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CRYSTALORIENTATION DEPENDENCE
OF ELASTIC PRECURSOR STRENGTH
IN PENTAERYTHRITOLTETRANITRATE

J. J. Dick, M. C. Whitehead, and A. R. Martinez
Group M-7

Los Alamos NationalLaboratory
MS 1>952

Los Alamos, New Mexico 87545

Elastic prect rsor shock strengths were measured using VISAR instrumentation on pentaerythritol
tetranitrate crystals 2.9 to 6.4 mm thick. Input shock strength was 1.2 GPa. A factor of 3 difference
in elastic shock strength and a factor of 2 difference in critical resolved shear stress were observed
depending on the crystal orientation. The order of increasing elastic shock strength was [100], [101],
[1 I0], and [001]. This is the same order as that obtained in our analysis for increasing steric hindrance
to shear, indicating that the relative strength of different orientations of this m_lecular crystal under
shock conditions is governed by steric hindrance to shear.

INTRODUCTION observations we conclude that the elastic precursor
shock strength should correlate with the amount of
steric hindrance. The sterically hindered orienta-

In previous work we have shown that the shock tions should have large elastic precursors, and the
initiation sensitivity of pentaerythritol tetranitrate unhindered orientations should have small precur-
(PETN) single crystals depends strongly on crys- sots. We report on a series of VISAR interferom-
tal orientation relative to the plane shock wave.t, 2 eter experiments undertaken to verify this hypoth-
The effect has been explained in terms of a model esis.
at the molecular level for the steric hindrance to
the shear induced by the uniaxial strain generated
by a plane shock wave3, 3 In a crystal the shear oc-
curs on a crystallographic slip plane and direction
as illustrated in Fig. 1. lt takes piace on a slip VlSAR EXPERIMENTS
plane near 45* to the shock propagation direction,
particularly on the slip system that has the maxi-
mum resolved shear stress (MRSS) generated by A series of impact experiments was performed
the longitudinal stress of the compressive shock, using a light-gas gun.. An aluminum projectile im-

pacted a plus-x-cut quartz crystal 5 mm thick. The
The critical resolved shear stress is the shear PETN crystal slab (3 to 6 mm thick) was bonded

stress that must be applied on the MRSS slip sys- to the quartz with Sylgard 184 silicone elastomer.
tem to cause the onset of plastic or irreversible, in- A mirrored polymethylmethacrylate (PMMA) win-
elastic flow. In a molecular crystal it is likely that dow was bonded to the crystal with the elastomer.
this critical resolved shear stress determining the The motion of the PETN/PMMA interface was
yield point for a given orientation is determined to monitored with a VISAR laser interferometer. Tran-
some extent by the steric hindrance to shear. The sit time through the PETN was measured using a
sterically hindered shear has a dramatic effect on PZT pin on the quartz crystal and tlm VISAR sig-
the shock sensitivity of PETN. Furthermore, the nal. Impact velocities were about 0.3 mrn/tLs. The
preferred slip system observed in quasistatic de- longitudinal stress for the plastic wave was esti-
formation of PETN crystals 4 is not the one with mated to be about 1.2 GPa. Experiments were
the shortest Burgers vector as is expected from the performed on specimens about 3 and 6 mm thick
standpoint of energetics in simple atomic lattices, for each of the four orientations, [100],[101],[110],
Rather, it is the one that our calculations show has and [001], given in order of increasing steric hin-
the least steric hindrance to shear. Based on these drance. Particle velocity histories for the thick•
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Figure 2. Elastic-plastic wave _rofiles at the PETN/PMMA
interface for thick crystals of the four orientations. The

t strongly hindered orientations [001] an_d[110] have largerelastic precursor sho_'ks than the weakly hindered orienta-
tions [101] and [100].
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Figure 1. Schemaof the relative orientationsof shock and "_ o20

shear planes. When the sterical]y unhindered {110} plane ._E _"

is available for shear, the crystal is insensitive and has a _ 0.10small elastic precursor. When the slip system is hindered 0.12
({100} < 011 >, e.g.) the crystal is sensitive and has a ©

large elastic precursor. ._ o.os
am 0.04

samples of ali four orientations are displayed in o.oo ".._.
Fig. 2. The results show that the the elastic pre- o.a 1.2 te zo z4 ze
cursor strength for a given input strength increases Tune(/.tS)
with increasing steric hindance as predicted. The
results are consistent with the earlier results of P.
Halleck and J. Wacke tie5 and L. Soulard6 for the
hindered orientations. No significant precursor de- Figure 3. Elastic-plastic wave profiles at the PETN/PMMA

cay was observed between 3 and 6 mm for ali interfacefor the [101] orientationforcrystals 4.30and6.13
orientations. Results for the [101] orientation are mm thick.
shown inFig. 3. Any deca.y,must have occurrefl._
less than 3 mm of run. l'reltmmary analysis sz mc
longitudinal stresses has been perlormea, m oraer hindrance model.
of increasing size, the longitudinal elastic stress in
PETN is about 0.37 GPa for a [100] shock, 0.58 The steric hindrance analysis given in Table1 enumerates the number and types of close ap-
GPa for a [101]shock, 1.0 GPa for a []10] shock,
and 1.2 GPa for [001] shock. The corresponding proaches closer than 1.70 _ for shear across the
critical resolved shear stresses on the MRSS slip unit cell by rigid molecules. The closest approaches
system are 1.1, 1.6, 2.1, and 2.2 GPa, respectively, are clearly unphysical. The eXlu_ibrium, molecular-
These rankings are the same as the steric hindrance mechanics analysis of J. Ritchie Isr nexmie mine-
from least to most hindrance (see Table 1) provid- cules shows that atomic groups on the molecules
ing convincing supporting evidence for the steric can rotate and bend out of each others way so



T'.ble 1. Atom-Atom Interactions for PETN.

Body-Centered Molecule Comer Molecule

Closest Closest
Shock MRSS* Slip Atom Number of Approach Number of Approach

Direction System Pair Interactions (A) Interactions (A)

[100] {ll0}<lll> O-O 3 1.05 1 1.65
{110}<001> b O-O 2 0.78 2 0.78

[101l" {100}<001> O-O 4 0.78 4 0.78
[110l" {100}<011> O-O 9 0.54 9 0.54

N-O 5 1.01 5 1.01
C-O 2 0.83 2 0.83
O-H 6 0.31 6 0.31
N-H 4 0.80 4 0.80
H-H 2 0.99 2 0.99
N-N 1 1.58 1 1.58
C-N 1 1.60 1..!_ 1.60

_6 30

[001] (101}<I01> O-O 3 0.86 12 0.86
C-O 4 0.71 6 0.71
O-H 6 0.11 10 0.11
N-H 2 1.01 2 1.00
C-N I 1.52 1 1.52
N-O 1 1.38 5 1.00
N-N _9__ ._2___ 1.58

17 38

°MRSS - Maximum resolved shear stress.

_SIip system expected from the standpoint of the shortest Burgers vector
and widest interplanar separation.
"Interactions are with the body-centered or the corner mol,-_cule
but not both, for a given shear.

that the closest atom-atom approaches am greater standpoint of having a shorter Burgers vector 7 has

than 2 A, in general. Nonetheless, the correla- the same number of interactions but closer interac-
tion of the simple, geometric analysis using rigid tions than the observed {.110} < 1il > slip system,
molecules with experimental results for elastic pre- so that the geometric analysis as well as the molec-
cursor dependence and with the energy barrier to ular mechanics anal_,sis :) is in agreement with ex-
shear computed with molecular mechanics indi- perimental observatmns. This indicates that that
cates that the geometric analysis captures the ex- steric hindrance controls the preferred slip system
tent of physical hindrance to some degree, even under quasistatic deformation.

In Ref. 2 we presented a table of geometric The nature of the shear or slip process in PETN
hindrance for only the interactions of the body- under shock conditions is not known with cer-
centered molecule. In Table 1 the complete analy- tainty. In quasistatic deformation in indenter tests

sis is given including the interactions for the comer deformation by generation and growth of dislo-
molecule, the other molecule per unit cell. The cation loops is observed. 4 Since [100] shocks ap-
major change is that now the slip system [001] parently use the same slip system as quasistatic
shocks shows the most interactions even though deformation, it is possible that dislocation pro-

[110] crystals are most sensitive, indicating the lim- cesses govern the plastic shear flow for this case
itations of the geometric analysis in descn'bing the under shock conditions, e,.qt_.,cially at low shock
physical and chemical behavior of the crystals un- strengths. It was observed earlier s that for the
der shock conditions. It is interesting to note that strongly hindered [110] an_'l [0Ol] shocks that the

the {110} < 001 > slip system which might be ex- resolved shear stress may exceed the estimated
pected to be the preferred slip from the standpoint strength of the perfect crystal. In that case, su-
of having lower energy in atomic lattices from the . percritical or simultaneous shear may be occurring.
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There are some results that indicate that the elastic
precursor strength is strongly dependent on input
shock strength for these orientations -5'9
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