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Abstract4

This manuscript establishes a Crystal Plasticity Finite Element (CPFE) model with large5

volumetric deformation for β-HMX (1,3,5,7-tetranitro-1,3,5,7-tetrazocane) energetic crystals6

with emphasis on the deformation twinning behavior under shock loading conditions. The7

CPFE model captures the nonlinear response of the monoclinic crystal through the application8

of large volumetric change under shock condition, dislocation slip at low and high moving9

speeds and mechanical twinning idealized by the twin volume fraction evolution. The twinning10

behavior is distinguished from dislocation slip through the decomposition of the plastic velocity11

gradient in which dislocation slip, twinning and slip in the twinned region are separately12

considered. Third-order Birch Murnaghan EOS is incorporated in the CPFE framework to13

describe the volumetric deformation under extreme pressure induced by explosion or impact.14

The results of the numerical investigations show that the twinning behavior exhibits strong15

orientation dependency, which becomes more evident at higher loading regime. Particle shape16

significantly affects the twin concentration. Peak twin volume fraction in HMX polycrystalline17

with regularized particle shapes is lower compared with mesostructure with realistic particle18

morphologies.19
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1 Introduction22

HMX (1,3,5,7-tetranitro-1,3,5,7-tetrazocane) is an energetic molecular crystal with numerous23

potential deformation mechanisms (dislocation slip, mechanical twinning, adiabatic shear, in-24

teracting thermo-plastic processes within the microstructure [18, 32, 59, 68, 73, 78, 84]). Among25

these, deformation twinning has been regarded as an important deformation mechanism as ev-26

idenced by experiments [23, 56, 63] and molecular dynamics simulations [2, 76] at static and27

high rate regimes. However, the available crystal plasticity models [5, 7, 25, 28, 75, 82] either28

focus on describing high rate deformation in HMX using dislocation slip alone, or take the29

twinning system as an additional slip system idealized using similar flow and hardening evo-30

lution laws as those for slip. In view of the potential importance of twinning in describing the31

mechanical response of HMX, this manuscript investigates the twinning deformation within32

HMX single crystals and polycrystal mesostructures at various orientations and loading rates.33

Mechanical twinning in HMX and HMX-based composites has been identified as a dominant34

deformation mechanism in compression tests [1, 23, 45, 56, 63, 68]. Twinning also affects the35

deformation phenomena at gas gun strain rates [44, 82], although fewer experimental data are36

available at high strain rates. Cady [12] observed that β-polymorph of HMX shows growth37

twinning on (101) plane (P21/n space group), and also exhibits deformation twinning on38

the same plane. Palmer and Field [56] identified that, under compressive loading, a shear39

stress parallel to (101) changes the orientation of the lattice and leads to the formation of the40

twin band. Gallagher et al. [23] observed that the primary twin with the twinning elements41

K1 : (101), η1 : [101̄], K2 : (001), η2 : [100], and the twinning shear strain was calculated42

to be 0.353. Since K1, η1, K2 and η2 are all rational, such a twin is a compound twin [10].43

Elastic twinning [14, 40] has also been observed in the tension/compression tests of HMX44

performed by Palmer and Field [56]. Cady [12] also reported the temperature dependence of45

elastic twinning behavior for HMX. However, Gallagher et al. [23] observed that this recovery46

behavior took 30 minutes for the specimen to fully recover, which makes its contribution more47

relevant to the static or quasi-static cases compared to impact/shock conditions. Efforts are48

also put on the numerical investigation of twinning at the molecular scale. Armstrong et al.49

[2] proposed a two-step process for the deformation twinning (twinning elements K1 : (101),50

η1 : [101̄], K2 : (101̄), η2 : [101]) in which the twinning orientation relationship was visualized to51

occur by a rotation of 180° about the twinning η1 direction, followed by a parallel translation.52

Despite the difference of conjugate twinning plane K2 and conjugate twinning direction η253

in [2, 23], both of them identified the twinning system to be (101)[101̄]. Wen et al. [76] revealed54

the twin induced enhancement of shock sensitivity by comparing the response of perfect HMX55

and twinned HMX. Khan et al. [39] observed that twinning significantly affects the behavior of56

(101)[101] screw dislocations by making the asymmetric dislocation behavior more symmetric.57

In this manuscript, we model and simulate the dynamic behavior of β-HMX crystals with58
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emphasis on twinning phenomenon under different loading rates. Twin model of the monoclinic59

crystal is developed in a CPFE framework proposed by Becker [8] to capture dynamic responses60

up to shock loading regime. In this CPFE formulation with large volumetric deformation, the61

third order Birch Murnaghan (BM) Equation-Of-State (EOS) [11] is employed to describe62

the pressure-volume relationship, and the Gruneisen tensor is incorporated to characterize63

the coupling between pressure and distortion for this monoclinic crystal. To capture the64

orientation dependent deformation ([20, 51, 80]) in β-HMX under dynamic loads, the elastic65

model of HMX not only incorporates the EOS, but also integrates the pressure dependency66

in the thirteen elasticity coefficients of the monoclinic crystal. Dislocation slip within β-67

HMX twinned/untwinned crystals subjected to dynamic loads are depicted by the evolution68

law proposed by Zhang and Oskay [85] in which both thermal activation and phonon drag69

mechanisms are considered such that both slow dislocation motion (1e-6 m/s - 1 m/s) and70

faster dislocation motion (>1 m/s) can be captured. The proposed CPFE model is employed71

to investigate twin accumulation in single and polycrystal HMX configurations. The study of72

twin concentration within HMX polycrystalline specimens is focused on the effect of particle73

geometry and crystal misorientation. In this study, mechanical twinning in HMX crystal74

is incorporated as an independent physical phenomenon, and twinning evolution in single75

crystalline and polycrystalline β-HMX at high strain rates is investigated.76

The remainder of this manuscript is structured as follows: Section 2 provides the crystal77

plasticity constitutive relations employed in the simulation of the dynamic response of β-HMX78

at the mesoscale, as well as the detailed twinning evolution equations. Section 3 describes79

the parameter calibration, including the parameters of thermo elastic deformation, dislocation80

slip and mechanical twinning. Numerical investigations that utilize the aforementioned CPFE81

framework and embedded twinning model to predict twin concentrations in both single crystal82

and polycrystalline configurations are discussed in Section 4. Section 5 provides the summary83

and conclusions.84

2 Constitutive Model of β-HMX85

The anisotropic deformation behavior of HMX at the crystal scale is modeled using the Crystal86

Plasticity Finite Element (CPFE) model accounting for the large volume change under shock87

loading, dislocation slip and mechanical twinning.88

2.1 Kinematics89

The model kinematics is based on multiplicative decomposition of the deformation gradient90

and the assumption that deviatoric thermo-elastic stretch remains small relative to volumetric91

deformation [6]. The deformation gradient F is decomposed as92

F = V e ·Re · F p (1)
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where V e is the left stretch tensor representing the elastic stretch of the lattice, Re is the93

orthogonal tensor defining the rotation and reorientation of the material point in a grain, and94

F p represents the plastic deformation induced by dislocation slip and twinning evolution in95

the crystallographic slip/twin systems.96

The above decomposition introduces two intermediate configurations, stress-free interme-97

diate configuration (after F p) and the rotated stress-free intermediate configuration (after98

Re ·F p). Plasticity update is performed in the former configuration. All quantities with over-99

bar in this formulation indicate representation in the stress-free intermediate configuration.100

To characterize the elastic deformation, a logarithmic form is used for the lattice strain101

measure expressed in the intermediate configuration defined by Re.102

E = ln(V
e
) where V

e
= ReT · V e ·Re (2)

where V
e

is the right stretch tensor. It is important to note that the hydrostatic elastic103

strain induced by shock compression remains large despite the small deviatoric elastic strain104

assumption. Let a = (det(V e))
1
3 such that V e = aV e? and det(V e?) = 1. Then we assume105

V e? = I + ε?, which results in106

V e = a(I + ε?) (3)

where, I is the second order unit tensor, ε? denotes the small elastic deviatoric strain tensor107

(ε? << I) and ε? = ε?′ = 1
aV

e′. The volumetric and deviatoric parts of E are expressed108

respectively as:109

EV = E : I = ln(a3) and E
′ ≈ 1

a
V
e′

(4)

After some algebra detailed in [6], the following simplified kinematics equations for small110

deviatoric elastic strain are obtained. The deformation rate D is described in terms of its111

deviatoric and volumetric components.112

ReT ·D′ ·Re =
1

a
V̇
e′

+D
′

(5a)

113

d

dt

(
det(V e)

)
= det(V e)tr(D −D) (5b)

The spin tensor W is expressed as:114

ReT ·W ·Re = ReT ·WR ·Re +W +
1

a
[V

e′ · (D′ + 1

2a
V̇
e′

)− (D
′
+

1

2a
V̇
e′

) · V e′
] (6)

where WR = Ṙe ·ReT , W is the spin tensor in the stress-free intermediate configuration, D′115

is the deviatoric component of deformation rate, and D
′

is the deviatoric component of D.116

The term D is equal to ReT · D̂ ·Re, where D̂ is the symmetric part of L̂ which is defined by117

the rotation tensor and plastic velocity gradient [6]. Eq. 5a, Eq. 5b and Eq. 6 constitute the118

simplified kinematics that employ small deviatoric elastic strains. These three equations are119
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used to respectively update the deviatoric strain, volumetric strain and rotations.120

2.2 Anisotropic elasticity121

At large pressures encountered in high rate conditions, the crystals undergo large volumetric122

deformations, and the elastic moduli are pressure dependent. The current model employs the123

anisotropic elasticity formulation proposed by Becker [8]. The pressure-volume relationship is124

described by the equation of state, and the coupling of stress and energy is captured through125

the Gruneisen parameter.126

We employ the stress measure Becker [8] τ = Jσ as the approximation of the conjugate127

stress to the logarithmic strain E [27, 30], where J = a3 is the Jacobian of the deformation128

gradient, and σ = ReT · σ · Re. The elastic model [8] is expressed as τ = Jσ = J
[
Ce :129

E + 1
2(E : dCe

dpτ
: E) dpτ

dEV
I
]
, where Ce is the pressure dependent elastic moduli tensor in the130

intermediate frame, and pτ is pressure. The stress measure is decomposed to the deviatoric131

and volumetric parts with the introduction of the Gruneisen tensor and the EOS [8]:132

τ ′ = Jσ′ = J
[
Pd : Ce : E

′
+

1

3
(Pd : Ce : I)EV − Γ′e

]
(7)

133

pτ = −Jσh

= −J
{
σh|EOS +

1

3
(E
′
: Ce : I) +

[1

2
(E
′
:
dCe

dpτ
: E
′
) +

1

3
(E
′
:
dCe

dpτ
: I)EV

] dpτ
dEV

− Γe
} (8)

where Pd represents a fourth order operator that extracts the deviatoric part of a second order134

tensor, i.e., Pd = I − 1
3I ⊗ I with fourth order identity tensor, I. e is the volumetric part of135

the internal energy density. Γ′ is the deviatoric part of the Gruneisen tensor expressed as a136

function of the thermal expansion tensor for the anisotropic material [38]. Γ is the volumetric137

component of the Gruneisen tensor. The matrix form of the Gruneisen tensor [38] is given as:138

139 

Γ11

Γ22

Γ33

Γ23

Γ13

Γ12


=

1

ρCV



C11 C12 C13 0 C15 0

C12 C22 C23 0 C25 0

C13 C23 C33 0 C35 0

0 0 0 C44 0 C46

C15 C25 C35 0 C55 0

0 0 0 C46 0 C66





α11

α22

α33

α23

α13

α12


(9)

where ρ is the mass density, CV the specific heat, and αij is a component of thermal expansion140

tensor, α. Values of the thermal expansion tensor components for monoclinic β-HMX crystal141

were measured and provided in [19].142

The part of Eq. 8 that deals with the pressure-volume relationship is replaced by an equation143

of state, σh|EOSs. Various EOS have been proposed in modeling the hydrodynamic behavior144

of β-HMX subjected to levels of pressure induced by explosion or impact. Olinger et al.145
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[53] measured room temperature isotherm for β-HMX and fit the isotherm to an EOS with146

two fitting parameters. Yoo and Cynn [79] obtained the pressure-volume relationship of β-147

HMX by fitting the isotherms of unreacted HMX (with pressure up to 27 GPa and 12 GPa,148

respectively) to the third-order Birch Murnaghan (BM) EOS for both hydrostatic and non-149

hydrostatic conditions. Menikoff and Sewell [50] re-analyzed the experiments from Olinger150

et al. [53] and Yoo and Cynn [79] to determine which fitting form is most consistent with other151

data for HMX and HMX-based plastic-bonded explosives. In order to investigate the sensitivity152

of bulk modulus of β-HMX to the choice of EOS and weight scheme, Sewell et al. [66] applied153

three forms of EOS [50, 53, 79] to isotherms for β-HMX obtained from their simulations and154

two additional simulations from [69], and they concluded that the third-order BM EOS, fit155

with a weighting scheme that emphasizes low-pressure data, and consistently yields initial156

moduli in closest agreement with values obtained from theoretical predictions. Gump and157

Peiris [26] obtained the pressure-volume third-order BM EOS of β-HMX at temperatures of158

30 ◦C, 100 ◦C, and 140 ◦C under both hydrostatic and non-hydrostatic compressions up to 5.8159

GPa and 4 GPa, and observed phase transition from β to δ beyond these pressures. In contrast,160

Hooks et al. [31] did not observe phase transition in the isentropic compression reverberation161

experiments performed on (010) and (011) oriented HMX crystals up to a peak stress of about162

54 GPa.163

Despite the controversy on the pressures to phase transition, References [16, 43, 58] em-164

ployed data from both [79] and [26] to fit third-order BM EOS for β-HMX with pressure up to165

12 GPa. Under larger pressure, additional physico-chemical mechanisms such as chemical re-166

actions and crystal melting are involved in the deformation process. Austin et al. [5] described167

the thermo-elasto-viscoplastic behavior of the β phase HMX by incorporating a Murnaghan168

EOS into the crystal plasticity model, in which decomposition reaction and crystal melting169

are considered to reproduce Hugoniot data [47] with pressure larger than 40 GPa. Recently,170

White and Tarver [77] developed the parameters of Jones-Wilkins-Lee (JWL) EOS for HMX171

single crystal with mass density 1.905 g/cm3 and of JWL EOS for reaction products.172

Following Refs [16, 43, 58], third order BM EOS is employed in this study:173

σh|EOS = −3B0

2

(
J−

7
3 − J−

5
3

)[
1 +

3

4
(B′0 − 4)

(
J−

2
3 − 1

)]
(10)

where B0 is the bulk modulus at zero pressure, and B′0 is the derivative of the bulk modulus174

with respect to pressure at zero pressure. The volumetric part of the internal energy density175

e is then expressed as176

e =
9B0

16
J−1

[(
J−

2
3 − 1

)3
B′0 +

(
J−

2
3 − 1

)2(
6− 4J−

2
3

)]
(11)

The internal energy density contribution due to plastic dissipation is relatively small at the177

high strain rates considered in this manuscript and therefore not included.178
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2.3 Mechanical twinning model179

In this study, the twinning relation proposed by Kalidindi [36] is employed to capture the180

twinning phenomenon in HMX crystal. While twinning models for a variety of materials have181

been developed and employed, twinning modeling work for β-HMX crystal is relatively scarce.182

Zamiri and De [81] modeled twinning on the (101)[101] as an additional slip system idealized183

using the same flow and hardening evolution laws as for slip. Zecevic et al. [83] investigated184

twin model in single crystal configuration with focus on the relationship between the behavior185

for twinning and crystal orientation.186

The velocity gradient in the stress-free intermediate configuration, L, is decomposed into187

three components [36]:188

L = Ḟ p · (F p)−1 = (1−
Ntw∑
β=1

fβ)
Nsl∑
α=1

γ̇αZ
α
sl +

Ntw∑
β=1

ḟβγβtwZ
β
tw +

Ntw∑
β=1

fβ(
Nsl-tw∑
α=1

γ̇αZ
α
sl-tw) (12)

where γ̇α denotes the resolved shear strain rate on a slip system α, fβ the volume fraction189

of the twinned region on the twinning system β, γβtw the (constant) twinning shear strain,190

and Z
β

is the corresponding Schmid tensor that project the strain rate contribution from the191

corresponding slip or twin system. The first term is the contributions of dislocation slip along192

N sl slip systems in the untwinned region. The second term models the contribution of twinning193

on N tw twin systems. The last term reflects the contribution from slip in the twinned regions,194

and Z
α
sl-tw is obtained through rotation of the corresponding slip system:195

Z
α
sl-tw = QβZ

α
slQ

βT (13)

where Qβ is the rotation matrix between twinned and non-twinned lattices. Considering the196

fact that the deformation twins are thin structures, slip in the twinned regions are expected197

to be restricted to the co-planar slip systems with respect to the twin plane (Ntw < Nsl-tw).198

Various models have been developed to describe twinning in crystals [64]. Kalidindi [36]199

implemented a CPFE framework, where the crystal orientation in a relaxed configuration for200

both the twinned and untwinned regions are pre-defined based on the initial lattice orienta-201

tion. Wang et al. [74] proposed a physics-based crystal plasticity model to deal with both202

twinning and de-twinning mechanisms by incorporating twin nucleation, growth, shrinkage203

and re-twinning during the deformation process. However, many of the governing physical204

mechanisms for strain-induced twinning still remain unresolved [64]. Information on the evo-205

lution of the twinned volume fraction in β-HMX, especially under high rate loading is scarce.206

Hence, a phenomenological approach is employed in this study to describe the evolution of207

twin volume fraction in β-HMX [37, 74].208

The evolution of twin volume fraction is taken to be affected by the resolved shear stress209

on the twinning systems, and the twinning resistance idealizes the resistance from neighbor210

molecules as well as the potential interaction between twinning and dislocation slip. Mechan-211
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ical twinning is taken to occur only in the positive twinning direction and no recovery of212

twinning (i.e., detwinning [61]) is considered. Hence, the evolution of the volume fraction of213

twinning depends only on the resolved shear stress and twinning resistance through a power214

law function [37, 74]:215

ḟβ =
γ̇reftw

γβtw

( τβ
gβtw

)1/mβtw
for τβ > 0 (14)

where γ̇reftw is the reference twin rate, γβtw is the (constant) twinning shear strain, gβtw is the twin216

resistance and mβ
tw is a rate-sensitivity parameter. The twin volume fraction induced by the217

permanent twin cannot be negative, and the twinned regions are not allowed to detwin, i.e.,218

ḟβ = 0 for τβ ≤ 0. Naturally, fβ is always non-negative, and an upper bound in the crystals219

exist: fβ ≥ 0 and
∑Ntw

β fβ ≤ 1.0. This phenomenological evolution law does not separate220

nucleation and growth of twinning, but rather tracks the volume fraction change of twinning221

in an average sense. The power-law parameter mβ
tw represents the strain rate sensitivity of222

twin growth.223

2.4 Dislocation slip evolution224

The first and third terms in Eq. 12 respectively define the contributions of the active slip225

systems and slip systems in the twinned region on the shear deformation in the crystal. A226

number of slip evolution models have been previously proposed for HMX [5, 7, 25, 28, 75]. At227

low shear stress magnitudes, the driving force on the dislocation is low and the dislocations228

move in a thermally activated manner. At high shear stress magnitudes, the movement of229

dislocations are limited by phonon drag.230

In the current manuscript, slip evolution laws proposed by [7] is employed accounting for231

dislocation slip at slow (1e-6 m/s - 1 m/s) and faster speeds (> 1 m/s) which are modeled with232

both thermal activation and phonon drag mechanisms. Hence, the slip rate in slip system α233

is expressed as:234

γ̇α =
( 1

γ̇αw
+

1

γ̇αr

)−1
(15)

where γ̇αw and γ̇αr respectively represent the contributions from thermal activation and phonon235

drag. A plot of shear stress against slip rate for each of the component relations as well as236

the combined behavior, and using the fit parameters, is given in our previous work [85]. The237

thermally activated slip is expressed as:238

γ̇αw =


γ̇αwo√
ρnorm

[
exp

(
− ∆Gα(τα)

κθ

)
− exp

(
− ∆Gα(−τα)

κθ

)]
+ h(τα), if |τα| ≤ gα

γ̇αwo√
ρnorm

sign(τα)
[
1− exp

(
− 2cGµ

α

κθ

)]
+ h(τα), if |τα| > gα

(16)

where γ̇αwo is the reference shear strain rate, κ is the Boltzmann constant and θ the temper-239

ature. The transition from thermal activation to phonon drag is controlled by the penalty240

function: h(τα) = sign(τα)( τ
α

gα )ζ where ζ is a parameter. When τα > gα, the penalty func-241
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tion significantly increase the resolved shear strain rate of thermal activation, and reduces the242

relative contribution of thermal activation in the overall resolved shear strain rate. ρnorm is a243

dimensionless dislocation density measure normalized by the reference dislocation density ρref244

(ρnorm = ρ/ρref). ∆Gα(τα) is given by:245

∆Gα(τα) = cGµ
α
[
1−

(τα
gα

)]q
(17)

where cG, q are constants, and µα is the shear modulus resolved in the αth slip system [24]. gα246

is the slip strength of the slip system α, and takes the form:247

gα = rα(go + s
√
ρ) (18)

where, s and go are model parameters, and rα is the ratio of the slip system strength gα and248

the reference slip system strength, g(010)[100] (r(010)[100] = 1).249

For the glide of dislocations between sets of obstacles, the slip rate is governed by the drag250

term [4]:251

γ̇αr = sign(τα)γ̇roρnorm

[
1− exp(−|τ

α|
Dr

)
]
; Dr = Dro

θ

θ0
(19)

where γ̇ro is the reference shear strain rate, Dro is the reference drag stress, and θ0 is the252

reference temperature. The evolution of slip strength is controlled by the dislocation density253

which, under dynamic loading, evolves through generation and annihilation mechanisms:254

dρ

dγ
= n1

√
ρ− n2γ̇

− 1
n3 ρ (20)

n1, n2 and n3 are constants. The initial dislocation density is taken from [7] and consistent255

with experiments discussed in Ref. [67].256

Molecular packing of β-HMX [54] induces slip asymmetries in all slip planes. The slip asym-257

metry was also observed in other energetic molecular crystals, such as RDX [48]. While model-258

ing of asymmetry is straightforward from the implementation viewpoint, values for asymmetric259

critical resolved shear stress (CRSS) and mobility are not currently available. Slip asymmetry260

effects are therefore not included in the present model.261

ABAQUS has been employed in this study as the finite element solver, and the above262

constitutive model is implemented using the user supplied subroutine VUMAT. The overview263

of the stress update implementation is as follows: the velocity gradient L at tn+1 is given,264

and it is used in Eq. 5a and Eq. 5b to update V
′
n+1 and Jn+1. The deviatoric strain (E

′
n+1)265

and volumetric strain (EV,n+1) are then updated using Eq. 4. The plastic velocity gradient is266

obtained through Eq. 12, Eq. 14 and Eq. 15. Equation 6 is employed to compute WR which267

is used to compute Rn+1 through exponential map. With the updated strains and elasticity268

model in Section 2.2, stress is updated at tn+1 as well (Eq. 7 and Eq. 8). Under the loading269

rates considered in this manuscript, the adiabatic assumption is employed for temperature270
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Figure 1: Elasticity coefficients with pressure dependency for (a) the diagonal terms; and
(b) the off-diagonal terms.

rise. The updated dissipation induced by the viscoplastic slip, twinning and pressure-volume271

work at tn+1 are used to update temperature.272

3 Parameter Calibration273

In this section, data from previous experimental studies, molecular dynamics (MD) and CPFE274

simulations are employed to calibrate the parameters of the proposed model for β-HMX.275

Calibration of the parameters for the anisotropic elasticity model and EOS, dislocation slip276

evolution, and twinning evolution are discussed separately.277

3.1 Elasticity278

The elastic model is fully described by the elasticity coefficients, mass density, specific heat,279

EOS parameters and the Gruneisen tensor. Thirteen coefficients of the anisotropic tensor of280

the monoclinic lattice are pressure dependent. Mathew and Sewell [49] computed the elasticity281

tensor components using MD simulations for pressures up to 2 GPa, as shown in Fig. 1. These282

values are used in the model calibration.283

The EOS and the Gruneisen tensor account for the large volumetric deformation and284

potential distortion induced by thermal expansion. Bulk modulus, B0, and the derivative of the285

bulk modulus with respect to pressure, B′0, are taken to be 16.71 GPa and 7.79 following [43].286

The Gruneisen tensor for the anisotropic material is expressed as a function of mass density,287

specific heat and thermal expansion coefficients. Initial mass density of β-HMX, ρmass
0 , is288

1.9 g/cm3, and the specific heat cV is set to 1 kJ/(kg·K). Thermal expansion coefficients are289

obtained from the measurements of Ref. [29] and summarized in Table 1.290
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Table 1: Parameters of the elasticity model.

Parameter B0 B′0 cV ρmass
0 α11

Unit GPa kJ/(kg ·K) g/cm3 10−6/K

Value 16.71 7.79 1 1.9 -2.9

Parameter α22 α33 α23 α13 α12

Unit 10−6/K 10−6/K 10−6/K 10−6/K 10−6/K

Value 116 17.9 0 -12.6 0

Table 2: Slip strength ratios.

Slip system (010)[100] (011)[100] (011̄)[1̄00] (101)[01̄0] (001)[100]

Ratio rα 1 0.963 0.963 0.933 1.68

Slip system (101)[101̄] (011)[1̄11̄] (01̄1)[111] (11̄0)[001] (1̄1̄0)[001̄]

Ratio rα 0.376 0.931 0.931 0.701 0.701

3.2 Dislocation slip parameters291

Previous experiments and first principles calculations suggest that slip in HMX molecular crys-292

tal can occur along a large number of slip systems induced by the irregular molecular shape.293

Potential slip systems in β-HMX have been identified by Gallagher et al. [23] as (001)[100],294

(101)[101̄] and (101)[010]. Barton et al. [7] employed ten slip systems determined based on295

MD simulations. In that work, the corresponding slip strengths were selected according to an296

optimization algorithm to minimize the difference between simulation predictions and experi-297

mental observations. Recently, Pal and Picu [54] used MD simulations to identify slip systems298

which are potentially active in β-HMX, and ranked them in terms of their propensity for slip.299

Khan et al. [39] extended their study to finite temperatures, and evaluated critical thresholds300

for activating steady-state dislocation motion in the two most probable slip planes, (101) and301

(011). Zhou et al. [86] identified eight potential slip systems from ReaxFF-lg reaction dynamic302

simulations subjected to shock loadings normal to (110), (011), and (010) planes. To model303

the nature of plasticity in HMX, full list of active slip systems and accurate description of slip304

behaviors within each slip system are needed from either smaller scale information or through305

parameter calibration at the continuum scale.306

We initially attempted to calibrate parameters for all potential slip systems (27 systems)307

proposed in the literature [7, 39, 48, 54, 55, 86]. However, incorporating more slip systems308

than those used in Barton’s model complicates the calibration procedure, and no substantial309

improvement in matching particle velocity profiles is observed. Therefore, instead of modeling310

full list of potential slip systems, ten slip systems proposed by Barton et al. [7] are employed in311

the current manuscript and summarized in Table 2 with calibrated parameters through particle312

velocity profiles. All slip systems are given in P21/n notation. The lattice structure of β-HMX313

is described by four cell parameters: a, b, c and β (a=6.5374�A, b=11.0296�A, c=7.3549�A, and314

β=102.69° [13]). Slip system strength ratios rα and phonon drag parameter Dro as well as the315

thermal activation and dislocation density evolution parameters are set to those provided in316
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Table 3: Flow rule and hardening rule parameters.

Parameter γ̇wo cG g0 s q γ̇ro Dro ζ

Value 1 11.47 103 0.1666 1 2.5 1160 150

Unit µs−1 K/MPa MPa MPa· mm µs−1 MPa

Parameter n1 n2 n3 η θ0 ρ0 ρref
Value 37.99 62 4.98 0.9 293 0.0307 0.452

Unit mm−1 K µm−2 µm−2

Ref. [85].317

3.3 Twinning parameters318

The primary twinning system in HMX crystal has been identified as (101)[101] in P21/n319

space group [2, 12, 23, 56] (N tw = 1). Within the twinning system (101)[101], characteristic320

twinning shear strain γtw, reference twin rate γ̇reftw , twinning resistance gtw and the power-law321

parameter mtw fully define the twinning evolution law. The fact that deformation twins are322

thin structures constrains further slip and twinning in the twinned region. The contribution323

of twinning at high strain rate regime has not been experimentally investigated for HMX in a324

quantitative fashion that allows full calibration of all associated material parameters. The issue325

is exacerbated by a lack of signature features in the high rate response of the specimens that326

are directly attributed to twinning. The calibration of the twin related parameters therefore327

contains a degree of uncertainty.328

γtw = 0.242 is calculated with the lattice parameters and twinning system stated above329

using the procedure provided in [42]. While research has been done to quantify twinning330

resistance, gtw, for other materials [52], there is no experimental measurement of this parameter331

for HMX. Zamiri and De [80] employed a slip-like twinning model with the initial value of332

twinning resistance 2.5 MPa at 24 ◦C and 2.2 MPa at 55 ◦C. and the saturation values of333

twin resistance are also reported as 2.55 MPa at 24 ◦C (297 K) and 3.1 MPa at 55 ◦C (328334

K). The study by Zamiri and De [80] used identical values for twinning and slip resistance.335

A commonly used method to calibrate the critical stress is through fitting the macroscopic336

stress-strain curve [33, 34, 46, 52, 60, 71]. However, this approach is not applicable for β-337

HMX due to the lack of experimental stress-strain curve at the relevant strain rates. The rate-338

sensitivity parameter mtw is set to a small number (0.05) to approach the rate-insensitivity339

for twinning [33, 36, 60].340

Two of the twinning parameters (reference twin rate γ̇reftw and twinning resistance gtw)341

are calibrated using the plane shock experiments by Dick et al. [20]. In these experiments,342

an initial velocity is applied to an impactor. The shock wave generated by the impactor is343

transmitted through the specimen, which is a single HMX crystal. The calibration is performed344

by minimizing the discrepancy between experimentally observed and numerically simulated345

particle velocity profiles at the interface between the specimen and the PMMA window behind346

the specimen.347
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Table 4: Loading data.

Shot Sample Thickness Impactor
no. type (mm) Velocity (km/s)

1180 110 1.23 0.3185

1166 110 3.18 0.3068

1182 110 3.57 0.5209

1181 011 1.39 0.3160

1068 011 3.00 0.3140

1168 011 4.66 0.3132
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400
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shot 1180

Experiments
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(a)
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0

100

200

300
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(b)

Figure 2: Model verification with respect to loading in (a) the (110)P21/n direction; and
(b) the (011)P21/n direction.

In the numerical simulations, the specimen is discretized using a quasi-one-dimensional348

mesh (element size 0.01 mm), and the loading is applied as prescribed constant velocity. The349

amplitude of the applied velocity on the HMX specimen is determined using the measured350

impactor velocity through the impedance matching technique, in which linear Hugoniot re-351

lationships are employed for the impactor, anvils and HMX [9, 51]. The PMMA window352

is bonded to the HMX specimen, and modeled using the nonlinear viscoelastic constitutive353

law developed by Schuler and Nunziato [65]. Periodic boundary conditions are applied at the354

top/bottom and front/back boundaries. Dislocation density field is taken to be uniform prior355

to the onset of the dynamic load. The particle velocity at HMX/PMMA interface is extracted356

for parameter calibration. In a similar study, Barton et al. [7] observed a discrepancy between357

the times of arrival in the predictions and experiments due to the dependence of elastic pa-358

rameters to pressure and temperature and reported the prediction results with a time shift.359

Time shift is not used. In the current study, the elastic moduli of the crystal are taken to be360

pressure dependent based on the data shown in Fig. 1. Time shift idea has not been used and361

pressure dependent moduli provides sufficiently accurate time of arrival as shown in Fig. 2. It362

is also noteworthy that Fig. 1 indicates a slight pressure dependency of the shear moduli. The363

13



slight pressure dependency has only a minor influence on the speed of the plastic wave.364

Calibration data are collected from three shots along (110)P21/n direction and three shots365

with single crystals along (011)P21/n direction as shown in Table 4. Experiments along366

(010)P21/n direction are not used for calibration due to the fact that the plane and direc-367

tion of twinning are perpendicular to the impact plane therefore no twinning deformation is368

expected. In the calibration process, strong crystal orientation dependency of the twin model369

is observed. Prevalent twin accumulation occurs at shots under loading in (011) direction,370

while only a small amount of twin is observed in (110) direction. The predictions of the cal-371

ibrated model and experimental measurements are compared in Fig. 2. Overall, a reasonable372

agreement between the predictions and experimental data is observed. Elastic precursor decay373

is observed in both loading directions. For instance, in (011) direction, the amplitude of the374

elastic wave reduces from 160 m/s to 70 m/s when the wave travels from 1.39 mm to 4.66 mm.375

Although these curves are obtained from different impact experiments, the amplitudes can be376

used to analyze the reduction of elastic precursor considering the minor difference between im-377

pactor velocities (less than 1%). Elastic precursor decay is due to the plastic dissipation when378

the material is being compressed [3, 15, 17, 57, 70], and the dissipation has been correlated379

with dislocation density and dislocation velocity in Orowan’s equation. In the current model,380

the dissipation is controlled by the resolved shear strain rate in slip systems and twin volume381

fraction in the twin system. The predicted peak steady particle velocities exhibit moderate382

discrepancy in shots 1182, 1068 and 1168. This is attributed to shortcomings of the PMMA383

constitutive model [65] in capturing large volumetric deformation in shock condition. The384

finite width of the elastic wave observed in Fig. 2 is due to the artificial viscosity employed in385

FEA solver [35, 72]. The aforementioned experimental study also included data on (010) spec-386

imens. Since twinning is not activated on (010) specimens, the predictions with or without the387

twinning model are identical. These results are not included in this manuscript. Furthermore,388

we observe slightly larger deviation in prediction of time of arrivals in the (010) direction com-389

pared to the experimental observations, indicating some uncertainty in the elastic constants390

and the EOS.391

Calibrated twinning parameters are summarized in Table 5. Although the prediction of392

overall wave propagation is qualitatively similar to the prediction with a previous model that393

considered only slip evolution on the twin plane [85], the presence of twins does contribute to394

the plastic response, which is explained in Fig. 3. The particle velocity profile of shot 1168395

is simulated with two models, and the fittings are shown in Fig. 3a. In the first model, only396

dislocation slip is incorporated in the current large deformation CPFE model, while in the397

second model, both dislocation slip and twins are considered. All slip parameters are identical398

in the two models. The presence of twins reduces the elastic peak at t=0.15 µs, and increases399

the following stress decay. The plastic peaks in both models are the same, while velocity of the400

plastic wave is observed to be slower in the model with twinning than the prediction without401

twins for shots in (011) direction. Figure 3b shows the comparison for shot 1181, where the402

sample is shorter than that for shot 1168 but with identical orientation and similar impact403
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Table 5: Twinning parameters.

Variable γ̇reftw γtw mtw gtw
Unit µs−1 MPa

Number 1 0.242 0.05 120

1 1.1 1.2 1.3 1.4 1.5 1.6
0
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Experiment
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Slip Only

(a)
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0

50

100
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200

250

300

Experiment
Slip + Twin
Slip Only

(b)

Figure 3: Effect of twinning on model prediction. Particle velocity of (a) shot 1168 and (b)
shot 1181 are predicted using current model with twinning (dislocation slip and twin) and
without twinning behavior (dislocation slip only).

velocity. In this case, the presence of twins appears to have relatively small effect on the404

velocity profile. Although the reduction of the plastic wave velocity induced by twinning is405

larger at the beginning of wave propagation, the resulting plastic wave arrival time becomes406

more obvious as the wave propagated deeper into the material due to the accumulative effect407

of the plastic behavior. The elastic peak and plastic wave propagation is better captured,408

while the predictions of initial slope and the shape of the elastic precursor are not improved409

when twinning is activated.410

4 Analysis of twin evolution411

4.1 Single crystal configuration412

In what follows a deeper investigation on the evolution of twinning in single crystal configura-413

tion is performed. The numerical investigation uses the setup employed in model calibration414

described above.415

4.1.1 Effect of crystal orientation416

Mechanical twinning is prevalent when the resolved shear stress (RSS) in (101)[101] direction417

exceeds the twinning resistance. This implies that twinning is not sensitive to deformation in418

certain directions (where RSS is low or negative) and sensitive to deformation in others (where419

15



0 1000 2000 3000 4000
-60

-40

-20

0

20

40

Location [     ]

R
es

ol
ve

d 
Sh

ea
r S

tre
ss

 [M
Pa

] t = 0.1
t = 0.2
t = 0.4
t = 0.7

t = 1.0
t = 1.3
t = 1.6

(a)

0 1000 2000 3000 4000
0

50

100

150

Location [     ]

R
es

ol
ve

d 
Sh

ea
r S

tre
ss

 [M
Pa

] t = 0.1
t = 0.2
t = 0.4
t = 0.7

t = 1.0
t = 1.3
t = 1.6

(b)

Figure 4: Orientation dependency of resolved shear stress in (a) the (110)P21/n direction; and
(b) the (011)P21/n direction. Temporal evolution of RSS is plotted at t=0.1 µs, 0.2 µs, 0.4
µs, 0.7 µs, 1.0 µs, 1.3 µs and 1.6 µs. Location x=0 mm represents the left hand side of the
specimen, and x=4.66 mm represents the HMX/PMMA interface.

RSS is positive and high). In the current study, the mechanical twinning is investigated when420

the compression wave aligns with two crystal orientations: (110) and (011), one of which421

promotes higher level of twinning.422

Employing the setup of the calibration experiments, a 4.66 mm long single crystal HMX423

specimen is subjected to prescribed boundary velocity of 200 m/s. The spatial distributions424

of the resolved shear stress and twin volume fraction on twin system are recorded at seven425

time instances (i.e., t=0.1 µs, 0.2 µs, 0.4 µs, 0.7 µs, 1.0 µs, 1.3 µs and 1.6 µs) and plotted in426

Figs. 4 and 5. The effect of loading orientation on the stress evolution on the twin system is427

evident from the differences in the (011) direction (Fig. 4b) and the (110) direction (Fig. 4a).428

In Fig. 4a, specimen deformation in (101)[101] follows the stress wave which passes through429

the specimen without significantly changing shape, and reaching a stable state (RSS ≈ -33430

MPa) on the wake of the wave. In contrast, a more complex stress evolution is observed in431

Fig. 4b. Between 0 µm and 1000 µm, RSS exhibits a double peak structure once the dynamic432

wave has already passed. Similar structure is also observed in the particle velocity profiles, and433

represents the separation of elastic and plastic waves. Constant stress state is reached between434

∼500 µm and the wave front. Resolved shear stress in (110) case does not exceed 120 MPa435

during the entire dynamic deformation process, which leads to no twin formation. However,436

RSS in (011) exhibits a large peak (> 120 MPa) which directly induce twin accumulation437

until the RSS drops below the twinning resistance (120 MPa). RSS behind the shock front438

is positive but lower than the resistance. At t=1.3 µs, the wave has already reflected at the439

HMX/PMMA interface thus the double peak structure disappears.440

Figure 5 shows the twin volume fraction profile at a number of time instances for the (011)441

specimen loaded at 200 m/s velocity (Fig. 5a) and 500 m/s velocity (Fig 5b). The shock front442
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Figure 5: Temporal evolution of twin volume fraction at loading (1) 200 m/s, and (2) 500
m/s. Loading is along (011) direction.

is marked by the sudden increase in twinning activated by the high RSS observed at the shock443

front. Twinning rapidly accumulates when the resolved shear stress approaches or exceeds444

twinning resistance. The twin volume fraction increases from zero to a decreasing peak as the445

shock front propagates through the specimen. As shown in Fig. 5a, at t=0.1 µs, the wave446

arrives at approximately 400 µm (Fig. 5a) and the induced twin volume fraction is approxi-447

mately 7.25%. At 0.4 µs, 0.7 µs and 1 µs, the induced twin volume fraction reduces to 3.5%,448

0.78% and 0.08%, respectively. After the shock is reflected back at the HMX/PMMA interface,449

due to the relatively small impedance contrast, a slight increase in the twin concentration is450

observed. A similar phenomenon is observed in Fig. 5b.451

We also observe the propagation of transition region after shock front. The twinning452

transition region is defined as the distance it takes for the twin to fully form at the shock453

front. Under 200 m/s loading at t=0.1 µs, the twinning transition region starts at x=350454

µm and ends at x=411 µm. At t=0.4 µs and t=0.7 µs, the transition region remains as 60455

µm. The propagation of the transition region without significant size change indicates stable456

energy dissipation process at the wave front.457

4.1.2 Effect of impact velocity458

The same specimen configuration (shot 1168) and boundary conditions as above are employed459

to study the response when subjected to different loading velocities in the (110) direction. At460

high impact velocity (500 m/s), compared with twinning at lower loading velocity (200 m/s,461

as shown in Fig. 5a), more twins are observed, and twinning accumulation reaches a steady462

state. The twinning transition regions at t=0.1 µs, t=0.4 µs, t=0.7 µs and t=1.0 µs increase463

to 60 µm, 160 µm, 220 µm and 260 µm at 500 m/s load velocity. The expansion of transition464

region at the higher impact velocity and more accumulated twins clearly indicate increased465

energy dissipation at the wave front and more plastic deformation when the impact velocity466
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Figure 6: (a) Twin volume fraction in single crystal when the wave arrives at the
HMX/PMMA interface for loading velocities of 50 m/s, 100 m/s, 200 m/s, 300 m/s, 400
m/s and 500 m/s. (b) Starting locations of the steady state for impact velocities of 375 m/s,
400 m/s, 425 m/s, 450 m/s, 475 m/s, 500 m/s and 525 m/s when the change of twin volume
fraction is constant (5e-6/µm).

increases.467

Figure 6a shows the spatial distribution of twin volume fraction when the dynamic wave468

arrives at the HMX/PMMA interface (1.050 µs, 1.042 µs, 1.032 µs, 1.020 µs, 1.010 µs and469

1.000 µs under impact velocities of 50 m/s, 100 m/s, 200 m/s, 300 m/s, 400 m/s and 500470

m/s). It is clear that twin volume fraction increases with the loading rate, and the maximum471

amount of twinning occurs near the loading boundary (x≈0 µm). Maximum twin volume472

fraction fmax in 50 m/s case is less than 0.01%, while fmax in 500 m/s case reaches 18.8%.473

Other cases (400 m/s, 300 m/s, 200 m/s and 100 m/s) have maximum twin fractions 16.17%,474

12.42%, 7.36% and 0.95%, respectively. Especially at higher impact velocities, a boundary475

region develops with high twin fraction that attenuates to a steady value in the sample interior.476

The attenuation is slower at lower load rates. The iso-line plotted in Fig. 6a demonstrates the477

nonlinear relationship between the “run-to-steady-state” and the load rate. Points on the iso-478

line indicate the location (x-axis in Fig. 6a) beyond which no substantial change (quantified by479

threshold of 5e-6/µm) in the twin volume fraction is observed. The steady state for 500 m/s480

case starts at approximately x=1 mm with f ≈ 10%, while in 400 m/s case, the steady region481

(f ≈ 5.5%) starts at 2 mm. Steady state region is not observed in the cases with lower applied482

velocities. To further depict the evolution of the steady state starting position as a function of483

impact velocity, the iso-line is also plotted in Fig. 6b with additional impact velocities of 375484

m/s, 425 m/s, 450 m/s, 475 m/s, and 525 m/s.485
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Figure 7: Microstructures of polycrystal configuration. Each colored region represents a single
crystal particle. Impact velocity is applied on the left hand side, and the movements of top,
bottom, front and back faces are constraint in their normal directions.

4.2 Polycrystal configurations486

Particle-particle interactions could lead to stress and strain concentrations in an energetic ma-487

terial mesostructure, and have potential links to hot-spot formation [21]. In this section, we488

investigate twinning in polycrystalline HMX configurations under impact loading. Polycrys-489

talline HMX is typically synthesized to a compressed granular form or bound by a polymeric490

binder with small binder concentration. In the former, the mesostructure includes interparticle491

voids, whereas in the latter, the void spaces are completely or partially filled with the binder.492

The current study does not include the presence of voids or binder, and focuses on the twin493

formation in idealized mesostructures with particles fully bonded with each other. Similar494

assumptions have been previously employed to investigate polycrystalline energetic particles,495

see e.g. [28].496

4.2.1 Mesoscale structures497

The mesoscale morphologies, the boundary and loading conditions considered in the mesoscale498

simulations are shown in Fig. 7. Five mesoscale specimens subjected to high rate compression499

loading are investigated in this study. Each particle that comprise the mesoscale morphologies500

is idealized as a single crystal. The size of the numerical specimens is 400 µm × 400 µm501

× 800 µm. The orientation of each particle is sampled from a uniform random distribution.502
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Figure 8: Probabilistic distribution of maximum twin volume fraction in each grain (solid
curve) and maximum twin volume fraction in each grain excluding grains where twinning is
not observed (dash curve).

The three Euler angles (Kocks convention) defining the orientation of a crystal is assumed to503

be independent of each other, and sampled from the range of 0 < Φ1 < 2π, 0 < φ < π and504

0 < Φ2 < 2π. The loading is imparted on the specimens as prescribed velocity as shown in505

Fig. 7a. The displacements on the front/back/top/bottom faces are constrained in the normal506

directions, and free in other directions.507

Four of the five mesostructures (Figures 7a to 7d) include randomized polygonal particle ge-508

ometries. The mesostructures are generated using the Neper software [62]. A bimodal particle509

size distribution (see Ref. [85]) is used to create these four mesostructures, each of which con-510

sists of 120 grains. The geometries are therefore four realizations with identical morphological511

statistics. Note that variation in the dynamic response is expected as the mesostructures are512

not large enough to be statistically representative. Alternatively, we aggregate the responses513

leveraging the statistical volume concept in the analyses. The fifth microstructure, shown in514

Fig. 7e, is constructed by tiling two polyhedral particle shapes (Fig. 7f) in a regular pattern.515

Similar, geometrically regularized mesostructures, have been employed in previous studies to516

investigate the dynamic response of energetic materials (e.g. Ref. [28]). The mesostructures517

are discretized with approximately 500,000 - 1 million trilinear tetrahedral elements. Simula-518

tions are conducted using dynamic explicit finite element method. Time step sizes are chosen519

to ensure stability (3× 10−6 - 1× 10−5 µs).520

To understand the overall twinning evolution, the collective distributions for twin volume521

fractions from the first four cases (Figures 7a to 7d) are plotted in Fig. 8 under the excitation522

amplitude of 250 m/s. The blue solid line in Fig. 8 represents the probability distribution of523

the maximum twin volume fraction reached during the simulation in each grain. The large PDF524

value near f=0 indicates that large portion of the specimens (32.5% volume or 156 grains),525
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Figure 9: Twin volume fraction distribution of the mesostructures with (a) randomized polyg-
onal particle geometries and (b) regularized particle geometries, and maximum principal strain
with (c) randomized polygonal particle geometries and (d) regularized particle geometries at
t=1.6 µs.

do not exhibit or exhibit a very small amount of twinning. After excluding these grains with526

zero maximum twin volume fraction, the PDF of maximum twin volume fraction is plotted in527

red dash line. The critical regions of high twin concentration only exist in a limited number528

of locations in the mesostructure.529

Figure 9 illustrates the twin volume fraction and maximum principal strain contours as530

predicted using the mesostructures with random (Fig. 7b) and regular (Fig. 7e) particle ge-531

ometries when the shock wave front is near the end of the specimens. In both types of532

mesostructures, high twin concentrations are observed at or near particle boundaries, which533

indicates the roles of interparticle misorientation and particle geometry on twin formation. Al-534

though the twin accumulation regions are likely to have relatively high strain concentration, a535

high strain region does not imply high twin volume fraction. The local regions with peak twin536

concentration in both mesostructures as well as the grain orientations are shown in Fig. 10.537

High twin concentration regions are observed both at the boundary (Fig. 10) and the interior538

of the mesostructures (Fig. 13a and Fig. 13d). In the mesostructure with polygonal particles,539

fmax = 0.4673 occurs at a triple junction on the boundary as plotted in Fig. 10a. In the540
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Figure 10: Local region of twin concentration for mesostructures with (1) randomized polyg-
onal particle geometries and (2) regularized particle geometries at t=1.6 µs. Lattice axes a,
b and c for each grain are plotted as well. The lattice axes are not orthogonal due to the
monoclinic lattice structure.

mesostructure with regularized particles, a column of particles aligning on the front face show541

high twin volume fraction, with fmax = 0.4502 observed again at a triple junction (Fig. 10b).542

Although grain misorientations appear to characterize the local twinning initiation and543

accumulation behavior, the peak twin volume fraction does not show a clear connection to the544

grain misorientation angles. In both Fig. 10a and Fig. 10b, the highly twinned grain is next to545

a grain that has only a small amount of twinning, which seems to suggest an effect of crystal546

misorientation and grain boundary. To investigate the possible effect of grain misorientation547

between neighboring particles, maximum twin volume fraction discrepancy (TVFD) between548

each neighbor grain pair is plotted in Fig. 11 where mean and standard deviation are computed549

in five intervals for mesostructures with randomized polygonal particle geometries and regu-550

larized polygonal particle geometries. The means of twin volume fraction discrepancy exhibit551

small values (< 9%) for all grain pairs in two mesostructures, while the standard deviation552

are larger than the means, which indicates that misorientation is not clearly connected to twin553

concentration. In the both mesostructures, mean and standard deviation of the twin volume554

fraction discrepancy do not show a strong dependence on the misorientation angle.555

4.2.2 Loading velocity556

The mesostructure shown in Fig. 7b is subjected to four different impact velocities (100 m/s,557

200 m/s, 300 m/s and 400 m/s) to investigate twinning evolution at different deformation rates.558

The simulations are performed until the shock front reaches the face of the mesostructure559

opposing the impacted face. Total time of the simulations are 0.5 µs, 0.25 µs, 0.17 µs and560

0.15 µs for impact velocities of 100 m/s, 200 m/s. 300 m/s and 400 m/s, respectively. The561

corresponding time step size are 2.5e-5 µs, 1.25e-5 µs, 5e-6 µs and 1e-6 µs.562
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Figure 11: Maximum twin concentration discrepancy and misorientation in mesostructures
with (a) randomized polygonal particle geometries and (b) regularized particle geometries.
Mean and standard deviation are computed in five intervals ((0°,45°), (45°,75°), (75°,105°),
(105°,135°) and (135°,180°)).

Stress distributions of these four cases are plotted in Fig. 12. The stress contours are at563

time instances, where the wave front is approximately in the middle of the mesostructure.564

With increasing impact velocity, the response transitions from elastop-lastic wave propagation565

(Fig. 12a) to near hydrodynamic shock propagation (Fig. 12d). A clear separation of the shock566

wave is observed in the latter three simulations, while the 100 m/s case shows continuous567

compression trailing the wave front. Even at the highest impact velocity, stress distribution568

at the shock front is highly heterogeneous indicating the role of morphology on the dynamic569

response.570

The corresponding twin volume fraction contours are shown in Fig. 13. The regions of the571

mesostructure with elevated twin concentration are not significantly affected by the impact572

loading amplitude. Naturally, those grains, where the twin system is favorably aligned with the573

orientation of shock propagation exhibit significant twin volume fractions. For low to moderate574

impact velocities (i.e., 100-300 m/s), the sites of localized peak volume concentration occur at575

the triple junctions near the surface of the volume. Under the high impact velocity condition,576

the location of the peak volume fraction occurs at the interior of the grain near the impact577

surface in mesostructure as shown in Fig. 13d. Figure 14 shows the relationship between the578

peak twin volume fraction and the applied impact velocity. At the range of loading tested579

in this study, a clear linear trend exists with very substantial twin concentrations (90%) at580

high impact velocity. Considering localized twinning concentrations as potential hot-spots in581

the mesostructure, the simulations indicate that triple junctions could be of significance in582

detonation initiation.583
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Figure 12: Stress contour of mesoscale structure subjected to impact loading (a) 100 m/s at
t=0.12 µs, (b) 200 m/s at t=0.10 µs, (c) 300 m/s at t=0.098 µs and (d) 400 m/s at t=0.095
µs.

5 Conclusion584

This manuscript presented the investigations of mechanical twinning behavior of crystalline585

β-HMX with respect to crystal orientation, mesoscale structure and loading amplitude under586

given shock/sub-shock impact through a CPFE framework with large volumetric deformation.587

This manuscript serves as a starting point of modeling mechanical twinning from a physics-588

based perspective, and it can be further improved with additional experimental data about589

twinning and detwinning. The results show that the deformation twinning has strong orienta-590

tion dependency in single crystal and in polycrystal configurations. Compared with the more591

realistic mesostructure, the regularized structure generates lower peak twin volume fraction due592

to the reduction of sharp corners of particles. Twinning phenomenon becomes more evident593

at higher strain rate which further highlights the importance of modeling twinning through594

a physically meaningful fashion. Once more information, particularly information from lower595

scales, become available through experimental observation or first principle calculations, the596

proposed model can be improved with more accurate calibration and additional physics can597

be incorporated to capture material behavior at mesoscale.598
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Figure 13: Twin volume fraction contour of mesoscale structure subjected to impact loading
(a) 100 m/s at t=0.25 µs, (b) 200 m/s at t=0.125 µs, (c) 300 m/s at t=0.098 µs and (d) 400
m/s at t=0.095 µs.
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Figure 14: Rate-dependent twin formation in the HMX polycrystal.
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