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Molecular crystals constitute a class of miaisrcommonly used as active
pharmaceutical ingredientenergeticand high explosivematerials. Like simpler
crystalline materials, they possess a repeating lattice structure. However, the
conplexity of the structuré due to having several entire molecules instead of atoms
at each lattice sité significantly complicateghe relationship between the crystal
strucure and mechanical propertie€©f particular interesto molecular crystals are
the mechanically activated processes initiated by large deformations. These include
polymorph transitions, slip deformation, cleavage fracture, or the transition to
disordered states.Activation of slip systems is generally the preferred mode of
deformaion in molecular crystals because the long range order of the crystal and its
associated properties are maintainethese processeshange the crystal structure
and affect the physiological absorption aflvanced pharmaceutical ingredieatxd

the decompsition ofhigh explosives



This work usedmolecular dynamics tstudy the energetic molecule RDX
CsHgN6Os, as a model molecular crystéhat s a commonly used militarpigh
explosive. Molecular dynamics is used to determine the crystal response to
deformation by determination of elastic constants, polymorph transitions, cleavage
properties, and energy barriers to slip. The cleavage and the free surface energy are
determined throughnterface decohesion simulationand the attachment energy
method The energy barriers to slip are determined through the generalized stacking
fault (GSF) procedure. To account for the steric contributions and elastic shearing
due to the presence of flextbimolecules, a modified calculation procedure for the
GSF energy is proposed that enables the distinction of elastic shear energy from the
energy associated with the interfacial displacement discontinuity at the slip plane.
Theunstable stacking fault ergy from the GSF simulations is comparedtie free
surface energyotdifferentiate cleavage arglip planes. The resultge found to be

largely in agreement with available experimental data.
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1. Introduction

Molecular crystals constitute a class of materials commonly found and used in the
aerospace, defense, agricultural, and pharmaceutical industries. Like simpler crystalline
materials, they possess a repeating lattice structure. However, the completkigy of
structurel due to having several entire molecules instead of atoms at each lattice site
significantly complicates deformation mechanisms relative to those found in, for
instance, materials with a clopacked crystal structure like coppgr). Molecular
crystals subjected to large deformations can be mechanically activated to undergo phase
transitions, slip deformation, cleavage fracture, or transition to disordered states.
Molecular crystals used as active pharmacelinggedients (API) are milled to decrease
crystal size and increase surface area. Milling reduces the crystal size through fracture
but also induces the other common modes of deformation into the smaller crystal. The
disordered states are prone to retallization and affect the long term stability of the
API (2). In energetic and high explosive molecular crystals, the available modes of
crystalline deformation affect the initiation sensitivity of the entire munition tmectal
shock loading. Deformation mechanisms travel energetic pathways that may intersect
and overcome chemical reaction barriers, leading to initiation and detonation. Thus
understanding the relationship between the molecular crystal structure anudadefor
mechanisms is fundamentally important to this exceptionally large and commonplace
class of material.

The focus of thisdissertationis on atomistic simulations othe nonreactive
deformation mechanisms of RDXlsNgOe, the nitramine moleculeshowvn in Figure
llaused i n i t-golyncorply(Bigur@ 1.1b)ias @ high explosive (HE)The
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moleculesincr yst all i ne URDX f or m ahowndy theubtackt e d |
lines inFigurel.1c. This layered structure is common in molecular crystals where layers

are produced from strong-plane bonding between moleculesd are held together by

weaker interlayer attractiof3) (4) (5). The weakly bonded layernsdicated by the black

lines in Figure 1.1c, easily slip under shear loading or cleave in tengn Cleavage

and slip are both observed modes of deform
deformation processes produce physically observablerésativat are used to deduce the

slip and cleav@ggd®d planes of URDX
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Figure 1.1: (@)Si ngl e RDX mROX witaellprejected ontithe (100) plane
and RDX)supdicell with (010) slip or cleavage plane shown by the black line
between corrugated layers of RDX molecules.

Activation of slip systems is generally the preferred deformation mechanism in
molecular crystals because the domange order of the crystal and its associated
properties are maintained. The availability of several slip systems allows the molecular
crystal to accommodate a general state of strain without fracturing. Slip, as opposed to
cleavage or the formation ohn amorphous phase, increases the tabletability of

pharmaceutical molecular crysta(@) (8). Crystal engineering methods such as



cocrystallization have been developed to exploit this mechanisrmdrgasing the
amount of slip in pharmaceutical crystals such as caffeine and paracéa(0d!

I n energetic cr (& and PETN(EL), inittatiora reechanBimsX
are believed to be sensitive to shock loads that lead to shear deformations that cannot be
easily accommodated by slip. A possible mechanism is blockage of certain slip systems
by the large molecules on slip plaresising plan@n-plane slip motion to be hindered
by steric interaction§l1). The steric hindrance initiation model, in particular, presumes
that when a large shear stress is directed along a sterically hindered plamgstddasc
unable to accommodate the strain through slip and therefore results in severe
intramolecular deformations and bond rupture leading to initiatidr) (12). Other
proposed initiatiosrelated events involving slip mechanisms include blocked dislocation
motion leading to the pitep and avalanche of dislocations accompanying a localized
increase in temperatu@3). The inductiont i me t o decomposition
been correlated to the alignment of known slip planes to the direction of sho¢k0dad

Investigations through nanoindentation have indicated slip traces that suggest
inelastic defomation mechanisms that are more complicated but build upon the ideas of
dislocation motion on a single slip systéid). Thus, a more thorough understanding of
slip systemsand deformation mechanisms in molecular crystaieeded and molecular
simulations may provide an enabling capability. To this end, molecular dysvaitiibe
used to model these nonreactive mechanisms that lead to localized defofestices.

The atomic interactions of the RDX molecule are descriyeal flexible molecule
potential energy function developed by Smith and Bharadd&) that fits classical

molecular potential forms involving bond stretching, angle bending, dihedral toasidn



nonbonded electrostatic anérv der Waals interactiont® quantum level data.This
Afl exi bl ed molecule potenti al aaks thoowystal t he m
lattice is deformed.The simulations will be used to determine parameters for mesoscale
models of material defmation including thermoelasticity, dislocations dynamics and
fracture mechanics. This work will extesgveral well developed methodologies
atomic crystals to the more complex structure of molecular crystals.
For instance, the current methodolodgr determining active planesn a
molecular crystal that undergo slip or cleavageolves a ranking of crystallographic
planes based on the attachment enerdhe attachment energy tenique aes not
provide a method of differentiating slip from cleaggganes or the slip directiorn this
work, Ri ceds di sl ocat i ¢18) isruseditd detetmin® ih aplane oft er i on
interest in the molecular crystal will deform by slip and the emission of a dislocation or
by cleavge and the creation of free surfaces. Brittle versus ductile response of several
BCC andFCC metallic crystals have been accurately determined through the application
of Ri ¢ e 06 s (16in drdesimulationsand methodologyn this work provides a useful
extension oRi ced6s model aaaslableammstic tantimudmnoelels to

study the operable deformation mechanisms in molecular crystals.



1.1 Motivation and Challenges

The application of molecular crystals requires a thorough understanding of their
mechanical properties and modes of deformation. Molecular crystals are not used as
structural elements but the mechanical properties still play an important role in
determinng suitable manufacturing methods, packaging, storage and handling. The aim
of this work is to provide a relationship between the molecular crystal structure and
resulting mechanical properties. The structure of molecular crystals and their quasistatic
thermodynamic properties can be determined experimentally. In simpler atomic crystals
like copper it is possible to experimentally observe deformation through the emission of
dislocations. Then using an atomistic model, the atomic level details of the
experimentally observed dislocations are determi(@d In molecular crystals, these
deformation processes cannot be directly observed experimentally but must be inferred
from the resulting deformation features. These featuees then be correlated with
known modes of deformation in simpler materials. For this reason, atomistic models of
molecular crystals have the potential to make a great impact on interpreting the
experimentally observed features. However, there are $estlabenges in modeling
molecular crystals and the direct application of simpler atomistic models is not directly
applicable. In particular, the following challenges are summarized as

(1) Some #omic crystals have an FCC structure with 4 atoms per unit cell
Molecular crystals are often in low symmetry space groups where each symmetry
point contains an entire molecule with both orientation and conformational
degrees of freedom. URDX contains 8
This complicates any celation that can be made between an FCC material like

copper and a molecular crystal.



(2) Thel ow symmetry wunit cel | O0causesdhemswoucturd o0 mo |
to respond anisotropically to stress and temperature. There is also coupling
between deformation of the lattice and the molecule conformation and orientation.

The molecule conformation is able to store elastic energy and cannicélulee

resulting phases and stacking fault structures.

(3) The actual mode of plastic deformation in molecular crystal is not well
understood but is believed to be based on slip through dislocation motion. The
actual dislocation may move as an extendefkaieas observed in complex

metallic alloys containing(15006s to 100

(4) Atomistic models of copper are developed from a large amount of quantum level
modeling and experimental data. The compleritymolecular crystals makes
this same level of parameterization of the atomistic potential impossible. The
molecular potentials are developed to reproduce important features such as crystal
structure, molecule conformation and mechanical propertieseolerited range

of thermodynamic states. Outside this range they become unreliable.



(5) The molecules making up molecular crystals often interact electrostatically
through hydrogen bonding. This requires the molecular potential to include long
range eletrostatic interactionswhich are solved in atomistic simulations using
the Ewald sum. The Ewald sum requires the simulation cells to be 3D periodic
limiting the geometries that can be modeled. The Ewald sum is also
computationally expensive, taking uyearly 70% of computational time. This
coupled with the | arge unit cell si ze

of the atomistic model and in turn the processes that can be simulated.

(6) The attachment energy is the most commonly used techroquietermining slip
or cleavage in a molecular crystal but is shown to be only 50% ac¢bjatdt
also does not differentiate between slip or cleavage planes. It cannot determine
the direction of slip or the energetic bars to slip and their associated molecular

features.

(7) Slip systems includa slip plane and slip direction and can be determined from
the generalized stacking fault (GSF) proced(i®). The GSF procedure also
elucidates theatomic interactions involved during slip. It can also be used to
determine the dislocationore structure and existence of partial dislocations.
However, the GSF procedure is only well suited to materials svithothslip
planes andatoms with only a f@ degrees of freedom The slip planes in
molecular crystals are rough due to the molecules on the slip plane. There are
also multiple slip planes per crystallographic plane. The molecular potentials are
also complex containing multiple degrees of freadassociated with the

mol ecul edbs conformation and orientation
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The primary motivation of this work is to extend the techniques developed for
studying atomic level deformation in metallic crystals to the more complex molecular
crystals by addressing eadi the above challenges. Of particular interest is the
determination of the generalized stacking faults of molecular crystals. These provide a
great amount of detail on the slip processes in metallic materials and will be shown to
provide valuableinsiyt i nt o the experimentally obseryv
This will provide importantdetaik for analyzing other molecular crystals and greatly

extend our current knowledge of molecular crystal deformation.

1.2 Dissertation Objectives

The objetive of this dissertationis to deelop a procedure for studying
deformation of molecular crystals using molecular dynamicslThis work will be
accomplished by performing the molecular dynamics simulations and analyzing and
comparing the results with experimental data available in Literatufde above
challenges address the complexities of applying atomistic modeling techthatiésive
been proven successful in atomic crystals like copper to molecular cryStasspecific
objectives of this work can be summarized as:

(1) Evaluatethe application of th&mith and BharadwdjlL7) (SB) flexible molecule
potential energy functiofior the RDX crystal polymorphs bgeproducing the
experiment al crystal structure of RDX i
phases. Also determine the thermal and elastic properties and cahgrar®

experiment.



(2) Determn e cl eavage properties of URDX and

experimental cleavage and slip planes.

(3) Develop a technique for determining the generalized stacking fault energy

surfaces for URDX cleavage and slip pla

(4)Us e R(18rdeslocmtion nucleation model with parameters from the molecular
dynamics simulations to determine the interplay between cleavage fracture and
dislocation emission to provide a physical understanding of the brittle nature of

RDX and molecular crystals.



2. Literature Review

Energetic materials contain a metastable mixture of compdartsir gas, liquid
or solid stateéhat are triggered to decompose into a more stable material, releasing energy
in the fom of heat and expanaj gasesAn explosive is a type of energetic material that
rapidly releases its energy through decomposition. A detonation occurs when the
decomposition reaction moves through the material faster than the speed of sound in the
unreacted material. A higexplosive decomposes by detonation. Energetic materials can
also decompose through deflagradation or rapid burning at a much slower rate. Low
explosives like black powder only decompose through deflagradation producing a
subsonicpressure wave High eplosives are rated by the speed a detonation wave
travels through the material. This determines the tteieenergy is released. Several
external factors affect detonation velocity such as confinement pressure, energetic
particle size, and energetic taaal diameter.The detonation speed for RDX, a common
military high explosive, is 8.6 km{4.9), compared to its acoustic velocity of 3.8 km/s.

The energetic material of interest to this work is the solid state crystaloh#ue
nitramine molecule cyclotrimethylene trinitrami(@;HeNOs), or RDX. The nonbonded
dispersion and electrostatic forces between RDX molecules cause them to arrange into
periodic crystal lattices. This energetic molecular crystal contains a heggyedensity
due to the crystal structure giving it a high detonation velocity.

Explosives are classified according to their susceptibility to initiation. Easily
triggered explosives are primary explosives and are used to trigger detonation in less
sersitive secondary explosives that make up the main explosive fill in military munitions.

Decomposition in secondary explosives is more difficult to initiate and they make up a
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majority of the explosives stored at military sites. Most nitramines includDy are
secondary explosives. Plastic bonded explosives (PBX)composedof energetic
crystals encased in a polymeric binder material and make up the main fill in munitions.
A bimodal distribution of energetic crystals allow the smaller crystalsltmfihe space
between the larger crystals. The binder material is chosen to provide the munitions with
desirable detonation and storage properti€se sensitivity of the energetic material to
accidental detonation is important to the use, handlingemmege of munitions.

The process of converting mechanical energy into chemical decomposition in
energetic crystals is not well understood but is essential to the design of insensitive
munitions. Under operational conditions, a detonation in a secorgdgqigsive is
triggered by a strong shock wave produced by the primary explosive. This shock wave is
of such energy that the detonation and explosion are accurately described by
phenomenological continuum level descriptions of the shock wave. At much lowe
energies, insensitive munitions can be accidently triggered to decompose.
Decomposition under these scenarios is less understood and difficult to reproduce
experimentally. Low strain rate loads lead to localized features in the crystal that alter
the ensitivity.

It is generally agreed upon that detonation or deflagration is the result of the
cul mination of | ocalized decomposition reg
Sspot so. The cause of hot spottematenaland het er
binder is described by shock wave multiplication caused by variations in density
adiabatic heating of collapsing voids, and shock induced impinging jets of material

caused by a shock waveds i nter awmbdtonis wi t h
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accurately modeled and predicted using hydrodynamic models of shock waves with
phenomenologicahermodynamic equations of state fit to large amounts of experimental
data.

Under low shock pressures and frictional loads that occur dwoegdental
mishandling, the loading rates are much smaller and individual hot spots develop. Full
scale decomposition of the material only occurs if the density of hot spots is great enough
for them to culminate into large scale features where full sEEdemposition can occur.
Under these conditions, a microstructural understanding of the energetic material is
required to understand the cause of indi v
Individual crystals of energetic materigte RDX range indiameterfrom 10-500 >m.

An accurate description of the hot spot formation process and the initial stages of
decomposition must accurately account for the discrete microstructural features of the
energetic crystal. These discrete features may aid imifie@ stages of decomposition
through the ugpumping mechanism proposed by Dlott and Fay20) where
intermolecular vibration energy is transferred to the intramolecular bonds causing them to
break.

The cause of these distzedeformation features in molecular energetic crystals
could be due to their low symmetry structure, anisotropic material properties and the
complex molecule shape. Deformation of these crystals leads to localized high energy
deformation features. Theodalized inelastic deformation results as the material
plastically deforms on slip planes and fractures from cleavage. Armgi8jiipeorizel
that the available energy from deformation could be sufficient to cause dishscptie

ups caused by grain boundaries to avalanche, releasing enough stored energy to cause
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localized adiabatic heating sufficient to trigger decomposition. Dick and Rifthje
account for hot spot formation through slipsgms becoming sterically hindered from
large nitramine moleculesvhich become excessively deformed. The highly deformed
molecules may then be easily excited to high vibrational states breaking their bonds and
triggering decomposition. Ramos et €l4) propose that the low symmetry crystal

cannot accommodate a general state of strain leading to low fracture strength.

2.1 RDXExperimental Properties

2.1.1RDX Molecule Structure

RDX (hexahydrel,3,5trinitro-1,3,5 triazineor cyclotrimethylene trinitramine) is
a common energetic used by the military as a high explosive because of its stability
properties and high energy density. RDX, showfigure2.1b is an organic molecule
containing the nitroamino functional grouppNRNO, shown in Figure 2.1a. The
nitroaminofunctional group is also found in HMX, another military secondary explosive,
shown inFigure 2.1c. Functional groups are groups of atoms within aecuk that
characterize a particular chemical reactivity of that molecule regardless of the overall
molecule size. Having the same nitroamino functional group makes RDX and HMX
behave in a similar manner to thermomechanical loads like heat, impactnfratd
shock. Similar functional groups should also make potential energy functions describing

their atomic interactions transferrable.
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Figure 2.1: a) Nitroamino functional group,.R-NO,wh er e RGOS are contin
ring. b) RDX molecule containing three;R-NO, groupswhere each R=CHand c)
HMX molecule containing four R-NO, groupswith R=CH,.

The RDX molecule and atomic numbering is shownFigure 2.2(a). The
conformation of RDX in its crystal form are described by the wag anglef the NN
bonds with respect to the plane of thdN&C atoms they are bonded to, showrigure
2.2b. InFigure2.2b , the wag angles of the ambient ¢
are oriented Axial, Axial, EquatoriahAE) with respect to their @I-C plane. The amine
ring of GN atoms can also take ddifferent conformations and in tHeRDX crystal
structure takes on a fAchair conformationo.
al so take on Ashipo and Atwisto conformat.
RDX contains an oxidizing and a fuel component within a singkecule. The
final products of RDX decomposition are HCN;ON H,CO, H0O, NO,, NO, CQ, and
CO. Unimolecular decomposition of RDX is likely to occur through three decomposition
pathways (21). (1) Concerted symmetric tripléission of the ring forming three
CHoNNO; fragmentq22). (2) Cleavage of the NN bond forming an h@oup and ring
structure, which goes through further decompositions. (3) Successive HONO elimination

to form 3HONO fragmentsand a 1,3,8riazine (TAZ) molecule which go through
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secondary decompositions into the final products. Pathway (1) was determined to be the
main reaction pathway based on mass fragments from laser photolysis o{ZRPX
Patiway (2) is believed to occur because the NN bond attaching the nitro groups to the
ring are the weakest bond in the RDX molecule. ;NONnd rupture was observed
experimentally(22) but was considered minor compared to pathiy Pathway (3)

was determined through quantum level simulations to have the lowest energy barrier to
reaction(21). The final combustion products of RDX and the heat of explosion are
CsHgNeOs Y 3 C O ,0 + 3\H 5042kJ/kg

where the heat of explosion is given by the difference of the heats of formation of the

RDX molecule and the reaction produ(28).

Figure 2.2: a) RDX molecule and atomnlore r i n g . b) RDX conform
(AAE) with schematic defining wag angle,
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2.1.2RDX Crystal Structures

At room temperature and pressumetermoleculardispersion and electrostatic
forces between RDX molecules cause them to pack togetlermimpeating crystal
lattice. The dispersion forces are isotropic as all atoms are mutually attracted to one
another and create a close packed crystal structure. On the other hand, electrostatic
interactions are both attractive and repulsive. The extetomsaon the RDX molecule
are theoxygen atoms of the nitro groups and the hydrogen atoms connected to the ring.
These two atom types produce strong hydrogen bbatilseen neighboring molecules
Hydrogen bonding is common in molecular crystals. StroAglane hydrogen bonds
produce strongly bonded layers of molecules that are only weakly bonded to adjacent
layers through dispersion interactiof@y. The strength ofhein-plane bonds isised to
predict slip and cleavag#anes24) (5).

The nonbonded interactions RDX cause it to bdound in two polymorpit
forms at ambient conditionshe stabldJ R D phasegiven by Choi and Princé5) and
the unstablé RDX phasegiven by Millar et al.(26). Choi and Prince esl xray
diffraction to determinethe crystal structure ofRDX. They found itto contain eight
molecules and belong to the orthorhombic Pbpace group with latticeconstants
(a,b,c)=(13.182,11.57410.709 A.

The Pbca space grogpy mmet ry operators and the re:
shown inFigure2.3a. The repeating asymmetric unit is a singeE RDX molecule
shown inFigure 2.2b. The asymmetric unit is repeated at each symmetry equivalent
point and rotated or inverted according the symmetry operatdte Pbca space group,

represented by the symbolskigure2.3a. The blue molecules irigure2.3 maintan the
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AAEconf ormation in the high pressure 2RDX

conformationtoAAli n t he 9RDX structur e.
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Figure 2.3: (@)E x p e r i rRBX uniadell (28) at P=0GPa,T=300K overlaid orthe
Pbca space grougiagranf. ( b RDXTasymmetic units (single molecule) in the
AAEconformation. (CE x p e r i RBEXwubiteceéll (27)at P=5.2GPaT=29X overlaid

on the Pb2a spae groupdiagram(28). RDX asymmetric unit (2 molecules) in the
AAE (blue) andAAI (red) conformations.
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At high pressureRDX goes through a second order
2RDX. Davi2gdemmhermi mdd the structure of th
using neutron powder diffraction. They determined the phasesition to occur at
P=3.9GP a . They reported t hefromsinglencrystaXerayor di n a
diffraction data under ydrostatic pressure &=5.2GPa, shown ifrigure 2.3c. They
indexed the xay reflections to the orthorhombic P¢cagace grap. In this work we use
the Pb?a space groyhich switches the-band ¢ lattice vectors given by Davidson et
a.(28)t o coincide with those used by Choi an
vectors ared,b,0=(12.5650, 10.9297, 9.4760)mplying eight molecules in the unit cell
and two independent molecules in the asymmetric unit showigure2.3d. The type 1
red molecule shown irrigure 2.3d has NN bond wag angles oriented in theAl
positions wheré is an intermediate orientation between axial and equatorial. The type 2
blue molecule shown ifrigure2.3d is in theAAE conformation. ThéAl molecules are
also shown to change their orientation in the crystal by rotatingt &ber amine ring.

A pressure and temperature phase diagram for RDX is given by Ciezak and
Jenkins(29). They found a high temperature phase (T>400K) that was found not to be
related to the unstable ambiddRDX phasg26). RDX also goes through a second high
pressure phase RDXatrPsli7.8GP#30). Theio nm RBX phases

both belong to the Pca8pace group and contain molecules inAlAé\ conformation.

2.1.3 RDX Thermoelastic Properties

Elastic constants describing the stressr ai n r el ationship fo
crystal were determined by Schwarz et(al) using ultrasound spectroscopy. Tiae
elastic coefficients for this orthotropic material were calculated from the mechanical
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resonances of the crystal measured at ambient conditions using resonant ultrasound
spectroscopy. The crystal was held by piezoelectric transducers where one transducer
applieda constant amplitude signal of varying frequency to the crystal and the other
transducer detected the resonant frequencies. A weighted error function that compared
calculated frequencies from approximated elastic constants to actual measured
frequencies ws minimized to find the true elastic constants. Elastic constants for RDX
given byHaussuhl(32) using sound propagation velocities were used as initial guesses

for the linear regression. Haycraft et é3) report elastic constants using Brillouin
scatter of acoustic phonons. Di fferences
Schwarz oHaussihar e bel i eved to be a result of tF
differences in crystal qualitynal age. Elastic constants from these experiments are given

in Table 3.1 along with the Voigt bulk modulus for uniform strddp, given by

-B 0 and the Voigt shear modulus for uniform stra@y, given by’'O — 0

Table 2.1: Experimental Elastic Constants

Elastic Constants Haycraft et al(33) Schwarz et al(31) Haussh(32)
(GPa)
Cu 36.67 25.60 25.02
Cy, 25.67 21.30 19.60
Css 21.64 19.00 17.93
Cp 1.38 8.67 8.21
Cis 1.67 5.72 5.81
Cys 9.17 6.40 5.90
Cu 11.99 5.38 5.17
Css 2.72 4.27 4.07
Ces 7.68 7.27 6.91
B, 12.05 11.94 11.38
G, 9.26 6.39 6.07
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Isothermal compression experimefggl) (27) (35) provide lattice constants and
volume as a function of pressure. Volume versus pressure data was ustednioneg the
bulk modulus and its derivative. These experiments also provided lattice and volume
measurements of ttee R Dphase versus pressure andtdeirs cont i nui ty thro
ORDX phase transition.

The <coefficients of X desaribing Ithe eolurpesric s i o n
response to temperature were reported by ¢a8yusing a differential transformer to
measure the change in vertical height of t
160<T<150 C° at atmospherpressure. The coefficients of thermal expanslata as
function of temperature is fit to a sixth degree polynoraeakach lattice directian The
average | inear <coefficients of ther mal e X |
temperature plot fol0<T<50C° are &b,c) = (2.7, 8.7, 7.9)x1® K%  The linear
coefficients of thermal expansion show linear temperature dependence over the
temperature range 0<50 C° The LASL explosive property data volu(@8) provides
a temperature dependent curve fit for the volumetric coefficient of thermal expansion

which computes to 19x1K ™ for T=50C®.

2.1.4 RDX deformation features

Gallagher et al(6) used a Knoop indenter on princigebit planes of RDX to
determine the active slip systems. The indentations on the crystal face were nfade at 5
intervals as the crystal was rotated. The orientation dependence of the Knoop indentation
was used to determine the effective resolved skw@ass on different assumed slip

systems. Acid etching was also made on the indentation samples to determine the slip

planes. They determined the slip planes to be (010), (021)epd and the slip systems
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were believed to be (010)[001], (021)[100]dam @ [100]. They determined the brittle
nature of the material to be due to its anisotropic properties andditmgh energy slip
systems.

Ramos et al(14) used nanoindentation with a conical tip and atomic force
microxopy (AFM) operating in contact mode to characterize the-ipdshtation
plasticity of URDX prior to cracking. The small size and load control for nanoindentation
made it possible for them to separate the brittle failure and plastic deformation
mechanismm. The AFM images of the indentation were overlaid with projections of polar
plots of the deformation zone axes of the known/suspected deformation mechanisms.
They identify {021}(100), {011}(010) and (010)[100] slip systems and (010)[001] for
crossslip. The small loads allowed them to observe the plastic deformation on the slip
systems prior to cracking and identify possible cross slip mechanisms. They offer a
mechanistic explanation to the low cracking threshold based on compatibility conditions
where a general state of strain cannot be accommodated by the limited number of slip
systems in the |l ow symmetry URDX crystal

Hooks et al(37)i mpacted the (111), (210) , and |
crystals to access 2,and O slip systems, respectively. Impacts on (210) show distinct
elastic and plastic waves, (111) impacts resulted in an overdriven elastic wave and (001)

impacts resulted in stepped features that are thought to be the result of brittle fracture.
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Cawkwell et al.(38) observed an abrupt change in the elgsiéstic response of
shocked (111) URDX crystals with increasi
dynamics simulations to show that the change in plastic resp®raseesult of plastic
hardening caused by homogenously nucleated dislocation loops. The dislocation loops
contained the partial Burgers vector, 0.16[010], and were only stable under applied
pressure. The simulations also showed the dislocation loogsriain a molecule

conf ormation change that resulted in a str

2.2 Models

This section willpresent theoretical and numerical models used to describe the
observable features and experimental data for energetic materials. The continuum level
models are phenomenological and use continuum theories of shock waves and reaction
kinetics to extrapolatthe known experimental results to a larger range of conditions. At
smaller scales, the discrete nature of the material must be explicitly dealt with using
mesoscale methods. At the scales of interest to this work, the discrete atomic structure of
the material becomes important and is modeled using molecular dynamics where atomic
interactions are dealt with explicitly and
eguations of motion. These simulations are able to provide parameters to the continuum

models and help develop theories.
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2.2.1 Continuum models

Energetic materials are created to undergo rapid decomposition of their
constituents toeleaseenergy. This usually occurs or results in extremely high pressures,
temperatures, and strain rates. These conditions are best dealt with using hydrodynamic
models to describe the continuum featuregménergetic material because under these
conditins the material behaves almost as a fluid. Hydrodynamic codes solve the
continuum equations to conserve mass, momentum, and energy. An equation of state is
required to couple the conservation equations. Equations of state models are normally
phenomenolgical, meaning they model physical and chemical processes explicitly based
on experimental data. The equation of state must accurately model the energetic material
before, during, and after detonation to accurately predict the munitions effects.

Numercal implementation of these codes is often done using spatial and temporal
finite difference methods. The availability of high performance computing has driven the
resolution of these models to levels where the reaction processes and material
heterogeneyt must be modeled discretely. At these levels the microstructure becomes
important and methods of coupling the discrete features of the microstructure to the
overall continuum level events become important. Even at the microscale, these features
occur oer a range of scales. The localization features believed to be important to the
initial stages of decomposition and hot spot formation occur at the molecular level.
Chemistry occurring at the molecular level results from dissociation of the individual
molecules. Localized features aiding in this initial stage of reaction are caused by crystal
defects which alter the energy barriers of individual molecules to react. Models from

literature capable of describing the atomic interactions for energeticiatateill be
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given in the next sections and features from these models will provide new information
for the continued development of more physically realistic equations of state for the

continuum models.

2.2.2 NonreactiveRigid RDX Molecule Modek

The nmbonded interactions between RDX molecules causes it to exist in
crystalline form over a wide range of conditions. Sorescu, Rice, and Thor(@&on
develoged a rigid molecule modethere the each RDX molecule is treated asngle
rigid body. In the Sorescu, Rice and Thompson (SRT) modely nonbonded
interactions between atonealculatedare used to parameterize electrostatic interactions
and a Buckingham potential for van der Waals type interactions including exponential
repulsion andr®. The intermolecular potential parameters are fit by minimizing a
function of weighted molecular forces, torques and lattice energy for atoms arranged in
the URDX crystal structure. The panmwti al
mechanics calculations and are fixed during the minimization. Published Buckingham
parameters for HéH and CéC are used with ¢
terms to further reduce the number of var
paraneters are then optimized to minimize the fit criterion using symmetry constrained
molecular packing calculations.

These parameters were then used in rigid body molecular dynamics to test their
ability to reproduce the crystal structure and obtain cdefits of thermal expansion.
The lattice dimensions are reported to be within 4% of experimental values. Good
agreement is found for fractional coordingteshi ch are wused to compa

expected centers of mass from the Pbca symmetry opeyatm those found from
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averaged atomic trajectories during the simulation. Euler angles are also in good
agreement, meaning the molecules do not show substantial rotation when compared to
the experimental configuration. Sewell and Ben(#) used the SRT potential to find
the temperature and pressure dependent elastic tensor. They conducted isothermal
isobaric simulations and used the strain fluctuation formula given by Parinello and
Rahman(41) to solve for the elastic constants and bulk moduhst werein close
agreement to experimer8l). Sorescu et al(42) have also shown that the SRT
parameters are transferable to other nitrea®mi and molecules containing similar
functional groups.

A different rigid molecule potential energy function was developed by Podeszwa,
Rice and SzalewicZ43) from density functional theory (DFT) calculations of two
interacting RDX molecules. These were done to better understand the RDX molecule
interaction found in the condensed phase. The DFT method used here is also shown to be
specially suited for accurly modeling materials that contain strong dispersive forces
|l i ke mol ecul ar crystals. For the DFT <calc
molecule is used with a slight variation made in atomic positions to obtain mirror
symmetry in the moleculgoint group. The DFT data was used to find parameters for the
Buckingham potentialvith damping terms for each interaction to deal with short range
intermolecular interactions. The new potential was then used in rigid molecule molecular
dynamics simulatins to evaluate several probable crystal structures of RDX using the
URDX mol ecul e onfTorenalRdX crystal structu

lowest energy and the potential predicts the lattice constants to withfa. 0.The
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coefficients of thermal expansion and bulk modulus are comparable to the SRT model
(39) and experimental da{@s).

Molecular potentials have several tunable parameters that requirg. fitt is a
difficult task to determinghe parametershatcan be used from literature atitbse that
need to be determined directly for the system of interest. The number of parameters
fitted using rigid molecule models is one way of reducing the mundé tunable
parameters and if only intermolecular motions are of interest this approximation yields
accurate results. Rigid molecule models are not appropriate when the molecule
conformation is expected to change as is the case with melting anesdidligphase
transitions. The molecule conformation is also important in cases where a molecule is
subjected to a crystal environment different to that from the perfect crystals such as those
found at defects caused by free surfaces, dislocations, voidga@ndooundaries. Other
properties that depend on the higbquency vibrations of the molecule are also not
described. Simulations involving rigid molecules also provide very little computational
savings over those that model bonds explicitly sinceln@®@% of the computational
time in atomistic simulations comes from the Ewald summation of the electrostatic
potential. Simulations of rigid molecules also require special rigid body integrators that
do not fit well into large scale parallelization sclesvand are unavailable in some large

scale molecular dynamics packages likePOLY 3.10(45).
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2.2.3 Smith and Bharadwaj Nonreactivd-lexible RDX Molecule Model

Nitramine molecules are large floppy molecubleich has sigricant influence
on the properties of the crystalProperties that require knowledge of intramolecular
flexibility include any process involving molecule conformational changes and high
frequency vibrational modes. Phase transitions including the Idwgkopressure solid
solid phase transition of) to o0RDX and first order transitions like melting require
molecule conformational changes. Vibrational energy between molecules is also believed
to beumppdo i nmaecularhvibrationa teadiagotdissociation of the
molecular bonds and hepot formation(20). Molecule conformations also change in the
vicinity of crystal defects, stacking faults, and free surfaces; all of which are believed to
be important in hot sp formation.

Smith et al.(46) used quantum mechanics calculations to parameterize nitramide
and dimethylnitramine (DMNA)shown in Figure 2.4a and b to develop classical
intramolecular bond potentials commonly used in molecular dynamics. Nitramide and
DMNA are similar in structure to the nitroamino functional group showfigure 2.1a
that makes up both HMX and RDX. Due to these similaritiefigxble potential
developed for DMNA provides a building block to a flexible neol@r potential for the

more complex RDX and HMX molecules.
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Figure 2.4: Chemical structure representation of (a) Nitramide (b) Dimethylnitramine
(c) HMX.

The quantum mechanics data for DMNA was useditt@ bonded potential
energy function containing harmonic bond forces, harmonic bending forces, cosine series
torsion/dihedral forces, and eat-plane bending forces of the-l®-O group with the N
N bond modeled as a harmonic improper dihedral. Theapgurdihedral relates the
motion of the two nitrogends by harmonic
atomsandworks to keep the M bond irplane with the @-O group. The nonbonded
van der Waalsatomic interactions were modeled with Backingham exponential6
repulsion/dispersion model with parameters given in other ¥tk The partial charges
for Coulombic interactions were found by fitting an electrostatic potential at a grid of
point values from the quantumechanics simulations. Simulations using the DMNA
potential are shown to reproduce experimental gas phase peaks on the radial distribution
function for atomic pairs and liquid phase vapor pressure, volume, and temperature
properties. The liquid phasearsilations required the partial charges to be increased by
25% to reproduce experimental results.

Smith and Bharadwajl7) assumed all valence and dispersion/repulsion terms
found for the much simpler DMNA molecule are dirgcifansferable to the potential

used for HMX. Additional valence parameters were then determined for HMX bonds
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that do not occur in DMNA, namely the®tN bend and &N-C-N dihedral angles of the

ring. The potential includes nonbonded coulombic and digp®repulsion interactions
between all atoms separated by three or more bonds, including those connectéd by 1
dihedrals. Partial charges for the HMX model were refit to reproduce a grid of quantum
mechanics data points for HMX with the constraintthati ke 0 at oms have
The Smith and Bharadwaj (SB) flexible molecule potential was used to find the
experimentally unavailable thermal conductivity, shear viscosity anddieiion
coefficients for the liquid HMX temperature domain 550r<800 K, which are all
important material properties for large length and time scale constitutive models used in
continuum hydrodynamic code@8). The SB potential was then used to model
crystalline HMX in thei -, -, Bnd{ -phases stable at ambient conditicarsd differ by
molecular packing and molecule conformat{d®). Bedrov et al. give the full potential,

U, used for crystalline HMX as

% Po i Po — —

(2.1)

o e
L]

0 Qwno i :

with parameterdisted below inTable 2.2. This form of the SB potential anithe
parameter set froriable 2.2 are used to model crystalline RDX in this work and the

input files that implement this potential in DLPOL(%0) and LAMMPS(51) are given in
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AppendicesA and B, respectively. Bedrov et al49) accurately predicted lattice
constants within 4% and coefficients of thermal expansion within 11% for three
polymorphso f HMX X)X &hd lattice angles for the nomthogonali and+ HMX

phases were also accurately determined. Sewell @2then used the SB potential to

find the full elastic tensors at atmospheric pressure and isothermal bulk modulus for the
three ambient HMX phases. @&hbulk modulus was found to be within 11% of
experimental acoustic measurements and the volumetric terms of the elastic tensor were
within ~20%(31). Jaramillo et al(53) use the SB potential wetermine molecular level
deformation feature®f the HMX crystalunder shock loads and interplay between
dislocations and amorphous shear bands as the shock strength is increased.

The transfaing of the SB potential to RDX wafirst done by Zheng and
Thompson(54) who used the bonded and dispersion/repulsion terms of the SB potential
with atomic partial charges from the SRT rigid RDX poter(®4) to simulate isothermal
compression and meltmgf a per fect URDX crystal. They
condition density to within 1% of the experimental result and the bulk modulus to within
2% of Ol i (84 experineental iaotherd data.

Cawkwell et al.(55) showed the SB potential without modification was able to
reproduce URDX el astic parameters, coef fi
parameters. Unfortunatelthey only published the lattice parameters given by the SB
potential. TheSB potential has been used to simulate the observed dependence of shock
strength and orientation on the nonreactive dynamic processes involved in the elastic
pl astic r es(@8 (@ @) iBasedbR elr simulationBamos et al(56)

and Cawkwell et al(38) proposed that partial decation loops homogenously nucleated

30



throughout the material as stacking faults cause an anomalous hardening, changing the
elastieplastic response as observed in (111) and (68&hted shock experiments. They

also determined these stacking faultsécstabilized by stress applied normal to the (001)
plane and nucleated by shear stress in the [010] dire@®n However, it was also

noted that similar behavior may be observed if the stress was sufficient to induce the
transi t i on-polynmotple. Owingeto the higher experimentatlyown transition
pressure and the fairly isotropic dependence on shock orient@in the authors
concluded this explanation was deemed unlik&6).

Bedrov et al.(58) performed uniaxial constant stress Hugoniotstat simulations
using the SB potenti al thatoasulefit &diphouschea r e s s i
banding for pressures above 9 GPamSil ar cal cul ati ons of [001
produced the U to o9RDX tr an8).t Fudhermdrepr pr e
Bedrov et al. found differing behavior according to the crystal orientation. Whereas
[100] compession yielded amorphization and sudden changes in volume following the
initial compression, similar behavior did not occur for [001] compression. Clearly,

determining the dependence of this saladid phase transition on compression, stress

and shear afhe material requires further exploration.
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Table 2.2: Smith and Bharadwaj potentilr HMX/RDX (49)

Bond stretchesY T1@0 | i

Bond 0 (kcal/moli&?) i A
O-N 1990.1 1.23
N-N 991.7 1.36
N-C 672.1 1.44
C-H 641.6 1.09
Valence Bends'Y @0 — —
Angle 0 (kcal/molirad) — (rad)
O-N-O 125.0 2.1104
O-N-N 125.0 1.8754
N-N-C 130.0 1.6723
C-N-C 70.0 1.843
N-C-H 86.4 1.8676
H-C-H 77.0 1.8938
N-C-N 70.0 1.9289
Torsions,Y 10 p Al ©%

Dihedral 0 (kcal/mol) n
O-N-N-C 8.45 2
O-N-N-C 0.79 4
O-N-N-C 0.004 8
H-C-N-C -0.16 3
C-N-C-N 3.30 1
C-N-C-N -1.61 2
C-N-C-N 0.11 3

Out of plane bendy T@®U %o

Improper Dihedral 0 (kcal/mol/rad)

8':'8(; . II: 2903 Where é*N is +lane ato
vanderWaals interactionsY o A @DP6 i 6 M
Atoms pair type A (kcal/mol) B; (A C;j (kcal/mol A°)
CiCi 14976.0 3.090 640.8
Ci K1 4320.0 3.415 138.2
CiNT 30183.57 3.435 566.03
Ctoi 33702.4 3.576 505.6
Hi H 1 2649.7 3.740 27.4
Hi W1 12695.88 3.760 116.96
Hi © 1 14175.97 3.901 104.46
NI N T 60833.9 3.780 500.0
Ni © 1 67925.95 3.921 446.6
O oI 75844.8 4.063 398.9
Atomic partial charges
Atom type Q
C -0.540000
N(amine) 0.056375
N(nitro) 0.860625
O -0.458500
H 0.270000
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2.2.4 Other NonreactiveFlexible RDX Molecule Models

Boyd, Gravelle and Politz¢b9) developed a separate flexible molecule potential

function for URDX that reproduces the ¢

conformations as well as thmolecule vibrational modes. Thpotential is similarin
form to the SB potential with bonded intramolecular interactions and nonbonded van der
Waals and electrostatic interaction¥alence parameter for the harmonic angle bends
were chosen to reproduce certain vibrational frequencigheoNG and ring modes.
This model was created with special attention paid to inter and intramolecular vibrational
modes to study the ypumping mechanism of hgpot formation proposed by Dlott and
Fayer(20). They are ala to leave out thanproper dihedraterm controlling the wag
angle of the NN bond by including cross coupling terms treating intramolecular
nonbonded interactions with an exponenr@igbotential. The intermolecular potential
uses a separate set of expotal6 potential terms with an electrostatic potential that
includes a cubff function to increase computational efficiency. Simulations using this
potential reproduce the lattice constants and coefficients of thermal expansion to the same
order as theSRT rigid molecule potential and SB potential. This model was used by
Boyd et al.(60) to perform detailed analyses of void formation energy and molecule
conformation changes in the vicinity of small voids created by rergdB0 molecules.
The complexity of including separate intramolecular and intermolecular nonbonded
interactions as well as a specialized electrostatieoffutunction makes this potential
energy function difficult to apply in most molecular dynamics sode

Attempts have also been made at mo d e |
other commonly available potential energy functions developed for other materials.

Agrawal et al.(61) used the generalized AMBER potential to moderamolecular
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interactions and the SRT potential was used for intermolecular nonbonded interactions.
The generalized AMBER force fiel@2) is a widely used parameterized force field for
organic systems. An additional temvas included into the AMBER potential to model

the outof-plane bend of the Ml bond. The model accurately predicted the
conformations of the ring structure but the wag angle was not accurately captured. This
model was shown to predict the melting poiithin 5% and the density predicted was
10% lower than the experimental result.

Lu et al. (63) used the COMPASS64) force field to model HMX. The
COMPASS potentiatontains a complex set of intramolecular potential energy functions
to account for the normal bond, bend, torsion, anebbpilane terms along with a set of
cross coupling terms for each of these intramolecular motions. Valence parameters in
COMPASS com from ab initio calculations and empirical data for molecules in
isolation. The COMPASS potential predicts the lattice constants and bulk modulus to the
same accuracy as the SB potential. The higher order polynomials used to model the
intramolecular ingractions also seem to aid in accurately predicting a high pressure phase
transition at the experimentally reported pressure of 27 GPa.

Ye et al. (65) used published flexible potentials and refit them using the
Generalized tlity Lattice Program (GULPJ66) for several nitramine crystaiscluding
RDX and HMX They used published dispersion/repulsion parameters and forms with
modi fication made to the OéH t diesmsThet o r e
experimental crystallographic molecule structure was used in quantum mechanics
simulations to fit the partial charges. The intramolecular functions controlling the
molecule conformation were then fit to the published functional forms usingPGlid
the published parameters as starting points for the fitting. The fit was based on matching

lattice properties and minimizing potential energy and because this is a lattice dynamics
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program, the fit is done at zero Kelvin. The potentials reprotheerystal lattice of
RDX and HMXto within 2% and the bulk modulus and elastic tensor are said to compare

well with experimental data and the SB potential.

2.2.5 ReactiveéForce Field RDX Models

A reactive force field model used in molecular dynamicsufations called
ReaxFF developed by Van Duin et é7) (68) uses bond order potentials to describe
atomic interactions. Describing the atomic interactions using bond orders allows bonds
to breakand reform resulting in a model suitable to predicting chemical reactions. This is
different than the SB potential, which requires explicitly defined atomic bonds and does
not allow for chemistry to occur.

Strachan et al69) developed a set of ReaxFF parameters for RDX and modeled
the initial stages of shock initiation and decomposition. They determined the lattice
constants at room temperature to bg,€)=(13.7781, 12.0300, 10.9609and the bulk
modulus to be 13.9 GPall in good agreement with experimental data and within the
accuracy of other molecular dynamics methodBhe accuracy of these values was
recently increased by Liu et &0) by modifying the ReaxFF potential to includé
London dispersion They also accurately reproduce
transition pressure was only slightly overpredicted to occur at ~4.8GPa.

ReaxFF provides one of the best available methods for predicting the conversion
of mechanicato chemical energy and the decomposition pathway for detonation. The
force field is computationally expensive, on the order 1000 times that of the flexible SB
potential. This work focuses on the mechanical processes that lead up to the initiation of
chamistry and the computational speed and ease of using the SB potential is determined

to be more practical.
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3. Smith and Bharadwaj Atomistic Potential Validation

In this section we study the basic equilibrium properties of and transitions to and
from tnhde oU paol ymorphs in crystalli@lfe RDX
Atomic-level effects in prenitiation processes are difficult to discern from measurement
but they likely play significant roles in the mechanisms that teathitiation. Thus,
verified atomistic models may offer useful insights to complement experiméaotsvit,
whil e it has b e-phase & hobsarvablet ukirggt atonbistice simalation
approaches, to the best of our knowledge, the validation otdhguted transition
pressure inquasit ati cally deformed cr ystsauctare and
using the SB potential have not been reported. It would therefore be useful to determine
the transition behavior in simple models of RDX (such et described by the SB
potential) and the circumstancélsat atransition occurs. To this end, we employ
molecular dynamicgMD) with the SB potential to model the quasatic response of the
RDX crystal to isotropic and uniaxial compression. We atsopute phase transitions
under homogenous deformations at room temperature to study the steric mechanisms. In
addition, we consider the roles of crystal anisotropy and load orientation on these steric
effects though the transition point. Section 3.1 Ivgtesent the simulations protocol and
the equilibrated structures of the U and

temperature on these structures will be presented in Section 3.2.

3.1 Equilibrated Uand oRDX Crystal Structure

The molecular dynamics package Pbly 2.19 (71) was used to test the

application of the SmitiBharadwaj Flexible Molecular potentiél?7) given in equation
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(2.1) for the ambient crystalline phasef URDX and high pressul

Simulations werealone to check that the potential recreated the proper crystal structure of
the two phases by comparing time averaged atomic position data from the simulations to
experimental structural data givenSection 2.1.2. The unit cell was replicated to create

a 2x3x3 crystal lattice inthea(b,c) di recti ons, respectively.
contain 8 molecules and the 2x3x3 RDX crystal contains 18 unit cells, 144 molecules,
and 3024 atoms. Palakepiped periodic boundary conditions are used in the simulations
and allow for nonorthogonal lattice vectors of different lengths. Periodic boundary
conditions are used to simulate an infinite crystal in all directions in order to get bulk
thermodynanu properties free from the effects of surfaces.

The real space cuff for the nombonded van der Waals and electrostatic
interactions was set to AQwhich is large enough to allow for interactions between
nearest neighbor molecules. The smallest simulation cell dimension must be at least
twice as large as the AGeal space cut off requiring a 2x3x3 unit cell. A long range tail
correction to the pential energy is applied to the dispersion portion of the van der Waals
interactions to account for the attractive forces between atoms at distances greater than
the real space cuff. The long ranged electrostatic interactions are calculated using the
Ewald sum method, which splits the potential up into two parts: atoms separated by a
distance less than the enff are treated using a direct Coulomb sum and atoms separated
at distances larger than the -ait are treated using a Fourier series sum wiprecal
space. In this work DL POLY50)is used to automatically set the Ewald parameters by

specifying the precision of the relative error in the convergence of the real space sum to
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0.3e6. DL POLY uses the relative errir automatically optimize the reciprocal sp&ce
vectors and the Ewald convergence parameter.

The simulations were run using therlet leapfrog time integratdi50). The
highest vibrational frequency in the crystal is théH@ond stretchwith a periodof
approximately 12fs. In order to conserve the total system energy, approximately 10
integration steps should be taken per period limiting the maximum timestep to
approximate 1.0fs.

An isothermal, isestress IST) ensemble was used to control the terapge and
full stress tensor of the simulation. The temperature is controlled with theHboser
thermostat. The Nogdoover thermostat functions by scaling the velocity using a scalar
friction like term that is coupled to an outside heat bath. Rese simulations the
temperature is set t6=300K. The coupling time constant for the thermostat in these
simulations is 1.0ps, which is related to

The pressure of the simulation is controlled with a barostat tltatuisled to the
thermostat through a modification in the equations of motion. The barostat controls the
size and shape of the simulation cellntaintain the prescribed pressureRsf0. If the
simulation is thought of as occurring in a cylinder with dguison top, the piston and its
mass play a similar role to the barostat. The barostat is applied as a friction like term that
scales the velocity and also scales the simulation cell size and shape. In an isobaric
simulation, the pressure is controlled dayly scaling the cell shape by a scalar friction
term. The simulation in this study uses anssess barostat requiring a second order
tensor for the barostat friction term allowing the shape and size of the simulation cell to
change independently. &hsostress barostat with the parallelepiped periodic boundary

conditions allows for the simulation to proceed under the least geometrically constrained
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boundary conditions and to reach an equilibrated structure predicted by the molecular
potential at theapplied temperature and pressure. The barostat coupling time in these
simulations is set to 1.0ps, which is rela
All simulations are started with an initiaéarm up period where the random
velocities used to seelld simulation are scaled every 5 integration steps to maintain the
correct temperature. The simulation cell is also scaled to the prescribed pressure. Total
system energy is nabnserved during this part of the simulation as shown by the initial
scatterof the total system energy time historiedmigure3.1(a) where each history is for
a different integration step size. Figure 3.1(a) the green line corresponds to an
integration step of 0.1fs and tikarm upperiod for this occurs over the initial 5ps of the
simulation, after which point the temperature scaling is turned off. At this point the
system is near its thermalized equilibrium. Data fromwlem upperiod is not used to
obtain average values digrmodynamic variables from the simulations. Tam up
periods for 0.1, 0.5, 1.0, 2.0, 3.0fs timesteps was 5, 10, 20ps respectively. To save on

computational time, smallevarm upperiods were used for smaller timesteps.

3.1.1 Integration Timestep ad Conserved Energy forURDX

After the initial warm up the prescribed temperature and volume scaling are
turned off and theequilibration portion of the simulation proceeds by integrating the
equations of motion modified by thEST ensemble to include ththermostat and
barostat, allowing energy to flow between an external heat and pressure source in a
thermodynamically consistent manner. Tdwiilibrationsimulation conserves the total
systemenergy and statistically relevant data is collected frompibison of the run. The
conserved energy in adSTensemble is the Gibbs free energy whose time history is

plotted inFigure3.1a for five different mtegration timesteps, 0.1, 0.5, 1.0, 2.0, and 3.0fs.
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For timesteps larger than 3.0tee energy fluctuations become too large and the
integration fails to converge. Conservation of energy ensures that the time integrator is
properly stepping the systenorivard in time according to the equations of motion.
Smaller timesteps reduce the integration error but add time to the simulation so it is
preferred to use large timesteps that kibepfluctuations in the conserved quantity small.
Fluctuations in thedtal energy become apparentrigure3.1a for the larger timesteps of

2.0 and 3.0fs. A measure of these fluctuations is given by the average roosqnease

of total energy plotted as a function of integration step siZzeégare 3.1b. Only the
equilibration data is used to determine the averagéRhe fluctuationsincrease
logarithmically with timestep size. Fluctuations in the Gibbs energy fdfSarensemble
should be less than 1:8eelectron Volts per aton(eV/atom)limiting the integration

timestep to less than 1.0fs for this simulation.
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Figure 3.1: (a) Gibbs Energy time history for different integration timesteps. (b)
Average total system RMS energy fluctuation per atom versus timestep size.

The totalGibbsenergy consists of the kinetand potential energy resulting from
the molecular interactions, as well as some extensive energy components from the
thermostat and barostat. Time histories of the kinetic and potential energy are shown in
Figure 3.2a andb for different integration step sizes. Regardless of timestep size, the
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kinetic energy fluctuates around the thermostat set point of approximately 300K or
0.03877 eV/atom irFigure3.2b. The fluctuations in the potential energy time history in
Figure 3.2a are not centered oan average value but instead have a common minimum
value of 0.649 eV/atomThe oscillations observed in the kinetic and potential energies in
Figure 3.2b and c are the result of the thermostat andthatome constants which use

the same valuél’he energy fluctuations in kinetic and potential energy are dependent on
one another, the error caused by improperly integrating the atomic trajectory leads to
abnormally high reaction forces causing large tflations in the velocity reflected by
their mutually increasing RMS curves kigure 3.2c. The lowest energy fluctuation in
total energy fronFigure3.1b is for the smalleshtegration step, 0.1fs, but Figure3.2c

the minimum in potential ankinetic energy occurs at 0.5 and 1.0fs timesteps. This is a
result of the sstem conserving the Gibbs energy and not the kinetic and potential energy

independently.
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Figure 3.2: (a) Potential and (b) Kinetic energy time history for different integration
timesteps drawn with the & x and y scales. (c) Average Kinetic and Potential RMS
energy fluctuation per atom versus timestep size.
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The SB potential given byquation (2.1) using the parametersTiable 2.2
contains terms parameterized to capture bond stretch, angle bend, proper and improper
dihedral torsion, electrostatics, and nonbonded van der Waals interactions. Time
histories of each of these terms for the 3.0fs tiegestre shown ifrigure 3.3. Small
fluctuationsare observed for the bonded and angle engngy histories inFigure 3.3a.

The bond and angle have the stiffest potential parametdigbile 2.2 leading to higher
vibrational frequencies needing smaller integration timestdpgure 3.3b shows the
largestRMS fluctuations for the high frequency bonded and angle tefgure 3.3b

also shows the change in energy fluctuations is smalthirsofter poteals such as

those for dihedrals and nonbonded interactions. The SRT rigid molecule patg®yial

does not include high frequency bonded interactions and larger timesteps can be used

while maintaining acceptable energy tiuations.
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Figure 3.3: (a) Energy history of SB Potential functional terms for 3.0fs timestep. (b)
RMS energy fluctuations of SB Potential functional terms as a function of timestep size.

3.1.2 ThermalizedUand oaRDX Lattice Constants

Figure3.1 throughFigure3.3 show the effect of the integration step on the energy
fluctuations and from these figures and knowledge about the bond frequencies it is

determined that a 1.0fs integratioéstep is valid for the system and boundary
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condtions being simulated. Higher temperatures and pressures may requirewanger

up period to reach the equilibrated structr@nd shorter timesteps Thesecan be

determined by reevaluating the time history and average RMS of the conserved energy.

Figure 3.4 shows the time history of thé) lattice vectors angb) volume for an
integration step of 1.0fs. The initial 20ps of the simulation isaxthemup period where

the lattice constantgre scaled to attain the proper pressure. After 20psoi&bration
portion of the simulation tarts where lattice constants and particle velocities are
controlled by the barostat and thermostat. Large flticius occur at the beginning of
the equilibrationrun as the control of the particle velocity and lattice dimensions is
handed over to the thermostat and barosfdtis portion of the equilibration simulation

will skew the averages and is not used.
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Figure 3.4: Time history of (a)(a,b,c) lattice constants and (b) volume for integration
timestep of 1.0fs.

The lattice constants iRigure 3.4a flatten out duringquilibration(t > 20ps) and
the RMS fluctuations decrease to about 8.08verages are take from this portion of the
equilibration simulationt{me > 20ps) forthe lattice constants and volume presented in
Table3.1. Experimental dathy Choi and Princ€25) and simulations fronsorescu et

al. (39) and Podeszwa et d44) using the rigid molecule potentialescribedn Section

43



2.2.2are also shown. Percent difference between each potential and experimental data is
shown in parentheses. The simulations from this work accurately predict the lattice
constants within 2% error. The SAPT simulations were dofie=a298K and they most
closely matched the experimental lattice constants. Simulations in the current work most

closely match the experimental volume.

Table 3.1: Average lattice constant§a,o,c) and vol ume f or URDX at
T=300K.
a (A b (A) c® VA

Exptf 13.182 11.57¢ 10.70¢ 1633.¢
0.1fs 13.44€ (2.00%) 11.531 (-0.37%) 10.53Z (-1.63%) 1633.Z (-0.03%)
0.5fs 13.461 (2.12%) 11.531 (-0.37%) 10.53% (-1.64%) 1634.¢ (0.06%)
1.0fs 13.467 (2.13%) 11.53C (-0.38%)  10.531 (-1.66%)  1634.7 (0.06%)
2.0fs 13.467 (2.16%) 11.53C (-0.38%)  10.531 (-1.66%) 1635.1 (0.08%)
3.0fs 13.46¢ (2.17%) 11.52¢ (-0.43%) 10.53z (-1.65%)  1634.E (0.04%)
SAP‘?(298) 13.25¢ (0.58%) 11.63¢ (0.52%) 10.75¢ (0.42%) 1658.€ (1.54%)
SRT 13.39€ (1.62%) 11.79¢ (1.94%)  10.73z (0.21%)  1696.2 (3.82%)
Choi, PrinceRef. (25) °Podesczwa, Rice, Szalewicz R@f4) Sorescu, Rice, Thompson RE39)

The simul ation pr oRk=6GPaand=380K fsltheneadpliett 0 URD

to the high pressurgRDX phasedescribedn Section 2.1.2. ThgRDX simulations use

the crystal structure given by Davidson et @7) and are simuled at the same
temperature and pressure the experimental data was providéd3a0kK, P=5.2GPa.

The simulation is thermalized for 75 ps and ensemble averages are collected from this
period.

Davidson et al27) give thegRDX in the Pcagspace group. In this work we
present all material properties in thdiernative axes settingb3a, which effectively
switches thdo- andc-lattice vectors given by Davidson et @7) to match those used by
Cha and Prince(25). The gRDX crystal structure maintained an orthorhombic cell

during thermalization and the lattice constants and volume are givEsbia3.2. The
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lattice constants frorthesesimulatiors are within 26 error of the experimentAll the

simulations forgRDX over predict the lattice constants leading to a 4% over prediction in

the volume.

Table3.2. Average | attice constants and vol ume f
<a> (A) <b> (A) <c> (A) > (R)

Exptf 12.565 10.9: 9.477 1301.t

SAPH(298)  12.7C (1.1%)  10.9z (0.1%) 9.50 (0.3%) 1317.7 (1.2%)

This Work ~ 12.6€ (1.0%)  11.0€ (1.2%) 9.64 (1.8%) 1353.% (4.0%)

®Davidson et aRef. (27) °Podesczwa, Rice, Szalewicz Ref4)

3.1.3 ThermalizedUand aRDX Radial Distribution Function

|t i's also important to accurately prec
and ORDX wunit <cell. The internal Sstruct ul
operations leading to the position and orientation of molecules relative to one another
The internal structure of the crystal undergoes changes during first and second order
phase transitions. The radial distribution function is useful in capturing structural
changes that occur during second order or smidl phase transitions.The ralial
distribution function compareshte mol ecul e s 6 toromd anbthew and p o s i t
provides information on the short range ordetrhe radial distribution function does not
provide information on the orientation or conformation of the molecules.

The positionof molecules relative to one another provides information on their
packing Figure 3.5a shows the total average number of molecule nerghfix an
average molecule in the URDX crystal, mean
molecule in the simulation are counted and then normalized by the number of molecules
in the simulation. Choa n d P r(d5)experinsental data is represented by the blue

line andincreases in steps because the experimental molecule position data is static. The
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red line represents thequilibratedsimulation data where the average is taken over
several timesteps causing thermal vibrations about the molecule equilibrium position to

be included in the average. The experimental and simulation results show similar trends.

The green line is the numberf mol ecul es predicted from th
to 0.0049 molecules pd. The simulation and experimental data convergga¢obulk

density forlarge distances.
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Figure 3.5: (a) Molecule neigbors versus distance and (b) Number of molecules at
specified di@®)ances of URDX

Figure 3.5b shows the distribution of molecules about one f@rofound by
counting the number of molecules falling into discrete shells of thicknes# Gutdb
increasing radius given by theaxis. Again, these distributions are found for all
molecules in the simulation and then normalized by the total numberletutes. The
data given inFigure 3.5a is the integral of the data Figure3.5b. Plateau regions in
Figure 3.5a are regions within the crystal not containing molecules, shown by shells
containing zero neighbors Figure3.5b. Thefirst set of nearest neighbor molecules are
the 14 molecules located withiR®f the molecule of intere¢88). The distance to the
nearest neighbor moleculewas used to set the nonbonded dispersion/repulsion

interaction cubff to 104 in the simulations where the ntwonded interactions outside
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the cutoff are modeled by the tail correction. The tail correction assumes an isotropic
uniform atomic density ouitde the cutoff. This is well suited to distances where the
molecule distribution reaches the average density. NéattiEOexperimental (blue line)
and simulation (red line) go to zero meaning this is a region not containing any
molecules. Thexperimatal data inFigure3.5b is used to find the number of molecules
at discrete distances, with the closest molecule neighbor located Zat 4ARother
grouping of 10 molecules occurs between 6.4 td\ &ld a separate grouping of three
more molecules occurs al8 These 14 molecules located within 0 #ahd make up
the group of first nearest neighbor molecu(88). In Figure 3.5b, the peaks in the
simulation data (red line) are the equilibrium positions of the molecules and thermal
oscillations cause them to vibratboait these positions, broadening the peak. The
experimental and simulation data Fgure 3.5b show similar peaks or equilibrium
positions for the grup of 11 molecules at a radius of X.2The next five molecules with
a separation of 7.2 to Adrom one another begin to shadifferences in peak location
but the total number of molecules are equaFigure 3.5a at 1@ and this is also a
location inFigure 3.5b where neither experiments nor siations find molecules in the
crystal. The green line iRigure3.5b is the numbeof molecules per shell with thickness
0.05A at the specified radius predicted by the bulk molecule density 0.0049 mofétules
The nearest neighbors predicted by the density increases at the same rate as the shell
volumethatis proportional to the distance squared.

The experimental (blue lineand simulation (red line) molecule distribution data
for UrBnDRigure 3.5b are normalized by the bulk density (green line) to give the

radial digribution function, RDF, shown inFigure 3.6a f o r U RTh& radial
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distribution function, RDF, is a pair correlation function that describes theatmeraged
packing of particles in the system. The RDRFFigure3.6 is normalized by the density so
that the simulated and experimental RDF convetgasity for large distances. The
largest error between the simulation and experimental RDF occurs bett6dhvéhere
the experimental data shows two distinct peaks and the simulation data shows only a
single peak. Overall, thermal vibrations cause the simulated distributions to become
smoothed out when compared to the experimental data. This combined with the errors
encountered when predicting the lattice constants preséatad 3.1 results in several
peaks experimentally observed peaks being smeared out into a singleTpeakingle
peak in the simulation data will be shown later to be a result of the siomulasults over
predicting thea-lattice length.

The RDF for the hi gshowminBguelth &P=5.FGPX phas
and T=300K. The di€rence in the location of RDF peaks provides information on the
di fference in molecular packing of the U
i sotropically shifts all/l o f andisenot Rdicativep e a k s
of the phase trartson. It will be shown later through incremental pressure changes of
the U and oRDX c¢crystal structures that thi
peak is caused by the phase transition. O
accurde in the location of RDF peaks and lattice constants. However, this could be a

result of the higher pressure ORDX simul af

experimental structurehere their thermal motion is more constrained.
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Figure 3.6: Normalized molecule center of mass radial distribution function for
experimen{25) (27) (dashed lines) and simulation (solid linésp r ( a ) P=QGRH X a't
T=300K and P#5.2GPalRIDOK Gay line is bulk molecular density.

3.1.4 ThermalizedUand sRDX Conformation

The conformation of the RDX molecule is mainly controlled by the
intramolecular bonds. For a nonreactive potential like Bi@&ential in equation (2.1),
the intramolecular bonds connecting the atoms within a molecule do not change. The
atomatom bonds are harmonic and stiff when compared to the angle and dihedral
potentials and do not significantly deviate from their equiiim position. The angle

bonds are also harmonic but have multiple equilibrium positions due to théir 180
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rotational invariance. The dihedral bonds are made up of a cosine series and contain
multiple equilibrium positions with relatively small energyrieers. The SB potential
contains dihedral bonds controlling several important molecule conformations for
nitramines including the wag angl&, of the nitro groups, shawin Figure3.7a, and the
conformations of the amine ring. The two RDX phasgando, to be studied in this

work contain noticeably different wag angles. It is common to characterize RDX based
on the position of the nitro group$\itro groups in the plane of their respectiveNaC

bonds are called EquatoriaE)( and those at ~30angle are called AxialA). The
molecules in thé RDX phase, shown ifrigure 3.7b contain their three nitro groups in

the Axial (N5N8), Axial (N6-N9), Equatorial (N4N7) or AAE positions, based on the

wag angled, from Figure3.7b.

a)

Figure 3.7: a) Wag angled, used to describe nitro group orientation. b)N#wag
angle shown okRDX AAEright handed molecule.

In the SB potentiagiven byequation (2.1), the wag angle is controlled by the N
N-C angle bond, the -®-N-C dihedral bond and th@N-Cé *N improper dihedral bond.
During thermalization, the wag angles will vibrate about their equilibrium position. After

the system is equilibratefr 52.5ps,instantaneous atomic position data for the entire
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2x3x3 system is recorded and used to compute the three instantaneous wag angles for
each of the 144 molecules in the system. The wag angles are computed at 7.5ps intervals
up to 75ps for a tat of 30 trajectories. The three wag angles at each instant are
accumulated separately for each of the eight molecules of the unit cell and then
accumulated over all timesteps. This process provides an average of thertRizéd
configurations used torfd the wag angle probability distribution.

The wag angle data is plotted as a probability distributidfigure 3.8 where the
y-axis is the proMaility in arbitrary units. Each colored line Figure 3.8a-c represents
one of the eight unit cell molecules shown without thgdrogen oroxygen aoms in (d).
The color and number for each molecule do not change from plot to plot and the colors
and molecule numbering fFigure3.8d corresponds to the legend in (a)The peak wag
angle value is the equilibrium position and the variance is caused by the thermal
vibration. The eight molecules show the same distribufmenthe three wag angles in

Figure3.8 and the SB potentia able to hold the molecules in tAAE conformation.
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Figure 38 Ther mal i zed URDX wa-gxisarbitgaly enitg) foroeach b i | i t
molecule in the unit cell: (a) Axial NBI8, (b) Equatorial NAN7 and (c) Axial NEN9.
un

The molecule numbering legend in (a) applies to (b) and (c) aswel ( d) URDX
with molecules numbered and colored according to legend in (a).

The wag angle distributions for each moledulé&igure3.8 areaccumulated into
right (molecules 1 to 4) and left handed (molecules 5 to 8) distributions and plotted in
Figure 3.9a for all three wag anglesrigure 3.9b shows molecule 2 (right handéded
amine rirg) and molecule 6 (left handé&dblue amine ring) fronfigure3.8d with the N
N bond colored to match the wag angle probability pldtigure3.9a. The right and left

handed molecules have the same wag angle distributions. The peak values from the

52



simulation data shown iRigure3.9a are given inrable3.3 along with the experimental
data fromChoi and Princé€25). The black circle in the center is the inversion symbol
from the Pbca symmetry operators showrrigure2.3. An inversion operatiorcauses
(x,y,2 = (-X,-y,-2) resultingin the pink and greenIN bonds being equalndis verified

by their probability distribution in the plot.

—— Right N4N7
—— Right N5N8
——— Right N6N9
Left N4N7
. Left NSN8
= Left N6N9
Qo
©
Qo
<)
a
-60
d (degrees)
a) b)

Figure 3.9: (a) ThermalizedJRDX wag angle probabilities {gixis arbitrary units) for

right and left handed molecules. (b) Right handed molecule 2 (red) and left handed
molecule 6 (blue) from unit cell showing Pbca inversion symmetry operators and colored
N-N bondscorresponding to legend in (a).
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Table 3.3: Locations of the peaks of the wag angle distributions from this work (shown
in Figure 3.9 and Figure 3.11 andfromthe experi ment &DX AAEr uct ur
molecule(25)a n RDXAAEandAAl moleculeg27).

This Work Experimental

h_-RDX: AAE

N5-N8 (A) 38° 332
N6-N9 (A) 25° 34°3
N4-N7 (E) -24° -20%2
2-RDX: Type 1 AAI

N5-N8 (A) 34° 35°P
N6-N9 (A) 38° 36°°
N4-N7 (1) 16° 10°P
2-RDX: Type 2 AAE

N5-N8 (A) 40° 40°P
N6-N9 (A) 22° 17°P
N4-N7 (E) -12° -20b

%Choi and Prince Ref25), "Davidson et al. Re{27)

The RDF and wag angldistributions show the overall structure f URDX
obtained from experiment being maintained using the SB potential under ambient
conditions. Other measures should also be accounted for to conducts&uctiural
analysis For the molecular degrees oéédom, the torsional orientation of theNaO
groups about the INl bond and the conformation of the amine ring should be considered.

The Euler angles of each molecule should also be used to determine the changes in their
orientation. All of thes measwrs could be combineidto an order paramet€b4). In

this work, the dominant features that result at high pressures and in the vicinity of defects
are characterized by the RDF and wag angle distributions.

The RDFO6s URDX mmarandgimilar because bot |
orthorhombic space group of similar dimensions containing eight molecules. As
mentioned in Section 2.1.2 the main struc
phases is in the conformation of the molemis wi th the ORDX asy

containing t wo di stinct mol ecul e conf or m;
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containing a single molecule conformation. This conformation difference is highlighted

by the wag angle distributions shown for each of the engbtl ecul es i n t he ¢
cell in Figure 3.10a-c with the unit cell shown in (d). Two distinct wag angle
distributions are evident iRigure3.10b and c, with each distribution pertaining to one of

the two molecule types in the asymmetric unit of the Pspace group. Type 1
molecules belong to what Davidson et(8l7) refer to as Axial, Axial, Intermediat&Al)

because the NM7 wag angle takes on a value between axial and equatorial. Type 2
molecules maintain a similaooformation to theAAEc onf or mati on bf URD:
molecules include molecules 1 thdufrom Figure 3.10d and are shown by red hued

colors. Type molecules include molecules 5 tf8drom Figure3.10d andare shown by

blue and green hued colors.
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Axial (N5N8) Equatorial& Intermediate (N4N7)

ml
e N 2
—m3
—mi

m5
— N6
e 1114
— N8

Probability
Probability

60 45 -30 -15 0 15 30 45 60 60 45 -30 -15 0 15 30 45 60
d (degrees) d (degrees)

Axial (NBN9)

Probability

60 45 -30 -15 0 15 30 45 60
d (degrees)
d)

c)

Figure 3.10: ThermalizeddRDX wag angle probabilities {gxis arbitrary units) for each
molecule in the unit cell: (a) Axial NBI8, (b) Equatorial NAN7 and (c) Axial N6N9.
(d) 9RDX wunit cell with mdingteclegenelgr(apnumber ed

Each molecud type inFigure 3.10 is accumulated into a single distribution and
shown inFigure 3.11a with pictures of the two molecule types shown in (b). THé¢ N
bonds are colored accordingthe legend in the distribution plots and the amine ring is
colored orange foAAIl molecules and green f@&tAE molecules. The peak values from
the distributions inFigure 3.11a for theAAl and AAE molecules are listed imable 3.3
along with experimental data given by Davidson et al. [REF: Davidson]. The overall

trends in wag angles between simulation and experimental results for the two molecule
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conformations are consistent wifkAl molecules containing two axial-N groups at
~40° and a slightly positive NN at ~10. The AAE molecule was also accurately

predicted with the largest difference being in the equatoriaNR4ngle.

—— Type 1: 47 Typel AAI
— Type 1: 88
— Type 1: 0
— Type 2: 47
— Type 2: 8B
— Type 2: 0

N4-N7

N5-N8 N6-N9
C)

Probability

Type2 AAE

-60 -45 -30 -15 0 15 30 45 60
d(degrees)

a) b)

Figure 311 a) Ther mal i zed o RDies (Wwwasgrbianyguhite) fopr ob ab
AAIl and AAE molecules. b)AAI molecule andAAE molecule with bonds colored
according to the distributions in (a).

The peaks on the wag angle distributions are low energy conformations and the
wag angles oscillate abotltese configurations. As the wag angles deviate from the low
energy configuration, they increase in energy. The change in energy as a function of the
wag angle is det er nABRmoteculé emovea frosnithe gryseal, UR D X
shownin Figure3.12.

Each nitro group in the isolated RDX molecule is rotated by £60 o0 m° aé = 0
shown in theFigure 3.12a. The energy is evaluated at each of these new molecule
conformations and plotted as a function of the wag anglgare 3.12b. The energy
plot shown is for rotation of the axial nitro group-NB. The total energy from the SB

potential in equation (2.1) shown by the solid black line is the sum of the bonded energy
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componentsUinga, Shown by the gray line and nonbonded componéhtg,, shown by

the dashed line. The nonbonded compondpt,, includes the VDW and electrostatic
nonbonded interactions between atoms in the single molecule. The nonbonded energy is
symmetric about& mi ni mu m % &He way amgle is wtat€d in a way that does

not change the bond distance adgy, only includes angle, dihedral, and improper

energy. The dihedral bond controlling the wag angle is a cosine series that reaches a
local maximumta fBamMd has two gl ob & [Thetotalenengybeiag at U
a composite of the two energy teThewtalal so |
energy also reaches t wo °tue toaHe locali mnimawim v al

Uinra.- At largewag angles the total energy is dominatedJRy.

I=(t1-13)+{413)

=
o

(6]
1

[
a1
1

Change irEnergy (kcal/mol)
o

=

S)
o
o

30 0 30 60
b) N5-N8 WagAngle

a)

Figure 3.12. Definition of wag angles used to calculate wag angle energy. (b) Change in
SB energy for a single molecule as function of theNbnitro wag angle.

The multiple mini ma ainthe totad enarfyy profitexini mu m
Figure 3.12 explains the appearance of the two main wag angleéke distributions
either axi al or equatorial. Al | three of

by the gray lines irFigure 3.13. The two ORDX conflguemer s al
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3.13 where the black line i8AE and the dashed line SAl. The two axi al |
groupsin gray, N5-N8 in (b) and N6&N9 in (c) are nearly identical with two local

minima. The equatorial nitro group Figure 3.13a for all three RDX conformations

shows a single minimum ne&80°. T h e -bIRpboKles Shown by the black and

dashed lines also shoa dobal minimum at-30°. This i ndimolectles t he
conformation is stabilized by theonbonded molecuimolecule interactionsof the

crystal It is also evident that thhkAEc onf or mati on of URDX is o
molecule conformations outsdhe crystal. Elastic band calculations by Mathew et al

(72) show the energy of these different conformations to be very clbisey also show

the AEE conformation to be the lowest energy single molecule conformation closely

followed by theEEE

9
ig\ 8 - hRDX AAE
% 7 - — ORDX AAE
2 6 - ===3RDX AAl
5 2
o 4
c
g 3
o 2
(@]
G 0
'1 T T T T T T T T T T T T T T T
60 -40 20 O 20 40 -60 -40 20 0 20 40 -60 -40 20 O 20 40
a) N4-N7 WagAngle b) N5-N8 WagAngle <) N6-N9 WagAngle
Figure 313 Wag angles for all/l si AAEb&DKoAddul es
2 RDX
In Figure 3.14, the same procedure was used to find the energy as a function of
the wag angle for a single RDX molecule in

the three wag angles of a single malecwere individually roteed inside the crystal and
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theenergy calculated. In all three sets of energy versus wag angle data, the total energy
is almost identical to the nonbonded energy component of the energy. However, the
bonded energy plays an impamt role in determining the overall conformation by
controlling t & thevminincum erergydcenfigorationltakés. The axial
conformati on®arcd ue g¢u dtod.r Tha>honbbnaed energyOterms

control the distribution of wag areg and their asymmetry.

90

’—g 80 -
3 70 -
g e0o4 + 4 X 9 14 v g | == U=UintertUintra
5 50 A Uinter
() 40 .
_@ 30 - — Uintra
S 20
g
5 10 A \ . y
0 . A ’
‘10 T T T T T T T T T
60 -30 O 30 -30 0 30 60 -30 0 30 60

a) N4-N7 WagAngle b) N5-N8 WagAngle ) N6-N9 WagAngle

Figure 3.14: SB energy componentfJ, Uiner, and Uinra) from equation (2.1ps a
function of nitro groupwagangfeor URDX c¢cr yst al

The URDX wag angle distributions are
Figure3.15. The shape of the wag angle distribution is controlled bystiage of the
wag angle energy profile. The energy profiles show the same asymmetry as the
distributions. N4N7 energy profile in (a) shows a flat minimumith the energy
increasing more rapidly for decreasitig This leads to a wag distribution with hasp
drop off for high &0@ler gf3Ohhadyag distriputiengrailsvi t h
off more gradually. The shallow minimum results in a wide wag angle distribution. This
is opposed to the NB9 wag energy with aarrow minimum leading to more tightly

grouped wag distribution. The similarity between the wag distributions and the wag
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energy also occurs 1in

tFiguee 3.16.wTthe waRebexgy foro n f o r n

t he

t h e °side d the bonded energy piefi
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The overall crystal structure is dependent on thefarmation of each RDX
molecule. The various RDX conformations observedme U  a arydtalsodieD i
the orientation of their wag angles. In this section we showed the wag angles to be
accurately predicted by the SB potential. We also showedftbet of the bonded and
nonbonded interactions on the resulting wag angle distributions. The bonded energy
terms were found to control the conformation while the nonbonded terms controlled the
distribution. The molecule neighbors in the crystal stmestuwvere also shown to be

necessary for stabilizing the 92RDX conform

3.2 Pressure, Temperature, and Volume Properties

The validity of applying the SB potentiél7) to RDX is tested by its ability to
predict experimentally measureable thermodynamic properties.Thermodynamic
properties relate the thermodynamic states of the system such as the coefficient of
thermal expansion relating the temperature and voluiitee thermodynamic material
properties are related to the sedodterivative of the thermodynamic potential of the
systembs state. The thermodynamic materia
of state for a constitutive equation that gives mathematical relationships between state
variables of a system like ggsure, temperature, volume and energy.

The SB potential was shown in Section 3.1 to reproduce the crystal structure and
mol ecul e conformations of the U and o9RDX
pressur e, vol ume and t estuptee véltbe presenech Theh e U
thermodynamic relationships between the various volume, pressure, temperature states
wi || al so be given. I n Section 3.2.1 the

the changebetween phases is presented. sEhemulations are used to determineRNe
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relationship and bulk modulus. Section 3.2.2 presents the effect of volumetric
deformation on the URDX crystals through u
changes. These simulations are also usedetermiinethe orthotropicstress/strain
relationships. I n Section 3.3.3 the effect
pressure is used to determine the orthotropic coefficients of thermal expansion. In
Section 3.3.4, the temperature and pressue varied to determine ti®/T state of a

static shock wave by using the Hugoniot equations.

3.2.1 Pressure Dependent Properties

In this section the effect of pressure on the crystal lattice and structure will be
studied through a series of simutats at incrementally increasing and decreasing
pressures. Two separate sets of simulations are presented. The first set starts in the
URDX cr yst aT=308K andPsOGRaraad the tpressure is increased between
equilibrations. The second set startm t he ORDX c¢rw300Kadnd str uc
P=5.2GPa and the pressure is decreased between equilibrations. The simulation cells
contain 2x3x3 unit cells and are equilibrated for 75ps at each pressure increment. The
equations of motion are integrated using a Nosé thermostat coupled to a Hooveat baros
as implemented in DLPOLY 2.2(071) and conserve the Gibbs free energy. The
thermostat maintains a constant average temperature throughout the simulation and is
kept constant between pressure increments. The Hoover baesfzs the average
pressure constant for each simulation and is incremented between simulations. The
barostat used in these simulations is a constant stress barostat where the trace of the stress
tensor is controlled by the pressure. This allows eatiedavector to be individually

varied in response to the stress state anchp®rtant fororthorhombic crystal$iaving
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orthotropic properties The change in volume is described by the volumetric Lagrange

strain(73) as

P W

c o P (3.1)

O
whereV,i s the reference volume of t WPg0adRDX cr
V is volume at the current pressuike, Figure3.17 presentes, as a functiorof pressure
for the simulations (circle data points) and from experiment (square data [{@#lts)

(27). URDX data is shown in green and 9RDX i

12

O ExptlURDX
10 7 ° 00O ExptloRDX
o o @ MD URDX
8 ° @ MD oRDX
e e BMEOExptl (RDX
6 o —— BMEOS MIMRDX

Pressure (GPa

-0.09 0.07 0.05 -0.03 0.01
Volumetric Lagrange Strair,

Figure 3.17: Change in volumetric Lagrange stralif, as a function of pressure for the
U and ORDX crystal. Dat a poialf3d)$27)resultsr e sen't
Solidand dashedlInes are Birch Murnaghan fits to th

The thermodynamic relationship between pressure and volume at constant

temperatureT, is the bulk moduls, B, given by

J—
Ca

0 W — (3.2)

e-
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whereV is volume andP is the pressure. ThHeV data givenn Figure3.17is nonlinear at
large pressures and the bulk modulus is not constant. The bulk modulus can be
determined by numerically differentiating tf®/ data given inFigure 3.17. Another
method is to assume a seempirical relationship betwed?V based on thermodynamics
and experimental data. The thermodynamic relationship between pressumee \arid
the Helmholtz free energy or strain energyis given by
P=dF/dV (3.3)

In the Birch Murnaghan equations of state (BMEQ@&R)) the strain energy is expanded
by a Taylor series in terms of a strain measure. The BMEOS is normally determined by
geologists using the Eulerian volumetric strain to model the large compressions in the
earth crust. In that work the reference stat®a0 is not known. In this work the
Lagrangian volumetric strain is used because the strain is measured from the known
reference state &,=0 to the compressed statePat The third order BMEOS is given by
expanding the strain enerdy, out to the thirdorder giving

F=a+b(-E,)+c(-E,)*+d(-E,)*+higher order terms (3.4)
where the constant b, andc are determined from boundary conditidfs0 at P=0,
E,=0 atP=0, andB=B, and V=V, at E,=0. Then using the chain rule, the strain energy
can be differentiated in terms of Ev by
T or ©

T 0 1w
Solving equation (3.5) with the boundary conditions for the constants give¥' trelé&

0

(3.5)

BMEOS as

p —b6=p (3.6)

c
e

|
el e
ele
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where V, is the volume at zero pressuim, and 6 are the bulk modulus and its
derivative at zero pressu(@3). The variable8, and6 are found by fitting the data

pointsin Figure3.17t o equation (3.6). This was don
function to minimize the square of the error between the known pressure and volume
(data points) and the pressure computed for that volume using equation (3.6). Data for

Vo, Bo, and6 are given in Table 3.5 for the experimen{&k) (27) and simulation data.

For oW BXlso an unknown and must be solved for. For the simulation data the
reference vol umeV.$160 A® betalsX fminsearch dierot ptovide a
physically realistic value for it.

The 3% order BMEOS is normally determined from the Eulerian volumetric strain
andgives a differenPV function than that given by equation (3.6). This may cause the
BMEOS data in Table 3.5 to be slightly different than other reported values. The
Lagrange BMEOS was used here because the Lagrangian strain is the main measure of

deformation used throughoiltis work.
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Table3.4: 3%0r der BMEOS parameters f o34)(@7aadnd o RD
simulation data fit to equation (3.6).

a-RDX 3rd ordeBMEOS parameters

P range (Gpa) B,(GPa) B, V(A
Thiswork 0-5.2 104 19.8 1634
Olingef 0-3.95 10.0 17.3 1641
DavidsoA  -- 9.8 11.4 1614
¢-RDX 3rd order BMEOS parameters

P range (Gpa) B,(GPa) B, V(A
Thiswork  2.59 10.3 26.8 1600*
Olingef 4.769.19 8.8 29.9 1570
Davidsofi ~ -- 17.6 6.8 1557

aComputsed from Olinger et al. data R€34), "Davidson et al. Ref(27), *Reference volume preset to
V,=1600A

The experimentatlata inFigure3.17showsa | ar ge vol ume <chang
ORDX phase PRar3damsGPtai.on Tahte di f f er erinctte bet we
simulation data is much smaller, shown by the circles. The dark red circles started in the
0 RDX s tandihe ppressuee was incrementally lowered from 5.2GPa. At ~2.1GPa
the ORDX crystal converted to U®&Hxhand,s hown
increasing the presswkPr@ oifdtmet URODXulctr yisn a
structure, even up B=10GPa. Increasing the temperaturd+850K also did not aid in
the U to o9RDX transition.

The lattice constants as a function of pressure are shoviAigure 3.18 for
experimental and simulation data. The simulation data is shown byr¢hes @nd black
lines and the experimentdhtaby the triangles and purple lines. The daatsnear the
experimental phase transitionr& 3 . 9, Gatked by the vertical gray linareshown in
red. These data points are presented in TableAd given inTable 3.6is the percent

changebet ween the U lengths ato-RIPXThe sintulatiors eesult in

smaller changes in lattice lengths, with the largest difference farldigce.
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Figure 3.18. Lattice constants versus pressure. Triangles representragpéal values
wherefilled triangles ardRDX (34)a n d h o | RDX ¢27).f Small filtedcircles and
sol i d | iRBXssnulatibns wponlpressurization. Latgslow circles and dashed

I i nes RBXhsimulations upon depressurization. The large red data points at the
e x per i meRDX tahsitidh pressure are givenTable3.5.
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Table35. Change in | attice constants between U
experiment near the experimental phase transition pressiBg&5Pa) shown by gray line
in Figure3.18.

URDX 9-RDX U0 Change

This Work: P=4GPa

a(A) 12.80 12.80 0.00 (0.00%)
b, (A) 10.99 11.12 -0.13 (-1.17%)
cs(A)  9.94 9.77 0.17 (1.74%)
V (A% 1398 1391 7 (0.50%)
Experiment: P=3.38.95GPa

a(A) 12.67 12.77 -0.10 (-0.78%)
b, (A) 10.93 11.02 -0.09 (-0.82%)
cs(A)  10.08 9.62 0.41 (4.26%)
V (A% 1388 1358 33 (2.44%)

aChoi and Prince Ref25), "Davidson et al. Re{27)

The crystal structure and molecule conformation also provide details on the
evolution of the crystal structure with pressure. The RDF and wag angle distributions
presented in Section 3.1 are showfFigure3.19f or t he URDX pressuri z
calculated from the molecule COMs are showrrigure 3.19 . The blue (UR
red (2RDX) RDFs are the simulation (solid
from Figure 3.6. The black RDFs ar from the incrementally increasing pressure
simulations. The peak locations slightly shift toward zero as the lattice is compressed
and molecules become more tightly packed. This also causes some of the peaks to
become more distinguishable as the thérmation of the molecules becomes more
tightly constrained. However, these changes in peak locations do not result in the peak
| ocations shown in red for oRDX.

The URDX uni t FigueeB.19with $he @ énd M atoms memoved for
clarity. The red moleculesre those thatonverttoAAlIi n 9 RDX and t he bl u
remainAAEi n o2 RDX. Each wag angle distributi

pressure inFigure 3.19c-d. The wag angleare groupedand coloredoy the molecle
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colors in the unit cell. Both groups of molecules have an almost identical distribution and

only the blue distributions are visible.

Increasing pressure has almost no effect on the

molecule conformation and the wag angles remain nearly constant. the/¢hermal

motion of the wag angles described by the width of the distribution isffeated by

increasing pressure.
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Figure 3.19: (a) Molecular cenh e r

blac k | i
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nes
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RDF RDX showndynpr es s

pressures
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compa
equi va

simulation atP=0GPa; hydrogen and oxygen atoms are not shown for clarity(e)(c)
Distribution of nitro wag angles as a function of pressure with line color corresponding to
red and blue molecules in (b).
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The same structural dataskown inFigure 3.20 for the 0RDX depressurzation.
The simulation data starts at the top wher®.2GPa and moves down in pressure. In
the RDF datan Figure3.20a theres a shift in the peak locations betwder2.5GPa and
2GPa indicating the phase trarmmit The first peakepresents the molecule pairs closest
to one another. In thaRDX structure Davidson et al(27) showed theAAl and AAE
mol ecules form interlocking pairs. I n the
proper conformation to be interlocked and slightly separate, indicated by the shift in the
first pe a k . The final depressurized RDF matchc¢
in blue.

The unit cell foroRDX is shown inFigure 3.20b where the rednolecules are in
the AAI conformation and the blue in t#AE The blue unit cell is shown overlaid on
the URDX unit cel | AAsmoteoules aieshownrtoaupdergo aEligle r e d
rotation while the bluAAE molecules do not move. The wag angle distributions are
shown inFigure 3.20c-e and the two distinctonformations ofoRDX are apparent at
P=5.2GPa. The wag angles distributions remain constant dowR=t8GPa where they
coll apse to a single peak distribution. T
The RDF and wag angle data confirm thREDX tr ansi ti ons i nto t

structure aidecreasing the pressure.
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Figure 3.20: (a) Molecular centeranass RDF f or dRDXchoprbgssi on
black lines over a range of pressls c ompar ed t o RDXRWu¥). (by ed) a
Wireframed e pi cti on of the symmetry equivalent n
simulation at P=5.2GPa; hydrogen and oxygen atoms are not shown for clarity. This
depiction is superimpodeon a transparent image of tteRD X uni P=0 [seel | at
Figure 3.19(b)]. (c)(e) Distribution of nitro wag angles as a function of pressure with
line color corresponding to red and blue molecules in (b).

The Gibbs energwas conserved at each pressure increment in these simulations.
It will be used toinvestigae the phase transition The pressurization simulations of
URDX do notoRtDrXxans iTthiicsn ctoul d be due to the
being the energetally favorable crystal structure and would indicdbat the SB

potentialdoes notaccurately capture treRDX phase. On the other handpRDX is the
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preferred phase at hi gh pr eoRDXphagedransitiore n  t h e
may be impedetly some other mechanism

The change in Gibbs energye |l ati ve t o t OD@uslempdl) ent S t
Ugibbd P=0), is shownversus thevolumetric Lagrangstrain inFigure3.21f or t he URD X
pressurization (filled circles) and O9RDX d
of the URDX crystal i scompregdommdi n heneRMPX at
lower energy configuration The inset plot irfFigure 3.21 shows the data points near the
phase transition labeled by their pressure values. The differem®cergy as a function
of strain between U and o2RDX is ~5kcal/ mol
sufficient driving force for URDPR2tDGR@anve
the oRDX depressurization bHaha 0f6i amen dRR)D

indicating the phase change.
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Figure 3.21: Change i n GUchbEUcihhdRUsisdPy0) vergs mean strain

rel at i vRDX tonfiguratioa at?30. Inset shows the regiarear the transition
with pressure values labeled in GPa units.
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T h eto 9BDX transition involves changes in the molemdonformationas well
asabrupt lattice changes. To clarifige impactof these conformational changesis
helpful to detail thevariationin each component of the potential energy described by the
SB potentialgiven inequation (2.1jhrough the transitioasshownin Figure3.22. The
data shown irFigure 3.22 is from the decompression of tlRDX crystal which was
shown to transition ttRDX atP=2 . 1 GP a . C oRDK leads te inaveasesarf U
therepulsive component of thean der Waalenergy as the molecules are pushed closer
together. There is a slight drop in VDW energy at the transition and it continues to
increase for compression oRDX. The coulomb energy ctains both attractive and
repulsive electrostatic interactions between nearest neighbor atoms and compression does
not necessarily result in an increase in this nonbonded energy component. The coulomb
energy of URDX slightly tdreenr emeamsansitiora hU ctoor
its slope goes to zero. The transition results in an increase in coulomb energy as it
continues to increase with compression ofdR®X crystal.

The conformation of the RDX molecule is mainly controlled by the bonded
dihedral and angle energies. These were shown in Section 3.1 to control the wag angle
distributions of theJandoRDX crystals. The angle and dihedral enetgunteract one
another h URDX where they arelaost equal in magnitude but opposite in sign. This
indicates the angle and dihedral components are working against one another in the
molecule and as the dihedral energy is raised the angle energy is relaxed. At the
transition, loth energies drop to nearly zero and remain near zero for increasing

compression of theRDX crystal. This indicates that the molecule conformation of
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ORDX is not significantly affected by increasing compression. In this case, the RDX

molecules respondraost as rigid bodies to increasing pressure.
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Figure 3.22.  Change in energy components of the SB potential energy gieuation
(2.1), relative to their respective valuesf U R P20 vexrses volumtric strain,Ey.
The van der Waals term is shown on a different scale.

These results indicate the foll owing.
under equilibration at pressures below a critical vaRe2(1 GPa), which indicates that
t h e URd2¥ ingebdsthe ambient state polymorph using the SB potential. Secondly,
the transition is not observable with i nc
Such idealized simulations may preclude t
hydrostaic pressures using the SB potential. This is particularly evident in the fact that
uni form depresghraisezatiincdre eadf yieé ds the URD
OORDX phase is the ener Pe2tlGRaal |y f avorabl e

Basic equilibrium poperties were computed using tiNST ensemble. The

pressured e pendent | attice constants and vol ume
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to be in agreement with available experimental da#g (27) as shown inFigure 3.17

and Figure3.18. The U a nPY dataRdD Ximulation (circles) and experiment
(triangles) shown irFigure 3.17 were fit to the 3rd Order BireMurnaghan equation of
state (BMEOS)74) (73) by least squares fitting of the bulk modulus and its derivative at

zero pressure and were giveriliable3.4.

3.2.2 Uniaxial Strain Properteis

The elastic response of thRDX crystal is shown to be sensitivette direction
of loading, resulting in orthotropic elastic constafgl). The orthotropic elastic
response is related to t he Thematdrifmesgomsetbi ¢ UR
large deformatioeads to molecular and lattice distortions that are also dependent on the
crystal axis being loade(b6). These elastic and large deformation responses will be
studied in this section through simBulatior
applying varying levels of uniaxial deformatiora norhydrostatic deformation and state
of stressi measurements of the anisotropy and its connection to underlying crystal
structurecan be determined.

The deformation gradienE, is a second order tensor that provides a mapping of
vectors between a reference and deformed configuration as shdvigure 3.23 (75).
All of the vectors in the reference configurati@g, b,, ¢,, can be mapped to the final

configuration byFusing the dot produdiving

a=Fa,
b=Fb, (3.7)
C:F.Co
If the vectors given by, b, c are not parallel to one another (their cross pctsl are
nonzeroxhey can be used to determifby rearranging equation (3.7) to give
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(3.8)

£1E4Ex

E1E4E

E1E4E:

£+ €4 €

£1€4€

1 €1 Ex
.

where the vectors, b, andc form the columns of the 3x3 matrih]] OnceF is

determined the Lagrange stralf)js given as

A—”aszl [ £

wherel is the identity. In this work the vectoes b, andc correspond to the lattice

(3.9)

vectors with Cartesian coordinates, shownin Figure 3.23. The lattice vectors will

never be parallel and can always be used to deterfmnad the Lagrange straif,

between two configurations.

Co .

€ / bo 3

Figure 3.23: Mapping between initiala, bo, ¢,) and final &, b, c) state using the
deformation gradierft.

In this work, strain is imposed on the reference state by definamgl using it to
map the atomic coordinates &at][to [h] using equation (3.7). The atoms are mapped by
the center of mass location of their RDX molecule. This strains the crystal without
distorting the molecule. The Lagrang®ainis symmetric and there are only 6 unique

strain components. Each of thi& unique straingz;, are individually incremented up to
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1% strain to determine the elastic constants. Each strain increment was equilibrated for
75ps. For these small strains the stress/strain response of the material is linear and the

elastic constants for arthotropic materiain Voigt form isgiven by

, O ug 1

"AD?

” 0 0 0 T Tt T -, ] 5
R o w (I
o 9 0 0 m m n .’.I’I’!O I'p

” 19 6 0 n m T'a O (3.10)
e v LITT T m O T TTericO 1
SRR T S S | S | S TTArc’O 1'p

Tt

n mn 0 Wco o
Voigt form uses major and minor symmetry of the stress and strain tensors to write the

fourth order tensoiC, as a 6x6 matrix. Each volumetric strain componEntresults in

a triaxial g,t ad ee otf o sRPRoiessgogndls effect and
volumetric components a. Each shear strairesuls in a single linearly proportional

shear stres giving the shear components@f The elastic constants are given in terms

of common orthotropic engineering constants by invertthtp give the compliance

tensor as
. pj O ' JO " jO T T LI
10 pj O ' JO T 11 T
. - 1’ J (@) ! J (@) pJ O Tt Tt LL
n A [ o T TT p] O Tt m p (311)
1 7 T T m pO T
U Tt Tt T m pov

whereEii s t he orthotromis Y¥bengodoshmodafgus, Poi
is the ortltropic shear modulusValues forCj;, E;, nj, andG; are givenn Table3.6 and

Table3.7. The uniform strain expression for the bulk moduBig given by

v p o
— 3.12
0 ” ﬁ 0 ( )
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and shear modulu§,, given by

P . " . P . " "
— 0 0 0 — 0 0 0
pu pu

are also givein Table3.7.

0 8 o) o (3.13)

clo

Table 3.6: Orthotropic elastic constants (GPa)

NVT  Seweft Haycraff  Schwarz | NVToRDX (P=5.2GP:
Cu 25.0 269 36.7 25.6 80.3
G 23.8 241 257 21.3 67.0
Gs 23.4 177 216 19.0 57.9
Cus 3.1 8.4 12.0 54 11.9
Gs 5.2 5.3 2.7 43 16.3
(O 7.7 7.6 7.7 7.3 134
G 8.8 6.3 9.2 6.4 43.9
Gt 7.6 57 1.7 57 37.0
Co 10.6 6.3 14 8.7 37.8

3Sewell et al. Ref(40), "Haycraft et al. Ref(33), Schwarz et al. Ref31)
Table 3.7: Orthotropic engineering elastic constants (GPa)

NVT Seweft Haycraff Schwarz

E 19.6 24.20 36.52 25.60
E 17.8 21.10 21.77 21.30
E 19.5 15.40 18.33 19.00
Gy 3.1 8.40 11.99 5.38
Gy 52 5.30 2.72 4.27
G, 7.7 7.60 7.68 7.27
Ny 0.34 0.17 0.02 0.34
N1 0.38 0.20 0.03 0.41
N3y 0.18 0.16 0.03 0.12
N13 0.18 0.25 0.06 0.16
N3, 0.29 0.22 0.36 0.30
N23 0.26 0.30 0.41 0.34
By 14.0 117 121 11.9

G 6.2 7.6 9.3 6.4

3Sewell et al. Ref(40), "Haycraft et al. Ref(33), Schwarz et al. Ref31)

The uniaxial strain simulations are continued beyond the linear elastic limit by
increasingFi=0. 1 to 0.9 in increments of 0. 1.

the |hy] matrix is diagonal an&,;=a/a,, Fpr=b/b, andF.=c/c,. The stress components
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that devel op al oyp.glongab,.c-dxis, cesppctiviely) ardheapxiricisal ( U
stresses and are shownFigure3.24 for eachF;ij. The maximum shear stress, shdwn
the dashed I ine, i s eqnmialust d hgh)aramepamiumu rg ¢
stresses. The maximum shear stissmindicatbor of plastic material response when its
magnitudeexceeds the known yield strength of the matenml acts on a plane oriented
by 45 degrees to the directionsiiafax and .

The stress/strain curves are nonlinear at these strain levels and the slope becomes
steeper with increasing uniaxial compression. There are kinks in the stress/strain curves
for compression of thb- andc- axes indicating a phase change. Isotropic cesgion
of URDX in Section 3.2.1 was wunable to tr]
uniaxial strain simulations produce a triaxial state of strestsis able to trigger the phase
change As will be shown later, compression of thhaxisresults n t he 09 RDX phac
compression of the-axis results in a phase similar to tlodiserved by Cawkwell et al.

(38). Compression of tha-axis does not result in a phase transition.
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Figure 3.24: Stress versus Lagrange strain for uniaxial compression along thaxes),
(b) b-axis and (ck-axis. Principal stress components are labeled by crystal axisi{e
is the principal stress oriented along #ha x i s-RDXJ. Makimum shear stressifin -
Umay) is shown by the dashed line.

For b-compression the principal stresses change abruptly across the transition
with 0. (blue line) decreasing and balk (green line) andi, (red line) increasing. This
abrupt change les to the maximum principal stressURDX to be oriented along the
axis {Imax = Uc) and after the transition it is oriented along #haxis (imax = Ug). The

change in crystal phase leads to a reorientatiaim,gfand in effect a reorientation of the
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plane of maximum shear stress. Thus new slip systems may become active resulting in

plastic slip on new planes that bl ock th
observed in the simulated plastic B&sponse
(56).

The RDF and wag angle distributions presefitedlr t he pr eRDXinri zat i
Figure 3.19 are shown inFigure 3.25 thru Figure 3.27 for the uniaxialdeformation
simulations The RDF arecalculated from the molecule CQM The blue (URD
red ( o R DN sinu@toE (solid line) and experimental data (dashed lina) fro
Figure 3.6 are also shown The lback RDFs are labeled by the deformation gradient
increment.

Figure 3.25 presents uniaxial compression of thdattice by F,a. The peak
locations of the RDF will shift as the molecules are uniaxially compressed. The single
RDF peak between-80A separates into two peaks with increasiagompressiorand
better matches the two peaks observed in the experiméiRdD datashown by the blue
dashed lines. In the simulations BfR D Xt P=0GPa presented in Section 3.1, the
lattice was over predictdaly 2%, the largest of all the lattice directions. Wkgg=0.98
the a-lattice length is within 0.1% of experiment and two distinct peaks develop in the
RDF. A similar shift is seen in the othEs but at higher compressions. Overall, the
shifts in RDFpeaks are gradual and there is nothage transition. The wag angle
distributionsin Figure 3.25c-e also do not show a large change that would atdia
conformation change. The compressed unit cell is shiowigure3.25b and is over laid

on the URDX wunit cell shown in gray. The
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slight compression of the molecules along @ha&xis as was observed in simulations by

Cawkwell et al(55) and Bedrov et al58).
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Figure 3.25: (a) Molecular center of mass RDF faniaxial compression othe a-axis
shown by black lines over a range lef, compared tooRDX at P=5.2GPa (red) and
URDX at P=0GPa (blue) shown iRigure3.6. (b) Unit cell after compression overlaid on
gray URDX unit cell atP=0. (c)}(e) Nitro wag angle distributions as a function of mean
strain with line color corresponding to red and bluegooles in (b).

Figure 3.26 preents uniaxial compression of thelattice byF,,. The first peak
in RDF curve shows a large shift B§,=0.92 indicating a phase change. This phase
change resulted in the kink in the stress/strain itlaféagure 3.24b. The RDF peak shift
is a result othe two central red and blue molecules in the unit cell showigure3.26b

moving closer together. The N8 wag angle irFigure 3.26d shows a large shift from
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axial to equatorial. This phase change results in a conformation change of all molecules

from AAEto AEE This same molecule conformati change has been noted in several

ot her simul ati o

simulations
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Figure 3.26: (a) RDF foruniaxialcompression othe b-axis shown by black lines over a
range ofFy,, compared t@RDX at P=5.2GPa (red) andRDX at P=0GPa (blue) shown
in Figure 3.6. (b) Wireframe depiction of the symmetry equivalent molecules in the

s\
—
ﬂ

5-30-15 0 153045 -60-45-30-15 0 15 30 45

Wag Angle (Degrees)

pot

strained unit cell; hydrogen and oxygen atoms are not shown for clarity. This depiction is

superimposed on a gray image of tlRDX unit cell atP=0. (c)-(e) Nitro wag angle
distributions as a function of mean strain with line color corresponding to red and blue

molecules in (b).

Figure 3.27 shows data for compression along thaxes. The wag angle
distributions inFigure 3.27c-e indiate theU to sRDX phase transition based on the

development of a bimodal distribution &AE and AAI molecules at~.=0.93.
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difficult to discernthe peaks in the RDEhatare associated with the phase transifrom
thoseassociatedvith the uniaxial strain Figure3.27b shows unit cell where the redAl
molecules have rotatedhich is consistent with theRDX structure. Overallhe visual
inspection of the unit cell and the wag angle distributions indicate that this is equivalent
to the experimentadRDX crystal. Bedrov et al58) were also able to trigger a similar

oRDX transition of tRDX usinguniaxial stress.
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Figure 3.27: (a) RDF foruniaxialcompression ofhe c-axis shown by black lines over a
range ofF.. compared t@RDX at P=5.2GPa (red) andRDX at P=0GPa (blue) shown
in Figure 3.6. (b) Wireframe depiction of the symmetry equivalent molecules in the
strained unit cell; hydrogen and oxygen atoms are not shown for clarity. This depiction is
superimposed on a gray imagethe URDX unit cell atP=0. (c)}(e) Nitro Wag angle
distributions as a function of mean strain with line color corresponding to red and blue
molecules in (b).
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Figure 3.28 shows the entire colldon of strained and pressurizahit cells
projected onto each <c¢crystal &igure8.28a andT he UR
matches thetructure showror F;;=0.9 inFigure3.28. The o9RDX unit cel
Figure3.28b and matches the structure Fy=0.9 inFigure3.28c. The transition caused
by Fu,,=0.9 resulted in a phase transition that does not matchottier structures
presented. ThAEE molecule conformation of thig,;=0.9 structure also does not match
any other known phase of RDX suchbiDX (26) or (RDX (30), which have molecules
in theAAA conformation.

The c¢change H,asanctiohda Volirgetric Laagrange Stréiky,from
equation (3.1) is presentéd Figure 3.29. The enthalpygives a measure of the system
potenial energy plus the work put into the system due to the deformation. For a
crystalline material atron t e mper at ur e, the Gi bbaostheener gy
enthalpy. It is difficult to determinthe energetically favoredrystal structurdrom pH
since the state of deformation between simulations is very different. However, the
simul ati ons r aethe lotvastregergy structar@&Ciufiction ofEy. The
potential energy change presentedrigure 3.29% is anorder of magnitude smaller than
the enthalpy rise meaning the largest contribution to increasing enth&pyierk. The
abrupt cHfer thgNSTsimalatiop is due to thabrupt volume change shown in
Figure3.17andt he abr up tH fa N@Elrbganpression  due to an abrupt

changen stresses, shown Figure3.24b.
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Figure 3.29: Change in enthalpy for each compression direction aRDX NST

depressurization. Zero mean strain signifies th& DX r ef erence conf |

ambient conditions.

The effect of uniaxial compression on the molecule conformation and packing are
reflected by changes in the individuw@mponents of the SB potential/gn by equation
(2.1). These energy changes are presentdedgure 3.30. The largest differences in
loading direction are shown in the angle anldedral energies irfrigure 3.30c and d.
Compression of theé-axis deforms the molecules in a way that causes the dihedral and
angle energy to move ithe opposite direction of the other simulations. Loading the
molecules this way resulted in a phase change witiABE molecule conformation
shown in Figure 3.26. Compression of the-axis increases the loading rate of the

dihedral and angle bondshi ch may have hel ped trigger

88

t

h



NST b c

a) Total Potential

------ 2-UNST 1
——algg i
——Db/bg
—clcg

nuU (kcal/mol)
-
(6]
0

2.0 - c)Angle| | d) Dihedral

0.0 -"“." - _....0'
\

-1.0 -

nuU (kcal/mol)

-2.0

3.0 . .

1.5 —] -0.04 -0.03 -0.02 -0.01 0
e) Electrostatic Volumetric Lagrange Straif;

1.0

0.5 A

0.0 A

NnU (kcal/mol)

0.5 OO -—---- @

-1.0
-0.04 .03 -0.02 0.01 0
Volumetric Lagrange Straif;

Figure 3.30: Change in (a) total potential energy, (b) van der Waals energy, (c) angle
energy, (d) dihedral energy, and (e) electrostatic energy for each compression direction

and oRDX NST depressurization. Zero mean strain signifies th& DX r ef er enc
configuration at ambient conditions.

Simulations of soliesolid phase transitions of the energetic molecular crystal
hexahydrel,3,5trinitro-striazine (RDX) using the SB potential through a series of
uniaxial strain thermalizations were shown to depen crystal orientation. We showed
t hat whi |l e uni axi al def ormati on | eads t o
compression alone does not. However, hyd
phase reveals that the SB potential is capable of supgportih he 9 RDX struct u

pressure and yields the 9 to URDX transit.i
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| mposed wuniaxial deformation of URDX sh
undergo phase transitions depends on dhestal axis being loaded Compressive
deformation along thec-a x i s reproduced the RIBRa. conf i
Compression alongtheea x i s di d not result I n the J2RDX
structure similar to that identified in simulations by Cawkwell e€38) and Ramos et al.
(56) as a stacking fault. Deforming along the different crystal axes had markedly
different effects on the bonded SB potential terms where loading dnéakis decreased
the dihedral energy but it was increased for loading along-tie@s. The transitions
were also shown to be more sensitive to the crystal orientation as opposed to the

magnitude of the largest principad shear stress

3.2.3 Temperatue DependentURDX Properties

Materials deform when subject to changes in temperature. For nitramine crystals
and other materials held together mainly by van der Waals forces, this deformation is
caused by the anharmonic shagiehe interaction energgetween the molecules. The
equilibrium spacing of molecules relative to one another for a harmonic material will not
change as the temperature is raised and the thermal expansiba z&itb, as is the case
for temperatures near absolute zero where dtenpial energy surface is approximately
harmonic. As the temperature or kinetic energy is raised, the molecular spacing reaches
points on the potential energy curtleat are anharmonic and the equilibrium spacing
between molecules changes. Van der Wéaaises between molecules are anisotropic
and dependent on the orientation of molecules, resulting in anisotropic thermal

expansion. The relation between temperature change and thermal expansion is given in
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general by the Coefficients of Thermal ExpangiGiE). Accurately predicting the CTE
validates the functional forms of thhan der Waals potential energy.

In this work, the CTE is found by calculating the thermal strains between
molecular dynamics simulations at different temperatures at the seessupe. The
strains,E are calculated from equation (3.9) where the lattice vectors at the reference
temperature aréhf] and the deformed lattice vectors at the new temperaturéjareThe
URDX |l attice is orthor hombthermahexphnsione ési n s

results inEbeing diagonal and given by

L
0 g LOs o (3.14)
(0] Cooy e

v ®% Po

Like the bulk modulus preséed in Section 3.2.1, the CTIB(7,), is also a
thermodynamic material property that relates two thermodynamic staiksne or
strain,E, andtemperature, and is given (¥6)

TAY
Ty
The relationship between strain and temperature is assumed to be linear for the range

“y

(3.15)

temperatures in this study and equation (3.15) can be solved by
AY YY YYY (3.16)
The CTEDb(7,), are found by dividing the thermal strain BY=T-T,.
Molecular dynamics simulationgre used to obtain the thermalizeddRDX
configurations at each temperature. The molecular dynamic simulations were done using
the DL-POLY program(50). As before, the simulation cell is made afp2x3x3 URDX

unit cells (144 molecules, 3024 atoms) with atomic positions given by Choi and Prince
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(25). Parallelepiped periodic boundary conditions are used allowing for nonorthogonal
lattice vectors of different lengthsAn NST ensemble is used with temperature and
pressure coupling time constants equal to 1.0 ps, along witBBhitexible molecule
potential given in equation (2.117). The real space cwafff for nonbonded potential
parametrs is 14 and the Ewald sum relative error precision is set to-6.3eThe
integration timestep is 1.0 fs.

After each temperature increment the system is warmed uROfgps using
temperature scaling every 5 steps. Aftarm up the simulation is etjbratedfor 80 ps
where the temperature and pressure are controlled b} $ffeensembles and all data
presented below is collected from this portion of the simulation. All simulations are run
at P=0GPawith the temperature held constant during #uilibration portion of the
simulation. The temperature is incremented from 250 to 350 K.

Average lattice vector lengths as a function of simulation temperature are shown
in Figure 3.31. This figure shows the lattice length to behave almost linearly with
temperature for the temperature range of 250K to 350K. The largest crystal dimension

along thea-direction increases b@.04A while the b- and c-dimensions increase by

almost 0.08.
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Figure 3.31: Lattice vector lengths as a function of temperature from MD simulations in
this work.

The thermalized average lattice vectars used in equations (3.14) to find the
thermal strains. All thermal strain calculations are made relative to the same reference
configuration, ho], at temperaturd, = 250K. Orthotropic thermal strains from equation

(3.14) are shown by the dgtaints inFigure3.32.
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Figure 3.32. Orthotropic thermal strain data points (circles) and linea(lifie) as a
function of temperature from, = 250K.

The thermal strain versus temperature datBigure 3.32 is linear and the solid

lines are limar curve fits to the dataZero strainoccursatthereference statd,, = 250K.
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The equations for the linear curve fits are given in the boxes in the upper feguoé
3.32wherethe constant of proportionality provides the CTE.

Table38 compar es st hceal CTUEat ed in this work
experimentsand simulations conducted by others. C&8ly) experimentally measured
temperature dependent C &sEndsthe adluesnogtainechage t h r ¢
also listed m Table 3.8 for T = 300K. Podeszwa, Rice and Szalewicz (SARM) and
Sorescu, Rice and Thompson (SRT39) published lattice lengths for several
temperatures using their rigid molecule potentials. The SAPT and SRT lattice lengths for
the temperature range= 25071 325K were used in equation (3.14) to find the thermal
strains with the refereee configuration af, = 250K Thesewere then fit to a linear

equation whose slope is the CTE reportedable3.8.

Table 3.8: Orthotropic CTE foh RDX.

Coefficient of Thermal Expansion (1/K)X10

Exptf This Work SAPY SRT
a 26.8 30.3 (13%) 31.6 (18%) 23.9 (-11%)
b 87.1 61.6 (-29%) 36.2 (-58%) 49.5 (-43%)
c 79.7 71.9 (-10%) 41.6 (-48%) 47.8 (-40%)

Y% 193.4  163.8 (-15%) 109.4 (-40%) 121.2 (-37%)

%CadyRef. (36), Podesczwa, Rice, SzalewiRef. (44), “Sorescu, Rice, Thomps&ef (39)

3.2.5 Temperature and Pressure Dependent Properties

Conservation of mass, momentum and energy across a shock front is described by

the Hugoniot equatiorgiven by

mn QQ 0 0 U O (3.17)

allhel

wheree is the Hamiltonian energy (kinetic + potential) per unit mRss,the pressurey,

is the volume per unit mass, asabscripto denotes the state of the material downstream
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of the shock wave. In this work, the unshocked state is taken from the resulttN&Tthe
simulations forU-RDX at P=0 and T=300K. Equation (3.17) is used to interpolate
isobaricNST simulations at three temperatugesd a single pressute find the Hugoniot
Temperature and Volumé&yg andVyg respectively This is similar taapproach used by
Erpenbeck77). These simulations provide thi/T points givenin Table 3.9 that make
up the Hugoniot curveverthe pressure range 0.25G6@Pa shown irFigure 3.33 by
triangles. Each simulatiorwasstarted from thd®=0, T=300K URDX structure given by
Choi and Princ€25).

The circle data points correspond to uniaxial Hugent simul ations
using the SB potential by Bedrov et @8). Instead of linearly interpolating to find the
Hugoniot points from three separate simulations, Bedrov et al. changed the equations of
motion to always enfae the Hugoniot condition given by equation (3.17). Their data
points show a phase transition for (001) compresstemX i s) corresponding
ORDX phase transition. They also show a h
(a-axis) that corresponds to amorphization of the crystal. The closi Egure 3.33b
shows the experimental data given by Hooks et al. for oriented shock somsiai he
simulation data from this work provides a sofdf response resulting from an isotropic

instead of uniaxial state of stress.

95



Table 3.9: Hugoniot curve data fdiRDX.

PGP3  Tua(K)  Vue(AY)
0.10 301.38 1622.22
0.25 302.86 1605.52
0.50 305.18 1581.54
0.75 307.33 1560.21
1.00 309.40 1541.60
1.50 313.92 1509.86
2.00 318.33 1482.53
3.00 327.64 1434.96
4.00 338.68 1401.44
5.00 350.86 1370.09
6.00 363.86 1343.96
7.00 378.47 1320.97
8.00 394.00 1300.51
9.00 41046 1282.10

1.2

—a— aRDX Hugo: This Wc
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Figure 3.33: Hugoniot data from this work shown by triangles compared to result given
in literature by Bedrov et al58) and Hooks et a(37).
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4. Interface and SurfaceProperties

URDX c rlikesmoatlother molecular crystalshow a brittle response to
tensile loads. The fracture process in brittle materials was described by G8i#jths
the energy required to extend a crack tip through the creation of two free surfaces. The
competing mechanism is deformation through dislocation emission. The deformation
mode with the lowest energy barrier will be energetically preferred. In tti®sahe
surface energy will be determined as the energy barrier to fraatdrén Section 5 this
will be compared to the energy barrier to dislocation nucleation

Three method$or determining the surface energy and interfacial properties are
presengd in this section The simplest is the attachment energy methdudch is the
energyreleased by attaching a single layer of molecules to the face of a crystal.
calculation procedure for the attachment energy provides a very simple nfethod
deternining the active interfaceof a crystal plane containing multiple interfaces.
Multiple interfacess a reference ta unit cell containing multiple unique interfaces with
the same Miller indiceshkl). The second method calculates the free surface efrergy
a thick slab The slab in these simulations is thick enough that the interfaces are isolated
from one another providing a better estimate offteesurface eneng The final method
simulates thalecohesion of an interface as it is separateds givies the same surface
energy as the thick slab simulations but also provides information on the processes
leading up to the creation of a free surface. All three of these methods are shown to
predict the same interface for each plane. All of the sitimrls in this section use the
LAMMPS molecular dynamics packag@®l) with the LAMMPS Smith and Bharadwayj

(17) potential given in AppendiB.
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4.1. Attachment Energy

The attachment energy provedea method of estimating the intermolecular
bonding strength between layers of molec(fh. The attachment energy was first used
in the Periodic Bond Chain (PBC) theory as the habit cthimigdactor in predictions of
organic crystal growtli78) (79). In PBC theory the strong intermolecular forces connect
the molecules together into chains. Several chains act together as a network to grow the
crystal face in Igers. The growth rate of the PBC network on a face is proportional to
the strength of the intermolecular forces per molecule. iftekemolecular bond energies
can be calculated by comparing the energy per molecule of a perfect drigtat§.1a)
to the energy per molecule of a single layeiggre4.1b). The differencen these wo
energies is the energy a system is reduced by when the layer is added to the bulk material

This energy differencis equal to twice the attachment energy given by

2Eatt:Ubqu'UIayer 4.1)

whereUpyi is the energy of the minimized bulk crystal per mole¢nl€igure4.1a and
Uiayer is the energy per molecule of the layefFigure4.1b (80). The energy of the layer

is found using a simulation cell with 3D periodic boundary conditions and a large
vacuum region (108 separating the layers. The layeses the atomic configuratiaf

the minimized bulk crystal and is néirther relaxedin the layer configuratian The
growth layer thickness is given loy, the interplanar distance between adjacent planes
with Miller indices [kl) that have been corrected by the extinction conditions of the

space grou81). For an orthorhombic crystal, the interplanar distance is givé&2)y
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e Q0 a (4.2)
sk sk SH

where @,b,c) are the lattice vectors. In the case of the Pbca space group, the extinction

conditions of the glide planes reduce the interplanar distance of the (100), (010), and
(001) planes to half a unit cegl82). Table 4.1 gives the interplanar spacings for the
layers studied in this work. The fastest growing crystal faces will have the highest
attachmentmergies. The weakest bonded layers where cleavage and slip will most likely
occur have the lowest attachment energies, which will also make these the slowest

growing habits.
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Figure 4.1: Addition of a layer to the (100) crystal face. a) Initial system containing
bulk material with energWouk and layer with energWiye. b) Attached layer to bulk
lowers system energy byEg:.

Figure4.2a shows thdRDX | attice with spheres repr
center of mass (COM). The lageshown inFigure4.1b and care given by all of the
COMés that fall wi t hdigghof tava(XO0) plamds.e Asphe planesr s p a
are shifted in the [100] direction, two different layers are found, labeled bl and b2 in
Figure4.2b and ¢ The bl layer shown iRigure4.2b contains the molecules along the

face of the unit cell shown by the black boxFigure4.2a (25). The b2 layer @antains

99



molecules in the interior of the unit cell. The bl and b2 layers for all of the planes are
shown inFigure4.3 thru Figure4.7. The bl layer is shown in blue and the b2 layer is
shown in red. The attachment energy per molecule for each of the b1 and b2 layers and

the interplanar spacindy, are given infable4.1.
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a) bl Layer b2 Layer b) bl Layer c) b2 Layer

Figure 4.2: a) 3x3 URDX molecules projected onto the (001) planehe TRDX
moleculés centes of mass are represented by spheres. Planes separated by the
interplanar spacingjioo, sShown by the black lines are used to determine the b) bl layer
and c) b2 layer.

e
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Figure 4.3: (100) attachment energy layers projected onto the a) (001) plane and b)
(010) plane of a22x2 URDX supercell. Type b1 in blue is along the unit cell and b2 in

red is by shifted ¥%[100]. Interface between the blue and grey layers is the type bl slip
plane and the interface between red and grey layers is type b2 slip plane. Type b2 layer is

lower in Eqq givenin Tabled. 1. -
- xi%%%ﬁ b2 [001]([_0%0] ’% b2
KL e e

b)
Figure 4.4: (010) attachment energy layers projected onto the a) (001) plane and b)
(100) plane of a22x2 URDX supercell. Type b1 in blue is along the unit cell and b2 in
red is by shifted ¥[010]. Interface between the bluegreg layers is the type bl slip
plane and the interface between red and grey layers is type b2 slip plane. Type b2 layer is
lower in E4 givenin Table4.1.

[001]

[100]

a) b)

Figure 4.5: (001) attachment energy layers projected onto the a) (010) plane and b)
(100) plane of a22x2 URDX unit cell. Type b1 in blués along the unit cell and b2 in

red is by shifted ¥%[100]. Interface between the blue and grey layers is the type bl slip
plane and the interface between red and grey layers is type b2 slip plane. Type bl layer is
lower in E4 givenin Table4.1.
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Figure 4.6: (011) attachment energy layers projected onto the a) (100) plane arid b) (0
1) plane of a 43x3 URDX unit cell. Type b1 in blue is along the unit cell and b2 in red
is by shifted ¥[100]. Interface between the blue and grey layers is the type b1l slip plane
and the interface between red and grey layers is type b2 slip plane. Type bl layer is
lower in E4 givenin Table4.1.

b)
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Figure 4.7: (021) attachment energy layers projected onto the a) (100) plane arid b) (0
2) plane of a 82x3 URDX unit cell. Type b1 in blue is along the unit cell and b2 in red

is by shifted ¥[100]. Interface between the blue and grey layers is thblygp plane

and the interface between red and grey layers is type b2 slip plane. Type bl layer is
lower in E4 givenin Table4.1.

The surface energgay, can be calculated frof,: by converting it to energy per

unit area of the layer surface given by

1
2gatt = \_/ ZEattdth (4-3)
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whereV is the volume of a unit cell layer a@ds the mumber of molecules per unit cell
layer (78). If Eay is approximately equal for all planes, then the surface energy is
proportional todny and a smaller interplanar spacing results in a smaller surface energy
(78). Values for 2,4, V, andZ are also givein Table4.1. Equation 4.3 only provides an

approximate surface energy.

Table 4.1: Attachment energy for each layer. Lowest energy layer shown inditédsl

Plane| dwa (A) | Z#) | V(A3 | Eax (kcal/mol/molc) 2041 (MJ/NT)
(100) | 6689 | 4 | 7837 E;; 87 E; e
010) | 5670 | 4 | 783.9 E;; fg_'g E; ggg
©01) | 5.179 4 | 7835 Eﬁi %’_j g; j‘gg
011) | 7639 | 8 | 1566.2 or o2 o% 520
©021) | 4971 8 | 15675 Eﬁi %‘éi gé ‘;33

The layer with the lowest attachment energy, either b1 or b2, is shown in bold in

Table4.1. The lowest energy layer is the more stable layer anthyleemore likely to

control crystal growtl{79). The lowest energy layer can also be picked out Mysira

Figure 4.3 thru Figure 4.7 as the layer with the higher 4plane molecular density. The
attachnent energy is related to the strength bonding between layers andw
attachment energy indicates a weakly bonded inter(2d¢ These weakly bonded
interfaces coincide with the experimental cleavage and slip planes in soleeular
crystals(24) (5). This has been observed experimentéll). However, the attachment
energywasfound tobe only ~50% accurate in determining slip and cleavalg@esin

layered molecular crystals where the slip/cleavage planes could be determined by visual

inspection(5).
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FromTable4.1, E, predicts the (010) and (011) to be active planes. Both planes
contain experimental slip syster(®) (14) and (010) is also a cleavage pldaii¢ The
surface energy, &, does not follow the same trends Bg because the interplanar
spacing and surfaces area are different for each plane. The surface energy predicts (010),
(001), and (021) to be the active planes. The (021) plane is a slip(@)dhé) and (001)
is a cleavage plan€7). The surface energy given by the attachment energy is an
approximation due to theimulation seup. However, inTable 4.4 it is shown to
compare well with other more computationally intensive methods of determining the
surface energy.

The attachment energy provides a simple method to determine weakly bonded
layers in a crystal. These layers provide planes where inelastic deformation is likely. The
attachment energy cannot differentiate slip and cleavage planes and because o$this it al
cannot provide any details about the slip system. It has also been shown to be inaccurate,
especially in crystals with corrugated | ay
such as those that provide the generalized stacking fault energyfeaerdiate slip from
cleavage planes, determine slip directions, and determine the slip limiting interactions.
However, the generalized stacking fault calculations are computationally expensive and
require more time to setup

For the above reasons, tagachment energy is only used to determine which of
the layers, either b1l or b2, to determine the generalized stacking fault energy for. The
attachment energy is ideally suited for this purpose for several reasons. First, built into
the calculation ighe interplanar spacing corrected by the extinction conditions. This

reduces the number of unique layers on the (100), (010), and (001) planes from four to
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two. Of the two remaining unique layers, the layer with the lower energy is the more
stable of thetwo layers and the active layer. As will be shown later, this method
accurately determines the planes with the lowest surface energy, decohesion separation

energy, and unstable stacking fault energies.

4.2 Surface Energy

The attachment energy presssh in Section 4.1 was the difference in energy
between the bulk crystal and a single layer of molecules. The layer had two free surfaces
and was thin enough that the molecutas each surface are affected by both free
surfaces The surface energy wasthcalculated in equation (4.3) by assuming all of the
molecules in the layer contributed equally to the surface energy. A better approximation
of the surface energy is calculated here by isolating the surfaces from one another by
increasing the layer tbkness. The surface energy is then calculated by comparing the
energy of the system containing a thick slab with two free surfaces to the energy of the
bulk crystal. The energy difference is then divided by the area of the free surface,
removing of assuption that all molecules contribute equally to the surface energy.

The thick slab simulation cel/l i s crea
with a vacuum layer added betwettie two layers within the supercell. The layers are
the bl or b2 layers psented in Section 4.1. The simulations cell is 3D periodic and
adding the vacuum layer separates the bulk supercell into periodic slabs. A vacuum layer
equal to 108 is used to isolate the periodic images. This creates the simulation cell
shown inFigure4.8 where the vacuum layer has been placed between b2(100) layers in

t he URDX creatingdawod2(100) surfaces. This system has two fréaces
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and the energy difference per surface argabetween this slabJsa, and the bulk

crystal,Upyi, gives the free surface energy as

29s1a=(Upuik-Uslan)/A (4.4)
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Figure 4.8: 3D periodic thick slab simulation cell used to determine the surface energy
of the b2(100) surface.

We define two slab energieddap) i one corresponding to an unrelaxed rigid slab
and the second corresponding to a rigid slab with a finite laydexable molecules on
the surface allowed to relax. The rigid slab energy is determined from molecular statics.
The flexible slab energy is calculated by replacing a layer of moledgles thickness
on thefree surface®f the slab with flexible moledes and quenching thenilhe rigid
slab separating the flexible layers maintains the crystal order of the bulk and seperates the
elastic effects of the free surfaces from one anothbke flexible molecules are quenched
by using molecular dynamics with damping coefficient of 20 kcal/mcks. The
molecule motion is relaxed to T=~0K over 10ps. The interplanar spabing/sed in
the attachment energy calculations in Section 4.1 are used here and valdigsaier

givenin Table4.2.

106



Rigid and flexible surface energies are presentethbie4.2 along with the slab
thickness. The rigid free surface energy compares well with the other methods of
determining the attachment surface energy giveffahle 4.4. The flexible layer is
shown to lower the energy considesably allowing surface reconstruction of the free
surfaces. The limited thickness of the flexible layers makes the flexible uréseces

energy an over prediction of the actual value.

Table 4.2: Slab thicknessd), flexible layer thicknesdhq (A) and Rigid and Flexible free
surface energies (mJAn Lowest energy layer for each péis shown in bold letters.

Plane Slab Thickness| dn (&) | Rigid Flexible
Unit Cells : @) 2 Jap 2 Qb
8883 E; 3:(40.14) | 6.689 23‘1‘ gg;
Egig; E; 3:(33.99) | 5.670 ggi 225
S TR e
Egﬂ; E; 6:(4589 | 7.639 gg? ggf
Eggig E; 9: (44689 | 4971 ggg ggg

4.3 Decohesion Separation Energy

The surface energy can also be determined by separating a large slab of material
acrossan interface. A free surface is created when separation between the two interfaces
is large enough that they no longer interact. The process of pulling material apart across
the interface or decohesion provides details about the material responsefailuneg
On a large scale, the process of separating the interface to create a free surface results in
three material responses for a brittle material. For small displacements the material
responds elastically as the lattice stretches to accommodatseplagation. As the
interfaces are further separated, microcracks or voids begin to form in the material

reducing thdoad baring capacity of thaterface Continued separation of the interface
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causes the microcracks or voids to coalesce into macrascvattktraction free interfaces

at which point the material can no longer carry a tensile load. The localized effect of
material softening and failure is captured by a decohesion constitutive model where the
reduction in surface traction is given as achion of the interfacial displacement
discontinuity (83). The initiation of decohesion occurs at a specific stress state. The
stress state can be determined by a stress based decohesion criterion based on a measure
of the surface traction on the failing surface. These measures take on familiar forms such
asVon Mises (maximum shear stress), Rankine (maximum principal stress), Tresca or
other forms fit to experimental dat@3).

The decohesion plane being cleaved is described by an orthornormal coordinate
system K,t,q), wheren is normal to the cleavage plane apa@ndt lie on the cleavage
plane. For these simulationsi¢ gt displacement of the latt is held fixed and the lattice
is separatethy n;n. The applied lattice separation results inirterfacial displacement
dismontinuity, tn. Miller indices provide the directions of€,q) when possible. The
vector given by the Miller indiceshkl] is normal to the planenkl) in reciprocal lattice
space and is generally not normal to thid)(plane in real space except farbec lattices.

For an orthorhombic lattice likeRDX, the vector given by Miller indiceskl] is only
normal to theltkl) plane in real space for the (100), (010) and (001) planes. THg [0

and [ 2] vectors are skewed relative to the (011) and (021) planes, respectively.
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Figure 4.9: Decohesion simulation cell for the b2(100) interface shown between the red
and blue b2 layers. The decohesion stgles are twice as thick as the free surface
supercells used in Section 4.2.

The simulation technique used to model decohesion will be described for the
b2(100) interface showim Figure4.9. The b2 interface is shown between the red and
blue b2 layers. The decohesion simulation involves separating the single slab into two
separate sl abs. Thi s r e Figuie4.9dosbe tvibeeas lafgeD X s u
as the slab shown iRigure4.8 usedto determine the surface energy in Section 4.2. The
simulation cell is 3D periodic and a #@acuum is used to separate periodic images in
the [100] orn-direction. The system initially contains two rigid free surfaces due to the
vacuum layer and after decohesion it will contain four free surfaces.

The decohesion process for the b2(100) interfas@asvn inFigure4.10. Figure
4.10 only shows the four layers surrounding the b2 interface. oo is modeled by
separating the supercell across the b2 interface in a seriesddh&@ments up to 1
This creates a series of rigid lattice configurations separatgd dyachn, configuration
is restarted with a layer of flexible moleculestlz b2 interface, shown by the red and
blue b2 layers irFigure 4.9 andFigure4.10. The thickness of the flexible laydw, is

equal to the interplanar spacirdjy, presented in Section 4.1 kigure 4.9 and Figure
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4.10. The supercell now contains a sandwich structure of lagers surounding layers

of flexible molecules on the interface. The rigid layers are held fixed while the flexible
molecules are quenched using molecular dynamics with a damping coefficient of 20
kcal/molefs. The flexible molecule motion is relaxed 1&~0K ove 10ps. This
provides two different system eneggi the first being the rigidJgeco at the start of the
simulation and the other being the flexillgec, Of the final quenched structure. The
energy of the separated systdige., iS compared to the il energy of the intact slab,

Usian t0 give the decohesion energy as

9d(Nr)=(UdecdNr)-Usian/A (4.5)

whereA is the area of thdecohesiorsurfaceanday andUgecoare given as a function of

the rigid lattice separation distange,(84). In Figure4.10b, smallp, results in an elastic
response where the flexible layer of molecules across the interface recombine and the
interface closesj=0. InFigure4.10d, n,=10A and the interface is completely separated
and two free surfaces are created. The energy of the two free surfaces giyei0h)yis

givenin Table4.3 for the rigid and flexible simulations. The decohesion surface energies
are in good agreement with the other methods presenteabie4.4. They all identify

the same b1 or b2 layer for each plane.
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Figure 4.10. Decohesion of the b2(100) interface. A) Reference configuration where the
red and blue b2 layers shown in blue and red are flexible molecules. b) Separation of the
rigid lattices byn,=2.44, the point where the maximum stress is reached and decohesion
begins. C) Material failure wherg,=3.4A and the interfacial opening=2.3A. d)
Creation of two free surfaces fpy=t =10A.

Table 4.3: Decohesion simulation parameters and results. Decohdsiorthickness
(A), flexible layer thickness$y=dny (&) and Rigid and Flexible free surface energies
(mJ/nf). Lowest energy layer for each plane shown in bold letters.

sipire | S0 he e oy | s | e
888; E; 6:(80.28) 6.689 ggg ggg
Egigg E; 6:(67.99 5.670 ggi 2(13421
883 Eé 6:(62.20 5.179 ggg ggi
Egﬁi E; 12:(91.69 | 7.639 ggi ggg
833 E; 18:(89.39 4.971 2(2)3 ggg

Table 4.4: Free surface energy in m¥alculated from the attachment energy, slab free
surface energy, and decohesion free surface energy. Lowest energy layer for each plane
shown in bold letters.

Slip Plane Rigid Lattice Flexible layer
2 & 2 Jap % 2 Jap 9
(100) b1 682 684 690 597 602
(100) b2 585 591 589 555 536
(010) b1 593 598 605 532 512
(010) b2 385 384 391 367 364
(001) b1 448 450 458 408 402
(001) b2 466 494 526 479 501
(011) bl 520 509 505 465 463
(011) b2 554 557 541 521 506
(021) bl 425 429 428 404 404
(021) b2 537 609 607 559 559

111



Two flexible layer thicknesses were used in the decohesion simulatisdsy
andh=2dn The flexible decohesion energies givenHxuation (4.5) for both6 s ar e
plotted inFigure4.11a as a function gfi,. The free surface energy labeled to the right of
Figure4.11a isnearly the same for bothh. Theh=2d,y model allowsa thicker layer of
flexible moleculs to relax throughsurface reconstruction and elastic relaxation.
However, the increased mobility fbg=2d, only slightly lowers the free surface energy.

The largest difference betweé¥d s Figure4.11a occurs fomn,=0 to 4A where
the interfaces are still interacting. In this region, the flexible molecule layers are being
deformed in response to the separatjgn, In this region, the flexible layers are strained
andn,l ¢ dphis isshown inFigure4.9b where interface has not separatet) andFigure
4.9c where surfaes have separated but are still interactinghe interatomic forces
resulting from the deformation can be averaged twevolume of the flexible layers to

give the virial stress taor given by(85),

) (4.6)

whereN is the number of atoms in the flexible Iayerié,is thei position of atonk, fjk is

the total force in th¢ direction on atonk due to its interactions with all of the atoms in

the entire system arMe, is the volume of the region containing flexible molecules. The
volume,Vies, does not include the interfacial separatidrput does include the change in

the flexible layer hiickness due to elastic strain. The shear components of the stress
t ensor ar ejan0erThig nakes theesurface tradtidk, 4n, equal to the normal
stress,(J= @, The surface traction calculated from the virial stresshsvn inFigure

4.11b for bothhy.
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Figure 4.11: Surface energy and surface traction for the b2(100) layen#dy (red

line) andh=2dnq (black line). a) Change in decohesion energy,versusnp,. where
legend gives surface energy(10R), for each surface. b) Surface traction versusc)
Surface traction plotted versus Lagrange strip, up to themaximum stress. The
shaded region is the linear elastic strain energy for the stress/strain state of the yellow
triangle. Legend gives the surface energy and maximum normal traction.

In Figure4.11a, theoy(n,) curve changes from concave up to concave down at the
point marked by the trianglerrespondingo the maximum surface traction kigure
4.11b. Theconcave up portion of the curve is the elastic portion where the interface
closes and increasing deformation leads to an increase in surface traction. At the critical
point, the maximam traction is reached and the surface traction begins decreasing with
increased separation;. The critical point is where decohesion initiates and the interface
starts to separaté>0. The critical point atomic configuration for the b2(100) interface
shownin Figure4.10b. Forlarge interfacial separations, the surface energy converges to
a constant value equal to the energy for two free sesfand the surface traction goes to

Zero.
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In Figure4.11a and bh=2d,y is able to respond elastically for larggr Both

ho s resukt the

4.11c shows the surface traction versus the Lagrange s&ain,up to the point of
decohesion. All of the strain fRigure4.11c is elastic and decohesion has not initiated,

U=0. The elastic strain at the point of decohesion is greater than 30% and for this reason

gahmes maxi

mu m

iont &df Gigurea l

the Lagrange finite strain measure is used instead of the infinitesimal strai

rigid

Ihgz

rigid

Iz

nr

o

rigid

rigid

rigid

a) b)

Figure 4.12. a) Initial decohesion supercell containing several rigid layers. The central
rigid layers each of thickneds will be converted to flexible molecules. The layers
sandwiching these ohicknesshg will remain rigid. The center of mass (COM) for each

LO:2hf
L=Lo+Ny
Fon=t/ 1,
So=hy
s=Fnn%
1=L-2s
Lo =L-2kr/r,

-y

t

layer is shown by a black dot. b) Rigid decohesion configuration where halves have been

separated by,. The total strain across the central layers is calculated lfrom) The
central layers of thicknegs are replaced with flexible molecules that relax and allow the
interface to close to. The total strain remains unchanged but the strain in the flexible
layers is calculated from the COMs of the rigid and flexlblesr,r. The flexible layer

strain is then used to calculate

The process for calculating the Lagrange strains and interfacial displacement,

from the center of mass location for each layer of thickrekgs,is outlined in Figure

4.12. The reference configuration is shownhkigure 4.12a. The layers that will be
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converted to flexible molecules have thicknbsand the thickness of theentral region
containingtwo layers sandwiching the interfacelis=2h;. Their COM is located by,
from the interface between the rigid and flexildgdrs. The rigid layer has thickndsgs
and because it remains rigid through all of the simulations it does not changgure
4.12b, the interfae has been separatedjhyand thetotal thickness of the central region
containing the tw layers sandwidhg the interfaceand the opening is given =L o+n;.
All of the other values remain the same. The total Lagrange strain plofegune4.11c
for this configurationis given by
0 0
cO
The flexible decohesion configuration is shoinrFigure 4.12c where the layers

(4.7)

thicknesdh are replaced with flexible molecules and relax. The rigid lattices continue to
be separated by, and the cetnal regionthicknesss stillL. The location of the flexible
layer COM moves to andis known. Theinterface moves frons,=hin to s and is
unknown. The deformation gradient of the elastic layealculated from thegid COM

atr, and the flexible COM atand s given by

p M T
E€ T p T (4.8)
T T ik

The deformation gradient issed to map the-components of the vectay to s giving

s=herlr, (4.9)

The interfacial opening is then given by

1=L-2s=L-2hs riro (4.10)
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The normal tractions are plotted versus interfacial openingn Figure 4.13. The
surface tractionncreases nearly vertically up to the maximumess marked by the
triangleswheredecohesion occurs an0. During decohesion the surface tractions are
decreased to zero abecomes large. The elastic responsenfadl,; showst <0, which
meanss in equation (4.9) is being overedicted. The eléis deformation is over
predicted because it is not constant through the thickness of the flexible layers. The side
of the flexible layer interfacing with the rigid lattice responds differently than the side
interfacing with the decohesion interface. Tthiference in deformation of the flexible
molecules is apparent Figure4.10b-c. The deformation gradient in equation (4.8) uses
the COM location relative to the rigid interfaeehich builds in the assumption that all of

the material responds in the same way as flexible/rigid interface material. A similar
problem is encountered ftv=2d only now the elastic response predict€ prior to

decohesion.

“nn(GPa

Figure 4.13: The b2(100) surface traction plotted versus interfacial openinpr the
two layer thicknesseg=dny in red and h=2d in black.

The Lagrange strain of the elastic layer using the deformatation gradient from

equation (4.8) is given by
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i i (4.1)
Cl
where only the normal component of the strdifi,, is nonzero. The elastic energy

stored in the flexible layers dug,, is equal to the area under stress/strain curve in
Figure4.11c. Thiscan beapproximated by assuming a linear stress/strain relationship

giving the elastic strain energy as

Y E'O i E'o i (4.12)
C C

w h e rpés gilien by the virial stress from equation (4.6). The filled in triangkignre
4.11c representthe linear elastic energy for the maximum stress/strain point indicated by
the yellow triangle. It is clear that for large deformations the stress/strain relationship is
nonlinear and that a linear elastic energy is going to updedict the aal elasic
energy in the material. A more appropriate relationship would be a hypoelastic
stress/strain relationshi@5). A hypoelastic model could be developed by assuming a
functional form for the strain energy density that ma&khe decohesion energy shown
in Figure4.11a up to the inflection point (marked by a triangle). Then the stress/strain
relationship woulde given ly the derivative of the strain energy density with respect to
the strain component. However, most hypoelastic models describe a nonlinear
relationship resulting from large shear components of the strain tensor.

The deformation in this work is driven lyniaxial strain that is forced to take
place between a few layers of molecules. This provideghhsin the deformation

processes taking place on tirgerface but does not physically describe the actual

deformation process. Therefore, the nonlineapoejastic stress/strain relationship
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developed from this data would probably not be applicable to any physical type of
loading. For these reasons a simple linear elastic model is used here with the
understanding that it may undpredict the full elasticstress/strain behavior but still
provide an estimate on the padit of energy between elasaad decohesion.

The linear elastic strain energy is shownbine in Figure 4.14 for both layer
thicknesses angisplotes intred.t The elagtio energy yper uni area of
decohesion area is found by multiplyikigi.s: by the thickness of the deformed flexible
layers, 3, given in equatiorf 4 . 9) . The data shown ign bl ue

and &U.stand is the energy associated vitte separating interfaggven by

Use=9d-28Uelast (4.13)

Initially the energy increases elastically withe2 0 up t o t he wheexi mum
decohesion occurs. During decohesiOg>0 and Ueast decreases to zero. The
separation energy starts increasing prior to decohesii) , due to the el s
being under predicted. Usirdg=dnq in Figure 4.14a provides more data points for the
decohesion portion of the simulation. The decrease in surface traction with respect to
interfacial displacement is given by the slopdJgf,or fitting a functional form directly

to the data iFigure4.13.
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Figure 4.14: Decohesion energyd), elastic energy &Jeas), and separation energy,
(Esep Vversusdiifor a) h=dnq and b)h=2dny.

The decohesion energy curves for each plane and each interface, bl and b2, are
givenin Figure4.15 andFigure4.16. The flexible layer thicknesk;, was shown to not
significantly dfect the elastic stress/strain response, decohesion energy or final free
surface energy for the b2(100) interface. Usdipaglhg provided more data points for the
decohesion process and will be dider the remaining decohesion simulations. The
interface with the lower surface energy whewr10A is shown in red and the high energy
surface in gray. The low energy in red is the likely active plane for cleavage. The virial
stresses given by equation (4.6) for the low energy interface are shawe bottom
plotsin Figure4.15 andFigure4.16. The normal traction is given by tigeeenline and

| a b el g dTheother Uolumetric components of the stress tensor shown in purple and

blue are due to Poissonods effect t hat resu

119



600

500 - (100) plane b (010) plane
& 400 +
g
\5/300 .
& 200 -
@~ b2,94(10A)=536mJ/ih -@- b2,94(10A)=364mJ/f
100 -
b1,04(10A)=602mJ/rh b1,04(10A)=512mJ/mh
a) 0 T T T T T C) T T T T T
1.6 - (100) b2plane (010) b2plane
-@- ﬁnn: ljaa - Lojnn: l(-’Jbb
1.2 4 - ljcc - ljaa
E -@— Ubp =@— Ucc
& 0.8
?
204 1
0
0.0 b
-0.4 ‘
0O 1 2 3 4 5 6 7 0O 1 2 3 4 5 6 7
b) ne(A) d) neA)

Figure 4.15. Decohesion simulation results for the (100) and and (010) pl@e%.(c)
Change in decohesion energy, versusp, for the bl and b2 planef) & (d) Virial
stresses of the bidterfaces. The yellow triangle indicates thaximum stress near the
inflection point on the energy curve.
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Figure 4.16. Decohesion simulation results for the (001) and (021) plaag¢s& (c)
Change in decohesion energy, versusp, for the bl and2 planes(b) & (d) Virial
stresses of the bibhterfaces. The yellow triangle indicates the maximum stress near the
inflection point on the energy curve.
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The bl and b2 interfaces in the enepdgts in Figure 4.15 and Figure 4.16 all
show a similar elastic response up to the inflection pgigi, Values forngi, the
surface traction atci;, and strain apci; are tabulated for all of the planesTiable4.5.
During decohesionn>nqi;, the interfaces respond differently. In Section 4.1, the
interfaces, either bl or b2, with the lower attachment and&irénergies were those
with the least amount of molecule overlap across the interface between layers, shown in
Figure 4.3 thru Figure 4.7. Duing decohesion the interfaces are separated and large
amounts of molecule overlap across the interface will lead to a large interactions. These
interactiors usually increase the energy of the decohesion process. Highly overlapping
interfaces also create free surfaces where a large portion of the molecules are exposed.
This is far from the preferred bonding structure of the bulk crystal resulting in a highe

surface energy.

Table 4.5: Decohesion initiation conditions. Critical separat{pgi), critical strain

from equation (4.7), ampwd maxi mum surface
Decohesion Plan{ e (A) Eon(Nerit) | Ma Xnn (@PA)

b2 (100) 2.4 0.20 1.66

b2 (010) 1.8 0.17 1.69

b1l (001) 1.2 0.12 1.49

bl (011) 2.4 0.17 1.59

bl (021) 1.8 0.20 1.66

Decohesion of the (011) plasbown inFigure4.17 occurs differently than those
shown inFigure4.15 andFigure4.16. In Figure4.17a, elastic loadingn(<nc) of the b2
interfae (gray) leads to a slower increase in decohesion engrdiian the bl interface
(red). The normal surface tractiofy, is approximately equal to the slope of the
decohesion energy iRigure4.17a. Theslope of the b2 interface energy is smaller than

the bl interface. This makes the normal traction at the point of decohgsgiomower
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on the b2 interface. The surface tractions of the bl (red) and b2 (gray) interfaces are
shownin Figure4.17c and ain,=n; the b2surface tractioms lower. However, the final
decohesion energy iRigure 4.17a for the bl interface is lower and tlemergetically
favorablefree surface.

In Figure 4.6b, the b1(011) interface is shown by the blue/grey molecule
interface. The blue and grey molecules are locked together by their nitro groupe and
initial elastic stretching is opposed by dihedral and angle bonds of the interlocked nitro
groups. For complete cleavage of the bl interface, the conformation of the nitro groups
must change to allow the molecules to move past one another resuklicgmiormation
change of the molecule. The b2 interface shown between the red and grey molecules in
Figure4.6b is only held togetheoy nonbondednteractions. Once the interfaces begin
decohesionj(>ncit) the bl interface becomes lower in energy than the b2 interface and
results in a lower free surface energy.

The decohesion simulations are constrained to force the interfaces to separate
normal to the cleavage plane. This forced the molecule conformation change of the bl
interface. However, a lower energy separation path exists if the interface is allowed to
shift in-plane as it is separated, shown by the gieenin Figure4.17c. For this new
deformation path, the surface traction of the bl interfaceeases at the same rate as the
b2 interface and undergoes decohesion at a much lower surface traction.

The reduction in surface traction versus interfacial separation is shokgure
4.18for each of the low energy interfaces. All of the surfaces show a similar reduction in
surface traction with interfacial opening, Decohesion is also initiated at similar levels

of maximum surface tractiodn,a 1-1.8GPa, given iTable4.5.
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Figure 4.17. Decohesion simulation results for the (011) plane. a) Change in decohesion
energy,dq, versusn, for the bl and b2 planes. b) Virial stress of therérface. The
yellow triangle indicates the maximum stress near the inflection point on the energy
curve. c) Comparison of the normal stresses for the b1l interface (red), b2 interface (gray)
and the bl interface with-plane shifting of the interfaces as they are separated (green).
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Figure 4.18 Normals ur f a c e .=t @ eersusl for the lowenergy interface for
the a) (100), (010), (001) planes and b) (011) and (021) planes.

The firstextension data poinmh the stress/strain curves Figure4.15 thru Figure
4.17 is used to determine the volumetric linear elastic constants preseniatblawv.6.
The calculationprocedurefollows that usedin Section 3 for the uniaxial strain

simulations. A single stress/strain point fit through the origin has not statistical
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significancebut after the first extension increment the strain has already reached ~2%
which is right at the linear elastic limitUsing 3 or 4 extension increments will under
predict the linearlasticconstant The stress tensor given here does not have minor
symmetry because the off diagonal terf@g; and Cj;i, are determined fromseparate
simulation and are not equal. Caapp IS from decohesion in thedirection andCppaa iS

from decohesion in thb-direction. The elastic constants are presented for both the bl
and b2 slip planesThe actual elastic constants would be some combinatiertehsion

of both the bl and b2 interfacesThe elastic constants use the orthonormal unit basis
e;=al|al, e=b/|b|, andes=c/|c| wherea, b, andc are the unit cell lattice vectors. In Voigt
index notation, 11=1a, 22=2-h, 33=3=, 23=4c, 31=5=a and 12=6ab. This
notation is only applicable here becalRDX lattice vectors are orthogonal.

The elastic constantfsom the decohesion simulati®compare well with those
presented in Section 3rfthe uniaxial compression simulations done at T=3(88J and
experimental daté87). The elastic constants for the lower energy interface, either b1 or
b2, are shown in bold and are all slighdyger than the high energy interface. This is
surprising since a stiffer material would result in a larger surface traction for the same

amount ofextensionn,. However, the stress/strain relationship is very nonlinear near

Nerit @and not related to the initial linear elastic coefficient.

124



Table 4.6: Volumetric elastic constant€ij, in GPa for the bl and b2 interfaces from
this work compared to other simulations and experimentid Bata indicates the elastic
constants from the preferred b1l or b2 cleavage interface.

Cu= | Co= | Caz= | Co= | Cgo= | Cyp= | Ciz= | C= | Co=
Caaaa Cbbbb Ccccc Cbbcc c:ccbb Cccaa c:aacc c:aabb Cbbaa
bl layer 2521198 |241| 66 | 83 | 74 | 10.5]| 6.7 | 9.9
b2 layer 26.1| 23.0|238| 88| 70 | 6.4 | 10.7| 80 | 9.9
300K Sinf 25.0| 23.8| 234 8.8 7.6 10.6

Experiment | 25.6 | 21.3 | 19.0 6.4 5.7 8.7
3Munday(86) "Sun(87)

The SB potential energy from equation (2.1) is partitioned into the separate
energy components and shown Figure 4.19 for the b2(100), b2(010) and (@D1)
interfaces. For all of the planes, the initial elastic separation results in a reduction of the
nonbonded VDW energy shown by the green lines. The van der Waals energy reaches a
minimum value nean,=0.58. These initial deformation steps resulaimincrease in the
electrostatic energy shown in purple. This response of the nonbonded energies indicates
that theURDX crystal is strongly bound together by electrostatic attraction and in the
minimized bulk crystal the atoms are packed so closelythegehat they become
exponentially repelled from one another according to the SB potential.

The vertical line labelegi; is the inflection point of the total energy Figure
4.15 thru Figure 4.17. The material responds elastically fa<nci: and by decohesion
when n>neie. Initially the molecules are intertwined to some extent across the
decohesion interface as showmrFigure4.10a. At the onset of decohesion, the interface
becomes cleared of intertwined molecules as showfiganre 4.10b. The b2(010)
interface between the red and grey moleculdsignre4.4 separags elastically with the
change in dihedral and angle energies remaining near zero. Separation D001 b
interface shown ifrigure4.5 (blue/grey interface) resulis the Axial nitro group across

the interface to be pulled toward its equatorial position during elastic stretching. This
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results ina large change in the dilvadl and angle energySt r ai ni ng of bul

crystals in the [001] direction was shown by Mathew and R#2) to result in a
conformation change froMAEto AEE of 15% of the molecules. They found the defects
to be spatiallycorrelated over 4 nearest neighbor molecule sites in MD simulations using
the SB potential at room temperature.

At the onset of decohesion the interface is cleared of intertwined molecules and
any change in conformational energies is due to the redaxat the molecules as they
become exposed to a free surface. The large amount of energy imparted to changing the
molecule conformatiorfor [001] elastic loading is undone during decohesion as the
moleculesrelax The changes in conformational enerdmsthe other interfaces during
decohesion is much smaller. Most of the interactions holding the interfaces together
during decohesion come from the nonbonded energy components. If the electrostatic
energy continues increasing, this indicates the swgfaoe strongly held together by the
oriented electrostatic interactions, as is the case for the (100) interface. A flat
electrostatic energy during decohesion indicates an interface held together by van der
Waals energy, as is the case for the (010) &¥d)(plane. The jumps in electrostatic

energy for the (001) plane are caused by the conformation change of the molecule.
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The simulations and analysis presented in this section provide an initial attempt at

studying

t

he

decohesi

on

process of

sever al

were shown to reproduce the free surface energy and elastic constants. The maximum

suiface tractions at the onset of decohesion were giv@rable4.5. The reduction in

surface traction during decohesion was presentellignre 4.18. These simulations

provide the decohesion response due to a tensile uniaxial strain load and would be

suitable for use in a Rankine or maximum princigiaéss decohesion criterion. Other

simulations involving shear and biaxial compression would be needed to develop a

decohesion criterion suitable to modeling the failure process under a general state of

deformation.
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5. Generalized Stacking Faults

Af gener agatkingfaultl(GSFHs created by slicing a perfect crystal lattice
across a plane, displacing the two halves relative to one another by the stacking fault
vectorf and reconnecting the halv€st). The reconnded lattice has a surplus energy
per unif), dua to¢ha lattic€]disregistry, whergpans the area of a unit cell on
the slip plane interface.The st acking fault fipantsfiogeener al
Ageneral 06 | ocati on haunyaelh erheeGSk energy Buefacd ima e o f
col | ect i ®forf sphnnirglthe unf ¢ell surfaceA stacking fault created this
way is independent of its deformation history. It is important to note that the process of
offsetting the lattice by to create a stacking fault is not a dynamical process where the
molecules are sequentially sheared over one another. The stacking fault structures and
their energy do not describe an actual deformation event; instead they provide parameters
for a model b6the actual deformation event.

Plasticity in metals occurs through the emission of dislocations. Several
dislocation properties are determined from the GSF energy surface for metallic and
atomic crystals. The umwhidharb $addle pdints orkthen g f a
GSF energy surfagerovidethe energy barriers to dislocation motion. Local minima on
the GSF energy surface pg, ovsitableestadckingefaultsoc at i
Full dislocations can dissociate into a partialatiation at a stable stacking fault. A low
r at iso @inblicates a large energy barrier to the mobility of partial disloca{@®)s
The wunstable st agkiangd ffarudda seynocafcaatgdin eoner g

Section 4can be used to evaluate the brittle versus ductile response of slip planes. A
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pl ane is expected to be brit fglisdargerthanthet h e
energy required to create two free surface through Griffith cleayag (28) (89).
Otherwise it is energetically favorable to emit a dislocation. The gradient of the GSF
energy surface gives the restoring stress in the Peirls Nabarro dislocation model, the
dislocation core width and dislocation dengi@).

Large deformations in molecular crystals may result in sl phase
transitions (Section 3), fracture and decohesion (Section 4) and slip deformation, the
topic of the curent section. Activation of slip systems is generally the preferred
deformation mechanism in molecular crystals because the long range order of the crystal
and its associated properties are maintained. The availability of several slip systems
allows the nolecular crystal to accommodate a general state of strain without fracturing.
Slip, as opposed to cleavage or the formation of an amorphous phase, increases the
tabletability of pharmaceutical molecular crystéd3 (8). Crystal engineering methods
such as cocrystallization have been developed to exploit this mechanism by increasing
the amount of slip in pharmaceutical crystals such as caffeine and parad@&g@)pl

In energeticmolecularc r y st al s s (1@)land RETN(LLR DiKation
mechanisms are believed to be sensitive to shock loads that lead to shear deformations
that cannot be easily accommodated by slip. A possible mechanism is blockage of
certain slip systems by the large molecules on slip planes causingoptpiene slip
motion to be hindered by steric interactiq@i&). The steric hindrance initiation model,
in particular, presumes that when a large shear stress is directed along a sterically
hindered plane, the crystal is unatdeaccommodate the strain through slip and therefore

results in severe intramolecular deformations and bond rupture leading to initigtjon
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(12). Other proposed initiatierelated events involayg slip mechanisms include blocked
dislocation motion leading to the pilgp and avalanche of dislocations accompanying a
localized increase in temperatuE3). The induction time to
has also been coregkd to the alignment of known slip planes to the direction of shock
load (10).

The actual mode of slip deformation is unknown in molecular crystals.
Investigations through nanoindentation have indicated slip traceslanggeatures that
suggest inelastic deformation mechanisms that are more complicated but build upon the
ideas of dislocation motion on a single slip systd) (91). Thus, a more thorough
understading of slip systems is needed and molecular simulations may provide an
enabling capability. To this end, the gealized stacking fault concepthich has been
successful in determining slip properties in atomic crystails be used to study slip
moton in the molecular crystal URDX.

The complexity of the molecular crystal structiirdue to having several entire
molecules instead of atoms at each latticeisitgll require a significant modification to
the normal procedures used to evaluate thE &&rgy. In metallic crystals like copper,
the slip plane is smooth and the atomic potential is does not include long ranged
electrostatic interactions. The energy of a stacking fault in copper can be minimized by
allowing the atoms to relax normal tbet slip plane which does not affect the lattice
disregistry. This procedure will not work for a molecular crystal. First, the slip plane is
not smooth because the molecules overlap across the slip plane. The rough surface
requires the slip plane to septe in order to produce a stacking fault. Secondly, the SB

potential (17) given in equation (2.1) involves long range electrostatic interactions
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requiring a 3D periodic simulation. Finally, relaxation of the stacking faulllirwolve
molecule conformation and orientation changes requirisgane atomic motion.

Il n this work the GSF energy surfaces
planes considered are experimentally observed slip and cleavage planes. Rigid stacking
faults are produced by first specifying a stacking fault ved¢taand then allowing the
two rigid halves to separabs/ n, normal to the slip plane to relax the stacking fault under
zero pressure. A flexible stacking fault is created from the rigid stacking fault by
replacing the region surrounding the slip plane with flexible molecules. The flexible
molecules and the sepdéion of the rigid lattices are then relaxed. The atomic
displacements of the flexible molecules are used to determine the shear strain and the
interfacial displacement discontinuity at the stacking fault interface. This approach
enables the GSF energy be partitioned into two contributions. The first is the elastic
energy due to shearing of the lattice containing flexible molecules. The second is due to
lattice disregistry and molecule conformation changesviding an interfacial GSF
energy

Detals of the simulation procedures for determining the GSF energy using the
rigid and flexide forms of the stacking faultare presented in Section 5.1The
preprocessing steps and simulation cell s
Section 5.2.Simulation results are presented in Section 5.3 and are used to differentiate
slip systems from cleavage planes (18.si ng

Validation of the GSF energy calculatica®given in Sectin 5.4.
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5.1 Generalized Stacking Fault Calculation

In the stacking fault descriptions that follow, the stacking fault is described by
two measures of deformation. The first measure describes the rigid lattice deformation
described by the stacking fawctor,f, and any increase in the lattice length normal to
the slip plane,n. The second measure describes the interfacial displacement
discontinuity on the slip plane described by interfacial discontinuity vegtaand the
interfacial openingt. The deformationmeasures are described by an orthonormal
coordinate systenm(g,t), wheren is normal to the slip plane amgandt lie in the slip
plane. The rigid lattice deformation vector is then givemiyf,q+fit and the interfacial
displacement isn+uqg+uit.

The steps used to create the rigid and
in Figure5.1. Figure5.1 shows a two unit cell thick slice of the actual 12 unit cell thick
simuldion cell (Se€Table5.1). The first step shown iRigure5.1a is the selection of the
slip plane, either bl or b2, based on the attachment or free surface egergies
Section 4 For the (010) plane shown kgure5.1a, the b2 surface has a lower surface
energyin Table4.4 and is used to create the corrugasép plane interfaceeparating the

top (red) and bottom (blue) halves of the lattice.
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n, [010]
t,[001] | | y

a) Initial Perfect Crystal b) In-plane shift ¢) Rigid Stacking Fault d) Flexible Stacking Fault
Figure 51: Pr ocess of cr eat i nga)laital pered Httics df the k i n g
(010) b2 stacking f auomic latsce shawn brnuthedottomi anch t h e
an outline shown on top. The red material is above the slip plane and the blue material is
below the slip plane. This picture represents only a two unit cell thick slice of the actual
12 unit cell thicksupercell. b The red material is shifted byrelative to the blue
material. c¢) The rigid stacking fault structure is created by shifting the red matepal by
to reduce the energy caused by the overlapping material across the interface. d) The
flexible stackingfault structure is created by replacing a layer of moledylésck above
and below the slip plane with flexible molecules, shown in orange and purple. The
flexible layers shear out of plane Hy, the interfacial discontinuity changesusut+uyq
andt he i nterfphace cl oses to U

Figure5.1b shows the creation of the stacking fault by shifting the two hddyes

the stacking fault vectpf=fyq+fit. This shift causes some of the molecules across the
corrugated interface toverlap andgexperience unnaturally large repulsive forces between
the two halves. To reduce the repulsive forces, the top and bottom halves of the lattice
are treated as twseparate rigid bodies and the top half is allowed to move im-the
direction with the bottortalf held fixed. This creates the fault structure showrignire
5.1c where the interface has openedyhyand the lattice has increased in lengthnhy
Thesurplus energy due to the lattice disregistry createdidgiven by thestacking fault

energyas
q O=(U(f)-U(0))/A (5.1)
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where U is the potential energy determined from the SB potential Aamgl the cross
sectional area of the slip plaf®6). There is no limit om, and the slip planes may in
fact come apart creating two free surfaces. Inthatlithfh = 29

The energy of a rigid stacking fault can be greatly reduced by allowing molecule
conformation and orientation changes. These molecule degrees of freedom can be
manually adjusted to known conformers and configurations as was déteninas et al.
(92) to lower the stacking faultenergyof anthracene. For more complex systems,
molecular dynamics can be used to equilibrate and relax the molecules on the stacking
fault using thermal energy as was done by Keell et al. (38) f or URDX. Th
approach sandwiched a layer of flexible molecules between two fixed latitesfixed
rigid lattices maintain the stacking fault vectdr,between the rigid latticesvhile the
flexible layers shear, reducing the lattice disregistry across the interface. The fixed rigid
layers also do not open to allow the large molecules to move over one another. This
leads to large confinement tractions on the interface.

Like Cawkwell et al.(38) we createflexible stacking faults by sandwiching a
flexible molecule layer between two rigid lattices as showligure5.1d. However, we
allow the stacking fault interface to open in two ways. First, we create the flexible
stacking fault from the rigid stacking fault structubat alreadycontained interfacial
separation. Second, the rigid lattice sandwiching the fiexiwolecules is allowed to
move normal to the slip plane during quenching of the flexible layers. This reduces the
normal tractions on the slip plane interface and removes their effect on the flexible

stacking fault structure.
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The flexible stacking faulis created from the rigid stacking fault by replacing a
layer of rigid molecules of thickneds above and below the slip plane with flexible
molecules, shown by the layers of orange and purple moleclteBigure 5.1d, h; is
equal to half a unit cellb})/2. The flexible stacking fault is relaxed usidgmped
molecular dynamics of thdekible molecule layersn conjunction with damped rigid
body dynamics of the top rigithttice The relaxed flexible molecules cause the lattice to
shear changing the interfacial displacement discontinuity frdmu=u,g+ut and the
interfacial opening fromm,t o 0 . The st fadf the rigig httitea reains vect o
unchangedor the rigid and flexible stacking faults.

Using this approach, the surplus energy of the rigid stacking fault is used to drive
the relaxation of the flexible molecules instead of thermal energy as was used by
Cawkwell et a38). Equation (5.1) is used to give the energy of the rigid lattice stacking
fauk, @nd the GSF energy of thegfsyletem co
flexi bl e st ackdfngcludesa arhi¢ relaxatienrirg the, plarig of the
stacking faultresulting in energy due to elastic shear and lattice mismaitie shear
also causes the interface to shift resultingfiim. To account for this we use the

interfacial stacking fault energy defined by

a () =r-2hE(f) (5.2)

whereE(f) is the elastic strain energy density due to the elastic shearing of the flexible

|l ayer s. The interf ang)isathe esergg askociateg with ahe | t e
displacement discontinuity across the slip planeand the molecule conformation and
orientation changes. This energy is relatedhe interfacial traction by(u)=D0 ()

(18).
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For a linear stress/strain relationship, the strain energy deBfityis
E(f) = ijed (5.3)
w h e r;j & thé virial stresstensor and igis the strain tensorThe virial stress tensor is

given by the virial theem at zero temperatu(8b)

p -
, = 170 (5.4)

whereN is the number of atoms in the flexible layers, is thei coordinate of atonk,
f].kis the total force in th¢ direction on atonk due to its interactions with all of the

atoms in the entire system a¥igl is volume of the region containing flexible molecules.
The volume Viey, is assumed to remain constant during the flexible m@eelaxation.
This assumption is valid if only shear strains occur in the flexible layersharghear
strain does not cause a change in volume.

The strain is calculatettom the change in atomic displacemebttween the
rigid and flexible models.The strain is calculated for the top and bottom flexible layers
separately and does not include thierfacialdisplacement discontinuityy a n d The
strain componentsy=eq=€;=0 due to the simulation cell being fixed in theplane.
With the gt-displacement components held fixed, the deformation gradieman be
found from the change in the location of the flexible layer COMs relative to the rigid
lattice. The deformation gradient can then be used to map any vector from the rigid
stacking falt where all of the atomic positions are known to the flexible stacking fault
structure where only the layer COMs are known.

The layer COM positions ahown inFigure5.2. The COMs of the rigid layers

Rbot

are indicated by the black filled circles at the positiofi&” and r®*® and are always
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located byhg/2 from the rigid/flexible layer interface. The COMs of the flexible layers
are shown by the hiolw circles atr™P and r™* and only in the rigid stacking fault
structure inFigure5.2a arethey located by/2 from the rigid/flexible layer interface. In
the flexible stacking fault, the flexible layer thickness changes and is no longer equal to
ht. The rigid stacking fativector,f, given by thegt-components of the rigid layer COMs
is

f(a.)y=r"*{a.t)-r"a.t) (5.5)
The stacking fault vectdris prescribed and always knowh.describes the relative shift
in theqt-plane of the rigid lattice and does not change when the flexible layer is relaxed
making it the samen Figure 5.2a and b. In the rigid stacking fdulthe interfacial
displacement discontinuity is equal to the stacking fault vettar, The change in
length of the rigid stacking fault supercellFigure5.2ais given by then-component of

the rigid layer COMs by

Nn=ro"P%h-r - (hg-2h)n (5.6)
wherehs andhg are the flexible and rigid layer thicknesses and are known. The change in
length of the rigid stacking fault supercefi;, in Figure 5.2a is also equal to the
interfacial opening.n, is a variable and must be determined from the rigid COMs. It is
also allowed to change betwethe rigid and flexible stacking faults.

Figure5.2b shows the flexible stacking fault where the flexible layers are sheared,

ul f. The flexible layer COMs have now shifted relative to the rigid/flexible interface by

rtop:r Ftop_(r Rt°p+1/ﬂ’]Rn)
(5.7)
r boEr Fbot_(r RbOt-l/ﬂ’]Rn)
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These COMs are used to find a deformation gradient that can be used to map vectors
from the rigid to flexible stacking fault structure. Similar to what was previously done
for the lattice vectors; the deformation gradient is defined using three linearly
independent vectorg,, &, andr. The componentsg, are components of the
orthornormal basis of unit vectors used to describe the slip plane and do not change
because thgt components of the simulation cell are held fixed for the rigid and flexible
stacking faults. The vector=rqeqg+re+rme, is given byr' andrand is known In the

rigid stacking faultrlo|=h#/2 and is normal to the slip plane. These three vectors are

placed into the columns of thex3 matrices, lfiy] and |h], where o] arerigid stacking

fault vectors andH] are the flexible stacking fault vectors with components

p T T
K ‘H "H 7l mp T (5.8)
m m Q¢
p T i
K H HT qopoi (5.9)
T T i
The deformation gradient is then given by
p T ¢l IQ
C KK ™ p G TQ (5.10)
m 1m ¢l 7Q

where a separat€®® and P are found for the top and bottom flexible layers,
respectively. F°° and ot provide a mapping for vectors in the flexible layer from the

rigid (s) to flexible ) stacking fault structure using

Cgl (5.11)

In Figure 5.2, s and s, give the position of the slip plane interface relative to the
rigid/flexible interface. The difference betweef™ and $° gives the interfacial
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displacement discontinuity(g,t) and4n. For this cases,=hh and equation (5.11) is
used to map this into the flexible stacking fault configuratiors.asThe interfacial

displacement discontinuity is then given by

TR 9T 1 1 =C # C ¢l (5.12)
TIRL S ¢ i1 i i (5.12a)
17 ¢l [ (5.12b)

The overall length of the lattice of the flexible stacking fault becomes
nin=rR*%h-rR%n_(hg-2h)n (5.13)
andis different from the interfacial openings{(1) if the thickness of the flexible layer,

h, changes between the rigid and flexible stacking faults.

The Lagrange strain in each flexible layer is given by

T 11 1 7Q
9 ¢ CGl s s 1 7Q (5.14)
1 TQ ITQ ¢i 11 TQ

and the infinitesimal strain tensor given by geometrical considerations such as the

skewing of the lattice bgf and the change in the lattice length is given as

m T — Tc T T 1 7Q
8 Tt Tt — 7¢ Tt Tt 1 7Q (5.15)
— T — ¥ ¢ Q7TQ 1TQ 17Q ¢ "Q7TQ

where the small angle approximation is used,ddgérq/h. The Lagrange and
infinitesimal strain only differ in the normal strain component)( which is usually
small inthese simulations. The average of the strain for the top and bottom flexible
layers is used to calculate the strain energy in equation (5.3). The interfacial

displacement vector found from the averaged strains and stacking fault vector is

139



TR HTtQQ "1 tQQ (5.16)

where Lagrangian and infinitesimal strains give the same result.

1 roRtop
P Rigi
Rigid
hR hR/Z rRtop
dI th2 n
top—
ol & N t
= rF%  Rigid retep
Y erX|bIe
f nﬁr u 1 oto 2rtb0t
A Fb nt
g, bo o™ oo\ flexible i h
- bot /.Rbot
Rigid f bot=hy/2 e
Rigid 4™ Mg hRIZZ
a) rORbOt b)

Figure 5.2: Centers Of Mass (COMs) shown by circles used to calculate the interfacial
displacement discontinuity and!, and the shear strain. The asterisk is the COM of the
rigid layer sandwiching the flexible layers with COM shown by the black circle. The
flexible/rigid interface is marked by the black d@witdis always located byhg/2n from

the rigid COM. a) Rigid stacking fault whevef. b) Flexible stacking fault where the
rigid central layers (orange and purple) are replaced with flexible molecules that shear,
ul f. The vectors from that reference coordinates indicate the known COM positions
used to calculats, 1, and the angld.

5.2 Generalized Stacking Fault Simulation Set up

Thesimulation setup or t he st ac k and gasbnmagdetiingate n URD
described in this section.hTe URDX supercel | used in the
created by replicating the minimz ed URDX wunit ceCl TheGwadden i n
sum is used to calculate the long range electrostatic forces present in the Smith and
Bhardwaj potentia(17). The Ewald sum requires the simulation cell to be 3D periodic
and results in the simulation cell shownFigure5.1 to become an infinite array of slabs
as shown irFigure5.3a. Theperiodic boundary conditions in the rqttslip plane allow
the shifted material used to create the stacking fault to move out one boundary and back
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in the opposite boundary of the fixed simulation cell. This is shovigure5.3b where

the stacking fault causes the blue material to leave thelaion cell and the purple
material to enter it. The stacking fault is repeated in all of the periodic imagesgt: the
plane creating a stacking fault with an infinite slip plane area. This removes the
dependency of thgt-dimension of the simulationett on the stacking fault energy per
unit area of slip plane. Thgt-dimensions of the simulation cell must still be at least
twice as large as the A%eal space cuff used to calculate nonbonded forces. The area
of the stacking fault in thgt-planeis held constant by fixing thgt-lattice vectors of the
simulation cell. The number of unit cells replicated in dftglane,z, andz, and the

resulting slip plane dimensions are givemable5.1.

Simulation Cell
Boundaries™ 1 vacuumLayer
|

Vacuum Material Material
entering leaving
sl il 2 cell due to
periodic i
BC
T
Periodic Slmulgtlon Periodic
: cell with )
images periadic images
boundaries
a) b) Simulation cell of stackirfgult with in-plane Periodic images

Figure 5.3: a) 3x3x3 replication of the simulation cell containing the initial supercell.
The red plane is the slip plane and the supercells are separated iditbetion by the
vacuum layer. b) 2D projection of a stacking fault where the stacking fault \fector
causedhe blue material to leave the simulation cell (black dashed lines) and the purple
material to enter the simulation cell. This creates an infinite plane of stacking faults.
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A stacking fault is created within the supercell by shifting the upper and lower
halves of the lattice relative to one another as shoviiigure5.1c. This would cause a
second stacking fault to be created between the perigolicag of the supercell in-
direction and will be described in Section 5.4.1. The second stacking fault is unwanted
and the effects of it are removed from the simulation cell by adding a vacuum layer to the
top of the supercell. The periodic images e b-direction are now separated by a
vacuum layer as shown Figure5.3a. With the introduction of the vacuum layer, a free
surface is created ondltop and bottom of the supercell. The stacking fault is isolated
from the free surfaces by increasing the number of unit eglls give a thickness in the
n-direction >9@&. The super cell and vacuum layer dimensions are laeleigure5.4
with values given immable5.1. Figure5.4a siows the simulation cell used when [hKl] is
normal to the (hkl) plane)=90°. For (011) and (021), periodicity of the slab in tite
direction requires the owdf-plane simulation cell vector [001] to be skewedity90’

relative to thegt-plane.

,[001 n
n, [001] [001] 1\
vacuum \ vacuum
Supercell
Zydo21
_ Zndoo1
=90, [012] ¢ Supercell _
—> q,[010] <—L —> q,[012]
a)OrthogonalSimulation Cell b) Skewed Simulation Cell

Figure 5.4. Simulation cell setup for the a) orthogonal simulation cell and b) skewed
simulationcell used for the (011) and (021) stacking faults.
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Table 5.1: Stacking fault simulatiorell setup and dimensions showed-igure5.4. .
is always the angle betwegrand the [001] directioandis only relevant for the skewed
simulation cells.

Slip Layer | dw(A) | Unit Cells n(A) t (A) q (A) ) VZC.
Plane deg. (A)
(2x2x2) (deg.)

(100) b2 6.689 12x3%x3 160.553 31.031 34.722 90 30
[100] [001] [010]

(010) b2 5.670 12x3%x3 135.963 40.098 31.024 90 30
[010] [100] [001]

(001) bl 5.179 12x3%x3 124.286 40.049 34.002 90 30
[001] [100] [010]

(012) bl 7.639 18x3x3 137.508 40.078 46.040 47.6 40
[100] [1T0]

(021) bl 4971 18x3x2 89.368 40.101 47.242 28.7 40
[100] [0I2]

5.3 Results and Discussion

5.3.1 (010)[100] Generalized Stacking Fault Energy

The concepts for determining the stacking fault energy were presented in Section
5.1 for systems containing flexible molecules that undergo shear deformation. The
(010)[001] stacking faults shown Figure5.1 were used to present this concept because
the flexible stacking faults undergo an observable amount of shear distortion. The shear
was shown to be caused by the corrugated structure of the interface. In this section the
results for the much more eneiligatly favorable (010)[100] stacking faults are
presented. These stacking fault are on the same b2(010) interface but are shifted along
the grooves of the corrugated interfaceslagwn inFigure5.5. The stackindault vector
for these stacking faults fsf;0100]/|a}

Figure 5.5b shovs the (@ 1) pl ane of the URDX cryst
between the red and blue molecules is the slip plane. This iS @t@flon about the
[010] axis of the corrugated crystal lattice shownFigure 5.1. Even though the

molecules are shifted along the corrugated interface, the rigid stacking faults still separate
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asshown inFigure5.5¢c wheref10=0.5. The flexible stacking fault fdyo=0.5 is shown
in Figure5.5d where the flexible layers are colored orange and purple. The thickness of
the flexible layers idy=[b|/2. The interface of the flexible stacking fault closes without

shearing the lattice.

ETaes
-
Sags
R

N

= S

LE 8
Nq

XA
RO
Ry
I
g@&%
a %4

Y

c)
Figure 5.5: a) Geometric representation of a (010)[100] stacking fault created along the
grooves of corrugated b2 slip plane. b) (001) view of the initial slip plane of the perfect

crystal where the red molecules are above the slip plane and blue are belowd enRigi
d) flexible stacking fault fof;o=0.5.

o
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This set of stacking faults describing the b2(010)[100] slip system were created
by increasindigo from 0 to 1 in increments of 0.01. This created 100 rigid stacking fault
structures. The energy of each rigid stacking fault is minimized by allow the interface to
open. The rigid stacking fault energyr(fi00), given by equation 5.1 is shown by the
black circles inFigure 5.6b and the corresponding interfacial opening, is shown in
Figure 5.6a. The rigid Jr(fio9) energy can be due only to electrostatic and

dispersion/repulsion interactions between the two crystal halves. The rigid interface will
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open until the repulsive interactions arednaled out by the attractive interactions. No
limit is placed onp, and the repulsive forces can cause the interface to completely
separate creating two free surfaces. The maximum openjmghBA occurs af1o=0.5.

This is also the location of the rigid unstable stacking fault energy,
Qr(f105=0.5)=us=247mJ/M. Table 5.2 gives the rigid free surface engr for the
b2(010) interface ass&=391mJ/mM. Sincer(fi00) < 20s the interface does not separate.
The rigid stacking fault fof10=0.5 is showrn Figure5.5c. The alignment of the red
and blue molecules across the interfac&igure 5.5c appears to be the same as that in
Figure 5.5b but their orientation are slightly different leading to repulsive interactions

that push the interface apa
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Figure 5.6: a) Interfacial displacemenfy, for the (010)[100] rigid stacking fault. b)
Rigid GSF energ@r(fio0), and nonbonded SB energy components for the (010)[100]
rigid stacking faults. c¢) Energy components plotted as a function of interfacial
seperation. The circles and solid lines are the rigid stacking stacking fault data from a)
and b). The triangles dndashed lines are from the rigid decohesion seperation
simulations from Section 4.3 as a function the interfacial seperatioBtars in a) and b)
indicate equivalent energy versus opening data shown by the stars and lines in c¢).

The repulsive interdions can be due to the Pauli exclusion principal keeping two
atoms from occupying the same space as was the case for the (010)[001] stacking fault

shownin Figureb5.1b. In the SB potential this leads to an exponential increase in energy.
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The repulsive interactions can also be caused by electrostatic interactions between like
charged atoms. IBRDX these can become strongly repulsive in the rigickstgdaults
as several H..H and O..O atoms become aligned across the interface. Electrostatic
interactions are long ranged where the energy dies off with separation distarite as
These two repulsive interactions are balanced out by electrostatic attraction of oppositely
charged atoms and London dispersion forces. London dispersion describes the
interaction between two atoms that adjust their electron clouds in response to one
another, inducing a weak attractive dipole like interaction with energy proportional to
separation distance a¥. The van der Waals energy is the combination of Pauli
exclusion and London dispersion energies.

The total energy shown by the black datangmin Figure5.6b is the sum of the
VDW (green) and electrostatic (purple) energies. The VDW energy will increase when
atoms get to close (Pauli Exsion) or when atoms move apart, reducingdtieactive
dispersion energy. The electrostatic energy will also increase as oppositely charged
atoms are separated or when like charged atoms get too close. Ideally, the change in
VDW or electrostatic energwould follow the decohesion separation enegiyen in
Section 4.3 The electrostatic and VDW energy from the rigid stacking fault simulations
are plotted as circles Figure5.6¢ versus the interfacial opening, from Figure5.6a.
Also shown inFigure5.6¢ by the trianglelata points is the decohesion separation energy
components for the (010)b2 interface from Section 4.3. Deviations between VDW
energiesin greenindicate molecules coming into repulsive contact with one another.
Deviations in electrostatic energi@s purple indicate a change in the types of atom

interacting across the interface.
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Even though the (010)[100] rigid stacking faults do not requirkecates to shift
over one another, the interface still opens significantly to reduce nonbonded interactions.
At the first red stain Figure5.6a locded atf;05=0.2, the interface opens pg=1.2A and
the nonbonded energies increase by VDW=141mafd Electrostatic=51mJ/m Up to
this point inFigure 5.6c, the Electrostatic energy for the decohesion and stacking fault
simulations are similar. However, the difference in VDW energy (dashed line) of the
stacking fault is much larger, indicating molecules coming into close contact across the
slip plane and repelling one another.

At f10=0.5 marked by the gray star Figure 5.6a, theinterface has opened to
n=1.5A and the change in VDW=144mJmand Electrostatic=102mJfm The
decohesion  separation energy forn=15A is VDW=144mJ/Mi  and
Electrostatic=71mJ/fn In this case, the VDW energy is the same but the stacking fault
electrostatic energis 3lmJ/nf larger  The differences in electros@nergyin Figure
5.6c indicae an unfavorable change in tlshargeof atoms aligned across the stacking
fault interface.

The alignment of like pdial charges across the interface of rigid stacking faults
makes the rigiddg-energysurface inFigure 5.6¢c an over estimate of the GSF energy.
The 1igid stacking faults are computationally efficient to make but the rigid GSF energy
is of limited use. In this work, the rigid stacking faults are only used to provide an initial
atomic configuration for the flexible stacking faults to begin from.

Figure 5.5d shows the the flexible stacking fault where a layer of molecules
h=[b|/2 have been replaced with flexible molecules and quenched. Th@&madufi

fl exible mol e dwleregy for evarg stasking fau str@cfure, shown by
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comparing the red data pointsFigure5.7a to the back data points ifrigure5.6b. The

GSF ener gy fg)ideseribes theg sur@ys energy of the system due to the
displacement of the rigid paoh of the lattice by. In the rigid stacking fault structures,

f was equal to the interfacial dispacement veatorHowever, in the flexible stacking
fault,fanduar e wusually not equal due t @gfiopgsheari
describedoth elastic shear energy and the energy due to the lattice disregistry.

The elastic energy shown by the green data points is calcualted from the shear
stress and strain shovim Figure5.7b. The elastic energy iRigure5.7a coincides with
Qr(fro0) for f100<0.1 andf100>0.9. In this region the & energy predicted byjr(f100) IS
due only to elastic shearing of the flexible layer and is not a result of lattice disregistry.
For this reason, the interfacial GSF energwi), was introduced in equation (5.2) to
describe only the energy associatethwthe lattice disregistry caused by the interfacial
displacement vectoy. Theu (1) energy was given as the difference betwge() and
2hE(f). The intefacial displacement vectorg is calculated from the shear strain in
Figure5.7a using equatior{5.12). Forf100<0.1 andf;05>0.9 the interfacial displacement
vector is equal to zeray =0, indicating no lattice disrégry. For no lattice disregistry,

U (100)=0, and the increase in system energy dué iostored as elastic shear strain
energy,Jr(fio0)= 2hE(flo) as previ ousl y st ate@g).canbeThi s a
partioned intdE(f109) andl (1100) and the method of determining the shear strainuaisd

accurate.

Forf100<0.2, the strain is negative ango, moves toward the originyo<fipo. FoOr
f100>0.8 the strain is positive angioo moves toward the unfaulted structure at one,

uioc>fioe. The strain energy drops off to nearly zero in the unstable stacking fault regions
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| abel gd bWt ot hese points, t heffiog) aaughgod ( st r

equal. The shear strain is nearly zero at these points as well nfiglsfugoe. The strain
energy and strain are also zero at the stable stacking fd$=8L5 resulting irf;o=Ui00
an d(fidk 0 . 50105=0F).

In Figure5.7at her e a uE0)30mIni datd points that are associated
with a slight conformation change of the molecules under large amounts of shear. This
s h o ws u) rhag someétiihes not only be due to lattice disregistry but to any change in

thecrystal not associated with elastic shearing.
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Figure 5.7. a) (010)[100] flexibleQg(f), G (1) and Elastic strain energy with unstable
and stable stacking fault energies labeled. b)}ddyiane shear stregblack line, left
axis) and strain (gray line, right axis) used to calculate the elastic strain energy.

Figure5.8a showghe interfacial separation, and change in supercell lengfh,
for thefioo flexible stacking faults. Fdi00<0.1, the supercell height increasegbwhile
the interface remains closed, I'. 1 This suggests a coupling between shear and
extensionadeformation of the flexible molecules. This coupling is partially due to the

Lagrange strainE,, in equation (5.14) containing second order components of shear

displacement. At the largest shear deformations faga0.2 this accounts for only 3%
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of E,n. The length change could also result from coupling of the shear and volumetric
components of the elastic tensor. For small deformations the elastic tensor was shown to
be orthotropic in Section 3. However, large deformations may result in molecule
orientation and conformation changes that could couple shear/extensional deformation.
This shear/extensional coupling causep; at the stable and unstable stacking faults.

The flexible stacking fault electrostatic, VDW, and bonded eesege shown in
Figure5.8b. It is assumed that the energy components can also be partitioned into elastic
shear energy and inelastic stacking fault energy. Th&istafault portion of the of the

energy component plotted Figure5.8b is found by removing the elastic portion by

OwOwl wOwWwH wo deE—:: (5.17)
The bonded energy includes the energy from dihedral, angle, improper andtziads
now allowed to change with addition of flexible molecules. A change in the bonded
energy indicates a change in the molecules conformation. At the unstable stacking fault
near f10=0.2, the addition of flexible molecules reduces the VDW energy whéde
electrostatic and bonded energy remain nearly unchanged when compared to the rigid
stacking fault energiem Figure 5.6b. At the flexible stablestacking fault structure,
f100=0.5, the electrostatic energy drops to zero. This brings the interface closer together,
1=0.24, resulting in a decrease in VDW energy. The interface reconstruction that reduces
the electrostatic energy also causes a ahamdghe molecule conformation reflected by
an increase in bonded energy. The directionally oriented electrostatic interactions are
able to push or pull on particular atoms in the molecule to reduce the electrostatic energy.
These directionally orientetbrces heavily influence the surface reconstruction of the

flexible molecules. Figure 5.5d shows the atomic configuration of the flexible stable
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stacking fault. The energy was reduced through a slight orientation change of the RDX

molecules and the conformation change is noteable.

1.4
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Figure 5.8: a) Change in flexible lattice heiglpt;, and intefacial opening, b) Flexible
stacking fault VDW, Electrostatic and bonded energy components.

Figure5.9a shows the relaxation paths that the flexible stacking faults take as they
are quenched from the rigid stacking fault structure. The open circles are the black data
points fomFigure5.6b f o r tgiswface and thaffilledin circles are the black data
points fromFigureb.7afort h e f | -suKaceb [Each lime indicates the path taken as
the flexible molecules relax from the rigid to flexible configurations. The path start and
end points are emphasized by the larger symbols. Every rigid to flexible stacking faul

relaxation path is shown in Figure B different colored linefor f10=0 to 0.5.
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Figure 5.9: Rigid Qg(f) and flexibled (1) energysurfaceswhere lines indicate the
relaxation path of the rigid to flexible stacking fault. Open symbols denote the initial
rigid configurations and the closed symbols indicate the subsequently relaxed flexible
configurations. a) Relaxation paths for select rigiflexible stacking fault structures are
shown by the lines connecting the larger symbols givelipaincrements of 0.1. b)
Colored lines showetaxation paths for every rigid to flexible stacking fault figs=0 to

0.5

For f100<0.1 andfi05>0.9, the flexible model is incapable of accommodating the
partial slip configuration. The system unslips completely and the energy is stored purely
as el astic Ulsr0pE0. n Ford;m®.2 gnd, 0.8, ithe initial rigid fault
configurations relax to thflexible unstable stacking fault configurations. The energy
relaxes nearly vertically withf;o0=u100 and the flexible stacking fault energies are equal,
Qe(frog) = hdy) =spPas previoushshown inFigurebs.7a.

When f10=0.3 and 0.7, the energies are in the unstable stacking fault region,
namely t he en ag)dsyneapa lacdl maxenunodr a saddle point on the
0 (1)-surface. The relation paths of the flexible stacking faults in this region land in a
local minimum during the quenching process. Some type of flexible molecule change
occurs that allows the molecule to escape the local minimum and settle to the final

flexible stacking &ult energy. Every relaxation pathFigure5.9b for f106>0.2 is shown
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to traverse through this same local minimum. This local minimum highlightsakness

in the simulation procedure. Here we rely on the surplus energy of the rigid stacking
fault structure to be sufficient to overcome the energy barriers separating the rigid and
flexible stacking faults. Without additional energy being input ithte system, the
flexible stacking faults could easily get stuck in local minimums. We also used viscous
damping to quench the flexible stacking faultdich could further impede the flexible
stacking fault from reaching the global minimum energwpr ths reason, Cawkwel et al

(38) added thermal energy to the system to provide sufficient energy to dscape
minimums. Howeverthe additional thermal energy will increase the mobility of the
interface causing it to shear, similar to what occur$;§g+0.1 andf105>0.9. In this work,

the surplus energy in the rigid stacking fault was found to be sufficient in minimizing
each flible stacking fault tahe correct minimum energy configuration.

The same local minimums are encountered for the relaxation paths starting at
f10=0.4 and 0.6which end up shearing toward the stable stacking fault configuration at
U100=0.5. The highestnergy rigid stacking fault for the (010)[100] slip system occurs at
fom 0. 5 indicating that the slip plane inter
not favor the stable stacking fault. However, the flexible molecules cause a
reconstructiorof the interface that favors a stable stacking fault structutg;=20.5. The
interface reconstruction does not cause the interface to shift and the relaxation path from
f100=0.5 is vertical resulting i o=0.5. Again, this results in the flexibleasking fault
ener gi es Dbe@d0.9 =andt0D)] , (J

Figure 5b shows all of the relaxation paths for all of the rigid to flexible

stacking fault simulations. Several of the final flexible stacking faults shear to create the
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unfaulted crystal or the stable stacking fault=0,0.5, or 1. This reduces the number

U (11o0) data points in unstable regions. These data points can be filled in by using the
lowest lying data points from the relaxation curves shown by the coloresini Figure

5.9b. The curve traced out by the relaxation paths can be approximated by a composite
of the rigid and flexible stacking fault energie$his approach could be used to extract

t h e-suriace from simulations where thermal energy used to facilitate the

equilibration of the stacking fault structuvat also results in large amounts of shear

5.3.2 (010) Generalized Stacking Fault Surface

The entire b2(010) GSF energy will be presented in this section byiradjiéwo
span the entire surface of the unit ciHf;od100]/fa|+002[001]/[c|. In this section 906
vectors are used to create a regularizesBBQyrid of stacking faults thapan the surface
of the b2(010) slip plane. The rigidgr(f)-surface is shownn Figure 5.10a and the
resulting interfacial openingy,, is given in b. Thd=f;,100]/p| trace along the-axis
of Figure 3.3.1 were presentadFigure5.6. As expected, thiy; stacking faults shown
in Figure5.1 where the corrugated intexdes move over one another results in the highest
r i g k(fYkenddgy and the largest amount of interfacial opening. The rigid free surface
energy giverin Table5.2i s &34mJ/Mand i s v e gfyp=05)=383m&l/Mt o Q
Wi t (fool§ 0 . 5¢)thee Rice criterion(18) would predict brittle behavior for the
(010)[001]. Atfo:=0.5, the interface only separatesyhd 4, which is not far enough to
create two free surfaces as shoiunFigure 4.15 for the (010) decohesion separation

simulation.
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Figure 5.10: a) RigidQg(f) stacking fault energy surfaces for the b2(010) slip plane. b)
Interfacial seperatiom,, for the rigid stackign fautl structures.

A flexible molecule layer of thickneds=|b|/2 is added to each rigid stacking and
guenched. This produces the flexibtacking faults shown iRigure5.1d for f=fpp,/001]
and Figure 5.5d for f=f1od100]. The flexible(g(f) energy presented by the red data
pointsin Figure5.7a are presented for the entire (010) surfac&igure5.11a. Again,
the flexible layers lower the energy of every rigid stacking fault. Tee lminimum also
appears ato=0.5 and is the only local minimum on the surface. Vectors are also shown
representing the direction and relative magnitude of the (010) suraface traotibms,
whereUis surface tractionn=[010]/p|, and is the 3x3 virial stress tensor given by
equation (5.4).

The surface shear tractions fgg were shown irFigure5.7b and were multiplied
with theshear strain of the flexible layer to to give the elastic strain energy shown by the
green datan Figure5.7a. The entire elastic strain energy fawe is shownn Figure
5.11b. Figure5.7b showed the stress and strain to have the same sign and to be linearly
proportional to one another. This is also trud-igure 5.11b where the elastic strain

energy is highest in regions that correspond to the largaghitnde shear tractions in
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Figure5.11a and is never negative. The traction vector&igure 5.11a indicate the
approximate direction the interface displaces. The vectors approximately point in the
direction of st#esprface and thwacdehe tornermwherenttee peifect
lattice is recreated or to the local stable stacking fault. The largest strain energy occurs

for figo andcorresponds to the shediflexible molecules showm Figure5.1d.

(010): Flex Y(f), mJ/m? (010 Flex 2E(f), mIm?2

\\ !/ 50

0 0.2

Figure 5.11: a) Flexible g(f) where vectors indicate the direction and relative
magnitude of the shear components of the surfacédna b) Elastic strain energy of the
flexible layer given by equation (5.3).

The GSF energy of interest in this work is the component that only includes the
effects of the lattice disregistry. This was referred to as the interfacial stacking fault
energy,u (1), given in equation (5.2) to be the difference between the flexip(€)
surface inFigure5.11a and the elastic strain energyHigure5.11b. Thiswas shown by
the black data points Figure5.7aandi s s hown f ou sutfabem Figuret i r e 0
5.12. The data points ifrigure 5.12a correspond to the final flexible stacking fault
ener gi es. M ousod data points iFiguretd. Yaalispkace ta@rd the origin,

which | eft | arepergy coatgur umkma@wn.oThis is stilethe icase for the
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ent iu) mFigufe5.12a wherethe highest density of data points are near the stable
stacking fault ¢,0=0.5) or the sheared lattice configuratioriggo( fo0;=0, 1). There are
also some data points in unsteady regions where the shear tkettiors n Figure5.11a
were negligible.

The rigid to flexible st auodwereghovreiul t r e
Figure59andt h e | o we 84y erengyefronm theselphths provides an approximate
0 (mog-curve. Figure5.12bs hows t h ai) eheogw @atatfor all ¢f the relaxation
histories for the entire (010) surface. The relaxation history data fills in the missing data
points inFigure5.12a and is used to create the contours. The wigiggons inFigure

5.12b are grid pointsvherethe relaxation history does not cross.

(010): Flex d(u), mJ/m? (010): Flexible History ®(u), mJ/m?
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0 ‘J \ i " 1 13 3 - : - b : i 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
a) u100 b) U100

Figure 5.12 a) Quenched flexiblé (1) energy surface. B) Flexibie (1) contours from
all rigid to flexible stacking fault relaxation histories. This data is used to create the
contours in (a).

The maximumu (u) energy occurs atlypp;=0.5 and isousf:351mJ/rﬁ and the
energy of two free flexible b2(010) surfacesds367mJ/m. This unstable stacking fault
energy is only slightly less than the energy needed to create two free surfaces. In this

case, slip on the (010)[001] slip system would probably result in fracture according to

157



Ricebs disl ocat i (@3 HowewetFegad5ilzshowscthre imaxenum o n
energy encountered in thigy; direction can be slightly reduced to,g2300mJ/r if the

slip path shffles around the global maximum on the saddle poiat
(U100,U001)=(0.25,0.5). There also appears to be a lower energy slip path for the formation
of the stable stacking fault shown by following the dark blue streakSgure 5.12b
emanating from the origin. This streak cugaeound theu;0=0.2 unstable stacking fault

to reachthe stacking fault ati;0=0.5. These lower energy slip paths are possible if the
molecules shear around the maximum energy barriers wvith a slightly different
direction tharf. Thermal energy may help activate this shuffle type motion. However in
this work, the structureseve quenched and the lattice usually shears in the direction of
the largest gradient of elaseoergy inFigure5.11b.

The change in length of thiexible supercellp;, is shownin Figure5.13aand the
interfacial opening4, is shown in b. These were presentedffgyin Figure5.8a. The
change in length gfi is a function of the stacking fault vectér, The interfacial opening
is given at the interfacial displacement vector, The (u) of the corresponding history
U (u) data points showm Figure5.12b are used to determine the contour levelBigure
5.13b. It is interesting that the shear/extensional coupling mentionefdyfavherens>1
does not occur fofpes. This is evident fronps(foor) O (fooa), indicating the flexible layer

thickness does not expand as the flexible molecules are sheared.
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Figure 5.13: a) Change in the flexible supercell height, as a function of. b)
Intefacial openingi, as function of interfacial displacemeut,

The method for determining the various GSF energies was shown to work well in
Section 5.3.1 for a series of stacking faults on a low energy (010)[100] slip system. The
same methods are shown in this sectmmwork well for all of the (010) stacking faults.

The methods were able to model the stable stacking fault structure on the (010)[100] slip
system. The stable stacking fault was stabilized through molecule orientation and
conformation changes. The sfi@ shear energy was also accurately predicted for the
(010)[001] stacking faultswhich are shownn Figure 5.1d to undergo extensive shear

and intefacial opening. Thel (u) surface is useful because it is able to show all local
minimums on the surface that indicate stable stacking faitlslso showsaddle pints

and maximum energies thate barriers to any type of slip motion on the plane. The

surfaces can also indicate lower energy slip paths that maybe thermally activated.

5.3.3 OtherURDX Generalized Stacking Fault Surfaces Surface

The interfacial flexiblel (1) energy for all of the slip plane systems described in

Table5.2 are presented iRigure5.14. The interface with the lowesurface energy in
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Table4.4, eitherbl or b2, was used as the slip plane interface. T surfaces were
created from a 30x30 grid of stacking fault vectors as was done for the b2(010) plane
presented in Section 5.3.Zigure 5.15 shows thell (1) relaxation history data points
used to construct the contourskigure5.14 The col or | i mituison t he
500mJ/ni and data pointabove this are shown in black.

The gray line connects all of the (1) data points along the edges of the 30x30
grid. (Huarface plotted @ithf on the xy-axis, the grey line traces out a square
box surrounding the regularized 30x30 gridf @obints. Thel (1) surface is plotted with
u on the xyaxis inFigure5.14 and the grey squarse deformed as the interface shifts due
to shearing othe flexible layers. The maximum energy barriers along the grey lines are
givenin Table5.2 for rigid stacking faults anth Table5.3 for the flexible stacking faults
shown inFigure5.14. Thetrace of thes (1)-surface along the grey lines describe the slip
systems with the shortest Burgers vectors and are presertiiguire5.16.

The b2(100) plane showin Figure5.14a showshe highesti (1) energy barriers
to dislocation motion and no local energy minima. This plane also has the highest
surface energy ifable4.4, 20=555mJ/mM, making inelastic deformatioon it unlikely
(24). The bl1(001), b1(011), and burfor0o21) p
stacking faults creatlawith f100=0.5 as was the case for the b2(010) plane. The b1(001),

b1(021) planes also show local minimum®& t he i ntupsurfacer of t he O
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Figure 5.14: Flexible 0 (1)-surfaces for the a) b2(100), b) b1(001), c¢) b1(011) and d)
(021) planes as describadTable5.1.
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