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Molecular-dynamics investigation of the desensitization of detonable material

Betsy M. Rice, William Mattson, and Samuel F. Trevino
Weapons and Materials Research Directorate, U.S. Army Research Laboratory, Aberdeen Proving Ground, Maryland 21005-

~Received 23 September 1997; revised manuscript received 15 December 1997!

A molecular-dynamics investigation of the effects of a diluent on the detonation of a model crystalline
explosive is presented. The diluent, a heavy material that cannot exothermally react with any species of the
system, is inserted into the crystalline explosive in two ways. The first series of simulations investigates the
attenuation of the energy of a detonation wave in a pure explosive after it encounters a small layer of
crystalline diluent that has been inserted into the lattice of the pure explosive. After the shock wave has
traversed the diluent layer, it reenters the pure explosive. Unsupported detonation is not reestablished unless
the energy of the detonation wave exceeds a threshold value. The second series of simulations investigates
detonation of solid solutions of different concentrations of the explosive and diluent. For both types of simu-
lations, the key to reestablishing or reaching unsupported detonation is the attainment of a critical number
density behind the shock front. Once this critical density is reached, the explosive molecules make a transition
to an atomic phase. This is the first step in the reaction mechanism that leads to the heat release that sustains
the detonation. The reactive fragments formed from the atomization of the heteronuclear reactants subse-
quently combine with new partners, with homonuclear product formation exothermally favored. The results of
detonation of the explosive-diluent crystals are consistent with those presented in an earlier study on detonation
of pure explosive@B. M. Rice, W. Mattson, J. Grosh, and S. F. Trevino, Phys. Rev. E53, 611 ~1996!#.
@S1063-651X~98!09205-8#

PACS number~s!: 82.40.Fp, 82.20.Wt, 03.40.Kf
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I. INTRODUCTION

The process known as detonation has received cons
able attention for its unique chemistry and physics and
military and industrial applications. Many explosives a
well characterized at the macroscale and are adequately
scribed at this level by hydrodynamic theories@1#. However,
atomic-level details of detonation are not completely
solved, resulting in a gap in information that could otherw
be exploited in designing energetic materials with control
detonation characteristics. This information includes featu
of the mechanisms of the chemical reactions and ene
transfer that drive the detonation wave and conditions
affect these mechanisms. Much has been written concer
the first step in reactions of an explosive to produce a d
nation wave@2,3#. Traditional views of the first step hav
assumed rupture of the weakest bond of the energetic m
ecule by thermal activation and/or mechanical stripping
fragments. Subsequently, the reactive species com
chemically and release energy to sustain the detona
More recently, metallization has been invoked as a poss
rate-controlling mechanism in the initial step@4#. Experi-
mental data that could identify these various mechanisms
not available due to the small time and spatial scales o
which detonation occurs. Typical detonation waves pro
gate through condensed media at speeds ranging from
10 km/s~1–10 nm/ps! and are currently outside the scope
experimental probe. Measurement is further complicated
the extreme energy and pressure release. The experim
community has made extensive progress toward meas
ment of detonation at subnanoscale regimes@3#, but the nec-
essary scale has yet to be reached.

Information at the microscale is readily obtained fro
molecular simulation. Through it the viewer observes a
571063-651X/98/57~5!/5106~6!/$15.00
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measures the dynamic events associated with detonatio
the appropriate time and spatial scales. The motion of
force experienced by each particle in such a simulation
be monitored over time, allowing the investigator to witne
reaction mechanisms. Several molecular-dynamics studie
shock-induced reaction waves in energetic molecular crys
show that detonation can be simulated using the metho
molecular dynamics@5–23#. The main limitation of such
studies to date, however, is the highly idealized represe
tion of the energetic molecular system. Many common
plosives are large polyatomic organic molecules and the
actions leading to detonation are thought to consist of sev
steps leading to the heat release that sustains the rea
wave. Most systems used in molecular simulations
simple di- and triatomic molecular crystals and the heat
lease reaction usually involves no more than two steps@5–
23#. Despite these limitations, the simulations using su
models have been extremely successful in reproducing c
acteristics of a detonation. In particular, the models of exp
sives developed by White and co-workers represent
chemistry thought to occur in detonation and explicitly i
clude many-body effects@16#. These models, which use
modified Tersoff @24# form to describe the inter- and in
tramolecular interactions, have been successfully used
simulate chemically sustained reaction waves in crys
@15,16,18–23#. Such successes can be augmented by u
information gained from simulations to design an energe
material with specific performance properties. The pres
study will explore this possibility using results from previou
molecular-dynamics investigations of detonation@18,19#. It
was found that the first step in the reaction sequence lea
to detonation is the compression of the energetic solid t
critical density@18#. The simulations show that detonatio
will result if the critical density of the energetic material
5106 © 1998 The American Physical Society
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reached. A reasonable inference would be that the ener
material can be tailored such that this critical density will n
be reached except under specific and controlled conditi
Tailoring toward desensitization could occur through the
dition of inert dopants or defects, which would influence t
degree of compression of the explosive due to shock w
passage. The work reported here will explore this hypothe

We present results from molecular-dynamics simulatio
that investigate the effect on detonation of an explosive
the addition of an inert heavy diluent. This diluent is insert
into the explosive crystal either in a layered fashion~slab
simulations! or as part of a solid solution~solid solution
simulations!. The slab simulations investigate the conditio
necessary for a ‘‘slab’’ of inert material inserted into th
lattice to quench a detonation wave propagating throug
pure explosive. The solid solution simulations investigate
behavior of mixtures of an explosive and a diluent af
shock initiation. Finally, the dependence of detonation on
degree of compression of the material is determined.

II. MODEL

The models in this study are all two dimensional and c
sist of diatomic molecules arranged in herringbone lattic
The explosive molecules will be denoted hereafter
‘ ‘ A-B’ ’ and the diluent molecules will be denoted a
‘‘ C2 .’ ’ All particles in the system will interact through th
following interaction potential, a modified form of that de
veloped in Ref.@16#:

V5(
i

N

(
j . i

N

$ f c~r i j !@~22Bi j !VR~r i j !2Bi j VA~r i j !#1VvdW%.

~1!

Parameters for the function and a description of the prop
ties of this interaction potential are given in Refs.@18,19#.
The VR and VA terms are functions that describe intram
lecular repulsions and attractions, respectively. TheVvdW
term describes nonbonding interactions. A many-body te
denoted asBi j , modifies the intramolecular interactions of
pair of atomsi and j according to the distribution of atom
surrounding thei - j pair. The value ofBi j ranges from 0 to 1
and depends only on the arrangement of atoms surroun
each atom pair. The value ofBi j does not depend on th
atom type. The form of this potential attenuates the attrac
intramolecular interaction and increases the repulsive in
action as an atom pair experiences an increasingly dens
cal environment, such as that occurring through shock w
passage. The previous study showed that in the reaction
~the region behind the shock front in which theA-B mol-
ecules had not yet reacted! the density was such that th
atom pairs making up eachA-B molecule were experiencin
no attractions@19#. Thus the molecules became ‘‘unbound
due to the compression of the material by passage of
pressure wave. Once the shock wave passed and the de
of the region decreased, the attenuation of intramolec
attractions subsided and the nascent atoms were free to
bine with new partners. For this system, homonuclear pr
uct formation is energetically favored and formation of su
provides the energy needed to sustain the detonation wa
tic
t
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In the low-temperature, low-pressure crystal structu
bond strengths of theA-B, A2 , andB2 molecules are 1, 5
and 2 eV, respectively. TheC atom has the same interactio
potential with all other species in the system as theA atom.
The only difference between theC andA atoms is the mass
The mass of theC atom~150 amu! is ten times that of theA
atom ~15 amu!. The bond strength of an isolatedC2 mol-
ecule is 5 eV, making it more stable than reactants by 4
Also, the C2 molecule has the same internuclear bond d
tance as theA2 molecule~1.2 Å!. The C2 molecule can be
dissociated with sufficient energy. However, there is no
energy change upon formation ofC-A or recombination to
form C2 . Also, formation ofC-B is endothermic. ThusC2 is
appropriate as an ‘‘inert’’ diluent for desensitization of th
modelA-B explosive. The exothermic reactions for this sy
tem are

B-A1A→B1A2 ~DE524.0 eV!,

A-B1B→A1B2 ~DE521.0 eV!.

Due to the form of the interaction potential in Eq.~1!, the
C atom can influence the intramolecular interactions exp
enced by atom pairs in this system. Thus atom pairs with
mixture of a diluent and an explosive described by this fo
of potential-energy function will experience similar modifi
cations of intramolecular forces upon compression as see
the pure explosive.

III. DETAILS OF THE CALCULATIONS

Details of the molecular-dynamics simulations of the t
lored explosives are the same as those described in Sec.
of Ref. @18#. The most significant difference in the simula
tions is that the models do not consist of a pure explos
but include the diluentC2 molecules. Figure 1 represents th
lattice models used in this study. For all simulations, all
oms in the simulation box are arranged in the local equi
rium position associated with the herringbone lattice. Ato

FIG. 1. Representations of lattice models used in the sim
tions: ~a! pure explosive or solid solution and~b! pure explosive
with a layer of diluent molecules inserted into the crystal lattice
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5108 57RICE, MATTSON, AND TREVINO
in the equilibrium herringbone arrangement are illustrated
Fig. 2. The upper frame of Fig. 2 shows the equilibriu
herringbone lattice for a solid solution of theA-B explosive
mixed with diluentC2 molecules; the pure explosive cryst
has the same atomic arrangement and differs only in
chemical composition~see Fig. 1 of Ref.@18#!. Each atom is
given kinetic energy totaling 20 K partitioned equally b
tween thex andy momentum components. The equations
motion for the atoms in the simulation box are integrated
0.05 ps to allow for randomization of the energy in the cry
tal. A shock wave is then initiated by the impact of a th
flyer plate consisting of 64A2 molecules moving at a veloc
ity of 12 km/s. The earlier work showed that a flyer plate
this size, chemical composition, and velocity is sufficient
achieve steady detonation of the pure explosive@18#. The
shock wave initiates at the far left edge of the simulation c
and propagates to the right. The model has cyclic bound
conditions in they direction, but is terminated by a slab o
rigid A-B molecules at the far right edge of the material. T
model is not bound at the left edge, but can expand in
negative x direction as the flyer plate rebounds and t
rarefaction occurs. The temperature of the crystal thro
which the shock wave will propagate is 20 K.

As in the previous study@18#, the simulations here use th
expanding computational window technique developed
Tsai and Trevino@5,6#. The temperature within an 8.6
350.16 Å2 section of the crystal located 60.76 Å from th
far-right edge of the terminating cell is monitored at ea
integration step. When the temperature within this ‘‘tes
region exceeds that of the undisturbed crystal by 50%,
assumed that the shock wave has propagated into this re
At that point, an 8.68350.16 Å2 section of crystal is inserted

FIG. 2. Schematics of the models used in the molecu
dynamics simulations of explosive or diluent crystals. Atom typeA
~the mass equals 15 amu! is denoted by small filled circles, atom
type B ~the mass equals 46 amu! is denoted by open circles, an
atom typeC ~the mass equals 150 amu! is denoted by large filled
circles. The upper frame shows the solid solution of the initial p
sitions of the explosive and diluent. The concentration of the dilu
is 37.5%. The lower frame shows a snapshot of the layered ex
sive or diluent at 5.6 ps, immediately before the detonation w
reaches the left edge of the diluent region. The width of the dilu
slab is 69 Å.
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immediately before the rigid terminating cell. The atoms
the new segment are arranged in the equilibrium herringb
lattice position and energy totaling 20 K is partitioned in
the x and y momentum components of each atom. The t
jectory integration continues, with crystal added as neede
study wave propagation.

In the previous work@18#, the shock front corresponded t
the rightmost point along thex axis in which the mass den
sity was greater than that of the undisturbedA-B crystal.
This definition of shock front position is inadequate for th
study since the mass density of the slab at the low pres
equilibrium (22.1 amu/Å2) greatly exceeds that of th
shockedA-B explosive (,10 amu/Å2). For this study, the
shock front is the rightmost 2.17350.16 Å2 section along
the x axis of the model in which the average kinetic ener
of the atoms exceeds 50 K. This prescription proved to
both more sensitive and stable than, say, using the num
density.

A. Slab experiments

The first series of simulations exploits ideas used in m
surements of explosive sensitivity known as ‘‘gap test
@25#. These tests involve initiating a charge separated fr
the explosive being tested by an attenuating material.
shock wave produced from the initiating charge pas
through the attenuating material before entering the sam
explosive. The sensitivity of the explosive is defined in ter
of the width of the attenuating material required for a 50
probability of initiation. Obviously, a slab of infinite width
would completely attenuate the energy of the shock w
and the sample explosive would never detonate. The sim
tions reported in this work investigate the quenching o
detonation using such an attenuating material as a functio
width.

The models consist of a pureA-B crystal except for a
‘‘slab’’ of material composed ofC2 molecules inserted into
the explosive crystal. A pure explosive~with no defects! is
on either side of the slab of theC2 molecular crystal~Fig. 2!.
After flyer-plate initiation, detonation of the pure explosiv
is allowed to reach a steady state before the front reache
slab of C2 molecules. For each simulation, the shock fro
will reach the slab region 6.0 ps after shock initiation. T
propagating detonation wave traverses theC2 slab and then
enters another region of the pure explosive. The reacti
behind the shock wave after traversing the diluent region
monitored to decide if detonation is reestablished. Five sim
lations are performed that vary in the width of the slab ofC2
molecules. All of the slabs run the length of the simulati
cell in they direction~50.16 Å! and have periodic boundar
conditions in that dimension. The differences in the sizes
the slabs are due to the width in thex direction. The widths
of the slabs are 69.4, 86.8, 95.5, 104.2, and 138.9 Å. Th
simulations will be denoted hereafter by the width of t
slabs, i.e., 69, 87, 95, 104, and 139.

B. Solid solution

The second set of computer simulations explores the
sponse of explosive-diluent solutions upon flyer plate i
pact. TheA-B explosive is mixed with the previously de
scribedC2 molecules to form solid solutions. Three solutio
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are chosen, with 31.25%, 34.375%, and 37.5% concentra
of C2 molecules. The simulations are denoted from now
by the concentration ofC2 . The model of the solid solution
is prepared as follows. The simulation cell at the beginn
of the trajectory has dimensions of 69.44350.16 Å2. The
cell is partitioned into rectangular sections with dimensio
of 8.68350.16 Å2. A section of crystal with these dimen
sions can hold exactly 32 diatomic molecules in the lo
pressure equilibrium herringbone lattice arrangement.
chemical composition of the 32 diatomic molecules~i.e.,
A-B or C2! is assigned randomly according to the desir
percent concentration of diluent molecules. Before the fl
plate is allowed to strike the edge of the simulation box
the explosive or diluent mixture, the system is allowed
relax through a 0.05-ps warm-up molecular-dynamics sim
lation. Energy redistribution and equipartitioning betwe
the potential and kinetic energies are ensured by monito
these during the warm-up trajectory. After the warm-up t
jectory, the thin flyer plate ofA2 molecules moving with a
velocity of 12 km/s strikes one edge of the solid solution.
the shock wave propagates into the undisturbed crystal,
simulation cell expands by the addition of a rectangular s
tion of the solid solution, whose chemical composition ha
fixed concentration ofC2 molecules arranged randomly a
described previously.

IV. RESULTS

A. Slab simulations

The velocity of the shock wave of an unsupported de
nation is a property of the explosive@1#. For the pureA-B
explosive, the velocity of the detonation wave once a ste
state has been reached is 6.6 km/s@18#. Thus the velocity of
the shock wave through the explosive after traversing
slab of diluent is an indicator of whether detonation is re
tablished. Figure 3 shows the positions of the shock front
functions of time for the simulations. The slopes of the
curves correspond to the velocities of the propagating wa
The slope of each curve from 0.5 to 6 ps is 6.6 km/s. At 6
the shock front enters the slab ofC2 molecules. The horizon
tal arrow in each frame of Fig. 3 shows the interval ov
which the shock front is in the slab of diluent molecules. T
slope of each curve during this interval is less than that at
earlier interval of 0.5–6 ps, showing that the shock wave
propagating more slowly. The times in the trajectories
which the fronts reenter explosive are 7.8, 8.2, 8.4, 8.7,
9.7 ps for the 69-, 87-, 95-, 104-, and 138-Å slab simulatio
respectively. Linear least-squares fits of the curves from
to 15 ps give shock wave velocities of 6.8, 6.6, 6.7, 4.4, a
4.3 km/s for the 69-, 87-, 95-, 104-, and 138-Å simulatio
respectively. The three simulations in which the shock
locities reach 6.6 km/s in the pureA-B explosive after tra-
versing the diluent slab show that detonation is reestablis
Detonation of theA-B explosive did not resume after th
shock wave traversed the slabs ofC2 molecules with widths
of 104 and 138 Å.

Figures 4 and 5 show atomic number densities along thx
axis at different times in the 104- and 95-Å simulation
respectively. As described in Ref.@18#, a reactantA-B mol-
ecule is considered reacted if its internuclear distance
ceeds 3.0 Å, the range of the intramolecular interaction
on
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tential. The designation of products in the figures mer
means that the originalA-B partners are no longer within th
range of intramolecular interaction as defined by the funct
in Eq. ~1!. However, this test does not identify the produc
~homonuclear or heteronuclear diatomics or free atoms!. Fig-
ure 4~a! shows atomic species profiles at 8.5 ps, soon a
the time the shock front is reentering the pure explosive a
traversing theC2 slab. In Fig. 4~b! ~0.5 ps later!, no products
have formed in the region beyond the diluent slab. In b
Figs. 4~a! and 4~b!, the diluent slab is compressed to;75%
of its low-pressure equilibrium width. The species profiles
12 ps@Fig. 4~c!# show that the diluent slab has expanded
approximately its original width~104 Å! and a few products
have formed in the region immediately to its right. Howev
the shock discontinuity is over 100 Å ahead of the locat
of the products and is followed by unreactedA-B molecules.
The species profiles in Fig. 4~d! show that the distance be
tween the positions of the shock discontinuity and the pr
ucts along thex direction has increased over a 2.5-ps inte
val. Also, additional product has formed and the diluent s
has undergone further expansion. Product formation imm
diately ahead of the diluent slab is most likely due to t
compression of the explosive on both sides. Compress
from the left is due to expansion of the diluent slab af
shock wave passage. Compression from the right is du
the disturbedA-B explosive, whose rarefaction is blocked b
the heavy slab of diluent molecules. The compression of
plosive results in the initiating step of reaction for this sy

FIG. 3. Position of the shock front as a function of time f
explosives with layers of diluent that have widths of~a! 69 Å, ~b!
87 Å, ~c! 95 Å, ~d! 104 Å, and~e! 138 Å. The horizontal line in
each frame illustrates the time interval of the trajectory over wh
the shock front is in the layer of diluent molecules.
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5110 57RICE, MATTSON, AND TREVINO
tem, i.e., atomization due to high density, followed by as
ciation to form exothermally favored homonuclear produc
However, the heat release from product formation is app
ently far enough behind the shock front that it does not c
tribute to continued propagation of the shock wave.

A similar series of species profiles for the trajectory
which the width of the slab ofC2 molecules is 95 Å is shown
in Fig. 5. Figure 5~a! shows the profiles at 8.5 ps, near t
point at which the shock wave is exiting the slab ofC2
molecules. The slab of diluent is compressed to;80% of its
low-temperature, low-pressure equilibrium width. Figu
5~b! shows the species profile 0.5 ps later. Unlike the 104
trajectory at this point in the simulation, the diluent slab h
expanded and a few products have formed immediately
hind the shock front. Substantial product formation alm
directly behind the shock discontinuity is evident at the la
times@Figs. 5~c! and 5~d!# and the species profiles look sim
lar to those corresponding to unsupported detonation in R
@18#.

For those trajectories that reestablish detonation, the d
sity behind the shock front reaches the Chapman-Jou
value of the model explosive, which was shown in the p
vious work to be the key to achieving sustained detona
@18#. Examination of the results reveals that the critical de
sity is not reached in the 104- and 138-Å simulations. F
those cases, there is insufficient energy in the reente
shock wave to compress the explosive such that atomiza
and subsequent exothermic product formation will res
The energy of the detonation wave is attenuated a
traverses the heavy diluent region, transferring energy
the stationary, heavyC2 molecules. Since there is no poss
bility of exothermic reaction within the diluent, there is n
additional chemical energy released to drive the propaga
wave in this region. By the time the shock wave reaches

FIG. 4. Atomic number density as a function of position alo
thex direction of the model at~a! 8.5 ps,~b! 9.0 ps,~c! 12.0 ps, and
~d! 14.5 ps. The low-pressure equilibrium width of the diluent s
in this simulation is 104 Å. Units are in Å22.
-
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far-right edge of the diluent region, it is moving with
slower velocity~therefore a smaller kinetic energy! than it
had when it first entered that region. As shown in the fly
plate simulations of the pure explosive@18#, there is a thresh-
old energy needed to compress the pure explosive to
critical density. Apparently, a slab of diluent that is at lea
104 Å wide is sufficient to dissipate the energy of the sho
wave below the threshold value.

B. Solid solution simulations

Two of the three solid solutions~those with concentra-
tions of 31.25% and 34.375%C2 molecules! result in an
unsupported detonation. In the previous work@18#, detona-
tion is sustained if the number density of the material beh
the shock front in the pure explosive reaches 0.22 atom2

@26#. In the present study, solid solutions that attain t
number density sustain detonation; the solid solution that
not achieve this value did not sustain detonation. Also,
reaction zones@27# for the two simulations that showed su
tained detonation are 22–25 Å in width,;10 Å wider than
that of the pure explosive@18#. A possible explanation for
the increased reaction zone width is that product formatio
sterically hindered by the presence of the diluent. In
shock compressed material, theC2 molecules participate in
atomization of theA-B molecules to form the reactive frag
ments@according to Eq.~1!#. However, exothermal associa
tion of the fragments of the reactantA-B molecules could be
obstructed byC2 molecules.

V. CONCLUSIONS

We have shown, using the method of molecular dyna
ics, simple ways in which a model explosive can be tailor

FIG. 5. Atomic number density as a function of position alo
thex direction of the model at~a! 8.5 ps,~b! 9.0 ps,~c! 12.0 ps, and
~d! 14.5 ps. The low-pressure equilibrium width of the diluent sl
in this simulation is 95 Å. Units are in Å22.
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with a diluent to desensitize the material. The material w
designed to exploit the reaction mechanism of the mo
which is atomization of the explosive due to high compr
sion, followed by the exothermal association of the fra
ments. Since the first step of the reaction involves high co
pression of the explosive, ways to attenuate the compres
wave were introduced into the system. The first series
simulations investigated inserting slabs of inert heavy m
ecules into the explosive to absorb energy of the detona
wave. The attenuated shock wave, upon reentering ex
sive, has insufficient energy to achieve the critical compr
sion necessary to atomize the reactant molecules.

The second series of simulations investigated the effec
detonation due to the mixture of a diluent with the explosi
The results showed that the diluent absorbs energy of
,
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shock wave needed to compress the material to a crit
density. The results also suggested that the diluent steric
hinders the reactive fragments from exothermic product f
mation. These two effects resulted in quenching the react
that sustain the detonation.

This study has shown that results obtained from molecu
dynamics can be used in the design of materials with spe
performance objectives. The previously reported molecu
dynamics simulations of the pure explosive established
reaction mechanisms of the models@18,19#, and the study
reported here explored manipulations of the material to
fect those reaction mechanisms. Clearly, microscale infor
tion obtained from this kind of modeling will become a us
ful and integral tool in the design and formulation
explosives with desired detonation characteristics.
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