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Plastic deformation, energy dissipation, and initiation of crystalline explosives
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This is an effort to understand plastic deformation and energy dissipation in crystalline solids during shock
or impact. It builds on recent atomic force microscope observations that plastic flow creates localized distor-
tions in the lattice and molecules of at least some classes of molecular crystals. A distorted lattice potential is
developed through which the dislocations responsible for plastic flow move by quantum tunneling. Plastic
strain and energy dissipation rates are determined and related to crystal size and damage. These account for
plastic flow in crystalline solids and the initiation of chemical reactions in crystalline explosives subjected to
shock or impact. The predictions are compared with experimgd@s.63-18209)13133-3

INTRODUCTION is attributed to the presence of the dislocations responsible
for plastic flow. With the creation of each dislocation, the

This is an effort to understand plastic deformation andmolecules lying on the slip plane of the newly created dislo-
energy dissipation in crystalline solids during shock or im-cation are displaced by the presence of the dislocation core.
pact loading. Recent atomic force microscg®&M) inves-  Since to first order the size of the crystal remains nearly
tigations of the lattice and molecular structure of molecularconstant during shear deformation, these molecules are com-
crystals that had undergone plastic deformation due to impressed by this displacement and must attain new lowest
pact or shock have revealed a variety of complex behaviorenergy states and spatial configurations. With the creation of
including considerable distortion of both the lattice andincreased numbers of dislocations on an active slip plane the
molecules:— The AFM investigations were mainly on the molecules and lattice on the slip plane experience increased
molecular crystal RDX (GHgNgOg). RDX is an explosive amounts of distortion. Since the sources that create disloca-
material, however chemical reactions were only observed dions are likely to intersect a number of adjacent slip planes
higher levels of impact or shock. The results are similar tat is hypothesized that these adjoining slip planes combine to
less complete AFM records of the crystalline explosivesform narrow shear band regions of often intense plastic de-
HMX (C4HgNgOg) and TATB (GHeNgOg) and are believed formation.
to be representative of deformations in nonexplosive crystals Let U be the potential energy of the distorted lattice.
as well. When N dislocations, created during plastic flow, are in-

With increased loading the RDX molecules were increasserted onto the active slip plane the average potential of the
ingly deformed, shifted, and rotated out of their equilibrium distorted lattice along the slip plane can be approximated as
positions. The nature of this disorder appears to remain the
same regardless of the amplitude of the applied load. The
distorted lattice and molecules were found in localized re-
gions of high plastic deformation often referred to as shear
bands. When chemical reactions occurred they were obwvhereUy is the undistorted portion of the lattice potential.
served to originate in the heavily deformed shear band reThe distorted part of the potential can be rewritten as
gions. dUy/dN=(dUy/dx)(dx/dN). For an undistorted lattice,

It is appreciated that the AFM examines only the crystaldUy/dx=0. However, for a disordered latticejU,/dx
surfaces and that the current data is preliminary. However, i 0, but is a measure of the average amount of damage im-
this work a large number of surfaces were examined, includparted to the crystal by the deformation. Implicit here is that
ing many known to have been in the interior of the crystalsN=N(t) and the time required to create and move these
during plastic flow. Without exception, all surfaces revealeddislocations on the slip active planes must be taken into ac-
similar images suggesting that similar patterns persiscount. This has important implications for the response of
throughout the damaged crystals. crystals to fast shocks.

If the core of each dislocation introduces a displacendent
onto the active slip plane and if on average each molecule or
DISORDERED LATTICE AND MOLECULES atom on the active slip plane in their new equilibrium posi-

Here it will be assumed that both the lattice and moleculafion is compressed equally, then on an active slip plane
distortions due to shock or impact induced deformation are
concentrated in localized shear bands throughout the interior %: 5_d )
of the crystal. The distortion of the lattice and the molecules dN /7

du,

=Ug+
U=U, aN

N+, &)
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where/ is the length of the crystal andl is the molecular site. The dislocation velocity ig=v,T wherevy is the local
spacing of the undeformed lattice so thdd is the number shear wave sped:!* At high shear stress levels, whefe
of molecules/atoms on the slip plane. The distorted lattice— 1, the maximum dislocation velocity approaches the local

potential can now be written as shear wave speed—v,. This is in agreement with the ob-
servations that the velocity of the plastic wave due to high
U=U.t -0 dU, 5—dN 3) amplitude shocks approacheg and is expected since the
" dx / plastic wave is formed by the moving dislocatidns.

This is the average potential of the deformed lattice in terms
of the undeformed lattice potential, number of dislocations,
crystal particle size, and the average damage tthy/dx.

EFFECT OF PARTICLE SIZE ON WIDTH
OF POTENTIAL BARRIER

In addition to affecting the height of the lattice potential
QUANTUM MECHANICAL APPROACH TO PLASTIC barrier the presence of dislocations also reduces the thickness
FLOW IN DISORDERED CRYSTALS of the potential barrier where substantial tunneling occurs.
This can happen because the increased barrier height will
cause tunneling to occur at greater dislocation energy where
fthe barrier will be thinner. Also, compression of the lattice
and molecules by the dislocations acts to decrease the size of

thermal_ activation by which a dislocation moving with en- the molecules and reduces the thickness of the lattice poten-
ergy E in the crystal can overcome a barrier of enetdy tial barrier.

when U>E. In classical physics when such obstacles are To illustrate the effect that reducing the thickness of the

$Ecount<i)retd clilslocanog motion and plﬁastlcﬂl:low are hal;eﬂ?otennal barrier has on the tunneling probability, consider an
ese obstacies can be overcome when the energy of thgq )76 rectangular lattice potential. L\&t be the barrier

dBlOC?jt'otnh combined ¥V't2 ';ha;[ of thteh trseirmal fI;rCtuat'onsth|ckness andV, be the barrier thickness when the particle
exceeds the energy ot obstacle, so that tempor HyEth size is very large and has no role in increasing the height of

the barrier. Assume a simple approximate form for the width
of plastic deformation to relatively low rate processes be- of the barrier

cause at room temperatures the thermal fluctuations occur at
frequencies<10'*s *.>® But during strong shock or impact BNSd
the dislocations move at velocities approaching the local W=W0(1—W—/,),
shear wave speed and encounter and pass the lattice barriers 0%

at rates of 18°s1.7® Thus it is unlikely that thermal fluc- whereg is a constant antiv=0.
tuations can have a major role in plastic deformation at high
rates due to strong shock or impact.

The movement of a dislocation occurs by shifting and
rearranging the electron bonds that establish the lattice near Only the conditions for substantial plastic flow and energy
the dislocation core. This is necessarily a quantumdissipation will be of concern here. Typically, the effective
mechanical process. Often, however, dislocation motion camass of a dislocation is large, much greater than the electron
be approximated by classical Newtonian mechanics in thenass, so that only the region near the top of the potential
limit of a large dislocation effective mass and a broad, wellbarrier is of interest. For simplicity, the average potential
characterized, potential barriér. Here, a quantum- barrier will be represented by a rectangular barrier. When the
mechanical description is developed which approximates thenergy of the moving dislocatioh is less than the height of
asymptotic behavior of dislocation motion over the rangethe potential barrieE<U the probability of tunneling i€
from very low to very large shear stress including the tran-
sition region between these asymptotic regions. 4E(U—-E)

Rather than wait until a thermal fluctuation gives them the T= 4E(U—E)+UZsinf¢{(U—E)¥2w’ ®
energy necessary to surmount the lattice potential barriers,
the dislocations move by quantum tunneling through the powhereZ=(2m/#2)2, # is Planck’s constantn is the effec-
tential barrierd®!! Tunneling enables the dislocations to tive mass of the dislocation, and
transit the lattice potential barriers at rates in excess of
103s™! necessary for plastic flow to occur due to strong 7
shock or impact. Unlike the classical picture, in the quantum E= G G VKo, 6)

picture the lattice potential determines dislocation motion . . .
even where>U. whereris the applied shear stres3 s the shear modulu€)

is the temperatureg is Boltzmann’s constant, and is the
DISLOCATION VELOCITY volume of t_he di_slocation_core. Wheh‘s1>_u th_e motion Bf
the dislocations is determined by a modification of E).

In the tunneling picture the dislocation core is treated as a Summarizing, Eqs(3), (4), (5), and (6) predict that an
pseudoparticlé®!! The velocity of the dislocation through increased shear stress is required to achieve tunneling and
the lattice is determined in part by the probabilitythat the  plastic flow with decreased particle size. However, tke
dislocation core will tunnel through the potential barrier of dependence of the dislocation energy and the diminished po-
the surrounding lattice and transit into the adjacent latticéential barrier thickness with decreased crystal size resultin a

In their classic paper Kocks, Argon, and Ashby deter-
mined the constitutive relations describing slip in crystalline
solids® Fundamental to this description is the process o

4

DISLOCATION TUNNELING
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more rapid transition toward— 1 with this increased shear above wy. Thus, for a strong shock wherg(7)—1, the
stress. These behaviors are not found in the classical analyapidly moving dislocations can resonantly excite the inter-
ses. nal vibrational modes of the neighboring molecules. It is
reasonable to assume that the density of internal molecular
PLASTIC DEFORMATION RATE vibrational states is sufficient in most complicated disordered
) _ _ molecular crystals so that intermediate and final states are
In an earlier work, a simple generic source was proposed|ways available and the rapidly moving dislocations can
to create dislocations in which the rate of creation was Prinproduce resonant multiphonon excitation and even molecular
cipally determined by the inverse of the time required for agjissociation in timess 10 1°s.25-28 This fast molecular dis-
dislocation moving at a velocity to transit a source of size - sociation asT(7)— 1 is responsible for the rapid release of
/st stored chemical energy characteristic of detonation in ener-
dN v getic materials.

dt =2 7 Pc- (7)
'S COMPARISON WITH EXPERIMENT

F;klesstri]r?tgrgssgtljhr:{ t%fecgfggggnagliogsitrloo? 3?3;2:,{5?;025 Next, these results will be used to predict plastic flow and
tegrating Eq(7) with respect to time and combining with the energy dissipation in simple ductile metals and in molecular

Orowan expression for the plastic strain rate gives the plastigryStals' A rectangular lattice potential barier will be as-
strain rate in terms of the tunneling probability that the dis- umed so that the tunneling probability is given by Es).

locations will transit the lattice potential barrier and moveTo assure a uniform behavior regardless of particle size, it
. 1114 P will be assumed that the nature and operation of the disloca-
through the lattice d8%

tion sources and the local energy density required to start

dy, 2T(7)vobpNy” chemical reaction are independent of crystal size.

P .o (8)

dt /s

SIMPLE METALS
N, is the number of dislocation sources that have created the i o i
dislocations responsible for the plastic strain. Briefly, for simple metals the onset of significant plastic
flow occurs wherE—U. Combining Eqs(3) and(6) gives
B ; T2 1112 H
ENERGY DISSIPATION BY MOVING DISLOCATIONS the approximation that~[ry+ «//] "™ which reproduces

the Hall-Petch empirical result relating the shear stress for
Energy dissipation occurs simultaneously with plasticplastic flow with particle sizé%?° A more complete descrip-
flow. The dislocations perturb the lattice as they move givingtion of plastic deformation is contained in E) to (8).
rise to energy dissipation and local heating within the latticelncluded are the predictions that deformation of small metal
Keeping just the lead terms, the local energy dissipation ratparticles requires a greater shear stress and is characterized

can be approximated &s'® by a more rapid transition t&(7)~1 and a more rapid in-
crease in energy dissipation than plastic deformation of the
—E~Av T(r)+ H B, same metal in larger particle sizes. The plastic deformation
dt 0 /=0 hvol? 5 rate, Eq.(8), reproduces the observed response for several
E/_E/fl_T(T)T +17 metals including the characteristic deformation behavior at

(9)  both small and large shear stresses which is determined by
the asymptotic behavior of the tunneling probabifity121:22
i ) SN X X For metals there are no internal molecular vibrational modes
I' , is the width of the/th internal molecular vibrational and energy dissipation is only due to the first term in €.
level. Often, because of thermal diffusion processes, the effects of

The first term in Eq/(9) accounts for energy dissipation peating in metal particles are difficult to follow directly and
due to slower moving dislocations typical of mild shock or |inited in response time.

impact whenT(7)<1. It resembles the classical expression
for the energy dissipation by moving dislocatichisut with
emphasis on the more fundamental tunneling probability.
The second term above accounts for the possible resonant The response of explosive crystals to shock or impact is
excitation of the molecular internal vibrational modes by of special interest because the localized energy dissipated in
rapidly moving dislocations. The resonant denominator conthese molecular crystals as they undergo rapid plastic defor-
tains the quantite ,—E,_; which is the energy difference mation is likely to cause the initiation of chemical reaction
between the/ and /—1 internal molecular vibrational including the very rapid resonant excitation typical of deto-
modes. For typical molecular solids E{—E,_;)/%  nation asT(7)— 1. This allows the predicted plastic flow and
~10"rad/s. A moving dislocation encounters and perturbsenergy dissipation-initiation response of explosive crystals to
the latticev/d times per second. These perturbations generbe directly compared with the extensive set of experimental
ate phonons in a band centered at a frequencywgf observations relating the initiation behavior of explosive
=2mvyT(7)/d. For a typical crystalline explosivey~2 crystals to particle size, damage, shock strength, and the rate
X 10° m/s andd~5x 10" °m so thatwy~10"T(7) rad/s. A  of loading.
dislocation moving in a realistic lattice potential will gener-  The energy supplied by mild shock or impact is usually
ate even higher energy phonon components in the side barndsufficient to raise the energy of the bulk of the explosive to

whereA andB, are constants given in Ref€l5) and (16).

CRYSTALLINE EXPLOSIVES
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FIG. 1. Shear stress vs tunneling probability for several different size HMX crystals. Calculations are fr¢s) &ud data given in
Appendix. The plastic strain rate sy, /dt~5X 10°T(7). Initiation of chemical reaction starts at abdi(tr)~.1 and detonation threshold
occurs whenT(7) first approaches unity. Pressure levels whege) first approaches unity are shown on the right-hand side. Detonation
occurs for all shear stress levels whéier)~ 1.

levels where reaction can start. In the case of strong shoakrystals these oscillations are expected to average to zero
there is substantial experimental evidence and engineeringver the bulk of the solid.
experience that plastic flow is necessary for initiation of While explosive compositions containing small particle
detonation to occur. If plastic flow is suppressed, as occursize crystals are more difficult to initiate, they transition to
when an explosive is pressed to crystal density and inertiallgletonation more rapidly than larger crystals of the same ma-
confined, reaction does not occur at any reasonable shodkrial. As noted above, this occurs because the dislocation
pressureP<30-50 GP&3%" The role of pressure in initia- energy increases a€ so that for a small increase in shear
tion is mainly to generate the required plastic flow and en-stressT(7)—1 more rapidly at the higher shear stresses re-
ergy dissipation. quired for substantial dislocation tunneling in small crystals
Consider first plastic flow and energy dissipation rates inthan at the lower shear stress levels needed to deform larger
the organic crystalline explosives RDX and HMX. Using size crystals. This is illustrated by the slopdT(7)/dr] !
typical inputs given in the Appendix, Fig. 1 shows the tun-for the different particles sizes as shown in Fig. 1. For this
neling probability as a function of the applied shear stress foreason, small particle size explosives are sensitive to initia-
several different crystal particle sizes for the explosivetion by high amplitude, short duration, shock pulses. To
HMX. From Egs. (8) and (9) the plastic strain rate is minimally initiate detonation in large particle size explosive
dy,/dt~8X 10°T(7) st and the energy dissipation rate, compositions requires a lower amplitude but longer duration
dE/dt=N [.9x 10 T(7)+resonant termis JJms, where shear stress. This effect has been observed in many explosive
typically at high deformation levelsl~10'°-10'? disloca-  materials including the % and 300x compositions in Fig.
tions per m.?® Initiation of chemical reaction occurs when 1. In this way, particle size influences the reaction rate and
the local energy density due to dissipation exceeds the reathe curvature of the detonation front in an explosive
tion threshold energy density. Maximum plastic flow, dissi-charge?®3°
pation, and reaction rates occur Ber) — 1. The detonation threshold shear stress levels for different
Figure 1 illustrates the role that particle size can have irsize HMX crystals are determined from E&) and the con-
increasing height of the lattice potential barrier. A greaterdition whereT(7) first approaches unity. Experimentally, the
shear stress is required to achieve plastic flow via tunnelinghock pressure level for which detonation first occurs is de-
and to initiate reaction in a small particle size explosive comtermined by a standard shock t&5The shear stress level at
position than in an identical composition containing largerwhich detonation occurs is proportional to the detonation
particles. In practice, small explosive crystals are often usethreshold shock pressute.in order to compare the above
to achieve insensitive explosive compositions. The oscillapredictions with experimental results, the measured detona-
tions that occur a3 (7)— 1, shown in Fig. 1, are due to the tion threshold pressure of the explosive PBXN-1X0")
tunneling process since dislocation motion is still determined~300u), Py~ 3.5 GPa, has been used to establish a simple
by the lattice potential even though>U. Because most scaling relation between the measured shock initiation pres-
explosives are aggregates of randomly orientated explosiveure and the calculated detonation threshold shear Stress.
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TABLE |. Detonation initiation pressurgHMX, LSGT (Ref.  are given above. AP has no fuel component to sustain reac-

3] tion, so that large AP crystals usually heat and disintegrate
before high shear stress levels are developed soTthat
Particle never approaches unity and detonation does not c&dur.
size  Calc. initiation  Calc. initiation ~ Observed initiation  the case of small AP particle size, a higher shear stress am-
I(n) Shear,r(MPa) PressureP,(GPa) PressurdGPa plitude is required for substantial plastic flow to occur. How-
300.0 10.96 3.5PBXN-110 35 ever, once plastic floyv begir_ms, only a slight increas_e_ in the
5.0 15.85 5.06(PBXN-128 4.8 applied shear. stress is required to cause the transitidn to
50 15.85 5.06(EXP-3) 4.9 ~1. Now the internal molecular modes of_the AP molequles
40 18.6 5.94(EXP-4) 6.0 can be resonantly excited resulting in rapid molecular disso-
5 224 715 *a ciation anq releas_e of stor_ed ghemlcal_energy in tlmes_typ|cal
L 25 1 8.02 xa of detonation. This behavior is found in other energetic ma-

terials which also lack the fuel or oxidizer components to

aThe detonation threshold pressures for these materials have yet &!Stain low level reactions due to impact or moderate shock
be measured. but can readily be made to detonate at high shock pressure

bReference 34. and small particle size.

Here, the_ scaling constant circumvents the need to establish INITIATION BY IMPACT AND MILD SHOCK

the reaction threshold level and to properly treat the polymer

binder that usually encapsulates the explosive crystals. The The processes by which explosives are initiated by impact

same scaling constant was used to determine the detonatiend mild shock have never been understood. Here, this is

threshold shock pressures from the calculated detonatioiemedied by treating impact and mild shock as extensions of

shear stress levels for all of the materials shown in Fig. 1 anthe above relations into the regime whdrgr) <1.

in Table I. The plastic deformation rate of HMX crystals subjected to
In another set of experiments, identical compositiongmpact or mild shock has been examined over the range

based on the explosive RDX were employed and only the0 ®s '<dy,/dt<10°s .3’ Reaction initiation likely oc-

RDX particle size was varietf. Both the predicted increase curs over the range .64T(7)<1. Vigorous reaction during

in the shear stress required to initiate reaction and the morignpact and mild shock starts at plastic strain rates somewhat

rapid transition to detonation were observed with decreasinggess than 10s ! [where T(7)~.1] and violent reactions

RDX particle size. The predicted and measured detonatiohave been noted nedlty,/dt=10°s*, [T(7)~.2].>"**The

threshold stresses are listed in Table Il. In the calculationgredicted strain rate at which detonation occurslig, /dt

that resulted in Fig. 1 and Tables | and II, only the particle~5x10°s %, [T(7)=1]. The violent but less than detona-

size has been allowed to change, the remaining inputs are thien reactions that occur neary,/dt= 10°s ! are due to

nominal RDX or HMX properties given in the Appendix. energy dissipation arising from contributions mainly from

The differences between the predicted and the observed detthre impact term but partially from the resonant term in the

nation threshold pressures are less than 5% while the particknergy dissipation rate.

size varied by two orders of magnitude.

SUMMARY
THE ROLE OF SHEAR IN THE INITIATION OF o . . . .
AMMONIUM PERCHLORATE A complete description of the motion of dislocations in

crystalline solids requires a quantum-mechanical analysis.
To further illustrate the role of shear, plastic deformation, This is particularly the case for the high rates of plastic de-
and partiCIe size in Inltlatlng chemical reaction, consider thqormation due to shock or impact_ A disordered lattice po-
energetic material ammonium perchlorate, AP G8KD,).  tential has been derived that incorporates the extent of plastic
In large particle sizes this material cannot be detonated ajeformation, particle size, and crystal damage. Plastic flow is
what are considered reasonable pressures and has be@stermined by the probability that a dislocation core will
deemed safe to store and transport as an oxidizer. Howeveagnnel through the disordered lattice potential.
in a small particle size<3x 10 °m, AP readily detonates  Good agreement has been obtained between theory and
and is recognized as a hazard. The reasons for this behavigkperiment even with the use of a simple rectangular lattice
potential barrier. The response of crystalline explosives to
TABLE II. Detonation initiation pressur¢RDX, wedge test jmpact and mild shock has been determined and has been

(Refs. 30 and 38. related to the response of the explosive crystals to strong
_ shock and detonation. Also, the roles that crystal particle
Particle size, damage, temperature, and the extent of plastic deforma-

ISize‘ ;‘?'C' i”it:\j:ijon Pcalc' i”itiago; Ok;ser"ed igigation tion have in initiating chemical reaction in crystalline explo-
(1) ear,7(MPa) Pressurep,(GPa)  PressurdGPa sives have been determined.

6.0 15.8 12.0 12.0 Both the predicted and observed particle size behavior of
135, 11.75 8.9 8.5 the reaction initiation threshold of explosive crystals imply
428, 10.0 76 *k 2 that, during shock or impact, dislocations are created and

move through the crystals for periods of several transit times
@Broad transition centered at about 7—-8 GPa. /’Iv before reaction starts. During this time the crystals must
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retain their integrity. Thus initiation by shock or impact is independent of crystal particle sizé\s=n.//?=const,
primarily a solid-state process. It is not until after chemicalwhereng is the number of functioning sources per crystal.
reaction has reduced the major portion of crystalline explo- Typical inputs for calculating plastic flow and energy dis-
sives to their gaseous components that continuum hydrodysipation rates of the organic crystalline explosives RDX and
namics can play an important role in determining furtherHMX are as follows: Let & ~d=b=one lattice
explosive response. spacing~ 5x10 1%m, W,=d/10, andB=1. For simplicity,
assume that there is always sufficient energy to create new
dislocations so thatp.,=1, and consequently,dy/dt
ACKNOWLEDGMENTS =dy/dt|max. For the source size, lefs=5x10"'m and
C.S.C. wishes to acknowledge the support of the Indeper@Ssume that there is one functioning source per6 °m
dent Research Program of the Indian Head Division ofof crystal so thatNy/=ng//=2x 10> sources per m of
NSWC and J. S. wishes to acknowledge the support of thérystal. Letvo=2x10° m/s andU,= (V/2G) 7§ wherery is
Office of Naval Research. They also want to thank Professdihe macroscopic yield stressy ~10-20MPa.G is the
R. W. Armstrong, Professor W. L. Elban, Dr. R. E. Lemar, shear modulusGgrpx ~4 GPa, Gyux ~4.5GPa. For the
and G. Sutherland for many discussions on this topic and Divolume of the dislocation core l&t~m(2d)?d, where the

K. F. Mueller and S. E. Mitchell for their support. effective radius of the dislocation core is taken as Fol-
lowing Gilman2® the massm of the dislocation is approxi-
APPENDIX mately pV, wherep is the crystalline density which for a

typical explosive ~1.8x10°kg/m® so that m~2.83
In order to compare these predictions with experiments< 10 2*kg. Finally, we approximate the damage term as
using crystals of different sizes it will be assumed that the(dU,/dx)(8dN)//~Uy/ 4!/ where /4 is the damage
sources that create the dislocations are independent of crystahgth. This allows the distorted lattice potential to be sim-
particle size. Also, it will be assumed that the number ofplified asU=Uy(1+/4//). For these calculations lef
sources per unit cross sectional area of crystal is a constant2x 10 ¢ m.
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