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ORIENTATION-DEPENDENT SHOCK RESPONSE OF
EXPLOSIVE CRYSTALS *

J. J. DICK
Group DX-1, MS P952, Los Alamos National Laboratory, Los Alamos, Ni:w Mezxico 87545 USA

Somne orientations of PETN crvstals have anomalously high shock initiation sensitivity aroand 4
to 5 GPa. Results of a series of laser interferometry experiments at 4.2 GPa show that this is
associated with an elastic-plastic, two-wave structure with large elastic precnrsors. Implications for
the initiation mechanism In single crvstals is discussed. Initial work on beta phase. monoclinic HMX

is uiso described.

INTRODUCTION

Anomalous laminescent vmisslon and initia-
tion of detouation have bheen ubserved for two
vrientations of single crystals of pentaervthiritol
tetranitrate (PETN) in shock experiments near
4 GPa.(1) The crystals were more sensitive at
4.2 GPa than at 8.5 Gpn. From the datn avail-
able it was not clear what was responsible for this
anomnaly. In addition to the sensitivity anoinaly
observed in wedge experitnents, there was an un-
usual intermedinte veloclty transition between the
initinl shock veloclty and the final detonation ve-
locity in a weedge experiment on n |110] crystal.
After conslderation of these resnlts It seemed that
measuring time-resolved histories at several thick-
nesses through the inltiation regime wonld be very
helpful in clarlfving the nature of the anomaly.
Therclore n serles of measurements of partlcle vs
thne at several thicknesses through the nitlatlon
regline was andertaken dsiug veloelty Interferom.
ctrv. The resnlts ure reported here. The results
Indleate tha the wonmly s associated with sep-
arnted elastic and plastie wieves with lurge elas-
tie preersors.  In addition to the [1Y] experl-
ments, experiments were perfonmed at L2 GPaon
[W0F and [ODT] orlentations as well. The records
show orlentation dependence in aecord with pre-

vious Imaitescent. experiments and a niodel of

orientwlon dependence of shock sensltivity hased
ot sterie hindranee to sheee.(201) Interfermnetrey
experitts were perlermed on j110] erystals ut
*Work perfortont tondee the qospmren of the U S Bopna .
tum ol Faovipy
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stresses runging from 4.0 to 10.5 GDPa in order to
look at the variation In wmaterinl response from
the anonaloas regime to the higher stress regime.
The records shiow a continuous variution froin one
type of history to another. At higlier stresses with
a single shock, the inltiating How penks further be-
lilnd the shock wave. ‘This results in slower shock
growth at 6 and 7.2 GPn than at 4 to 5 GPa.

EXPERIMENTAL TECHNIQUE

PETN crystals were subjected to shock asing
a light-gns gun facility. Particle velocity vs time
historles were recorded at the PE'TN/PMMA win-
dow Interface nsing a veloclty Interferometer. Pro-
Juettles nnude of 2024 wlaminum were hnpneted on
Kel-F (polvtrifluorochlorocthviene) dises 50 min
In dimmeter and 5 mmn thick. The PETN cryatals
werce iionnted on the aluminnm-conted, Kel-F dise
with a sllicone clstomer. The erystals lnvl typleal
lateral dhinensions of 15 mn.

The mensrement systemn used was a dinl,
push-pull, VISAR svstem(3) ihe dunl VISAR
with different fringe constunts removes sunbbgn-
ity In derermining the panlebveloclty Jmnp
the shock when exten frhiges st be added. The
light. was transpaorted from the argon-ion lwser to
the target wand thenee 1o the Intorferomet ¢ table
with liber nptles,

EXPERIMENTAL RESULTS

I previons work( D) wmiadons detonion wies
nlwerved o (D] PETN crestal In nowedpe ex-
perlment st wboat. 125 GPe Thes i distanee to
dotonation In wedpe experiments wis shorter

ENT IS UNLIMITED
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FIGURE 1. Particle vs time histories at Lhe

PETN/PMMA iuterface for a 1.15 GPa mput shock at
1825, 3.47, L84, and 5.55 mm PETN thicknesses of [110)
ortentation

4.26 GPa than at 8.5 GPa. 'T'he ruu distance nor-
mally would increase and the sensitivity decrease
with decreasing input shock stress. Furthermore,
the run distance was the same at 4.2 Gpa wul
at 9.2 Gpa, a double-valued behavior. More ex-
perimental infornation was needed to clarify the
hehavior. 1n order to observe the behavior hebind
the leading shock wave, a series of four VISAR
vxperiiments was performed at 4.1520.01 GPa on
[110) crystals of different thicknesses in order to
obtain particle vs time histories through the ini-
tintion reghme. ‘The first two with ervstal thick-
nesses of 1.825, and 3.47 unn were In the region of
vonstant initial shock veloeity in the wedge exper-
iment. The third at 4.44 mn thickness was at the
oniset of the intemediate veloctty transition. The
fourth experitnent with a cryvstal thickoness of 5,55
mn was I the region of the interimediate velocity
transition. The particie velocity vs thue histories
obtaihed at the interface are shown in Fig, 1. It
was naexpected to see a two-wave strachure, n
Ref.?2? the leading wave was thought to be the
bulk ot plastle wave to the lina shock states,

At 1826 mm there is alnrge elustie shock fol-
lowed by a plastic wave, ‘The elastic wave m-
plitude Is 2.74 Gpa in PN, These precursor
stretgeths are mneh arger thnn those seen for
input shoek strengths of L1 GPao There the
elastic precursor shock streagth for [HO] ervsials
was LU GPac Dependence of elastie precarsoa
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FIGURE 2. Particle vs tune histories at t(he

PETN/PMMA interface for a computed 4.15 CPa inpu
shock strength for [001] and {100] orientations. The {001
vrystal thickness was 3.79 mm aod the [100] crystal thick-
ness was 2.90 mm.

strength on input shock strength in (110} and [001]
PETN crystals was noted in earlier work(4) for
shock strengths up to 2.7 GPa. Elastic precursor
strengths were as strong as 2.0 GPa after 5 mm of
wave propagation in that work.

There is evidence of exothermic initiation
chemlistry cansing increasing particle velocity im-
mediately beliind the plastic wave. The initiating
flow accelerntes the second wave so that it com-
pletely overtakes the elastic shock hy ahout 4.6
1 caasing the intermedinte veloeity transition.,
The detonation transition was at 6.6 £0.2 1 in
the wedge experimeut.

In Fig. 2 particle velocity vs time histories
for [001] and {100] orientations for the same in-
put stress are displayed. For the J001] otientation
an elastle-plastic, two-wave strnetore is dispinyed
similar to that observed In [110] orientation. The
olastic preeursor strength is 3015 GPa, larger tian
obsery 1 in {110} orientation. However, the initi-
ating watve is weaker than he [1HO] at that thick-
ness. I contrast, the [100] ervstal displays aosine
ple wave ta the linal state followed by n neariy
vonstunt. particle veloelty indicative ol essentially
inert behavior,

DISCUSSION OF 'T'HE RESULTS
Flastic-Plastle Wave Streactire

In the [110] mad [001] orlentations there is an
elastic-pbwtle wave stroeture in the region ol the



low-shock-stress sensitivity anomaly observed for
|110] crystals. Initlation begins in or immedi-
ately behind the plastic wave. This is consistent
with our model of steric hindrance to shear.(1.2)
In the model the endothermic first step In ex-
ploslve decomposition is chemical bond breaking
In the sterically hindered shear flow in the plas-
tic wave or shock. This leads to the exothermic
decomposition steps on the way to initlation of
detonation. especially at low stresses. Our pre-
vious geometric analysls of sterlc hindrance for
rigid molecules found |110| and [001] orlentations
to be hindered and [100] and |101] orientations to
be relatively unhindered. These results were cor-
roborated by inolecular mechanics analysis of de-
formable molecules for the cases considered, {100],
[101], and |110]. For the [100] orlentatlcn there
is a single wave with a Hat following flow indica-
tive of no Initlation response Is conslstent with
the ininimal sterlc hindrance for this case. The
small elastic precursor(2) has been overdriven by
the plastic wave at this level of shock strength; le.,
the wave speed on the plastic Hugonlot Is faster
than the wave speed on the elastlc Hugoniot for
the input particle veloelty of 0.616 mm/us. Actu-
ally, the bulk wave veloclty from the fit for PEI'N
glves 3.83 mm/us, whereas ineasured elastlc wave
velocities for this orientation were 3.42 and 3.73
mn/us for Input shock strengths of 1.14 and 1.56
GPa.(2) So the wave velocitlon are very close to
the saine value,

The two-wave structire explaing another fea-
ture noted In carller work.(1) From photodlode
records of the hnninescent emlsslon It wna itferred
that there wa: un nbsorbing or dark zone behind
the fending shock,  ‘Phis iy conslstent with the
vinlssion comlog from the roglon of the plaatie
wave, nat the leading clastic wave. ‘The Interpre-
tation I8 that the peak ln the photodiode signal
and the snbseguent foll In signal level 18 die to
quenching of the emission I the erystal by the rar.
ofactlon from the free airfuee alter urrlval of the
plustle wave. In Fig. 3 panlele veloeity records
are shown of the dustieplastle wave steaeture for
[HEOL and [{t01] orlentations. T'here are arrows on
il record marking the thne nt which the photo.
diode peak wonld be dnsed on data presented o
onr 1991 wartiele,
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FIGURE 3. Particle vs time history at the

PETN/PMMA  interface for [110] and [001] crystals
shocked 10 about 4.16 GPa. Au elastic-plastic,two wave
structure in displayed by both recurds. ‘The plastic wave
is followed by increaming particle velocity due to exother-
mic initlation procemses. In each case the arrow Indicates
the inferred position of the peak In emission as determined
from a photdiode record in earlier work. The beginning
of the {all (n emission Intensity colnciden roughly with the
begioning of the plastic wave. Tlla indlcates that the lu-
niiescent emisslon begina at the base of the plastic wave.

T'he photodinde records were obtalned for crys-
tal thicknesses different from those used in the
VISAR experlments. For |110] orientation the
photodiode record was for a eryatal 2.79 inm thick
va 1.825 mm for the VISAR rocord. For [001] orl-
entutlon the photodiode record was for a cryatul
3.94 mm thick vs 3.79 nun for the VISAR record.
‘The Input shock stresses were were equal within
0.22 Gl'a for |110] orlentation and within 0.11 for
the JO01] orlentation. At anulysls was perforined
In the position-thne plane to determine the arrlval
tine for 1he event assoclated with the photodi-
ode peak at the sanple thicknesses of the partiete
velochy records nssuming a constant. veloelty for
the disturbnace. Acconnt waa taken of the partl-
cle veloelty of the PETN/PMMA interface In the
VISAR experinem and PETN free surface voloe-
ity In 1the emlssion experltmont, but wave Interac-
tlons were fgnoted, The distnebanee arrival thoe
s glven by:

to 74
' - 'l‘:l;‘ ( l )
l N

where fy is e olastle wove tnowit thae In the
VISAR oxpertmem. w, Is the veloeny ol the




PETN/PMMA interface in the VISAR experi-
ment, and Up is the apparent velocity of the
photodiode peak from the photodiode experiment.
The striking result as seen ia Fig. 3 is that quench-
ing of the emission begins as soon as the initial
portion of the plastic wave arrives at the free sar-
face, at least within the 10-20 us accuracy of the
analysis. This implies that the emission originates
from the entire plastic wave not just behind it.
It suggests that onset of emission coincides with
the onset of sterically hindered shear. From time-
resolved spectral measurements this emission was
interpreted as due to excited electronic states of
NO,.(1) This raises the possibility that the emis-
sion is due to direct nonequilibrinn excitation hy
the sterically hindered shear. As snggested in an
earlier article(2) the endotherade tirst step in ini-
tiation may involve nonequilibriow excitation of
iolecules on a femtosecond thwe seale cansed by
a mechanical process, sterically hiudered shear oc-
curing in the plastic low associated with the uni-
axial strain in a plane shock. It is worth men-
tioning that the caleulated homogeacons tempers
ature rise at 4.2 GPa is nboat 100 °C. The peak
in the spectral data corresponds to 5000 to 6000
K by Wien's luw, nn unreasonable heterogencons
temperature, much higher than detonation tem-
perature, Furthermore the spectral curves do not
fit those of a gray body with constant emissivity.
Rather, the spectra have ebarscrer of o chewdlumi-
nescent edge on the blue side. This result snbstan.
tintes the previons conclusion that the observed
emission Is due to innloeseence from exeited elee-
tronie states. (1) While we consider the nature and
timing of the emission to he evidenee for a teibo-
lmminescent wechanism, the possibility that the
sterieally hindered shear eaases vibrovie appap-
g followed by bhowd brenkig, and that the olee-
tronie exeited states are dae to subsequent chend-
end reactions on nranosecond tie seale epnmot be
ruled ont. Also, the dibedeal angle clinnges by ap
{a 60", womoeh lnrger change thig that epased by
thernad nwotion. Ref. (5) saggests wievs ine which
bond angle distortion can drasticaliv change tHae
electronic state of o molecale, Oue moloentar e
cliwdes resnlts indieated tlug significant bood on-
shes stradin occarced in PETN for the neost hinderaed
cases ()

HMX STUDIES

Work has begun on studying the unit cell of
this monoclinic crystal. The space group is P2, /¢
Possible slip svstems are being studied for relative
steric hindrance for differcat possible shock orien-
tations. Because of the rednced symmetry of the
unit cell, there are many more cases to consider
than for PETN. The known sli» systems of an-
thracene and other niolecular cry itals of the same
space group have been studied for possible guid-
ance. The importance of twinning in deformation
of HMX is another comiplication.(6.7) Crystals of
110 and 011 orientations in P2, /u have been cut
into slabs in preparation for VISAR experiments.
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