGING

Rokfia N. Mulford, SIcphcrJ A, Sheffield, and Robcrr R. AICOO

ba Alamcu National 1 abomlory

IXJS AJamos, New Mexico S7545

llcscnsitizalion of explosives by prcs~king Is being studied using trc

well- suppwrcd plane shock waves gcnemlcd by a gas gun. Evolulion of

he wav= in W explosive is monilorcd using in-material mrahiple

magrrclic gauges 10 measure parliclc vclocily In [he bgrangian frame.

over - 31M of run. JWX-WM. PllX-9501, and PIIX-9502 have been

surdied, al prcswlres up 10 10.5 GPa. A mrbslaralial cxtcnaion of [he run to

dcuma[ion is observed in I’IIX-9404, wilh [he run beginning

tipproxinralcly al the end of lb prcslmckcd region. A reactive wave Is
ohscrved while Ihc prcshcrck pcrsis[s in I-rolh IIBX-WM and PBX-9501,

bu[ cvidcnily does rru[ uxrrribu[c it) Ihc dc[onalion wave or shorten the

run 10 dclorriili(m. I ‘IX-9502 is incrf al pressures accessible wi(h tk gas

gun, but wves 10 clarify Ihc progress O( mrrhiple shocks over IhC off-
1Iugouiol 110S surface and Ihc shock Uynirmics of W*VC coalcsccrace.
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[k[tma(iun ch~waclrrislics Of muhiply shocked

high cxplusivts (Ill!) frcqurntly differ noticeably from

Ilm,w of virgin cxphmivc. bcy(~nd vurialions cxpcclcd

rJuc m differing inilial stale, A plccurwr mock of

!wfficicnl pressure will hinder inilialinrr hy a
SUIISCqUCIII shttck of high prrwurc, “Ilis plwrrtmcnon

IS i[ll~n)llanl It) cl~nlidcrdlitlu! (If Wfcly and relcvanl [n

many apl)licalions of mmgchc mAcriala,

“Ilacsc slutlics Uwl ~lcmclll illrvitms invcsligalitms,
( .MIIplrcll autf Truvia I klud Ird Ilw ovrrlnp of IW{I

slnnkn in drumnling malrrlal, Rrrrf dcWlupcd Ilw idea

IlmI IIW run 10 dchma!itm in ~lcdwtkmf enpkmlvc

umld Iv. !( he cstima(ed by Ihc run amicipakd for Itw

Ham! shock, mcnwctl [rtm the pin( n( ctdeu.cncc

III Ihc plcd)(wk Ind Ihc suhqucIII nlnwk Inlcrac[iun

III SII c:;~sldidwd !lc!~,oa(i,tu wi!h a I)lrduwkml rcgi(ml

yicldml a qunnlilmlivr mlnwnum Llilrrltm ftw

drunwlltnlitm 1’2 IT :. 1140 (kl)nr, p), dcprndmI

1111lIIr51111ck pIcwu Ic 1’ *III! dutnlitw t, “Wir wtuk

III! Iudcrn (Iala fItIm m WIIrn IIf flyrr plmlc prmh(nk

r~~wlilnrllls dlllw hy Ii ( iOlmKn2, in wlIIctl
,lcwliqilll~lll~~ll ttf iltlll,m ICII rnl)ltmivc WM tlt.scl vml

R 1’. SrILhrll’ uwd VI SAM dIHWIIdlt m h, !Iatk

lwh,tvi~u {*f Illnfrlluls Mlll)rtlrd 1(1~NrdMI1 Llllg 11)’ I!llllp

wuvrs whit II ttll,wtlurnlly dcvcl(Ip 111111dhm km “lhr

mmp waves evidently gradually compress granular

matcrialt, without provoking rcaclirm al a prcswrrc of

5.1 [iPa. Even aflti shock fomlation. a cmrsidcrabk

delay in Iransiliorr 10 tfcloraalior.r was obmn cd, rclalivc

to inilia[irm by a simple shock. Suhscqucarl

cxpcrimcnls4 using a separalc ramp precursor wave
sh)wcd similar de+cnsilizrnlion behavior.

A similar study nf (he c[fcct of shoti sh(~kn nod

;jrcshock pulses lJIl dclt)nirlion d l’l IX-{)50 I W;U dune

by VtIIIluaIruI and WackcrlcS, using in-ma[crial magnetic

galrgcs 10 fmwrf pwlklc Vcltxllics. A 1.ngrnngian

allnlyds ctdc was used h rmlim-lc lhc cflcct IIf IIVC

prc.dntck on II- rcacllon I ●m.

Rcccrrl wi}lk try J. i’. I’loiard a[ Vnujour# atsowa a

markaf incrcnsc of run lo dcbnalimr wilh Irwrcaaul

preslmck duralltm, In a material conqwwtf of TA1lI

and IIMX iu ctm}palnldc tlunnli[ics,

11.X} ’I{ KIMI,-W”I”AI,
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[irne-dc~ndcrr[ khavior 0[ (k grow[h of [k rcac[ive

wave.

Our gas gun can reach projrx(ilc vck~i[ics of up to

I .4 ❑m@, corrcspwrding [o prcssurci O( up (o about

10.5 GPa in PDX ma(cfids when single crysIal

sapphire impac[om arc used. Vclcwilics arc repcalahlc

100.02 mnrfps Tlis ma-ziruum pcmurc is insufficient

[o cauac initiation O( PIIX-9502 wilhin an observable

[imc, bu( will cws.c rapid grow[h 10 dc[onalion in Pf.lX-

9404 or Pll X-9501 Expcrirucn[s have been performed

on PBX-9502, IO provide cxacrly qumlifiablc d~(s on
an c[fcctivcly iner-1 Bamplc of PIIX rnatcriai, and on

PBX-%104 and PBX-9501 (o s(udy ini[ialion bch~vior

under prcsl-mck condi[i(m~.

use of cmbcddcd magnc[ic gauges prc~vidcs

unique mcasurcmcrr15 in lhc l~grangian (r~rnc of (Iw

ti.rnc cvoluliou of [hc shcwks, for a rlura[ion up (o 3ps

[l= of multiple gauges give indc;wnrlcnl mcnsurcmcnt.s

0( pdrliclc vch~ily up. shock vcl~ily U, and, from

impulse rcwcwds. an cslimalc U( Ihc final slr=s. Tlrc

prc4i3ion of Ihc gauges is atx)ul 110 2%.

“Ilw gauge puckagc may consist 0( !! ncskd

prnrticlc Vcl{wily girugcs and five impulse gauges (hllV

gaugcj, smangccl 10 rtxwrrf at well dclrnnincd rime

Inlcrvals, (w il rnny cxlnsls[ uf Icn ptir(iclc vckxily

g~ugcs (nlullil~lc magnclic gauge), Iu murc closely

m{~nilur Ihc lime cvolull(m of wavc~ pf[lgrcssing

lt]r(~ugll 11)- nlalcrial. Slinup gauges MC alw u!MI, 10

rm(ml inpul wavcn. “Ihc cxlwlinlcnlal sclup is shown

in I;lgurc I

J,rol{,clllo
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Currcnl prcshock cx~rimcnt- arc done willr ~

compsi[c impuclor. Tbc slcp~ Wsvcs we gcncralcd

using a thin (0.6 10 1.2 mm) piccc of KcI-F or

plcaiglus on k fron[ of a high impcdcnce irnpac[or.

This cxpcrirncnmf design allows accura[c manipulation

of [imc and prcmrrc parame[cra, and gcncrirtcs

reprcd~ible flat-(oppcd wavca. Impcdanc= of KcI-F

and Visla17 arc such Iha[ rhc firs( shock is abou[ half of

[he suus of the second shcck.

This projectile impJclJ onlo a prcciwly machined

fla[ caplosivc cylinder, into which It-m gauge package

has &n c.mkmddal al a 30° angle. Waves gcncralaf

UC cmc-dirrrcnsional for atmul 4 W. Signal recording Is

lirncd wilh rcdundanl shorting pins, and vclody

measured wi(h M inck~rrdcn[ act of pins act

~rpcndcular 10 (IK pa(h uf the plojcz(ilc.

Expcrimcn(al wave vcluci(ics arc ob[aincd by

plolling gauge rcspmscs a,gains( [he known gauge

psilions fur Ifw pimliclc vclxily gauges. Data arc

UJmpucd wilh pcssurcm and pariiclc vclrxillcs

cslimalcd using the MACRAME8 code, employing ●

Gammu-luw cqua(iun O( s[a[c (110S) fw cfich makrial.

Rlis(J1.’rs

Two cxpcrimcnrs have hcn done will} l)llX 9404.

and onc wi[h I] IIX-9501 10 ohsclvc dclmyrd dck)ndiors.

In each uf lhcsc cxpcrimcn!s rcscllnn af!cr [Iu second

dMwk WU otw IVCd, kur cxprrimcn[s h~ve kn

complchxl on lll)X 9502, which In basically an incn

rnulrrial ulldcr U)ndi(it)us achicvahlc wi[h uur gun,

(.alcul Jlcd p[cssurci End measured parrlc]c vchwilics

And WAVC W-ltmilir.s urc Iahulmxl in Tatdc I

“’+,,
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u) 0.37

u-l 0.73

‘J] o.7ti

%
r-l ! 3,022

u~ 4.416
u, S.w
L].
P,
PI
P, 6102
Pc

O3882
0.7W

0.7651
0.7720
3045
5.233
6.142
3.9W
224
5$8
hc13
s d;

UI 056

Uz 0.%5
‘+ 0.%
11, 3.523
U2 5.774
Uc 4.44

P,
P,
Pc

0.5543
0.914E

0.9307

353a

6.083
4.520

J,71
a 19
7.%

Cllbr[illlcn[ ,ur sl)OUn ill lI~llIC 2

1; 1“

I I I
,1 !1 II 3 (1 t! I .’ !1:’1.’1

111,{! I\l.

l’1(l! 11(1 ) l’ANIIt’l II, VI I (m IIY 141(’OI{I)S

Iltohl I’II,Y ‘)~()! I’RI(’III{SOI{ SII()(’K 1S1’1

UI .57 .60

U1 ,97 ,98

% .97 1.rm

UI 3.76 3.65

U1 6,27 6.293

(Jc 4,65 4.68

PI 4.13

PI 9,12

Pc 887

Ui .6?5

% 1.00

% 1,flu

u, 3.39
u~ 5.56

Uc 4,839

P,
PI
Pc

,653
I .079
1.CW3

3.B13
692
4,884
4.71

I0,3U
10.11

In f<)~r cx~~riillcrrls done ml diffcrmrl press.rrc! ill

I’DX-9502, no IWO-WEVC srnrt(urc has Ixcn otswvcd.

Possible rcmons for (3E lack of M observable wovc arc

lhal IIK c$lsp nr~y h Irm small, (Isc pressure pairs mty

trrackct Ihc cxrrc[ region [{w widely, or Iht prwcss

rcspansiblc fur hc cusp mrny b slow on I.fz f.imcsxsfe

of Ilw sh~k propagation. A ccrn[inuing scrka of

cxpcrin]cn(s is investigating [his region in smafl

pcwurc incrcmcnu, lo laxalc cxaclfy and Cllwadctim

Ibis npparcu! diuxm[inuily and fry (o Jcl.ermine If il is

rfrrc (u a ph~w 1: msilior cm olhcr phcnomcnca
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Il(; llkl: 3. Illl(;ONI()’1” l>A’~A I’OR PIIX 9502.

I’lIX-94C)4

Inili alien uf l)l)X 9404 under plc\htwkcd

L4]ndi(iL>ns has lxcrr t,bsclvcd in dc(ail, wi(h itrc

dcvclqmrcnl 0[ Ilw rcactivc wave mouik, rcd al lcn or

nkme Imlsilions ● 11x rrat (i(m pmglcsscd. [;augc

rccor(ls of (IE illpu( sll(mks @rccursor ~ll(wk 2.3 (ii%

and sccorrd shtwk 5,6 (; I’u). and cnwrging rcaclive
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I(m(, 11,,!)

Il(ill Rl, 4 I’AI+II(’I.I. VII (M’IIY H,I(’OR

lKohi I’IIX ‘M(M IWI (’llt(\ol{ SIIIM’K IXIII

l~srll\l(l/JIIIIII Is I ICAIIV cx ,1,-III ill Ilrc ‘)104. v.

[tw shcxk by (Iw rcactivc wave, giving ● slighdy ca.rly

vnluc. At lhis ~in[ k wivc vclu-ciiy is cs[imalcd 10

be 7.3mmf~ ((mm W IW Iwo gauges) approaching

ik velwi(y of 8,1 mrdps (or PBX 94W, Pressure in

(his wave is cslima[d from Ihc parricle vclocily 10 b

abut 15 GPa. WCII &low [he C-J pressure of 36 CIPt,

Nonc(hcless, dc[on~lion is delayed relative (o [k run

aulicipakd from & ~p plot for PBX.9404,10 a9

shown in I:igurc 5.

PBx 9404 (LASL EXPL PROP, OATA)
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dM dcvclopmcol of lIE rcacbvc wave af’.cr wave

UUICSCCOCC.JI

OVcrItic of & precurwr by Ihc setilnd shock is

rxrrsidcrably earlier than calcul~(cd by (k MACRAME

code. Accclcra(ion of h sccmd w~ve by rcaclion is a

pmsiblc rascm for early mzmrke. hotl-wr p~ibili~y

is tha[ [he E(3S UWJ in MACRAME is ❑w doing a very

good job of cal(ulaling llIc of f-llugwsiol slalcs.

PBX-9.Y31

I.irrsikd ddla ob(aincd [or pBX-95@1 arc shDwn in

Figure 6. PBX-9501 diffem from PLIX-9404 p[imtily

in (k uhticc of cncrgc[ic binders. Bolh rnalerials have

IIMX u ttK plincipal conslilucrrl (I)HX 9404 has 94%

md PHX 9501 h~s 9.’,%). i’l+X-94Cd uscs n mlx[urc of

niUoccllulcwc(3(k) Jnd chlurocihyl plmsphatc (L’l;F)

(3.!?%) u [I-x hinder, w’i[h a blue indicalor, diphcnyl

arniuc (lJPA)(O l%).1° l’l~x 9501 includes a mix(urc

01 cslarrc (2 0%) and a culcLlic cmslis~ing of his(2,2-

dinllropropyl KC(JI (III JNPA) and -fImIJ1 (L~DN1’1’)

(2.5%) as 11~ hlndcr.l” IIK pnbccss of mw)urdclurr is

very ~ilililar for [x~lh mak~]afs.l” ‘lk rclirlivc

scllsilivi(ics Of [IN [w<) bindm dif(cr ~uucwhali as do

Ihc shwk mpcdauccs of Urc (Iiffc[cnl hindc~ rcla[ive

k) the IIM?( TIM rhr~~l(!gics]z t)f [Iw IUI:J pl~s(ics uc

lm-lic~cd It) IN a olujor fuc(or in dE very diffclcnl skid

ICSp III.US Uf I’I),Y. (M04 trnd I’l)x-’)sol .I0,12 Mud

pruvlde ~ L(l[lvC[]i Cll[ vdrl~blc !r!til~tt l{) htllSIR~t

ArI inlcrcslirrg fcalurc of Ihc SCVC17J cx~rimcrrls

dooc on PUX-9501, both \ingle Wwk and double

shock, is a set of wna.11 s[eps visible on the shock rise.

usd (lx long risclirnc corrsis(cnrly observed in tt-u~

malcrifd, Risc(imcs of 35 co in sirrglc sh~k

expcrirnrnh cxcccd risclimcs usufdly s.ten, (or example

15 cm in 9502 and 15-20 ❑s in 9404. SIigh[

pcrlurbalicms am -n in ~ shcuk rises, at parriclc

velmilics of 0.21 and 0.31 mIrs/IM. In Ilk Iwo shock

cx~rimcrrl, k fiisl shock c~hibi~s comparable cusps

al parliclc Vclailicn of 0,28 and 0,33 mtips, giving

Io(al nsc[imcs of klwmn 52 and 110 rrs Thcac small

~wnurbalions arc shown in Figure 6,

l,lwlic response may bc rcsprsiblc for &se

WJVCS, al(lmugh rhcsc pcrlurba[ions are al much higher

pressures than IIE ex~c[cd yield {,f Ihc hincicr in PlkX-

‘)501. ab~u( 0,65 CJPa, i2 F.ltislic waves gcllcIally have

a higher wave vekwily lha.n k plas[ic wave, arid

timwqucudy ap~ti M a Iiugcr pflurbalion witi

lncrcnsing run di>[dncc, M do (twse ~rlurlraliorrs in

1’]IX-9.W1.

A rrwtivc wave is clearly prcwrrt In nlti(crial

which has bccu plcshockcd, as is cvidcn[ in [~igilrc 5.

As WAS (dwcrvcd in i’11X-94@l, i I (h react.ivc w~ve Is

I)(I! awclcratirrg, and nci(lwr is ils l)~rticlc vcl~i(y

I!krclsing. ‘Iltc sIllall r~cfac(iurr h~s akcady bavcmat
IIsc rcgic~nof (hc nla(crinl in which (his rcaclivc w~vc im

prcscul

I) IS(’(ISSION
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A lhm$~cnr~w ICJt 111111IIIn IMIIIWN hJS IRYII

wl$~rxld .1s HI Ilvc m ihiul)ly dItm kwl Iudcli al,

Iwt,lllw Ilw (Irllwly Ilf Illc Illr\l)ll(krll 11,Alrll,ll I* WI

111~11 () I p/till’ III llus ( Aw-), wllh Iw,ll)’.ily I.u):rly

lcll\ll\, (ll llvlrl(,~:rilr,,ll~ * 11)11,1,Irr IS Ilrvrl

(Illlllrl,ll(ll, Ilrl. ,lll\r 11( Ilw \ll,l( h Illlpr.l, ! 1(r llll\lll*l( II

bclwccrr Ihc binder md the IiMX. Conscqutn[ly
hou~(s will cxisl al any prcnsure in (k plastic trended

malcrixl. The rcacrivc wnva LIwoughoui ihc

cx~limcrr[ cxhlbit k profile of hclerogcncous

irri(ialion, i.e., smrmmh growth Mind tfw fronl.

However, k gruwrh is much slower (ban would b lhc

case for s single-wave cxpcrimem.

While the reactive waves ob~rvd here rcscmblc

❑ormal hc(erogcoccrus waves sun in single shock case,

several fac(om suggest m homogeneous mmpmrl

active in lhc rcacdve waves observed io (Iw prcshockcd

region, in k doubly shocked makrixl. TIM dcnsi[y of

(Iw prc.shocked ma[crixl is high. so i very long run

dis[ancc 13 is arrlicipn[cd when compared ~ R

Irc[crugcncwun dckma[ion in ● material *1 Ibis porosity.

TIK vcloci:y of Ihc rcrnclivc w~vc is alrnosl lhc

same as [hat of k sccoud shock in PllX-9404, In

PDX-!MOI, lhc reactive wave acnrally dtzclcralcs

rclalivc w IIW setind shock. Tlw x-[ planes xhown in
l~igurcs 7 aud 8 show (hc cvolulioo of Ilsc rcactivc

w lVC, wilh li[(lc arxclcraliorr until a wave is well

c: [ablishaf in tlw singly shocked rcginn. The pwticlc

velocity nt [b shuck arrival front never iucrcaaca,

S(Iongly atypical of ● klcrugcncous mccharrism.

alhough k WaVC lacks IIE very k~alid profile and

olhcrwsc cons[anl parliclc vclucily accrr in h clasxic

In)mogcnctms case.14
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Shork wavcmal O( IKNsp[s wi[h ~ccwnpimyirrg

local sh s expccrcd 10 cnxur on a timcwdc orders of

magni[rsdc fim[crl 5 than the w timcscale ~pplicablc in

tis case. l..cc sod Tarvcr16 give a ra[c of 44 us@ or a

Iimc cons[anl of 20 ns fur igni[ion al trotsp[s.> R. B.

l%cyi7 gives a lime of 35 rwcc for full Icmperalurc n=

arrd unset of igni[iors in shear bwds a( a pressure of

1.03 Wa,

Ma[eriaJ rhcol~gy, pr@icularly binder rheology.

may errlail response limes on (hc order of 1 ~. TIK

consis[crrl value of I bc[wccrr Cxplosivcs argues against

Ihc imp%rnce of microscopic malerial mcchanicaf

pro~rlics. Our da[a indica(cs tliffcrcrsccs in [he

behaviors of PIIX-9404 and WX-9501, with lhc PBX-

9501 showing suhsliullial!y Icss rcwlion in he

prcsiwkal rcgirxr. This m~y argue for (he cffccl of IIW

binder or o(her microscopic priqwllics. Viscous

collapse lirucs on (he order of 0,5 m 1 us htivc l~cn

culcrslalcd lhcurelically18.19 for ln)lsfn~ls. “Ihcsc Iimcs

arc for c(unplc[c comprcssioo, ra[hm [has} Ihc SIWW

discussed irkvc.

‘Ilm-roaf coorfrsclion is imporlwll in lime-

dcpodsn[ bchovior of lMIISpUIS. IIUI spots rcsull in

ICK.ZI hcalirrg u oppo.scrJ IO bulk hil[illg. 1101 Sp

.sizc, malcrisl Ihcrmal urnrh.rclivily wrd lhc lhcrmal

(fiffcrco[isf bclwmn he lxNs@s and (IE hulk should

hc the govcroiug facuws in [cgulaling li~ txnding of

lhcsc hr)l spots.

mwripuldion of ho(spd bhavior and [cmpcrh[urc at wc

same bulk prrxsurc and dcnsiiy.

Comparison of PBX-9404 and WIX-9501 d~la

may provide a lest cf Iaaf wcding, bccausc of Ihc
diffcrcnl rheology of IIM bindcm in she IWO malcriala,

A long nscIirrrc for tic fr.m shock in PllX-9501 may b
rcla[d (o he malleability of he cslanc bindcr,l [ and

modify the input wave cnr.rugh {o provide information

on rcac[ivc bchavim as a function of strain rate.

Experiments using ramp wave inpuls will cxmrd

previous work sod frrtihcr ilhrminarc rhc importance of

mainlainirrg ktal Wnpcrahrrc during mmprc.ssion.

Prcrcac[ion inside hoIs~rs during plcshocking

rmsy be a faclur in dcaclivaling k hotspols wilhour

rcmoviug or comfrrcssirrg lhcm Cumplelcl y,

Prcrcu[ion is suppmcd [o dcacliva[c bmspors cilher by

allcring he chcmisv of k locaf rua(cciaf, or by

increasing Ilw inlcmal pressure sufficimrlly 10 nrakc the

h,~L$@ vuirf incornprcuiblc. prcvcrrting local 5bcsrr or

“crushup- and u-ansfcr of energy from subsqucnt

shcxks 10 Ihc ma[criaf. Rcacrirm in tic p:cshuck is not

visible in our cxpximcnts. Since increasing Ihc

pressure inside twlspols is a cuns[anl volume prouss,

uur parliclc vclaily gauging will not indica[c crry

ac[ivily if this process is active, Ex[cndirrg [he mu of

Ilrc pnxhock (incrsxsing ‘t-) may rcvcaf reacliorr and

ma[criaf accclcl ali(m during prcslrockiog.

A rcaclivc m(dcl dcvclopcd by f’icr ‘f%ngz”

reproduces IIE da[a and indica(cs ncacly no lc~c[imr in

Ihc firsl Wave. suggcsliog dcscnsilizalion via
mc~h~nicd ~hangcs during comprcssiun or Icmpcr,i[urc

cffccls. rallwr 111*I1dcsrnsilizali(m by partiid chemical

rcacliou.
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fcrrsilivily of lhis rcaclivc wave 10 Icwal cmldilion~

~gue h some Iwxnogcncous charac[cr.

Campbell and Trisvisl indictlc IhJI Jcwnsilit.a(ion

iucrcases wilh increasing ike htwccu Ihc first ud

scmnd shocks, allowing more time for pw collapse,

an ideti supPrl~ in work done by R.E. Selchrll.3,4

Iiowcvcr. Andreev cl SJ.21 indicale Ihal ma!crial is

mi’rc scnsilive whms We first wave crca[cs m~c
hc[crogcncilies. We iu[cnd io further i~vcs[iga(c

scparaliors Of kse mcchiusical and thermodynamic

para.nsctcm by cxlcnding (he work [o include funk
c(m]parison of PIIX-$M04 and P13X-9501, crtaminalion

of ii Iwrwgcricmrs de[onaiing nsa[crial with arsd

wi[houl inc(m]prcssiblc hol spots. and ublaining good
cs[ima(cs of rela(ivc !wnpcraturrs in (hc single and

double shock CL!S.
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