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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, New Mexico 87545 USA 

Some orientations of PETN crystals have anomalously high shock initiation sensitivity around 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 precursors. Implications for 
the initiation mechanism in sinde crvstals is discussed. Initial work on beta phase, monoclinic HMX 
is also described. 

INTRODUCTION 
Anomalous luminescent emission and initia- 

tion of detonation have been observed for two 
orientations of single crystals of pentaerythritol 
tetranitrate (PETN) in shock experiments near 
4 GPa.(l) The crystals were more sensitive at 
4.2 GPa than at 8.5 Gpa. From the data avail- 
able it was not clear what was responsible for this 
anomaly. In addition to the sensitivity anomaly 
observed in wedge experiments, there was an un- 
usual intermediate velocity transition between the 
initial shock velocity and the final detonation ve- 
locity in a wedge experiment on a [I101 crystal. 
After consideration of these results it seemed that 
measuring time-resolved histories at several thick- 
nesses through the initiation regime would be very 
helpful in clarifying the nature of the anomaly. 
Therefore a series of measurements of particle vs 
time at several thicknesses through the initiation 
regime was undertaken using velocity interferom- 
etry. The results are reported here. The results 
indicate that the anomaly is associated with sep- 
arated elastic and plastic waves with large elas- 
tic precursors. In addition to the [ l l O ]  experi- 
ments. experiments were performed at 4.2 GPa on 
[loo] and [OOl] orientations as well. The records 
show orientation dependence in accord with pre- 
vious luminescent experiments and a model of 
orientation dependence of shock sensitivity based 
on steric hindrance to shear.(2,1) Interferometry 
experiments were performed on j l l O ]  crystals at 
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stresses ranging from 4.0 to 10.5 GPa in order to 
look at the variation in material response from 
the anomalous regime to the higher stress regime. 
The records show a continuous variation from one 
type of history to  another. At higher stresses with 
a single shock, the initiating flow peaks further be- 
hind the shock wave. This results in slower shock 
growth at 6 and 7.2 GPa than at 4 to 5 GPa. 

EXPERIMENTAL TECHNIQUE 
PETN crystals were subjected to shock using 

a light-gas gun facility. Particle velocity vs time 
histories were recorded at the PETN/PMMA win- 
dow interface using a velocity interferometer. Pro- 
jectiles made of 2024 aluminum were impacted on 
Kel-F (polytrifluorochloroethylene) discs 50 mm 
in diameter and 5 mm thick. The PETN crystals 
were mounted on the aluminum-coated, Kel-F disc 
with a silicone elastomer. The crystals had typical 
lateral dimensions of 15 mm. 

The measurement system used was a dual, 
push-pull, VISAR system.(3) The dual VISAR 
with different fringe constants removes ambigu- 
ity in determining the particlevelocity jump at 
the shock when extra fringes must be added. The 
light was transported from the argon-ion laser to 
the target and thence to the interferometer table 
with fiber optics. 

EXPERIMENTAL RESULTS 
In previous work( 1) anomalous detonation was 

observed in a [110] PETN crystal in a wedge ex- 
periment at about 4.26 GPa. The run distance to 
detonation in wedge experiments was shorter at 
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FIGURE 1. Particle vs time histories at the 
PETN/PMMA interface for a 4.15 GPa input shock at 
1.825, 3.47, 4.44, and 5.55 mm PETN thicknesses of [llO] 
orientation 

4.26 GPa than at 8.5 GPa. The run 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 and 
at 9.2 Gpa, a double-valued behavior. More ex- 
perimental information was needed to clarify the 
behavior. In order to observe the behavior behind 
the leading shock wave, a series of four VISAR 
experiments was performed at 4.15d~0.01 GPa on 
[110] crystals of different thicknesses in order to 
obtain particle vs time histories through the ini- 
tiation regime. The first two with crystal thick- 
nesses of 1.825, and 3.47 mm were in the region of 
constant initial shock velocity in the wedge exper- 
iment. The third at 4.44 mm thickness was at the 
onset of the intemediate velocity transition. The 
fourth experiment with a crystal thickness of 5.55 
mm was in the region of the intermediate velocity 
transition. The particle velocity vs time histories 
obtained at the interface are shown in Fig. 1. It 
was unexpected to see a two-wave structure. In 
Ref.?? the leading wave was thought to be the 
bulk or plastic wave to the final shock states. 

At 1.825 mm there is a large elastic shock fol- 
lowed by a plastic wave. The elastic wave am- 
plitude is 2.74 Gpa in PETN. These precursor 
strengths are much larger than those seen for 
input shock strengths of 1.14 GPa. There the 
elastic precursor shock strength for [110] crystals 
was 1.0 GPa. Dependence of elastic precursor 

I 

FIGURE 2. Particle vs time histories at the 
PETN/PMMA interface for a computed 4.15 GPa input 
shock strength for [OOl] and [loo] orientations. The [OOl] 
crystal thickness was 3.79 mm and the [lo01 crystal thick- 
ness was 2.90 mm. 

strength on input shock strength in [ l l O ]  and [ O N ]  
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 
chemistry causing increasing particle velocity im- 
mediately behind the plastic wave. The initiating 
flow accelerates the second wave so that it com- 
pletely overtakes the elastic shock by about 4.6 
mm causing the intermediate velocity Cransition. 
The detonation transition was at 6.6f0.2 mm in 
the wedge experiment. 

In Fig. 2 particle velocity vs time histories 
for [OOl]  and [loo] orientations for the same in- 
put stress are displayed. For the [OOl] orientation 
an elastic-plastic, twuwave structure is displayed 
similar to that observed in [110] orientation. The 
elastic precursor strength is 3.15 GPa, larger than 
observed in [110] orientation. However, the initi- 
ating wave is weaker than in [110] at that thick- 
ness. In contrast, the [lo01 crystal dEplays a sin- 
gle wave to the final state followed by a nearly 
constant particle velocity indicative of essentially 
inert behavior. 

DISCUSSION OF THE RESULTS 
Elastic-Plastic Wave S t ruc tu re  

In the [110] and [OOl] orientations there is an 
elastic-plastic wave structure in the region of the 
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low-shock-stress sensitivity anomaly observed for 
[ l l O ]  crystals. Initiation begins in or immedi- 
ately behind the plastic wave. This is consistent 
with our model of steric hindrance to shear.(l,2) 
In the model the endothermic first step in ex- 
plosive 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 initiation of 
detonation, especially at low stresses. Our pre- 
vious geometric analysis of steric hindrance for 
rigid molecules found [ l l O }  and [OOl] orientations 
to be hindered and [loo] and [loll orientations to 
be relatively unhindered. These results were cor- 
roborated by molecular mechanics analysis of de- 
formable molecules for the cases considered, [loo], 
[101], and [ l l O ] .  For the [loo] orientation there 
is a single wave with a flat following flow indica- 
tive of no initiation response is consistent with 
the minimal steric hindrance for this case. The 
small elastic precursor(2) has been overdriven by 
the plastic wave at this level of shock strength; i.e., 
the wave speed on the plastic Hugoniot is faster 
than the wave speed on the elastic Hugoniot for 
the input particle velocity of 0.616 mm/ps. Actu- 
ally, the bulk wave velocity from the fit for PETN 
gives 3.83 mm/ps, whereas measured elastic wave 
velocities for this orientation were 3.42 and 3.73 
mm/ps for input shock strengths of 1.14 and 1.56 
GPa.(2) So the wave velocities are very close to 
the same value. 

The two-wave structure explains another fea- 
ture noted in earlier work.(l) From photodiode 
records of the luminescent emission it was inferred 
that there was an absorbing or dark zone behind 
the leading shock. This is consistent with the 
emission coming from the region of the plastic 
wave, not the leading elastic wave. The interpre- 
tation is that the peak in the photodiode signal 
and the subsequent fall in signal level is due to 
quenching of the emission in the crystal by the rar- 
efaction from the free surface after arrival of the 
plastic wave. In Fig. 3 particle velocity records 
are shown of the elastic-plastic wave structure for 
[ l l O ]  and [OOl] orientations. There are arrows on 
each record marking the time at which the photo- 
diode peak would be based on data presented in 
our 1991 article. 
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FIGURE 3. Particle vs time history at the 
PETN/PMMA interface for [ l l O ]  and [OOl] crystals 
shocked to about 4.16 GPa. An elastic-plastic,tw*wave 
structure is displayed by both records. The plastic wave 
is followed by increasing particle velocity due to exother- 
mic initiation processes. 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 fall in emission intensity coincides roughly with the 
beginning of the plastic wave. This indicates that the lu- 
minescent emission begins at the base of the plastic wave. 

The photodiode records were obtained for crys- 
tal thicknesses different from those used in the 
VISAR experiments. For [110] orientation the 
photodiode record was for a crystal 2.79 mm thick 
vs 1.825 mm for the VESAR record. For [OOl] ori- 
entation the photodiode record was for a crystal 
3.94 mm thick vs 3.79 mm for the VISAR record. 
The input shock stresses were were equal within 
0.22 GPa for Ill01 orientation and within 0.11 for 
the [OOl] orientation. An analysis was performed 
in the position-time plane to determine the arrival 
time for the event associated with the photodi- 
ode peak at the sample thicknesses of the particle 
velocity records assuming a constant velocity for 
the disturbance. Account was taken of the parti- 
cle velocity of the PETN/PMMA interface in the 
VISAR experiment and PETN free surface veloc- 
ity in the emission experiment, but wave interac- 
tions were ignored. The disturbance arrival time 
t is given by: 

(1) 
to - 2 
1 - %  

t = -  
u* 

where to  is the elastic wave transit time in the 
VISAR experiment, u, is the velocity of the 



PETNlPMMA interface in the VISAR experi- 
ment, and U p k  is the apparent velocity of the 
photodiode peak from the photodiode experiment. 
The striking result as seen in Fig. 3 is that quench- 
ing of the emission begins as soon as the initial 
portion of the plastic wave arrives at the free sur- 
face, at least within the 10-20 ns 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 
N02.(1) This raises the possibility that the emis- 
sion is due to direct nonequilibrium excitation by 
the sterically hindered shear. As suggested in an 
earlier article(2) the endothermic first step in ini- 
tiation may involve nonequilibrium excitation of 
molecules on a femtosecond time scale caused by 
a mechanical process, sterically hindered shear oc- 
curing in the plastic flow associated with the uni- 
axial strain in a plane shock. It is worth men- 
tioning that the calculated homogeneous temper- 
ature rise at 4.2 GPa is about 100 "C. The peak 
in the spectral data corresponds to 5000 to 6000 
K by Wien's law, an unreasonable heterogeneous 
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 character of a chemilumi- 
nescent edge on the blue side. This result substan- 
tiates the previous conclusion that the observed 
emission is due to luminescence from excited elec- 
tronic states.(l) While we consider the nature and 
timing of the emission to be evidence for a tribo- 
luminescent mechanism, the possibility that the 
sterically hindered shear causes vibronic uppump- 
ing followed by bond breaking, and that the elec- 
tronic excited states are due to subsequent chemi- 
cal reactions on a nanosecond time scale cannot be 
ruled out. Also, the dihedral angle changes by up 
to 60°, a much larger change than that caused by 
thermal motion. Ref. (5) suggests ways in which 
bond angle distortion can drastically change the 
electronic state of a molecule. Our molecular me- 
chanics results indicated that significant bond an- 
gle strain occurred in PETN for the most hindered 
cases.(2) 

HMX STUDIES 
Work has begun on studying the unit cell of 

this monoclinic crystal. The space group is P21/c 
Possible slip systems are being studied for relative 
steric hindrance for different possible shock orien- 
tations. Because of the reduced symmetry of the 
unit cell, there are many more cases to  consider 
than for PETN. The known slip systems of an- 
thracene and other molecular crystals of the same 
space group have been studied for possible guid- 
ance. The importance of twinning in deformation 
of HMX is another complication.(6,7) Crystals of 
110 and 011 orientations in P21/n have been cut 
into slabs in preparation for VISAR experiments. 
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