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INITIATION OF PRESHOCKED HIGH EXPLOSIVES
PBX.9404, ’BX.9502, PBX-95. 1, MONITORED WITH IN-
MATERIAL MAGNETIC GAUGING

Roberta N. Mulford, Siephen A, Shefficld, and Robert R. Alcon
Los Alamos National L aboratory
Los Alamos, New Mecxico 87545

Desensitizalion of explosives by preshocking Is being studied using the
well-supported plane shock waves gencraled by a gas gun. Evolution of
the waves in the cxplosive is monilored using in-maicrial muliple
magnelic gauges 10 measure particle velocity In the Lagrangian frame,
over =~ s of run. PBX-9404, PBX-9501, and PBX-9502 have been
siudied, al pressures up 1o 10.5 GPa. A subsiantial exiension of the run to
delunation is observed in I'BX-9404, with the rmun beginning
approximaltely ai the end of the preshocked region. A reactive wave Is
ubserved while the preshock persisis in both 'BX-9404 and PBX-9501,
bul evidently does nol contribute tu the detonation wave or shorten the
run 10 detonation. 1'1X-9502 is inert at pressures accessible with the gas
gun, but serves 10 clarify the progress of muliiple shocks over the off-

INTRODUCTION

Detonation  characteristics of muliply shocked
high explusives (FH) frequemly differ noticeably (rom
those uf virgin explusive, beyand variations cxpecled
due 10 dilfering initial stale. A pecursar shock of
sufficient  pressure will  hinder initiation by a
sulisequent shock af high pressure, ‘This phenomenan
18 iy lant 10 considerations af safely and relevant to
many apphcations of energelic wmalerials.

These studies cnmlllcmcul [Meviaus invesligations.
Campbell and ‘Travia® simdied 1he overlap of 1wa
shocks in delonating matenal, and developed the ldea
that 1he run 10 debmmtion in preshocked eaplosive
could hest be eslimated hy the run anticipated for the
seeond shock, measmed hom the paint of coalescence
al the preshiock and the subaequent ahock.  hnleraction
ufl an establishedd ddetonation witlca preshocked 1egion!
yicldal 2  quantitative  mluimunt  aiterion  for
desensitization.  P2-2x - 1140 (khar, ps), tependent
nn preshock pressime P oaml domation 1.0 Their wank
includen data b s senies af llyer yidate preshock
Guungs?, i which
desensinzation of impacied explosive was «liserved.

eaperiments done by B

R E. Serchel!Y nsal VISAR diagnestics 1o nack
heliavion nf matenuls subyected 10 preshocking by vanp
waves which wmbsequently develp i alnn ks e

{ Hugoniot EOS surface and the shock dynamics of wave caalescence.

———————— - —_ RO ——

ramp waves evidently gradually compress grunular
malerials, without provoking reaction al a pressure of
5.1 (iPa. Lven after shock formation, a considerable
dclay in transition W detonation was observed, relative
to imitimion by a siinple shnck. Subsequen!
experimentsd using a separate ramp precursor wave
showed similar desensitizalion behavior.

A similar siudy of the effect of shurt shocks and
oreshock pulses on detanatian of PRX-9501 was doae
iy Vorthman and Wackerle¥, using in-material niagnetic
gauges 10 1ecand paiticle velocilies. A Lagrangien
analysls code was used to entimale the eftect of the
prealiock on 1he reacthn rate.

Recent wirk by J. ' Plutard at Viiujoura® shiaws a
marked increase of run to detonation with Increasod
preshck duratlan, ln & malerial composed of TATD
and HHMX in compaiable quantities.

LXPERIMENTAL,

Experiments wae done an a single stage light gaa
Kl Aninen prgjectile is accelemsted 1o impac an HE
mger. Use of a gar gnn to generale the sliwk wavea
provisles the distinet advantages of a well chimncienzed
wave shape and well supporied ahionks,  Ihe (Im
~ pped puessme pulse gimplithes canslderathm af ihe



time-depcodent behavior of 1the growih of 1he reaclive
wave.

Our gas gun can reach prujectile velocities of up 10
1.4 mm/ps, correspunding 1o pressures of up 10 aboul
10.5 GPa in PDX malerals when single crysial
sapphire impaciors are used. Velocities are repeatable
10 0.02 mm/pus. This maximum pressure is insufficient
lo cause initiation of PBX-9502 wilhin an observable
time, but will cause rapid growth 10 detonation in PBX-
9404 or I'BX-9501. Experimenis have been performed
on PBX-9502, 10 provide exacily quantifiable daia on
an effeclively inert sample of PBX malenial, and on
PBX-9404 and I'BX-9501 1o swudy ioitiation behavior
under preshock conditions.

Use of embedded magnelic gauges provides
unijue measurcinents in the I.agrangian frame of 1he
time evolution of the shocks, for a duration up 10 s,
Use of muliiple gauges give indejcndent measurements
af particle velocity up. shock velocity U, and, from
unpulse recuords, an estimate of the final suess. The
precision of 1he gauges is abour | 10 2%.

The gauge package may consist of 3 nesled
panticle velocily gauges and fNive impulse gauges (MIV
gauge), mranged lo record a well delenmined tme
intervals, ar 1 may conmst of 1en particle velocily
gauges (mulliple magnelic gauge), o more clasely
wonitor e lime evoluion of waves progressiog
through th= matcrial. Sugnp gauges are also nved, lo
record impul waves. The eapenimental sciup is shawn
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Current preshock experimenl. are done with a
composite impaclor. The siepped waves are generled
using a thin (0.6 10 1.2 mm) piece of Kel-F or
plexiglass on the fron: of a high impedence impacior.
This experimental desigo allows accurale manipulation
of lime and pressure paramelers, and gencralcs
reproducible flat-lopped waves. Impedances of Kel-F
and Vistal? are such thal the {irst shock is aboul half of
the stress of the second shock.

This projectile impacts onto a precisely machined
flat explosive cylinder, into which the gauge package
has been embedded al a 30° angle. Waves generaled
we one-dimensional for about 4 Hs. Signal recordlog Is
limed with redundaot shorting pins, and velocily
measured with an independen! ser of pins sel
perpendicular 1o the path of the projeciile.

Experimental wave velocilies are oblained by
ploning gauge respunses against the known gauge
positions for the particle velocily gauges. Dala are
compared with  pressurea and  particle  velocites
estimaled using 1he MACRAML® code, employing a
Gamma-law equanan of staie (EOS) for each malarial.

RESULTS

Two experiments have been done with P'IIX 9404,
and une with PRX-9501 10 observe delayed detonation.
In cach uf these experunenlts reaction afier the second
sliwk was obseived.  Faur experiments have been
complered on 'BX 9502, which Is basically au inen
nwalerial under canditioua acldevable with our gun.
Calculated picssures and measured particle velocities
and wave velocities are labulated in Tahle 1.

PRX-9502

Since 'HX 9502 tehaves as an incit malerinl al
pressures belaw 105 GP'a (when ahiserved fur only a
few pa), it pmavides a canvenient lest of the leclmique
and of maierlal response 1o ambiple shocka.  lor
mecuisor shocks, the data sapplements 1the mensred
low pressne pointy on the principle Hugoma, while iy
the mbisequent shock,  pointa on the second sl k
Hagomat of '1X 302 relative 1o the initial shiock are
measmed, giving new dsta on the 'RX 9302 LOS.
Althongh coatescence e falln congistently tuer than
aalonfated from e principal Thigoniar, measmed
oty on abe secomt Higoniaor mie very close 10 1he
prinapal Thigonin ) within the experimental eving of
mevimn? (plane wave bns) measmnients i ihe
1e g shnslied
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U, 1.990 P 319 Py 9.12 Py 1038
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Py 558
Py 6.102 X
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Lapenniems have focused an the regian of the
PBX 9502 Hugamiol which appears o show a
disconlinuity ut approximaiely 7.5 GPa?. Accuarding
extunt dana,¥ ihis cusp shauld be 100 wmall 10 be
resulved in a single shock experiment. While single-
wave experiments in PBX-9502 do not yicld a two-
wave struclure in crassing this disconlinuily, the
steeper Rayleigh lne of the second shock in a two
shock experiment ix nore likely 1a be inteniupted by
this small cusp, generaling Iwo waves in ihe second
shock, defining 1he location af this discoannuity. A
fiemr nmpactor made af Ke! F, a near impedance maich
1 P'IIX-9502, elinnnales the ind severberation in the
gauge accands, atlowing a scarch far 1 1wo wave

shuviute 1m0 (e second  shock. Dala fron one
cxpornmen! e shown i Fouaee 2,
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In faur experiments done a1 differenl pressures in
'BX-9502, no twu-weve struclure has been observed.
Possible reasuns for the tack uf an observable wave are
that the ¢nsp may be loo small, the pressure pairs may
brackel 1the exacl 1egion loo widely, or the procesa
responsible for he cusp may be slow oo the Lmescale
of the shock propagation. A conlinuing seiiea of
experiments is invesligaling this region in small
pressure increments, (o locate exactly and characlerize
thia upparent diccanlinuily and try 10 detlermine if il ia
due 10 a phase I: msilior or other phenomenon,

Adeqquate data an the single wave arising afler
alescence of the preshock and second abiwk allows
the velocily of this wave 10 e measnred. As expecied,
the velocity 1s dereasea fram that af the second shock.
lxumination  of the x-1 plane
mdicates that a sinall rarefaction shanld be propagated
hack mto the doutily shocksd region ta accommmindate
this statc change.  Estination ol the locatian of e
second Hugonlat relative 10 1he principal Hugamot in
lhe P u, lane will predict 1the magnitlude of the
1mefaciion wave. The MACRAMIL cide glves a value
of 018 Gl's ar 2.7% for the pressuie chiange.  This
small wave is not resolved in the cunient data

the caalescence In

Hngoawn pointsy measme! in these expenmients are
ploled i Figme N, showig tha the second Hnginlo
1 vay 1 lose 1o the prmcipat Hagomion for POX 2807 a)
1here and hat e anall ymefaslion s
mibikely v e Loger than e yenothm of the data

ey,
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FIGURE 3. HUGONIOT DATA FOR PRX 9502.

"X -9404

Imtiation  of P'BX 9404  under  preshocked
conditions has  been obscrved in delail, with the
develupinent of the reactive wave monitored al len or
mure posilions as Ihe  reaclion progressed. Gauge
recands of the mput shocks (precursor shock 2.3 Gia
and  sccond shock 5.6 GiPa), and emerging reaclive
waves in PBX 9404 are shown in liguie 4.
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GURE: 4 PARIICLLE VELDCITY  RECHIRIS
FRUIN POX 404 PRECHIRSDOR SURCK XD

Drxesensiiizatng v learly evalentin the 24D wa dy
the e Woalehmatnm siimwaing a0 macac ol ) 0k
aver il exper ted s e pop pint, messioaty, finn
the wonval al e sevvml vloak 1 e prestnm ked
walenal) o where alrtimcalng way vleaaval 1o e g

Plinet ol sl nomatie s appioecanaies by the overtake of

the shock by the reacuve wave, giving a stightly early
value. A1 1this poim the wave velucily is estimaled 1o
be 7.3mm/us (from the last 1wo gauges) approaching
the velocity of 8.1 mm/us for PBX 9404. Pressure in
this wave is eslimated from the particle velocily 10 be
aboul 15 GPa, well below the C-J pressure of 36 GPa.
Nonctheless, detonation is delayed relative 1o the run
anlicipated from the pop plol for PBX.9404,'0 ag
shown io Figure S.

PBX 940¢ (LASL EXPL. PROP. DATA)
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FIGURE S. POP 'LOT FOR PBX 9404,

Mecawining fioin the caulescence of e sccund
shock will e precursar alse yiclds a sliglnly longer
1 than anticipated froem 1the pap plot. The obseived
wo s ehout 3% longer than e anhcipated run,
weanmg only 1he re gion afler conlescence of the two
waves, piving nearly ile hehavior anticipated fiom ihe
Campbetl anld Travis cule for the i fled pop ot

This slighn exlension may te explained hy ihe
shock mteraction that takes place althe nvertake of 1he
meshock by the secomd aluk.  Shock  dynminics
1equires a pressure eduction which is aclieved Ly a
small rmelaction wave naveliag tack into the daubly
shocked region. Alilwugly, ss e 'BX 9502, 1he
anall rartadimd is not observed livectly, iy pateage i
unlicaled by he yeaclive waves, nppeasrimg us &
tednction m e i veliaty minl a diop in their maxinnmn
ranticle velociny 11 A (onmaat discominuty separales
e banbly skl low taaparame epon fiom ihe
smply sl kel meterial at highey temperaime,

he 1ravhive wasvode which aie ey cmerging
lnd the vanml shnk ay o cavebh gl 1he

mestow kol wpenm evideally o conmnbate gl all e



the developmen! of 1he reaclive wave alter wave
coalescence. !

Oventake of 1he precursor by the secand shock ia
considerably earlie: than calculaled by the MACRAME
code. Acceleration of 1he second wave by reaction is a
possible reason for carly oveniake. Another possibility
is that the EOS used in MACRAME is not doing a very
good job of caliulating the off-Ilugoniol siales.

PBX-9501

Limiled dala obiained for PBX-9501 are shown in
Figure 6. PBX-9501 differs frum PD'X-9404 priniarily
in the choice of energetic binders. Both malerials have
IIMX s (he principal constituent (FYHX 9404 has 94%
and PBX 9501 has 95%). PBX-9404 uses a nuxture of
pirocellulose(3%) and chloreethyl phosphate (CLEF)
(3.9%) as the binder, with a blue indicator, dipbeayl
amiuve (DPAYO1%3.'® PBX 9501 includes a mixture
ol estane (2.0%) and a culeclic coustisting of his(2,2-
dinnrooropyl acetal (BDNPA) and -formal (BODNPF)
(2.5%) s the binder. 19 The process of mannfaciure is
very similar for both maesals. ' The  relative
sensilivities af 1he two hinders dif(er somewhar, as do
the shock mmpedauces of the different binders relative
ta the HIMX. The rheologies!? af the 1wa plastics are
belicva! 1a be a mujor fuctor in die very differcnt skid
1csponses of D944 and PHX-501 J012 0 g
movide & convenienl vanable aclated 1o horspxn
behavior in preshock condinons
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An inleresting fcalurc of the several experiments
dope on I'BX-9501, both single shock and double
shock, is & sel of small sieps visible on the shock rise,
and the long risctime consislenly observed in 1hus
material.  Risetimes of 35 os in single shock
experiments exceed risciimes usually seen, for example
IS5 os in 9502 and 15-20 os in 9404.  Shght
perturbalions are scen in the shock rises, al particle
velocities of 0.21 and 0.31 mun/ps. In ithe 1wo -shock
experiment, the first shock exhibits comparable cusps
al particle velocites of 0.28 and 0.33 mm/ps, giving
lolal riserimes of belween 52 and 110 ns. These small
penurbalions are shown in Figure 6.

Llaslic response may be responsible for these
waves, although ihese perturbiations are al much higher
pressures than ihe expected yield of the binder in PBX-
9501, about 0.65 GPa'? Elastic waves generally have
a higher wave velocily than the plasiic wave, and
causequendy appear as a luger perturbation with
increasing run distance, as do these perturbations in
PRX-9501.

A reactive wave is clearly prescot in matenal
which has been pneshocked, as is evident in Figure §.
As was observed in PTBX-9404,'! the reactive wave is
nol accelerating, and necither is ils particle velocily
nwreasing. ‘Fe siall rarefaction has alicady traversed
the region of the malenial in which this reactive wave ia
present,

DISCUSSION

The  small  raefaction  generalel sl wave
coalescence, while not abserved in e PRX-9502
cxperiments, appuently bas a reat elfect!! an yeactive
waves i PUXC 2404 and PRX 9501, The a1 diagiams
showing 1euctive waves wre shown in Figuies 7 and K
Aller 1he seand shock arnives, 1eaclive waves erige
in the doulily stixcked malerial, which s s & law
lemperalme  for the  given  pressure. When they
cncomnter be small paefadtion, iheir growth s
lmdered, o ceven, in the PIX 9501 case, 1eversed
Afler wave coalescence wilh ils accompanymg contacl
divcentmmity, e gaatenal is ar a high temperatare,
wilh abe slowk g inlo mataiial al nonnal
trmosity. D Wi acgion, @ reannive wave develaps
which nluamalely grows 1o detonation. This wave s
pmombly ameclaie) oo abe wave o e preshocked
repon, vwoce 1y growth o debonainm iy ol accelernad
by 1he reRIN e e nve wuve
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Ihe small tarefacthinm anl the conbee? discontinidy
alfecy the Ik rhennodynamic sate of the material,
tather than govennng the rachion al hot spots Oaly
Iwmogencaus mmmaton af detonation responds 1a lalk
thermadyname state, winle hererogencous initianon ol
detonation 1s Lagely sensitive lo it spots practated in
the flow

A bomogenenns eachon mechanism has been

sugpested  av mtive e alonbly  slhaked  material,

becanse the abrpsaty of the preslncked iratenal s so
lgh 120 p/omY e tas cave), wilh pvaosity Lapely
1oVl vhangler s

Flelriapeaesms nesel

chlnenaat, besanse of the shoack mgesboce nusmaldh

beiween the binder and the HMX. Consequently
hatspots will exisl at any pressure in the plasiic bonded

material. The recactive waves throughoul the
experiment exhibit the profile of heicrogeneous
initiation, i.e., smooth growth behind 1he fronl.

However, the growth is much slower than would be the
case for a single-wave experiment.

While the reactive waves obscrved here rescmble
normal helerogeneous waves scen in single shock case,
several factors suggest a homogencous component
active in the reactive waves observed in the preshocked
region, in the doubly shocked material. The density of
the preshocked mialerial is high, so a very long run
distance!d is anticipated when compared 10 a
helerugencous delunation in a malerial a1 this porosity.

The velocity of the reaclive wave is almost the
sarnc as that of the second shock in 'BX-9404, In
'BX-9501, the recactive wave acwally decelerates
rclative 10 1he second shock. The x-1 planes shown in
Vigures 7 and 8 show the evolution of ihe reaclive
wive, wilh litlle acceleration until & wave is well
c: tablished in the singly shocked region, The particle
velocily ol the shock amrival front pever increases,
shongly atypical of a heclerogeneous mechanism,
althaugh the wave lacks the very localized profile and
olhierwise constan! parlicle velocily seen in 1he classic
hamugeneaus casc 14

lHlomagencous  dewanatiuns may  best  be
characicrized by theis extreme stal~-sensitivity. 14 Ihe
messure drop in Has raefiction, frm 5.60 10 5.54
Gl'a, coaresponds 10 a drop of 20 K or less in the hulk
lemperature. A Iknnageneous wave is mure hkely 10
cxhibit 1his exhcwe staie scusilivity than one witl
subistantial heteragencans chagacter,

A DBomogencaus reactive wave i unlikely la
conmhuie 10 the helerogencaus deronation afler wave
comlescence, bhecause 1he 1wo processes noeed in
differem regions inabe wmalarial. ‘The & t diagram and
ibe long mn 10 detonaion frmm walescence both
wpgest the non mleracting belween e 1cactive wave
m the preshocked region and that wihe smgly shocked
malcrial

Ihe nsnal model for preshock alesensinution in
The 1
wea of Campbetl and Travis snpgesis a time canstant

PBX matenals relies on hotspot remaval,

tan honspot semaval, Somrces af suvh 2 time caanstant

may an lnde compaession e, bme aequinad o
eooling ol the e, o e kil nf peachon

picied non Innie.



Shork traversal of holspots with accompanying
local sh s expected 10 occur on a limescale orders of
magpitude faster!3 than the ps Umescale applicable in
this case. Lee and Tarver!® give a raie of 44 us@. ora
1ane constant of 20 ns for ignition a1 hatspots.” R. B.
Frey'? gives a lime of 35 nscc (or full iemperaure rise
and onset of ignition in shear bands al a pressure of
1.03 GPa,

Material rheolugy, particularly binder rheology,
may entail rcsponse lunes on the order of | ps. The
consislent value of T between explosives argues against
the importance of microscopic malerial mechanical
properties.  Our data indicales diffcrences in the
behaviors of PBX-9404 and PBX-9501, with the 'BX-
9501 showing substantially less rcaction in the
presivocked region. This may argue for the etfect of 1he
binder or other microscopic propeities.  Viscous
collapse times on the arder of 0.5 10 | us have been
calculated theorerically 1819 fur tonspans. These limes
are for complele compressian, rather than the shear
discussed above.

Thermal  conduction s
dcpendant behavior of hotspots. ol spots result in
local healing as opposed 10 bulk heating.  Hot spot
size, malterial lhermal conductivily and the thamal
differcutial between the hatspats and the bulk shauld
be 1the governing factars in egnlating the coaling af
these ten spais.

important  in  lime-

Hotspat cooling should be ahiout ihe s.une for Ianh
PBX-9404 and PHX-9502, since the major component,
HIMX, governs ithe tenmal condnetivity,  Differences
seen between PRX-9404 and I'BX-9501 arpue that
tulk thrimal conductivily leading 1o har spol couling is
nat  the  only  lactar goveining  ihe preshock
desensinizatiog, although allawances mnst e aade for
the differcnt densiies and grain sizew, hence diffesent
hatspot sizes and laatspat densities i the samples used.

Suazin 1ate a8 rclated o botly the compueasion lime
fra the borspots aad s thenmal condudtion mgument,
smce adiatbaic compre. sion keeps heating local, while
nonadiabate comprrssion attows dissipting of e onal
cncgy dunmp compession Inoa siock, energy will
rcmain e alized as the ik material 1eachics 1 final
pessme  aml lemperame, allowing aeliable 1. al
Nompadiabatic
amppression penmly compresssn with lower local

o and vapid e lons m botspals

femperatme, (as well as btk lemperatnee) nnhifymg
honpal acachon ates withonl  panpnlating ot
varnaldes P oand Vo Hins lowling aate allows wane
sepaaatin of hatspal belavior o bnlk Lrbavior

Varying strain gale can open up & channel  for

manipulation of holspol behavior and temperature at tre
same bulk pressure and density.

Comparison of PBX-9404 and PBX-9501 data
may provide a test of local cooling, because of the
differeni rheology of the binders in the 1wo malerials,
A long risclime for the first shock in PBX-9501 may be
relaicd (o 1he malleability of the estane binder,!! and
modify the inpul wave enough to provide information
on reaclive behavior as a function of strain rate.

Experiments using ramp wave inpuls will extend
previous work and further illuminate the importance of
maintaining kcal temperature during compression.

Prercaction inside hotspots during pieshocking
may be a factor in deaclivating the hotspols withoul
removing or compressing  them  completely,
Prercactiun is supposed 1o deaciivale hoispots eithier by
aliering the chemistry of the local material, or by
increasing the internal pressure sufficiently 1o make the
hutspot vuid incompressible, preventing local shear or
"crushup™ and transfer of coergy from subsequent
shocks to the material. Reaction in the preshock is not
visible in our experiments,  Since increasing the
pressure inside hotspots is a conslant volume process,
vur particle velocily gauging will oot indicate any
activity if this process is active, Extending the run of
the preshock (increasing ™t™) may reveal reaction and
marcrial acceleraliun during preshocking.

A reaclive model developed by IPier Tang20
reproduces the dala and indicales nearly na reaction in
the f[ust wave, snggesiing desensilizalian  via
mechanical changes during compressiat or temperature
cffects, rather than desensinization by partial chendcal
1eaclion,

SIIMMARY

Desensitization may be due 1o bulk theimal effects
ar ta har spat phemnnena, specifically, pare collapse,
tlemperalme dilferences, and changes due la chemical
1cactlon hehind the firs wave.

A pessiie diap is1evuined by the shock dymaica
of wave caalescence i e two shack expeinnen.
This pressme diop as not vasibile 1 "X 2502 econds,
bt may nonethicless be ieanlting in 1he extended 1
abservel i PUX MDA alter conlescence af 1wao waves
A acachive wave Is cmeglng i ahe preshocked
matenal, but apparently does not contnlmte 1o the
derouanon, sy mdicuded by an extended 1ather 1than

mmcated wun afler coalesence, Phis ol and e
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sensilivity of this reaclive wave 10 local condiions
argue for some homogeneous characler.

Campbell and Travis! indicate that descusitization
increases with increasing jime betlween the first and
second shocks, allowing more 1ime far pore collapse,
an idea supported in work done by R.E. Seichell 34
However. Andreev et al.2! indicale thal maerial is
mere sensitive when Lhe first wave creales more
helerugencities. We intend 10 further irvesiigale
separation of these nicchanical and thermodynamic
paramelers by exlending the work to include further
campanisun of PBX-9404 and PBX-9501, examination
of a humogercous delonating malerial  with  and
withoul incompressible hot spots, and oblaining good
cslimales of refative temperatures in the single and
duuble shock cases.
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