
Journal of Physics: Conference
Series

     

PAPER • OPEN ACCESS

Response of explosive HMX to low-velocity
impact: modeling by the crystal plasticity finite
element method
To cite this article: Denis Ilnitsky et al 2017 J. Phys.: Conf. Ser. 941 012052

 

View the article online for updates and enhancements.

You may also like
Theoretical study of the critical dynamic
behaviors for pore collapse in explosive
Yao Long and Jun Chen

-

Computational study of ignition behavior
and hotspot dynamics of a potential class
of aluminized explosives
Ushasi Roy, Seokpum Kim, Christopher
Miller et al.

-

Hydrogen bonds determine the
nonbonding adhesion at HMX-based PBX
interface
Xinke Zhang, Shuang Li, Jun Kang et al.

-

This content was downloaded from IP address 18.118.226.105 on 25/04/2024 at 20:16

https://doi.org/10.1088/1742-6596/941/1/012052
https://iopscience.iop.org/article/10.1088/1361-651X/abfd1c
https://iopscience.iop.org/article/10.1088/1361-651X/abfd1c
https://iopscience.iop.org/article/10.1088/1361-651X/aae402
https://iopscience.iop.org/article/10.1088/1361-651X/aae402
https://iopscience.iop.org/article/10.1088/1361-651X/aae402
https://iopscience.iop.org/article/10.1088/1402-4896/ace747
https://iopscience.iop.org/article/10.1088/1402-4896/ace747
https://iopscience.iop.org/article/10.1088/1402-4896/ace747
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjssWataGR9Sg2jxHeoP4M5-FyqU8BKce9ixUxS5GI4wRPIWsRlxLXP6Dp4RDNnwIevcPMFzn4PLOPQqH1nyZbzUNsS0r7MzjwaIakHk_ASoj8C5kLx_1Fh70VY_nHXCjs8e1RkekpylorDLEtt-Tlqo6ZJhYqMm9B7RW-jYx6sETxPycEVdSim9D2yHqfSIYjpiZHd0l7CgvPQJUlXreTfL3YC2HrGnnAfvcVDvAufMnesredzhrxekTMDsieZ15SPcPz8yiIGfWEKTh-mw8fvHCnNA_aM34nBXWMjrbRTkn7ZHPBFxlj9mpmyzKjY7HcSLyWta1lnMdtJ2Ib6I9jI0&sig=Cg0ArKJSzMTrc-EsZimL&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://iopscience.iop.org/partner/ecs%3Futm_source%3DIOP%26utm_medium%3Ddigital%26utm_campaign%3DIOP_tia%26utm_id%3DIOP%2BTIA


1

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

1234567890

III International Conference on Laser and Plasma Researches and Technologies IOP Publishing

IOP Conf. Series: Journal of Physics: Conf. Series 941 (2017) 012052  doi :10.1088/1742-6596/941/1/012052

Response of explosive HMX to low-velocity impact:

modeling by the crystal plasticity finite element

method

Denis Ilnitsky1,2, Nail Inogamov1,2, Vasily Zhakhovsky1,2

1 Dukhov Research Institute of Automatics (VNIIA), 22, ul. Sushchevskaya, Moscow 127055,
Russia
2 L.D. Landau Institute for Theoretical Physics, 1a, ul. Akademika Semenova, Chernogolovka,
Moscow Region, 142432, Russia

E-mail: denisilnitskiy@gmail.com

Abstract. Crystal plasticity finite element method (CPFEM) is a powerful tool for modeling
the various deformation problems, which takes into account the different plasticity mechanisms
at microscale of grain sizes and contribution of anisotropic behavior of each grain to macroscopic
deformation pattern. Using this method we simulated deformation and plasticity of high
explosive HMX produced by relatively low velocity impact. It was found that such plastic
deformations of grains cause local heating which is sufficient to induce chemical reactions.

1. Introduction
Safety of different devices, which contain high explosives (HE) like octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine (HMX), is determined in many aspects by chemical reactions initiated by
impact on HE with different velocities. The impact loadings may lead to high pressure (more
than 10 GPa) or to low pressure (less then 1 GPa). Many phenomenological models were
developed for high-pressure impacts [1, 2]. Those models are widely used for HE reactions
predictions in engineering practice. But the commonly accepted models for low-pressure impacts
are lacking. This fact is connected with complex and multiscale processes involved to studied
phenomena. Complexity of determination of the leading process stems from many reasons for
generation of detonation centers such as HE heterogeneity, HE deformation process instability,
and friction of material grains.

Some researchers consider adiabatic shear bands formation during shear loading of HE as the
main mechanism of the non-homogeneous high-temperature heating which leads to detonation
[3, 4]. There are several phenomenological models for describing this process [3–5]. The main
weakness of those models is the usage of a number of artificial parameters which are not based on
clear physical picture. For clarifying physical processes we have to obtain the non-homogeneous
pattern of heating HE explicitly. Several authors made attempts to receive the non-homogeneous
pattern inside the separate grains of material with using a model for metals only [6]. Here we
present the CPFEM simulations of impact loading of HE with taking into account anisotropic
orientation of HE grains and their mutual interaction. As far as we know this approach is used
for the first time.

http://creativecommons.org/licenses/by/3.0
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2. Mathematical model of HE deformation
The elasto-plastic deformation of material grains conglomerate is known to be sufficiently
anisotropic, and thus its behavior depends on loading direction. The anisotropic mechanical
properties of the material is defined by its bulk anisotropic elastic characteristics and
various plasticity deformation mechanisms (dislocations, twins and martensite transformations)
for different spatial orientations of material grains. Complicated picture of elasto-plastic
deformation is formed on account of anisotropic properties of material grains and its interaction.

For accurate calculation of mutual interaction between HE grains, HE grains and plasticizer,
and to account the various plastic responses of individual grains (in particular dislocation
dynamics inside) in modeling we have to choose a method which able to account those
deformation processes. Three decades ago the finite element method of crystal plasticity [7] was
proposed with the aim to model deformation processes in metals and alloys, where anisotropic
properties of material grains play a significant role in material response.

Here we apply this method to consider deformation process in HE. It allows us to account
such processes as mutual interactions between grains as well as interactions between HE
grains and plasticizer. The method makes feasible the calculation of plastic response of each
grain including dynamics of dislocations and other processes involved in plasticity. The last
processes are twinning, non crystallographic adiabatic shear, interaction of grain boundary with
dislocations, twin-dislocation interactions, interaction between dislocations of opposite signs and
etc. All of them can be implemented in finite-element model of crystal plasticity using a set of
kinetic equations. Lets consider an implementation of dislocation plasticity, adiabatic shear and
twinning, proposed in [8].

In this method a decomposition of deformation gradient F to factors is given as:

F = FeFp, (1)

where Fe is an elastic part and Fp is a plastic part.
Plastic deformation varies as:

Ḟp = LpFp. (2)

In the case of plasticity produced by dislocation motion only:

Lp =

N∑
α=1

γ̇αmα ⊗ nα, (3)

where mα and nα are unit vectors, which describe a dislocation slip direction and a normal to
slip plane for slip system α, respectively; N is a number of slip systems, and γ̇α - a shear rate
for this system.

Equation (3) is expanded by additional terms:

Lp =

N∑
α=1

γ̇αmα ⊗ nα +

M∑
β=1

γ̇βmβ
twin ⊗ nβ

twin +

P∑
χ=1

γ̇χmχ
sb ⊗ nχ

sb, (4)

which account for twinning and formation of non-crystallographic shear bands. For describing
crystal microstructure, it is necessary to define expressions for shear rates of different plasticity
mechanisms. For this purpose the small scale calculations can be used. For example in [8],
to account the non-crystallographic deformation due to adiabatic shear banding the kinetic
formulae discussed belowere used. At first the next parameters introduced for microstructure
description are ρsgl, ρdip - dislocation density and dislocation dipole density, respectively, and
f - twins volumetric density. Shear rate of shear system α with taking into account the
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thermoactivated dislocation motion through ”forest” of dislocations from other slip planes is
given by:

γ̇α = ραsglbv0exp

[(
− Q0

kBT

(
1− |τ

α|
τ̂α

)p)q]
sign(τα), (5)

where τα - shear stress, τ̂α - resistance of ”forest” dislocation, b - the Burgers vector, v0 -
dislocation velocity of current slip system at shear stress equal to τ̂α, Q0 - activation energy
of dislocation slip, kB and T - the Boltzmann constant and temperature, p and q - numerical
parameters, which describe an obstacle profile for dislocation motion. Slip resistance stress τ̂α

depends on local dislocation density as:

τ̂α = τsolute +Gb

⎛
⎝Nslip∑

α′=1

ξαα′
(
ρα

′
sgl + ρα

′
dip

)⎞⎠
1/2

, (6)

where τsolute - a resistance constant, G - shear modulus, ξαα′ - parameter characterizing
interaction stress between all possible dislocation types (mobile, immobile, coplanar,
collinear,orthogonal etc.). Twin system volumetric share fβ change is based on a twin nucleation
theory [8]. It is proposed that twin nucleation occurs at three partial dislocations bowing between
three immobile points, where the distance between points is L0. Twin formation critical stress
is:

τ̂twin =
γsf

3btwin
+

3Gbtwin

L0
, (7)

where btwin - moving partial dislocations Burgers vector and γsf

Ṅβ = Ṅ0exp

[
−
(
τ̂twin

τβ

)]
, (8)

where τβ - reduced shear stress in twin system, N0 and r - numerical parameters. We assume that
any twin grows until contact with an obstacle such as grain boundary or other twin boundary.
Volume of new twin:

V β =
π

6
sλβ2, (9)

here s - constant twin thickness, λβ - effective distance between obstacles for twin growth:

1

λβ
=

1

dgrain
+

M∑
β′=1

ξββ′
1

dβ
′

twin

, (10)

dgrain - constant grain size, dtwin - twin size changes with volumetric twin fraction as:

dβtwin = s(1− f)/f beta, (11)

where f - a total volumetric twin fraction. Twin-twin interaction parameter ξββ′ equals zero for

coplanar twin systems β and β
′
and unity for non coplanar. Thus, result deformation rate for

each twin system calculated as:

γ̇β = (1− f)γtwinV
βṄβ , (12)

where γtwin - characteristic twin stress.
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Figure 1. Temperature in Kelvin degrees at 4 microseconds.

Figure 2. Burn fraction at 4 microseconds.

A term describing the adiabatic shear bands is added because of non-crystallographic defects
formation in alloys with low stacking fault, where shear dislocation motion is almost completely
blocked by dense twin boundaries. For this processes shear rate is:

γ̇χ = γ̇χ0 exp

[(
− Q0

kBT

(
1− |τ

χ|
τ̂sb

)p)q]
sign(τχ), (13)

where γ̇χ0 - characteristic shear rate, τχ - reduced stress at system χ and τ̂sb - a threshold stress
for shear band formation.

The method described above is applied for HE deformation problem, in particular, for
HMX. Such application is difficult due uncertainty of HE anisotropic elastic characteristics –
they may differ in several times for HMX [9]. Dislocation motion parameters are completely
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lacking in literature. For proper HE deformation modeling the many calculations at different
spatial-temporal scales are required, such as quantum mechanics modeling for adjustment of
HE anisotropic elastic properties, classical molecular dynamics for single dislocation motion
parameters, and discrete dislocation dynamics for HE plastic behavior inside material grains.
Material properties of plasticizer is also needed, because CPFEM allows to consider different
material grain response in finite element node. In this work, the phenomenological plasticity
model is used due to reasons mentioned above.

Phenomenological model of shear rate is:

γ̇α = γ̇0

∣∣∣∣ταταc
∣∣∣∣
n

sign(τα), (14)

where γ̇α - shear rate at slip plane α under reduced stress τα at slip resistance ταc , γ̇0 and n -
material parameters of initial shear rate and shear sensitivity from shear rate, respectively.

Influence of other slip system β on α system hardening is given by:

τ̇αc = hαβ |γ̇β |, (15)

where hαβ - hardening matrix:

hαβ = qαβ

[
h0

(
1− τβc

τs

)]
. (16)

For burn rate the Arrhenius-type relation is applied:

dλ

dt
= Z(1− λ)exp

(
− Ea

RT

)
, (17)

where T - temperature, Z - kinetic rate constant, E - activation energy per mole, R - the
universal gas constant, λ - burn rate (λ = 0 means no reaction, λ = 1 corresponds to fully
burned). These parameters for HMX were taken from [5].

All kinetic models mentioned above have been implemented in the LS-DYNA finite element
code using user-defined subroutines. For finite element modeling the eight-node solid elements
are used, ten grains randomly orientated were assigned in each computational point of element.

In order to obtain macroscopic deformation we need to average plastic response of all material
grains in each finite element node. In our case isostrain method is used for averaging, which
assumes equal deformation of each grain in finite element nodes [7].

Let’s consider HE cylinder with height 1 cm deformed under motion of its upper plane with
velocity 100 m/s. We apply the phenomenological model described above. With parameters
γ0 = 108 1/s and τc = 6.3 ∗ 107 Pa at 4 microseconds the local heating above 400 K (Fig.1) and
HE burning (somewhere completely) are obtained as shown on Fig.2. This result corresponds to
the experimental data [5], where a steel ball with velocity 100 m/s impacts HE cylinder, which
explodes at 4 microseconds after impact beginning. This result shows that proposed method is
reasonable and applicable for description of low velocity impacts on HE.

3. Conclusions
We demonstrated that the process of HE explosive transformation is initiated by plastic
deformation of HMX simulated by the crystal plasticity finite element method without the
usage of artificial phenomenological parameters.
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