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Crack propagation induced heating in crystalline energetic materials
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A model is presented for time and spatial dependences of the heating of molecular vibrations and the
possible initiation of chemical reaction from heat dissipated in the vicinity of a propagating crack in
a molecular crystal. In the model, energy from a moving crack tip is released as phonons in
proximity to the crack. Initially the phonons and the molecular vibrations are not in thermal
equilibrium. Subsequently, there is a competition between excitation of molecular vibrations by
multiphonon up-pumping and diffusion of phonons from the crack region. If the coupling between
the locally hot phonon bath and the molecular vibrations is sufficiently large, a transitory high
vibrational temperature will be achieved prior to eventual thermal equilibration with the bulk of the
crystal. It is found that the peak vibrational temperature can be sufficiently high for a significant
time period for chemical reactions to occur. The model calculates the local time-dependent
vibrational temperature using reasonable values of the physical input parameters. For a crack tip
moving near the speed of sound, the calculations show that vibrational temperatures can8@@ch

Kin 55 ps and exceed 550 K fer1 ns after the initial heating. This temperature change is sufficient

to produce chemical reaction in a secondary explosive such as HMX, but given the duration and size
of the heated region, a single crack should not result in self-sustaining chemical reaction. The role
that cracks may play in shock sensitivity is discussed. 1999 American Institute of Physics.
[S0021-960629)01007-1

I. INTRODUCTION quently, Dlott and co-workers measured that up-pumping in

) ) ~ liquid nitromethane requires 100 psMolecular dynamics
In this paper a model is presented for crack propagatioRjmylations of octahydro-1,3,5,7-tetranitro-1,3,5,7-tetra-

induced molecular heating and chemical reaction. Usually,qcine (HMX)® and triaminotrinitrobenzenéTATB)* yield
mechanical disturbances that produce chemical reactions i’ﬂrp-pumping times of 10 ps. The increase in up-pumping

volve shock waves. Shock-initiated molecular reactions oCiates compared to nitromethane has been attributed to more
cur through the transfer of mechanical energy from a shoclysorway modes in complex molecules like HMX.

front to internal molecular vibrational states. In energetic In the following, a model is developed and used to in-

materials used in explosives, strong shocks lead to the initigzestigate the possible role of crystalline cracking and crack

tion of substantial chemistry and detonation. A specific mo'propagation in the initiation of chemistry in molecular crys-

tivation for the work presented below is the problem of en-i5i5 The model is related to the shock induced multiphonon

ergetic material sensitivity. Sensitivity refers to explosionsm:)_pumping model. Cracks can be produced by small me-

caused by perturbations which are ordinarily insufficient tochanjcal perturbations that are insufficient to produce the
produce a detonation. Anomalous sensitivity leads to un

s strong shocks that are required for detonation of explosives.
wanted detonations. _ _ .. The results of the calculations presented below show that
A model has been developed that describes the initigly.5| heating from stored elastic energy dissipated as heat in

steps of shock induced chemistry in terms of multiphonony,g yicinity of a propagating crack can cause significant in-
up-pumping: A shock wave produces a bath of highly ex- creases in internal molecular temperatures, and may be suf-
cited phonons, which flow into the lowest vibrational modesg;iant to produce some chemical reactions in a molecular

(doorway modesof the molecules that make up a crystal.
Continued flow of energy from the hot phonon bath into the,

doorway modes leads to higher and higher levels of vibraghoyn that temperatures as high as 4000 K can occur in the
tional excitation. The internal vibrational molecular mOdeSvicinity of cracks. These temperatures are high enough to
equilibrate very rapidly, and the internal temperature of the, g4 honds and initiate reactions. Measurements on carbon-
molecule rises. If the initial phonon temperature is suffi- ;1o CaCQ MgCO;,, and PbCQ, and azide materials PN
ciently high, multiphonon vibrational up-pumping will heat gnq Nan, have shown that chemical reactions are induced
the molecules to temperatures at which chemical bondgy e formation of cracks, and from the extent of chemical

break. Using reasonable parameters to characterize m°|ecl"é'action, temperatures in proximity to cracks have been
lar crystals, for moderate shock pressures, up-pumping timesstimated.

of a few tens of ps were calculated with the model. Subse-

crystal of an energetic material such as HMX. Optical calo-
rimetric experiments on metdisguartz’ and plastic® have

While observations have been made of crack induced
heating and chemical reactions, there is no molecular level
dpermanent address: The Jet Propulsion Laboratory, Pasadena, Californignodel that describes the dynamical processes that give rise
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to the chemical reactions. Molecular crystals composed of Crack Motion

complex moleculegnaphthalene or HMXhave larger heat Vibrational

capacities than the species, such as Ca@i@t have shown Up Pumping

crack induced chemistry. The larger heat capacities of com-

plex molecular crystals arise from a vibrational structure

with many more modes per molecule than CaCBecause \l

Linear
Heat Diffusion

X - Fast Crack
of the higher heat capacities of complex molecular crystals,
the ultimate temperature reached following cracking will be
lower than in crystals such as carbonates, if the same amount
of initial energy is released by cracking.
In the following, a model is presented that describes the

competition between thermal diffusion into the bulk solid Vibrational
Up Pumping

Crack Zone of
Hot Phonons

and vibrational heating of molecules in the small volume
directly heated by a propagating crack. If the anharmonic

phonon-vibrational interactions that cause energy to flow ]
into the internal vibrational degrees of freedom of a molecule ‘ \
are sufficiently strong, the internal molecular temperature

will rise substantially before heat can diffuse out of the small —
region in which energy is released by the propagating crack. l Radial

The model considers both a rapidly propagating cr@ckv- Heat Diffusion

ing near the velocity of soundand a slowly propagating FiG. 1. The upper diagram llustrates a fast crémiack velocity fast on the
crack (crack velocity slow on a characteristic time scale fortime scale of thermal diffusion The crack zone is a planar region of hot
thermal difusio. The theory developed o describe shockf erers, rere Pl o s o Sn Someee, T
Induc_:ed mU|tlphonon_ up-pumplﬁgs adapted to the pr.oblem of thermal diffusion. Vibrational up-pumping and radial heat diffusion
considered here. This permits the rate of up-pumping to bgompete.

calculated from a time-dependent phonon temperature and a

variety of physical parameters. Because the necessary input

parameters are not all known for a single material, they are

drawn_ from values obtained from a ”“”.‘ber of syste.ms, Thu§cribed by a linear heat flow equation. For slow cracks, the
the plctgre that emerges from numerical calculations is %eat diffuses away from the crack tip faster than the crack
composite that, nonetheless, should be accurate enough vels. The heat is generated along the crack line as it moves

provide insights into the role of cracking in the initiation of forward, and the heat diffuses out radially with cylindrical

chemistry, and, in energetic material sensitivity. For reaso”'sd/mmetry around the crack line faster than the crack moves

able_choices of paramete_:rs, the results inqlicate _that phonq rward. The initial conditions in this case are taken to be a
heating followed by multiphonon up-pumping arising from ylinder, and the heat flow away from the crack tip is de-

crystal cracking can result in chemical reactions in a materi cribed by the heat flow equation in a cylindrical geometry.
like HMX. Based on detailed modeling of chemical reactions For cracks which propagate near the speed of sound

. 10 . .
and hﬁat relt_aasle n Hl\l:IX t?y T?f_rv_et al,” the Irgsu(;ts |nd|-. more than half the elastic energy is converted into heat. The
cate that a single crack is insufficient to result in etonat|0nremaining energy results in plastic deformation near the

However, cracks may play an indirect role in shock Sensitiv-.. o .k6.7.9 The initial strain field extends over a number of

ity. unit cells. When the strain is released, the energy is initially
deposited into some distribution of acoustic and optical
phonons. Because the phonon—phonon interactions are
strong compared to phonon-vibrational interactions, the
Cracks originate from strain fields extending over sev-phonons will equilibrate rapidly on the time scale of vibra-
eral unit cells’ The strain is released when elastic energytional up-pumpingor thermal diffusion. Thus the initial con-
exceeds the binding energy of the crystal. The crack starts alition in the region adjacent to the crack is a locally equili-
a point and propagates across the material. At the crack tifgrated hot phonon distribution that is at a phonon
the crystal strain is so high that the crystalline bonds betweeguasitemperature. The phonon temperature is a quasitem-
unit cells are broken and crystal planes move relative to onperature because the phonons and vibrations are not yet in
another. Two limits of the crack propagation are consideredthermal equilibrium. The phonons are hot while the vibra-
fast and slow cracks. The heat flow away from the crack fotions are still at ambient temperature. The phonon quasitem-
these two cases is illustrated schematically in Fig. 1. For fagperature at any time i$ ;. Initially, prior to thermal diffu-
cracks, the crack tip travels much faster than heat can diffus&ion or vibrational up-pumping, the phonon quasitemperature
away from the crack. There is initially a hot planar slab, andis a maximum, which is Iabeleﬂg‘h.
the heat from the initial plane, which is several unit cells  The region heated by the propagating crack is called the
thick, spreads into the bulk crystal. The initial conditions for crack zone. Estimates of the width of the crack zofjegre
thermal diffusion in this limit are taken along a slab of the on the order of a few unit cells. The initial phonon quasitem-
crack, hence, the heat flow away from the crack slab is deperature,Tg"h, can be obtained from

Slow Crack

Il. MODEL OF CRACK INDUCED VIBRATIONAL
HEATING
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_ [ Tohy s2~ph vibrations, soT,~T,;,. Equation(4) is modified by substi-
Q= ; dT5°Cp(T), @ tuting C'=Ch"+Cy® for CB". The value ofTfy, is found by
0 . Rt . . mo
. . . - using C" in Eq. (1). This value ofTy, in the strong cou-
whereT, is the ambient temperatur€l)” is the specific heat pling regime, is the maximum temperature attainable for the
of the phonons at constant pressure in J/K*candQ is a  vibrations for a given initial phonon temperature. The vibra-
heat per unit length at the crack tip. For fast cradkgis the  tions reach thermal equilibrium with the phonons prior to
phonon temperature in a slab of thicknes& Eor slow  thermal diffusion out of the crack zone. The heat diffusion in
cracks,Tgy is the phonon temperature in a cylinder of radiusthe strong coupling limit is identical to that for weak cou-
0. pling except with the large€}”.
There are two paths fof, in the crack zone to de-
crease, vibrational up-pumping and diffusion of phonons out
of the crack zone. The first path, vibrational up-pumping, had!l- NUMERICAL CALCULATIONS
been discussed in detail in the context in which a shock wave |, the intermediate regime, the phonon and vibrational

initially excites phonon$.Using numerical simulations, it temperatures are calculated as a function of time using a
was found that the rate limiting step for transfer of heat frome \th_order Runge Kutta numerical integration of the

the phonons to the vibrations is the initial Step inVOlVing Coupled EQS(Z) and(4) The equations were solved for both

transfer into the lowest frequency vibrational modes, calledy,, linear(fast crack and radial(slow crack heat flow ge-

11
doorway mode$:** Once heat has been transferred t0 thegmetries. The numerical integration program was verified by
doorway modegor mode, the vibrational energy redistrib-

X X checking its agreement with the analytical solutions for
utes to all vibrational modes of the molecule rapidly Com'simple diffusion from a delta function sourcetat0 in both

pared to the rate of energy flow through the doorway modeg,e |inear and the radial heat flow geometfign addition,

. l . .
into the mole.culé.. Furthermore, the diffusion of heat o multiphonon up-pumping results of Ref. 1 in the absence
through vibrations is negligible compared to diffusion via phonon diffusion were reproduced.

2 . . . .
p.honc.)nsl. Therefore, the vibrations are described using @ he calculations illustrate the range of behaviors in the
vibrational quasitemperatur&,;, . At the high temperatures e mediate regime. Various values of, were used. For
involved in multiphonon up-pumpingabove room tempera- the fast cracklinear heat flow, the crack zone is a slab of

ture), the coupling to a doorway mode can be modeled agiqth 25, For radial heat flow, the crack zone is a cylinder of
&(Tpn—Tvin), where & is proportional to the square of the |55 For all calculations, a value af=3a, wherea is

anharmonic - coupling matrix elemznt and the phonony,e it cell dimension, was employed. The values of the
doorway mode joint density of statest can be obtained  ,on0n_vibration coupling used for the calculations are nor-

experimentally. o malized to a unit thermal conductivity. The length scale is
The time dependence G, is given by normalized to a unit cell dimensiom. The time scale is

dTyi normalized to the thermal diffusion time across one unit cell
C\,;'bT =&(Tph=Tuin), (2)  which has the valuey=a?C:"«.
The values ofC", i, and « for energetic materials,
where the vibrational heat capacity is which are necessary for the calculations, are not available.
2 Since energetic materials form molecular crystals, the prop-
N (ﬁ ex;{ﬁ erties of a well-studied molecular crystal, naphthalene, are
T T &) used. For the situations under consideration, the phonon tem-

vib _
Cp _kBigl éi\\? peratures are very highT(-1000K). The melting point of
1-exg 3 naphthalene is=360 K so the measured values(t)gh and x
) o ) for crystalline naphthalene cannot be used directly in this
¢; is the characteristic temperature of ttte molecular vi- regime. At high temperature¥> 0, where® ,~ 180K is
bration, andckg is Boltzmann's constant. the Debye temperature of naphthalene crystalshe
The second path that decreaSgs is diffusive flow of  ,3hons behave classically. In addition to acoustic phonons,
the acoustic phonons away from the crack region. The time,qecylar crystals such as naphthalen€ggcrystald® have
and position dependence ®f;, are calculated using the dif- el phonons. Based on the properties of such molecular
fusion equation crystals, a reasonable value o} is Cp"=6kg/V,

~0.36 J/K cni, where the prefactor of 6 accounts for the

dT,
cgh dtph: —&(Tpn—Tuip) + V- [&(Tpn) VT il (4)  translational and librational degrees of freedom, and
=2.32¢10 #cn? is the unit cell volumé? The sum ofCh’”
where k(T,p) is the thermal conductivity. estimated above and the naphthalene vibrational heat capac-

There are two regimes which can be considered withouity at 360 K, calculated using E¢3), and published vibra-
any simplification of Eqs(2) and (4): the weak and strong tional frequencies! agree with the measured naphthalene
coupling regimes. In the weak coupling regime, the heat diftotal heat capacity®
fuses so rapidly that none is transferred to the molecular The thermal conductivity is calculated using the gas ki-
vibrations. The heat flow of the phonons is simple diffusion.netic formulax=c,v/ /3, for each traveling mode, where
In the strong coupling regimeg is very large. The initial v is the appropriate average speed of sound 4nid the
excitation of phonons transfers essentially simultaneously tphonon mean free path. The value wf for the acoustic
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FIG. 2. In each panel the upper curve is for a fast crack and the lower curve ti
is for a slow crack(a) Phonon quasitemperaturg,,, in the crack zone for 1me (pS)
an initial phonon quasitemperature of 4000 Ky, decays because of mul- N . . .
tiphonon up-pumping and thermal diffusion out of the crack zdhe Vi- FIG. 3. Vibrational quasitemperatur&,;,, in the crack zone for an initial

brational quasitemperaturd,;,, in the crack zone for an initial phonon phonon.quasnemperature of 4000 @) fast crack, 'andp) slow C(ack. The
quasitemperature of 4000 KT first increases because of multiphonon calculations are for three values §fthe phonon-vibration coupling param-

up-pumping and then decays due to thermal diffusion out of the crack zoné!er- From top to bottom in each panef=13.5, 2.7, and 0.276=2.7
Note the logarithmic time scale. corresponds to the experimentally determined value for naphthalene. For the

largest coupling, the phonons and vibrations come into thermal equilibrium
prior to significant thermal diffusion, giving rise to the flat region at short
times. Note the logarithmic time scale.

phonons in naphthalene is taken tode=2x 10° cm/s and
for optical modes i®¢/2~1x 10° cm/s1* The phonon mean
free path is likely limited by scattering between the acoustiahat the vibrations in the crack zone for a fast crack reach a
and optical phonons. This giveé~a wherea~8 A is the  higher temperature than for the slow crdslee panelb)].
average lattice constant for naphthalene. Using the above, Bhe analysis for a fast crack is self consistent, since the time
value for k~1.5 mW/cm-K is obtained. for the crack tip to travel one unit cellrg = (1vg)a
Using the estimated values OTBh and «, the diffusion ~0.3ps, is much less than the phonon relaxation ti@@
time across one unit cell in naphthalene, with an average unfis) and the vibrational up-pumping tim@O0 p3. The crack
cell length ofa~8 A, is 7y~9alv,~2.5ps. The thermal tip travels~60 unit cells in the time required for the phonon
diffusivity, D= K/Cph, calculated from the various esti- temperature to decrease by half. The vibrational temperature
mates, give® ~3X 10* cn/s, which agrees with the mea- reaches a maximum value ef780 K. This is much lower
sured valué’ Using constanCph and « is an assumption in than the initial phonon temperature, both because the vibra-
several models of heating near cratks. tional heat capacity is much larger than the phonon heat
Figure 2 displays the phondg) and vibrationalb) qua-  capacity, and because thermal diffusion is removing heat
sitemperatures at the center of the crack zone as a function &fom the crack zone. For the fast crack, the vibrational tem-
time with T} =4000K for both fast and slow crack&Esti-  perature remains hight550 K, for a time period-1 ns. The
mates ofT SP based on the very limited available experimen-fast crack description should apply when the crack velocity
tal data are discussed below. 4000 K is a physically reasoris high enough that the crack propagates many unit cells on
able value. The vibrational heat capacity and the phonon—the time scale of significant cooling of the crack zone by
vibration coupling €¢=2.7J/K-ps-mol) used for these thermal diffusion. For a crack tip velocity as low as V3
calculations are the values for naphthaléﬁ'q)h falls to half  which may apply to molecular crystals, the fast crack calcu-
its initial value in~20 ps for a fast crack and r8 ps for a  lation is still applicable. The fast crack and the slow crack
slow crack. The temperature of the phonons relaxes morare the limiting cases, and the calculations are upper and
quickly for a slow crack than for a fast crack. The explana-lower bounds, respectively. In these calculations, the amount
tion for this is illustrated in Fig. 1. For the slow crack, the of energy released in the crack zone is related to the initial
heat diffuses in all directions, since all neighboring regionsphonon temperature'[g‘h, which is held constant indepen-
around the crack zone are at a lower temperature. While ident of the crack velocity.
the fast crack, regions parallel to the surface of the crack The vibrational temperature at the center of the crack
zone are at high temperature, so the heat diffuses only in 2one is shown for three values éfin Fig. 3 [fast crack(a)
line perpendicular to the plane of the crack zone. It followsand slow crack(b)]. The middle curves in each panel are
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~— 600 FIG. 5. The vibrational temperature as a function of position about the
F'; center of the crack zone at times 1, 10, 55, and 100 ps for an initial phonon
guasitemperature of 4000 K agd-=2.7.
300 E— B . . . .
1 10 100 1000 10000 The vibrational temperatures evolve from the initial step
time (ps) function form to a Gaussian form at later times. Figures 5

and 6 display information on the spatial dependence of the
FIG. 4. Vibrational quasitemperaturd,;,, in the crack zone for iniial T, as a function of time. In Fig. 5, the spatial distribution of
phonon quasitemperatures of 4000, 3000, and 2000 K from top to bottom ofhe yjbrational quasitemperature is shown at several discreet
gs;lr;.panel(a) fast crack, andb) slow crack. Note the logarithmic time times (Tg]h: 4000K: £=2.7, the naphthalene coupling pa-

rameter; fast cragk The full time dependence af,;;, at three

positions with respect to the center of the crack is shown in

calculated with the value of for naphthalene. The upper

curves in both panels are the vibrational temperatures for a 900
value of ¢ that is five times that of naphthalene. Note that the
vibrational temperature reaches a plateau temperature of
~980 K very rapidly. This is the equilibrium temperature of
the phonons and vibrations calculated for the strong coupling
limit. For larger values o€, the phonons and vibrations will
reach equilibrium even more quickly; however, the maxi- [~
mum temperature remains the same for a gi\'rgh. The
maximum temperature is determinedf&, and the ratio of

Cgh to C5*. Equilibrium is reached prior to significant ther- 200
mal diffusion out of the crack zone. The temperature then 1 10 100
decays at a rate determined by linear thermal diffug@n
and radial thermal diffusiortb). The lower curves in both
panels of Fig. 3 are the vibrational temperatures for a value
of £ a factor of 10 smaller than that for naphthalene. Thermal . b)
diffusion is relatively fast compared to the rate of vibrational
up-pumping, and the maximum temperature is decreased.
Even so, the maximum vibrational temperature for the fast
crack,~550 K, is still significantly above the ambient tem-
perature of 300 K and persists for several ns.

Figure 4 shows the vibrational temperature within the
crack zone for values of y, ranging from 2000 to 4000 K 300 IR .
[fast crack(a); slow crack(b)]. The ¢ value for naphthalene 1 10 100
is used. As expected, the vibrational temperatures decrease time (ps)
with decreasing initial phonon temperature. The maxima of
the vibrational temperatures in the crack zone for fast crack5IG. 6. The vibrational quasitemperature for three positions about the center
are always larger than those for slow cracks. For a fast crack the crack zone. From top to bottom in each panel, center of crack(Bone

. . S . . . . nm), one unit cell outside of crack zor&.2 nm, and ten unit cells from
there is a significant increase in the vibrational temperaturenter of crack zonés nm. The crack zone is three unit cell2.4 nm
even for aT?hZ 2000 K. wide. (a) fast crack, andb) slow crack. Note the logarithmic time scale.
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; m_ _ ; _ TABLE I. The reaction probabilityN, within the crack zone for fast and
Fig. 6 (Tph 4000K, ¢ 2.'7’ the naphthalene C.OUp“ng pa slow cracks for various initial phonon temperatures. HMX reaction rate
rametey for a fast crack in(@) and a slow crack irfb). The parameters and the value &fthe phonon-vibration coupling parameter for
curves are shown for the center of the crack z@op curve, naphthalene, were used in the calculations.

one unit cell past the edge of the crack zdmeddle curve,

and ten unit cells from the center of the crack zgbettom  'Mitial phonon temperature 4000 K 3000 K 2000 K
curve. As the distance increases from the crack zone, the Fast crack N=0.92 N=0.011  N=2.6x10°
vibrational temperature reaches a lower maximum value and Slow crack N=8.6x10"* N=3x10"° N=9.4x10 "

the maximum is shifted out in time. Up-pumping cannot oc-
cur in a region outside of the crack zone until heat has dif-
fused into it, delaying the vibrational temperature rise. Since ) N
the heat has expanded into a larger volume and been gtemperature-dependent reaction rate of decomposition of the
creased by vibrational up-pumping in the crack zone, th&nergetic molecule is described using Arrhenius kinetics,
maximum is reduced. kT

Initial phonon temperatures are not known for molecular ~ k(T)= TeXﬂ:AS*(0)/R]6XF{—AH*(0)/RT], 6)
crystals. As discussed above, there have been measurements
on several systems. The best estimates of these initial condihereAS* (0) is the activation entropy, anfiH* (0) is the
tions are found by applying the model developed in this pa€nthalpy of activation. For HMXAS* (0)= 128 J/mol-K and
per to the measurements made on carborfafemm the AH*(0)=218kJ/mol'® The pressure dependence of these
measured release of GGand measured kinetics of the quantities is important for pressure changes of the order of
MCO;—MO+CO,, the crack zone temperature was several GPa. The effective pressure increases in the crack
deduced. Fox et al. estimated crack zone temperatures rangezone are estimated to bel MPa. Therefore, the pressure
from 850 K for PbCQ (cerrusite, 1250 K for CaCQ (cal-  dependence is not considered. The vibrational temperature,
cite), and 15000 K for MgCQ@ (magnesiteg Since this Tuip(t), which is the relevant internal molecular temperature,
method measures the production of £@he deduced tem- is large only for a finite duration. Thus, it is necessary to
perature is for a situation in which phonon-vibration equi-integrate the reaction rate over the time intervat, for
librium has been achieved. which T, deviates from ambient temperature to determine,

For the calculations presented heF§,, the initial maxi- N, the reaction probability,

mum phonon temperature, is needed. Using the model, the K Tuin
phonon temperature for calcite can be estimated. The vibra- Nzl—exp( —f hv' exfAS*(0)/R]

tional heat capacity was calculated using the vibrational
spectrum® and Eq.(3). In the strong phonon—vibration cou-
pling limit (no thermal diffusion prior to phonon-vibration Xexr[—AH*(O)/RTvib]dt>. (6)
equilibration, Tpmh is calculated to be>2200 K. This is a

lower bound on the phonon temperature, since the phonorig,,(t) is calculated using Eq42) and (4), which give re-
and vibrations equilibrate before any diffuses away from thesults such as those shown in Figbp

crack zone. This represents the extreme situation. In the N was calculated for the fast and slow cracks with ¢he
more likely case, in which the vibrational equilibration re- for naphthalene and the three initial phonon temperatures
quires a few tens of ps, thermal diffusion reduces the maxiused in Fig. 4. The results are summarized in Table I. Given
mum internal molecular temperatuigee Fig. 3 These con- the choice of parameters, the slow crack results in negligible
siderations lead to an estimate Eﬁ‘h=4000 K. Clearly, reaction probability. However, for the fast crack, above a
experimental measurements on molecular crystals are nece'E;g’h= 3000 K, the reaction probability becomes significant.
sary to determine crack tip temperatures. ForTg"h= 4000 K, the reaction probability is 92%.

The results in Table | indicate that under the right cir-
cumstances, the conditions produced by a propagating crack
can be sufficient to cause chemical decomposition of HMX.
However, this reaction is endothermic and does not lead di-

The results presented above show that a propagatinggCtly to heat release that can sustain further chemistry.
crack can produce a substantial increase in the internal terf-arver et al* have used the following three-stage reaction
perature of molecules in and near the crack zone, and that tf¢heme to do detailed modeling of the conditions under
temperature increase will remain for some time. The queswhich self-sustaining chemistry will occur.
tion arises as to whether the conditions predicted by the 1 2 3
model have implications for the low impact sensitivity of HMX —fragments-intermediate gases final gases (7)
crystals of energetic materials. For crack induced heating tGeHeNeOs  CHANNO;  CHOMNOHCNHANG N7 H;0.C0,,CO
be responsible for energetic material sensitivity, the temperaJsing this reaction scheme and performing chemical kinetics
tures, durations, and material volumes that emerge from thealculations that included such details as the activation ener-
calculations must result in a substantial amount of chemicagjies, thermal conductivities, and heat capacities, etc., for the
reaction. To determine whether any chemical decompositiorarious species, Tarveet al. were able to reproduce
of HMX will occur, the analysis of Tokmakofét al'is used temperature-dependent thermal explosion data for HRIX.
along with the chemical kinetic data for HMX. The Their model was also used to calculate critical hot spot

IV. CRACK INDUCED REACTIVITY IN ENERGETIC
MATERIALS
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temperatures—size relationships for planar, cylindrical, andeemingly very similar materials. In the treatment of shock
spherical shape®. For each geometry, the calculations de-induced multiphonon up-pumping applied to a perfect
termine, for a given temperature, the size of the hot spotrystal! the phonon-vibration coupling parametér,deter-
necessary to produce an explosion. The planar geometry, asines the rate of up-pumping for given initial conditions. A
is generated by a fast crack, requires slightly lower temperaarger value of¢ leads to faster up-pumping. The time scale
ture for a given size for an explosion to occur. However, thefor up-pumping for moderate shocks was found to-b20
calculations of Tarveet al. show that for the best case listed ps, and following the up-pumping, the shocked region stays
in Table 1, i.e., a fast crack with a 4000 K initial phonon hot for a long time period. Faster up-pumping does not nec-
temperature(~800 K peak vibrational temperatyrethe essarily lead to a greater probability of shock induced chem-
crack zone is orders of magnitude too narrow and the durastry and detonation since the relevant chemistry occurs on
tion of the temperature rise is too short for an explosion tomuch longer time scales than the up-pumping. Within the

occur. context of the multiphonon up-pumping model of Ref. 1, the
magnitudes of the phonon-vibration anharmonic coupling
V. CONCLUDING REMARKS matrix elements and the joint density of states do not deter-

The model and results presented above provide insighlrsnine reaction probability. The final temperature obtained

into the nature of local heating generated by cracking ofnce the vibrations and the phonons have equilibrated, and

crystals. Small impacts inducing cracks or even spontaneOL}Qe density, determine th_e react_lon probgblllty, not dlffer-_
nces of a few tens of ps in the time required to reach equi-

cracking can lead to sufficient heat release to produce Che”fbrium
cal reactions. In primary explosives, such cracking may b ' o . . .
P Y exp g may However, the situation is quite different for crack in-

sufficient to cause detonation. However, the results presentegd d . Si the heat i | din th
above demonstrate that a single crack in an otherwise perfe ficed up-pumping. since the heat Is reieased in th€ narrow

crack zone, there is a competition between up-pumping and

crystal of a secondary explosive, such as HMX, will not DA . .
y y eXp I];'hermal diffusion out of the zone. § is large, up-pumping

te a hot spot that is | h fficiently high i
generate a not Spot that 1S ‘arge enougn or sutticiently hig Ioccurs before local cooling by thermal diffusion, and high

temperature to produce an explosion. )
énternal molecular temperatures are reached; i§ small,

Nonetheless, it is possible that cracking can play a rol ing is S| d o th | diffusi d th
in the sensitivity of secondary energetic materials. First, if alP-pumping 1S slow compared to thermal difiusion, and the
ncrease in molecular temperatures is not significant. This is

large number of closely spaced cracks are simultaneousl . ) ..
g y Sp lustrated in Fig. 3. Thus, the competition between up-

produced, then the situation will be somewhat different. . d diffusi il determine th tent to which
Rather than thermal diffusion taking heat from a crack zondUMPINg and ditusion will determine the extent to which a

into a cold bulk material, the surrounding region will be at acrack prpduces chgmlcal decomposition, which may enhance
high temperature because of heat flow from other cracks. Th ensitivity. In addltlon,_ the qature of th? crystals a compound

result will be a larger region that remains hot for a Ionger.orms’ or t.he manner in which a material is processed, could
period of time than in the case of a single crack. A highmfluence its tendency to crack and the nature of the cracks,

density of cracks might be produced if a crystal is crushedf"md' therefore, influence sensitivity.
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