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Abstract

A physically based material model for metals, with elastic plastic and damage/failure orthotropy is proposed
in this paper. The model is defined within the frameworks of irreversible thermodynamics and configurational
continuum mechanics and integrated in the isoclinic configuration. The use of the multiplicative decomposition
of deformation gradient makes the model applicable to arbitrary plastic and damage deformations. To account
for the physical mechanisms of failure, the concept of thermally activated damage initially proposed by
Klepaczko (Klepaczko, 1990) was adopted as the basis for the new damage evolution model. This makes the
proposed damage/failure model compatible with the Mechanical Threshold Strength (MTS) model (Follanshee
and Kocks, 1988; Chen and Gray, 1996; Goto et al., 2000; Gray et al., 1999; Chen et al., 1998) which was used
to control evolution of flow stress during plastic deformation. In addition the constitutive model is coupled with
a shock equation of state which allows for modelling of shock wave propagation in the material. The new
model was implemented in DYNA3D and our in-house non-linear transient SPH code, MCM (Meshless
Continuum Mechanics).

Parameters for the new constitutive model for AA7010 (a polycrystalline aluminium alloy, whose orthotropy
is a consequence of grain morphology), were derived on the basis of the tensile tests and Taylor anvil tests. The

tensile tests were performed for the range of temperatures between 343.15K and 413.15K, and strain rates

between 6.4x107*s™ and 6.4x10's™,

The new model was validated in two stages. The first stage comprised a series of single element tests design
to separately validate elasticity, plasticity and damage related parts of the model. The second stage comprised a
series of numerical simulations of Taylor anvil and plate impact tests for AA7010 and comparison of the
numerical results with the experimental data. The numerical results illustrate the ability of the new model to

predict experimentally observed behaviour.
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1 Introduction

It has long been recognized that the mechanical properties of many common engineering materials

display a pronounced anisotropy. This can occur at the unit-cell level, for example, in single crystals;
in the grain structure due to preferred orientations caused by processing; or in multiphase materials
due to directional orientation of secondary phases (e.g. directional fibre-reinforced composites). These
effects have been studied extensively at quasi-static strain rates, e.g. (Smallman, 1985; Vignjevic et
al., 2002, Sinha and Ghosh, 2006). A significant amount of work has been done on behaviour of
materials under shock loading, see for instance (Meredith and Khan, 2011; Khan and Meredith, 2010;
Furnish and Chhabildas, 1998; Minich et al., 2004; Kanel et al., 2009; Zaretsky and Kanel, 2011;
Khan et al., 2009; Colvin et al., 2009). However, the influence of anisotropy on material behaviour at
high strain rates, including shock wave propagation, has only recently attracted attention e.g.
(Smallman, 1985; Vignjevic et al., 2002; Gray et al., 2003; Sitko et al., 2010; Meredith and Khan,
2011; Khan et al., 2009; Khan et al., 2007a; Khan et al., 2007b; Nakamachi et al., 2007). The
proposed model is intended for modelling of dynamic behaviour in the presence of shockwaves for
orthotropic metals, such as Tantalum and rolled aluminium alloy (AA) 7010. Initial validation of the
model was done on AA 7010, for which extensive experimental data was available.
One of the first detailed investigations of the shock response of AAs was made by Rosenberg
(Rosenberg et al., 1983), who showed that for AA2024 the Hugoniot Elastic Limit (HEL) and spall
strengths, in differently heat treated states, followed the same trends as the quasi-statically measured
properties. Furthermore, Rosenberg showed that solution treated specimens possess the lowest
strengths under both testing regimes. Work by Butcher (Butcher, 1968) and Rubin (Rubin, 1990) on
AAB061-T6 predicted that the spall strength should vary in accordance with the one-dimensional
stress yield strength according to orientation, but they concluded that directionality has no significant
effect on crack formation. Other works have also investigated the spall response of AAs, with
Stevens and Tuler (Stevens and Tuler, 1971) observing that the degree of pre compression, in other
words the shock amplitude, had no effect on the spall strength of AA6061-T6. While Schmidt
(Schmidt et al., 1978) showed that the spall strength of AA2024-T86 decreased with increasing
temperature. Analysis of BCC tantalum, conducted by Gray and Maudlin, (Maudlin et al., 19993;
Maudlin et al., 1999b; Bronkhorst et al., 2006), through a number of Taylor impact tests, shows that
evolution of texture does not affect the plastic deformation observed at continuum level, and that yield
surface shape was the same for a range of strain rates. This finding was used to support the
assumption of isotropic hardening in the proposed model.

Prior to failure, ductile materials undergo significant plastic deformation, which has a major
influence on damage evolution. These materials usually fail as the result of nucleation, growth and
coalescence of micro-voids, resulting in the loss of the load carrying capacity of the material.

Experimental observations show that plastic deformation and accumulation of micro-damage have a



tendency to localise, see for instance (Krajcinovic, 1989; Skoczen et al., 2010). The physical process
of progressive degradation of the material mechanical properties up to complete failure is commonly
referred to as the damage process.

These two distinct dissipative mechanical processes, i.e. plasticity and damage, are the main
causes of non-linear material behaviour. A large number of multi-dissipative models, for this type of
behaviour, for ductile metals have been proposed. Some include damage micromechanics
(micromechanical damage models, e.g. (Smallman, 1985; Vignjevic et al., 2002; Gray et al., 2003;
Sinha and Ghosh, 2006; Neil and Agnew, 2009; Neil et al., 2010; Chen and Ghosh 2011; Nicot et al.,
2012)), whilst others are based on Continuum Damage Theory (phenomenological damage models,
e.g. (Rosenberg et al., 1983; Butcher, 1968; Briinig, 2001; Briinig, 2003; Gerke and Briinig, 2010;
Briinig et al., 2011a; Briinig and Gerke, 2011; Briinig et al., 2011b; Egner and Skoczen, 2010; Garion
and Skoczen, 2003; Bielski et al., 2006; Skoczen et al., 2010; Li and Wierzbicki, 2010; Li and Karr,
2009)). The proposed model belongs to the latter category and, to some extent, is similar to the model
proposed in (Briinig, 2001; Brlnig, 2003; Briinig et al., 2011a; Brinig et al., 2011b) for initially
isotropic configuration.

The new constitutive model has rate form, i.e. defines relationship between the rate of stress and
the rate of strain and a set of internal variables locally for every point in a body. It satisfies the
principle of material frame invariance with respect to arbitrary rigid-body translations and rotations.

The model has two parts, an equation of state (EOS) which defines the response of the material to
uniform compression (change of volume) and a deviatoric (strength) part of the model, which defines
the response of the material to shear deformation (change of shape). For orthotropic materials this
separation of material response is complicated by the fact that an isotropic state of strain induces
anisotropic state of stress in the material (Vignjevic et al., 2008).

The coupling between plasticity and damage is based on the assumption that there exists two
separate damage and plasticity loading surfaces (potentials), with two independent associative flow
rules. This type of starting assumption has been used by number of authors, for instance (Rubin,
1990; Stevens and Tuler, 1971; Schmidt et al., 1978; Liu, 2004; Bielski et al., 2006; Hiermaier, 2008;
Brinig et al., 2011a).

The proposed model was developed using a structured approach, which combines the framework
of irreversible thermodynamics with internal variables, and configurational finite deformation
kinematics of elastoplasticity with damage. The constitutive equations are integrated in the isoclinic
intermediate configuration, following (Mandel, 1972; Mandel, 1974; Itskov and Aksel, 2004;
Vujosevic and Lubarda, 2002; Hansen and Schreyer, 1994; Menzel and Steinmann, 2007).

The hyperelastic part to the material model was based on the assumption that initial elastic
anisotropy remains unaltered, does not evolve, during plastic deformation. In other words, initial
principal material orthotropy directions remain unchanged, while elastic material parameters evolve

due to damage.



Plastic behaviour is modelled using associative plasticity and Hill’s orthotropic quadratic yield
function (Hill, 1950) with the aid of the structural tensors. Hill’s yield criterion was chosen due to its
simplicity and accuracy in describing behaviour of the ductile metals of interest. The yield function
was defined in terms of the Mandel stress tensor. Plastic orthotropy is assumed unaltered during
plastic deformation. Material isotropic hardening is controlled by the reference stress strain curve
defined by the Mechanical Threshold Stress (MTS) model (Follansbee and Kocks, 1988; Chen et al.,
1998). It is important to note that the MTS model, in addition to flow stress, provides accurate
approximation of temperature, strain and strain rate dependant plastic hardening rate. In the proposed
model this hardening rate is used as the parameter that controls the initiation of damage.

Damage part of the constitutive model is described by an orthotropic damage potential, which
evolves following a referential damage hardening law. This isotropic hardening law was developed
on the basis of Klepaczko’s thermally activated damage concept (Klepaczko, 1990). This makes the
damage model consistent with the MTS model, which is used for the evolution of the plastic potential.

The model was implemented into the public domain version of the Lagrangian hydrocode
DYNA3D (Liu, 2004) originating from Lawrence Livermore National Laboratory (LLNL).
Validation of the model was done through comparison with experimental data from Taylor anvil and
plate impact tests, showing the effects of orientation of a hot rolled 7010-T6 alloy (Vignjevic et al.,
2002).

The adopted framework for model development incorporates: 1) the multiplicative decomposition
of the deformation gradient used to define necessary kinematic parameters and the isoclinic
configuration; 2) the irreversible thermodynamics of deformation processes; 3) associative plasticity
combined with the MTS flow stress evolution equations; 4) associative damage with a new energy
based damage evolution law; and 5) the assumption that principle directions of elastic, plastic and
damage material anisotropy are not influenced by plastic deformation and damage i.e. the mutual
relations between the structural tensors do not change during the deformation process. The model is
applicable for arbitrary plastic and damage deformation and small elastic deformation.

This paper is structured as follows: sections 2 and 3 give brief background on relevant kinematics
and thermodynamics of the deformation processes; section 4 describes the elastic-damage and elastic-
plastic behaviour, i.e. thermodynamic potentials for damage and plasticity. The summary of
constitutive equations, numerical implementation and coupling are given in section 5, followed by an
outline description of the material characterisation in the section 6. A two stage validation process of
the new model is presented in section 7. The paper concludes with a summary in Section 8 and
Appendices A and B, which respectively provide a description of the hyperelastic orthotropic

constitutive model and the derivation of consistency condition for damage process.



2 Relevant Kinematics of Large Deformations

Constitutive theories in Continuum mechanics usually employ intermediate configurations, which
are obtained through the multiplicative decomposition of the deformation gradient. Following
(Stojanovic et al., 1964; Jaric, 1988 Briinig, 2003) among others, the deformation gradient F may be
multiplicatively decomposed as:

F=FFF, (2.1)

where: F, represents thermo-elastic part of the deformation, F, represents deformation due to

damage (initiation and evolution of voids and/or micro-cracks) and F, represents the part of the

deformation due to plastic deformation (dislocation mechanics). The intermediate (generally non-
Euclidean) configuration, which corresponds to elastically unloaded material, i.e. F, =1, is called the

elastic reference configuration. This configuration is, by definition, stress free and at an elastic
reference temperature. It can be physically obtained by elastic unloading of material which has not
been damaged, regardless the state of plastic deformation, since plasticity does not influence elastic
material response. After damage is initiated, the elastic unloading path of damaged material differs
from the elastic unloading path of undamaged material. The elastically unloaded state of the
undamaged material cannot be physically obtained. Consequently, the elastic unloading path of
damaged material is used in this work for the definition of an isoclinic (intermediate) configuration in
which the constitutive model was formulated. All the other intermediate configurations introduced by
the multiplicative decomposition (2.1) are used to describe irreversible processes of plastic
deformation and damage.

The work described in this paper is based on the assumption that the principal directions of
material elastic and plastic orthotropy coincide and are not influenced by inelastic deformation. This
assumption is supported by experimental evidence that there is a strong correlation between elastic
and plastic material symmetries, see for instance (Man, 1995). The description of the material
orthotropy utilises structural tensors (Boehler, 1987) where a structural tensor M =e®e is a tensor

product of unit vectors € which are parallel with the intersections of the material symmetry planes. In
the case of orthotropic materials three unit vectors €; form an orthogonal triad, i.e. €;-e; =9,
i,j=12,3. The three related structural tensors used in the definition of the thermodynamic

potentials, e.g. free energy function, are given as M =¢, ®e;, 1=12,3 (see for instance (Mandel,

1972; Mandel, 1974; Itskov and Aksel, 2004; Boehler, 1987)).

Push forward transformations of the structural tensors from an initial to elastically unloaded

configuration are ML = deMi Fd’pl. It is simple to demonstrate that this transformation preserves the

invariants of the structural tensors and, in general, does not preserve the invariance of the unit vectors



(Sansour and Bocko, 2003). This property allows for definition of an isotropic internal energy
function in an intermediate configuration in terms of invariants and pseudo invariants of the right
Green Lagrange strain tensor and structural tensors. Similarly, the thermodynamic potentials used in

the subsequent sections are expressed in terms of invariants and pseudo invariants.

The structural tensors M! are pulled back from the elastically unloaded to the isoclinic
configuration by un-rotating for a rigid rotation due to plastic and damage related deformations as
given by the following orthonormal transformation.

M' =Q;M.Q,, (2.2)
where Qy, is an orthonormal tensor which defines the rotation induced by irreversible deformation.

The choice of the isoclinic configuration for formulation of the constitutive model was driven by
1) the physical nature of the elastic unloading of damaged plastically deformed material and 2)
definition of damage deformation gradient and convenience of the invariant representation of the
constitutive functions. Since the material compliance changes due to damage, the intermediate

configuration Cdp shown in Figure 1 cannot be physically obtained. Consequently, the isoclinic

configuration is defined from the (effective) intermediate configuration C* by rotating back for the

(remaining) plastically induced rigid body rotation. The effective configuration is obtained from the
elastically unloaded intermediate configuration by the inverse mapping with damage deformation
gradient as shown in Figure 1. In this configuration the effective stress and strain are mutually related
by the stiffness and compliance tensors of undamaged material. Therefore, the elastic strain energy is

defined in terms of invariants and pseudo invariants of the effective elastic strain.

Near Figure 1

The multiplicative decomposition of the deformation gradient in equation (2.1) can be expressed in
the isoclinic configuration as:
F=FFF =FFRR.RIF =FFF =FF (2.3)
where F, =F,R,, F =R]F, =RR,U,=U, F,=FF, and R, is an orthogonal tensor
obtained by the polar decomposition of plastic deformation gradient (rotation induced by plastic
deformation). The rotation induced by plastic deformation is assigned to F; and F, so that there is

no rotation of the material principal axes of orthotropy in the isoclinic intermediate configuration.
Based on the above decomposition, the other related measures of deformation, strain and strain

rate can be defined. For instance, total Green-Lagrange strain E can be additively decomposed as:




E=%(FTF—I)=%(C_ZP —1)+F G(éd —I)jlfp +FIF] (%(ce —|)j|fd|fp =

(2.4)

The above decomposition of Green-Lagrange strain, when expressed in the isoclinic configuration,
takes the following form:

E =F' @(Cp —I)jlf,;1+(1((‘:d —|)j+|fdT (%(Ce—l)jlfd -

= |E’;TED|E;1 +E,+FEF, =

N

(2.5)
E,+E; +E,
where right Cauchy-Green tensors: C_Jp is a measure of deformation between the isoclinic and initial

configuration, C_Jd is a measure of deformation between the elastically unloaded and the isoclinic

configuration, C, is a measure of deformation between current and the elastically unloaded
configuration and C is a measure of deformation between current and initial configuration.

Similarly, the multiplicative decomposition given in equation (2.3) allows for the velocity gradient
(1 =FF™) to be decomposed additively as follows:

. a [ — J— -1 . = — — =~ S
-1 -1 -1—-1 -1c-1-1
|=FF'=_(FFF,)(FFRF,) =FR'+FRF 'R +FFRFF'F'F -



Isoclinic configuration

Current
configuration

Reference
configuration

Elastically released (intermediate)
configuration

Figure 1 Definition of isoclinic configuration



This decomposition when expressed in the isoclinic configuration takes the following form:

T =F'FUR F, =FF R +F'F +FF =T +1, +1, @.7)
Note that pull back transformation of the velocity gradient is defined by the first equation in (2.7).

The plastic part of the deformation is assumed incompressible; i.e. det IEp =1, which implies that
trlp =0 and consequently the density in the isoclinic configuration is equal to the density in the

initial configuration p, .

The velocity gradient T and its components | , |, and Tp resulting from the additive

decomposition in equation (2.7) can be divided into the symmetric rate of deformation tensor d and

the anti-symmetric spin tensor W .

T N N R -

|_§(|+| )+E('_' )=d+w (2.8)
The components of velocity gradient given in (2.6) and (2.7) define the elastic strain rate in the

isoclinic configuration as:

e 1 P R gy -
Ee:ECe(I —|p)+5(|T_|pT)ce_§cd I, _§|chd :[ce(|_|p )lym—[cd I lym (2.9)

The thermodynamics analysis, presented in Section 3, is based on the second law in the form of
Clausius — Duhem (CD) inequality expressed in the isoclinic configuration. In order to define the CD

inequality it is necessary to introduce relevant conjugate variable pairs, starting with the stress power:
P.=t:1=detFo:1=S:E=F,7F :1=X:1 (2.10)
where 1 is Kirchhoff stress, © =(detF)_1‘r is Cauchy stress, S= F'tF " is second Piola
Kirchhoff stress and X =F,TF, is Mandel stress in the isoclinic configuration (Mandel, 1972;

Mandel, 1974).
Using symmetry of Mandel stress (Vladimirov et al., 2008; Reese and Vladimirov, 2008), the

stress power P, may now be decomposed into elastic, damage and plastic parts as:
p=X:d =X:(d, +d,+d,) =P, +P, + P, (2.12)
where: 0, =X:d, is elastic stress power, P, =X:d, is plastic stress power and J, =X :d, is

damage stress power. The power terms consist of the conjugate pairs which are further discussed in

the next section.

3 Thermodynamics of deformation process

The constitutive model is developed in the framework of irreversible thermodynamics with

internal variables, where the internal energy (consequently Helmholtz free energy) is assumed to be a



constitutive function of elastic strain, and temperature (the observable variables) and an array V of
internal variables (scalars and tensors) that characterize the microscopic dissipative effects associated
with the material defect structure. The model is intended for adiabatic deformation processes and
consequently the internal/free energy is composed of reversible elastically stored energy and
irreversible energy associated with the change in microstructure caused by plastic deformation and
damage. The stress and other state variables are assumed to be derivable from constitutive laws
expressed in the isoclinic configuration.

Rate of change of internal energy per unit volume, pu, is according to the first law of
thermodynamics:
pU=X:1+pr-vg-q (3.1)
where p, r and Q respectively denote density, heat source/supply and heat flux vector in the

isoclinic configuration. The second law of thermodynamics in the form of CD inequality, when

expressed in the isoclinic configuration has the following form:

B § o]

S—p—+V, - —[>0: 3.2
PSPt Vs ( 9) 3.2)
where pS denotes rate of change of entropy per unit volume. By making use of the first law of
thermodynamics (3.1), the second law for adiabatic processes can be expressed in terms of a rate of
change of internal dissipation (dissipation power) A, as:

Ay =pOs—pu+X:1>0 (3.3)
where the subscript ad stands for adiabatic process and hence, the term related to the heat flux is

excluded. The rate of internal dissipation (3.3) can be defined in terms of Helmholtz free energy,

using Legendre transformation i =U—6S, as:

Ay =2:1-py—psd>0 (3.4)
where free energy i, entropy S and the Mandel stress X, are assumed to be the constitutive
functions of the same set of variables: Ee, ¢ and V. The proposed model uses one internal variable to
describe evolution of each irreversible process. The evolution of plastic deformation is governed by
an isotropic hardening law defined in terms of effective plastic strain &. Similarly, damage
evolution is governed by an isotropic damage hardening law defined in terms of a damage hardening
parameter ®" . In addition to these variables, the arguments in the constitutive functions are the

structural tensors defined by the Equation (2.2).
To develop a thermodynamically consistent material model, the specific heat C, which in general

is a function of the set of variables, has to be determined:

o _ 9
¢(E..M* M?,6,¢,,0") =~ ea—gg (3.5)
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The assumption was made that the free energy is additively decomposed into a thermo-elastic free

energy I/, energy related to the plastic hardening and energy related to the damage hardening,

respectively denoted as U, and u, (see for instance (Germain and Lee, 1973; Lubliner, 1972)):

l//(Ee, MY M?,6,¢,, 0" ) =W(Ee, I\_/Il,l\_/lz,é’)JrupI (8pl,49)+ud (a)H ,0) (3.6)
The additive decomposition (3.6) holds if the specific heat and stress are not functions of the

hardening variables and if the hardenings in the two irreversible processes (plasticity and damage) are

decoupled (Rosakis et al., 2000). Note that the hardening terms U and u, are functions of absolute

temperature and that the free energy is a function of effective stain E, =F; Eelfd and undamaged

stiffness matrix because the material in the isoclinic configuration is in an undamaged state. For
instance, the elastically stored energy in the current configuration, where the material is in damaged
state is a function of damaged elastic stiffness tensor.

W:%Ee :C:E, g damaged) :%E C:E (3.7)

e e
where C is a stiffness matrix of undamaged material defined in the isoclinic configuration and C is

a stiffness matrix of damaged material defined in the current configuration. The rate of change of free
energy function is defined as:

= = = . au
_ B +6—l//:M1+a—l//:M2+a—"1/49+—’)'g'p,+§u‘|’4 o' (3.8)
w

7(E.,M' M?,0,¢,,,0" ) =2 = =
v(E, ") oE, oM oM? 00 o,

This equation is simplified by excluding the evolution of structural tensors (I\;/Ii =0, i=12,3) from
the current model development. By making use of the simplified form of the last equation and with
the aid of the kinematic definitions from (2.6) to (2.9) one can express the rate of internal dissipation
(3.4) as:

=~ . s == _0W = _0w,. _Ouy. _0Uy .4 —
Ay=X1- —pfs=xX:1l-p—E. —-p—0-p—=¢_, — o —plds=
ad pY —p p@Ee e pa@ pégpl pl paa)H P
(3.9)
- = OV )~ = O0W ~ _OW =~ _OUy . _au, . _(aw j
= X—-pC,—/— |:1+pC.,—=—:1 +p—:C —p—& — @ — —+S 9
[ P eaEeJ P eaEe p pa . d]d pa€p| pl p@a)H P 89
where:
= o oy (5 8 A0 E 07
s(E.,,M',M?,0,¢_,, 0" ) =——— X(E,, M, M? 6)=pC, — 3.10
( € pl ) 06 ( e ) P eaE ( )

e

are entropy and Mandel stress in the isoclinic configuration and C, =F,F F.F, =F,C.F,.

Consequently, the expression for the rate of internal dissipation (3.9) simplifies to:

oW =+ _0y =— _Ouy, _ou .,
A =p—=——:Cl +p—=L:C, |, —p——¢, — d w =
ad P elp TP oE, dla =P agpl pl p@a)H (3.41)

=(Z:1, - Y&, )+(S:C, L, —Qa" )=A, +A,

Dl

e

[\l
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Where: p 5 ? —Y is a thermodynamic force conjugate to the internal variable for isotropic plastic
&
pl

Ug _
=

hardening &, and /388 Q is a thermodynamic force conjugate to the variable which describes

damage hardening o" . For clarity, the derivatives of the free energy are used in the subsequent
relations, rather than the newly introduced thermodynamic forces, which are discussed in detail in the
following section.

Damage induced dissipation rate in (3.11) is determined by the damage part of velocity gradient,
which is related to the second order damage tensor @, as detailed in the subsection 4.1. As a result,

the damage part of dissipation rate can be expressed as a product of the rate of change of damage

tensor and its thermodynamically conjugate force Y. The thermodynamic potential for damage is
defined in terms of this conjugate force. For the unidirectional loading, the conjugate force is called
damage energy release rate, and can be obtained from the complementary energy or Gibbs free energy
as one half of the variation of elastic strain energy due to damage variation at constant stress
(Lemaitre and Chaboche, 1990). Although it refers to the second order stress tensor, this name is used
in the remainder of this paper.

Note, rate of dissipation given in the equation above is independent of gradient of temperature.
The inequality must be satisfied for each irreversible process (plasticity and damage) taking place
individually as well as in the case when the processes are simultaneous.

The constitutive equations for free energy, entropy, stress and internal energy may now be

assumed in the following general forms, similarly to (Rosakis et al., 2000):
p (B, M, M2, 0,6, 0" ) =7 (B, M MP,0) 0] 5, (£,)+5, (0" ) |+ T, (£, 0)+T, (", 0)
o) = 2L (B, M M2,0) +5, (2, ) +5, (")
S(E |\7I1,M2,9)=,56?l/7(ﬁ M*, M?,0) (3.12)
u(E,.M',M?,0,¢,,0" ) =0U(E, M"\M*,0)+0,(z,.0)+0, («",0)
where: T (E,, M, M2,0) =7 (E.. W, 14°,0) - 0L (E., W [4%,0). s,,(2,) and s, (")
are irreversible parts of entropy related to plastic and damage deformation. The absolute temperature

in the hardening terms T, and U, appears only as a parameter and not as a state variable.

For the range of temperatures of interest, current development of the constitutive model assumes:
that specific heat is constant and that free energy is a quadratic function of the effective elastic strain
(linear constitutive relationship between the stress and elastic strain). Consequently the system of
constitutive equations (3.12), when expressed in terms of irreducible strain invariants, simplifies to

the following form:

12



BV NT° E,) Ee(e—eo)—celn(gjmp, (60.0) 8, (0,0)~ 0 5 (5 ) 50 (0"
(B 07, 0,0, 0" ) B W1 . Ee+c{ln(£j+l}rsp, (04) 5, (") @19
S- 0, %+a2%+a§4 %+a4%+%a‘6 2%+a2% 23, %m@ %+
o, %+%J_l %MQJ‘G %+%J_4%—B(Ml,l\_/lz,ﬁe)(e—eo)

w“)=%alJf +a,d, +%a335 +a,l, +%a5J62 +agd, +a,d 3, +a,d, I +ad, J, —

=
—_—

M' M’ E, ):E,0, +c0+0,(z,.0)+0, (o",0)

pl?

a, (i=1,...,7)and ﬁ(l\_/ll,l\_/lz,ﬁe) = % are respectively: the irreducible set of strain

tensor invariants and pseudo invariants defined in (1.1), corresponding material constants and a tensor

conjugate to the tensor of thermal expansion. This is a convenient point to introduce the Gruneisen

tensor y = E/ PoC, , which is later used in the expression for the shock equation of state (EOS). Note

that specific heat C and B are parameters which define material properties per unit volume.

To integrate the system of equations (3.13) and calculate energy dissipation (3.11) and/or (3.21)
for a general inelastic material response, the functional forms of free energy in terms of internal
variables (the thermodynamic forces Y and Q) and evolution equations for the internal variables
have to be defined within constraints of associative plasticity and damage. These additional equations

are obtained from the principle of maximum dissipation (Hill, 1950), which states that among all

admissible processes, the actual thermodynamic state in space of thermodynamic forces T and Y
corresponds to the extremum of the dissipation function.

The two pseudo potentials, used to describe evolution of plastic deformation and damage, define
the constraints that the dissipation (3.11) has to be maximised within. This is mathematically

expressed as:

L=Z:1 - Y&, +Y:@-Qa" -4, f, —4f, (3.14)

where L is an objective function, /Ipl and f, are a Lagrange multiplier and a plastic potential

function, /id and f, are a Lagrange multiplier and a damage potential function. To determine

extremum of L, the conditions (3.15) have to be satisfied.
oL 0 oL 0

oz EZ
This leads to the following evolution equations (normality conditions):

(3.15)
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_ pl o —
Ip = ﬂ’pl a_i o= /1d a—v (316)
Note, that principle of maximum dissipation also implies that the rates of plastic deformation and
damage tensor (3.16) are collinear with their conjugate forces (Hill, 1950) and the evolution of the
plastic deformation and damage are described by the monotonically increasing Lagrange multipliers.
Similarly, equations for evolution of hardening parameters are:
of . of
——j 0 ot =—j1 24
P oy e
The Hertz-Signorini-Moreau (Kuhn-Tucker) or loading/unloading conditions for the plastic

é (3.17)

deformation and damage are:

f,<0 Ay 20 Ay fy =0 (3.18)

f, <0 A, 20 A, f, =0 (3.19)

The Lagrange multipliers are determined from the consistency conditions. Note that the conjugate
variables, which describe the plastic and damage hardening, define the relationships between the free
energy (state potential) and dissipation potentials. The evolution of temperature is derived directly
from the definition of internal dissipation as shown in the remainder of this section. The specific
functional forms of the potentials are introduced in Section 4. The hyperelastic orthotropic

constitutive model is, for completeness, given in Appendix A.

Material heating due to deformation
Using entropy-form of the energy balance equation, which can be obtained from equations (3.1),
(3.10) and (3.11), and assuming that the process is adiabatic, one can calculate the rate of change of

material temperature as follows:

pOS=A,,
2 - o4y . o 2 - — _ . _au
—/36?(6(’;8% :Ee+2;;9+808”' ép,+azaudH a')”J:):.:lpJrY:cT)—,Ba—”'g'p,—,z_)aauj’4 a"
e &l @ “o © (3.20)
which yields:
. 05 = o _[ou Uy ). o, _[éu oy .
c0=0—:E+Z:1 —p| —2-0—" |5, +Y:0-p| —4-—-0—"- |&" (3.21)
00 Og, 0, oo 0w

2
Where: ¢ = —59%. The right hand side of the equation above consists of thermal contributions:

Q. due to thermo-elastic expansion, Qp heat generated by plastic deformation and Q, heat
generated by damage.
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=p —:E,=6—:E,=6p(M',M*E,):E
© =P, B0 Bl ) E
Q-1 - M _g T Un |, (322
T TP e, T e, |V

o ou o‘u

=Y:o-p| — -6 d_ 1pM
Q=Y:0-p (Ga)H aeaa;ij
cd=Q, +Q, +Q (3.23)

Equation (3.23) allows for accurate calculation of the temperature increase due to an inelastic
deformation if all necessary functional dependencies of the free energy on internal variables are
known. Due to the limited amount of data available a simplified approach, based on experimental
data for a number of metals (Dillon, 1967; Farren and Taylor, 1925), was adopted in this work. The

assumption was made that ninety percent of plastic power, i.e. 0.9X: Tp and all damage power Y:®

is dissipated as heat.

4 Thermodynamic potentials and evolution equations for

orthotropic material

Thermodynamic potentials which define the evolution of the two irreversible processes are
considered in this section in the order they occur during the unloading of plastically deformed
damaged material, as illustrated in Figure 2. The specific configurational continuum mechanics
framework adopted in this work, illustrated in the Figure 1, together with the concept of effective
stress and strain allow for damage to be represented through deterioration of the material elastic
stiffness in the current configuration. In this case the material elastic unloading includes strain related
to damage as shown in Figure 2.a, (elastic unloading brings the material in the state that corresponds
to point A).

Furthermore, if the same unloading process is represented in the isoclinic configuration, where the
material is in a fictitious undamaged state, than damage related strain can be represented as
irreversible strain similar to plastic strain. This is consistent with the schematic representation in
Figure 2.b., which illustrates the elastic unloading and reloading of the undamaged material. The
thermodynamic state denoted by point B corresponds to elastically unloaded undamaged material,

which represents a fictitious physically non obtainable state.
Considering the intermediate configuration Cg,, unloading following a load/strain increment
occurs along the path determined by the damaged material stiffness tensor, here denoted as C. The

elastic increment is obtained by unloading along the path defined by the undamaged (virgin) material

stiffness tensor C ; the remaining part of the strain is the plastic component. Note that the only

15



physically obtainable and uniquely defined stress free state in this configuration is denoted by point A

in Figure 2.a). As illustrated in Figure 1, isoclinic configuration C is conveniently defined from the
intermediate configuration Cgy, by mapping with the damage part of deformation gradient and

rotation induced by inelastic deformation. Consequently, the stress and elastic strain in this
configuration are mutually related by the undamaged (virgin) material stiffness tensor, providing the
expressions similar to the results obtained from the notion of energy equivalence (as shown in the end
of subsection 4.1.1). Therefore, this configuration was chosen for the definition/integration of the
constitutive equations.

The part of the constitutive model related to elastic behaviour of damaged material is described in
the subsection 4.1, followed by the description of plasticity related part of the model given in the
subsection 4.2; the hyperelastic response in the absence of damage is, for the completeness, presented

in the Appendix A.

Near Figure 2
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Figure 2 Kinematics and kinetics of deformation of a generalised loading-unloading curve in a) current
configuration and b) isoclinic intermediate configuration
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4.1 Elastic behaviour of damaged material

4.1.1 The damage model

The material model is based on the assumption that damage is irreversible and that it permanently
reduces material elastic stiffness and strength. As described above, it can be considered either as a
kinematic measure of the deformation which corresponds to damage (see for instance (Bammann and
Solanki, 2010; Ekh et al., 2004) among others) or as a damage effect tensor operating on the material
elastic stiffness tensor (see for instance (Hansen and Schreyer, 1994; Krajcinovic, 1996)).

According to the kinematics of deformation derived in the Section 2, damage in this work is
represented by damage deformation gradient and damage part of velocity gradient. Damage
deformation gradient maps elastically unloaded effective (undamaged) configuration to the elastically
unloaded intermediate configuration which is stress free but includes damage, see Figure 1.
Consequently, the natural choice is the evolution of damage to be defined in terms of damage part of
velocity gradient, see for instance (Brunig, 2001; Briinig, 2003; Brinig et al., 2011a), which, from the

dissipation inequalities (3.9) and (3.11), leads to the definition of the damage potential in terms of
(Mandel stress like) conjugate force (_3d§. However, available experimental data and material

characterisation have been done for the classical approach widely used in continuum damage
mechanics, where the damage state variable and its conjugate force are the second order damage
tensor and damage energy release rate, respectively. Consequently, the relationship between the
kinematic and kinetic quantities of these two formulations needed to be established.

Damage deformation gradient and corresponding kinematics, which physically represent a loss of
load carrying capacity of the material i.e. reduction of the material effective load carrying area, are

defined to some extent similar to (Murakami, 1988). The relationship between an effective

differential area vector in the isoclinic configuration, d§1, and the corresponding area vector in

damaged elastically unloaded intermediate configuration, dsdp, is defined by Nanson’s formula

(Holzapfel, 2000) as:

dsg, = JFy 1S, where J, =detF, (4.1)
As a generalisation of the 1D problem, where the damage variable represents the reduction of the

effective area, the linear mapping (4.1) can alternatively be defined via second order damage tensor

®, the principle values of which are the effective area reductions in the principle directions. The

formulation is capable of representing orthotropic distribution (state) of damage in a material.

Second order damage tensor @ in this work is defined via differential area, which is normalised

by the inverse of the determinant of damage deformation gradient i.e. dsg, = Jq 1dsdp , as:

dsf, =(1-®) " dS, (4.2)
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where (I —cT)) is usually refer to as integrity tensor. Note that vectors dsgIO and dsdp have the same

direction.

The normalised area vector (4.2) defines a traction vector in the elastically unloaded intermediate

configuration in terms of Kirchhoff type stress tensor, 7y, = 348 as:

By assuming that the traction vector, t; , acting on the effective area in the isoclinic configuration

is equal to the vector (4.3) pulled back to this configuration by IEd (Djordjevic, 2011):

tg,dsg, = Fyt dS; =F,SdS, (4.4)
The relationship between the stress tensors in the two configurations can be defined as:
T4, = F4SE] (4.6)

Furthermore, using the definitions (2.7) (4.1) and (4.2), one can obtain the damage deformation
and damage velocity gradient in terms of integrity tensor and the rate of change of damage tensor as:
C,=FF, =[1-a] 4.7)
L =FRF =[-8 (-0)=-[1-8]'® (4.8)
In order to define the thermodynamic force Y conjugate to the symmetric damage tensor ®,

equations (4.7) and (4.8) was substituted in the equation for damage part of dissipation (3.11), i.e.

SR T =0y hw_seEE1E =My H .y =1 =) = Oy
Agam =S:Cy g paa)Ha) —S.(FdFdFd Fd) p@a)Ha) =S:[I co]( (D) paa)Ha} =
5 (4.9)
= u
=-[1-8]S:0-p—% 0"
[1-o]s:0-p==
.= OUy .
Agan =Y :10——F@" 20 (4.10)
ow
where
Y=-[I-0]S (4.12)

Damage energy release rate (4.11), was used in the definition of damage potential used in the
remainder of this subsection.

Using the push forward and pull back operations and relationships between the damage kinetics
and kinematics with the damage tensor, i.e. expressions (4.5) to (4.7), one can relate the tensor

variables in the intermediate and isoclinic configuration as:

E.=Fi Eft=[I-&] 'E[1-o] " (4.12)
S=F,5F] =[1-a]S[1-a] " (4.13)
C=F,FyCRIF] =[1-a|[1-0]|C[1-&] [1-&]' (4.14)
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Note that the relationship between the material stiffness tensors in the two configurations are the same

to the expressions obtained with the energy equivalence principle:

W(damaged) :%Ee :@:Ee :%[I —(T)]T Ee [I-(Y)]:@:[I—(T)]T Ee [I—(T)]:

. (4.15)

E.:C:E, :E[l—a)]T E[1-8]:C:[1-&] E,[1-0]=

N |-

4.1.2 Damage potential

The damage potential is defined in terms of damage energy release rate Y and the thermodynamic
force conjugate to damage hardening variable Q. Similarly to the Helmholtz free energy given in
(3.6) and (3.13), damage potential for an orthotropic material is defined in terms of the irreducible set

of invariants and pseudo invariants of damage energy release rate and structural tensors (2.2) as:

l,=1:Y |_Y2=|Z(\7)2

Ta=1:(Y) (4.16)
L, =1:(M'Y) I_Yszlz(l\_/ll(\?)z)

Lo =1:(M2Y) |‘Y?=|:(|\7|2(\?)2)

The quadratic form of damage potential can now be defined as:
S ol o 1_ - - 1. - - 1_ - -
2 —72 = = T2 = -T2 | =
fq (Y,Ml,M ’Q):—Vl i+7a o+ -Valya+7sls + Vs lvg+76ly7 +
2 2 2
, (4.17)

=T T =T 71 =7 T H

77 Wilya +78 Wilve + 79 v alve _(Qo +Q(a) ))
where y, to ¥, are material parameters and €, is an initial damage hardening conjugate force.

Second derivative of damage potential with respect to the damage energy release rate is a damage

characteristic tensor:

_ % _. .

J="—% =71el+27,1+7M o M" + 7.M? @ M? + 7,F* + 7,F* +
ov* o i v (4.18)

;77(I®I\7I1+|\7I1®I)+;78(I®I\7I2+I\7I2®I)+;79(I\7I1®I\7I2+|\7I2®I\7I1)

where 1 is an identity tensor of the fourth order, E}klz(l\_/lilkéj,Jr&ikl\_/lllj) and

Fijzkl :(Mﬁ(5j| +5|k|\_/|ﬁ)

Note that the damage characteristic tensor in (4.18) is a symmetric tensor of the fourth order, and it
was assumed constant in the current model development.  This assumption has limited
thermodynamics consistency but still gives satisfactory results demonstrated in Section 7 and

(Djordjevic, 2011). A simplified form of the damage characteristic tensor used in this work is

described in the subsection 6.1.
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The damage characteristic tensor (4.18), written in Voigt notation as a second order tensor is:
[(J, J, Js 0 0 O
‘]12 ‘]22 J23 0 O
‘]13 ‘J23 JSS O O
o o o J, O
0 0 0 0 Jg
0 0 0 0 0 Jg|
Consequently, the damage potential given in terms of damage characteristic tensor (Hansen and

Schreyer, 1994) is:

(]
Il

0
0
. (4.19)
0

1

_ 1 = )2
f, (Y, Q)=|=Y:J:Y| -Q(0")=0 4.20
(V.0)=(57:3:7 ] -a(o) 42
where the first term of the potential is referred to as equivalent damage energy release rate Y, .

According to (De Borst and Feenstra, 1990), the form of damage potential (4.20) has shown some
advantages in terms of the convergence of solution, relative to the form (4.17).
Evolution of the damage surface is controlled by the thermodynamic force 2, which was assumed

to be a linear function of the damage hardening parameter o
Q(o") =y + 00" (4.21)
where the coefficient @, is a slope of the hardening curve Y,, (e, ). shown in Figure 3 in the

Section 6.

A definition of the damage hardening parameter is based on a modified Klepaczko criterion
(Klepaczko, 1990), which accounts for thermally activated physical (micromechanical) damage
mechanisms. Klepaczko’s criterion is based on the Tuler Bucher time to failure concept updated by
(Dremin and Molodets, 1985) as:

. AU By 1
é=d exp(—wj P g ddt dy = (4.22)

where ¢ is a convenient damage accumulation rate function of the stress, o, AU is free energy of
damage activation, t; is time to failure, t;, is a characteristic time to failure which corresponds to the
minimum threshold stress o, for which material failure can occur and k is a Boltzmann constant.
By assuming that the free energy is a function of stress, Klepaczko defined it as:

O

AU =AU, In ‘;0 (4.23)

#(9)
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where y(é’) and 4, are current and initial shear moduli and AU, is the reference damage

activation energy for a body at the reference stress and temperature. Making use of the normalised

activation energy, introduced by Follansbee and Kocks (Follansbee and Kocks, 1988):

1 = o (4.24)

0~ 3
,u((9)b
where b is Burgers vector, the model was made consistent with the MTS model, used for the

evolution of plastic flow stress. Consequently, free activation energy becomes:
G0
AU = u(6)b%, In| 22 (4.25)

#(0)
Finally, by substituting the free activation energy (4.25) in the expression for the damage

accumulation function given in the integral form in (4.22), the damage hardening parameter assumes
the following form:

,u(@)b3u0 ]

o(e) [ ko

H_ € 1 1(9)

NSRS

where & and g, are respectively current and critical strain at the time of failure. Note that the

w (4.26)

solution (4.26) is obtained by the integration in the strain domain, assuming the constant strain rate

which agrees with the experimental procedure for strain rate material characterisation. The material

constants o, t,, and U, are obtained from the plate impact test data as outlined in Section 6.

The damage rate of change tensor ® and rate of change of hardening parameter @" are obtained
from the principle of maximum dissipation (3.16) and (3.17), introduced in (Hill, 1950). The rates ®
and @" are collinear and proportional to their conjugate forces. The proportionality is determined by

the monotonically increasing Lagrange multiplier /id :

T I . T S 4.27)
oY 1- - %
(Y J Yj
2
. of .
M =—1, =1 4.28
“ ‘o " (4.28)

The Lagrange multiplier for damage deformation is calculated from the consistency condition

fd =0, when damage is evolving:
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f, (\?,Q):ﬁf—ﬂ:?+af—dﬂzo (4.29)
oY oQ
Rate of change of damage energy release rate is calculated from Equation (4.11), described in

detail in Appendix B, as:

afd afd

Y =4, LWS —[I —(T)](C : {[I—@]WLJ—[I—E)](C : [Ce (l -1, )lym (4.30)
whilst rate of change of the force conjugate to damage hardening parameter is obtained as:

oQ . .0
Py " =4 W:idwu (4.31)

Making use of the expressions (4.30) and (4.31), the consistency condition (4.29), can now be

Q=

solved for the damage Lagrange multiplier:

%:{zd[af—ﬁ—[l—a]@: [1—(7)Taf—£
oY oY oY |

| ofy | oy = _—,_ _Tafd_ ofy o of, . = (=~ =
ﬁ{a_\?'[a_v -[1-elc| -] %2 | }+a—aa§iJa—v.[Im]C.[Ce(llp)lymo

%, [i-ale{c,(1-1)]_]

gg;[ggg_[._@]@[p_apgg} }gf;};%
sy @ (4.33)

Lagrange multiplier in (4.33) is defined in the general form, for any functional form of damage

potential. In the current form of the constitutive model, damage is described by damage deformation
gradient (2.3), damage potential (4.20) and evolution equations for damage tensor and damage

hardening rule, (4.27) and (4.28), respectively.

4.2 Plastic behaviour

Anisotropic properties of the material are pronounced during the inelastic deformation, so plastic
potential and yield criterion are the functions of structural tensors in addition to their “isotropic”
arguments. If the potential is defined as a function of deviatoric part of Mandel stress, temperature

and internal variables, its invariance can be stated as:

fo ()_:.D,l\_/[l,l\_/lz,aws (6. gp,ép)) = 1, (Q'E°Q,Q'M'Q,Q'M*Q, 5,1 ) (4.34)
where Q s a rotation that belongs to the group of orthotropic transformations (Boehler, 1987), xP
is a deviatoric Mandel stress and o, is referential flow stress calculated by the MTS model

(Follansbee and Kocks, 1988). Assuming the symmetry of deviatoric Mandel stress, an irreducible set
of invariants for the yield function given in (4.34) consists of seven invariants (Boehler, 1987;
Spencer, 1971):
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I, =1:£°=0 I, =1:(Z°)
I =1:(Z°) (4.35)
T, =1:(WE°) T, =1:(w (0]

T =M (20))

The plastic potential is defined as a quadratic function in deviatoric stress:

(S}

T, =1:(M7E°)

. - 1= 1== = —— —__

Foi (ZD’Ml'MZ’O-MTS)Zﬂl I, +Eﬂz 1 +§ﬁ3 I+ 815 + Bl + BN, 15 — O (4.36)
where ,51 to BG are material parameters, which can be calculated from the coefficients in the Hill’s
yield function (Hill, 1950), given later in this section. Second derivative of the plastic potential with

respect to the stress is a tensor of the fourth order denoted as A:

A:—apr' =2B1+B,M e M' + B,M* @ M? +
oxPoxl Tt * (4.37)
+B,F + B F* + f, (I\_/I1 ® M? + M? ®I\7I1)
Convexity of the yield surface requires tensor A tobe positive semi definite (Itskov and Aksel,
2004). For the same arguments described for the damage potential and in (De Borst and Feenstra,

1990), the yield function expressed in terms of A is used in the remaining of this section as:

1

I 1y = )2 _
o (ZD,Ml,MZ,aMTS)z(EZD :A:):Dj ~Oyns (£5:2,.0) (4.38)
where the first term in the equation is effective stress equivalent to the Hill’s criterion (Hill, 1950)
whilst £, and @ are parameters which define specific referential MTS curve.

Rate of plastic deformation and effective plastic strain are defined from the normality condition as:

_ . of, ) A:¥P
, = A —— (4.39)
XU CAY
2
&, =—A ﬂzi (4.40)
P " 00 yrs " .

Lagrange multiplier ip, in (4.39) and (4.40) is obtained from the consistency condition:
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af = af af - — - = ~
AL R _p,'jz(ceswes)—%a—‘jg’p:o (4.41)
B> 0Gyrs B> 06 o,
of - — (= (r= ~ = — Ooyrs 00
_
fu=—5 2[Ce(| I )lymsme (c ([Ce(l -1, )Lm -[E.T, ]ymm i i
ot oty - ) of , _ _ .
_ pl pl pl _
_{zce S5t 5 ce(ce«:)] [I]Sym—éi,) C:[Cyy ]sym
2C aipl 34 aipl = ((—: @) | 00rs 00
Pt eER T eml T T ) ez 06 oe,
m (4.42)

Substituting the rates of kinematic and kinetic measures in the latter expression, the solution for
the multiplier is obtained in terms of total velocity gradient given in the isoclinic configuration:

_of, - o, - - - - o, — - = =
pl pl . . pl . .
| (2(:e 505+ :C. (cec)] :[1 lym -5 C.C: |G, lym
pl =&p = > (4.43)
2c, 215 Mo (e || Do | 499 0O
fox® oz M e
Making use of the last result, rate of plastic deformation (4.39) in terms of total strain rate is:
of _of, = o, = = =\~ ofy of, = = r= =
pl pl pl . . pl pl . .
— 2C — S = - . i —— .
_ . af | aED[ e aED + aED Ce (Cec)} I:I]sym aZD azD Ce(c [Cd Id :lsym
dp =4y —=5 = (4.44)
ox _ oy o oy )| 005 06
2C, 55+ 25 :C.(CC) [:| 5|+
ox ox oxX o do  Oe,

A specific plastic potential of Hill’s type (4.38) and the MTS hardening model (Follansbee and
Kocks, 1988) can now be substituted in (4.43) and (4.44).

The tensor A is a state variable, determined by the structural tensors given in the isoclinic

configuration. It is assumed to be constant in the current development of material model; hence the
constants from £, to f3, in (4.36) and (4.37) can be expressed in terms of Hill’s coefficients (4.45)

(Hill, 1950) as follows:
1

£ :(F (£5-28) +G(Z5-E3) +H(Z5 -£5) +2LED +2MES +2NES | -0

" (4.45)
B =M+L-N B, =2(F+4G+H-2M)
B, =2(4F +G+H -2L) B, =2(N-L) (4.46)
B =2(N-M) B =2F-H+2G-L-M+N

Material constants given in (4.46) are determined from the experimental data as described in

Section 6.
The effective plastic strain rate in the plastic potential (4.38) can be obtained from the equivalence

of the rate of work of Mandel stress and effective stress as:
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&, = L 5 d, (4.47)

Owmrs

Consequently, ép when expressed in terms of invariants of the plastic rate of deformation (Pereda et

al., 1993) is:
_ _ _ _ _ _ _
& =[¢132 +C,d; +¢, 3¢ +¢,d5 +C5J, +€,3, 3, ]2 (4.48)
The set of invariants, equivalent to the sets (4.35), is defined as:
J, =1, J,=1:d
Jy=1:d (4.49)
J, =1:(M'd,) J, =1:(M'd%)
3, =1:(Md)) 3, =1:(V%2)
where the coefficients from C, to C, are respectively given in terms of Hill’s coefficients are:
1 1 1 F+G 2
C,=—+——-—— C, = — 'S
L M N FG+GH+HF M
¢ - rH 2 ¢, =2 -14+L (4.50)
FG+GH+HF L L N
1 1 ( H 1 1 1)
C5:__+— C6:2 — N
M N FG+GH+HF L M N

MTS is a physically based model, derived from the analysis of dislocation motions in a metal
undergoing plastic deformation (Follansbee and Kocks, 1988). The model provides scalar-valued

flow stress as a function of plastic strain rate and temperature, given in the following form:

1
p

keln(“f‘OJ q
Ours =00 +2-(0=0,)5(0.8,) =0, +- (50, 1- ngo’) (451)

where o, is an athermal rate independent component of flow stress, & is internal parameter of the

material structure, é‘p is plastic strain rate, whilst S(@,é) is thermal interaction factor, obtained from
the Arrhenius expression for strain rate and free activation energy. The other parameters in the
Equation (4.51) are: g, is normalized activation energy, P and ( are the material micromechanical
constants.

The evolution of parameter of the structure o , according to original work of Follanshee and

Kocks (Follansbee and Kocks, 1988), can be expressed via strain hardening rate ® , as a balance of

the two competing processes: dislocation accumulation, determined by ®,, and dynamic recovery,
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determined by @(é,@,&). For a number of metals (aluminium alloys) of interest, strain hardening

rate changes linearly within the range of stresses and strains but exhibits the saturation behaviour,
especially for the higher strain and stress levels. In order to describe this saturation the hyperbolic

functions are used in the definition of the strain hardening rate:

05 tanh[a fj
0=22_@,|1-— %/ (4.52)

oe tanh ()

where the initial strain hardening rate ®, and saturation threshold stress o, are defined as:

O,=a,+a, In(g'p)+a2ég (4.53)
ko
& =6 (ﬁ} (454)
S s0 . .
gso

In the Equation (4.53) a,, &, a, and N are material parameters (fitting constants), whilst &,
and &, in (4.54) are, respectively, a reference saturation stress threshold at OK and reference strain

rate; A is a material parameter.

Note that Equations (4.52) and consequently (4.51) are nonlinear differential equations which
cannot be explicitly solved for structural parameter & , except in a special case for the constant strain
rate and temperature. Hence, for the sake of simplicity and computational convenience, it is assumed
that strain rate and temperature do not change within the time step. This assumption means that the
material state changes along one stress strain curve during the time step, which can be physically
justified to some extent, but was primarily driven by convenience of numerical implementation.

Hence the reference hardening rate is calculated as:

o
5 06 tanh[a6j
O-_MJS_O_:ﬂS(Q’Ep)(go 1—| — N “s/ (4.55)
o6 0Os, tanh ()

The last equation completes the description of the plastic behaviour in the material model.

5 System of equations of constitutive model and numerical

implementation

The system of equations, which define the constitutive model in the rate form, is given below:

o Piola Kirchhoff stress rate, Mandel stress rate and Cauchy stress rate:
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o Damage energy release rate:
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e Damage surface/potential:

;| =(%V:j:7);—(QO+Q(wH ))<o0

o Yield surface/potential:

1
fo =(%)_:D :f&:)—:D]2 — Gy (gp,g'p,e)so

e Loading/unloading and consistency conditions:

f, <0 Ay 20 A, f, =0
fo < Ay 20 Ay fy =0
e Flow rules:
P F2 o i §0
o=1 g d, =4, Ax
(1\7:3:\7j (125’:.&:2[’)2
2 2
" =1, &,=4,

o Damage isotropic hardening:
0 H [ .
Q(a) ) = 0,0 =0y

e Plastic isotropic hardening:

& || 6-6

kéIn| > tanh| ¢ — 2
~ €p O; — 0y ;
Ji-| —=—4| | 6,|1- A

 t 1b°g,

o |~

o Evolution of temperature is determined as:
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e Gruneisen Equation of state (Steinberg, 1991):
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C 1+|1- —
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2 3
1-(8, ~1) -8, £ -5, —F
P+l (,u+1)

p(u,E)=

"‘(70 +aﬂ) E (5.14)

5.1 Stress update

One of the key components of numerical implementation of a nonlinear constitutive model is stress
update which requires calculation of the tangent stiffness tensor which relates increment of stress to
increment of total strain. Tangent stiffness tensors for the two nonlinear inelastic processes, plastic
deformation and damage, were derived and presented the following subsections.

Coupling between the plasticity related part and damage part of the model is based on the approach
introduced in (Lemaitre and Chaboche, 1990), which assumes that as the material starts deforming in-
elastically, plastic deformation is dominant dissipative process until the plastic hardening rate reaches
the critical value of zero (for numerical implementation set to a small positive number, e.g. 1.0 e-06).
Once this critical hardening rate is reached, damage is initiated and damage evolution becomes the
dominant dissipation process. This rate based criterion for damage initiation avoids some of the
difficulties related to the localised nature of the inelastic deformation described in (Brinig et al.,
2011a; Driemeier et al., 2010). Note that plasticity does not directly contribute to the damage
development and that damage does not directly contribute to the plasticity in the current material

model development (Djordjevic, 2011).

In terms of kinematics of deformation, the three modes of material deformation; elastic, elastic-

damage and elastic-plastic can be, respectively, defined as:

1 20 1 =0 I, =0 l, =0 (5.15)
1 20 1 =0 1,=0 1, 20 (5.16)
T %0 1 =0 1, #0 1, =0 (5.17)

5.1.1 Thermo-elastic damage deformation
Tangent stiffness tensor for the damage thermo-elastic deformation was obtained, starting from the

rate of second Piola Kirchhoff stress expressed in the isoclinic configuration:
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where C denotes elastic stiffness tensor of the virgin material and the tangent stiffness tensor ((_Jﬁd

for elastic damage deformation is:

o GG o T s

C¥ =C,C+C:|[I-®] oY oY (5.19)
A | N5 11-g)c:|p-a Do | |+Ta X2
oY | oy N |, | Qew

Note that plastic term in the expression (5.18) (the second term in the first equation) is set to zero,
since the plastic deformation and damage evolution do not occur simultaneously in the current
implementation of the constitutive model. Damage thermo-elastic mode of deformation is

characterised by /ip =0, id #0.

5.1.2 Thermo-elastic plastic deformation

Similarly to the previous derivation, the tangent stiffness tensor for thermo-elastic plastic
behaviour was obtained starting from the rate of Piola Kirchhoff stress tensor given in the isoclinic

configuration, S, as:

I G N G i .
S=Ce<C:d—/IpCe<C:{8i—pDLm—).d(C:{Cd([I—(o] 6—\2(]:]Sym—|w:

Y. TN I
aip'; (20e aip,;5+82"l'3:ce(ce<c)}d

.C:
_of, _ of, — - )] éf

pl pl . . pl

[zc:e 505" 55:Ce (CGC)]'LED

L sym p

—po= (5.20)

Jsym

=C®:d-po
where a general form of the tangent stiffness tensor in the isoclinic configuration @i" during the

thermo-elastic plastic deformation is given as:
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Having in mind that thermo-elastic/plastic mode of deformation is characterised by /ip =0, ﬂ',d =0

the damage term in the Equation (5.20) (last term in the first equation) is set to zero.

5.1.3 Numerical implementation

The new material model was implemented in Lawrence Livermore National Laboratory (LLNL)
DYNA3D (Liu, 2004) using radial return algorithms for plasticity and damage (Djordjevic, 2011).
Once the system of equations from (5.1) to (5.13) is integrated, the updated nominal stress is used in
integration of the momentum equation.
The model was validated by numerical simulations of Taylor anvil tests for AA7010, given in the

Section 7.

6 Determination of the material parameters

This section provides an outline description of the material characterisation required in order to
determine parameters for the new material model. A detailed description of the material

characterisation process including all experimental data can be found in (Panov, 2006).

6.1 Material parameters for damage potential

Anisotropy of damage is represented in the damage potential through the damage characteristic
tensor (4.19), which is in general determined by nine material parameters from y; to y, . The

relationships between the members of the tensor and material parameters are:

_ _ 1

71 =3t da =I5 — e V2 :E(‘J55+J66_‘]44)

773 :‘J11+‘]33_2‘]66_2‘]13 2 :J44_J55

775 :‘]22+‘]33_2‘]55_2J23 776 :‘]44_‘]66 (6-1)
V2 =3 =Jgg—Jpy +Jes + g Ve =Jpg—Jgs—Jd+ s + g

Yo = le _‘]13 _‘]23 + J33 +‘]44 _‘]55 _‘]66
Due to the lack of experimental data, a simplified form of the damage characteristic tensor is used
in this work, motivated by the definition of the tensor proposed in (Zhu and Cescotto, 1995; Habraken

et al., 1998). The damage model, in its current form, was intended primarily for modelling of tensile

damage. Therefore, the diagonal components in (4.19) which correspond to shear damage (J,,, J.;
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and Jg ) were set to zero. The remaining members were expressed in terms of the constants J, , J,

and J, , experimentally determined for the principal direction of damage orthotropy for a material as:

Ju=1J; Jp = \/3 Jiz = \III (6.2)
Jzz :Jz ‘]23:\/‘]2‘]3 ‘J33:J3

The constants J, , J,and J, in (6.2) are calculated by making use of the energy equivalence

principle, which is schematically illustrated in Figure 3. The equivalent damage energy release rate in
the definition of damage potential (the first term in (4.20)), determined by damage characteristic
tensor, is equal to the damage energy release rate in reference direction. For the linear hardening

model illustrated in the Figure 3, the equivalent damage work is:

Y. -Y
W,, =%a)t (Yo +Yo )=%¥(qu +Y, )= %(Y; -Yy) (6.3)
eq €q

Where the equivalent damage variable ,, work conjugate to Y, can be obtained from power

equivalence Y, a,, = Y:®. Consequently, the rate of change of damage tensor can be expressed as:

0 =a, af—ﬂ = @, Ly (6.4)
oY 2Y,,

Double contraction of this expression with itself leads to the expression for @, = «ch‘o: J'o.

Similarly, damage work done in direction i is the area below the curve Y, (coi ) defined as:

W, =£(Yﬁ ~Yio) (6.5)

where: @, is a slope of the Y, (a)i ) curve and Y,, is an initial damage energy release rate in |-

direction; 1 =1,2,3.

Near Figure 3

Equivalence between the damage work (6.5) done in each principle direction i of damage
orthotropy and the equivalent damage work (6.3), yields a solution for the coefficients J, to J,. If

the reference direction coincides with direction 1, the coefficients have the following form:

2 2 2 2
’ [a)tz j(le _Y1§)+Y2% ’ (%J(le _Y1§)+Y3%
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In order to determine of members of damage characteristic tensor J, it is necessary to determine
the damage energy released rate as a function of damage. Damage energy release rate as a function of
damage can be determined from the cyclic tensile tests (Zhu and Cescotto, 1995). Instead of the quasi
static cyclic tests, a novel approach was used in this work. Given a stress strain curve from the
uniaxial tensile test for aluminium alloy AA7010, damage as a function of strain for the loading

direction i was calculated using modified Klepaczko failure criterion (Klepaczko, 1990):

,Ll(H)b3UDJ

o.(&) ( ko
o, (5) =2 : ) 6.7)

‘e_co((u(e)bwo]ﬂj %
k@ Ho

The terms in the equation (6.7) and material constants were introduced in the subsection 4.1. Note

that the stress in the equation (6.7) is expressed as a function of strain. The material constants o ,

t.o and u, are obtained from the experimental data following the procedure outlined at the end of

this subsection and described in detail in (Panov, 2006).
It is easy to demonstrate that the energy release rate as a function of strain in the case of uniaxial
stress state aligned with a principal damage direction is given by (6.8).
_ Uzi (&)
L E(l-o(s)’ (6.8)
Again, making use of the experimentally determined stress strain curves and the relationship (6.7)

for (&) one can calculate Y (a)l, ) curves for the two principle directions of damage orthotropy;

and the results are given in Figure 4. In absence of data for the third principle direction, it was
assumed that the behaviour was equivalent to the behaviour in the direction 1 (Zhu and Cescotto,
1995; Panov, 2006).

Near Figure 4

A number of the experimental tensile test stress strain curves are accurately approximated by the
corresponding curves obtained with the proposed material model (with and without damage effects)
for a range of temperatures and strain rates as shown in Figure 5, using martial parameters determined

by the procedure described in this section.

Near Figure 5
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Figure 3 Method of equivalence of damage work for calculation of damage characteristic tensor (Zhu

and Cescotto, 1995)
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Material constants o, =1.05GPa, t.,, =248 and U, =0.0087 in the expression for the damage

hardening variable (6.7) were obtained from the published data for spall strength for aluminium alloy

AA 7020 (Chevrier, 1996). This was done by plotting the spall strength normalised with the shear
modulus as a function of critical loading time t., given in Figure 6, and fitting the curve with the

expression for normalised stress. As already stated this expression was derived on the basis of
Klepaczko’s criterion (Klepaczko, 1990).

o)
o _og|[Ub’u(0)  te [ 6.9
1(0) ) Ho ko L 9

The values for the damage parameters, discussed in this section, for AA 7010 are given in the

Table 9 in the Section 7 where they were used in validation of the new constitutive model.

Near Figure 6
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38



6.2 Material parameters for plastic potential

Material constants in the equations (4.46) were calculated from the Hill’s coefficients, which were
obtained using a novel procedure which combines standard tensile tests (Hill, 1950) with data from
Taylor anvil test. The required experimental data consists of: yield stress under the uniaxial loading

for three directions, and Lankford coefficient R, =&}, / &P, obtained from the Taylor anvil test. In
the characterisation of the AA7010 yield stresses were measured for the angles 0°, 45°, 90° relative to
the rolling direction for the range of strain rates between 6.4x10™* s™ and 6.4x10's™ and at
temperatures —50°, 0°, +70°, +140° and +200° C. For instance, the yield stresses obtained for the

strain rate 6.4 s+ (for which the damage energy release rates are shown in Figure 4) and temperature

+70°C are: oyy=496.7MPa, oy, =493.5MPa and oyqy =467.4MPa (the other values and a

detailed description of the experimental procedure can be found in (Panov, 2006)).

A number of Taylor tests of AA7010 were performed with the cylindrical specimens shown in
Figure 7 a). The impact direction (z direction in the Figure 7) was aligned with material rolling
direction. The Lankford coefficient R, =0.894 determined from the data for the test performed at
impact velocity 200 m/s given in the Figure 7 b). The values for yield stresses given above and
Lankford coefficient were sufficient for calculation of the values for the Hill’s coefficients, given in
the Table 9. The following expressions were used to obtain the valuesfor F, G, H and N :

1 R, 1 R,

Fo_t _ . S . H=—p 6.10
0_902 0_902(1"' Ro) 0_02(1"' Ro) 002(1"' Ro) (619

1 4 1 R, -1
N=Zl 5%+
2\ 0% 00 oy (1+ RO)

Near Figure 7
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A geometrical representation of the initial Hill’s yield surface for plane stress state represented in

the stress space (o,,0,,0,) (Szczepinski and Miastkowski, 1968) based on the material

parameters for AA7010 at §=+70"C, and in the strain rate ¢ = 6.4s " is given in Figure 8.

Near Figure 8

Note, Hill’s coefficients in the proposed method were calculated using the measured yield stresses
and the plastic strains, assuming that the results obtained by measuring either the yield stresses or the
final plastic strains are equivalent. In other words, assuming that the yield surfaces determined from
stress ratios or plastic strain ratios are the same. Although Hill (Hill, 1950) suggested independent
measurements of the plastic strain ratios and yield stress ratios in order to validate the theory, it has
been shown in some experiments that the combination of the measured parameters didn’t significantly

affect the shape of the yield function (Cazacu and Barlat, 2003; Malo et al., 1998).

The material constants for the MTS model were obtained following the procedure given in
(Meyers, 1994) and are given in the Table 9 along with the other material parameters required by the
constitutive model. The experimentally obtained stress strain curves and their MTS model

equivalents (based on the data from Table 9) for a range of strain rates from £=6.4x10°s71 to

£=6.4x10"*s™! are shown in Figure 9.

Near Figure 9
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6=+70°C
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7 Validation of the new model

The developed constitutive model was validated in two main stages. The first stage comprised
systematic validation of each part of the new material model, i.e. the validation of elastic isotropic
behaviour, the validation of orthotropic elastic behaviour, the validation of orthotropic elastic-plastic
behaviour and the validation of orthotropic elastic-plastic-damage behaviour. This stage of the
validation process allowed for each important part of the proposed formulation and its implementation
into DYNAS3D to be examined. The second stage of the validation process comprised comparison of
the results generated by the proposed material model against the available experimental data for Plate
Impact test and Taylor anvil test. A schematic representation of the whole validation process is given

in Figure 10. The first stage validation is described in Section 7.1 and the second stage in Section 7.2.

Near Figure 10

7.1 The first stage validation

In this stage the validation was performed by conducting a serous of a single element analysis a
uniaxial strain test and uniaxial stress test. In order to speed up the validation, both types of analyses
(uniaxial strain and uniaxial stress) were performed with the single element models. The formulations
of elastic isotropy, elastic orthotropy and elastic plastic orthotropy (with and without hardening) of the
new material were examined and validated against an appropriate reference material model. The
following existing DYNA3D material models were employed: Isotropic elastic-plastic, orthotropic
elastic and orthotropic elastic-plastic. The final step, in this validation stage was comparison of the
whole model (including elastic, plastic and damage orthotropy) against the tensile test experimental
data.
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Figure 10 A schematic representation of the validation process for the new material model
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7.1.1 Single element model

In order to speed up the comparison process in the single element analyses, two solid elements
with identical geometry, boundary conditions and loading, as shown in Figure 11 and Table 1, were
used in each simulation. In this model one element was assigned the new material model (node
numbering from 1 to 8) and the other a reference material model available in DYNA3D (node
numbering from 9 to 16). The principle directions of material orthotropy were aligned with the

X,Y,Z axis of the global coordinate system. This allowed for effective comparison of the new

material model against the reference material models. The node numbering used to define boundary
conditions is shown in Figure 11. The displacement boundary conditions, based on the node
numbering in Figure 11, used in these tests are summarized in Table 1. Loading in compression and
tension was applied to the elements by prescribing displacement load curves to nodes 5, 6, 7 and 8

(consequently). The equivalent tests were performed for the X, Y and Z directions. For brevity,

only the results for the test performed in the X direction are presented and discussed.

Near Figure 11

Table 1 Displacements boundary conditions defined for a uniaxial stress and a uniaxial strain tests in the

x direction
Node Uniaxial Stress Uniaxial Strain
1&9 Constrained x, y and z displacements Constrained x, y and z displacements
2&10 Constrained x displacement Constrained x, y and z displacements
3&11 Constrained x displacement Constrained x, y and z displacements
4&12 Constrained x displacement Constrained x, y and z displacements
5&13 No constraints Constrained y and z displacements
6&14 No constraints Constrained y and z displacements
7&15 No constraints Constrained y and z displacements
8&16 No constraints Constrained y and z displacements
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Figure 11 The finite element model used in the single element analysis
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7.1.2 Validation of the Elastic Isotropy Formulation

These tests were intended to ensure that the new material model is capable of reproducing isotropic
behaviour. For this purpose the Isotropic-Elastic-Plastic-Hydrodynamic material (Liu, 2004) was
used as the reference material for comparison with the elastic part of the new material when the same
material properties were given for the three principal directions of orthotropy. The reference material
was given the same elastic properties and a high value for yield stress in order to prevent the material
from yielding for the range of deformations applied. The elastic material properties used in these

analyses are given in Table 2.

Table 2 Aluminium material properties for elastic isotropy analysis

Parameter Description Nominal value
E Initial elastic modulus 71GPa

% Poisson’s ratio 0.30

G Shear modulus 26.75GPa

K Bulk modulus 69.75GPa

o Density 2.81g/cm3

The data from the uniaxial stress test, the true stress vs. true strain curves for the x, y and z

directions were plotted for both material models (the curves for the x direction are shown in Figure
12). The stress strain curves, in the x direction, for the new and the reference material were identical.
The values of Young’s modulus calculated from the slopes of the stress strain curves was the same as
the value in the input file. Therefore, it can be concluded that the new material model is capable of

correctly reproducing uniaxial stress states of elastically isotropic materials.

Near Figure 12

Similarly, the true stress vs. true strain curves, from the uniaxial strain tests, for the reference and

the new material for the x, y and z directions were compared. The values for the material stiffness
in each direction, calculated from the slopes of these curves, was equal to K +4G/3 (where K is
bulk modulus and G shear elastic modulus). As illustrated in Figure 13 for the loading in the x
direction, the stress strain curves for the new and the reference material were identical. Therefore, it

can be concluded that the new material model is capable of correctly reproducing uniaxial strain states
for elastically isotropic materials.

Near Figure 13
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Figure 12 Stress strain curves for reference material (isotropic elastic plastic) and the new material in the
x direction; uniaxial stress
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Figure 13 Stress strain curves for reference material (isotropic elastic plastic) and the new material in the
x direction; uniaxial strain
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7.1.3 Validation of Elastic Orthotropy Formulation

The reference material was elastic orthotropic (DYNA3D material 22) (Liu, 2004). The same two
element model, described above, was used but this time with the orthotropic elastic material

properties as given in Table 3.

Table 3 Orthotropic material properties of Aluminium alloy

Parameter Description Nominal value

E Young’s modulus in X direction 70.6GPa
X

E Young’s modulus in Y direction 71.1GPa
y

E Young’s modulus in Z direction 60.6GPa
z

y Poisson’s ration 0.342
xy

y Poisson’s ration 0.342
ZX

y Poisson’s ration 0.342
yz

G Shear modulus for xy 026.3
Xy

G Shear modulus for yz 26.5GPa
yz

G Shear modulus for zx 0.342
ZX

The stress strain curves obtained in the uniaxial stress analyses for the new and the reference
materials were identical, as illustrated in Figure 14 (for the analysis in the x direction only). The
orthotropic elastic material properties determined from the numerically obtained stress strain
curves are given in Table 4. The values for Young’s module obtained for the new material agree

well with the values obtained for the reference material.

Table 4 Comparison of Young’s module of elastic orthotropy, uniaxial stress analyses

Material direction Reference material model New material model
X 71.1GPa 71.1GPa

y 71.1GPa 71.1GPa

Z 70.58GPa 70.60GPa

Near Figure 14

Similarly, the uniaxial strain single element analyses were performed as the next step in the

validation of the elastic orthotropic part of the new model. The results of the analyses for the X, Y

and z directions are given in Table 5. The X direction test stress - strain curves are given in Figure
15.
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Figure 14 Stress strain curves for elastic orthotropic reference material and the new material, loading in
the x direction; uniaxial stress
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Table 5 Comparison of Young’s modulus of elastic orthotropy, uniaxial strain analyses

Material direction Reference material model New material model
X 110.32GPa 110.30GPa
109.44GPa 109.41GPa
7 109.65GPa 109.62GPa

Near Figure 15

7.1.4 Validation of Elastic-Plastic part of the model

In this part of the validation process the plasticity part of the new material model was assessed.
The first set of tests included validation of the Hill’s yield criterion for the isotropic elastic-perfectly
plastic material and the second set of tests covered the orthotropic elastic-plastic material with
hardening. The first set of tests was performed with isotropic aluminium material properties, while
the second set of tests was performed with orthotropic tantalum material properties (a material with
pronounced anisotropy). The specific values of the material properties used are given in Table 6 and
Table 7, respectively.

In the isotropic material tests Hill’s coefficients were given values as follows, F=G=H =0.5

and L=M =N =3/2 in order to reduce the Hill’s yield criterion to the von Misses yield criterion.

More specifically, Hill’s coefficients had to be converted into Lankford parameters R,P,Q,,,Q,,,Q.,

given in Table 6 and Table 7, as required by DYNA3D.

Table 6 Aluminium material properties used in the isotropic elastic-plastic analysis

Parameter Description Nominal value
- _ Young’s modulus 70.6GPa
E,=E, =E,
N Poisson’s rafi
Vig =Vye = Vix oisson’s ration 0.342
_ _ Shear modulus )
ny — Gyz - sz 26.48GPa
o Yield stress in x direction 564 MPa
Y
R Hill’s parameter 0.5
=] Hill’s parameter 1.0
Q Hill’s parameter 1.0
bc
Q Hill’s parameter 1.0
ba
Q Hill’s parameter 0.5
ca
Table 7 Tantalum material properties used in the orthotropic elastic-plastic analysis
Parameter Description Nominal value
E Young’s modulus in X direction 191.35GPa
X
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Young’s modulus in Y direction 195.75GPa
y
Young’s modulus in Z direction 208.38GPa
z
y Poisson’s ration 0.371
Xy
y Poisson’s ration 0.331
yz
y Poisson’s ration 0.306
X
G Shear modulus 70.86GPa
Xy
G Shear modulus 62.31GPa
yz
G Shear modulus 64.63GPa
X
o Yield stress in reference direction 172 MPa
Y
H Tangent plastic modulus for reference direction 2.2GPa
R Hill’s parameter 1.5760
Hill’s parameter 1.5760
Hill’s parameter 0.4125
ch
Hill’s parameter 0.3553
Qba
Hill’s parameter 0.4049
Qca

The prescribed displacement load curves were defined so that the material is first brought to yield
in tension and then the loading was reversed to force the material to yield in compression (the
reversed loading tests).

In these tests a single element was loaded in tension and compression in the X, Y and z

directions. The material orthotropic properties were set to isotropic case, i.e. given the same values.
The performance of the model was assessed by evaluating the yield stress and the Young’s modulus
from the output stress strain curves for each direction and in tension and compression. The results of
this analysis are shown in Figure 16 for the X direction only. The slope of the initial elastic loading
part of the curve was the same as the slope of elastic unloading — loading in compression part of the

curve and equal to the inputted Young’s modulus E=70.8 GPa.

Near Figure 16
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Figure 15 Stress strain curves for elastic orthotropic reference material and the new material, loading in
the x direction; uniaxial strain
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uniaxial stress test in X direction

56



The results of the above analyses are, summarized in Table 8, represent the evidence that the new
material model can accurately reproduce the behaviour of isotropic elastic-perfectly plastic materials

(von Misses yield surface) since the yield stress for the X,y and z directions had the same (within

the bounds of numerical round off error) values for the three directions.

Table 8 Summary of uniaxial reversed loading test for elastic-perfectly plastic analysis

Parameter Description Tension Compression
E, Young’s modulus in X direction 70.6GPa 70.6GPa
o Yield stress in X direction 563.9MPa 564 MPa
E, Young’s modulus in Yy direction 70.6GPa 70.6GPa
oy Yield stressin y direction 564.1MPa 564 MPa
Ez Young’s modulus in Z direction 70.58GPa 70.6GPa
o, Yield stress in z direction 563.8MPa 564 MPa

The next step was to demonstrate that this material model was capable of describing the elastic-
plastic behaviour of hardening metals. The results obtained with the new material model were
compared directly with the results produced by the reference orthotropic elastic — plastic material with
hardening, which is available in DYNA3D (material 33) (Liu, 2004). To simplify the comparison, the
isotropic hardening controlled by the MTS model was switched off and instead the constant tangent
plastic modulus given in Table 6 was used to define plastic hardening.

The reversed loading single element tests used in the previous analysis (see Figure 17) were

repeated but this time with a linearly hardening material.

Near Figure 17

It can be seen in Figure 17, the stress strain curves obtained by the reference material (elastic-
plastic with linear hardening) and the new material were identical for the x direction. The same

agreement was obtained for the y and z directions. The yield stress was accurately determined in

each of the tests. Furthermore, the slopes of the elastic and plastic parts of the curves for both
isotropic and orthotropic cases were correctly calculated by the new model.

The following single element tests were performed in order to validate the MTS hardening law
used to control the evolution of the yield surface. For this purpose the new material model, with the
MTS hardening law switched on, was used over a range of strain rates and temperatures. The specific
elastic and yield surface parameters for Aluminium 7010 used in these analyses are given in , whereas
the data for the MTS model is provided in Table 9.
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Figure 17 Stress strain curves for elastic — plastic with linear hardening for the reference material and
the new material in the x direction, reversed loading uniaxial stress test in x direction
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Table 9 Material model parameters

Parameter Description Nominal value
E, Initial elastic modulus 71.100 GPa
E, Initial elastic modulus 70.326 GPa
E, Initial elastic modulus 71.100 GPa
Damage part of constitutive model
Y10 Initial damage energy release rate in 1 direction (8.62—0.01) MPa
oy Damage hardening in direction 1 10.29
Yoo Initial damage energy release rate in 2 direction (8,78—0.01T) MPa
o Damage hardening in direction 2 5.82Mpa
Y30 Initial damage energy release rate in 3 direction (8.62—0.01T)MPa
o Damage hardening in direction 3 10.29MPa
o Threshold stress 1.05GPa
Uy Normalised activation energy 0.0087
t Characteristic time for the threshold stress 2us
Coefficients for Hill’s potential
F Hill’s material constant 0.5524
G Hill’s material constant 0.5447
H Hill’s material constant 0.4553
N Hill’s material constant 1.6870
Material constants for the MTS material model
o, Athermal rate independent threshold stress 10.0MPa
o Initial plastic stress at zero plastic strain 600.0 MPa
o, Normalised activation energy 1.606
£ Reference strain rate 1x107 571
p Free energy equation exponent 1.0
q Free energy equation exponent 1.0
A Saturation stress equation material constant 5.542
Geo Saturation stress at 0K 801.01 MPa
£, Saturation stress reference strain rate 1x107 st
8 Hardening function constant 67604.6 MPa
3 Hardening function constant 1816.9 MPa
a, Hardening function constant 202.3 MPa
k Boltzmann’s constant 1.38x10°2 JK L
Burgers vector 0.286x107°m
by Shear modulus at 0K 28.83GPa
by Material constant for shear modulus 4.45GPa
b, Material constant for shear modulus 248.5K
0, Reference temperature 293.15 K
P Density 2810 kgm‘g
. Heat capacity 869 Jkg—lK—l
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Mie Gruneisen Equation of State

C, Bulk sound speed

S, First Hugoniot slope coefficient

S, Third Hugoniot slope coefficient

%% Gruneisen coefficient

B First order volume correction coefficient
E, Initial internal energy

A Initial relative volume

0.5386 cm/ s
1.339

0
1.97
0.48
0.0
1.0

Since DYNASD does not offer a material model that could be used as a reference material in these

validation tests the numerical results were compared with the experimental data from the tensile tests

(Panov, 2006).

The validation was performed for the X, y and z directions for strain rates between 6.4x10*s™

and 6.4x10's™ and temperature range between —-50°C and 70°C.
performance of the model in this validation stage the stress strain curves from the simulated tensile
tests in the X direction for the strain rate 6.4s™ and temperatures —50°C and +70°C and for the

range of strain rates at +70°C are given in Figure 18 and Figure 19, respectively. It can be seen the

MTS model is capable of reproducing the stress, strain rate and temperature effects experimentally

observed for the orthotropic AA 7010.

In order to illustrate the

Near Figure 18

Near Figure 19
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Figure 18 Validation of the new material model against the experimental data obtained in the tensile tests
for the strain rate 6.45™ performed at two temperatures =50°C and +70°C
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Figure 19 Validation of the new material model against the experimental data obtained in the tensile tests
for the range of strain rates performed at temperature +70°C
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7.1.5 Validation of Elastic-Plastic - Damage part of the model

The first stage of the material validation is completed with the validation of the damage model
coupled with the orthotropic elastic plastic part of the model with the hardening controlled by MTS.
The material parameters for elastic, plastic and damage part of the model, used in these simulations,
are given in Table 9. As before, the simulation results were compared directly to the tensile test

experimental results, which were performed for the range of strain rates and temperatures. The
performance of the model is illustrated in Figure 20 for the strain rate of 6.4s™ and two temperatures

(-50°C and 70°C ), from which one can conclude that the new material model accurately reproduced

experimentally observed elastic plastic behaviour including damage for orthotropic AA7010.

Near Figure 20

7.1.6 The First Stage Validation Summary

Based on the results generated by the new material model in the first validation stage it can be
concluded that the implementation of the new material model into DYNA3D was done correctly.
The elastic responses for both isotropic and orthotropic cases were correctly calculated. The
implementation of the Hill’s yield criterion was also validated as the results were accurate for both
isotropic validation cases. The yield points in all analysis involving plastic deformation were
accurately determined.

Similarly, the plastic hardening algorithm correctly implemented. The MTS model captured the
evolution of the vyield surface observed in the experiments for the range of strain rates and
temperatures. The damage part of the new model accurately reproduced the experimentally observed

stress softening in the tensile tests.
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Figure 20 Validation of the new material model against the experimental data obtained in the tensile tests
for the strain rate 6.45™ performed at two temperatures -50°C and +70°C
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7.2 The second stage validation

This stage of the new model validation process was done by modelling specific Taylor anvil and
plate impact tests and comparing the numerical results with the corresponding experimental data. The
experimental results from Taylor anvil tests are described in the Sub Section 7.2.1, whilst their
comparison to the numerical results is given in Sub Section 7.2.2. The numerical simulations of the

plate impact test are validated in Section 7.2.3.

7.2.1 Taylor anvil experiments

The experimental procedure used in these tests is described in detail in (Panov, 2006). Taylor
cylinder specimens used had a diameter D=9.30mm and length L=46.50mm (length-to-diameter ratio,
L/D=5) and were manufactured from AA7010 rolled plate. The experimental coordinate system (XX,
Y, Z) adopted for the tests had the Z-axis aligned with the longitudinal cylinder direction (material

rolling direction), as shown in Figure 7.

The tests were performed at velocities of 200 m/s and 214 m/s, using a smooth-bore, single-stage
gas gun. Photographs of the side profiles and footprints of the recovered samples are given in Figure
21. Final specimen heights were 42.2 mm for specimen impacted at 200 m/s, and 42.1 mm for the
specimen impacted at 214 m/s. The observed elliptical shape of the footprints was a direct

consequence of material orthotropy.

Near Figure 21

The recovered deformed specimens were scanned using a 3D scanning machine. This allowed for

determination of side profiles and deformed cross-sections along the cylinder length (see Figure 22).

Near Figure 22

Figure 22 provides comparisons between the digitised footprints of initial and post-test geometries
for the Taylor specimens. Eccentricity (ratio of major to minor diameters) for the specimen impacted
at 200 m/s was 1.04, and for the specimen impacted at 214m/s, was 1.06. Figure 23 shows a

comparison of minor and major side profiles of post-test geometry plotted as radial strain vs. distance.

Near Figure 23
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Figure 21 Photographs of the post-test geometry for the AA 7010 Taylor specimen for the impact
velocities: a) v=200m/s and b) v=214m/s
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Figure 22 Digitised post-test geometry for the AA 7010 Taylor specimens: a) side profile and b) footprint
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specimens impacted at 200 m/s and 214 m/s plotted as radial strain vs. distance
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7.2.2 Numerical simulations of Taylor anvil tests

Taylor anvil tests are frequently used in validation of constitutive models for metals because in
order to accurately reproduce experimental data the model has to accurately capture strain, strain rate
and thermal effects and initiation and evolution of damage.

In the validation described below, the Taylor tests model comprised only a quarter of the cylinder
due to presence of two plains of symmetry. The cylinder was modelled with 18900 solid elements.
Impact velocities of 200 m/s and 214 m/s were simulated. The system of units used in the simulations
was cm — g — ps. The material elastic parameters (Young’s moduli for principle directions of material
orthotropy), parameters for the plasticity and damage model, for AA7010, are given in Table 9. The
proposed material model was coupled with the Gruneisen Equation of State, for which material

parameters are also given at the end of Table 9.

The post test distribution of damage in Taylor specimen at two response times t= 9 s and t=25ps,
for the impact velocities of 200 m/s are shown in Figure 24. Due to impact, the longitudinal
compressive and lateral release waves were generated in the material. Interaction of the release waves
results in the high levels of tensile stresses in the centre of the plastically deformed part of the
cylinder. The same behaviour was observed by Briinig (Brinig and Driemeier, 2007), in a number of
Taylor tests of stainless steel specimens with different initial geometry (length-to-diameter ratio).
Following plastic deformation, damage was locally initiated and evolved according to the proposed
model. The red elements in Figure 24 indicate failed material. The location and the extent of damage
correlate well with damage distribution observed in Taylor tests (Maudlin et al., 1999a; Maudlin et al.,
1999b; Bronkhorst et al., 2006).

Near Figure 24
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The simulation results and the test data for the specimen post test profiles are compared in Figure
25. In the numerical simulations the plastically deformed zone has propagated slightly further down
the cylinder than in the experiments. The two main modelling aspects that lead to this difference are
overestimated speed of plastic waves and the initial damage evolution rate slower than the

experimentally observed.

The total error ‘In(D/DO) — In(D/D,)

/ IN(D/ Dy ), erimens INtegrated over

symulation experimental

the length of cylinder from 0 to 20mm of the un-deformed cylinder length was 7.98%. The
numerically obtained footprint size and shape agree well with the experimental data. Consequently, it
can be concluded that the proposed model is capable of accurately modelling elastic and large plastic

deformation of orthotropic metals including initiation and evolution of damage.

Near Figure 25
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Figure 25 Comparison of experimental and simulation results for major and minor distributions of
plastic strains of Taylor cylinder test impacted at a) 200 m/s and b) 214 m/s
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7.2.3 Plate impact test

Plate impact test is a standard method conducted at Cranfield University for studying the material
behaviour undergoing shock loading (Vignjevic et al., 2002; Gray et al., 2003; Paris et al., 2011).
Assuming an ideally parallel contact between the flyer and target plates, a uniaxial strain state is
developed in the target material. For a sufficiently high impact velocity this state results in generation
and propagation of shock waves in both target and flyer plate. The experimental work consisted of
impact tests in the rolling and transverse directions for a range of velocity between 234 m/s and 897
m/s and was published in (Vignjevic et al., 2002). All test trials were conducted with the 2.5 mm
thick flyer plates made of aluminium alloy 6082-T6, which impacted a 5 mm thick target plate made
of AA7010 alloy. The target plates were supported by a 12 mm thick block of polymethil
methacrylate (PMMA).

The symmetry of the geometry and uniaxial loading of these tests allowed for certain
simplifications of the FE model, which is illustrated in Figure 26. Each plate was modelled as a
rectangular bar with 4x4 elements in cross section and four symmetry boundary conditions defined on
the side of the bars. The bars were modelled with the hexagonal solid elements with one integration
point: flyer plate was modelled with 24 elements along the impact axes; the target was modelled with
75 elements along the axes and 12 mm thick PMMA was modelled with 99 elements in the impact
direction. Surface to surface contact definition was used for the contact between the flyer and target

plates.

The flyer plate was modelled with kinematic/isotropic elastic plastic material, available in
DYNAZ3D as material 3 (Liu, 2004), whilst the PMMA was modelled as an isotropic elastic plastic
hydrodynamic model (material 10).

Near Figure 26

Two configurations of the target plates were considered: impact in the longitudinal (rolling)
direction (rolling direction aligned with the through thickness direction) and impact in the short

traverse (the through thickness direction aligned with the traverse direction).

A stress pulse obtained in the numerical simulation is compared to the corresponding stress trace
recorded by manganin stress gauge at the back of the target plate. The comparison of the results for
the plate impact in longitudinal direction at 455 m/s and impact in the traverse direction at 443m/s are

illustrated in Figure 27.

Near Figure 27
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Figure 26 Finite element model of a symmetric plate impact test of AA7010
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Figure 27 Comparison of experimental data and simulation of the plate impact test: a) in the rolling
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In both test cases considered, the numerical simulations replicated a typical shape of the stress
pulse observed in the experiments. More specifically, in the compression phase Hugoniot Elastic
Limit was captured accurately for both the longitudinal and the transverse direction. The difference
between the numerical and the experimental average longitudinal stress behind the shockwave was
1% for the longitudinal direction and 4% for the transverse direction indicating that the coupling
between the strength model and the shock equation of state was done correctly. The release phase
(the shape of the unloading part of the curves) is influenced by damage evolution in the material. It
can be observed that the new model reproduced accurately the experimentally observed behaviour
especially in the vicinity of the spall failure point. The errors in the prediction of spall strengths were
5% for the longitudinal direction and 6% for the transverse direction. Note that the numerically
obtained time of the spall agrees well with the experiment. Furthermore, it is important to note that
the slops of the post failure reloading part of the curves replicate the experimental data very
accurately. These slopes are a direct indicator of the amount of damage present in the material.

8 Conclusions

A constitutive model for orthotropic metals is developed in the framework of continuum
irreversible thermodynamics with internal variables. The model is integrated in the isoclinic
configuration, defined using the multiplicative decomposition of deformation gradient, which allows
for modelling finite deformation hyperelastic, plastic and damage problems. Thermodynamic (state
and dissipation) potentials, which describe each part of the model behaviour, are given in terms of an
irreducible set of orthotropic invariants, using the structural tensors and assuming that the principle
direction of elastic plastic and damage orthotropy of the material do not evolve.

The model was implemented into the public domain version of the non-linear finite element code
DYNA3D (Liu, 2004) originating from Lawrence Livermore National Laboratory (LLNL).

Validation of the model was done through comparison with relevant existing DYNA3D material
models (reference models) and experimental data from tensile, Taylor anvil and plate impact tests.
The validation demonstrated that the new model can accurately reproduce results obtained with the
reference models for elastic plastic behaviour of isotopic and orthotropic materials. Furthermore,
good agreement between the experimental data and the corresponding numerical results demonstrates
that the proposed model can accurately capture dynamic elastic plastic behaviour of orthotropic

metals including evolution of damage for the cases considered.

The proposed model has a number of novel aspects:
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o the definition of damaged configuration and mapping Ifd‘T :[I—(T)]f1 between the

damaged and undamaged configuration, and consequently a definition of damage part of

velocity gradient in the form of I, =(1 —6)_16') ;

e isoclinic configuration which includes kinematics of damage, i.e. damaged intermediate
configurations (see Figure 1);

e damage initiation based on critical plastic hardening rate

o damage potential which is defined in terms of set of invariants of tensor Y (see (4.17));

e thermally activated damage evolution, which is “coupled” with (thermally activated) MTS
model;

o the use of Taylor impact tests for identification of the coefficients of the Hill’s potential.

Acknowledgements: the authors are grateful and would like to acknowledge that this work was
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Appendix A

Constitutive equations for hyperelastic response of orthotropic

material

The Helmholtz free energy function, assuming that the function exists, must be invariant to the

rigid body rotation (Malvern, 1969). For an orthotropic material, the free energy is a function of
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structural tensors in addition to deformation and temperature. A convenient isotropic form of free
energy function is given in terms of irreducible set of invariants (Boehler, 1987; Spencer, 1971), for
which the material symmetry restrictions are automatically satisfied. The irreducible set for

orthotropic materials consists of the following seven invariants:

J, =1:E, J,=1:E? (1.1)
J;=1:E

J,=1:(M'E,) J; =1:(M'E2)

Jo =1:(ME,) J7=I:(I\7|2E§)

The structural tensors and elastic Green-Lagrange strain tensors are given in the isoclinic
configuration. Note that Ee =0 and S=0 for elastically undeformed material. Consequently the

free energy function should satisfy this initial condition and is given in a quadratic form as:

- 1 1 1

7(E,,M' M? 0)==ad} +a,d, + =7 +a, . +=a I} +ad, +

'//(e )211 22 T adla T s T, Ksde T ey (A2)
o, 3,3, +ogd; I +agd, I

where @; to g are linearly independent material constants required for orthotropic materials.

Stress tensor is defined as:

z_ov 0J, oJ, 0J, g oJg 0J,
S= =ad, = +a,==+ad, =+a, tag), == +ay =+
OE, OE, °@E, YOE, ' OE, OE, °OE, A3)
+a,d, 4y +a,d, s — + s ijta J; N + o)y —=- Ay +ayd, 9
oE, ' OE, oE, ' OE, oE, oE,

where the expressions for the derivatives of invariants are given in (A.11) at the end of this Appendix,
so the result is obtained in the following form:
S=ay(11E,)1 +20,E, + 5 (1:(M'E, )|V +ay (M'E, +E,M* ) +
as(1:(M?E, )|M* + o (M’E, + E,M? )+, (1: M'E, )1+, (1:E, )M + (A4)
ag(l :I\7I2Ee)l +a8(l :Ee)l\_/l2 +ag(l :I\_/IZEe)I\_/I1 +a9(l :I\_/IlEe)l\_/l2
Similarly, stiffness tensor is defined as a derivative of stress with respect to the elastic strain:
oS a, 8J, 0%3, a, 8, 0?3 al 0d,
— === t0, ==+ ==+, —=—=+0;
oE,  OE, OE, OE,0E, oE, OE, OE,0E, oE, OE,
R TIOPN  Wc PO O e0c P P  O PR
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When the derivatives (A.11) and (A.12) are substituted in (A.5), the stiffness tensor in classic

(A.5)

tensorial and index notation is written as:
C=al®l+2a,]+0o,M e M' + aM? © M? + @, F* + o, F? +

a7(l®l\_/ll+l\_/ll®I)+a8(l®l\_/|2+l\7lz®l)+ag(l\7ll®I\_/I2+I\_/I2®I\_/I1) (A6)
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Expressions (A.2), (A.4) and (A.6) determine the constitutive model for hyperelastic response,

whose principle axes of anisotropy do not evolve during the inelastic deformation.

Owing to the symmetry of the stress and strain tensor, stiffness tensor (A.6) and (A.7) can be

written in the Voigt notation:

_01111 Ciizz  Crass 0 0
Cizz Cozz2 Copss 0 0
C- Ciiss  Cao33  Casss 0 0
0 0 0 ¢u O O
0 0 0 0 cu O
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Ci3
0

0
0

Co G 0 0

Cyy Cop3 0 O

Cyy Cog 0 O A8)
o 0 ¢ O O
0 0 0 ¢ O
0 0 0 0 -cg

Tﬁe relationships between the coefficients _in the matrix form (A.8) an& the coefficients in the

invariance representation (A.6) and (A.7) are calculated as:

Cy=0y +2a, + o, +20, + 20,
Cpp =0y +2a, + a5 + 204 +204

Cz3=0q tay

Chr=04 +07 +05 + 01y

Cyy=0 +20,

Or, expressed in terms of coefficients from &, to &g as:
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1
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0ty = Cge =20l =Cyy = Csg
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Derivatives of the strain invariants for the hyperelastic part of constitutive model

Derivative of a tensor of the second order with respect to itself is an identity tensor of the forth

order (Malvern, 1969), so the derivatives of invariants (1.1) with respect to the elastic strain are

obtained as:

0J, 0 —

OE, 8Ee( ) (1:1)
Do~ O (1:E2)=3E,E,
OE, 0K,

aJg 0
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0,
OE,
From the expressions (A.11), one can calculate the second derivatives of the strain invariants:
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The invariants and derivatives are used in the formulation of free energy function and expressions

for stress and stiffness tensors, given earlier in this Appendix.

Appendix B

Rate of change of damage conjugate force

Thermodynamics force conjugate to the second order damage tensor ®, called damage energy

release rate, is given in the following form (see equation (4.11)):

Y=-[I-®]S (B.1)
The rate of change of the damage conjugate force (B.1) is calculated as:

\?zag_[l_a]ézzd%g_[l_a]@;ﬁe:
i, %g_[u _a]@:([ée(i-ip )] -en lym)= (B2)
:gd[gf_\g(g_[u—a]@:{[l—a]?—;} }—[I—v‘o]@i[ée(T—Tp)Lm

where the rate of stress tensor S and the rate of deformation C, are expressed as:

$_C:E,-C: ([ée (1-%,)],, -[C% lym) (B.3)

C.=FFEF, +FEFF, +F F
= (R, T, ) FFF +F (RF,
=1/C,+T'C,+C,T +C,I, =2(C,[, +C,1,)=2C,(T-T,)

Expressions from (B.2) to (B.4) are used in the consistency condition for associative damage

sym

LF) R +FF (RRLFY)FR +FFF (R )= (B.4)

die’e

evolution.
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