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ABSTRACT

Abstract

The objective of this work is to propose new advanced nonlocal constitutive equations for the
modelling and numerical simulation of the sheet metal forming processes under high temperature. The

general framework of micromorfing continua is used and the following aspects are investigated:

1).

Development of a simplified static-implicit FEM multi-steps inverse approach, to efficiently
providing formability analysis of the pre-designed metal forming components. The approach
adopts the classical isothermal elastoplastic model based on the simplified incremental flow theory
to updating stress states. Several middle configurations are constructed to representing specific
loading histories and simplifying the contact behavior;

. Formulations of a complete set of advanced micromorphic constitutive equations under the

framework of irreversible thermodynamics and generalized continuum mechanics, to capture the
strongly interactive nonlocal effects in the material strain-softening induced localization regions.
The new extra micromorphic dofs lead to additional balance equations taking into account the
nonlocal effects (e.g. the ductile damage, thermal effect and mixed hardening effects) and involving
characteristic length scales as representative of the materials’ microstructure;

. A thorough discussion of existing extended heat equations is presented. Five types of the

generalized heat equations: (i) the classical Fourier model, (ii) the Hyperbolic type with relaxation
time, (iii) the Double temperature model, (iv) the Temperature (Entropy) gradient theory and (v)
the Micro-temperature model, are classified according to the used different theoretical
frameworks;

. The micromorphic approach is applied to heat transfers and is shown to deliver new generalized

heat equations as well as the nonlocal effects. The latter are compared to existing extended heat
equations. A new pair of thermodynamically-consistent micromorphic heat equations are derived
from appropriate Helmholtz free energy potentials depending on an additional micromorphic
temperature and its first gradient. The introduction of the additional micromorphic temperature
associated with the classical local temperature leads to a new thermal balance equation taking into
account the nonlocal thermal effects and involving an internal length scale which represents the
characteristic size of the system. Several existing extended generalized heat equations could be
retrieved from constrained micromorphic heat equations with suitable selections of the Helmholtz
free energy and heat flux expressions. As an example the propagation of plane thermal waves is
investigated according to the various generalized heat equations. Possible applications to fast
surface processes, nanostructured media and nanosystems are also discussed.

The simplified inverse approaches and the advanced micromorphic constitutive equations have been

implemented in the platforms of KMAS and ABAQUS finite element code respectively. Parametric study of

the micromorphic constitutive models as well as various applications in uniaxial tensile test of DP1000 and

in sheet metal forming processes, e.g. S-Rail, Box supporter, B-Pillar and Cross section deep drawing, have

been performed and compared with experimental results when available.



RESUME

Résumé

L'objectif de ce travail est de proposer de nouvelles equations constitutives non-locales avancées pour

la modélisation et la simulation numérique des procédés de mise en forme de téles minces sous haute

température. Le cadre général de la théorie des milieux micromorphes est utilisé et les aspects suivant

sont traités en détail :

1).

Développement d’une approche numérique simplifiée inverse statique-implicite multi-pas, pour
analyser rapidement et efficacement la formabilité de composants mécanique en toles minces de
formes finales connues. Les approches adoptent le modele classique élastoplastique isotherme
basée sur la théorie simplifiée de la déformation totale et des incréments intérmédiaires nécessaire
a une meilleure mise a jour des états de contrainte. Plusieurs configurations intermédiares sont
construites pour mieux représenter les histoires de chargement spécifiques et simplifier la
modélisation du contact piece/outils;

Formulations d'un ensemble complet d'équations constitutives micromor-phiques avancées dans
le cadre de la thermodynamique des processus irréversibles avec variables d’état et de la
mécanique des milieux continus généralisés, pour capturer les effets non locaux fortement couplés
dans les zones de localisation. L'application du principe des puissances virtuelles en présence de
nouvelles variables cinématiques (micromorphiques) conduit a des équations d'équilibre
supplémentaires prenant en compte les effets non locaux (par exemple, I'endommagement ductile,
les effets thermiques, les phenomenes d’ecrouissage) et aboutissant a des longueurs internes
caractéristiques de la microstructure des matériaux;

Une discussion approfondie des équations étendues de la chaleur proposées dans la littérature est
présentée. Cing types d'équations thermiques généralisées : (i) le modeéle classique de Fourier, (ii)
le modele hyperbolique avec temps de relaxation, (iii) le modéle Double température, (iv) le
modele en gradient d’entropy) et (v) - et le modele de micro-température, sont classés selon les
différents cadres théoriques utilisés;

L'approche micromorphe est appliquée aux transferts de chaleur et est présentée comme étant un
cas général duquel sont déduits tous les autres modeles. Une nouvelle paire d'équations de chaleur
micromorphes thermodynamiquement cohérentes est dérivée a partir de potentiels d'énergie libre
de Helmholtz appropriés en fonction d'une température micromorphe supplémentaire et de son
premier gradient. L'introduction de la température micromorphe supplémentaire associée a la
température locale classique conduit a une nouvelle équation d'équilibre thermique prenant en
compte les effets thermiques non locaux et impliquant une échelle de longueur interne qui
représente la taille caractéristique du systéme. Plusieurs équations de chaleur généralisée
étendues existantes pourraient étre extraites d'équations de chaleur micromorphe contraintes
avec des sélections appropriées des expressions d'énergie libre et de flux thermique de Helmholtz.
A titre d'exemple, la propagation des ondes thermiques planes est étudiée en fonction des
différentes équations de la chaleur généralisée. Les applications possibles aux procédés de surface
rapides, aux milieux nanostructurés et aux nanosysteémes sont également discutées.



RESUME

Les approches inverse simplifiées et les équations constitutives micromorphes avancées ont été mises
en ceuvre dans des plateformes de code éléments finis KMAS et ABAQUS respectivement. Etude
paramétrique des équations constitutives micromorphes ainsi que diverses applications comme I'essai de
traction uniaxial en DP1000 et les procédés de formage de téle, p.ex. S-Rail, Box supporter, B-Pillar et Cross
section deep drawing, ont été réalisés et comparés aux résultats expérimentaux quand ils sont disponibles.

\



GENERAL INTRODUCTION

General Introduction

According to the International Organization of Motor Vehicle Manufacturers, a total of 90.1 million
vehicles were produced globally in 2015, a 1.1% increase compared to 2014. On average, 900kg of steel is
used per vehicle, while a typical passenger vehicle emits about 4.7 metric tons of carbon dioxide per year.
The international Energy Agency estimates that the transportation sector accounts for approximately 19%
of global energy consumption and 23% of energy-related carbon dioxide (CO,) emissions (IEA, 2015), e.g.
about 26% of the US’s total greenhouse gas emissions, approximate one-fifth in the EU and around 10%
of China’s overall CO, emissions in 2008.

(5% ?’t' =~ _ Mild steel
-~ High strength steel
Very high strength steel
Extra high strength steel
I uitra high strength steel

Aluminium

Fig. 0-1 Body Structure of Volvo XC90 2016

In order to meet the new requirements of economy and environment protection, material selection for
mass reduction will continue to play an important role. New grades the Advanced High-Strength Steels
(AHSS) enable the vehicle manufacturers to reduce weight by 25-39% compared to conventional steel.
When applied to a typical five passenger car, the overall weight of the vehicle is reduced by 170 to 270Kg,
which corresponds to a lifetime saving of 3 to 4.5 tonnes of greenhouse gases over the vehicle’s total life
cycle. This saving in emissions represents more than the total amount of CO, emitted during the
production of all the steel in the vehicle, as shown by the body structure of Volvo XC90 in Fig. 0-1. However,
increasing the strength of the as-received steel reduces the stretching capability of the steel because the
work hardening exponent decrease with increasing strength for each type of steel (WORLDAUTOSTEEL,
2014). The hot-forming process (Karbasian and Tekkaya, 2010) is a proper way to improve the formability
and avoid the large springback of AHSS . In the process, the blank material exhibiting a ferritic-pearlitic
microstructure is heated to be austenitized in a furnace at least 5 min at 950°C, afterwards, the blank is
formed and quenched simultaneously by the water-cooled die for 5-10s. During the forming process, the
metallic material is subjected to large irreversible deformation leading to some macro-defects (local
softening, cracking) supposed resulting from the ductile defects (micro-voids and micro-cracks) initiation,
growth and propagation in some zones where the plastic strain is highly localized (Fig. 0-2). The fracture
of metallic componnets during their manufacture or during their industrial use is a consequence of the
strong localization of thermomechanical fields inside more or less narrow zones. The strong interactions

1



GENERAL INTRODUCTION

(or coupling) between the intensive thermomechanical fields (stress, strain, hardening, heat, damage ...)
inside thses localization zones, resulting in some induced softening due to the damage effect and/or to
the temperature increase.

AForce (kN)
‘o
— o _=
I N
.. -7 \
N .~ o>/ ¥
Final fracture
E a
PR of the RVE
@ y Or
E Macro-Crack
A Initiation

Coalescence!

Nucleation
Propagation
’&‘ of
@ @ The
Initial RVE macroscopic
crack
FH >

Displacement (mm)

Fig. 0-2 Scheme of the ductile damage effects on the system response of a tension specimen (Saanouni,
2012)

Numerical simulation using the finite element method (FEM) is a considerable asset for the mechanical
engineering industries. It takes an increasing and dominant place in certain fields of automotive industry.
To simulate numerically a given forming process, a 3D model describing the main physical phenomena
characterizing the thermomechanical behavior of the sheet is required. Because of the need for taking into
account the interactions (or coupling) between the various thermo-mechanical phenomena exhibited
inside the deformed metal, advanced (with high predictive capabilities) constitutive equations are crucial
for the numerical simulation of forming processes. This can be done by using two kinds of modelling
approach namely: the macroscopic phenomenological and monoscale approach and the micro-macro or
multi-scale approach. The multi-scale approach in metal forming of metallic materials, based on the
polycrystalline plasticity theory, is mainly used to describe the effects of the initial microstructure of the
polycrystalline materials and its evolution during large plastic deformation (textural evolution) as can be
found in works (Abdul-Latif and Saanouni, 1994; Boudifa et al., 2009; Franciosi et al., 1980) among many
others. The macroscopic approach, which is the widely used one in metal forming, concerns the
conventional plasticity with isotropic hardening based on a yield function using an anisotropic equivalent
stress (quadratic or non-quadratic) together with a scalar hardening function (power function of the
accumulated plastic strain). However, when the inelastic strains are very large they tend to localize inside
narrow bands (shear bands) during the inelastic flow giving rise to the initiation, growth and coalescence
of some micro-voids and micro-cracks. To describe this strong interactions between the inelastic (plastic
or viscoplastic) flow and the ductile damage occurrence, several theories have been proposed. Firstly, the
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most widely used approach in metal forming is based on the Gurson’s type ductile damage modelling
(Gurson, 1977) in order to describe as accurately as possible the ductile damage occurrence (Bontcheva
and lankov, 1991; Pardoen et al., 2004). In these approaches, the damage is mainly described by the
volume fraction of the spherical or elliptical voids. This scalar variable is introduced in the plastic potential
affecting the plastic flow through the normality rule and gives a decrease on the stresses when the void
volume fraction increases under the applied external loading. Secondly, another kind of approaches, based
on the continuum damage mechanics (CDM), represents the ductile damage by a scalar or tensor variable
(Kachanov, 1986; Lemaitre, 1992; Lemaitre et al., 1985; Murakami, 2012; Saanouni, 2012) and its effect
on the material behavior is accounted for thanks to the hypothesis of the strain equivalence, stress
equivalence or energy equivalence (Boudifa et al., 2009; Chaboche et al., 2006; Chaboche, 1988a, b;
Saanouni, 2008; Saanouni, 2012). This kind of fully coupled CDM approach has been used for damage
prediction in metal forming assuming various types of coupling in some published works (Bezzina and
Saanouni, 1996; Khelifa et al., 2005; Lee et al., 1985; Mathur and Dawson, 1987).

However, the well-established initial and boundary value problems based on fully local formulations of
continuum damage mechanics exhibiting strong damage-induced softening due to thermal, damage or any
other microstructure-dependent phenomena, lead to the numerical solutions highly sensitive to the space
and time discretization and giving a physically meaningless solution. In mathematically, this results from
the strain softening induced loss of ellipticity of the governing equations. The nature way to avoid this
drawback is to considering nonlocal effects contributed from an approximate neighborhood of each
material point within some characteristic lengths. The mechanics of generalized continua, which enables
the introduction of the characteristic lengths into the constitutive equations of material with
microstructure, is an adequate way to regularize the associated initial and boundary value problem (IBVP).
Various generalized continuum theories, proposed mainly in 1890 (Cosserat and Cosserat, 1896,
1909)and during the 1960 (Eringen, 1966b; Eringen and Suhubi, 1964; Mindlin, 1965; Mindlin and
Tiersten, 1962; Suhubl and Eringen, 1964; Toupin, 1962), have been used during the last decades (mainly
since the 1980s) in order to accounting for some effects of characteristic lengths related to the material’s
microstructure and leading to a wide range of models. As summarized by Forest (2009), all these
generalized continuum theories, which are still based on the assumption of local action, can be classified
into two classes: (i) the higher grade continua and (ii) the higher order continua. Higher grade continua
are those based on higher order spatial derivatives of the displacement field as originally proposed in
literatures (Mindlin, 1965). On the other hand, higher order continua are based on the introduction of
additional degrees of freedom as pioneered by the Cosserat brothers (Cosserat and Cosserat, 1896, 1909)
and extensively developed by Eringen and his co-workers in 1960s (Eringen, 1966a, ¢, 1999; Eringen and
Suhubi, 1964). A third class of generalized continuum theories is the so-called strictly nonlocal continuum
field theories, initially introduced by Kréner, Krumhansl and others (Beran and McCoy, 1970; Kroner, 1967,
1968; Krumhansl, 1968; Kunin, 1968; Levin, 1971) as well as well-developed and summarized by Eringen
et al. (Eringen, 2002; Eringen and Edelen, 1972) where a unified foundation of the basic field equations is
presented and various main contributing works in the field are referenced. This class of nonlocal theories,
which are not based on the principle of the local action, is ‘concerned with the physics of material bodies
whose behavior at a material point is influenced by the state of all points of the body’.
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This work aims to develop an advanced generalized constitutive model of thermomechanical coupling

in the framework of the generalized continuum mechanics (micromorphic theory) to introduce the

concept of internal lengths that are representative of the material microstructures while accounting for

the initial anisotropy under finite deformations. The structure of the thesis is organized as follows:

In Part I, the simplified static-implicit FEM Inverse approaches are initially developed to providing

efficient formability analysis of the pre-designed forming component.

1).

2).

3).

In Chapter |, the widely used one-step inverse approach is briefly revisited for the nonlinear
kinematic formulations and total deformation based constitutive equations;

In Chapter Il, the multi-step approach is developed by considering several intermediate deformable
configurations, which are constructed through solving a quadratic optimal program and equilibrium
iterations with generated initial solutions, to improve the history of the stress field. Accordingly,
the measurement of finite logarithmic strain between successive middle configurations is
reformulated; the local integration is performed using the elastoplastic model as well as the
associated flow theory;

In Chapter lll, numerical validations and applications are performed to various metal forming
components.

In Part Il, we concentrate on the development of a complete set of thermodynamically consistent

generalized nonlocal constitutive model to capture the strong coupling between the intensive

thermomechanical fields inside the strain-softening regime which results in the macro crack.

1).

In Chapter VI, a complete set of micromorphic constitutive equations, strongly coupled with elasto-
visco-plasticity, thermal effect, mixed hardening and ductile damage, as well as the associated
micromorphic state variables characterizing size effects, is formulated under the framework of
thermodynamics of irreversible processes. The introduction of the micromorphic degrees of
freedom (dofs) related to the targeted micromorphic phenomena, leads to new additional balance
equations involving some material internal lengths. Focusing on thermal aspects, a thorough
discussion of existing extended and generalized heat equations derived from the micromorphic
approach to heat transfer are well presented. Several existing extended heat equations could be
retrieved from constrained micromorphic heat equations with appropriate selections of Helmholtz
free energy and heat flux models;

. Chapter VIl presents the numerical aspects: the weak forms of the IBVP, the space discretization

using shell and solid-shell finite element, the global resolution scheme as well as the fully implicit
local integration scheme of the viscoplastic model;

. In Chapter VIII, the parametric study of the local damage parameters, the viscoplastic moduli, the

micromorphic moduli of damage and isotropic hardening, as well as the temperature dependent
parameters in the micromorphic constitutive model and the impact on the solution of the
associated IBVP are analyzed;

. In Chapter IX, the material parameters of DP1000 are identified and applied to the uniaxial tension

test with the micromorphic damage and isotropic hardening models respectively. The application
of the micromorphic damage model to a cross section deep drawing process is performed and
compared with the experimental results;

Finally, the main conclusions and perspectives of the present work are presented.
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Introduction

The inverse approach, originally proposed by Guo et al. (1990) to predict the deformation of forming
parts with a geometrical knowledge of the designed workpiece, is widely used in the initial design stage of
sheet metal forming due to its high efficiency. It costs much less computation than the incremental
algorithm, mainly benefited from the simple constitutive equations of total stress and total strain derived
from the Henchy deformation theory and the simplified tools’ actions instead of the complex contact
search processes. Numerous examinations shows that the inverse approach provides fairly well
estimations in strain but poor accuracy of stress due to lacking in deformation histories.

The multi-step or multi-stage approach, initially proposed by Majlessi and Lee (1987, 1988), assumed
that the forming processes were able to be decomposed into several steps, which retained proportional
loading assumption and the principle of minimum potential energy from one to the next configuration,
with intermediate configurations constructed from the geometric proportional method. The membrane
element was implemented to analyze the axisymmetric problems. Lee and Huh (1998) followed this
methodology and extended the inverse analysis to the general 3D multi-step analysis with developed three
coordinates systems. The square cup drawing and oil-pan drawing were performed to optimize the initial
blank shape with given geometrically generated sliding surfaces. Lee and Cao (2001) developed an
axisymmetric shell element for the multi-step inverse analysis to improve the accuracy of the calculated
initial blank shape and the strain distribution in deep drawing processes. Kim and Huh (2002) proposed
the concept of constrained sliding surface which could be constructed directly by connecting the contact
nodes obtained from the contact search processes. A direct mesh mapping method was developed to
generate initial solutions of the section lines and was applied to the multi-stage rectangular cup and S-Rail
forming processes. Guo et al. (2004) proposed the Pseudo-Inverse Approach (PIA) to improve stress
estimation with elastoplastic isotropic damage model. The "True" intermediate configurations were
generated by the method of minimization of the sheet profile's length in the view of geometrical
calculation. The initial solution was generated by mapping blank's mesh onto the sliding surface retained
same curvilinear length and angular position with respect to a reference center. The efficient scalar-
prediction return mapping method was developed to implement the local integrations. However, the
strain increments were calculated from the subtraction of the total strains between two successive
configurations. Huang et al. (2006) proposed a modified arc-length search method to obtain the initial
solutions on the intermediate three-dimensional configurations and introduced an sliding strategy forcing
the nodes to retain on constrained sliding surface during Newton-Raphson iterations. Li et al. (2007)
proposed an efficient algorithm (the direct scalar algorithm) for local integration. The direct scalar
algorithm, introducing an elastic unloading-reloading factor, was taken as the initial solution of return
mapping method to stable the iterative scheme. Tang et al. (2010) followed the PIA approach and
extended it to the general three dimensional case. An approach of minimization of area solved by the
sequential quadratic programming, was developed to generate the constrained intermediate surfaces.
And a walk-through strategy was proposed to control the sliding of material points on the sliding surfaces.
Halouani et al. (2012) applied the PIA to axisymmetric cold forging processes. The geometric proportional
approach and the method of correctional free surface were proposed to generate the initial solutions of

7
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the intermediate configurations. For the incremental deformation theory, the deformation path was
assumed to be the minimum plastic work path in homogeneous deformation. Chung and Richmond (1993)
presented this theory in which the increment of total strain is proportional to the fixed strain increment.
A mathematical description of the constitutive law of deformation plasticity is developed based upon this
path for rigid-plastic and for elastoplastic materials. Ramakrishnan et al. (1998) proposed a simple
constitutive equation relating Cauchy stress tensor to a total-elastic-incremental-plastic strain (TEIP). A
special form of the constitutive relation in the context of J2 plasticity is presented that ensures that the
proposed constitutive equation naturally obeys the normality and associative flow rules. Robert et al.
(2012) presented a comparison between this theory and the flow theory with the Nakazima test and
cylindrical cup of incremental sheet forming processes.

In this part, concentrating on the isothermal elastoplasticity coupled with isotropic hardening, the
simple inverse approach is briefly reviewed and the multi-step approach is formulated in detail.
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I. The static implicit one-step inverse approach

I.1 Introduction

The basic idea of the inverse approach is to perform a non-linear analysis to determine the positions of
the material points in the initial flat blank and the strains in the final (known) drawn workpiece without
considering the incremental processes of plasticity and contact. It takes the following assumptions: (i)
planar stress state; (ii) finite elastoplastic strain with full incompressibility; (iii) deformation theory of
plasticity; (iv) isotropic hardening law; (v) simplified tools’ actions of pressure and friction forces;

In this section, the basic static implicit one-step inverse approach is reviewed. The purpose is not to go
with details, but to represent the original work where the author’s research starts from. Detailed
formulations and discussions can be found in literatures (Batoz et al., 1998; Guo et al., 1990; Guo et al.,
2002; Guo et al., 2003; Guo et al., 2000), among many others.

1.2 Kinematic formulations of total strain

In the inverse approach, only two configurations: the unknown initial flat blank (reference

configuration) C° with given thickness distributions, and the final deformed workpiece (current
configuration) C, are considered with simplified contact and friction conditions.

Y

Fig. I-1 Kinematic relations of material point

Considering the movement of a material point from C° to C, leads to:

forc) = ([/] _ [?D{dx} ~[F] (dx) (.1

X

The left Cauchy-Green tensor which describes the length and angle variations is defined as:

9
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<dx0 > {dxo} =(dx) [F]_T [F]_1 {dx} =(dx) [B]_1 {dx} (1.2)

The deformation at a point can be described by three principal stretches A, :

,1.-2=( ’ =<ds’>[B]_l{ds’}:(n,)[B]‘l{n[} (i=1,2,3) (1.3)

I (dsi )2 <d5i>{dsi}
(41" =[m][8] " [M] (14)

with

2= 4 [M]=[in} An} ini}] (.5)
7

A7 and {n,} are the eigenvalues and eigenvectors of [B]fl. [M] defines the transformation between

1

the local coordinates and the principal strain coordinates.

Considering the two material points g and qO along the thickness directions, as shown in Fig. I-1,

which are placed on the reference and current configurations respectively, as shown in Fig., their position
vectors can be expressed as:

X, =X,+zn X, =X, +2Zyn, =X, —U, +2,n, (1.6)

where n and F)O are the normal of the mid-surface at material points p and p0 respectively. Gp is the

displacement vector of the point p with respect to its initial position po.

Introducing two unit orthogonal tangent vectors Fl and Ez on C, leads to the following relations:

ax, b =[F{ax } {ax®}=[F°] {ax } (1.7)

where,

=[P 1([+2 b)) [F:]‘l{a—ap,x —no} 08)

ten, t-n, O [-r =—s
[b]=|t,-n, t,-n, O|=[-s -t O (1.9)
0 0o o] |0 O

10
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r,s ,t arethe components of the curvature tensor of the deformed shell.

By assuming that the sheet is thin enough, the deformation gradient tensor from q0 to g can be

approximately expressed as:

[F]I” :[Fxo]_l[Fx]_l z[Fx()]_l([/]—z TT (1.10)

and the inverse of left Cauchy-Green deformation tensor is given by:

a b 0
1 B
[B] =[F] [F] =|b ¢ 0O (1.11)
-2
0 0 (4)
where,
a =a,(1+zr)+2b,sz (l+zr)+csz )
b =a,1+zr)sz +by(l+zr)1l+zt)+b,(sz ) +c,sz(1+zt) (1.12)
€ =ay(sz ) +2bssz(1+zt)+c,(l+zt)
with
a,=1-2t,-4,,~(d,,)
by=—t,-U,, —t,-U, +U, -0, (1.13)
¢, =1-2t,-i,,—(d,,)

Then, the planar principle stretches A, and A, are obtained from the eigenvalues of [B]f1 :

1 1 71/2
A=|=(a+c)£= (a—c)2+4b2 (1.14)
2 2
If the incompressibility is assumed, the thickness stretch is given by:
1 h
Ay=—-=— (1.15)
L, hy
Finally, the logarithmic strain tensor expressed in the local coordinate is obtained:
& &, O InA,
[]=|e, & 0]|=[M] In4, [M] (1.16)
0 0 g InA4,

1.3 Constitutive equations using the deformation theory

Considering the heterogeneity of rolling sheet, the Hill’s anisotropic yield function is defined as:

11
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f(o.9)=((o)[P){a})” ~5.(2")=0 (1.17)

with
1 - 0
1+r
r
[Pl=| — 1 0 (1.18)
1+r
2(1+2
0 0 u
L 1+r

+r.

1
where, rzz(r +2r, o

, +2r, +r,,) is the normal anisotropic coefficient. ry, r,; and r,, are the anisotropic
coefficients of degree 0, 45 and 90 with respect to the rolling direction, respectively.

The Henchy deformation theory declared that the stress tensor at every point is proportional to a
tensor independent of time, is adopted. If we assume that the (small) elastic strains have the same
anisotropic directions as the plastic ones, the following total constitutive equation is obtained:

(o2 -1
{o}==[P] {&} (1.19)
where, & and £ are the equivalent stress and equivalent strain respectively.

1.4 Simplified tools’ actions

The contact conditions between the sheet and the tools are simply replaced by some external forces

on the sheet. The unknown contact force of punch Fis decomposed into normal pressure force :EN and
friction force I-:t, as shown in Fig. I-2:

Fif =Fn+F,(-t)

F

tand=—=u (1.20)
FN
- 1 -
i = (i )

»\/1+ 1

where n’ is the direction of punch force, n is the normal vector of the sheet tangent plane, t :Ut/”Ut ||

is a unit vector given by the projection on the sheet tangent plane of the relative movement between the

sheet and the punch, u is the friction coefficient, u, =u —(Uh -ﬁ)ﬁ is the component of the displacement

vector U of the node along the tangent direction t , and u, is the horizontal component of the

displacement which is given at each iteration.

12
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Fig. I-2 Friction forces of the punch

Considering the known constrained vertical displacement of each node, the punch force can be
evaluated by:

Fz
= (1.21)
nZ

where, £’ and nf are components of the internal force and the punch load normal along the Z axial.

Fig. I-3 Friction forces of the blankholder

Under the blankholders, only the friction force is considered as the external force (Fig. I-3):
f=—2uqft (1.22)

where @, is the known normal pressure.
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I1. The static implicit multi-step approach

I1.1 Introduction

Due to the nature defects of the inverse approach, several intermediate configurations reflecting the
loading paths are introduced to improve the stress estimations. In this section, the multi-step approach
introducing several constructed intermediate configurations is formulated. The constrained sliding
surfaces are generated using the efficient geometric method and the mechanical initial solutions are
obtained by the mapping technique. The finite forward strain increment is reformulated due to the
successive deformed reference configurations. The local integration of the normal anisotropic
elastoplastic model is performed by the classical return mapping algorithm and the scalar mapping method
is examined to show its limitation. The main procedures in the multi-step approach can be summarized as
follows:

1). Constructions of the intermediate configurations. Commonly, it needs two steps: constrained
sliding surface and its initial solutions, to generate a proper intermediate configuration. The sliding
surface of the blank sheet is supposed to be a deformed tensional membrane subjected to the
Punch and Die at each interval, and can be constructed from the contact processes or geometric
approaches. After that, the initial solutions, to position all the material points of the blank sheet on
the sliding surface, are generated from the mapping approach.

2). Nonlinear kinematic formulations - the measurement of the strain increment between two
successive configurations. The detailed kinematic formulations are derived in Section 2 for both
flatten (case of one-step approach) and curved reference configurations. For the curved references,
the upward formulations, instead of the subtraction of the total strains, of the measurement in
strain increments are derived.

3). Constitutive local integrations. Due to the large finite strain increments, the classical Return
Mapping method with an iterative scheme is considered to update the stress state.

I1.2 Kinematic formulations of incremental strain

Now, concerning the curved reference configuration C', the vectors of material points g and ql,

shown in Fig. II-1, are expressed as:

X, =X,+zn X, =X,+z,n =X,—U,+2z,n (1.23)

where n is the normal of the material point p positioned on the mid-surface, ﬁp is the displacement

vector of point p with respect to the reference configuration C". Considering a material point g infinitely

closed to the material point p along the normal direction, leads to:
dx,=dx,+zdn+n-dz  dx,=dx,+zdn +n, -dz, (1.24)

clearly, dﬁl # 0 describes the curvature of the reference configuration C*.
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Two unit orthogonal tangent vectors 0, and 0, are introduced on the mid-surface of final

configuration C. Let x and y be the physical orthogonal curvilinear coordinates:

6,=%,, 6-=x, [r]=[6 & #]

X

Fig. II-1 Kinematical relations of material point in three configurations
The first equation in Eq.(l.24) can be rewrote as:
dx, = (51 +zﬁ'x)dx+(52 +zﬁ,y)dy+ﬁ-dz

or in matrix form:

with
[l—'x]—[olJrzn o, +2zn ﬁ=[T]([I]+z[b])
and
o-n, o-n, O [-r —s O
[b]=|0,-n, 6,-n, O|=|-s —t O
0 0 0 0O O O

r, S and t are the components of the curvature tensor of the configuration C.

Recall the Eq.(1.24), the second equation can be expressed as:

~ ~ . 1. .
—1 _ —
dx, = (o1 —Uu,,+z,n, )dx + (o2 —u,, +z,n, )dy + (_”1 +z,n,, |dz

16
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or in matrix form:
o} =[F]" {ax} (131)
where,
[Fxl]l{al_“p,x 0,~U,, %’71} Zn, zn, 0] (1.32)

Clearly, the deformation gradient tensor of Eq.(l.32) is quite different from the Eq.(1.8), which
referenced the initial configuration C*.

Using the Egs.(1.24), (1.26) and (1.30), the inverse of deformation gradient tensor [F]f1 between

configurations C* and C is expressed as:

[FT =[BT E] =[] (U-2[e)TT (1.33)

The inverse of left Cauchy-Green deformation tensor [B]f1 is defined as:

(B =[F]"[F]"~|b ¢ o (134)

where,
a=A,(1+2zr)* +2B,sz(1+zr)+C,(sz)’
b=A,(1+zr)sz+B,(1+zr)(1+zt) + B,(sz)’ + C,sz(1+ zt) (1.35)
c=A,(s2)" +2B,sz(1+ zt) + Cy (1 + zt)’

with

By =b,—2,((0, =0, ), +(8, =0, )i, +27,,7,, ) (1.36)
G, =¢ _z1ﬁ1,y (2(52 _Up,y)"_zl (ﬁlly ))

It's worth to note that, if the material points are placed on the mid-surface (z=0), the Eq.(1.36) will
descend to the Eq.(l.13). Consequently, the logarithmic strain increment obtained from Eq.(l.34) and the
one given by Eq.(1.11) will be the same; for material points outside of the mid-surface, the strain increment
estimated from the equation Eq.(1.35) provides apparently differences compared with the strain increment
measured from Eq.(l.12), due to the curved reference configuration, which has severe effects on the left
Cauchy-Green deformation tensor for material points along the thickness.
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In summary, the measurement of strain increment from the inverse (one-step) approach (Eq.(l.11)) is
only valid for the measurement on the mid-surface in the multi-step approach. In order to obtain the
logarithmic strain increment and the accumulated strain, the left Cauchy-Green deformation tensor should
be revised by Eq.(l.34), due to the bending effects from the deformed intermediate configurations. The
differences of the accumulated strains are also examined from the numerical aspects in the following
sections.

I1.3 Local integrations based on flow theory

In this section, the classical anisotropic elastoplasticity coupled with isotropic hardening (Power-Law
hardening) is chosen to perform the material responses in sheet metal forming processes. The associated
normality rule as well as the quadratic plastic potential of Hill48 are restored to govern the evolution
equations. In order to update the stress state for given strain increment, the classical Return Mapping
algorithm (Ortiz and Simo, 1986; Simo and Hughes, 1998) with the Newton-Raphson iterative scheme is
considered as an efficient method. On the other hand, the widely applied Scalar Return Mapping method
(Guo et al., 2004; Halouani et al., 2012; Li et al., 2007; Titeux et al., 2004), which was initially proposed to
overcome the convergence difficulties induced by the large strain increments, is also carefully examined
to show its limitations.

I1.3.1 Classical elastoplastic local integration
The quadratic plastic potential is defined as:

f(e.0)=((o)[Plie})" ~5.(a) = ((o)[Plie}) " . (2") (1.37)

where, 0 represents the Cauchy stress, g indicates the internal variables for isotropic hardening and
usually takes to the equivalent plastic strain £, & is the equivalent uniaxial yield stress, [P] represents

the anisotropic tensor (in plane stress state) as given in Eq.(1.18).
In this work, the classical multiplicative decomposition of the total gradient [F] into elastic [Fe] and
plastic [F’”] parts. In order to ensure fulfilment of the objectivity all the constitutive equations will be

written with respect to the rotating frame defined by the rotation tensor [Q] The evolution of this
rotation tensor is defined in kinematical way based on the corotational framework. It leads to
[é]=[é”]+[0”] which is the additive decomposition of the total strain rate tensor into elastic part
[ée’] (Jaumann rate) and plastic part [D”] . According to the normality rule, the rate of the plastic strain

is given by:

A
A .

where, A indicates the Lagrange plastic multiplier.

The rate of stress can be expressed as:
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) ) : of
=|C —A|ICR—— 1.39
-t~ L | 139
where, [C] represents the elastic modulus tensor.

The plastic multiplier A is obtained from the constraint of the plastic consistency condition (f = 0) :

(e

Substituting the above plastic multiplier into Eq.(l.39), leads to the elastoplastic module tensor C* :

to (o}] g

The numerical implicit form of the updated stress is expressed as:

ot by w1

where, the elastic prediction of stress {0'”’""} ={o,}+[C{A¢e,..}

n+1 n

(1.42)

n+1

I1.3.2 Examination of scalar return mapping method

The classical Simo’s return mapping algorithm with Newton-Raphson iterative scheme is restored to
update the stress. However, it meets convergence difficulties mainly caused by the large strain increment
between the successive configurations. The scalar return mapping method, gives a direct resolution
instead of the iteration algorithm, was developed to overcome the convergence difficulties. In this section,
we'll examine and show the stable conditions of the scalar return mapping method in applications.

Concerning the implicit form of updated stress in Eq.(1.42), leads to the following iterative forms:

(o} ={oum) - Zaleliplon} =1

n+1

fo}={ot}-S5lcllPlet) o1

n+1

(1.43)

where, the superscript number indicates the | th iteration and the equivalent stress

il = (<a§’;’f) )[P{ot })1/ 3
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For cases of i =2 and i =3, the updated stresses are detailed expressed as:

{0} ={oh} - S (cIlPlfor)

e (1.44)
(o1 }—[ S22 j[c][P]{a;zz' }+[—ﬁfféf;, ]([c][ﬂ)z fors!)
n+1 n+1 n+1="n+1

and

foth}={om ) - S {c][Pl{olh)

n+1
ria Aﬂ“ A A ria
:{O-'t’+1l}_[6_tri%/ + O—_(/})Z1 + 5?22 )([C][P]){O{'*ll}
(1.45)

—trial —=(1) —trial —=(2) —(1) =(2)
n+1 O-n+1 n+1 O-n+1 Gn+1o-n+1

{ 2E e for)

(oA A S ) for)

—trial —=(1) —=(2)

O-n+1 n+1o-n+1

Then, the updated stress can be rewritten as:
ot ={om -2 A (CllP) o) (1) (146)
j=1
Clearly, the stress state depends on the scalar A, and matrix ([C][P])j .

Now, considering the widely adopted assumption in the works of sheet metal forming processes (Batoz
et al., 1998; Guo et al., 1990; Guo et al., 2002; Guo et al., 2004; Guo et al., 2000; Halouani et al., 2012;
Kankarani Farahani et al., 2014; Robert et al., 2012), it declares that: if we assume the same anisotropy
(planar isotropy) for the elastic and plastic behavior and if we consider incompressibility for the elastic
deformation, then the Poisson coefficient is related to the mean anisotropy coefficient r :

d (1.47)

V—_

C1+r
For the planar stress state, using the above relation, the multiplication of ([C][P]) can be expressed

as:
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B E(rg—r—l) Er(r2+r—1)
(1+r)(1+2r) (1+r)(1+2r)

Er(r2+r—1) E(r3—r—1)
Wl @y “@onaen (142)
0 0 E

The eigenvalue analysis of the matrix ([C][P]) gives three different eigenvalues and eigenvectors

respectively:

%{%i } [£.{[0,0,1]}] {Emf{%,?z,o}H (1.49)

which means the matrix ([C][P]) is diagonalizable:

[cllP1=[a][A]la]” (1.50)
_g 0 —g_ E(r2 + 1) |
where [Q]= ﬁ 0 ﬁ and [A]= e E
2 2
0 1 0 —Er+E

Accordingly, the matrix ([C][P])] is also diagonalizable:

(lelP)) =1al([A)) [a]” (1.51)

It means that the return-mapping directions {([C][P])I {(7"’”}} are parallel to each other. And this

n+1

yields radius mapping method without the need of iteration scheme.

In summary, the scalar return mapping method is an approximation of the classical return mapping
method, under the assumption that the elastic and plastic behavior have the same anisotropic property
and incompressibility. Consequently, the errors on updated stress may appear when the relation Eq.(1.47)
broke down. As shown in the work (Li et al., 2007), the scalar mapping method is very fast but may lead to

certain errors. However, it could be regarded as a better initial solution for the classical return mapping
algorithm to stable the convergence.
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I1.4 Construction of intermediate configurations

Let's recall the inverse approach, which only uses the pre-designed final formed part (final
configuration) to evaluate the formability with completely ignoring the loading paths, and consequently
results in the roughly evaluations of the stress state. In order to overcome these defects, several
intermediate configurations are high efficiently constructed to introducing the deformation histories for
general three dimensional part, with the following steps:

1). Resolution of the sliding surface.
a. Compute the elemental matrix of the area using (1.55).
b. Assemble the structural area matrix to form the Quadratic Programming (QP) optimization
model using (1.56).
c. Solve the QP problem (e.g. Matlab/quadprog() subroutine).
2). Position overall material points on the sliding surface with the assumption of the equivalent initial
blank reference for the final and middle configurations.
a. Compute the initial blank reference of the final part using the inverse approach.
b. Compute the initial blank of the middle sliding surface using the inverse approach.
c. lteratively update the middle configuration by mapping the initial blank of final part to the
middle sliding surface.
3). Go to the next iteration of step(2) with the updated middle configuration.

I1.4.1 Resolution of the sliding surface

I1.4.1.1 The pseudo minimum area method

In the general 3D case, the pseudo minimum area (PMA) method is proposed to efficiently generate
the sliding surfaces, comparing with the work of minimization of area of the surface (Guo et al., 2004; Tang
et al., 2010) which is hard to be solved.

Blank

>

X
Fig. 1I-2 Blank sliding surface constrained by Punch and Die

The blank sheet is supposed to be a tensional membrane under the constraints of the tools, as shown
in Fig. 11-2. Then the shape of the deformed blank can be determined by minimizing the area of the surface.
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However, this optimal model is solved inefficiently by the sequence quadratic program solver, due to the
strongly nonlinear characteristics. In order to overcome this defect, the objective function in PMA is
modified as the minimization of the sum of the elements' areas in square:

min:f(f)zzn:Aez(f) (1.52)

st. 0<¢<1(i=1,2,3..m)

where, A, (f) is the area of element in number e, & represents the proportional coefficient of

coordinate on each node, n and m represent the number of element and node respectively.

zf
zi
P
Z
S0 e (e Y Zi)
Z — =
3

v
Fig. II-3 The coordinates of a triangle element on Punch, Blank and Die meshes

In Fig. II-3, it shows three triangular elements: up (Punch), down (Die) and middle (Blank). (x,.,y,.),
(xj,yl.) and (xk,yk) are the coordinates of x and y in nodes i, j and k respectively. Superscripts 'P'
and 'D' indicate the coordinates of Punch and Die. z,, Z, and z, are the design variables and can be

expressed by the basic variables &, fj and &, as follows:

z, =&z +(1-&))zn (m=i,j,k)

m

0<& <1

(1.53)

clearly, when fp =0, the node p is positioned on the Die mesh, and if fp =1, the node is located on the
Punch mesh.

Concerning a triangular element e, the square of the element's area is given by:

2

. i j k
Aez(é'élék)zz Xe =X YoV 4~ (.54)
X=X, Y=V, Z,~Z
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;
Supposing that {fe} = <§, & §k> is the vector of the basic variables of element e, the square of
the area can be rewritten in the matrix form:

R AR EY 155

where,[He] is the symmetric square area matrix of the element, <Ce> and D, are the vector and scalar

of the square area in element e respectively. These variables can be easily obtained with some algebraic
operations.

Supposing that {5} :<§1 & e §m>T is the vector of the basic variables of the structure, [H],

{C} and D are the matrix, vector and scalar of the structure assembled like the structural stiffness matrix

and external force vector in FEM, then the square area of the structure can be expressed as:

& 1/1
1£)=342(9)=3 S e +o 150
e=1
Clearly, it's a quadratic programming model which can be solved (e.g. quadprog() subroutine from
Matlab) very efficiently in polynomial time. In special cases to improve the quality of sliding surface, the
PMA method could also be regarded as an efficient approach to search the contact nodes as shown in the
work (Liu et al., 2013).

Fig. lI-4 Construction of middle sliding surface using enhanced PMA method
I1.4.1.2 The enhanced PMA method
Considering the design variables in (1.53) of PMA, the basic variable £, =0 indicates that the node m

of the middle surface is in contact with the Punch, and §m =1 means the node m contacting the Die.

z,=Ez0 +(1-& )z (m=i,j,k)

m

(1.57)
0<& <1

If we define a proper threshold tol, any nodes of the middle surface which satisfies the conditions

& <tol or (1—§m)< tol are in contact with the tools. With this idea, the contact nodes are able to be

efficiently obtained in time complexity O(n) . By directly connecting the contact nodes or using the
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Delaunay triangulation algorithm (Shewchuk, 2002), the wall part of the middle surface can be generated.
This idea is useful for the part with sloping wall.

As shown in Fig. lI-4, the green part indicates the contact nodes with the tools and the gray part is the
generated wall mesh by directly connecting the contact nodes.

I1.4.2 Initial solutions of the middle configuration

From the previous section, the middle sliding surface is obtained by using the PMA approach. It is
nothing but a geometric surface which indicates the possible deformed shape of the initial blank material.
In order to make it represents the realistic deformation paths, overall material points of the pre-designed
final configuration need to be properly positioned on the middle surface, the so-called initial solutions of
the middle configuration.

The basic idea works like this: the constructed middle configuration can be regarded a state of the
possible deformations with a given time in the forming processes, then the blank meshes with respect to
the middle configuration and the known final part should be equivalent. By keeping the two blank meshes
equivalent, we are able to find a group of proper distributions of overall material points on the middle
configuration. As shown in Fig. 1I-5, the following steps have been carried out:

Final Part Sliding surfac

Blank of fi Blank of Aliding surface

(i) Projection
(c)

l(iii) Mapping

Intermediate
configuration

Fig. II-5 Scheme of initial solutions of the intermediate configuration

1). Solve the initial blank for the known pre-designed final part (blue C,), with the help of the inverse

approach. Since the initial blank is flat, the strain is measured with the equation Eq.(l.11), and the
stress is updated with the total constitutive law (Eq.(1.19)). The simplified tools' actions are regarded
as the external forces which are used to balance the commutated internal forces according to the
integration of stress.

2). Estimate the initial blank mesh for the middle sliding surface (green C/ ) using the inverse approach.

The measurements of strain and stress are obtained also from Eq.(l.11) and Eq.(l.19). The difference
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is on the computation of punch load, which is assumed to be proportional to the total punch force

with a damping coefficient (¢, =u / U, ) which is the ratio of the current and total punch travel u_,,

and u,, .

Build the node-element relations between the two initial blank configurations. As shown in Fig. 1I-6(a),
each material point (node P ) of the blank C, is projected upon the blank C(’; of the middle
configuration, and can be uniquely identified with a specified element and a group of area coordinates
(or linear shape functions) P(A,.,A].,Ak) in it. The unique identification will be used to locate the node

on the middle sliding surface.
Position the material points for the middle configuration. The projected material point P of the final

part's blank (Co) are located on the 3D middle sliding surface (P’) using the linear interpolation shape

function while maintaining its unique identification P'(Ai,Aj,Ak) : the specified element and its area

coordinates. Using the same scheme, the middle configuration (C."

iers1) is able to be constructed after

locating overall material points of the final part's blank.

. Check if the updated middle configuration is converged. The differences are measured between the

two successive iterative updated middle configurations C,.iter and C, If the difference is converged,

iter+1 *

iter+1

is the constructed initial solution of the middle configuration, as in Fig. II-5(d); otherwise, the

i

wer1 15 regarded as the middle sliding surface, and go to step (i) .

configuration C

¢
Y Py, 45,4 o PAnaua)
o X X Y

(a) (b)

Fig. II-6 Scheme of node-element relations of the two initial blank configurations
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¥
FMA to generate middle
surface with given I'" punch |+
+ travel
Inverse Approach to obtain l
the blank of final part

Inverse approach to obtain |
the blank of middle surface |

Mapping using identification l
Middle configuration with Update the middle
initial solutions surface with the middle

configuration

No, 1= (I +1
NOJ o 1=0+1)

Widdle configuratio
converged ?

Yes

unch travels the
end ?

Fig. II-7 Flow diagram for the middle configurations

Fig. 11-7 indicates the flowchart of constructions of the intermediate configurations.

I1.4.3 Equilibrium of the middle configurations

With the help of the above procedures, several intermediate configurations with initial solutions are
able to be efficiently constructed. However, it is worth to note that the total constitutive law (deformation
theory) is used to provide initial solutions for the middle configurations. In this section, the nonlinear
balance equations governing the displacement fields are solved with Newton-Raphson method to update
the middle configurations.

Considering the triangular element, the elemental stiffness matrix is expressed in its local coordinate:
[k.]=[8] [ c* |[B]h.A, (1.58)

in where, he and A, are the thickness and area of the element, C* is the elastoplastic module tensor as

derived in Eq.(1.41), [B] is the strain operator of the triangular element:

b 0 b, 0 b, O
1
[B]=—|0 ¢ 0 ¢, 0 ¢ (1.59)
2A 1 ] m
‘Il b ¢ b c, b,
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with b, =Y, =V, and ¢, =—X; + X, . The subscripts (i, j,m) follow the orderi—j, j—>m andm—i.

X; and y; are the local nodal coordinates.

For the update of middle configuration, all the material points (nodes) are constrained to move on the
middle surface. The elemental stiffness is enhanced by applying a penalty function to constrain the nodal
movements:

[k 1=[67 [c* J[6]h.A, + /[N] [W] 150

where, y is a penalty factor to be determined with the trial-error procedure and [N] is the elemental

matrix of the normal of all nodes.

The internal forces of this triangular element are given by:
e T
{fo}=[8] {c}h.A, (1.61)
in which, {a} is the updated stress state with evaluated finite logarithmic strain increment using the
return-mapping algorithm.

With the help of the transformation matrix [T] relating the global dof to the local one, the elemental

stiffness matrix and internal forces are transferred to the global coordinate:

(K] =[TT IITT {fad, =TT {) (162)

Finally, the structural stiffness matrix, internal and external forces are assembled to obtain a nonlinear
system which is solved with the Newton-Raphson iteration:

{R(U)} ={Ru (V) =R ()} =[K]{AU} 20 (1.63)

and the displacement fields for the next iteration is updated by:
[t ={u'}+{au} (1.64)

Fig. II-8 shows the flowchart of the procedure of balancing the middle configurations. In the common

case, the update of the initial blank C; is negligible thanks to the reliable inverse approach.

28



PART | CHAPTER Il MULTI-STEP APPROACH

BEGIN

Inverse approach to obtain the

Solve the balance equation to
update C;, and resat 1 = 1

Mo

= final configuration
balanced?

Yes

blank Cq of final part

!

| starts from 1
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using the (I - 1)™ configuration
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part 7

No

b
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END

Fig. 1I-8 Flow diagram for the equilibrium procedure
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II1. Numerical applications

The numerical verifications and applications are presented in this section. In order to validate the
derived kinematical formulations and improments in stress estimations, the multi-step approach (MSTP -
static implicit solver) is examined and is compared with the numerical results of the S-Rail, B-Pillar and box
shaped holder forming components obtained from the commercial FE code LS-DYNA (INC - dynamic
explicit solver).

II1.1 S-Rail part of NUMISHEET 96

The CAD model and geometry of S-Rail are the same with Numisheet 96. The material properties of
Draw Quality Mild Steel (IF) and forming parameters are shown in the below: Thickness t =1.0mm,
Young's Modulus E =206GPa, Poisson's Ratio v =0.3, Blank Holder Force 200KN , Friction Coefficient
0.11 . In Table llI-1, Dir means the angle measured from the rolling direction, YS gives 0.2% offset
engineering Yield stress, TS indicates the engineering tensile stress, n and K are the parameters of stress-

strain curve o =K¢&" and r is the anisotropic coefficient.

Dir YS (MPa) TS (MPa) n K (MPa) r

0 152 294 0.239 526 1.85
45 159 301 0.231 530 1.52
90 163 292 0.231 516 2.37
AVE 158 297 0.233 526 1.82

Table IlI-1 Material’s anisotropic parameters

In simulations with the INC, the triangular shell element without refining meshes is used to discrete the
initial blank (20468 elements). Fig. llI-1 shows the distributions of thickness on three different intermediate
configurations(15mm, 25mm and 40mm) which were estimated by LS-DYNA and multi-step approach
respectively. Clearly, both contour distributions of thickness obtained from INC and MSTP on the three
configurations are very close, the maximum differences of thickest and thinnest for INC and MSTP are
0.00063mm (..) and 0.0096mm (0.11%) respectively.
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Fig. IlI-1 Comparisons of thickness distributions on three intermediate configurations simulated by LS-
DYNA and Multi-step approach: (a) Depth 15mm of INC. (b) Depth 15mm of MSTP. (c) Depth 25mm of
INC. (d) Depth 25mm of MSTP. (e) Depth 40mm of INC. (f) Depth 40mm of MSTP.

II1.1.1 Verification and estimation of the derived kinematic formulations

In order to make clearer comparisons, two sections AB and CD , positioned on XZ plane with
coordinates Y =153.34mm and Y =178.94mm, are chosen to show the differences of the physical
variables. Fig. IlI-2 shows the thickness evolutions of section AB and section CD from depth 5.5mm to
40mm calculated by INC and MSTP respectively. In general tendency, both the two section curves
obtained from MSTP are in consistent with these calculated by INC at each configuration. However, there
is still some differences between the two curves of INC and MSTP. In section AB, the maximum difference
occurred around 40mm is 0.0014mm which is 0.15% and negligible compared with its absolute value;
in section CD, the maximum difference 0.002mm (0.22% ), is also negligible to its absolute value,
appears around 130mm.

——H=40mmINC ——H =40mm MSTP ——H=40mmINC ——H =40mm MSTP
e H=35mm ING H = 35mm MSTP - H = 35mm INC H = 35mm MSTP
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1.04 o ——H=25mmING —— H = 25mm MSTP 1.02 :=§Smmmg :=§gmﬂ' mgz
= ——H= e ——H=20mm ——H =20mm
102 7Ej§m}ﬁ§ 7n:52:$ mglﬁ « H = 15mm INC H = 15mm MSTP
Rl — H=55mm INC H = 5.5mm MSTP 1.00 4 5 ——H=55mmINC_—H = 5.5mm MSTP
: T L e, (7
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= 098+ b / f = MRERFAY s
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{a) (b)

Fig. lll-2 Comparisons of thickness distributions of two section curves on different depth obtained by LS-
DYNA and Multi-step approach: (a) Section AB. (b) Section CD.

However, the thickness isn't a direct physical variable that derived from the kinematic formulations.
Let's recall the processes of multi-step approach: Firstly, the logarithmic strains with respect to
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displacements are derived from the kinematic formulation Eq.(1.34), which is a function of displacements

and gives two planar strain through the two principle stretches (ﬂf,ﬂ;) Secondly, the components of

logarithmic strain tensor will be obtained from the principle strain tensor and their directions. The
obtained components will be accumulated to the total strain during different configurations. And last, we'll
use the constitutive equations to update stress, plastic strain, elastoplastic tensor etc.. It's clear that the
consistency of thickness distribution (Fig. 1ll-1 and Fig. IlI-2) certifies the correction of thickness strain
which is calculated from the results of kinematic formulations with the assumption of plastic
incompressibility. Here we still need more verifications of direct variables from kinematic formulations.

The evolutions of planar principle strains of section AB and CD are shown in Fig. lll-3 respectively.
From the processes of multi-step approach, we know that thickness strain equals to planar major strain
adds minor strain.
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Fig. 1ll-3 Comparisons of principle strain distributions of two section curves on different depth obtained by
LS-DYNA and Multi-step approach: (a) Major strain of section AB. (b) Minor strain of section AB. (c) Major
strain of section CD. (d) Minor strain of section CD.

For section AB, the positions of positive minor strain in Fig. IlI-3(b), which indicates the biaxial tension
status and reduction in thickness, range from arc length around 58mm to about 80mm corresponding to
the range of significant reduction in thickness shown in Fig. Ill-2(a). We can see that the maximum major
strain (approximate 0.225) and minimum minor strain (approximate —0.150) locate around 35mm and
indicate the state of a primary tension and a secondary compression consistent with the thickness thinning
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around 35mm in Fig. lll-2(a). From arc length about 120mm to 140mm, the major strain keeping
increasing slowly and the minor strain firstly increasing and decreasing from 130mm, predict the local
maximum thickness at about 130mm shown in Fig. llI-2(a). For section CD, the maximum positive minor
strain (about 0.01) appears at around 70mm . Although it's biaxial tension state, however, the
corresponding major strain remains very small, which produces the small thinning in thickness. The
maximum thinning takes place at approximate 40mm in Fig. lll-2(b), because we have the maximum
major strain (around 0.175 in Fig. l11-3(c)) at this point while the minor strain is relatively small (only about
—0.05) shown in Fig. l1I-3(d), even smaller than (v * Major Strain). The two values of principle strain give

also the result of a state of biaxial tension at approximate 40mm . In Fig. l1I-3(d), the minor strain increasing
slowly starts from about 40mm until around 70mm, then it keeps decreasing to arc length approximate
115mm . During these two periods, the major strain has the same general tendency but with two local
extreme values which are also indicated at around 65mm and 110mm in Fig. llI-2(b).

It can be concluded that the nonlinear geometric relations between strains and displacements, which
provides the planar principle strains and their components, are well predicted from the kinematic
formulations. And next, we can obtain the updated stresses according to the predicted incremental strains
by using the return mapping method.
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Fig. lll-4 Estimations of equivalent values of section AB on different configurations obtained by multi-step
approach: (a) Equivalent plastic strain. (b) Hill’s equivalent Stress.

_ 12
Fig. 1ll-4 shows the evolutions of the equivalent plastic strain ((<8”>[P] 1{8”}) ) and equivalent

stress of Hill ((<O‘>[P]{G})1/2) for section AB from depth 5.5mm to40mm. It clearly shows both the

equivalent plastic strain and equivalent stress in general tendency towards keeps increasing. However, in
Fig. ll-4(a), there is a small decrease in equivalent plastic strain appeared around arc length 120mm,
which resulting from the state transformations of material points (from the state of biaxial tension to the
state of primary tension and secondary compression). During the transformations, the material points still
yield compressed plastic strains. It's also reflected in the planar principle strains Fig. lll-3(a) and (b).
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II1.1.2 Errors in accumulated total strain of different layers
In the above section, we validate the effectiveness and the accuracy of the kinematic formulations. In

this part, we'll implement the formulations derived from Eq.(l.34) to calculate the physical values of top

and bottom layer by the accumulated method.
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Fig. IlI-5 Comparisons of accumulated principle strains of section AB on configuration of depth 40mm
obtained by LS-DYNA, Multi-step approach and Eq.8: (a) Top Layer. (b) Bottom Layer.

Fig. I1I-5 shows the accumulated total planar principle (major and minor) strains of section AB at depth
40mm, estimated from INC, MSTP and Eq.(l.11), respectively. Clearly, both the two top layer's major
strains of INC and MSTP are very close, shown in Fig. IlI-5(a). However, the contour curve of predicted
major strain from Eq.(l.11) up to 0.418, significantly departs from the other two curves. The same
situation appears at the minor strain and the planar principle strains of section CD (Fig. IlI-5(b)). The
differences of the planar principle strain imply the effects of the bending normal.

From this verification, it's clear to conclude that the total logarithmic strain estimated from Eq.(l.11)
can be only valid for flat reference configuration, otherwise, the total strain should be accumulated from
Eqg.(1.34) which considering the bending effects.

Fig. Ill-6 The constructed middle configurations: (a) Depth 15mm (b) Depth 25mm

I11.1.3 The constructed intermediate configurations
Several intermediate configurations of the S-Rail part are efficiently constructed with the help of the

PMA method which solves the QP problem with only 16 iterations. As shown in Fig. IlI-6, two middle
configurations are presented for punch travel 15mm and 25mm.
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Fig. IlI-7 Sections of the generated middle configurations using LS-DYNA and PMA method: (a) Section AB
(b) Section CD

In Fig. lll-7, the sections AB and CD are extracted to show the agreement with the intermediate states
computed from the incremental approach, for three middle configurations (depth 15mm, 25mm and
35mm). It's obvious that the section curves of PMA coincide with the curves of INC.

Clearly, the middle configurations constructed by PMA method are in good agreements with the
intermediate states computed from the incremental approach.

II1.2 Application to B-Pillar component of NUMISHEET 08

To validate the improvement in stress estimations of the multi-step approach, by using intermediate
configurations generated by the LS-DYNA (INC), is the main objective of this benchmark analysis. For
simplicity, the material of high strength steel 22MnB5 is limited to the isothermal elastoplastic model
with the following properties (interpolated based on the material response at 800°C and strainrate 1s™"):
Young's Modulus E =100GPa, Poisson's Ratio v=0.3, strain hardening modulus K =230MPa, strain
hardening exponent n=0.12 and thickness t =1.95mm. Two sections are defined in Fig. Ill-8 to analyze

the simulation results: section 1 (P1[538.189,—39.491] and normal [1.0,0.83078,0.0]) and section 2
(P2[-25.0,0.0]) in plane YZ.
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//// ™ = [

Fig. lll-8 The geometry of B-Pillar
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EqStress (MPa)

147. 26mm

126. 08mm

160. 34mm 178. 31mm
Fig. 1lI-9 Equivalent stress of four intermediate configurations of B-Pillar

Fig. 11I-10 presents the distributions of stress components (o, and o-y) of the two sections obtained

from four different solvers: INC, One-step approach (OSTP), Multi-step approach using 4 intermediate
configurations (MSTP 041Ms, as shown in Fig. l11-9), and using 17 intermediate configurations (MSTP 17IMs),
respectively. Let's examine the results obtained from the multi-step method with 4 intermediate
configurations and from one-step approach at first, in section 1 (Fig. IlI-10 (a) and (b)), both the two
approaches provide very close distributions of stress components, while around arc length 250mm, MSTP
04IMs gives a better prediction of stress X (82.32MPa ) than the stress state obtained from OSTP
(11.08MPa ), compared with the stress X given by INC ( 128.99MPa ). The same tendency and
improvements on stress state of MSTP 04IMs with respect to the OSTP can be found in section 2 ranged
from arc length 50mm to 100mm. In general, the multi-step method with 4 intermediate configurations
gives equal or closer predictions compared with the OSTP approach. However, it's worth to note that both
the MSTP 04IMs and OSTP predict incorrect stress state around arc length 200mm of section 1
(0, =—136.26MPa and o, =—200.19MPa ) and the beginning of section 2 (o, =—131.46MPa ), with

respect to the stress state updated from INC (o, =77.43MPa and o, =73.87MPa in section 1 and
o, =138.88MPa in section 2) respectively.

Concerning the multi-step method with 17 intermediate configurations, from the distributions of stress
state of the two sections in Fig. lll-10, it clearly shows a tendency that the MSTP 17IMs predicts more
accurate stress state than the stresses obtained from OSTP and MSTP 04IMs approaches, since the red

curves (MSTP 17IMs) are mainly positioned between the curve obtained from the INC and the others two
curves of MSTP 04IMs and OSTP methods. More particularly, the MSTP 17IMs method provides more
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consistent evaluations on the stress state (o, =116.49MPa and o, =46.76MPa around arc length

200mm of section 1 and o, =140.93MPa at the beginning of section 2) with the INC method, for the
material points incorrectly estimated by MSTP 04IMs and OSTP.

From this application, it's clear to note that with the increasing intermediate configurations, the multi-
step approach shows more and more consistent distributions of stress state to the INC method.
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Fig. IlI-10 Comparisons of stress distributions on three sections updated by INC, MSTP approach (with two

different schemes of intermediate configurations) and One-step approach (OSTP): (a) Stress X of Section
1. (b) Stress Y of Section 1. (c) Stress X of Section 2. (d) Stress Y of Section 2.

I11.3 The box shaped holder part

The CAD model of the die of the box holder part is given in Fig. IlI-11. The blank material parameters
and forming processes are: thickness t =1.0mm , Young's modulus E=207.0GPa , Poisson's ratio
v=0.28, yield stress 154.31MPa , the hardening moduli k=520.4MPa and n=0.232, average
anisotropic coefficient 1.653, blank holder force 15KN and friction coefficient 0.15.

As is shown the PMA method works well for the S-Rail part, however, in practice, the PMA method may
yield some errors for the special part which possesses sloping walls. The enhanced PMA method will be
used to improve the shapes of the middle configurations.
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Fig. IlI-11 The CAD model of the Box shaped holder

I11.3.1 The middle configurations using enhanced PMA method

The basic variables & of three middle configurations, constructed by the PMA method in punch travel
15mm, 25mm and 35mm, are shown in Fig. Ill-12. The gray color indicates the nodes satisfying the
conditions (£ <0.02 or (1—-¢&)<0.01) which are in contact with the punch or die.

15mm 005 25mm 005 35mm 05

Fig. llI-12 Basic variables of the constructed middle configurations using the PMA method
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Fig. 1lI-13 Section curves of the constructed middle configurations: (a) Section AB (b) Section CD

In Fig. 11I-13, the z coordinates (distance) of the section curves AB and CD, in three generated middle
configurations which are obtained from the INC approach, the PMA method and the enhanced PMA
method respectively, are shown. For the middle configuration of depth 15mm, the section curve of PMA
provides smaller distances in a range of x coordinate -50 ~ -30mm (20~45mm), and larger distances in a
range of -70~-50mm (45~60mm), to the intermediate state of INC. Considering the die model of the part
in Fig. 1ll-11, there are two sloping walls named bottom and top respectively along the z axis. In depth
15mm, none of the nodes of the two sloping walls are actually in contact with the tools, as is shown in Fig.
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[1I-12(a), the gray color appears only at the bottom and top surface. Using the selected contact nodes and
the enhanced PMA method leads to consistent middle configuration with the one of INC.

For the 25mm middle configuration, the distance provided by the PMA method is lower in the range -
55~-30mm (20~45mm), and in consistent with the result of INC for other regions. This can be explained
from Fig. 1lI-12(b), the gray color appears in the upper surface of the bottom sloping wall besides the top
and bottom surfaces which results in the contact of the bottom sloping wall with the tools. Consequently,
in the range -70~-50mm (45~60mm) which lies on the bottom sloping wall, it is consistent with the INC's
result. On the other hand, using the enhanced PMA method provides a full consistent middle configuration
with the one of INC.

Considering the generated middle configuration of 35mm, both the PMA and enhanced PMA give well
agreement with the intermediate state obtained from INC. That is because, the further the punch travels,
the more contact nodes observed in sloping walls, as shown in Fig. lll-12(c), both of the bottom and top
sloping walls are in contact. In this case, it leads to no difference of the middle configurations between the
PMA, the enhanced PMA and the INC method.

I11.3.2 The updated stress state
The distributions of equivalent stress for two of the constructed middle configurations with depth
15mm and 25mm are shown in Fig. 11I-14.
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Fig. lll-14 Equivalent stress of the constructed middle configurations depth 15mm and 25mm

The comparisons of stress components of section AB are shown in Fig. Ill-15. Clearly, the multi-step
approach provides a significant improvement of the stress state compared with one-step approach, by
using 8 constructed middle configurations. Especially for x coordinate close to 50mm and 200mm, the x
component of stress is corrected from tensional state to compression with the help of the introduced
intermediate configurations.
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I1I-15 Stress components of section AB of the Box shaped holder part
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IV. Conclusions

In this part, the efficient one-step inverse approach to roughly predict the formability of the final
workpiece is briefly reviewed. In order to improve the stress estimations, the multi-step approach is
formulated with constructed several intermediate configurations:

1). The finite logarithmic strain increment measurement (the kinematic formulations), between the
two successive intermediate configurations, is derived and validated in the numerical simulation.

2). The elastoplasticity coupled with isotropic hardening is performed and the local integration is
updated by the classical return mapping method. On the other hand, the scalar mapping algorithm
is reexamined to clear its limitation in applications, while it could be regarded as a better initial
solution for the iterative local integration scheme due to the convergence difficulties induced by
the finite strain increments.

3). The efficient geometric approach to generate the sliding surfaces, and the mechanical initial
solution are proposed to construct the proper intermediate configurations. The sliding surface is
obtained by solving a QP program which can be efficiently worked out in polynomial time, and the
direct mapping method is applied to construct the initial solutions of the intermediate
configuration.

However, these simplified inverse approaches have some difficulties in using the sophisticated
constitutive equations, such as considering the strain-softening phenomena induced by the damage or
high temperature, the nonlocal effects, the viscos effects, etc. In the next part, we will concentrate on the
more advanced numerical modeling combined with incremental approach for sheet metal forming
processes.

41



Partll Advanced micromorphic modeling approach for sheet metal

forming simulations

Content

PART Il ADVANCED MICROMORPHIC MODELING APPROACH FOR SHEET METAL FORMING SIMULATIONS ..42

V. INTRODUCTION ....uueriiiiiiiiisssnneeeisssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssssssss 44
V.1 THE LOCAL CONTINUUM DAMAGE MODEL ..cuvveeitveesureesuseassseessseessssessseassssesssesssssessssessssesssssssssesssssssssesssesssssssssessssees 45
V.2 THE GENERALIZED CONTINUUM DAMAGE MODEL...ccuvvteureesueeenureesueeesseeessssessesssssesssesssssssssesssesesssessssssssesssesesssessssees 46
V.3 THE GENERALIZED HEAT EQUATIONS . ...0eetveeeuteeiureessseesuseansesesssseasssessseansssesssesnssessssssssssssssssssssesssssssssesssesssssesssesnssees 51

VI. THEORETICAL FORMULATIONS ......ciinmreiiiiiiissssnneessssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssssssssnnsassssesss 58
V1.1 INTRODUCTION ...uvteetreetreeueeessseanseeesseeaasseessseassssessssansssessssensssessssensssesssssnsssessssessssesssssnsssessssssssssssessssessssesnssens 58
VI.2 GENERALIZED PRINCIPLE OF VIRTUAL POWER (BALANCE EQUATIONS) ...uvveeureeereenureenireesseeesseessseeessesssesesseessesessseessees 59

VI.2.1 New degree Of fre@doms (QOfS) .......owweoieieeieeiesieeseee ettt ettt et st saeenaeenseeas 59
VI.2.2 Principle of virtual power for a micromorphic Meditum ...............cccueeecvveeeciveeeeciiieeeiceeeeeiieeeesiveeeeeans 59
VI.2.3 Generalized DAlIANCE @QUALIONS...........cc..eerueeeieiiieeeieeseeee sttt ste et e st esree s 61
V1.3 THERMODYNAMIC FORMULATIONS 1.t euvveeuteessreesseeessseessesesssesssesesssssnsesssssesnsssesssesssssssssssssesesssssssesssssesssesensssnsess 62
1B T Y (o [ LYo T o o[- 3SR 62
VI.3.2 Thermodynamic consistency and state potential (State relations) .............ccoeeeevveeeeccveeeciieeeeesiveeeenns 66
VI.3.3 The generalized ReAt @QUALION ............cccuueeeeeieeeeeiie et cte ettt eeee e sttt e e e ettt e e ssteaesasseaesssaeaesasses 75
VI.3.4 Dissipation analysis (EVOIULION @QUATIONS) ..........cccvueeeecueieeiiieeeesieeeeeiteeeesitteeeetsaaeesteaeesirasaessiseaaeaaes 79
VI.4 TRANSFORMATION OF THE MICROMORPHIC BALANCE EQUATIONS. ....eevveeueeeureesueeesmeeesueeesseessseeesseesssesesssessseeesssessseees 86
V1.5 DISCUSSIONS OF SPECIAL CASES....vveesuvtesreesuueessseesseeesssesssesesssesssesesssssssssesssesssssssssssssssesssssssessssssssessssssessessssssenseses 88
(VRN @ [0 KX (ol ] I [ooe ] o [o T To T =20 1 1 T Yo I OSSR 89
VI.5.2 Simplified classical elastoplastic MO ...............cccuueeeeeeieeeieeeeeeie et ect e e stea e e e seaaeesreaeeans 92
VI.5.3 The existent generalized heat @QUALIONS ...........ccccuueeeeceeeeeiiieeeecieeeecee e este e e sttt e s eteaeseteaeessaaessseeas 93
VI.5.4 Discussions of the generalized ReAt @QUATION .............cccuuveeeceeeeeiiieeeecieeeeciaeeeesiteeeeeseeeeesaeaeessenaans 112
V1.6 CONCLUSIONS .uvteueeeentteeueeeteeeueeesutessseeesssessseeesseesaseeasseeaaseeesseesabeesaseesabeesasaesabeesaseesabeeeseesabeeeseesabaeennesnses 123
VL7 APPENDIX ...t ettt teeiuttetteeeeeeattetteeeeeesauaebeteeeeesaanebe et eeeeaaaansbe e e e eeeaa s asbe e e e eeeeesannbsseeeeeeesannsraeeeeeesaannnbeneeeeesenannres 124
VI.7.1 Formulations Of plastiC MUILIPIEN ..............ccecueeeeeiieeeeeee ettt este e sttt e e e sata e s ssaaasssrseaenanes 124
VI.7.2 Formulations of elastoplastic taNGENT OPEIALON............c..ueeeecueeeesieeeeeeeeeeeiiaeeeesiteaeeesteeeeesssaaesisenaens 127

VII. NUMERICAL ASPECTS.....uuuuettttiiisiissssneeesisissssssssssssssssssssssssssssssssssssssssessssssssssssssessssssssssssssssssssssssssssssssssssss 130
V1L INTRODUGCTION ... ttttteeeee e ettt teee e e e s iasbeteeeeesauusbe et eeeesaaanbaeeeeeeae s asbe et e eeeeesanssabaeeeeeesannsbaeeeeeeaannnnbeeeeaaesasanren 130
VIL.2 WEAK FORMS OF THE IBVP ..ttt ettt ettt ettt sttt ettt et st s be e st e e e beesabeesbeesabaesnnnesars 130
V1.3 TIME AND SPACE DISCRETIZATION .. etetuuutttteeeseaaauusteteeeseaaaaunseeeeeesaasasseseeeeesesaanssseeeeesssaannssaeesesssasannseseresssasannnes 131

VI1.3.1 TiM@ QiSCIELIZATION. ......c.eeeeiieeiieeiie ettt ettt ettt ettt ettt e et e st e e s e sateesseesasaasseens 131
VI1.3.2 SPACE QISCIELIZATION ........vvveeeeeeiieeeee ettt e e e ettt e e e e e ettt e e e e e e e e ttsaaaaaaeeasssstsesaaassessssssnnaaaseaaias 131
V1.4 GLOBAL RESOLUTION SCHEME. .. .veeuvttetteetteeutesseeesstesseessseessesanssessseessssesssesssssesssessnseesseesnseesaseessseesssessnseesnes 140



LY/ 3 R D)V Yo T o= q o) Lot e gL ] VA KSRt 140

VUL 4.2 CONEACE PrODICIMS. ...ttt ettt ettt e s et e s e e 143

VII.5 LOCAL INTEGRATION SCHEME ...uvveevteeutestteensressseeesssessesssseesnsesssssesnsessnssesssesssssesssessnseesssessnseesasessnseesssessnseesses 143
VII.5.1 Local integration of time-dependent plASLICItY............c.covuvemieeriiiniiiesiiesieeeeeseese e 145

VILB APPENDICES ...t euvteeuteeeteesteeeteesseeesstessseessssessesesssesssessnseesnsessnssesnsessnseesssessnssessessnseesssessnseesasesenseesnsessnseesses 152
VII.6.1 Appendix | — Q4r24 element for thick Shell...............coooueooiioniieniiiieieee e 152
VIl.6.2 Appendix Il — The standard hexahedral €1emMent ................ceeeecveeeecieieesiieeeecee e escieaeecreaaeeans 154

VIIl. PARAMETRIC STUDY OF THE IMODEL ......cieuuiiiteniiiienniciiennieiiensieiiessseiisnsiesssnssesssssssssssssssssnsssssansssssansssssnne 157
VIII.1 EFFECT OF THE LOCAL DAMAGE PARAMETERS ... ceevtteuteetetenseesssesssssesssessnseesssesssseesssessnseesssesssseesasessnseesssessnseesnnes 157
VII1.2 THE VISCOPLASTIC EFFECTS  .uvveetsurtteseureresaseeessnstessasreseseseeessnseessasresesassseeesnstessaaresesanneeesanssessanranesannnesesansns 161
VII1.3 EFFECT OF THE MICROMORPHIC IMIODULLL ...ttt euvvesurteesresseeensaessessnseessessnseessesssseesssessnseesnsessnseesssesssseessessnsessnses 162
VIII.3.1 Effect of the micromorphic damage MOAUIi...............c.cooueenieeniiiniiesiiesieeteseee e 162
VIIl.3.2 Effect of the micromorphic isotropic hardening Moduli .................ccccueeccueeeeciveeeeiiiieeiiieeeeiveeeeeans 167
VIT.3.3 SUMMIQTY ....eeviiiiiiiiiii ettt ettt ettt e e s et e e e s e s stan et eaesesasnannes 168
VIII.4 ANISOTHERMAL MICROMORPHIC DAMAGE MODEL.....uvveeuvetesereeseeessuessseeesssesssesssseesssessnsessnsessnsessssessssessssessnsessnes 169
VIIl.4.1 Anisothermal viscoplasticity with local damage for a material point ...............ccccccvevvveeveevneennn. 170
VIIl.4.2 Biaxial tension for 10cal damage With FE...............oooeuueieeiieieeeeeieeeeeieeeesieeeeesteeeesteaaesisaaesssaaenaans 171
VIII.4.3 Choices of micromorphic parameters With FE ............ccccceoveeeieemiieeeieeeieeeee sttt 172
Viil.4.4 Biaxial tension for micromorphic damage With FE ...............ceeeuuveeecieieeiiieeeecieeeesiieeeesiseaessiveaeeaans 174
VAL SUMMIQEY ....oooviiiiiiiiiiiieeee ettt ettt e e s e sttt e e e s sasannes 176

IX. APPLICATIONS ...iiiineeeiiiiisisssnneesssisssssssnnsesssssssssssssssssssssssssssssesssssssssssnssesssssssssssnssessssssssssnnsssssssssssssnnnsens 177
IX.1 UNIAXIAL TENSILE TEST OF DPLO00 ....eccuvieiirieeiieeiiieesteesteeseeesteassaeessseessseessseesssesssseesssesssseesssesssessssessnsessssessns 177
10,6 B i 1= (o Yoto o Lo TuqTo T T=l o T=d 1o 1Y/ Lo USSP 177
IX.1.2 The micromorphic damage DEAQVION ..............ceeecuueeeeeiieeecieeeecteeesee e ste e e st aestea e s st e e e ssaaasssees 179
1X.1.3 Solutions with micromorphic damage and micromorphic isotropic hardening .................cccccccuuu.. 181

IX.2 CROSS SECTION DEEP DRAWING PROCESS «..cuvveeuteerureenueeesureesseeessseesseeesssesssesesssesssseessesssseesseesnseessessnseesasesssseesas 192
1X.2.1 CSDD processes using the local damage Model....................uueeeeeeeeciiiieiiiieeeiiciiiieee e secsitveeaaeeeeesiiins 193
1X.2.2 CSDD processes using the micromorphic damage model ....................ueeeeeeeeecciveeeieeesicsiiiieaeeeeeeciiinns 194

IX.3 PRESSURE VESSEL «..tteuvteeusteesteeenueeesueeesueeesuseesueeesuseesuseesuseessseesssesssseesssesssssesssesssseesnsesssseesnseesseessessnseesnseesnseesns 200

K. CONLCUSIONS......cuuertiiiiiiiesssnneesisisssssssnnsessssssssssssssessssssssssssssssssssssssssnssesssssssssssnssesssssssssssnnsasssssssssssnssasssssss 206

43



PART Il CHAPTER V INTRODUCTION

V. Introduction

The mechanics of materially simple continua, explored in Part |, supposes that the mechanical state at

any material point P()?) , of coordinates x , from the actual deformed configuration is completely

determined by the history of state variables in an arbitrarily small neighborhood surrounding this point
(principle of determinism and principle of local action). In this framework, the knowledge of the first
transformation gradient F (or first displacement gradient) suffices amply to determine the mechanical

state (kinematic, behavior) of this material point.

In metal forming, the components are mainly performed using hot or cold forming processes under
faily extreme conditions, such as complex multiaxial loading, high temperatures, high strain rates, etc.
Under such conditions, the material strain is governed by complex physical mechanisms, which are largely
influenced by the microstructures and their textures during large plastic deformation. These complex
physical phenomena should be taken into account to precise the numerical simulations. The continuum
damage mechanics (CDM) approach enables the inclusion of thermal, damage and many other physical
effects into the well-known constitutive equations, which are widely used in metal forming simulations,
based on the local action assumption. Through large elastoplastic deformation, the intense shear bands
are often observed in metal forming processes, which are generally the consequence of the strain-
softening behavior of the material mainly induced by thermal or microscopic defects, and lead to
formation of the macroscopic cracks. However, the CDM approach is limited in its applicability for strain-
softening behavior, and reveals a pathological dependence on the direction and the fineness of the finite
element mesh, and converges to a physically meaningless solution. The problem is now well-known and is
the consequence of the mathematically ill-posed initial and boundary problem (IBVP), which loses
ellipticity in statics or heperbolicity in dynamics. The CDM approach is mathematically unstable when
strain-softening behavior is introduced. In literature many enhanced physical or phenomenological models
are proposed to overcome this dependency, which has led to various numerical simulation strategies, e.g.
the nonlocal plastic models, the gradient-enhanced models, the viscoplastic models.

In this part, a complete set of constitutive equations, strongly coupled, anisothermal, anisotropic for
elasto-visco-plasticity with isotropic ductile damage, isotropic and kinematic hardening, micromorphic
ductile damage, micromorphic isotropic and kinematic hardening and micromorphic temperature, is
derived from the state and dissipation potentials, under the framework of the extended irreversible
thermodynamics, to overcome the mesh-dependency problem.

Throught this thesis the following notions are used: X, X, x, X, X, X and X indicate the zero

(scalar), first (vector), second, third, fourth, fifth and sixth rank tensors respectively. The usual tensorial
product is indicated by the symbol ® , while the contracted (or innder) product is indicated by -, :, ."
and :: for the simple, double, triple and quadruple contractions respectively.
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V.1 The local continuum damage model

Fracture of engineering components is often preceded by flow localization inducing considerable
changes in the microstructure of the material, like microcracking in concrete, fibre pull-out or delamination
in composites and the formation of voids in ductile metals. Considerable effort has been expended by the
scientific community in order to solve crack propagation problem in a manner that is computationally as
light as possible and that gives the same results for the crack path and propagation rate whichever mesh
is used.

The discrete and smeared crack approaches (De Borst et al., 2004; De Borst et al., 1993; Ngo and
Scordelis, 1967; Rashid, 1968; Saouma and Ingraffea, 1981; Suidan and Schnobrich, 1973), are appropriate
for modeling one or more dominant cracks and the diffuse cracking patterns that arise due to the
heterogeneity of concrete and the presence of reinforcement respectively, were initially proposed by
introducing the crack as a geometric entity, which was implemented by triggering a crack grow when the
nodal force exceeded a tensile strength criterion as well as splitting the node into two. This original form
has the inherent disadvantages of pre-assumed mesh bias and the continuous change in topology, which
are largely alleviated by using the meshless methods (e.g. element-free Galerkin method (Belytschko et al.,
1994)) or the finite element method (X-FEM) using the partition-of-unity property of shame functions
(Belytschko and Black, 1999; Dolbow and Belytschko, 1999). The Cracks within the original structures can
be modelled either through the insertion of special types elements whose boundaries lie along the faces
of the advancing crack (e.g. cohesive zone element method (Barenblatt, 1962; Dugdale, 1960; Hillerborg
et al., 1976; Hutchinson and Evans, 2000; Needleman, 1987)) or by the introduction of elements with
enriched nodal degree of freedom (e.g. extended finite element method X-FEM (Dolbow and Belytschko,
1999; Sukumar et al., 2000)). The later method allows crack propagation without remeshing and the
enrichment of the existing degrees of freedom accounts for the displacement jump along the crack and
the singular stress field at the tip of the propagating crack.

On dealing with large plastic deformation, the plastic strains tend to localize inside narrow bands during
the metal deformation giving rise to the initiation, growth and coalescence of some micro-voids and micro-
cracks usually called ductile damage. In order to take this phenomenon into account, several theories have
been proposed to describe this damage occurrence as well as its effect on the material behavior. The most
widely used approach in metal forming is based on the Gurson’s type ductile damage modelling (Gurson,
1977) in order to describe as accurately as possible the ductile damage occurrence (Aravas, 1986; Bennani
and Oudin, 1995; Bontcheva and lankov, 1991; Boudeau and Gelin, 1994; Brunet et al., 1996; Gelin and
Moisan, 1990; Gelin et al., 1985; Ofate et al., 1988; Pardoen et al., 2004). In these approaches, the damage
is mainly described by the volume fraction of the spherical or elliptical voids. This scalar variable is
introduced in the plastic potential affecting the plastic flow through the normality rule and gives a decrease
on the stresses when the void volume fraction increases under the applied external loading. Another kind
of approaches, based on the continuum damage mechanics (CDM) since the early works of Kachanov (1958)
and Rabotnov (1969), represents the ductile damage by a scalar or tensorial variable Suidan and
Schnobrich, 1973Suidan and Schnobrich, 1973(Kachanov, 1986; Lemaitre, 1992; Lemaitre et al., 2009;
Murakami, 1988; Voyiadjis and Kattan, 1992a, b; Voyiadjis et al., 1999) and its effect on the material
behavior is accounted for thanks to the hypothesis of the strain equivalence, stress equivalence or energy
equivalence (Chaboche, 1988a, b; Saanouni and Chaboche, 2003a). A comparative study of different
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ductile damage models can be found in (Pardoen et al., 1998). This kind of CDM approach has been used
for damage prediction in metal forming assuming various types of coupling in some published works
(Badreddine et al., 2016; Badreddine et al., 2010; Badreddine et al., 2015; Issa, 2010; Issa et al., 2012;
Labergere et al., 2014; Lestriez et al., 2004; SAANOUNI et al., 1996; Saanouni, 2008; Saanouni, 2012;
Saanouni et al., 2010; Saanouni and Chaboche, 2003b; Yue, 2014).

V.2 The generalized continuum damage model

As is now well accepted, the classical local continuum models do not incorporate an internal length
scale and is inappropriate for progressive deformation of materials exhibiting strong localization or strain
softening (BaZant, 1976; Rice, 1976) after reaching a peak strength value. Theoretically, when the tangent
stiffness matrix of the material ceases to be positive definite, the governing equations of motion lose
ellipticity under quasi-static loading conditions, while under dynamic loading conditions wave speed
becomes imaginary (Hill, 1962; Rice, 1976; Thomas, 1961), which renders the boundary value problem ill-
posed. From the numerical point of view, this situation manifests itself by spurious mesh-dependency of
finite element computations: strain localizes into a narrow band whose width depends on the element size
and tends to zero as the mesh is refined (Belytschko et al., 1986; Pietruszczak and Mréz, 1981; Tvergaard,
1982; Tvergaard et al., 1981). The corresponding load-displacement curves of system responses always
exhibit earlier drop for a sufficiently fine mesh, and the total energy dissipated by fracture goes to zero!

The simplest but crude remedy, popular in engineering applications, is to adjust the post-peak slope of
the stress-strain diagram as a function of the element size. When this is done properly, the energy
dissipated in a band of cracking elements does not depend on the width of the band (Bazant, 1976; BaZzant
and Cedolin, 1983; Bazant and Oh, 1983; Pietruszczak and Mréz, 1981). A more general and fundamental
approach, to avoid strain localization to a zero volume and to overcome spurious mesh sensitivity, is the
nonlocal continuum theory, which states that “the physics of material bodies whose behavior at a material
point is influenced by the state of all points of the body”. Following the classical notions, material points
of a body are considered to be continuous and are assigned some physically independent objects (variables)
(e.g., mass, charge, electric field, magnetic field) (Eringen, 2002). Numerous researches not suffering from
loss of ellipticity of the field equations in localization zone, e.g. high grade continua (Aifantis, 1984, 1992;
Bennett et al., 2012; De Borst and Miihlhaus, 1992; Forest et al., 2000; Mindlin, 1965; Mindlin and Eshel,
1968; Nguyen, 2011; Rodriguez-Ferran et al., 2011), Cosserat continua (Aslan et al., 2011; Cordero et al.,
2013; Cosserat and Cosserat, 1896, 1909, 2009; Diamantopoulou et al., 2017; Dillard et al., 2006; Eringen,
19664, c; Eringen, 1970; Eringen, 1999; Eringen and Suhubi, 1964; Forest, 2009; Forest, 2016; Forest and
Aifantis, 2010; Forest and Sievert, 2006; Saanouni and Hamed, 2013), strictly nonlocal continuum field
theory (BaZant, 1984; Bazant et al., 1984; Eringen, 1966d; Eringen, 2002; Eringen and Edelen, 1972; Jirasek,
1998; Kréner, 1967; Krumhansl, 1968; Kunin, 1968) or viscoplastic regularization (Needleman, 1988, 2015;
Pijaudier-Cabot et al., 1988), are capable to provide the well-posed initial and boundary value problems.

1). The nonlocal continuum theory
The nonlocal continuum theory was introduced by Kréner, Krumhansl and others (Beran and McCoy,
1970; Kroner, 1967, 1968; Krumhansl, 1968; Kunin, 1968; Levin, 1971) and developed in detail by
Eringen et al. (Ari and Eringen, 1983; Eringen, 1972; Eringen and Edelen, 1972). In this theory, the
macroscopic strain and stress may be regarded as certain averages of the microscopic strains and
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stresses taken over volume. If the strain field is nearly macroscopic homogeneous, the constitutive
equations may be formulated as a relation between strain and stress at same location. However, if
high gradients of strain exist, the whole macroscopic stress distribution over the volume should be
related to the whole macroscopic strain distribution over the volume. BaZant et al. (1984)
presented an imbricate continuum based on the hypothesis that the stress depends on the change
of distance between two points lying a finite distance apart, and obtained stable strain-softening
distributed over finite size region in one-dimensional analysis. The principle difference from the
classical nonlocal continuum theory is that the equation of motion involves not only the averaging
of strain but also the averaging of stress gradients. Later, Bazant (1984) extended the imbricate
continuum theory to two or three dimensions to model strain-softening within zones of finite size.
The proper variational method for the imbricate continuum is developed and the continuum
equations of motion are derived from the principle of virtual power. The continuum equations
involving both the average of stress and strain by displacement gradient ensures the symmetric
finite element stiffness matrices. The original formulation of the nonlocal theory for strain-
softening regime is studied in detail by Pijaudier-Cabot and Bazant (1987) for elastic behavior.
Unlike the imbricate nonlocal continuum theory in which all the behavior is formulated as nonlocal
including the elastic part of strain, the new nonlocal damage theory subjects nonlocal treatment
only to those variables that control strain softening and remains the elastic strain as local. The
spatial average of the local damage energy release rate, over the representative volume of the
material whose size is a characteristic of the material, is adopted to replace the local one.
Avoidance of spurious mesh sensitivity and proper convergence are demonstrated by numerical
examples, including the static strain softening in a bar, longitudinal wave propagation in strain
softening material and static layered finite element analysis of a beam. Later, BaZzant and Pijaudier-
Cabot (1988) extended the previous work to a more general form in which the strain remains local
yielding the standard equilibrium equation as well as the boundary condition, while the local
damage is replaced by its nonlocal damage defined by a spatial averaging of local damage for the
elastic behavior. The previous work of using the nonlocal damage energy release rate can be
regarded as a simplified approximation of the nonlocal damage formulation. The analysis of the
strain localization instability in a bar shows that the size of the localization zone is found to be
approximately proportional to the characteristic length of the nonlocal continuum in the ratio of
1.88. Pijaudier-Cabot et al. (1988) presented a comparison of various models for strain-softening
due to damage such as cracking or void growth. It concludes that despite the rate-dependent model
prevents the differential equation of motion from becoming elliptic and ensures the mesh-
dependent problem is well posed, however, the results are not quite satisfactory. At localization
the strains are finite but the localization zone tends to an infinitely small size, similar to the rate-
independent continuum model. The use of high-order spatial derivatives implies high-order partial
differential equations of the motion and additional boundary conditions, can be regarded as a
special case of the nonlocal model with the help of the Taylor series. The nonlocal continuum with
local strain applies the averaging only to those variables that control strain-softening, e.g. the local
damage energy release rate. The significant size effect due to the strain-softening portion of the
uniaxial response is adequately modelled by this model and in agreement with experimental
evidence. BaZant and Jirasek (2002) presented a detailed review of the progress in nonlocal models
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of integral type which has emerged as an effective means for regularizing the boundary value
problem with strain softening, capturing the size effects and avoiding spurious localization that
gives rise to pathological mesh sensitivity in numerical computations, and discussed their physical
justifications, advantages and numerical applications, during the last two decades. Many recent
work in applications based on the nonlocal continuum can be found in literatures (Abiri and
Lindgren, 2015; Alam et al., 2013; Andrade et al., 2011; Balieu et al., 2014; Belnoue et al., 2010;
Belnoue et al., 2007; Grassl and Jirdsek, 2006; Havldsek et al., 2016; He et al., 2015; Jirdsek and
Rolshoven, 2003; Nguyen et al., 2015; Toti et al., 2015; Xenos and Grassl, 2016).

. The gradient-dependent model

By employing the methods developed in the theory of fluid interfaces (Aifantis and Serrin, 1983a,
b) which introduces second density gradients in the dependence of interfacial stress, Triantafyllidis
and Aifantis (1986) proposed a new framework for considering the strain induced localization and
the loss of ellipticity in the governing equilibrium equations for hyperelastic material at finite strains.
In this theory, an additional second deformation gradient dependent term is introduced into the
expression of the strain energy density, which leads to equilibrium equations remain elliptic. The
analytical solutions of the Blatz-Ko material is obtained in the particular case. In the work of Lasry
and Belytschko (1988), a simple approach based on introducing additional high order terms in the
governing equations in the strain-softening portions of the domain was proposed. With the help of
the Taylor expansion of the nonlocal strain model, the addition of a second order derivative term
to the strain formulation leads to an efficient localization limiter (explicit gradient form), which
ensures the energy dissipation remains finite at arbitrary mesh refinement, for strain-softening
materials. Mihlhaus et al. (De Borst and Mihlhaus, 1992; Miihlhaus and Alfantis, 1991) developed
a generalized plasticity model, which belongs to the class of gradient models and is accomplished
by introducing higher-order spatial gradients of the equivalent plastic strain into the yield function
while the flow rule and the elasticity law remain unaltered. Additional boundary conditions and the
smoothness C! continuity of the interpolation functions of the plastic multiplier are required for
the equilibrium conditions, due to the presence of the strain gradients in the constitutive laws. De
Borst et al. (De Borst and Miihlhaus, 1992; De Borst et al., 1993) provided an overview of three
different approaches, the addition of higher-order deformation gradients, the use of micropolar
continuum and the addition of rate dependence, in the finite element analysis of localization
phenomena, and developed two families of finite elements for the implementation of gradient-
dependent plasticity. De Borst et al. (1999) proposed a combination model coupling the gradient
plasticity and gradient damage for localization analysis. It concludes that coupling the theory to
damage suffers from two drawbacks: the results are excessively sensitive to the damage threshold,
and it’s difficult to find physical grounds for a combination of two softening mechanisms. Peerlings
et al. (2001) made a critical comparison of the nonlocal damage model based on the work of
Pijaudier-Cabot and BaZant (1987) and the two gradient-enhanced damage formulations: explicit
and implicit gradient approximations derived by (Engelen et al., 2003; Peerlings et al., 1995, 1996;
Peerlings, 1999) and clarified some of the similarities and intrinsic differences. Gradient terms of
order higher than two have been rigorously neglected in the explicit model, whereas these terms
have indirectly been preserved in the implicit formulation. As a result, spatial interactions span the
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entire domain in the implicit model, similarly to the nonlocal model. The explicit model shows a
response which is entirely different and which is even nonphysical in several aspects. In particular,
the wave velocity is unbounded and the predicted crack growth may be instantaneous. In the
implicit gradient formulation the wave velocity and crack growth rate remain finite, as in the
nonlocal model. Peerlings et al. (2004) presented a new gradient damage model derived from
thermodynamics statements in elastic regime. Nonstandard terms of nonlocal strain are added to
the free energy potential. The stress is enhanced by the differences of local and nonlocal strain.
The damage evolution is replaced by the nonlocal equivalent strain. Abu Al-Rub and Voyiadjis (2006)
presented a physically motived mathematical form for the gradient plasticity theory, which is based
on the Taylor’s dislocation hardening model that incorporates evolution equations of SSD and GND
densities and assumes a simple addition of the densities from SSDs and GNDs, and bridges the gap
between continuum and dislocation-based theories. A different expression for the material length
scale parameter is obtained which indicates that the length scale is not fixed and varies with the
course of plastic deformation and grain size. Mediavilla et al. (2006b) used a combined continuous-
discontinuous approach, in which the continuous damage mechanics describes the material
degeneration (strain-softening response), and the discontinuous approach typically used in fracture
mechanics captures the crack growth, to describe the complete failure process including the crack
initiation and crack propagation in sheet metal forming, initially proposed by Mediavilla et al.
(2006a). The damage evolution, governed by a nonlocal internal variable which is averaged from a
second order partial differential equation associated to its local values to avoid the pathological
localization and mesh dependence, and a remeshing strategy, devised to capture the localization
zone and accommodate the crack propagation, are performed on the platform of MSC.Marc using
linear quadrilateral element with assumed strain to prevent locking. The simulations of blanking,
fine-blanking and score-forming processes are in agreement with experimental observations. Many
recent researches can be found in literatures (Abu Al-Rub et al., 2007; Jirdsek and Rolshoven, 20093,
b).

. The viscoplastic regularization

The viscoplastic framework (strain rate hardening/softening) can be used for regularization of local
damage models. The basic idea of viscoplastic regularization is that when the deformation rate
starts to increase in the softer element, the increase in strain rate makes the element stiffer again.
Needleman (1988) initially presented the role of material rate dependence in setting the character
of governing equations, which ensures the ellipticity of incremental equilibrium equations for
guasi-static problems and real wave speeds for dynamic problems, with a simple one-dimensional
problem. The pathological mesh sensitivity associated with numerical solutions of localization
problems is eliminated. It concludes that material rate dependence implicitly introduces a length
scale into the governing equations. However, it experienced numerical instability problems when
the rate-independent limit is approached. Sluys and De Borst (1992) proposed a smeared-crack
model in which the stress after cracking is not only a function of the crack strain, but also of the
crack strain rate. The essential features of the rate-dependent model are the implicit presence of
an internal length scale and the dispersive character of wave propagation. Inspired from the
viscoplastic regularization, Dubé et al. (1996) presented a rate dependent continuum damage
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model which is defined by modifying the evolution law for damage and more specifically the
expression of the damage multiplier, and applied it to an isotropic damage model with crack closure.
Upon softening, the rate-dependent damage model yields a second-order partial differential
equation governing motion, which is unconditionally hyperbolic, instead of a third-order equation
in viscoplasticity. Wang et al. (1996) derived a closed-form solution for a strain-softening
viscoplastic medium in combination with an imperfection which is used to trigger the localization
zone. It shows that the two length scales are coupled, namely the size of the imperfection and the
material length scale implicitly introduced by the viscoplasticity theory. The width of the shear band
is dominated by the smallest value of these two length scales. The influence of the imperfection
decreases when the shear band is some distance away from the imperfect zone. Niazi et al. (2013)
revisited the viscoplastic regularization for quasi-static problems with two different types of strain
rate hardening models, and identified two length scales: a primary length scale relating to the
diffuse neck length scale and a secondary length scale which relates to the localized neck length
scale. It shows that the primary viscoplastic length scale is a function of the hardening and damage
parameters and does not depend upon the prescribed strain rate whereas the secondary length
scale is a function of the strain rate. As damage grows, the effective regularization length gradually
decreases. When the effective regularization length gets shorter than the element length numerical
results become mesh dependent again.

. The high order continua

The high order continua are based on the introduction of additional degree of freedoms, such as
Cosserat continua (Cosserat and Cosserat, 1896, 1909, 2009) and the micromorphic model. The
micromorphic theory was proposed simultaneously by Eringen and Suhubi (1964) and Mindlin
(1964). It consists of introducing a general incompatible full field of micro-deformation as an extra
degree of freedom, in addition to the classical displacement field. Several available approaches can
be reconciled based on Eringen’s general micromorphic framework and its extension to
viscoplasticity (Forest, 2009; Hirschberger, 2009; Kirchner and Steinmann, 2005). The
micromorphic approach can be applied to single/poly-crystal damage plasticity (Aslan et al., 2011;
Cordero et al., 2013; Forest et al., 2014) and any macroscopic quantity in order to introduce a
characteristic length scale in the original classical continuum model in a systematic way, as
presented in literatures (Forest, 2009; Saanouni, 2012). Nedjar et al. (Frémond and Nedjar, 1995,
1996; Nedjar, 2001) derived a nonlocal damage theory within the framework of the principle of
virtual power to avoid the mesh-dependence problem. The damage velocity and its gradient are
introduced into the power of internal forces, which yields additional balance equations associated
with the counterparts of damage rate and its gradient, to take the interactions of microscopic
movements into account. From the comparison between nonlocal and micromorphic theories
(Forest and Aifantis, 2010), it concludes that: when the microstrain remains as close as possible to
the plastic strain, the micromorphic model reduces to the gradient plastic model (Aifantis, 1984,
1987; Forest et al., 2002) which can be constructed from a gradient type of internal variable model
(Forest and Sievert, 2003; Forest et al., 2002; Gurtin, 1996) and is used for strain localization
simulations (De Borst and Pamin, 1996; De Borst et al., 1999; De Borst et al., 1993). Later, the
micromorphic and strain/damage gradient models are extended to the nonlinear relations between
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generalized stresses and strains by Forest (2016). Saanouni and Hamed (Hamed, 2012) proposed a
thermodynamically consistent fully coupled micromorphic formulation using the appropriate
micromorphic state variables and their first gradients within the framework of generalized nonlocal
continua. Numerical implementation of the micromorphic damage model shows the capability to
converge to a mesh-independent solution. Diamantopoulou et al. (2017) applied the micromorphic
damage model to the uniaxial tensile test and air bending test which are both in agreement with
the experimental results and reduce the dependence of the responses against the refinement of
the mesh.

V.3 The generalized heat equations

In the analysis of conduction heat transfer, the Fourier model (Fourier, 1822, 1878), indicating that the
heat flux vector is proportional to the temperature gradient, is the most widely employed model in solving
engineering problems. Such a heat conduction equation combined with the energy conservation law leads
to a parabolic equation predicting an infinite propagation speed of thermal pulses (Bai and Lavine, 1995;
Barletta and Zanchini, 1997; Cattaneo, 1948, 1958; Coleman et al., 1982; Coleman et al., 1985; Jou et al.,
1988; Miiller and Ruggeri, 1993; Swenson, 1978; Vernotte, 1958; Zanchini, 1999). From the experimental
standpoint, this result is inaccurate for thermal conduction problems at cryogenic temperature or in the
presence of strong temperature gradients during material surface processing by laser treatment or fast
machining. For instance, the propagation speed of thermal signals has been measured in liquid helium
(Peshkov, 1944, 1946), in NaF at about 10°K (Jackson and Walker, 1971) and in Bi at 3.4°K (Narayanamurti
and Dynes, 1972). A thermal Mach number has also been reported for heat conduction through solids (Da
Yu, 1989). On the other side, several experiments or simulations on heat transport of materials with
structure at nanometer length scale (e.g. semiconductor quantum dots and superlattices, Carbon
nanotubes, polymer nanocomposites, multilayer coatings, microelectronic and optoelectronic devices,
and microelectromechanical sensors) (Cahill et al., 2014; Cahill et al., 2003; Jou and Cimmelli Vito, 2016;
Tzou, 2014; Wang and Wang, 2006) which involves high frequencies and small length scales, show
significantly different results from those of the classical Fourier model. For instance, the heat flux obtained
by applying a temperature gradient in nanometer-scale silicon samples, is found to be significantly lower
than that predicted by Fourier’s model (Larson et al., 1986), which is suggested as the result of a reduction
in the conductivity of the material. Considering the heat carriers’ mean-free-path | and a relevant

characteristic length L of the system expressed by the Knudsen number Kn =//L , the Fourier model is

valid in the limit of very small Knudsen number (i.e. //L < 1). When the Knudsen number becomes

comparable to or higher than 1, due to an increase of mean-free-path (as in rarefied gases and in aerospace
engineering or in miniaturization/nano technologies), the heat transport is no longer diffusive but ballistic.
The nonlocal effects are especially important in the nanoscale structures (Alvarez and Jou, 2007; Kaiser et
al., 2017; Sellitto et al., 2016). A review of the current micro-, meso- and macroscopic methods in micro-
and nanoscale heat transport has been presented in the literature (Guo and Wang, 2015).

To overcome the paradox of an infinite propagation speed of thermal signals, and to describe the heat
transport behavior of nanoscale devices, many works have been done in the literature. They are briefly
reviewed in what follows classified into four classes depending in the used theoretical framework:
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1) Class | — modifications of the classical Fourier model
The original work was proposed by Cattaneo (Cattaneo, 1948, 1958) and Vernotte (Vernotte, 1958),
which used an approximate version of kinetic theory of gases and suggested a modification of the
constitutive equation of heat flux with a relaxation term. When combined with the first law of
thermodynamics (energy conservation), this leads to a hyperbolic heat conduction equation, which
removes the paradox of infinite temperature propagation speed and gives a solution more
consistent with the experimental evidence. However, many works (Bai and Lavine, 1995; Barletta
and Zanchini, 1997; Coleman et al., 1982; Coleman et al., 1985; Kérner and Bergmann, 1998;
Zanchini, 1999) raise the question whether Cattaneo’s hyperbolic heat equation is compatible with
the second law of thermodynamics. They show that the modification of the Fourier model may
yield a non-positive entropy production per unit volume, clearly in conflict with the second law of
thermodynamics. Later, Miller (Mieller, 1966; Muller, 1967; Miiller and Ruggeri, 1993), motivated
by the work of Cattaneo, has tried to derive the modifications of the Fourier model of heat flux and
Navier-Stokes equations from the thermodynamics of irreversible processes (TIP). He noticed that
the argument of TIP could be used to derive the Cattaneo’s equation from the generalized Gibbs
equation. He proposed a so called “extended thermodynamics of irreversible processes” based on
the assumption that the generalized specific entropy is function of the heat flux. In this framework,
he obtained a generalized heat equation predicting a finite speed while the second law of
thermodynamics is fulfilled. Afterwards, a large number of papers have appeared, based on the
Midller’'s methodology and mainly devoted to gases. A relatively complete review of this type of
generalized irreversible thermodynamics can be found in Jou et al. (Jou et al., 1988; Jou et al., 2010;
Jou et al., 1993). In the framework of the rational thermodynamics, Coleman et al. (Coleman et al.,
1982; Coleman et al., 1985) extended the specific internal energy to a quadratic function of the
heat flux. Consequently, the specific entropy and specific Helmholtz free energy were also
extended by the heat flux, due to the relationship between internal energy and free energy. The
evolution of temperature was governed by a pair of equations. Temizer et al. (Temizer and Wriggers,
2010) derived a high order continuum formulations of linearized thermal conduction similar to the
strain-gradient elasticity theory. In particular, a thermal dissipation potential that depends on the
gradients of the temperature up to second-order was assumed. Accordingly, the constitutive
equations associated with heat flux, derived from the dissipation potential, leads to extended
Onsager-Casimir symmetry relationships. The Guyer-Krumhansl (GK) equation (Both et al., 2016;
Guyer and Krumhansl, 1966), using the linearized Boltzmann equation of phonon kinetic theory in
which heat transport is described by momentum and energy exchanges between colliding massless
particles called phonons, emphasizes the role of nonlocal effects in heat transport. A new
coefficient associated to nonlocality and higher spatial order of heat flux is introduced into the
evolution equation of the heat flux. It has been successfully used to describe a heat pulse
experiment at room temperature in a macroscopic, heterogeneous specimen, that cannot be
modelled properly either by the Fourier model or the Cattaneo equation (Both et al., 2016). In the
references (Jou et al., 2010; Lebon, 2014; Van and Ful6p, 2012), the GK equation applied to model
heat conduction at micro and nanoscales, has also been rigorously derived within the framework
of extended irreversible thermodynamics (EIT). The other two enhanced heat fluxes: the Jeffreys
type (lagging heat equation) and the Green-Naghdi equation can be also derived under the
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framework of EIT (Van and Fiilop, 2012). Similar to the Fourier model, the GK equation also predicts
that thermal signals propagate at infinite velocity. In order to account for the nonlocal effects in
metals irradiated by ultrashort laser pulses inducing large temperature gradient, Sobolev (Sergei,
1997; Sobolev, 1993; Sobolev, 1995, 2014, 2016) proposed an extension of Cattaneo’s equation
with an additional contribution from the second-order space derivative of heat flux, which can be
regarded as an special case of the GK equation, and applied it to the double temperature model. In
order to be satisfactory for high-frequency processes, all the higher-order fluxes must be
incorporated into the formalism. The kinetic theory points out the fact that the relaxation times of
higher-order fluxes are not always shorter than the collision time. When the frequency becomes
comparable to the inverse of the relaxation time of the first-order flux, they will behave like
independent variables (Sellitto et al., 2016). This yields the Ballistic heat transport model, in which
the effective thermal conductivity is expressed in terms of the classical bulk thermal conductivity,
the relaxation time and the Knudsen number. The dual-phase-lag model (Tzou, 1995, 2014)
evolving from the Fourier model introduces two phase lags: the phase lag of the heat flux captures
the small-scale response in time and the phase lag of the temperature gradient captures the small-
scale response in space, into the constitutive equation of heat flux. Combining these constitutive
models with the energy balance law leads to a fourth-order partial differential heat equation as
well as third-order time derivative. The Boltzmann equation being hard to solve, Chen (Chen, 2001)
established the ballistic-diffusive heat-conduction equations, which are applicable to transient heat
conduction and are derived from the Boltzmann equation under the relaxation approximation and
from the splitting of the distribution function into a diffusive and a ballistic parts, as required in
small structures. Computational results suggest that it is a much better alternative to the Fourier
and the Cattaneo equations at scales where the mean free path is comparable to the system size
and the time is comparable to the carrier relaxation time. In fact, to obtain a finite velocity for the
propagation of thermal signals it is not necessary to assume relaxation terms in heat equation. This
result can be also obtained if one assumes a non-linear diffusion equation with the thermal
conductivity depending on the temperature in an appropriate way (Luikov et al. (Luikov et al., 1976),
Bubnov (Bubnov, 1976) and Swenson (Swenson, 1978)).

Class Il — considering the temperature gradient as an argument of the Helmholtz free energy
There are essentially three ways to comply with the second law of thermodynamics when
introducing the gradient of temperature or gradient of entropy:

a). by introducing an extra entropy flux: Ireman et al. (Ireman and Nguyen, 2004), based on the
idea of Maugin’s (Maugin, 1990; Maugin and Muschik, 1994a; Maugin and Muschik, 1994b)
work on gradients of internal variables, discuss several ways of introducing the gradient of
temperature in continuum thermodynamics; the gradient theory assumes additional entropy
production;

b). modification with extra energy production: Forest et al. (Forest et al., 2000) made an attempt
to incorporate temperature and temperature gradient into the second grade theory, with
extra energy production (extra power) by extending the method of virtual power and
continuum thermodynamics. An extra entropy production from the divergence of the
generalized thermodynamic forces associated with the temperature gradient was derived.
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Later, Forest et al. (Forest and Amestoy, 2008) developed the entropy gradient theory and
derived an enhanced heat equation which has the structure of the Cahn-Hilliard equation in
mass transport theory. He also showed that the entropy gradient theory and temperature
gradient theory are not equivalent. The generalized heat equation derived from the
temperature gradient theory can be regarded as an approximation of the reference gradient
of entropy theory;

c). modification with additional entropy production. Nguyen (Nguyen, 2010) proposed an
additional entropy production and a new relationship between internal energy and free
energy to introduce the gradient of temperature in the set of state variables. The deduced
generalized heat equation predicts a finite propagation of thermal pulses.

Class lll — double temperature model

Aifantis (Aifantis, 1980a, b; Forest and Aifantis, 2010) derived the double temperature model, from
electron-phonon collisions during the ultra-short pulsed laser heating of metals, based on the
mixture theory of Mdller (Miiller, 2001). Sobolev (Sobolev, 2016) showed that the two temperature
model using Fourier’s model is a parabolic heat equation. He also derived an extended hyperbolic
two temperature model by using the Cattaneo’s equation.

Class IV — the micro-temperature or micro-entropy theory

The micro-temperature, that depends on the micro-coordinates of the micro-elements, was initially
considered by Wozniak (Wozniak, 1967) assuming known functions of temperature and
temperature gradients. Based on the work on kinematics and dynamics of a continuum with
microstructure by Eringen and Suhubi (Eringen and Suhubi, 1964; Suhubl and Eringen, 1964), Grot
(Grot, 1969) proposed a theory of thermodynamics for elastic materials with microstructure which
possessed micro-deformations and micro-temperatures. The micro-temperatures were
determined by a balance law. The second law of thermodynamics is modified to include micro-
temperature, and the first moment of the energy equation is added to the usual balance laws of a
continuum with microstructure. From the linear approximation, the temperature and micro-
temperature are determined by a pair of equations. Later, lesan (lesan, 2002) also deduced the
same pair of governing heat equations using homogeneous and isotropic micromorphic continua
(Eringen, 1966b; Eringen, 1970, 1992; Eringen, 1999; Eringen and Suhubi, 1964; Suhubl and Eringen,
1964). The theory of micromorphic fluids with microstructures has been studied in various papers
(Koh, 1973; Riha, 1977; Riha, 1975; Verma et al., 1979). A study of the problem of heat conduction
in micromorphic continua was presented by Riha (Riha, 1976) and an agreement was obtained
between theoretical results and experimental data for the silicone rubber containing spherical
aluminum particles and for the human body blood. Green et al. (Green and Naghdi, 1991) illustrated
in details of the thermal propagation in a rigid solid at finite speed, based on the established
thermomechanical theory with the introduction of a balance of entropy and the use of energy
equation as an identity for all motions and all temperature fields after the elimination of external
fields (Green and Naghdi, 1977). Later, a thermoelasticity theory without energy dissipation for
nonpolar bodies, based on the new thermomechanical theory, has been presented in (Green and
Naghdi, 1993). It permits the transmission of heat as thermal waves at finite speed. lesan et al.
(lesan and Nappa, 2005) used the procedure proposed by Green et al. (Green and Naghdi, 1977)
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and extended it to the micromorphic continua. In the linearized theory, it predicts the thermal
propagation with finite speed. In the previous theories, the micro-temperature is a vector quantity
akin to a temperature gradient. In contrast, Forest et al. (Forest and Aifantis, 2010) present theories
involving scalar micro-temperature or micro-entropy, by applying the micromorphic approach
(Forest, 2009; Saanouni and Hamed, 2013) extending the local model to the micromorphic
framework, to the temperature and entropy, respectively. They showed that the gradient entropy
theory and gradient temperature theory can be regarded as a limit case of the micro-entropy and
micro-temperature theories.

Model Authors Heat equations
Classical hgat'equation with Fourier, 1878 C T = kAT
Fourier’'s model €
Cattaneo |, 1948 PC.T +7,kAT = kAT
Cattaneo II, 1948 PC.T+10C,T=1AT

Hyperbolic type with relaxation
ti ~dA _\. - - .
Coleman et al., 1982 daTr

G+z-g=—K-VT

Nguyen, 2010 PC.T+MVT-VT =rAT

Forest, 2008 PC,T+TAAT =KkAT
Temperature (or Entropy) S
i AC
gradient model Forest, 2008 pC.T+T A AT + 22 A2 = AT
Pl

Forest, 2010 PC.T—aT,;T + MT,AT = kAT

Aifantis, 1980 T+aT — BAT + yA’T = AAT

T, +(7+7,)T, + 70,1, —PAT, = RAT,

Double temperature model

Sobolev, 2016 | 7 4 (7417, )T, + 77,1, = (P + 12 ) AT, - 27,47,
= KAT,
cT =kAT +k,div(T)
lesan, 2002 - . - —
bT = kAT +(k, +k, )V (div(T)) =k, T —k,VT
Micro-temperature model
aT + mdiv ( ) kAT
lesan, 2005

bT =d,AT +(d, +d,)V (div(T))-mVT
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Tl ZpC. | =—= +2M(f—T’) = kAT
2 T T
Micromorphic temperature . e = (s .
hic ke pCT+ pT(gZT T ng)—ZTM(T —T)
Two-temperature ~TM?AT = xAT
type o

pT(gf + gj) _TMPAT
Microtemperature o
type 1 T T

pC,T+p(7C, +To6, )T+ pT, (76, +¢,)T
+ipTyc, T —TMPAT —T,M°AT = kAT

Table V-1 Various generalized heat equations

In the second part of thesis, we focus on the theoretical formulations and numerical implementations

of the proposed micromorphic constitutive equations. The main work are summarized as following:

1).

Theoretical formulations of the thermodynamically consistent nonlocal constitutive equations of
elasto-visco-plasticity, coupling with isotropic ductile damage, temperature, mixed hardening as
well as associated micromorphic state variables, in finite deformation. The new balance equations
are obtained due to the introduction of the additional micromorphic state variables. The state
relations and evolution equations are derived according to proper selections of the Helmholtz free
energy and the dissipation potentials;

. For the heat transfers, an intensive review of the current extended heat equations are studied,

which could be classified into five types according to the used different theoretical frameworks.
The micromorphic heat equations are derived by introducing the new micromorphic temperature
and its first gradient, which yields a new thermal balance equation coupling with the classical local
heat conduction equation. A pair of generalized heat equations governs the evolution of
temperature and allows the introduction of nonlocal thermal effects and an internal length scale.
The propagation of thermal plane waves is investigated according to various generalized heat
equations. Several extended heat equations could be retrieved from the constrained micromorphic
heat equations;

. Three types of first-order finite element: a planar quadrangular element of plane stress, a

guadrangular shell element and a solid-shell element, are developed in Abaqus to adapt the new
micromorphic state variables;

. The local integration of the strongly coupled micromorphic constitutive equations is performed

using the well-known return-mapping algorithm based on the elastic prediction and plastic
correction method for general non-associative elasto-visco-plasticity model in the presence of
nonlinear isotropic and kinematic hardenings;

. Parametric study of the local damage parameters, the coefficients of viscoplastic effects, the

micromorphic damage and isotropic hardening parameters as well as the anisothermal
micromorphic damage model, are well performed. With the identified parameters of material
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DP1000, the proposed nonlocal constitutive equations are applied to the uniaxial tensile test and
cross section deep drawing processes respectively.
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VI. Theoretical formulations

VI.1 Introduction

In several situations as for continuum with scale effects, continuum with heterogeneous microstructure,
continuum with strong micro discontinuities, etc., the displacement vector and its first gradient are not
sufficient to define the mechanical state in a material point. It is then necessary to add other variables as
well as their gradients of the first, second, or higher orders, in the principle of virtual power and as new
arguments in state and dissipation potentials. This defines the so-called mechanics of generalized continua
or of materially non-simple continua. All these theories seek to define the mechanical state at a material
point in terms of a more or less vast domain surrounding the point, or even of the whole domain. Finally,
this introduces a kind of length scale effect in terms of the morphology of the spatial distribution of the
different phases inside the representative volume element (RVE) and of the size of the various constitutive
elements, or the effects of the gradients of physical fields. Commonly, the theory of the generalized
continuum mechanics is classified, as schematized in Fig. VI-1, in three distinct theories(Diamantopoulou
et al., 2017; Forest, 2009; Labergére, 2015; Saanouni, 2012; Saanouni and Hamed, 2013):

1). High grade continua, which is based on the introduction of the high order spatial gradients of the
displacement vector U in addition to the first displacement vector into the principle of virtual power,
as initially proposed by (Mindlin, 1965; Mindlin and Eshel, 1968; Toupin, 1964; Toupin, 1962);

2). High order continua, which was initially proposed by the Cosserat brothers (Cosserat and Cosserat,
1896, 1909) and subsequently developed by Eringen and his co-workers in 1960s (Eringen, 19664, c;
Eringen, 1970; Eringen, 1999; Eringen and Suhubi, 1964; Mindlin, 1964), supports the additional
degree of freedoms (dof) which are generally new kinematic variables and their high order gradients
in the principle of virtual power;

3). Strictly nonlocal continuum field theory well summarized in the recent work by Eringen (Eringen, 2002).

As suggested by Forest (Forest, 2006; Forest, 2009), all these generalized continuum theories are still
based on the assumption of local action (Truesdell and Noll, 2004a). The class of nonlocal theories are

“concerned with the physics of material bodies whose behavior at a material point is influenced by the

state of all points of the body” as stated by Eringen in his introduction (Eringen, 2002).

The constitutive equations presented in this part, is based on the macroscopic phenomenological
approach in the context of the thermodynamics of irreversible processes with state variables (Germain et
al.,, 1983; Lemaitre et al.,, 1985; Saanouni, 2012; Truesdell and Noll, 1965). Each selected physical
phenomenon is associated with a state variable defined in the deformation space, whose relation with its
dual variables in the stress space is conditioned by the construction of a state potential and its evolution
is based on the choice of an adequate dissipation potential.
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Simple continua

‘( Cauchy continua 1832]

Cosserat continua 1896

High order
continua

‘ Hypothesis of local '
' action |

Generalized continua
Continuum

Mechanics

Micromorphic
(Eringen 1964,
Mindlin 1964)

Second gradient
(Mindlin 1965)

High grade
continua

Gradient of internal
variables
(Maugin 1990)

Hypothesis of Gully intergral formulation
nonlocal action k (Eringen 1972)

Fig. VI-1 Scheme of different theories in continuum mechanics

V1.2 Generalized principle of virtual power (Balance equations)

VI.2.1 New degree of freedoms (dofs)

In order to account for the material’s softening phenomena, which results from the evolution of ductile
damage or the thermal effects and yields the high sensitive mesh-dependency in the numerical simulations,
four new pairs of micromorphic variables associated with their local state variables are introduced as

additional internal degree of freedoms, i.e. (07,)7) for micromorphic damage, (F,R) for micromorphic

isotropic hardening, (0:5,):() for micromorphic kinematic hardening and (T’,E) for micromorphic

temperature, besides the classical degree of freedoms of displacement field, to represent the respective
related nonlocal effects.
VI.2.2 Principle of virtual power for a micromorphic medium

The generalized virtual power of internal forces OP,, is extended by the new micromorphic variables

and their first gradients:

1>

6Pint:—I(g:§5ﬁ+75§+ﬁ§f+)_?:5é+§§f+\;-§5c7+ﬁ-§6f+ .'ﬁégihgﬁé‘f)dv (I.1)
Q

where, ¢ indicates the Cauchy stress tensor, Y, R, ):( and S are the generalized stress-like variables

with respect to the first gradients of the new micromorphic dofs. The superimposed symbol (*) indicates
the kinematically admissible virtual fields.

Similarly, the virtual power of external body and contact forces 5Pext are enriched by:
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(F-ou)+ f"-55+fg"’~65c7)+(ff~5f+fgf-65?)
dv
o | +(f%:0a+f" .-.?50_%)+(ff-5f+f"fﬁ§f) (11.2)

+ﬂ(ﬁ“ -5&)+(F" -53)+(Ff 7 )+ (E° :5ojz)+(Ff -5%)}15

where, ]?“ , fd, ]?gd . f, ]?gF , [’i , zga;, fT and ]?gf are the simple and generalized body forces

associated with the displacement, the micromorphic variables and their respective first gradient. Also = ,
F? , F , fé' and F7 are the simple and generalized micromorphic contact forces acting on the

appropriate parts of the boundary I".

Finally, the virtual power of inertia forces can be expressed as:

5P, =jp(5-5ﬁ+ga§.5c?+gj-5r‘+§gé : 5é+gflf5f+gfjaf)dv (11.3)
"4

where, d , r , a, T and T arethe generalized acceleration terms associated with micromorphic damage,
micromorphic isotropic hardening, micromorphic kinematic hardening and micromorphic temperature,

respectively. (d , G- §Q and ¢ are scale factors which map the local density of the material to the

micromorphic level (Nedjar, 2001). Two thermal contributions are introduced for the sake of generality.
The first one mimics the mechanical acceleration and introduces the second time derivative of the
micromorphic temperature. The second one involves only the first time derivative of the micromorphic
temperature based on the idea of micro-kinetic energy in the spirit of the kinetic theory of gas.

It should be noticed that there are two kinds of inertia contributions (first and second time derivatives)
from micromorphic temperature. The first inertia term (second time derivative) is similar to the inertia of
displacement. The second inertia term (the first time derivative) is based on some justifications from
kinetic theory of gas, where the kinetic energy is proportional to temperature. In (Mandl, 2008) it is
recalled that Maxwell and Boltzmann have developed a kinetic theory that yields a fundamental
understanding of temperature in gases. The kinetic theory assumes that pressure is caused by the force
associated with individual atoms striking the walls, and that this energy is translational kinetic energy.
Using a sophisticated symmetry argument, Boltzmann deduced what is now called the Maxwell-
Boltzmann probability distribution function for the velocity of particles in an ideal gas (Swendsen, 2006).
From that probability distribution function, the average kinetic energy, E, (per particle), of a monatomic

ideal gas is:
1
E ==mv} =gk T (1.4)

where kj is the Boltzmann constant, and v, __is the root-mean-square speed. It is reasonable to assume

that the temperature is function of particles velocity. Then, the first time derivative of temperature will
result in an acceleration term, which is a kind of generalized force. That is why we postulate that the
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generalized thermal inertia (Holba and Sestak, 2015; Sestak and Holba, 2013) (inertia of temperature) is
proportional to the first and second time derivatives of temperature.

The generalized principle of virtual power stipulates that the sum of the virtual powers of internal and
external forces balances the power of acceleration forces for all admissible virtual velocity and
micromorphic fields (K.A. stands for kinematically admissible fields in the usual sense):

SP_+5P =P, VSU,5d,5F,58,5T KA. (I1.5)

int ext

VI.2.3 Generalized balance equations

Substituting Egs. (11.1)-(11.3) into Eq. (II.5), the consequences are the classical equilibrium equation as
well as four additional balance equations associated with the micromorphic variables together with their
Neumann-type boundary conditions:

e The classical equilibrium equations:

{V-g+iof =pu inQ (1L6)

o-n=F" onT

e The micromorphic temperature balance equations:
(Ves=5)+p(f =V-F7)=p(G,T+¢0T) inQ

I ) (1.7)
(§—pfgr)~ﬁ=FT onT

e The micromorphic damage balance equations:

(VY =V )+ p(£°=V-F)=pt,d inQ
(?—p}'ﬁ).ﬁzpé - (11.8)

e The micromorphic isotropic hardening equations:

(V-R=R)+p(f ~V-F)=pti inQ
(ﬁ—pfgf).ﬁzFf . (11.9)

e The micromorphic kinematic hardening equations:

(V-X=X)+p(f =V F)=pc,é inQ
()_3(—1029@).,‘7’252? - (11.10)

These balance equations with their associated Neumann-type boundary conditions will be used, with

other equations, to solve the initial and boundary value problem (IBVP) in order to determine all the local
and micromorphic unknown dofs.
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V1.3 Thermodynamic formulations

The balance equations (11.6)~(l.10) extracted from the generalized principle of virtual power are not
sufficient, by themselves, to solve the IBVP. Additional equations are then required to complete the
number of equations necessary to solve the problems. These missing equations are nothing but the so
called constitutive equations relating the local and micromorphic stress-like variables to their conjugated
strain-like variables.

This paragraph is dedicated to the formulation of these constitutive equations for deformable solids
under finite theromechanical transformation. This will be performed in the framework of the
thermodynamics of irreversible processes with state variables (see for example Saanouni (2012)). This
consists in:

e Selecting the convenient pairs of local and micromorphic state variables (strain-like, stress-like)
associated with the selected thermomechanical phenomena under concern

o Defining the required effective state variables on the “undamaged” or “safe” deformed
configuration in order to perform, systematically, the strong effect of the ductile damage on the
other thermodynamical phenomena

e Constructing a convenient state potential, a scalar valued convex function of the strain-like
variables, from which the stress-like variables (or the state relationships) will be extracted

e Constructing the convenient yield functions as well as the dissipation potentials, a scalar-valued
convex function of the stress-like variables, from which the evolution equations governing all the
dissipative phenomena have to be extracted based on the generalized normality rules.

This formulation methodology will be followed to formulate the required local and micromorphic

constitutive equations.

VI.3.1 State variables

The local state method, in the context of the thermodynamics of irreversible processes with state
variables, is adopted to formulate a wide class of thermo-elasto-inelastic constitutive equations accounting
for many physical phenomena including ductile damage.

V1.3.1.1 Choice of state variables
The pairs of state variables are presented in Table VI-1. Each pair is composed of a strain-like variable
together with its dual force or stress-like variable (Saanouni, 2012).

Phenomenon Internal Variable Dual Variable
Observable state variables
Mechanical variables &€ o
Thermal variables T s
Non observable state variables
Thermal exchanges g Gg=VT
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Reversible strains &g° o)
Kinematic hardenings a X
Isotropic hardening r

Isotropic ductile damage

Micromorphic kinematic hardening

I 13«

Micromorphic isotropic hardening

Micromorphic isotropic damage

<u <

Micromorphic temperature

7‘i
VT

— —— — — Q.
<
(
w0l W (L I

a)

b)

Table VI-1 State variables associated with physical phenomena

Any total strain tensor, associated with an adequate stress tensor according to the stress-strain

conjugacy principle. These pairs can be: (¢,0), (¢,z), (E,S), or (F,z), where §=Ith is
t

the Eulerian total strain tensor, D is the Eulerian strain rate tensor, ¢ is the Eulerian Cauchy

stress tensor, 7 is the Eulerian Kirchhoff stress tensor, E =J.Edt is the Lagrangian total strain
t

T .
tensor, S :JE"lg(E_l) is the Lagrangian Piola-Kirchhoff stress tensor, F = jfdt is the total

t

transformation gradient as well as the Boussinesq or Piola-Lagrange stress tensor

z=Jo(F*) ;

The absolute temperature associated with the specific entropy (T,s);

Thermal exchanges are governed by the heat flux vector (normalized by the temperature)

associated with the temperature gradient (%,ﬁj,

Thermo-elastic strain £°is associated with the Cauchy stress if total incompressibility is

accepted (Saanouni, 2012);
Kinematic hardening is represented by a purely deviator tensor ¢, associated with its dual

variable X, which measures the translation of the yield surface center in stress space.
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f) Isotropic hardening is characterized by the scalar variable r associated with its dual variable
R, which measures the variation in stress space of the elastic domain radius.

g) Damage is naturally fairly anisotropic on a microscopic level. There are various mathematical
representations, fourth-order tensor, second-order tensor or scalar, of damage in literatures
(Krajcinovic, 1996; Lemaitre, 1992; Lemaitre et al., 1985; Lemaitre et al., 2009; Lemaitre and
Desmorat, 2005; Murakami, 2012; Voyiadjis et al., 1999). In this thesis, we use a scalar d
associated with a thermodynamics force Y in order to represent isotropic ductile damage.

h) Localized effects of kinematic and isotropic hardening are represented by the micromorphic
kinematic or isotropic hardening strain-like variable ¢ and r , which are supposed to carry the

targeted gradient effects and have the same nature as the local kinematic or isotropic

hardening state variable ¢ and r, and their first gradients 6@ and VF associated with their

dual stress-like variables X , R , X and R , respectively.

i) Due to the high sensitivity to the localization, the nonlocal damage effect is characterized by

the micromorphic isotropic damage d and its first gradient Vd . Y and Y are their
generalized dual forces.
j)  The thermal gradient effects are represented by the state variable of micromorphic

temperature T and its first gradient VT (their dual stress-like forces s and s ). The
micromorphic temperature is associated with the local temperature T .

V1.3.1.2 Damaged effective state variables

In the local state method, in order to formulate the constitutive equations for materially simple
continuous media, the assumption that the medium concerned is perfectly continuous and not containing
any surface or volume discontinuities is adopted. However, the presence of the local damage, in the form
of a fairly random distribution of microvoids and/or microcracks, rightly introduces micro-discontinuities
in the representative volume element (RVE) which is unrealistic to search for the exact topology. An
exhaustive discussion on the different ways of defining this equivalent fictive RVE can be found in literature
(Besson et al., 2001; Murakami, 2012; Saanouni, 2012). Here, the fictive configuration is defined by using
the total energy equivalence hypothesis (a generalization of the elastic energy equivalence hypothesis),
which states that at any time, an RVE in its real deformed and damaged (rotated) configuration, and where
the thermomechanical state, at this time, is defined by the set of state variable pairs from Table VI-1; we
associate a safe (i.e. undamaged) equivalent fictive configuration, the thermomechanical state of which is
described by the effective state variables listed in Table VI-2, in such a manner that the total energy defined
over the two real and fictive configurations is the same (Saanouni, 2012).

The Helmholtz energy is assumed to be the sum of elastic energy W, , energy dissipated in the

kinematic hardening W,

in’

and energy dissipated in isotropic hardening W, . By extending these definition

to the micromorphic state variables, the application of this energy equivalence principle leads to:

64



PART Il CHAPTER VI THEORETICAL FORMULATIONS

We,a—%Q' ée—%é & T 1 q-.
1 1 .~ Wkin_E)_( ézz)_(é VVlso:ERF:ERF
W,==X:a==X:a and - - and - - (1.12)
2 2 we =2x:va=1x.vé  |we =1Rvi=1r¥f
. =1Rr=1§F 2 2 2 2
1so 2 2

Deformed and damaged real RVE| Undamaged fictive RVE

Rotated configurations (RVE)

Internal state variables

Total energy

=W, +W, +W,

VVI'ota/ ela kin iso -

W (£°,6,F,7,7,97,d,Vd, @,V

7, VF)

IR

Table VI-2 Definition of the total energy equivalence hypothesis in strain space (Helmholtz energy)

A general solution that satisfies the equations Eq.(I1.11) may take the following form in the case of the

simple isotropic ductile damage:
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L F =(Gu(d))7
- : Gio (d)
Q-_gela (d) g (ge’a (d))£ :‘%: E §?=(gg (d))VF
=% a=(9,,(d))a and i (d) : (11.12)
__gkin(d) T - ):(— X Y=(g. (d))a |
R ey | @ T
giso (d) e = )_% - = —g =
)_(:f]fm(d) ’ Vc_xz(gkm(d))vc_Z

where, the damage effect functions (g.,, (d), g,,(d), 9.,(d), 9,,(d), g2, (d), 9. (d), g, (d)) are

scalar, positive, and decreasing functions of the scalar isotropic damage variable d . They take value of
unity in the total absence of damage and tend toward zero when damage approaches unity, resulting in
the final fracture of the RVE.

Here, for the sake of simplicity, the following choices have been made:

e (d) =0Gin (d) = gkin (d) = §,f,-,, (d) =N1-d
and (n.13)

giso(d) = gisa (d) = giio (d) =N 1 _di’
where, ¥ is a scalar parameter characterizing the coupling between the ductile local damage and the
isotropic local and micromorphic hardenings.

VI1.3.2 Thermodynamic consistency and state potential (State relations)
VI.3.2.1 The principles of the irreversible thermodynamics

V1.3.2.1.1 First law of thermodynamics: Energy conservation
The energy conservation principle postulates the existence of a state function called internal energy E
homogeneous to an amount of work, so that at any time in the area o, , the sum of the material time
derivative of internal energy and the kinetic energy K is equal to the sum of the power of external forces
applied to ¢, and the heat quantity Q received by ¢, :
d
—(E+K)=P,. +Q (1.14)
dt

ext

Moreover, using the kinetic energy theorem, which stipulates that the material time derivative of
kinetic energy is the sum of the real power of external and internal forces:

dK

E_ ext+Pint (”15)

Then, Eq.(I.14) becomes to:

66



PART Il CHAPTER VI THEORETICAL FORMULATIONS

dE
4P =Q (n.16)
dt

In the current deformed configurationC, , this is expressed by the following integral equations:

:D+Vd +RF + X:G+5T
%I(pe)dv:f Qa_+ d+Rr + X Q!+s. _ dv+j(pg)dv—j(a.ﬁ)d5 (11.17)

o o\ +Y VA +R-VF+ X" Vg+5-VT o r,

where, € is the specific internal energy (per unit mass), ¢ is the internal (or volume) heat source, and g
is the heat flux vector received across the boundary surface I", having the vector n as an outward normal

(i.e. the direction of the heat flow).

By using the material time derivative of a volume integral together with the divergence theorem in
order to transform surface integrals into volume integrals, and by applying the spatial localization theorem
(or local action theorem) for materially simple continua, we obtain the generalized localized (differential)
form of the first principle of thermodynamics as:

([ o:D+Vd+RF +X:G+5T e
pe=|"_" . - . |+ ps—div(q) (1.18)
+Y -Vd + -VT

“©

Y

I
IR0

Vit

D}

+

VI.3.2.1.2 Second law of thermodynamics: Inequality of entropy

The first law of thermodynamics can be regarded as an expression of the inter-convertibility of heat
and work, maintaining an energy balance; as such it places no restriction on the direction of the process.
The direction of physical processes can be expressed as a constraint on the way entropy can change during
any process. This is what the second law of thermodynamics is about. It states that the rate of entropy
production is always greater than or equal to the amount of heat received divided by the absolute
temperature.

s.Q (11.19)
dat T

where, S = ps is the entropy and T is the absolute temperature and S being the specific entropy (per

unit mass).
In the current deformed configurationC, , it can be expressed by the following integral equations:
ij(ps)dv—j P dv+J g-ﬁjdszo (11.20)
dt Pt Ot T I T

The use of the divergence theorem together with the principle of space localization for materially
simple continua leads to the local (differential) form of the second principle of thermodynamics in the
current configuration:
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. ¢ ,(q

pS—p=+div| = >0 (1.22)
T T

The extended localized forms of the first and second law of thermodynamics can be combined, via the

elimination of the internal heat quantity ¢, in order to give a single inequality called the fundamental

inequality of thermodynamics:

o g:Q+V§+RF+X:é+§f
p(Ts—é)+| . o =

Y oVA+R-VF4X - VG+5-VT

Q,
\Y
o

(1.22)

- | Q!

1>
IR

where, g is the first gradient of absolute temperature.

Considering the specific Helmholtz free energy (y/:e—Ts) , gives us the generalized so-called

Clausius-Duhem inequality:

. (o:D+Vd+RF+X:G+5T
—p(sT+y)+| . -

e . . L. -g>0 (11.23)
+Y -Vd+R-Vr+X..Va+s-VT

~ |Q

We postulate that the state potential here taken as the Helmholtz free energy in the current deformed
configuration, is a closed convex function of the all effective strain-like state variables, including the

classical local state variables §re, d, r and o as well as the micromorphic variables d , r, & and T,

and also their respective first gradients vd , vVr , 6@ and VT , and a concave function of the

temperature. Accordingly, the time derivative of the specific Helmholtz free energy

- = — - —

V/(Q’e,T,d,r,g,5,F,Q7,T,Vd,§?,§g7,VT) is then given by:

'_al//, re
W_aére'—
+8y/d+8_l//r.+8_t// '+8l//T
0 or Oa oT
ow e 5 o - (11.24)
LG L AT A
od or oa ~— OT

+l-?5+%-??+l.‘ﬁ&+%-VT
ovd ovr oVa VT

Substituting Eq.(11.24) into Eq.(l.23) and assuming the additive decomposition of total strain rate into

small reversible and large irreversible parts D=¢£" +Q” , it gives the following expression of the inequality:
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oy s (= v : (o Ow) - (- Oy)\z
HY—p=L|d+|R—p=|r+| X— p— —p—=|T
(”aj(ij (‘paéj‘{ ot
(11.25)
= 0 = (= 7 = oy - - (= oy \ ==
+Y—p—/—=|-Vd+|R—p—— |- Vr+| X— p—/— Va+ —po——|-VT
( panj ( L j ' (— pavgj & [5 pavrj

0 0 - 0
Without loss of generality, we assume that the items (g—p—‘//} , (SJF_WJ , (Y—p—l//j ,

oe" oT ad
- oy - Oy _ 81//) [3 61//} (3 8(//) z oy
R—p—— , X—p—— ) S—p— |, Y-p—— , R- —=_ |, )_(— —= and
( ’Dafj {- pag] ( _r Povad Povr va
(?—p%j do not depend on their rates respectively, as well as the micromorphic variables do not

dissipate, then following standard arguments (Truesdell and Noll (Truesdell and Noll, 2004b)), we may
have the following state relations:

oy Oy
TP T ar
oy oy oy
=—00—- R=p—— = 00—
P od o TP %
- 0y - Oy - Oy
S R=p2— X=p (1.26)
P od Por 7 P%g
v=p ¥ R,V 3o ,0v
ovd ovr - Tova
_ oy = oy
S=p—— S=p——
Por s

and the classical local dissipation: including the intrinsic dissipation and thermal dissipation:

p=¢,+¢,=0c:D" +Yd—RF—X:¢—=-g =0 (1.27)

~|Q

with, intrinsic dissipation ¢, =& :D" +Yd —Rf — X : &, and the thermal dissipation ¢, =—%-§ . In the

following the reversible strains will be noted as elastic £° and the irreversible (or inelastic) strains can be

either viscoplastic noted &" for time-dependent inelasticity or plastic noted &” for time-independent

inelastic flow.
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VI.3.2.2 Choice of strongly coupled state potential: Helmholtz free energy

In this thesis, the micromorphic state variables and their first gradients are assumed to be not directly
affected by the micromorphic damage. On the other hand, the micromorphic state variables are assumed
to contribute to the Helmholtz free energy in terms of the relative difference with respect to the local
variables of the same nature. The Helmholtz free energy is supposed to be divided into two terms by an

additive decomposition: thermo-elastic damageable potential pl//te,(ge,d,T,f,ﬁf) and thermo-

inelastic damageable potential py, ., (d,r,g,cif,oj,%d,

<\

F,ﬁé), according to:

PY =Y (£5,dT,TVT )+ pYp(dr,2.d,7,2,Vd, VP,V Q) (11.28)

Keeping in mind the definition of the effective local and micromorphic state variables defined by

Eq.(11.13), these state potentials can be chosen as:

PV = A(T):E ~(T-T)R(T):8 ~(T-T)B(T):2
_p ZCT (=1, +5(M(T)(T=T) )5 (W2 ()97 -97) .

where, A is the positive definite and symmetric fourth-rank tensor of the elastic moduli, P is the positive

definite and symmetric second-rank tensor of thermal expansion, P is the positive definite and symmetric

second-tensor of micromorphic thermal expansion, C, is the (scalar) specific heat capacity at constant

volume, M is the (scalar) coupling modulus with respect to temperature, M? is the (scalar) modulus of

70



PART Il CHAPTER VI THEORETICAL FORMULATIONS

gradient of micromorphic temperature, C (fourth-rank symmetric tensor) and Q (scalar) are the kinematic

and isotropic hardening macro moduli, (j (fourth-rank symmetric tensor), é and H (scalars) are the
coupling moduli with respect to the kinematic hardening, isotropic hardening and damage respectively,

Qg (sixth-rank symmetric tensor), Q° and H° (scalars) are the micromorphic moduli relative to the first

gradients of micromorphic kinematic hardening, isotropic hardening and damage respectively, the

subscript (T) indicates that the material properties are function of the local temperature (no dependence

with respect to the micromorphic temperature).

In this choice, we note that temperature only plays the simple role of parameter in inelastic potential
through dependence of some physical properties versus temperature. For which temperature performs
the role of simple parameter except in the case of thermoelastic coupling, is consistent with the hypothesis
H7 stated by Saanouni (2012):

- H7: Except the case of a thermoelastic behavior, for which experimental data have completely
defined the thermoelastic coupling, we assume the widely used assumption, which is to use
temperature as a simple parameter in the state potential and yield functions. This is done by
assuming that the material parameters are functions of temperature. These functions must be
determined, a posteriori, by simply smoothing parameter values previously “measured” at
different temperatures between the reference temperature and the maximum operating
temperature of each material. So these functions are not explicitly known at the time of the choice
of potentials and yield functions.

Using the state relations in Eq.(I.26), the stress-like variables that are associated with all strain-like

variables used in the state potential are obtained:

- Cauchy stress tensor:

o SZ/ A(T):&" ~(T-T,)B(T)~(T-T)p(7) (11.31)

=(1-d)A(T):&" ~1-d(T-T,)P(T)-1-d(T-T)R(T)
- Specific entropy:

81//1
6Tp

o\l

{(E(T) E(T)):ge+p?‘9(T—7’O)—I\7I(T)(T—f)} (11.32)

0

(D)

- Damage stress:

Y:—pZ—(ZzYE+YA+YR+Yd (11.33)

with,
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1 e e 1 e -\ p e
o= gt A(T)ie" — o= [ (T=T)R(T):&" +(T-T)p(T):e"
fo=yaiC(T)ie+3(a-a):C(T):(e-a)+5Va .’ (1):-Ve 30
Y, :%deQ(T)rZ +% ydQ(T)(r—7) +% yd" Q7 (T)VF -7
Y,=—H(T)(d—-d)
Isotropic hardening stress
0 ~ < _
R=p—=Q(T)r+Q(T)(r—r
p=aM)r+a(T)(r-7) (1.35)

oa (11.36)

(11.37)

Stress-like variables with respect to micromorphic isotropic hardening and its first gradient:

R=p 2 =a(r)(r—r)=~(1-e")a(r)(r )

2 ) (1138)
Fmp =G (r)9r=(1-9' ) (1)¥7
Stress-like variables of micromorphic kinematic hardening and its first gradient:
X=pZL—-{(T):(a-a)=-(1-d)C(T):(a-a)
X= pi:Eg(r).-.%z:(1_d)5g(r).-.w "
- Tova = - = -
Stress-like variables with respect to micromorphic temperature and its first gradient:
$=p 2l =B(T):e" ~M(T)(T-T)=VI=dB(T): " ~M(T)(T-T) -
s=p W N (T)VT |

ovT
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It is worth nothing, that the state relations Eq.(11.31) — Eq.(l.36) can be decomposed into classical local
contribution and the extended nonlocal partial with the help of the micromorphic state relations :

O0=0,1t0

nloc

Go =(1-d)A(T): ° —1-d(T-T,)P(T) (11.41)
nloc:_\/__( f)E(T)

s sloc+5nlac
1. C
=—P(T):&*+=(T-T, 11.42
Slac ,0_( )§+To( 0) ( )
Snloc :lé(T):ée _lM(T)(T—T_)
p p
YZYIoc+YnIoc
Voo =2 A(T) &5 +2a:C(T): @+ = yd"Q(T)r ——ee (T=T,)P(T): £°
T2 T 2 2 2i—d
~ 1 =
=Y - =(T-T)E(T): &’ (11.43)
nloc 2 1—d( )_( ) &
+%(a—d) E(T):(a-a)+ 2V ¢ (1) Va
cLyama(r)(r—r) + L yarige (1)0r - VF
R= Rloc+Rnloc
Rloc:(l_dy)Q(T)r (“44)

R =(1-d7)Q(T)(r—r)=-R

Xloc +)—(nloc
=(1-d)C(T):a (1.45)
(7):(e~-a)=—X

For the sake of simplicity of formulations, the subsequent subscript (T) of material property is

I><
3
8
—~~
(B
[
Q
N—
llaYt
IR

neglected in most cases.

V1.3.2.3 Micro-cracks closure effects
Concerning a representative volume element (RVE) undergoing tension loading, the creation of open
micro-defects results in lower moduli. However, during the unloading and progressive transformation into
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the compressive phase, the micro-cracks close progressively until complete closure if the compression
force is sufficient. In this case, the moduli of elasticity and hardening must be able to restore to gradually
return to their initial values before damage when all the created micro-cracks are fully closed. This change
of the material physical properties depending on the sign of the imposed loading related to the progressive
closure of the open micro-cracks and vice-versa, called the quasi-unilateral effect, is not an easy task since
it is the origin of loss of continuity and even convexity of the state and dissipation potential, mainly when
the damage is anisotropic (Besson et al., 2001; Lemaitre et al., 2009; Lemaitre and Desmorat, 2005).

A simple way to account for this effect while avoiding any loss of continuity or convexity of the state
functions, consists of decomposing the effective state variables into positive and negative parts with the
help of the spectral decomposition of any symmetric second-rank tensors Z in the form:

2-(2).+(2)
<Z>+ - Z<Zi>éi ®éi

i=1

(11.46)

where, Z, and e, are the three eigenvalues and corresponding eigenvectors of the tensor Z and <Z;> is
the positive part of Z, defined by: <Z,.> = max(O,Z,.) . These two positive and negative parts of the tensor

verify the following orthogonality and differentiability properties:
(2) :(2),=(2).:(2) =0
d((2).:(2),)=2(2), ;a2 (147)

d((2).:(2).)=2(2)_:ez

Then the following derivatives of the positive and negative parts of the tensor Z can easily be

established:

g el [ 029

oZ 0z, 0 ifz;<0
8<§>_ _ 8<ZU>_ _ 5ik5ﬂ if Zij <0 _<1>
oz oz, | 0 ifz,>0f ‘=~
(11.48)
5<Z: 1> a<zf15ij> (é‘ik5jl)5" if ;>0

M A _ -(1),

oz 0z, 0 if Z;<0

o). oz _[(80)0, iz,<0]
oz oz, 0 ifZz,>0) 7

For the sake of simplification, the above decomposition is only applied to the thermo-elastic
damageable potential py,,, (ge,d,T,f,ﬁf). More complex formulation can be found in literature (lssa,

2010; Issa et al., 2012; Saanouni, 2012; Yue, 2014). The Eq.(I.29) is modified as:
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o T=T) 43 (M=) 35 (7)97-97)

_%(1—d)(§f A(T):68)+=(1-hd)(&°: A(T): &%)
~(T-T,)P(T):(N1=des +\1-hdz")~(T-T)B(T):(V1-dgf +1-hde°)
—pzc;o (T—TO)Z+§(M(T)(T—f)z)+%(1\7[9(T)ﬁfﬁf)

(11.49)

where, the tensor g7 and g£° are the positive and negative parts of the elastic strain tensor. The

parameter h (0<h<1) is related to the micro-cracks closure effect and allows reducing the damage
growth under the negative parts of the applied loading, with two extreme cases: (a) h=0 makes no
difference of the damage growth between positive and negative loads; (b) h=1 for which the damage
growth takes places only under the positive part of the applied loading path.

According to the state relation in Eq.(l1.26), the stress-like variable of damage is replaced by:

2
= [T-T)R(T)+(T-T)(7)] &0

Y=—p‘2—'§_ - lh_hd[(T—TO)B(T)+(T—T)E(T)] g
+2aiC(T)ia+3(a-a):C(T)i(a-a)+>Va ¢ (7). Va
+%7/d7 Q(T)r* +=ydQ(T)(r=F) +=yd"Q° (T)VF - Vi —H

VI.3.3 The generalized heat equation

(11.50)

Considering the nonlocal thermal effects, the new micromorphic temperature associated with the local

temperature is introduced into this theory, and the generalized heat equations governing the evolution of

temperature is well presented. There are also many other possibilities to consider the nonlocality of

temperature, and will be discussed in Sec. VI.5.4.

V1.3.3.1 Formulations of the heat equation

Just as the principle of virtual power leads to the momentum balance equations, the first law of
thermodynamics can lead to the differential heat equation governing the evolution of temperature, with

the help of the Helmholtz free energy and the above deduced state relations.

The local form of the generalized first law of thermodynamics is given by:
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e gmf o

—pé + .|+ (ps—div(g))=0 (1.51)

~Va+s-VT

Let us introduce the classical relations between the internal energy and the Helmholtz free energy:

w=e+sT (1.52)

Substituting Eq.(11.52) into Eq.(l.51) leads to the following equation:

o . (o:D+Vd+RF +X:G+5T

—p((//—sT—sT) ..
Y-Vd+

.. |*+(ps—div(g))=0 (1.53)
Vr+X Va+s VT

:U(l

By using the material time derivative of free energy Eq.(I1.24) and the state relations in Eq.(l1.26), it
leads to the form of the heat equation:

o:D" +Yd—Ri—X:6+(ps—V-G)-psT=0 (11.54)

Considering the state relation of entropy in Eq.(11.26), the material time derivative of entropy is:

o ,.
S=——
o)
a(s) . . . v s
a—Q-:ge—,o—(S)T—ﬁ—Yd+a—RI‘+6—)—(:_' aYd all?”+6—)—(:oj+8—5T (11.55)
_1jer or = or oT or " orT oT aT = aT
Pl 94+ B g X 55 B 7
oT oT oT oT

Substituting the above equation into the heat equation Eq.(11.54) gives the detailed expressions of the
form of the heat equation:

o:D" - ros); -V-q
Yo, pes +Yd —RF — Xa+(pg Vq)

a—gzg"’ 8Yd+8_R +6—X ;+8—Y§+6—Rf+a—xzé+§f (11.56)
oT oT oT oT oT oT oT — oT
+T -0
3R K G4, B i
oT oT oT - ar
If we pose:
do .. 0¥, OR. OX . oY = OR- X - 05 =
=g —d+—F+—=g+—d+—r+—=:a+—T
or ~— 6T or oT — oT oT or — oT
R, = - (1.57)
L g O i X i+ 5 g7
oT oT oT oT
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defining the isentropic comes from the variations of stress of temperature term of the heat equation.

Finally, the heat equation takes the following simple form:
o(s) .. ~
—pTa(—T)T+(pg—V-q)+¢,n +R,T=0

With the definition of the specific heat capacity for constant volume:

()=
aT V=const

—pCj+(pg—Vc7)+¢,n+Rp,T:0

The heat equation becomes to:

(11.58)

(11.59)

(11.60)

Clearly, the generalized heat equation keeps its classical form, the only difference is on the Rp, which

obtains the contributions from the micromorphic variables. If all micromorphic variables vanish, the Rp,

will degenerate to the classical contribution, then the heat equations will be the classical local heat

equations (Saanouni, 2012).

VI.3.3.2 Detailed expressions of the generalized heat equation

For the sake of simplicity, the explicit dependence of the material parameters on the temperature is
omitted in this section. For deformable solids, it’s clear that the evolution of the temperature depends on
the partial derivatives of stress-like variables with respect to temperature and the material time derivatives

of strain-like variables (i.e. the isentropic term Rp, defined in Eq.(11.57)). By using the deduced state

relations Eq.(I1.31) — Eq.(11.40), the partial derivatives of stress-like variables with respect to temperature

are given:

- Cauchy stress:

oo oA P _\ 0P
Ez(l—d)a—;:g - 1—d(P+(T—TO)—+P+(T—T)E]
- Damage stress:
1,0 . p . (K)o . b . (T-T)op
—gfi=:5- et — — g =
27 0T = 2J1-d = 2J1-doT = 24J1-d = 241-
oc oc Lot
8_Y= +%g:a—;:g+%(g—@):8—7:_:(05—@)+%V: ‘.a—:T.'.VQ?
oT = =
1 .,.,0Q 1 ..,0Q e 1 ,0Q - =
Zyd" P = Zyd” T —=(r - Zyd"t —Vr-V
Ay G gy Vv
OH,, -
“or(@-9)

- Isotropic hardening stress:
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o 0 o =
a’;( d’)a(;2 +(1- dy);( —F) (11.63)

- Kinematic hardening stress:

0
T:Qc+(1—d)—::(g—é) (11.64)

o -a-a)

= (11.65)

(1.66)
R_(1-a) 2 57
or oT

- Stress-like variables with respect to micromorphic kinematic hardening:
X oc _
= = (1-d)—:(a-a)
oT oT
ax oc’

==(1-d)-=-V

oT

(11.67)

IR0

- Stress-like variables of micromorphic temperature:
as \/—ap - M. -
fF-M-———(T-T
oT — ( )

g—-v
& oo,
or or

(1.68)

Using the state relations Eq.(11.31) — Eq.(I.40), and the above partial derivatives Eq.(l1.61) — Eq.(11.68),
the final heat equation can be expressed as:
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—a—Yd—a—H(d d)d ¢
or oT
+T4+(1-d") Z—?rr#i—?( —F) —Z—?(r—v)v+aagﬁfﬁf} =0

+
—~~
[y
|
=2
1
+
|II
R
|
IR0
L
|
I—lﬁ
|I (
)
|
IR0
L
IR0
+
‘III
<
Qo
<
IR0

(1.69)

VI1.3.4 Dissipation analysis (Evolution equations)

By assuming the hypothesis of thermal and intrinsic dissipations uncoupling, we are able to analyze
thermal and intrinsic dissipations separately, in order to deduce the heat flux vector and the rate of strain-
like variables in damageable inelastic solids. There are many possibilities to account for the micromorphic
dissipations, coupling of thermal mechanics and plastic potentials. For simplification, we limit ourselves to
the quadratic plastic potential, no dissipations from micromorphic variables and assume that the moduli
are functions of temperature and indirectly affected by nonlocal temperature.

VI.3.4.1 Thermal dissipation analysis
The diffusion of heat in a deformable continuous medium is a phenomenon which is naturally time
dependent. Thus, in order to define the heat flux vector g, Fourier’s dual potential of thermal dissipation

is used in stress space in the form of a closed convex function of the temperature gradient:
* — 1 — —
¢th(g;T)=§g-K(T)-g20 (11.70)

where, k is the positive definite second-rank symmetric tensor of thermal conductivities. Due to the

hypothesis of normal dissipation, the heat flux variable is obtained:

a(”t*h (a;T) _

q__
T og

—k(T)-g (1.71)
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If we assume the isotropy of the thermal conductivity I_<(T)=k(T)1 , and the (scalar) coefficient of

thermal conductivity is inversely proportional to temperature, so that Tk(T) =k is a constant, then the

well-known Fourier linear thermal conductivity relationship is obtained from Eq.(I.71):
g=—kg (1.72)

Let us verify the positivity conditions for thermal dissipation in Eq.(11.27):

—~ |

¢, =— .g:_(_K(T).g).gzk(r).g.gzo (1.73)

As k is positive definite symmetric second-rank tensor in Eq.(I1.70), this thermal inequality is identically
verified, thus ensuring an unconditional thermodynamic admissibility for the Fourier linear model of heat
flow.

VI.3.4.2 The intrinsic dissipations analysis

VI.3.4.2.1 Time - independent plasticity

In time-independent inelastic flow, we have D" =D" or &"=&” where §i’=IQirdt and
t

gl :JQ"dt. The stress-like variables have been derived from the Helmholtz free energy written in
t

effective strain spapce through Section VI.3.2.2 above. In this section, we will analyze the different
dissipative phenomena, in order to define their evolution equations with the appropriate yield functions
and dissipation potentials following the local state method. For case of time-independent plasticity, the
generalized normality rule and maximum volumetric dissipation will be used to deduce the evolution
equations. Here we limit ourselves to the single yield surface for both plasticity and damage (choice of two
yield surfaces is possible in literature (Saanouni, 2012)).

VI.3.4.2.1.1 Plastic potential and evolution equations

In this section, we focus on the analysis of anisotropic plastic dissipations with isotropic damage,
kinematical hardening and isotropic hardening. The plastic potential is defined, in the effective stress space,
under the following form:

F (O:',)_?,R,‘T):fp + G(T))_?Zgil(-r)!)_‘(l-l-—

p

+F,(Y;d) (1.74)

where, f,is the plastic yield criterion:

(% AT)-o- 5| o,

-

(11.75)

with the norm HQ—XH:\/(Q—):():H(T):(é‘—):() defines the effective stress with the fourth-rank

operator I;I(T) governing the anisotropic of the plasticity, Gyp(T) is the initial size of the plastic yield

80



PART Il CHAPTER VI THEORETICAL FORMULATIONS

surface, b and a are the nonlinear parameters of isotropic and kinematic hardening respectively. The

isotropic ductile damage potential F, (Y;d) is defined as:

s frn@a\Y
F"(Y’d)‘<s(r>+1>< 5(7) > o)™

(11.76)

where, the parameters S, s, Y, and S characterize the nonlinear evolution of ductile damage.

Considering the generalized normality rule, the evolution equations for strain-like variables are

obtained in the below:

- Plastic strain rate
. OF . H(T):(c—X . .
Q’”:ﬂa—”:l 1 A(M):{e-X) _i =An (11.77)
o | Ja-d) |e-x| J(1-d)
with A is the so-called Lagrange plastic multiplier.
- Kinematic hardening strain rate
) . OF - ~ .
c_zz—/la—)_:zit(gf —a(T)C*(T): X)=A(A, -m,) (11.78)
with m, =a(T)| (1+C(T):C(T))a~C(T):C(T):2 .
- Isotropic hardening strain rate
F .
F=-— ﬁ=/1 ! —b(T)~R =1 ! -0 (11.79)
oR (1-d") Q(T) (1-0")

222

with 0 :b(T)HH Z(T

Q(T
- Isotropic damage rate
Lok v\ 1 .
d=A—"L=1 0 S =AY (11.80)
oY S(T) (1-d)

It's worth to note that if the scalar factors G(T) and b(T) vanish, the evolution equations of kinematic

and isotropic hardening Eq.(1.78) and Eq.(11.79) will degenerate to their linear forms respectively.

V1.3.4.2.1.2 Formulations of plastic multiplier
The evolutions of dissipative phenomena under given applied loading conditions maximize the

volumetric dissipation (Eq.(I.27)) under the condition f, <0. Due to the Kuhn-Tucker conditions (1>0,
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f,<0 and /ifp =0), we obtain the above evolution equations, in which A is a Lagrange multiplier also
called plastic multiplier, which is positive or null, and fulfill the Kuhn-Tucker (or loading/unloading)
conditions as well as the consistency conditions:

A> 0, fp <0 and pr =0 Kuhn-Tucker conditions (1.81)
/ifp =0 if f,=0 Consistency conditions '

If A= 0, it will not produce new plastic strain; if A> 0, in order to fulfill the consistency conditions,

fp =0 must be satisfied:

Do oo o o Pop Yoy, Foi_ (1.82)

X+—LR+Ld+—2

fr’:g'— X' ° R ad  oT

In this case, the plastic multiplier is given by (detailed formulations are listed in Appendix VI.7.1):

/i:Hip (l_d)ﬁf:[=\:l‘)+HTT.+(ﬁffﬂTn(ﬁf:é):Qﬁr ﬁ ; (11.83)
where,
_ oA oP _ P )]
) 1—d( 1—da—;_:§e—P—P—(T—To)a—;_(r_r)a_T]
HT:Qf 8(;' 6g )
_(1— ) E:O_{+a—; (Ql—Ql)
oQ oq, ) 0 )
=) Be Loy |- 2
=008, {48 +(+E)i(8 -o(1+C i Cavalc¢) )

+ 1—b(Q+éjF+b{é
Q Q
ﬁf:|:—/=\ §e+£T;T03(p+p)}+nf:(g:0_!+§ (Ql—é))
] lo-x V
1 ) = o- yd" 'R
+ yd |l ar+Q(r-r) ||+ -
1—d7)( [ ) 2\/’(1—d)3 2 (1—d7)3 (11.84)

V1.3.4.2.1.3 Elastoplastic tangent operator
The numerical resolution of equilibrium problems in elastoplastic solids often requires the tangent

elastoplastic operator which links stress rates to total strain rates. In the present case, this operator is
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obtained by deriving the Cauchy stress tensor with respect to time (detailed formulations are listed in
Appendix VI.7.2):

G=L DHLT+LT+L ag+LF (11.85)

5=§—ﬁf_lE[/;\iﬁﬁ(fz\iz—gT;_T(g(EJré)jAJ (11.86)
i€ (- . T-T, )
L=- ;#_®£/:\ Qf+(é é_g\/ﬁ@*f)}/
Q . T-T, .
T (iw)(ézﬂﬁ(é &_g 1—3(B+E)M

V1.3.4.2.1.4 Thermodynamic admissibility
In order to satisfy the Clausius-Duhem inequality, the intrinsic volumic dissipation Eq.(Il.27) must be

either positive or null:
¢, =c:D° —X:6—Ri+Yd>0 (11.87)

By using the evolution equations Eq.(Il.77) — Eq.(11.80) together with the state relations Eq.(l1.31) to
Eq.(11.40), the intrinsic dissipation can be expressed as:

¢ =0:D"—X:d—RF+Yd

1

=ﬂ161ﬁf—i)_(:(ﬁf—mf)—jf\’ W—O +AY); (“88)

. (")
a(T)X:€*(T): X +b(T) R +Y<Y—;’o((TT),d)> (1_2)ﬁ(r)+ayp(r)zo (11.89)
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e b(7) ) e
quality is fulfilled if o, (T)20, Q(T) >0 and a(T)g (T) is semi-positive definite tensor,

by virtue of positivity of all of the other quantities.

V1.3.4.2.2 Time - dependent plasticity (viscoplasticity)
Further to the thermal dissipation and time-independent plastic dissipation, the analysis of time-

dependent plastic dissipation, commonly called viscoplasticity, is presented. Now we have Q” =D" or

§ir =&" . The phenomena linked to the time-dependent inelastic flow are described with yield criterion:

it assumes, as in terms of time-independent plasticity, the existence in stress or strain space of a limit yield
surface from which there is no inelastic flow. However, for time-dependent plasticity, the stress state is

not forced to remain on the yield surface f, (Q”-,):(,ﬁ;T) =0. This turns out to be a kind of generalization
of the multi-surfaces plasticity theory so that the inelastic flow takes place even if fp(é—,):(,ﬁ;T) >0.
Indeed, this condition expresses the distance between the current stress state at a given point and the

resulting surface defined by fp (g~, )_~(,§;T) =0. This distance directly defines, in the stress space, the so-

called viscous stress .

V1.3.4.2.2.1 Viscoplastic potential and restoration
In this section, we focus on the single potential, fully anisotropic damageable thermo-elasto-

viscoplasticity with ductile damage. We postulate that the overall viscoplastic potential go(é‘,ﬁ,):(,T) is
additively decomposed into three contributions representing respectively: the viscoplastic flow

@y (c_i'ﬁ,):(,T), restoration by the kinematic hardening and isotropic hardening gom(ﬁ’,):(,T) and the
damage ¢, (R,)_(,T,Y;d).

The Norton-Hoff potential for the viscoplastic part is defined as (many other choices are available in
the literature (Saanouni, 2012)):

k*(1) [F(5.RXT)\"

p

m,,(T)+1 K”(T)

@vp(é_lﬁf)_?lT):

(1.91)
£(&RET)=|g-X|-R -0, (T)

yp

For the restoration potential, we also assume an additive contribution from restoration over kinematic
and isotropic hardenings:
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~ m,,(T)+1 ~ mrx(T)+1
rr rx X
LU N U s
m, (T)+1\K"(T) m, (T)+1\K™(T)

where, K" and m,_ are the parameters characteristic of isotropic hardening restoration, K™ and m_ are

parameters characteristic of kinematic strain hardening restoration. The norm H):(H =, /):( tH, (T) : X isthe

anisotropic equivalent stress from the kinematic stress tensor.

Finally, the ductile damage potential, into which we introduce the accumulated viscoplastic strain rate,

is defined by:

B s(7) v -y, (1,d)\“""
_(s(T)+1)(1—d)ﬁ(T)< s(7) > i e

with p is the accumulated viscoplastic strain rate and is supposed purely ductile without creep damage.

V1.3.4.2.2.2 Evolution equations
Using the generalized normality rule, the evolution equations deduced from theses potentials are:

Viscoplastic strain rate

o oo [H\" 1 H(HeX)
Dp:—: P — = .
(&) TR e

where, the multiplier }va , depending on the form of the potential, is defined as follows:

myp(T)
A = A (1.95)
P <Kvp (T)>

Kinematic hardening strain rate

0 N e £\ by (1): %
g_é_)_(?_[</<””(r)> {&M(T)g (T)')‘(ﬂ_</<’*(r)> 1]

B () | (11.96)
4[5 -apa-onle (e ea)]- )
Isotropic hardening strain rate
:_8_(/):_< f >mvp(r)(%+MRj _< F: >m,,(T)
oR K (T) orR Q(T) “(T) o
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- Isotropic ductile damage rate

: S(7)
_%¢__ b V% (7.d) —pY (1.98)
o (1-dy""\  S(7)

The accumulated viscoplastic strain rate is expressed as:

p=\D”:H(T):D" ==~ (11.99)
We can easily define the equation for the actual viscoplastic yield surface from Eq.(11.95):

fvp:fp_/(vp(r)(,iv ) vp1r> f,—K"(T )(p,\/ ) =f,—o” (11.100)

As expected, the viscous stress is very dependent on the form of the viscoplastic potential and is defined
as:

1

o =K* (T)(4, )0 =K”’”(T)(p\/1—d)’"v:(7) (1.101)

VI.3.4.2.2.3 Thermodynamic admissibility
Intrinsic volumic dissipation takes the form:

#* =c:D” —X:a&—RF+Yd>0 (1.102)

n

By using the evolution equations Eq.(1.94) to Eq.(11.98), as well as Eq.(I1.100) which define the actual
viscoplastic yield surface, the intrinsic dissipation can be expressed in the form:

>0 (11.103)

vp

~ ~ mn(T) -~
R® -~/ R ) 124
+b(T)Q(T +R<K” T)> +o”+0,,(T)+ —

Since >0 and f, (&,X,R;T)=0, this inequality is fulfilled if o,,(T)>0, b(r )>o K™(T)=0,

Q(T)

K™ (T)=0 and a(T)g1 (T) is semi-positive definite tensor, according to the positivity of all the other

quantities.

V1.4 Transformation of the micromorphic balance equations

Recall the generalized balance equations as well as their Neumann boundary conditions in Egs.(I1.6)
~(11.10), they can be transformed to the strain-like spaces, with the help of the state relations in Eq.(I.31)

~ Eq.(11.40), under the following forms (Lap(X) being the Laplacian of X ):

- The classical equilibrium equation
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= pu inQ
- (1.104)
pf

The balance equation of the micromorphic damage

(A2 (T)Lap(d)+ VA7 (T)-Vd |+ A(T)(d—d)+ p(f' =V f*)=p¢,d in©Q
| He(T)(Vd) - pf* |-i=F°

(1.105)
onT’
The balance equation of the micromorphic isotropic hardening
(1-a") @ (T)Lap(F)+ V@ (T)-VF +Q(T)(r=F) [+ p(f =V-F")=pSiF inQ
_ L , (1.106)
[(1-a)a@ (T)(VF)-pf* |-fi=F

onT’

The balance equation of the micromorphic kinematic hardening (assuming the fully isotropy in
kinematic hardening phenomena)

(1-d)| €*(7)::Lap(a)+ V- Cg(T).‘.ﬁé+§(T):(g—é)}+p(]_‘d—ﬁ'zgd)zpé’doj inQ
[(1-0)C" (7). Ve pf* | ii=

onT’
(1.107)
or for the special case of isotropy kinematic hardening (Saanouni, 2012)
(1—d)[fg( )Lap(&)+VC*(T)-Va+C(T)(« —0:{)]+p(j_‘d—§-)_?g&)=p§dé inQ ( |
11.108
[(1—d)59( )WVa- pfg“] n=F*" onT
The balance equation of the micromorphic temperature
M?(T)Lap(T)+VM*(T)-VT L ..
_ 3 3 +o(fT=V-f7)=plL. T+ T) inQ
LM(T)(TT)\/ldE(T)ZEe ( ) ( T ) (11.109)
| Me(T)(VT)=pf |-A=FT

onT’

For the sake of simplicity and without any experimental information, if the overall micromorphic body
and contact forces are neglected

(1.110)
]?gd :J_c'gf :]?gf -0 J_?gd :Q
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The above balance equations (Eqgs.(11.105) ~ (11.109)) can be rewrote as:

l:leap(a)+m-65}+(d—5)=p5€f)

HT) (11.111)
H°(T)Vd =0
—d”)| Pla F+V '(7) r+(r—r)|= 524
(1-d ){’fL p(r) a(T) Vi )} 7a(r) (11112)
(1-a )@ (r)(vr))-7=0
L oven . ] ¢
(1—d)[’dmp(@)+ & vQ‘JF(Q‘_Q‘)}/)E(T) (11113)
[(1-d)C°(T)Va]-i=0

_ 61\7[9 T) - _ - «,1— - _ - o
PLlap(T)+——~~ ( )-VT J{(T—T)— E(T):ge}zp( ‘i, b TJ
(1.114)
(M(T)VT)-ri=0
where, /a , IF , lg and lf are the internal length scale parameters relative to the micromorphic damage,
isotropic hardening, kinematic hardening and temperature, and defined by the ratio of the micromorphic
moduli:
, H(T) p @M ,_ (1) . M(T)

a_F/(T) F é(T) a E(T) IT:W (n.115)

It is worth noting that if the micromorphic moduli are independent of the local temperature, it leads to
the same micromorphic balance equations given in literature (Saanouni and Hamed, 2013). If the
micromorphic inertia terms vanish, it leads to the implicit form of the well-known Helmholtz equation
proposed in the framework of the so-called gradient-enhanced models (Engelen et al., 2003; Peerlings,
1999; Peerlings et al., 2001; Peerlings et al., 2004).

VL.5 Discussions of special cases

The generalized micromorphic model strongly coupled thermo-elasto-visco-plasticity and ductile
damage is presented in the previous chapters. Here we’ll present that how this micromorphic model will
degenerate to the classical local damage model, and the classical elasto-plastic model which is used in the
first part of thesis. After, concerning that the generalized heat equation (Eq.(l1.69)) is too complicated, the
thermo-elastic micromorphic heat equation is presented for simplification. The work on the exist work on
the nonlocal heat equations are also briefly reviewed.
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VL.5.1 Classical local damage model
In this section, we’ll perform the required formulations to obtain the degenerated classical local
damage model from the above extended micromorphic (nonlocal) model.

VI.5.1.1 The local balance equation

If we neglect the introduced additional micromorphic dofs: micromorphic damage, micromorphic
isotropic and kinematic hardening, micromorphic temperature, the virtual power of internal forces will be
reduced to the classical form:

P ==[(g:€")av (11.116)
Q
Accordingly, the virtual power of external forces will degenerate to the classical form, if the generalized
body and contact forces associated with micromorphic fields:

5P, :pj(f“-ﬁ*)dv+j(ﬁ“-ﬁ*)ds (1.117)

and the virtual power of inertia forces also reduces to:

5P, =pf(ﬁ-é*)dv (1.118)

With the help of principle of virtual power, we may obtain the classic equilibrium equation associated
with the dofs of displacements:

VI.5.1.2 The local state relations
In the absence of micromorphic fields, the differential form first law of thermodynamics becomes to

<\
=TT}

ofi=pu inQ

+
L (11.119)
=F" onT

1Q

the traditional one:
—pé+(g:§')+(pg—div(d))=0 (11.120)
Consequently, the Helmholtz free energy y/(ge,T,d,r,g) reduces to a closed convex function of the

classical local state variables: ge, d, r and , and a concave function of the temperature.

Using the second law of thermodynamics and the above equations, the following classical state
relations are obtained:

P o
oc=p -
o€ oT
oy oy - (1.121)
Y=oV R,V W
P od Paor *7F%

and the local dissipations:
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(n.122)

¢=¢,n+¢th=g:Q"—)_(:0_'c—Rr'+Yd—%-§ZO

Accordingly, if we let the micromorphic moduli equal to zero (M =M? =Q=H=Q° =H° =0,E=Q

(z =0, C? =0), then the generalized Helmholtz free energy Eq.(11.28) will reduce to the local form:
(11.123)

PV =pYu(2d,T)+ pYia(dra)

with,
1~e ~e ~e Cg 2
PV =5 E L A(T): 8" ~(T=T)R(T):&" = p(T~T;)
T
(1.124)
_ 1_6{ Tl é(r);g_(r_n)g(r);ge}p (77,
0
and,
1,. -\ 1 -
PWia ==(&:¢(T):@)+=(Q(T)7)
2 2
) . 2 (1.125)
:E(l—d)(g Q(T):g)+z(1—d7)(Q(T)r )
Using the state relations in Eq.(11.121), the classical local stress-like variables are obtained:
Cauchy stress tensor:
al// A e o4
o=p—=A(T):e —(T-T,)P(T
oo A7) =(T-T)(T) 126
=(1-d)A(T): " —N1-d(T-T;)E(T)
Specific entropy:
oy 1|« .
— Y _2B(T Z(T-T 1.127
Y 3 a(ryst e pe(ron) a2
Damage stress:
v=p VLo A(T)e - — 2 (T-T))P(T): e + 2 C(T) e+ S pariQ(T)r (11128)
ad 27 =77 2f1-d 0= 2= =V 0E
Isotropic hardening stress:
oy =~
R:pE:Q(T)r:(l—dy)Q(T)r (11.129)
Kinematic hardening stress:
xng—V/:Q(T):g:(l—d)g(T):g (1.130)
a = =
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VI.5.1.3 The local evolution equations
As indicated in the extension of micromorphic fields, no dissipations from micromorphic variables are

assumed, it leads to pure local dissipations (intrinsic and thermal dissipations). Therefore, the thermal
dissipation analysis for heat flux vector and the plastic potential and yield function remain unchanged.
However, the evolution equations will be modified to the followings, because of the degeneration on the

state relations Eq.(11.126) to Eq.(11.130):

- Plastic strain rate

. OF. . H(T):(oc—X . .
D”:Aa—”=/1 1 H(M):(g-X) i 5 (11.131)

- oo T\ Ja-d) le-xI ) T Ja-a)

- Kinematic hardening strain rate

g‘z=—'6£=/i(ﬁf—mf) (11.132)

with m. =a(T)a.

- Isotropic hardening strain rate

.OF, .
Fr=-A—"L=21 ;—o (1.133)
OR (l—dy)
with 0=b(T)r.
- Isotropic damage rate
Lok v\ 1 s
d=1—2%=1 - =AY (1.134)
oY S(T) (1-d)

Clearly, the differences in evolution equations of isotropic and kinematic hardening strains can be given

by:

i a() am). . -
O_b(T)(lJrﬁ]r_b(T)(Q(T)Jr micromorphic (11.135)
o:b(T)r local

m, =a(T)(1+C(T):C(T))a~a(T)(C(T):C(T)):@  micromorphic (11.136)

m,=a(T)a local

For the formulations on plastic multiplier and tangent operators, we just need to replace the
micromorphic expressions of 0 and m, by the local formulas respectively. It’s also the same case for

viscoplastic evolution equations.
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VI.5.2 Simplified classical elastoplastic model

In section VI.5.1, we demonstrate that with certain processes, ignoring the micromorphic dofs and
vanishing the coupling moduli, the generalized micromorphic damaged model will reduce to the local
damaged model. Here, we’ll present the degenerations from the above local damage model to the classical
elasto-plastic or elasto-visco-plastic model.

If we ignore the internal variable — local damage, the Helmholtz free energy (//(ge,T,r,g) will be a

closed convex function of the classical local state variables: ge, r and ¢, and a concave function of the

temperature.

With the help from the first and second laws of thermodynamics, the following classical state relations
are obtained:
oy oy oy oy

s=——— R=p— X=p—— 11.137
oc° o " P T % (1-137)

a=p

And the local dissipations:

q

#=y+by=c:0 - X:a-Ri-2

.G=0 (11.138)

If we let the local damage equal to zero (d =0 ), which means no damage effects, we’ll obtain the
classical local state relations and elasto-plastic or elasto-visco-plastic evolution equations.

The Helmholtz free energy Eq.(11.123) will reduce to:

PV =P (5,4,T)+ ¥, (dor,20) (11.139)
with,
1 e e e C 2
PV == A(T): e —(T-T)P(T):&° = p=(T-T,) (11.140)
2 2T,
and,
Py, =3(a:c(r):a)+1(a(r)r2) (11.141)
intel 2 z= it 2

Accordingly, the classical local stress-like variables are obtained:

- Cauchy stress tensor:

g:ps'{ —A(T):°—(T-T,)P(T) (1.142)
=4

- Specific entropy (neglecting the micromorphic terms compared with the generalized specific
entropy in Eq.(11.42)):

oy 1 e, C
) 1199
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- Isotropic hardening stress:

oy
R= =Q(T)r (1.144)
r or ( )
- Kinematic hardening stress:
gng—V’:g(T):g (11.145)

With the condition d =0, the plastic potential and yield function are given by:

F (o, X.RT)=Ff,+ S X (T): X+ 2 a(T) (11.146)

f,(a. X.RiT)=|c~X|-R-0,(T)

Using the normality rule, the evolutions of elasto-plastic model are given by:

- Plastic strain rate

.OF . (H(T):(c—-X .
DP=A—+L=1 M = An, (1.147)
og |- x|
- Kinematic hardening strain rate
. .OF .
gz—/la—)_‘(’zi(gf—a(r)g) (1.148)
- Isotropic hardening strain rate
.OF .
r=—A—L=(1-b(T 11.149
=35 = H(1-b(T)) (1149

Clearly, if the coefficient @ and b vanish, the kinematic and isotropic hardening strains will become to
linear. It’s the same as the model we used in Part I.

VI.5.3 The existent generalized heat equations

V1.5.3.1 Classical heat equation with internal variables
In the classical thermodynamics, for any material volume V , the global form of the first law (energy
conservation) can be written as:

dE dK
i _wia (11.150)
dt dt

where E denotes the internal energy, K is the kinetic energy, W is the mechanical power input, and Q

is the heat quantity input to the system.

By using the material time derivatives of a volume integral together with the divergence theorem in
order to transform surface integrals into volume integrals, and by applying the spatial localization lemma
(or local action theorem) for materially simple continua, the localized (differential) form of the first
principle of thermodynamics is obtained as:
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pe=c:é—div(g)+& (1.151)

where p denotes the mass density of the body, e is the (specific) internal energy per unit mass, ¢ is the
Cauchy stress tensor, & is the strain rate tensor, g indicates the heat flux vector received across the

boundaries of the body and £ is the body heat source.

The integral form of the second law (inequality of entropy) of thermodynamics is given by:

%j(ps)dv—j(%dwj[g.ﬁjdszo (1.152)

where S is the specific entropy, T is the absolute temperature and n is the outward normal to the
boundary surface. The use of the divergence theorem together with the principle of space localization for
materially simple continua, leads to the local (differential) form of the second principle of thermodynamics
in the current configuration:

ps'+div(gj—£_0 (11.153)
T) T

The relationship between internal energy and the Helmholtz free energy is assumed as:

y/(ge,gn,T)ze—Ts (n.154)

where y is the specific Helmholtz free energy, £° is the reversible part of the strain tensor and a, are

the (n) internal state variables associated with intrinsic dissipative phenomena (i.e. kinematic hardening
or isotropic hardening). The dual stress-like variables associated with these internal state variables are

denoted by A, .

Substituting Eq.(11.151) and Eq.(l1.154) into Eq.(l.153) to eliminate the body heat source £ and the

specific internal energy, leads to the so-called Clausius-Duhem inequality under its local form:
g:g‘—p(y)+sT’)—%ﬁT20 (11.155)

Here, the Helmholtz free energy is assumed to be a positive, close and convex function of the reversible
strain ge and the overall strain-like internal state variables ¢, , and is a concave function of temperature
T . By assuming the additive decomposition of the total strain rate into elastic part and irreversible part

(& =£&°+£"), the Clausius-Duhem inequality Eq.(11.155) can be expressed as:

(g—pawjzge—p(aa—l’/;Jrs)TJrg:g'"—a—l//:d —%-ﬁTZO (11.156)
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0
For simplicity, we assume that the terms [Q‘ — pa—l{j and (2—17/{ + s] do not depend on the rates of
&

the state variables respectively, then following standard arguments (Truesdell and Noll (Truesdell and Noll,
2004a)), we obtain the state relations:

oy oy
o= ¥ __OV (1.157)
NPT or

and the residual dissipation:

O =Put Py =ié" — A6, 1T 20 (11.158)
where, ¢, =c:£" — A, : ¢, is the intrinsic dissipation with A_ =—§l// ,and @, = —%-ﬁT is the thermal

=Zn

dissipation.

Using the deduced state relations Eq.(I1.157), and substituting Eq.(Il.154) into the first law of
thermodynamics Eq.(I1.151), lead to the classical local form of the heat equation:

pST +div(g)—&—¢, =0 (11.159)

Considering the rigid body heat conduction ((p,n = 0) in the absence of body heat source, the above

heat equation reduces to:

PC.T+div(g)=0 (11.160)

0s
where, C, :Ta_r denotes the specific heat capacity at constant volume. In particular, if the Fourier law
(Fourier, 1822) of heat flux is assumed:
G=—xVT (11.161)

with x>0 is the thermal conductivity coefficient for isotropic materials, then, the equation (Eq.(I1.160))
leads to the following classical parabolic heat equation:

PC.T =wrAT (1.162)

where, A stands for the Laplacian operator.

As shown in (Cattaneo, 1948, 1958; Jou et al., 1993; Vernotte, 1958), the parabolic heat equation results
in a paradox of propagation of thermal signals with infinite speed. In the linear approximation, this implies
that the influence of such a signal is felt immediately throughout the whole system(Jou et al., 1993).
However, from the experimental point of view, Peshkov (Peshkov, 1944) found that in liquid Helium I, the
thermal wave velocity is one order of magnitude smaller than the speed of sound and is called the speed
of second sound. Recent measurements of the propagation speed of thermal signals at room temperature,
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in inhomogeneous materials, have been performed by Kaminski (Kaminski, 1990) showing clearly that the
parabolic heat model is inaccurate to describe these phenomena.

VI.5.3.2 Hyperbolic heat equation with relaxation time

V1.5.3.2.1 The heat equation of Cattaneo |

Cattaneo (Cattaneo, 1948) addressed the question of the paradox of heat conduction in 1948. He
modified the (stationary) Fourier law based on the elementary kinetic theory of gases. He focused upon a
small volume element of linear dimensions of the mean free path of the molecules in which a temperature
gradient prevails, to review the Maxwell’s molecular interpretation to heat conduction. After, he changed
this argument slightly and argued that there is a time-lag between the start of the particles at their point
of departure and the time of passing through the middle layer (Miller and Ruggeri, 1993). If the
temperature changes in time, it is thus clear that the heat flux at a certain time depends on the
temperature gradient at an earlier time. It therefore seemed reasonable to formulate the transient Fourier

or dfor
q,=—K a—TE & (1.163)

where 7 is a positive scalar called thermal relaxation time of the heat conducting medium (free electrons

model as:

in the case of metals).

By substituting the above modified transient Fourier model into the heat equation Eq.(I1.160), the
following partial differential heat equation of rigid body is obtained:

PC. T+ kAT = kAT (1.164)

Clearly, the above deduced heat equation Eq.(ll.164) is not a hyperbolic type, and therefore predicts
infinite speed for the temperature propagation.

V1.5.3.2.2 The heat equation of Cattaneo 11
Later, Cattaneo proceeded to modify the equation (Eq.(11.163)) by assuming that the operator z'(d/dt)

is small such that:

d\™* d
(1—7—) ~1+7— (11.165)
dt dt

By using this approximation, the transient Fourier model Eq.(Il.163) transforms into the so-called
Cattaneo equation:

. T
q,+1q, =—K‘S— (1.166)
X,

1

Combining the above equations (Eqs.(I1.151), (11.159)) and the state relations Eq.(Il.157), we can easily
obtain the following relationship:
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oo .. OA _-nj (11.167)

e=pCT+o:6—0@ —T|=:6+"=:¢g
pe=pC, o &—Q, (GT & T

Substituting Cattaneo’s equation Eq.(I1.166) into Eq.(Il.151) and using the above relation Eq.(11.167),
leads to the following generalized heat equation with internal variables:

{PCJ.—% —T(ag'ée + 2 'anj}rg(p@f—% —T[a—g: o O '0_'!HD=KAT+§+T§

)

or’T ot ot or % ot
(11.168)

Concerning the rigid body heat conduction (with neither intrinsic dissipation nor deformations), the
heat equation will transform to the often called Cattaneo’s hyperbolic heat equation:

PC.T+1pC.T=KAT (11.169)
This is the telegraph equation. It is hyperbolic, if 7 >0 holds.
Let us assume the plane thermal wave (Jou et al., 1993):

T(x,t)=T,exp[i(kx—at)] (11.170)

where T indicates the amplitude, k is the (complex) wave number, w is the (real) frequency. The

dispersion relation obtained by substituting Eq.(I11.170) into Eq.(11.169) is:

—iw -1’ JrLCk2 =0 (1.171)
pPL,

By solving the above equation with k a complex number, the nonlinear dispersion equation of the
thermal waves and the attenuation distance & are obtained as:

ZLCCO
v, = ©__ P (1.172)
Re(k) x/ra)+x/1+z'za)2
1 _, ¥ (1.173)

“= Im(k) — pC,v,

For low frequencies (7w <1), the velocity v, ~ 2Kw/ pC, and a:4/2K/pC€a) , which are the

results predicted by the classical heat equation using Fourier’s Law. In high frequency limit (zcw>>1 ), the
first-order term in Eq.(11.169) is small compared with the two other terms, and Eq.(l1.169) becomes a wave
equation whose solution is known in the literature as second sound. The quantities v, and & tend to the

K KT
limiting values: v, = and a =2 |— .
pC.t PC,

However, the most critical argument on Cattaneo’s hyperbolic heat equation is its inconsistency with

the second law of thermodynamics (Bai and Lavine, 1995; Barletta and Zanchini, 1997; Coleman et al.,
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1982; Coleman et al., 1985; Korner and Bergmann, 1998; Zanchini, 1999). Cattaneo’s hyperbolic heat
equation may yields negative values of the entropy production rate per unit volume.

Combing the local forms of first and second principles (Eq.(11.151) and Eq.(l.153)), the relation
de =Tds holds locally leading to the following expression of the entropy production rate (Barletta and
Zanchini, 1997):

s, =——.VT (11.174)
T
Substituting the generalized heat flux Eq.(I1.166) into the above entropy production rate equation, leads
to:
1 (.. _ o0q
s = d+70-— (n.175)
PKT? (q area 6tj

whenever the heat flux g has a constant direction and decreases at some point so deeply that
|6§/8t| >|6|/r, the right hand side of Eq.(l1.175), becomes negative and the local equilibrium scheme

cannot be applied.

VI.5.3.2.3 The model of Miiller from extended TIP

Motivated by the work of Cattaneo, Miiller (Mueller, 1966; Muller, 1967; Miller and Ruggeri, 1993)
tried to derive the modifications of the Fourier law of heat flux from the principle of thermodynamics of
irreversible processes (TIP). He noticed that the argument of TIP could be used to derive the Cattaneo
equation. All what we need is to assume that the specific entropy depends not only on the classical
variables but also on the heat flux. The generalized Gibbs equation is given by:

. 1. . ~ . .
5:?(e—%p+20Tq -g+2bTg™ : 6™ +2cT7mj (11.176)
o

where, p is the pressure, gde" is the deviatoric part of stress tensor, 7 :(tr(g)/3+p) is the dynamic

pressure, and the negative coefficients @, b and ¢ enable S to have a maximum in equilibrium, when

v

G, o™ and 7 all vanish.

By using the mass conservation law, momentum conservation and energy conservation, Eq.(Il.176)
becomes the following equation of entropy balance (Muller and Ruggeri, 1993):

. - a — =(1 = dev 1/ \dev - dev 1= .
s+V-:| —=|=qg-| V| —=1|+2paqg |+c™ :| —| Vv +2pbo +7xz| =V-v+2pcr 11.177
o (qu((rj qu‘ (T() p‘) (T p) (1177

Miuiller interpreted ﬁ/T as the entropy flux and the right side of Eq.(I1.177) as the entropy production,
which is a sum of products of the thermodynamic fluxes and modified thermodynamics forces. However,
because the definition of the entropy flux is ambiguous, it is possible to add the term Ko™ -g +Lzq with

arbitrary coefficients K and L, to the usual entropy flux without upsetting the structure of the entropy
production as a sum of products of forces and fluxes:
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P$+V-¢ :6-(§£%j+2pa§+Kvg"’e” +N”j
(1.178)

dev 1o \dev - dev = = . = =
+0 :(?(Vv) +2pbc +Kqu+7z( V-v+2pc7r+LV-qj

1
=

where, the generalized entropy flux is 5 = (% +Ko

dev

-§+L7zdj. The entropy production must be non-

negative. For simplification, linear phenomenological relations between the fluxes and the forces are
assumed:

G= —K(ﬁr —2paT’G —KT?V - 5% — erﬁ;z)
— dev —
o :2,u((V\7 +2pbTG* +Krva) (1.179)
ﬁ:i(v\7+2ch/z+LTVc7)

It is worth noting that the heat flux in Eq.(11.179) is equivalent to Cattaneo’s equation Eq.(l1.166), if the
coefficients K and L vanish and 7= —2,00T2 holds. And from Eq.(11.178), it clearly shows that Eq.(l1.179)
is compatible with the second law of thermodynamics.

This theory is called extended TIP, because it has extended the list of state variables on which the
specific entropy and the entropy flux can depend. After this modification of ordinary TIP, a large number
of papers have appeared, using the Miiller's methodology and devoted in particular to gases. An

exhaustive review of this type of irreversible thermodynamics is given by Jou et al. (Jou et al., 1988; Jou et
al., 1993).

VI1.5.3.2.4 The model of Coleman from rational thermodynamics

Coleman et al. (Coleman et al., 1982; Coleman et al., 1985) derived the restrictions that the second law
of thermodynamics imposes on constitutive equations of the type proposed by Cattaneo. For
generalization, Cattaneo’s equation (Eq.(I.166)) is equivalent to:

G+z(T)-q=—x(T)-VT (11.180)
with z(T) and l_c(T) non-singular second-order tensors that, as function of temperature, depend on the
material under consideration. Clearly, in the isotropic case, it will be the same as Eq.(11.166).

The authors showed that the relation Eq.(11.180) with the tensors Z(T) and 1_<(T) non-singular is

compatible with the thermodynamics only if &(T) is positive definite, the tensor Z(T) = 1_((T)71 z(T) is

symmetric, and the specific internal energy €, the specific entropy S and the specific Helmholtz free
energy iy =e—Ts are not functions of T only, but are instead given by functions €, S and 17 of the

form:
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pe=pe(T,G)=pe,(T)+G-A(T)-q

ps=p5(T,q)=ps,(T)+q-B(T)-q (1.181)
o 1. B}

py =py(T.4)=pyo(T)+-d-2(T)-4

with

2 47| T 24T\ T

=L 2{20) g 2e(20) aom

here, e,, S, and ¥, are the specific internal energy, specific entropy and specific Helmholtz free energy
at equilibrium. In the absence of both deformation and a supply of heat by radiation, clearly, € is not given
by the classical formula Eq.(1.167) é=C,(T)T (C,(T) being the equilibrium heat capacity), but is

instead given by:
pé=| pC. (1) - 2 a(T) G [T+ 26-A(r)-d (1153

Thus, the evolution of the heat flux and temperature field is governed by a pair of nonlinear partial
differential equations:

(11.184)

It is worth noting that if the parameter g(T) is isotropic and equals to Z(T)=DT2 (where D is

constant) (Bai and Lavine, 1995), the general result from Eq.(11.181) reduces to pé(T,G)= pe,(T) and

~f = D_. _
PS(T,G)=ps,(T) —544, which is similar to the relationship given by Jou et al. (Jou et al., 1988).

By comparing the two non-equilibrium thermodynamics theories, it is clear that: (i) the extended TIP
theory modifies the entropy (entropy flux and entropy production) from the generalized Gibbs equation;
(i) the rational thermodynamics theory starts from the extension of the specific internal energy, and
consequently, (iii) the specific entropy and specific Helmholtz free energy are enhanced automatically due
to the dual relation ¥ =e—Ts . In summary, both theories contain Cattaneo’s equation and make it

compatible with the second law of thermodynamics.
V1.5.3.3 Temperature or entropy gradient dependent free energy potential

V1.5.3.3.1 Temperature gradient model from Nguyen
Nguyen et al. (Ireman and Nguyen, 2004; Nguyen, 2010; Nguyen and Andrieux, 2005) assumed an extra
entropy supply and modified the relationship between internal energy and Helmholtz free energy, to
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account for the temperature gradient effects. The dual relationship is given under the following modified
form:

e(s,E,ﬁU,r):w(T,ﬁT,ﬁﬁ,r)+sT+§-§T (11.185)

with the introduction of a new specific entropy vector s .

The first principle (energy conservation) of thermodynamics remains unchanged, while an additional
entropy source is assumed in the second law, the local forms being given by:

pé=oc:&—div(G)+<

T T T

Combining the above equations (Eq.(I11.185) and Eq.(I.186)), leads to the following local form of the
Clausius-Duhem inequality:

g—pal// Ef—p 8_1//+s T-p aTWJrE -§T+g:§'"—a—w:o_kn—g~§T20 (1.187)
oe® oT ovVT oa T

n

0
For simplicity, we assume that the terms (g - p—l//J , (8_1// + sj and (jfl// + 5) do not depend on

o&* oT VT
the rates of the state variables respectively, then following standard arguments (Truesdell and Noll
(Truesdell and Noll, 2004a)), we obtain the following state relations:

cepV L OV OV (11.188)

og° oT ovVT

and the classical residual dissipation:

=P+ Q=01 —A 1d, —=-VT20 (1.189)

Substituting the new dual relations into the first principle of thermodynamics yields the following form
of the heat equation:

pTs+ ps -VT—&+div(G)—g@, =0 (11.190)
In the case of rigid body conduction (no intrinsic dissipation), the free energy can be defined as follows:

pz//(TﬁT)=—pcgr(|n%—1j—%ﬁrﬁr (11.191)

0

where, C. >0 and M >0 are two positive material coefficients (Nguyen, 2010). Using the state relations

Eq.(11.188), the generalized heat equation is given by:
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PC.T+MVT-VT +div(G)=0 (11.192)
Taking into account the Fourier law of heat flux, the heat equation just becomes:
PC.T+MVT-VT =kAT (11.193)
Nguyen (Nguyen, 2010), considers the example of the small perturbation of a stationary temperature
T,(x)=T,+gx/L,ina 1D rigid rod [O,L].

The associated linearized heat equation, using Fourier’s law of heat flux, can be expressed as:

XX

M
pC,T, + TgTM = kT (11.194)

An elementary solution given in the work (Nguyen, 2010), shows that the thermal pulses propagate at

finite velocity given by —MgKL/(p2C§I2L2+I\/Izg2) with damping coefficient defined by
pCiL [(P°C2PC +Mg).

VI1.5.3.3.2 Hyper-temperature (entropy gradient) model

In 2008, Forest and Amestoy (Forest and Amestoy, 2008) extended the classical thermodynamics of
solids to incorporate a non-trivial dependence of the internal energy density function on the gradient of
entropy. The generalized heat equation derived from this theory is shown to be different from existing
models including gradient of temperature effects in the free energy. In this theory, the additional
contributions to the power of internal and external forces are assumed, in the form:

em:—j(gzwwassu&sﬁs*)dv Pazpj(é-v*)dv
PR L v (11.195)
Pextzj(pf”-U*+fss'*+f5-Vs'*)dV+J-(I-:“-U*+FS$*)dS

I

v

with, o, and o, (called hyper-temperature vector (Forest and Amestoy, 2008)) denotes micro-stresses.

f“ , 7, fs and l?”, F° are the simple and generalized body forces and contact forces respectively

associated with U and S, and no micro-inertia effects are attached to entropy.

Applying the principle of virtual power results in the following balance equations and associated
boundary conditions:

{vﬁp}w:o inq |V(6,-F)-0,+f =0 inQ

L - (11.196)
o-n=F onl’ (&s—fs)ﬁ:FS onT’

Consequently, using the kinetic energy theorem, the local form of the energy balance follows:

pe=0:é+05+G, Vi—div(G)+¢& (1.197)
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Substituting the above extended rate of specific internal energy Eq.(11.197) into the classical second law
of thermodynamics (Eq.(11.153)), leads to the generalized Clausius-Duhem inequality:

.VT>0 (11.198)

- |Q!

p(Ts—é)+c:é+0,5+3, Vs —

Considering thermoelastic solids and the set of state variables (g,s,?s), the inequality eq.(I1.198)

becomes:

Yo, T—%Jr5 S+ g—p@ :§’+(6's—pa—f}§$—g.§T20 (1.199)
os p o oVs T

from which the state relations are derived based on the Coleman-Noll standard arguments:

g:pﬁ r_o% o 5$=pa_f (11.200)
o€ os p oVs
and the residual thermal dissipation:
0y - 9%
Py = Pen __?'VTZO (n.201)

Substituting the state laws Eq.(l.200) into the local energy balance equation (Eq.(11.197)), leads to the
classical form of the heat equation:

pTs=—div(G)+¢& (1.202)

Concerning the following internal energy density function, linearized around the reference entropy s,

in rigid heat conduction:
- ,(s—s, )2 1 - -
pe(s,Vs) =psT,+p T +5A5V5‘V5 (11.203)

where, £ and A, are two positive material parameters. Using the derived state laws in Eq.(1.200) and the

Fourier law Eq.(11.161), the heat equation is derived as:

: PK 242
7,5 =KkAT =—(As—I A’s (n.204)
P = AT =22 (- )
where, IS2 zi;qs is a characteristic length related to material parameters.
o

It is worth noting that this enhanced heat equation (Eq.(I1.204)) has the structure of the Cahn-Hilliard
equation in mass transport theory (Cahn and Hilliard, 1958; Gurtin, 1996). The classical heat equation is

retrieved for a vanishing intrinsic length scale /s =0, or equivalently A, =0, in the absence of prescribed

external micro-forces. The additional contribution in Eq.(11.204) accounts for the size effects in heat
conduction in micro-heterogeneous bodies.
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By using the expressions of internal energy density function, the free energy density is given by:

Asﬁz S,
2

py (TNT,As)=—p(T-T,)s, - B(T-T,) +

4AﬁVTVA ﬁAZAZZﬁASVA V(A
VTV (a5)+ o + 2229 (9)-9 1)

(11.205)

The first line of the expression corresponds to the quadratic form in a linearized theory of rigid heat
conduction including the temperature gradient as state variables:

pu (T.9T)=—p(T-T,)s, - £

(T—7;))2+1AT§T-§T (11.206)
2

0

with S=pC, /2T, and AT} =AC>. The second line of the expression shows that the gradient of

entropy and gradient of temperature theories are not equivalent. If the parameter A; is sufficiently small,

the gradient of temperature model Eq.(l1.206) can be regarded as an approximation of the gradient of
entropy theory.

The generalized heat equation derived from the gradient entropy theory can be rewritten as:

AC? AXC?
PC. T+ AT + =—2 A’ = kAT (1.207)
T, P,

If one considers a sufficiently small value of A_, the last term in the left hand of Eq.(11.207) can be

neglected, the heat equation becomes:
PC.T+TAAT =KkAT (11.208)

which is exactly the heat equation derived from the temperature gradient theory Eq.(11.206). Note that the
heat equation (Eq.(11.208)), derived from the gradient temperature theory, has the same form as the heat

equation of Cattaneo | (Eq.(11.164)) taking 7 :TI)AT/K.

VI.5.3.4 Double temperature model

VI1.5.3.4.1 Aifantis’ double temperature model

A generalized heat equation has also been phenomenologically derived by Aifantis (Aifantis, 1980a, b;
Forest and Aifantis, 2010) based on a double temperature mixture type theory. For the sake of brevity, we
limit ourselves to the rigid body assumption. In the case of a heat conducting two components system
(indicated by 1 and 2), the following two energy balance equations must be fulfilled:

p1é1 =—diV(E]1)+§1 pzéz =—diV(52)+§z (1.209)

In a mixture for which the particle densities are p, = p, = p/2 , the macroscopic internal energy, heat

flux and effective temperature are defined as:

2e=e +e, 2q=q,+q, 2T=T,+T, (11.210)
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In the absence of chemical reactions, the source terms are assumed to compensate &, +&, =0. The

entropy production due to each constituent is assumed to take the form:
. . al _ . : Eiz — —
ps, +div T =, ps,+div T =rm, 2r=r+m,20 (n.211)
1 2

Combining the balance equations of energy Eq.(1.209) and the entropy inequality Eq.(Il.211), the
reduced Clausius-Duhem inequality is derived:

1 Ce, . 1 de, g, VT. G, VT,
pll-——"215 +p|1-——"215,+p £ 52 B YE B Vg (1.212)
T, Os, [ 552 [ T nn i T
Then, the state relationships linking partial temperature and entropies are derived based on the
Coleman-Noll arguments:

n:% TZ:% (11.213)
51 52
The residual dissipation:
g, VI. 4§, VT,
O, =P, =p £+§ G YA % VYhiyg (1.214)
nrnL)nn T, T

If the temperature variations remain sufficiently small, the generalized Fourier law are assumed to take

g K, K VT
{?1}:_|: 11 12j| N 1 (11.215)
a, Ky Kyn|VT,

and the generalized specific heat capacities (C,./.) are also introduced in the form:

the form:

pe =C, T +C,T, pe,=C,T,+C,T, (1.216)

Within the assumption of linear framework, the coupling term may be taken as proportional to the
temperature gap:

&=-&=h(T,-T,) (11.217)

where, h is a coupling parameter (microscopic heat transfer).

Substituting the above state constitutive equations into the corresponding balance equations, the
following partial differential equations are obtained:

d d
C,——-x,A+h C,——k,A—h
T 0
Zt Cg {Tl}={o} (11.218)
CZIE_KZIA_h CZZE_KZZA—l_h 2
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Elimination of T, and T, leads to the following higher order heat equation for the effective (global)

temperature:
T+aT — AT + yA’T = AAT (11.219)
where,
o= Cnczz _C12C21 ,B — Knczz + Kzzcn + K12C21 + K21C12
h(Cy +C,, +C, +Cyy) h(C,,+C,, +C,, +Cy,) (1220)
KKy — KoKy _ Ki + Ky + K, tKy,

]/ = =
h(Cll +C22 +C12 +C21) (Cll +C22 +C12 +C21)
It must be noted that Eq.(11.219) contains two more terms, the second time derivative and fourth space
derivative of temperature, compared with the heat equation of Cattaneo | (Eq.(I1.164)). The fourth order

spatial derivative term can be neglected when the thermal conductivity of electron component &, is

much larger than the lattice component x,,, e.g. in pure metal (Sobolev, 2016). This equation also similar

to Barenblatt’s infiltration theory for the pore pressure in double porosity media (Aifantis, 1980a).

VI1.5.3.4.2 Hyperbolic two-temperature model

As summarized by Sobolev (Sobolev, 2016), the double temperature model is still a parabolic heat
equation. In order to obtain hyperbolic heat equations of the two-temperature model, he adopts the
Cattaneo equation Eq.(11.166) as the extension of the heat flux model. It yields the heat conduction
equation for the electron and lattice temperatures in the form:

2 3 2 3 ~ 2~
%+(T+rﬂ)a 72-1 +77, 0 73-1 _icd 7;1 +2 627-1 +C_2+(2'+r2)a—Q+Trza—cz2
ot ot ot ox ox“ot ot (11.221)
oT, o°T, o’T, _oT, ,0T, = oQ
—2+(r+71,)—2+1T =K +1 Z+Q+7—
ot (7+72) o> "o’ o ox’ot ot

where 7 is electron relaxation time, 7, :C1C2/05(C1 +C2) is characteristic time of energy exchange
between electron and lattice, & is the electron-phonon coupling factor, C, and C, are the electron and

lattice heat capacity, respectively, /?:K/(C1+CZ) with x is the electron thermal conductivity,

= \jKCZ/a(Cl +C2) is the characteristic (internal) length scale, Q = CZ/(C1 +C2) with Q is a heat
source due to laser irradiation, 7, =C, /« is a characteristic warm-up time of the lattice.
If the heat source is omitted, the heat conduction equation can be written as:
7'7+(r+z'12)7'f. +77,T, —PAT, = KAT, (1.222)

In the work (Sobolev, 2016) a plane thermal wave T(x,t)zToexp[i(a)t—kx)] is considered to

examine the properties of the heat equations. The dispersion relation for Eqg.(I1.221) takes the form:
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i0’tr, + @’ (1+71y,) —ia)(1+ 7,ikk’ )— Kk*=0 (11.223)

At the high frequency limit, Eq.(11.223) implies that the temperature discontinuities propagate in the
system with finite velocity V, = a}K/Clz' , which depends only on the physical parameters of electron gas

and is of the order of Fermi velocity. In the intermediate frequency, the local equilibrium in the electron
gas is reached and energy is transferred into the bulk metal by diffusive transport of thermalized electrons
and from the electron gas to the initially cold lattice by electron-phonon coupling. In the low frequency,
the thermal equilibrium between electron and the lattice is reached, i.e. the energy exchange between
the electron gas and the lattice is negligible and energy transfer in the system is described by classical heat
conduction equation of parabolic type.

VI1.5.3.4.3 Generalized two-temperature model with nonlocal effects

To account for the spatial nonlocal effects (when the characteristic length scale of the process becomes
comparable with the mean free path of heat carriers) due to large temperature gradients, Sobolevs
(Sobolev, 2016) extended Cattaneo’s equation with additional second-order space derivatives:

G+17G=—iVT+2Ag (11.224)
where |, is the space non-locality of the heat transfer process (correlation length), which for metal is of

the order of the mean free path of electrons.

For the sake of simplicity, the material parameters are assumed to be constant and the extended heat
equation takes the form:

T+ (247, T, + 70,1, = (1P + 2 ) AT, = L1, AT, = AT, + Q7 (11.225)

where, the index i refers to the two temperatures, fof is the effective energy source, which is expressed

as:

Q' =@+ (r+7,)8-EAG+ o7, - /2AQ
Q-+(r 2 (11.226)
Q” =Q+1Q-I’AQ

Comparing with the hyperbolic two-temperature model Eq.(I.221), the extended second-order space

derivatives of heat flux result in an additional fourth order derivative of the temperature /jrle'f, and
additional terms in the effective energy source. If I, =0, Eq.(11.225) reduces to Eq.(11.222), which implies

a hyperbolic type with finite propagation of thermal waves. When [, >0, it is a parabolic function and

discontinuities are smoothed by diffusion associated with the effective thermal diffusivity.
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VI.5.3.5 Microtemperature models
V1.5.3.5.1 Continuum with micro-temperature vector

V1.5.3.5.1.1 Heat equation of linear micro-stretch thermoelastic body using Grot’s theory

Based on the theory, established by Grot (Grot, 1969) dealing with thermodynamics of elastic bodies
with microstructure whose microelements possess a micro-temperature vector, lesan et al. (lesan, 2002,
2007; lesan and Nappa, 2005; lesan and Quintanilla, 2009; lesan and Scalia, 2010) derived a linear theory
of micro-stretch thermo-elastic bodies with micro-temperatures. The second moment of the stress tensor
and the average micro-stress moment are neglected in the balance laws since these functions appear only
nonlinearly in the field equations. The local forms of balance of energy and the balance of first moment of
energy can be expressed as:

pe=c:Vv+(c—0):v+a, . .Vv+div(q)+& (11.227)

and

pém:cjrm:(?v—g)+div(g)+a—a+§ (1.228)

with, v is the velocity vector, & is the micro-stress tensor, v denotes the micro-gyration tensor, Q‘m is
the first stress moment third-rank tensor, ém represents the first moment of energy vector, g is the first
heat flux moment second-rank tensor, Q is the micro-heat flux average, and f is the first heat supply
moment tensor.

The local form of the second law of thermodynamics is modified to include the micro-temperature:
ps—div g+E ——(§+§ T) (1.229)
T T

where, T is the micro-temperature vector.

Concerning the linear micro-stretch elastic solid (see the work of Eringen (Eringen, 1999)), the above
entropy inequality can be rewritten as:

p(Ts e— Te) +oié+o k+ E§ gp+0o,, (g'—(bi)-erg-ﬁT

or T (11.230)
VT g T-q:VT+(§-Q)-T>0

+—a:T-a:V7+(4-q)

with, §=€U+Q-(Z), Kzﬁg?) and 5:6(/) indicate the generalized strain tensors in the linear theory of

micro-stretch continua, & denotes the alternating symbol, ¢ is the micro-rotation vectorand ¢ denotes

the micro-dilatation function, @, is the coupled stress tensor, h indicates the micro-stretch vector, g is

the internal body force, | denotes the identity tensor. Considering the following form of free energy:
w=e—-Ts+T-€_ (11.231)
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the inequality just becomes:

—¢{W+73—f-@J+(g+§%-f}§+34:k+5-5—(g+§hQLT)¢+E~§T
T
oT ; L (1.232)

In the linear theory of thermodynamic materials with micro-temperature, the following constitutive
equations (lesan, 2007) are obtained:

0 0 - 0

oe ok 8{
5 5 5 (11.233)

g=—p¥ o 0V 5 v

op oT oT

and residual thermal dissipation:
Py =0 =G-VT-T,q:VT +T,(G—-Q)-T 20 (11.234)
The linear approximations for the generalized heat fluxes are given by:

G=Kk-VT+H-T q=—P:VT Q=(k—K)-VT+(H-A)T (11.235)

with, the constitutive coefficients k-, H, g, K and A satisfy the inequality equation (Eq.(11.234)).

By using the equations (Eqgs.(11.227), (11.228), (11.231) and (11.233)), and in the framework of the linear
theory (lesan, 2007), the following field equations of temperature and micro-temperature are obtained:

kAT +kydiv(T ) - B,T,div(V) - BT, —cT ==&

_ - . . . . (11.236)
kAT +(k, + ks )V (dliv(T)) + 166V - 5,V ¢~ bT —k,T —k;VT =

where, k;, B,, ¢ and b are material constants.

Concerning the rigid body heat conduction (without body heat sources), the above generalized heat
equations become:

cT =kAT +k d/v('f)

- ~ B L (11.237)
bT = kAT +(k, +k, )V (div(T))—k,T —k, VT

Combining the above two heat equations and considering the internal constraint that T =V T, the
generalized heat equation becomes:

=(k+k, —k, —k,)AT —bAT +(k, + k. )A’T (11.238)
1 2 3 4 5

If A’T is small enough, the above heat equation (Eq.(11.238)) is equivalent to the one derived from the
hyper-temperature model (Eq.(11.208)).
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VI1.5.3.5.1.2 Heat equation in micromorphic continua using Green'’s theory

lesan and Nappa (lesan and Nappa, 2005) also deduced the heat equation in micromorphic continua,
while using the thermomechanical theory established by Green et al. (Green and Naghdi, 1977). In
particular, he showed that in the linearized theory according to this approach, heat can be transferred as
thermal waves with finite speed. The heat equations of linear theory for temperature and micro-
temperature are given by:

al + mdiv(f) = kAT
(1.239)

bT =d,AT +(d, +d,)V(div(T))-mVT
where, a, m, k, b and d; are material constants.

Combining the above two heat equations and assuming that T= VT, the generalized heat equation
just becomes:

aT +2mAT +bAT —(d, +d, +d, ) A’T =kAT (11.240)

Compared with the heat equations (Egs.(l1.237)) from Grot’s theory, Eq.(11.239) predicts a finite
propagation. For a hypothetical medium in which m=0, Eqgs.(11.239) are uncoupled in the sense that the
temperature is independent of micro-temperatures. In this case the temperature satisfies the classical
wave equation. Moreover, it is interesting to note the similarity between the equations for micro-
temperatures and the Navier’s equations of motion.

V1.5.3.5.2 Scalar micro-temperature and micro-entropy

Forest and Aifantis (Forest and Aifantis, 2010) proposed theories based on scalar micro-temperature
and micro-entropy model, by applying the micromorphic approach (Forest, 2009) to the temperature and
entropy. They showed that the gradient of entropy theory and gradient temperature theories can be
regarded as a limit case of the micro-entropy and micro-temperature theories. The formulations of micro-
entropy model is now briefly reviewed in the purely thermal case. It assumes that there exist additional
independent power of internal and external generalized forces due to the introduced micro-entropy

variable 5§ and VS . The virtual power of the generalized internal forces (Germain, 1973) is enhanced:

P = j (55 +0, -%*)dv (1.241)
v

where &, and éb are generalized stresses or micro-forces according to Gurtin’s (Gurtin, 1996)

terminology.

The virtual power of external generalized forces is expressed as:

P —I(Ffs")ds (1.242)

ext
r

where F* is the generalized contact forces.
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In the quasi-static case, applying the generalized principle of virtual power results in the following
balance equation and the associated Neumann-type boundary condition:

V-6,-6,=0 inQ

I (11.243)
o,-n=F onl

Accordingly, the first principle of thermodynamics is extended with the micro-entropy variable. The
local forms of the principles of thermodynamics are given by:

pe=5,5+0, Vs —div(G)+&
g (1.244)
ps'—(é +div(gj >0
T T

Using the classical relationship between internal energy and free energy (Eq.(I1.154)), yields the
following extended Clausius-Duhem inequality:

oe ). oe\. (= oe \ =: ggc
T—|$+|o,—p— |s+|0,—p—— |- Vs—=VT =0 (1.245)
p( 65) (“pagj ("pavgj T
The following state relations are derived based on the Coleman-Noll arguments:
oe oe - oe
T== 6,=p— G,=p— (11.246)
0s p&s b pav.s

and the residual dissipation:

Py = Puy =—%VT20 (1.247)

Substituting the state laws Eq.(l1.246) into the local energy balance equation (Eq.(11.244)), leads to the
classical form of the heat equation:

pTs=—div(G)+& (11.248)
Within a linear context, the following quadratic energy potential (Forest and Aifantis, 2010) is defined:

2
pe(s,§ﬁ§) = psT, +p2@+%f:’(5—§)2 +%Aﬁ§~§§

(1.249)
ap
where, £, H and A, are material parameters. The state relations are obtained:
s—s H(s—5s _ - -
=T, +p( O)+ (s=5) 6,=—H(s-s) 6,=AVs (11.250)
23 P

Combining the Fourier law (Eq.(l.161)), the heat equation (Eq.(11.248)), the relevant state relations
(Eq.(11.246)) and the balance equation (Eq.(11.243)), the following generalized heat equation is obtained:
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. — A =,
pTos:K(ﬁvzs——SV“sj (1.251)
2 p

It should be noticed that this equation coincides with the heat equation (Eq.(l.204)) derived from the

gradient of entropy theory, specialized for &, =0, when the following internal constraint is enforced:

S=s (11.252)
As a result, the gradient of entropy theory can be regarded as a limit case of the micro-entropy model.

VL.5.4 Discussions of the generalized heat equation

With the purpose to focus on the heat equations, thermo-elasticity is assumed in this section to simplify
the complex detailed generalized heat equation (Eq.(l1.69)). On the discussions of nonlocal thermal effects,
the existent heat equations have been briefly reviewed in Section VI.5.3. Following the approach of
extended irreversible thermodynamics, some possible extended entropies are formulated to result a
nonlocal heat equation while is consistent with the second law of the thermodynamics. For the sake of
simplicity, the explicit dependence of the material parameters on the temperature is omitted.

VI.5.4.1 Simplified thermo-elastic micromorphic heat equation
In order to perform a clear analysis, the thermo-elasticity is adopted to avoid the intrinsic dissipations.
Then, the generalized balance equations (Eq.(l.6) and Eq.(1.7)) reduce to:

{Vc_ﬂpf“:pﬁ in Q (§.§_§)+p(ff_vfgf):pgﬂf+p§ff e (11.253)

o-n=F" onl’ (?—pfgf)-ﬁ=Ff onT’

The local forms of the first principle (Eq.(11.18)) and the second principle (Eq.(l.21)) of thermodynamics
are given by:

pé:g:§'+(§7%+§- )+(pg—diV(C7))

¢ Ef (11.254)
s—p=+div| = |>0
pi-pean( 2]
Considering the relationships between the internal energy and Helmholtz free energy e=w +sT,

leads to the following Clausius-Duhem inequality:

O ). e APN( 8!//); (: —a"’j vi-95
- & —p|s+— |T+|s—p— [T+| s— — [-VT —=VT2>0 11.255
(g pagj £ p( arj ( Par Pov T (1253)

For the sake of simplicity, we assume that the micromorphic temperature doesn’t dissipate and the

0 -

terms g—p—l/z , s+a—l// , §—pa—l/u/ and | s —pa?‘//v do not depend on the rates of the state
o€ oT oT ovVT

variables respectively, then following standard arguments (Truesdell and Noll (2004a)), the following state

relations are obtained:
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:pa_'// Sz_a_‘// §=pa_ S=p—r (11.256)

¢=_g.§20 (1.257)

The differential form of the generalized heat equation (Eq.(I.54)) reduces to:
ST — pg +div(G)=0 (11.258)

For the sake of simplifications, in the next we focus on the rigid body heat transfer (). Using the state
relations in Eq.(11.256), the above classical form of heat equation becomes:

0s 05 - 05 - ~
T—T-T| =T+—-VT |+di — =0 11.259
Plar [ar or j w(d)-ps (1-259)

or

oy .. R oy =) .-
-T T+ — T+ ——-VT |+div(g)—pc=0 11.260
(p oT’ r oToT r OVToT S ( )

After substituting the balance equation of micromorphic temperature and neglecting the external
forces, the temperature and micromorphic temperature fields are found to be governed by a pair of
equations:

oS - [85 o5 - j =
pT—T—T| —=T+—-VT |+div(§)—ps=0

oT or or (1261

-» 8(// 8(//_ O o

R

Combining the two equations in Eq.(11.261), leads to the generalized partial differential micromorphic
heat equation associated to the Helmholtz free energy:

2 2

pT(é/ﬂ%"'é’fz”) pT{aV/T+ af// (f—T’) az‘”ﬁ[ azyfv— ??J-?TL}

oT*>  oToT oT? OTOVT OVToT
(11.262)

O’y Oy = Oy o= .
—Tdiv —T+p——==T+p——=—-VT |+div(q)—p5=0

(p orovt . Patovt  Povr (9)=pe
where the temperature and micro-temperature variables are both present.

VI.5.4.2 Special cases of the micromorphic heat equation
In this section specific constitutive expressions of the free energy and dissipation potentials are chosen
in order to derive explicit generalized heat equations within the micromorphic framework.
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V1.5.4.2.1 Wave type heat equation
If the Helmholtz free energy is defined as:

e T (T 1.- T R
TTVT)=—pCT| I =1 |- pCT| I —1 |- 2IM(T=T) + 2MVT -V T 11263
oy ( )=—p [ = j p [ = ] ; (T-7) : (11.263)

0 0

where, C and C are the coefficients for local and micromorphic temperature, respectively. M is the

micromorphic temperature modulus coupling both the local and micromorphic temperature. M? denotes

the micromorphic modulus related to the first gradient of the micromorphic temperature (for simplicity,
the moduli are assumed to be independent of local temperature and the isotropic case only is considered).

According to the deduced state laws Eq.(l1.256), the following stress-like variables are given by:

oT T, p

_ Oy I _

S=p—t=—pCin—+M(T-T (11.264)
por = pEn +M(T-T)

= 0 -

S = T—MQVT
PovT

Substituting the above free energy Eq.(11.263) into the generalized heat equation Eq.(11.262), leads to:
= o v7.u' T (s . g A PR
PT(GT+6,T )T pC%—pCF+2M(T ~T) |- TMPAT +div(q) ¢ =0 (11.265)
The heat equation can also be directly obtained from Eq.(l.258) which provides an equivalent but
shorter expression of the heat equation (Eq.(l1.265)):
pCT +TM(T =T )+ div(§) —¢ =0 (11.266)
This equation can also be obtained from Eq.(l1.265) after noting that:

MPAT + pélnTl—M(r—f): plaT+aT) (11.267)

0

which follows from the combination of the micromorphic balance equation Eq.(ll.253) and the state laws
Eq.(1.264).

If the Fourier model of heat flux vector is chosen and neglecting the body heat source, the above

generalized heat equation will become to:

- p#nM(f-r‘)}ngAf — KAT (11.268)

~ =

pT(é’fj: + é}z%) - T{pé
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It is interesting to consider the internal constraint which consists in forcing the difference between
temperature and micromorphic temperature to be close to 0. After enforcing this constraint, the following
generalized heat equation is obtained:

pT(gj+¢ff)+p(C—5)T'—TM9AT'=chT (1.269)
We may note that:

a) If é’fz =0 (implying that the inertia is only proportional to the first time derivative of temperature),
the linearization of the heat equation (Eq.(11.269)) leads to:
PTo&eiT +p(C—C)T —TMPAT = kAT (11.270)

which has the same form as the generalized heat equations derived from the double temperature
model in Eq.(11.219), provided that the four-order term in Eq.(11.219) is small enough to be neglected
(e.g. in pure metal, the thermal conductivity of electron component is much larger than that of
lattice component), if C—C =C, holds.

b) If the two generalized heat capacities are equivalent C =C , the heat equation becomes:
PT . T—TM°AT = kAT (11.271)

It is similar to the heat equation (Eq.(11.240)) derived by lesan and Nappa (2005) in the absence of
the fourth order derivatives, based on the balance laws of micromorphic continua established by

(Eringen, 1970, 1992). It involves pT ¢ =a and M° =—m/T, .

c) In Eq.(I.271), if M =0 for a hypothetical medium or if AT is relatively small compared with
other two terms, it indicates that the temperature satisfies the classical wave equation:

.. K
T_

= AT (1.272)
p7-<)§f1

This wave equation Eq.(l1.272) indicates a finite propagation velocity

PToS;
V1.5.4.2.2 Double temperature type heat equation
Considering the following definition of the convex Helmholtz free energy:
- = T 1- - 1. =2 =<
py (T,T,VT)==pC,T| In——1 |-=M(T-T) +=M°VT.VT (11.273)
T, 2 2

Substituting the free energy Eq.(11.273) into the generalized heat equation Eq.(ll.262), leads to:
PT(&7iT + T )+ PC.T =2TM(T =T | ~TMPAT +div(G) —c =0 (1.274)

The Fourier law and the Cattaneo equation for the heat flux are used to derive the classical parabolic,
hyperbolic and generalized two-temperature heat equations respectively.
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VI.5.4.2.2.1 Using the Fourier model
Considering the Fourier model of heat flux and neglecting the body heat source, the previous
generalized heat equation will become:

We now enforce the constraint that the temperature and microtemperature variables coincide. The
linearized generalized heat equation Eq.(I1.275), becomes:

PCT+pTy (6T +6,,T |- TMPAT = kAT (11276)

The following special cases are derived:
a) If é}z =0, the linearized heat equation (Eq.(11.276)) just becomes:
PC.T+ pT, & T—TM°AT = kAT (11.277)
which is the same wcith the classical two temperature model in Eq.(I1.219), if Oz:Togl/C‘g ,

L=T,M°/pC., y=0 and L=x/pC, hold.

b) If é}l =0 (implying that the inertia is proportional to the second time derivative of temperature),

the heat equation (Eq.(11.276)) is expressed as:
PC.T+ pTo &, T —TyMPAT = kAT (11.278)

which is a third-order partial differential equation.

V1.5.4.2.2.2 Using the Cattaneo model
If Cattaneo’s model is adopted, the linearized Eq.(11.274) provides the following relationship:

peé=pT, (gj + g“n%) +pC,T —27;/\2(7;' —T) —QMgAf + (g L ET+E 67’) (11.279)

Substituting the Cattaneo equation (Eq.(11.166)) into Eq.(I.254), leads to:

pé+rpé:(g:§+§f+§-§f)+pg+mT+r§(g:§'+§TL+§-§TL)+16(§g) (11.280)
Using the relation Eq.(11.279), the above equation becomes:
pC, T+ p(C, +T, 6 )T+ pTy (47, + fz)'T:+rpTog”fz'f'
ZK‘AT+T0/\V4QA7%+TO/\29A%+pg+T% (281
It is worth noting that, if gfz =0 holds, we get
ng7"+p(ng + Tog”h)erpT'Oré’h% = KAT+TOI\W’A7L' +Tol\uﬂgA7§+pg+ T 8(§g) (1.282)
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which has the same form as the generalized two-temperature model with nonlocal effects Eq.(11.225).

If the term AT is relative small compared with other terms, Eq.(11.282) takes the same form as the heat
equation derived from the hyperbolic two-temperature model (Eq.(11.221)):

o(ps)
ot

pCT+p(C, + 1,80 )T+ pTytl T = kAT +TM?AT + pg +17 (1.283)
V1.5.4.2.3 Hyper-temperature type heat equation

Considering the constrained micromorphic heat equation (Eq.(l.276)), if we postulate that the inertia
of temperature is sufficiently small compared with other terms, the generalized heat equation becomes:

PC.T—TM°AT = kAT (11.284)

which is exactly the heat equation derived from the temperature gradient theory (Eq.(11.206)). It can also
be regarded as an approximation of the heat equation derived from the entropy gradient theory

(Eq.(11.207)), if M? =—A, holds.

V1.5.4.2.4 Hyperbolic type heat equation

Let us now focus on the linearized heat equation (Eq.(1.277)), for cases where the term AT is
sufficiently small compared with other terms. The heat equation then is the same as the hyperbolic heat
equation with relaxation time:

PC.T+pTy . T=KkAT (11.285)

by taking -, =7C, /T, holds.

VI.5.4.3 Solution analysis of nonlocal heat equations

In this section, the simple plane thermal wave Eq.(11.170), which is a solution of the hyperbolic heat
equation with relaxation time, is adopted to examine the generalized heat equations derived above. Since
the heat equations from the Cattaneo | model (Eq.(Il.164)), the hyper-temperature (entropy gradient)
model (Eq.(11.207) and Eq.(11.208)), the microtemperature model using Grot’s theory (Eq.(11.238)) and the
micro-temperature or the micro-entropy model (Eq.(I11.251)), can be regarded as special cases of the heat
equations from the classical two-temperature model of Aifantis (Eq.(11.219)), as well as the hyperbolic and
generalized two-temperature heat equations have been analyzed by Sobolev (2016); Only the following
three types of generalized heat equations will be analyzed:

F(T)=T,+AT,—B,T, =0
F, (T) :T,t +ADT,tt _BDTxx -C,T

D D", xxt =

FW(T):AWT,tt _BWT,XX _CWT, 0

0 (11.286)

xt

where, F, (T) is the generalized heat equation derived from Nguyen’s gradient temperature model
(Eq.(11.194)), F, (T) is the heat equation from the constrained micromorphic theory (Eq.(11.277)) in double

temperature type with omitted fourth order derivative, FW(T) is the heat equation deduced from the
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micromorphic theory which has the same structure as the micro-temperature model using Green’s theory
M K T.C- K
9 and B,=——>0, A, = Oé’”,B = >0

(Eq.(11.239)). These coefficients are given by: A, =
pC.L pC, C. pC,

T()Mg \ 19
and CD:p—C, AW:lOE)é/fl' BW:K>O and CWZTOM .

Substituting the assumed plane thermal wave solution, T(x,t)=T, exp[i(kx — a)t)] (Eq.(11.170)) with

k is the (complex) wave number indicating the attenuation of the amplitude of the propagating wave, w
is the (real) frequency, into the above nonlocal heat equations, leads to the following dispersion
relationships:
—iw+Akw+Bk*> =0
—iw—A,0" +B,k* —iC,wk* =0 (11.287)
2 2 . 2
-A,0" +B,k° —iC,wk” =0

VI.5.4.3.1 Solutions of Nguyen'’s generalized heat equation
Let us write k =a +ib and substitute it into the dispersion relation (Eq.(11.287) a), leading to:

(—w+Abw+2abB, )i+ (ANaa)+ B, (0/2 —b’ )) =0 (11.288)

In order to satisfy the above equation, it requires:

w=Abw+2abB,

11.289
ANaa)+BN(az—b2):O (1-289)

Solving the above nonlinear dispersion equations leads to the following velocity V, and the attenuation

coefficient « :

1A 2
v="2 | 2O, (11.290)

p
Rek | 28, \/—Zw(A,f,a)—«/A,f,a)z +163§)

1 1
= = 11291
“Zlim(k) (Ay+2B\Y, ) (21

for lower frequencies A,f,a)<< 4B,,, the velocity is infinite; in high frequency A,f,a)>> 4B, , the velocity

approaches the limit \/p z—ZMg/(KL) and the attenuation distance is infinite.

Clearly, the heat equation provides a finite propagation speed of thermal waves in high frequency,
while requiring the coefficient g to be a negative number in order to obtain a positive velocity V,, due to

the thermal conductivity coefficient & >0, material parameter M >0 and the length L >0 of the rod,
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are all positive defined parameters in the literature(Nguyen, 2010). Consequently, A, =Mg/(pC£L)<O

holds. It should be noticed that it predicts an infinite velocity of thermal propagation at low frequency, in
the case of existence the attenuation of amplitude of thermal wave ( k is complex), which differs from the
classical Fourier model and the hyperbolic heat equation with relaxation time. However, as shown in
literature (Nguyen, 2010), the heat equation gives a finite speed propagation of thermal wave with the

help of k=i/l and @ are both complex numbers.

VI1.5.4.3.2 Solutions of the heat equation in the double temperature theory
Let us take k =a +ib and substitute it into the dispersion relation (Eq.(11.287) b), leading to:

(~w+2abB, —C,00(a” =) )i +(~A,0 +B,(a’ —b )+ 2abC,0) =0 (11.292)
In order to satisfy the above equation, it is required that:

®=2abB, —C,0(a’ -b)
(11.293)
A0’ =B, (a* —b*)+2abC,w

Solving the above nonlinear dispersion equations results in the following velocity v, and attenuation

distance o :
2(B>+C20)°
v, = w _ l (D 0 ) (11.294)
Rek ) B 2
(A,B,—C,)+,[(AB,—Cp) +[D+ADCDa)j
(4]
1 2(B+Claf
a= = ( b +Ce) (11.295)

Im(k) (B, +A,C,0 )V,

a) At low frequency Coo” < B, the velocity V, ~ \2kw/(pC,) and a ~[2x/(pC,w) has the

same form as predicted by the classical theory based on Fourier’'s model (Jou et al., 1993). In the

high  frequency limit Cpw*>B; , the velocity V=~ «}ZMga)/(p{h) and
a zZCD/(ADVp)z ZMQ/(/) fla)) . Clearly, the factor (I\vﬂg/é’ﬂ) should be positive (A,C, >0)
to have an infinite real velocity v, of the propagation.

b) If A, =0, ityields the hyper-temperature heat equation (Eq.(I1.284)), or the heat equation from

Cattaneo | (Eq.(l1.164)), or the heat equation (Eq.(11.238)) derived by lesan (lesan, 2007) in the
absence of the spatial fourth-order term. The velocity and attenuation distance are given by:
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o l 2(B§+C§a)2)
Rek B 2
—C, + C§+(D]

w

1 2(Bj+Ce’)

a= =0 - m (11.297)

%

p

(11.296)

Clearly, for low frequency C2@’ < B}, the velocity V, ~ \2xw/(pC,) and a z,fZK/(pCSa)) ,in

the high frequency limit Cjw’>>B; , the velocity approaches V, z\f—ZQMga)/(ng) and

- 3 -
az\/—Z(TOIVIg) a)s/(nglcz) , by taking M° <0 . this type of heat equations also predicts
propagation at infinite velocity.

c) If C, =0 ityields the hyperbolic heat equation with relaxation time (Eq.(11.285)). The velocity and

attenuation distance are obtained:

® 2B’
V, = = I 2 (1.298)
Rek ) B 2
AB, +.[(A,B,) +(DJ
w
gt _2B (1.299)
im(k) "V,

which are exactly the solutions given by the hyperbolic heat equation of Cattaneo Il in Eq.(l1.169),

corresponding to the finite propagation of thermal waves: in low frequencies (A, <1), the
velocity v, z,}ZKa)/ng and a=«f2K/nga), in high frequency limit (A,@>>1), the velocity
v, ~ K/(p'lz)é’ﬂ) and o ~2, fTO;’ﬁK/(pCj), by taking &, =7C, /T, .

V1.5.4.3.3 Solutions of the heat equations in wave type
Taking k =a+ib and substitute it into the dispersion relation (Eq.(11.286)c), gives:

(2ab8, ~C,0(a” ~b*))i+(-A @ +B, (o’ —b* ) +2abC,,0) =0 (11.300)
In order to satisfy the above equation, it is required that:

~A,@" +B,,(a’ —b*)+2abC,w=0
(1.301)
2abB,, —C,,o(a” —b*)=0

Solving the above nonlinear dispersion equations, yields the velocity V,:
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© 2(B, +C0)
V, = = — (1.302)
Rek \/A,B, +AW4/BW +CLw
and the attenuation distance o :

2 2 2

a —M (|| 303)
= - )
(AWCWa) )Vp

for low frequencies (C,@” < Bj, ), the finite velocity v, ® ,fl(/(pﬁ)é’ﬂ) and the attenuation distance is
infinite; in high frequency limit ( Cj@®>>B;j, ), the velocity approaches v, ~ ﬂ/27:)/\2960 ad
o= «fZQMg /a)/,oﬁ)é’f1 , by taking the two parameters ¢, and M being positive.

Clearly, the velocity given by Eq.(11.302) also predicts the infinite speed of thermal propagation, and this
infinite propagation is caused by the term AT in Eq.(11.270). If C,, =0 for a hypothetical medium, or if the

term AT is sufficiently small compared with other two terms to be neglected, the velocity is finite:

/B f
sziz Swo_ K (1.304)
Rek VA, \rls

which is exactly the velocity of the wave equation Eq.(11.272). The attenuation distance is infinite.

VI.5.4.4 Summary

The micromorphic approach, initially developed by Mindlin and Eringen in the mechanical context, has
been applied to the problem of heat transfer by means of a generalized principle of virtual power. For that
purpose, an independent microtemperature field is introduced and its gradient is assumed to contribute
to the free energy density function. The proposed phenomenological method has been shown to lead to
a pair of coupled generalized heat equations. The model identically satisfies the local condition of positive
dissipation rate. The constrained case for which the microtemperature coincides with the temperature
itself is of particular interest because it can be compared to the various extensions of the heat equation
available in the literature. The proposed equation is enhanced by essentially three new contributions
which were illustrated in the linearized case. The three terms affect the transient thermal behavior of the
material only. The first new term is related to the Laplacian of the temperature rate, a contribution which
was proposed first by Cattaneo in an early version of his theory. A second contribution is proportional to
the second time derivative of the temperature which changes the usual heat equation into a hyperbolic
equation with a positive characteristic time. The last term associated with the third time derivative of
temperature remains rather unexplored even though it is present in some generalized theories found in
the literature.

The proposed theory was shown to differ from existing thermomechanical extensions of Eringen's
micromorphic model that rely on the introduction of a microtemperature vector akin to a relaxed
temperature gradient. It has also been compared to the effective heat equation arising from the double

121



PART Il CHAPTER VI THEORETICAL FORMULATIONS

temperature model involving two coupled heat equations and leading also to fourth order spatial
derivatives:

= The hyperbolic heat equation of Cattaneo Il with relaxation time, can be obtained from the
thermodynamically consistent micromorphic heat equation by neglecting the nonlocal effects of the
temperature.

= The classical, hyperbolic and generalized two-temperature models can be also retrieved from the
micromorphic heat equations.

= Both the micro-temperature heat equation using Green’s theory and the micromorphic heat equation
provide a pair of governing equations for local and micro/micromorphic temperature. And the classical
wave equation can be obtained from their constrained heat equations.

The proposed theory allows for a direct coupling with the mechanics of materials and is thought to be
useful for the simulation of fast heat and mechanical treatments of materials including metal forming at
high speeds, laser surface treatments of materials, etc. The nonlocality in the proposed theory resulting
from the introduction of the gradient of micromorphic temperature could be an alternative to the analysis
of heat transport based on enhanced heat fluxes.
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V1.6 Conclusions

In this chapter, the theoretical formulations of the thermomechanical micromorphic nonlocal model is

systematically presented:

1).

A complete set of generalized micromorphic constitutive equations is derived in the context of the
thermodynamics of irreversible processes to capture the strongly nonlocal behavior of materials in
the localization regions. It contains the formulations of the balance equations, the state relations
and the evolution equations. The micromorphic model couples with elato-visco-plasticity, ductile
damage, temperature and mixed hardening as well as the nonlocal effects;

. An intensive review of the existent generalized heat equations is recalled in five classifications: (i)

the Fourier model, (ii) the hyperbolic type with relaxation time, (iii) the double temperature model,
(iv) the temperature/entropy gradient theory as well as (v) the micro-temperature model. A simple
plane wave function is chosen to examine the predicted thermal propagations;

. A pair of micromorphic heat equations is simplified and compared with the existing extended heat

equations taking appropriate selections of Helmholtz free energy. The additional micromorphic
temperature leads to a new thermal balance equation taking into account the thermal nonlocal
effects. Several existing generalized heat equations could be retrieved from the constrained
micromorphic heat equations.
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V1.7 Appendix

V1.7.1 Formulations of plastic multiplier
To lighten the notations in this appendix, the explicit dependence of the material parameters on the

temperature is omitted.Due to the Kuhn-Tucker conditions (220 , fpso and pr =0 ) and the

consistency conditions, the yield criterion f, must fulfill the condition:

L IS I I T

= : 0 11.305
f”ag—a)_(‘aR od oT ( )

Using the state relations Eq.(11.31), Eq.(1.35) and Eq.(Il.36), the time derivatives of Cauchy stress,
isotropic and kinematic hardening stresses, under the assumption of additive decompositions of total
strain rate, are given by:

G=—=16 +—d+—= =T =——:(Q—/iﬁf) 192y, 02 %0
e, < ad  or of oe od | oT o
)_'(:a—)—(:g a—)—(c'l+a—)—(T 8_)5 ojza—)—(:/l(ﬁf—mf) +/16—XY a—)—(T'+8—X 1 (1.306)
oa od ot oa © oa od oT  oa
R:a—Rr'+a—Rd+a—RT'+6—"jF _ORA L -0 +/ia—R\7+a—RT'+a—ljf
or od OT or or (1 —d’ ) od oOT or

with the derivatives of Cauchy stress, isotropic and kinematic hardening stresses are deduced as below
respectively:

oo
os, ( )=
oo 1 1 B
T AET (T-T,)p+ (T-1,)P
™ oA e - Wimd (1.307)
o ar s BRI
92_p
or ~
Z_(1-d)(c+¢)
g = =
oX _ - %
—=——C:a-C:(la-a)=——=
ac c (11.308)
oX B
—=(1-d)=: 1-d)—=:(a-
oX
a1
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&L _(1-a")(a+a)

aR _ R

e e

oR oQ oQ {209
P (1-0) e (1-0) ()

g’: ~(1-d")Q

According to the evolution equations Eq.(Il.77) — Eq.(11.80), the time rate of yield criterion can be

expressed as:

O ol ~ o, Oo. 00:= ~ oX X, 0X. O
=\n:| —:(D-An, |+ A=Y +—=T+—=T || +|(-n,):| —:4(n A=Y+—=T
d {—f (age G d or H [( ) (8@ (8 ~m) od  oT  oa
+ ! a—Rl 1 0 +/18RY+6—RT oR;
(1—d7) or 1—d” od oT or
R

I . X . X . . X (- 2\ -
- (ﬂf E]TJJ[Q/’ E (—f_—f)] +/1(Qf gjy_(—f g) Q‘l
B 1 G_R Fid 1 OR o 6R i 1 OR |~ 1 5

(1 d7) oT 1-d7 or (1 d7) 8!‘ (1 d7) od (l_d}’)
Al (_?H .\ | le-xI xR |,
_ ; 2\/1 @ 2 f1-a) d
(1.310)

The items explicitly independent on the plastic multiplier are reorganized:

125



PART Il CHAPTER VI THEORETICAL FORMULATIONS

. Oo A A 1 = .
=N :——:D+(n :P T+(n :C):o?+ ——Q
o e e ) [ 7] J
(1.311)
. . . 0 .
+[ﬁf:a_gj7-_(ﬁf:a_)_(j7-_ L R
oT oT (1-a7) 0T oT
and the coefficient for the plastic multiplier is given by
[~ 0o . . OX /. 1 OR o) OR
—Hp=—| 00y = 0= (Qf_—f) T P
os, oa d” or (1_d7) or
(11.312)
+[~ aajy (~ axjy_ 1 aR P ||G x|| yd7_1
(11.313)

Then, the Eq.(11.310) can be rewritten as
f =f; _HPZ" =0

Using the deduced derivatives in Eq.(11.307) — Eq.(I1.309), we may have the following expressions

. OCc . OCc ~ . . 0o, \.
en o B B (e )

+(ﬁf:§)f+(ﬁf é):ojﬂ[ (1d7)5]ﬁ
_ [ﬁ(ﬁ/\' g, — (T—TO)P'—(T_T)E,)J'

=(1-d)i a0+ (-1-9)(CrarC (q—é)) 7
_—( (1—d7)(Q'r+é’(r—F)))—a; _

+(ﬁfzé)f+(ﬁf:§)'a+[ (11dy)5}
T+(ﬁf:é)f+(ﬁf:§):é+{ (:dy)é} (11.314)

and
126



PART Il CHAPTER VI THEORETICAL FORMULATIONS

YL . ‘
-A:g, P+P) |+ C:a+C:(a—a
v [ - 2\/_( B)Jhiilgiartila-d)) ) (11.315)
|, lo-x| __yarin
+ ydtlar+Q(r—r) |)+ -
(1_d7 ( [ ]) 2\/(1—d)3 2\/(1—d7)
Clearly, now we obtain the plastic multiplier:
i- 1,, (1-d)5, : A: D+HTT+(ﬁf:§)f+(ﬁf;§):é+ ﬁ F (11.316)

with

ﬁf:é:ﬁf+(§+§)ﬁf:(ﬁf—mf)Hl— (1—dy)[b[agéjf—b[gm(mé)

(11.317)

. X yd?* R le-X]| ~ yd'R

ﬂf.(l—d)_\/(l_dV 1 d7 2\/1 d 2\/1 dy

VI1.7.2 Formulations of elastoplastic tangent operator
Considering the state relation of Cauchy stress tensor Eq.(l.31), the rate of stress with respect to time
is given by:

a—‘—7:g“‘3+8—‘—7ci!+a—gr' 9g 7 (1.318)
e, = ad  or | or

o=

Considering the evolution equations of plastic strain and damage Eq.(ll.77) and Eq.(l.80), and the
plastic multiplier Eq.(11.83), with the help of the assumption of additive decomposition of total strain rate,
we obtain the following expressions:
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c_j=a—g:(g—2ﬁf)+/ia—g\7+a—gf+a—gf
g, od or oT
|92 _119¢ 5 99yl5 |p+| 22t 02 5 925
os, H,\ Oe, od = oT H,\ Os, od
oo (B:2)(og oo, (ﬁfig) (oo . oo, (1319)
+ —=- —n - T- al —in——=Y
oT H, | oe, od H, oe, od
5 (ag ~ 89‘ A] -
- tne——=Y ||r
HP (1_d}’) 888 (’id
The derivatives of Cauchy stress with respect to elastic strain, damage and temperature are deduced
in the below:

[ne1@

oo

—=(1-d)A

2 (-a)a

a_G:_/:\;§8+(T_7—C’)(B+E)

od = 2V1-d i (1.320)
0o OA .z oP _. OP

=== —P—-P—(T-T.)—— —-T\)l—

or or LT ( °)8T ( )8T

% _p

or ~

(11.321)

and it can be rewritten as:

G=L DALT+LT+L a+LF (1.322)
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zﬁ—ﬁf:E Aih +|Arg, - (P+P)|¥ (11.323)
T OH (55T 2t-d T '
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VII. Numerical aspects

VII.1 Introduction

This chapter is dedicated to the numerical aspects including the weak forms of the overall IBVP, time
and space discretization, global resolution scheme of the dynamic explicit solver in ABAQUS and the local
constitutive integration scheme. The quadrangular membrane element, the quadrangular shell element
and the brick solid element based on assumed strain method are performed by using the subroutine VUEL
from ABAQUS.

VII.2 Weak forms of the IBVP

The weak forms associated with the various strong forms of balance equations can be obtained using
the weighted residual methods. Let €, be the space occupied by the body at a typical time t, and T" be
its boundary relative to the actual deformed configuration. By applying the weighted residual method to

the simplified strong forms of balance equations (Egs.(11.111) ~(11.114)), and integration by part and the
use of Neumann boundary conditions, the weak forms take the following form:

1,(89)= [ (a:Vv)dv+ [| p(i~F*)-67 |av [ (F*-57)ds =0 v 57 K.A

Q

j/zw VSddV + j VH(T)

2 a H(T) (T)

”“g
I 1 d’ IZVr V§rdV+I 1 d’ va(r )Vré‘rdv+j 1- d’ (r r)érav — Ip

S a(r

VdoddV + j

5rdV 0 Vor K.A.

a(T)

)
(1) vVa: adv+j (1-d) a—o_?):é‘c_?dv—jp?“—é:é'c_?dV:O V Sa KA.
Qt

_ vC

J,(6a)=-[(1-d)Va..VéaadV + | (1-d) a a
) J ) J c(T) c(7)
J(oT)=- /ﬁﬁf-ﬁéfvarIVM (r ) VTSTdV - J' 1 P £°5Tdv + [ (T=T)oT dV—JpMé‘dezO V 6T K.A.

2 a M(T) 2 M(T)
1 (8T)=—x [ VT-V&TaV - j pC,T 5Tdv+j éTdV+_[¢m5TdV+I pc 5Tdv+qu5Tds 0 VOTK.A

Qr ! l ! rq

(1.324)

where, K.A. stands for kinematically admissible velocity fields, and g, :(—KVT-ﬁt )r" is the given heat

t

flux across the boundary I'] .

In the present work, only four of the above overall weak forms of the IBVP, associated with the
following six degree of freedoms (dofs) are studied and implemented: the three displacement field (Eq.
(1.324a)), one micromorphic damage (Eq. (11.324b)), one micromorphic isotropic hardening (Eq. (11.324c))
and one local temperature (Eq. (11.324f)). They will be solved simultaneously by Abaqus/Explicit solver
using the explicit central-difference or forward-difference integration scheme as well as user developed
finite elements with new micromorphic dofs.
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VII.3 Time and space discretization
This section is dedicated to the discretization in the time domain /. = [to,tf] and in the space domain

Q,, of all the coupled weak forms defining the IBVP discussed above. The time discretization is based on
the finite difference method (FDM), while the space discretization is based on the finite element method
(FEM). The assumed strain element formulation is used for the nonlinear displacement field and the
standard shape function are chosen to interpolate the micromorphic fields.
VIL.3.1 Time discretization

The total time interval /, is thus discretized into N, subintervals with empty intersections, so that the

Nt
approximation | =|t t, |= t t =t +At]| is valid with sufficient precision. For each of these
t 0’*f n’*n+l n
n=0

subintervals of time, we are therefore solving a nonlinear problem to determine all the unknowns of the
IBVP. In fact, since all of the unknowns of the IBVP are supposed to be known at time t,, the problem is
to compute these unknowns at the end of the subinterval under concerni.e. t, ,, =t + At using the load

increment prescribed over that time increment At.

VIIL.3.2 Space discretization
The standard displacement-based FEM is used to discretize the reference configuration Q, into afinite
number N, of subdomains or finite elements (FE) with simple geometric form called €2, , with empty

intersections. The Hu-Washizu hybrid variational principle for nonlinear solid mechanics is given by Fish
and Belytschko (1988):

orn(v.e°,0)=] (o¢° ) : odQ+5[ (o° ) :(%y-g”)dg—aé.fm -0 (11.325)

where, 0 denotes the standard variation operator, vV the velocity field, £° is the assumed (interpolated)

strain rate, ga the interpolated stress, o the stress evaluated by the constitutive law, d the nodal

ext

velocities, f the external nodal forces, and 65\7 the symmetric part of the gradient of the velocity.

The assumed strain elements here are based on a simplified form of the Hu-Washizu variational
principle as described by Simo and Hughes (1986) in which the interpolated stress is assumed to be
orthogonal to the difference between the symmetric part of the velocity gradient and the assumed strain
rate. Consequently, the second term of Eq.(11.325) vanishes, yielding:

5ﬂ(§'“):jg (se° )T .odQ—5d - F =0 (1.326)

Under this assumption, the variational principle (11.326) is independent of the interpolated stress and

doesn’t need the definition of an assumed-stress field o”.

The discrete equations then require only the interpolation of the velocity and the assumed strain rate
within an element, for which we use standard finite element nomenclature:
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V(x,t)=N(x)-d(t)

- (n.327)
£ (xt)=8 (x)-d(t)
and the standard shape function is used to interpolate the micromorphic fields:
% (£,8)=(Ne (&) 1% (&0t
( ) < ( )> { ( )} (n.328)

Vi (&,6)=B: (&) ] {x: (&1))

where, x° denotes the local temperature and the micromorphic fields: damage, isotropic hardening,
kinematic hardening and temperature.

Substituting Eq.(11.327) - (11.328) into Eq.(I1.324) and Eq.(l1.326), the elementary discretized weak forms
for a typical element take the form:

1, (6) = () ([m: J{a

frim - {rn)
1 (00)=—(o){[m: ]{a

d:} + {,:i:t—ﬂ} —{ijt_g,})

,,-A-—\:m

(11.329)

i

where, the consistent mass matrices, the internal and external forces vectors for a typical reference
element are given in the reference frame by:

1). Displacement field
[m; ] j p[N; ] [Ne]deV

Foeu I[B “LJeav (11.330)
Fies j p[NT {5} seav+ [[ne T {Fe)uas
4

with [N:J is the matrix of the shape functions of displacement field and [Bj] its related
derivatives matrix taking into account the assumed strain terms as given in Eq.(Il.327), and

)= det(l:f]) = det(lia)?/éf]) is the determinant of the Jacobian matrix if the volume mapping

transformation between the real and the reference elements Qf while Jf is the Jacobian of the

boundaries (or surface) transformation.
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. Micromorphic damage

{Fraf = [ o (NG ey
o

with d° is the local damage of the element.

. Micromorphic isotropic hardening

J- [ iy} v

RGN R ]
Fo }Zi(l‘(de) | e At Calcal

Q(r) or
J( ) “cdv

with r® indicates the classical isotropic hardening of the element.

. Micromorphic kinematic hardening

j ] :[ N JJcav

e ] -';[B(z]{’\’fz]r i [ ]av
J ___1__5C9(T)<7;>[B;]T[N;]T:[B;] a, |4,

c(t) ot

[Feit—g:} = J (1—de)[N§ T :afSdv
o

with @° denotes the classical kinematic hardening of the element.

. Micromorphic temperature
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(4] ey e
; [Bﬁ]’[Bﬂ+{Nﬁ}<Nﬁ>

{Fi:t—'f}z_[ . 8M {ﬁe}jjdv—i-g.!;pég;_){N;}(N;>{T’e} JdV

| s} )
Ml_d )

P: gfjdv+jr {Ng}scdv

ext T

t

(11.334)

with T¢ the local temperature evaluated in the element.

6). Local temperature
= [ pC, Nz} (g )sdv

of

(o) = [ (elee ] [ R e () 7 v - M L cdv (1335)

Qe

{Foor)=[ P {ns}ucdv + [ q, {Ng}ucds

Qf r{

with R;, (see Eq.(11.57)) is a part contributions from the time derivative of the entropy in the

element, and ¢° (see Eq.(11.87)) is the intrinsic dissipation of the element.

These consistent mass matrices are often favorably replaced by diagonal matrices called the lumped
mass matrices, obtained by concentrating the constant mass of each element in its selected nodes. Several
methods are used to diagonalize the mass matrix, as can be found in literature (Jurgen, 1996; T J R, 1987;
Zienkiewicz and Taylor, 2005).

VIL.3.2.1 Finite elements

In this work, overall three types of elements, containing the plane stress quadrangular element, the
bilinear quadrangular shell element and the solid-shell element, are developed to implement the
micromorphic model based on the assumed strain method (ASM). The planar quadrangular element
(Jinyan et al., 2004) uses the reduced one-point integration and the assumed strain formulations based on
the Hu-Washizu hybrid variational principle. Special care is given to avoiding hourglass modes and
volumetric locking as well as shear locking. The assumed strain fields are constructed so that those portions
of the fields which lead to volumetric and shear locking phenomena are eliminated by projection, while
the implementation of the uniform reduced integration scheme is straightforward to suppress hourglass
modes. Several numerical examples have been examined to validate the performance of this formulations,
as can be found in literature (Jinyan et al., 2004). In the next sections, only the quadrangular shell element
and the solid-shell element are presented.
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VIl.3.2.1.1 Q4r24 shell element

The bilinear quadrangular shell element, using full integration for membrane and bending effects and
selective integration for the assumed transverse shear strain, is developed with the help of the theory of
Mindlin (thick shell). It is extended to the elasto-plastic material model based on the previous work of
Bassa (2011). A short review and the standard formulations can be found in the Appendix | (Section VII.6.1).

VIL.3.2.1.1.1 The assumed transverse shear strain

The assumed strain method for transverse shear is usually adopted to replace the methods of selective
or reduced integrations. The special case of the Q4r24 element is that the shear strain is not directly
expressed in terms of the interpolation of the shear strains at the four nodes, but evaluated from the shear
strains at four nodes positioned in the middle of each one of the four edge of the element.

>

o

|
|
|
:
|
|
v

1 2
(-1,-1) (1.-1)

a - Reference element b - Real element

Figure VII-1 The reference element and real deformed element

As shown in Figure VII-1, the shear strain in the element is interpolated from the four middle nodes:
a(§ =0,n= —1) , b(f =1,n= O), c(§ =0, = 1) and d(f =-1,n= 0), in the following form:

1 1
Y ZE(l—n)V@ +5(1+77)%:c

1 1 (11.336)
8 =5(1—§)7,7d +§(1+§)7,,b

and the shear strains in local coordinates can be easily obtained under the transformation:

fij-ufr]

By using Eq.(11.405), the assumed shear strain is expressed as:

{r}=]8"]{w;} (1.338)

where, the assumed B matrix is [B"S] :[Jo]_1 I:C“}[JeBe] and {W:} is the vector of nodal displacement

and rotations. The matrices [C"] and [JeBe] are defined by:
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b (11.339)

[

4 1f1-7 0 00 14y 0 0 0O Al
[c ]_E{o 00 146 0 00 1—5} [Ve8:]= [
[

with

(
( (1.340)
( —

(

VIl.3.2.1.1.2 Formulations of the reduced integration

In order to save the computation time especially in explicit finite element solver, the reduced
integration with hourglass control is usually applied. The hourglass control is made by introducing
parameters for “artificial damping” and “damping stiffness”. The anti-hourglass mode vector y derived by
orthogonal conditions plays an important role in the construction of a stabilization stiffness matrix and
additional correction force vectors to avoid hourglass phenomena. The stabilization vector y can be
obtained simply by taking the partial derivatives of the generalized strain vector with respect to the natural
coordinates:

rh=2({h}=(h)-{cs} by ~(n)-{c; b, }) (11341)

where, <h>:<1 -1 1 —1> , the vector of nodal coordinates <Cf> <x,. X, X x,> and

<C;’>=<yi Y, Y y,> , and the vectors <bx>=<N,.,X> and <by>:<Ni,y> are evaluated at the
integration point (&,77)=(0,0).

In the local coordinates, the membrane deformation is rewrited as:
(1.342)

which can be regarded as a combination of standard B matrix and the anti-hourglass control part. The

vectors <Ue>=<ui u, u u,> and <Uf>=<v,. vV, Vi v,>.

X

For the bending strains, the curvature is modified as:
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{K}: _<by>_<7/>h,y { X}} (11.343)

where, the vectors (67 )=(6, 6, 6, 6,)and(6)=(6, 6, 6, 6,).
The assumed transverse shear strain can be also reorganized under the following form:
{r=([8 ]+n[B: ]+ ¢[B ]){we} (11.344)

where, [B;] is the standard B matrix evaluated at the center, the stable matrix [B;] and [B;] are used

to avoid the zero energy phenomena:

=3l

: e
B e =l ()

2
Consequently, the stiffness matrix is enhanced with the stable matrix of membrane:
(kD |=[k7 |+ [k ] (11.346)

where, [K(’)’"] is the standard stiffness matrix measured at the center of the element and the stable

~I

iy
[

[l

ol
N

(11.345)

~I

N |-
!

stiffness matrix I:KS'”] = I:B'" ]T [DS'"}[B"’J where:

[Bm]:[@ <7>} Hy = [[hh, (dets)ddn (ij=x.y)

(11.347)
H,DJ +H, D H,_D +ny033}

xy 12

[DTJ{HXXD:+H DI H DI +H D
xy~12 xy 33 yy' 22 xx~33
D,:." is the component of the membrane matrix [D’"] in Appendix VII.6.1.
The bending stiffness matrix is given by:
(k2 ]=[Kk]+[&?] (11.348)
where, [K(ﬂ is the standard stiffness matrix of bending, [Kf:' z[Bb ]T [Df][Bb] is the stable stiffness

matrix with I:Bb] = I:B’”] :
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b b b b
I:Db]: Hnyzz +HxxD33 _nyDlz _nyDas (11.349)
’ _nyDfZ - nyD§3 Hxfol + Hny_f?;

D,.j? is the component of the integrated bending matrix [Db} .

The stiffness matrix for the transverse shear becomes:

[k |=[ ks ]+ K ]+ k2] (1.350)

where, [Kg] is the standard stiffness matrix measured at the center, [Ks“] and [Kf] are the stable

stiffness matrix:

[k = [Bssl]T [0:][B:] [k ]= I:Bssz]T [0: ][ B2 ] (11.351)
[Df:' = Ah/3[D$:| is the integrated moduli of transverse shear.

VI1.3.2.1.2 Solid-shell element

The standard formulations of the first order solid element is presented in Appendix VII.6.2. It is well
known that if the displacement gradient is used to construct a stiffness matrix, the element can lock for
incompressible materials and will exhibit excessive shear stiffness in bending. It is therefore advantageous
to project the displacement gradient onto an assumed strain field £ to eliminate these drawbacks
(Belytschko and Bindeman, 1993). The discrete gradient operator is projected onto an appropriate sub-
space in order to eliminate shear and membrane locking. This projection technique can derived from the
formalism of the assumed strain method (Abed-Meraim and Combescure, 2009).

The discrete equation only requires the interpolation of the velocity field and of the assumed strain
field. The assumed strain rate £ is expressed in terms of a B matrix, projected starting from the classical
discrete gradient B defined by Eq.(11.411):

{g}=[B{a} (11.352)
Here, the Hallquist form of the b, vectors in Eq.(I.413) in Appendix VI1.6.2 is replaced with the mean form

Bi from Flanagan and Belytschko (1981):
b. —_—j N ({;:T] é/)dQ i=1,2,3 (1.353)
! \/e Qe b w Y '

where, V, is the element volume.

To define the projected B operator, only the nonconstant part of the strain field is projected.

Therefore, it is convenient to separate B into its constant and nonconstant parts as follows:

B=B +B, (11.354)

138



PART Il CHAPTER VIl NUMERICAL ASPECTS

where,

_BI | [y T T T T T
- X1234 —\7Y3 _VY24 __Zz _V234
by R _W; _VX1TA Y1234 __ZlT _V23T4

= I sz R ]_ _WZT _VX1T4 _‘7Y1T _VYZZ Zsz34
[B.]=| 57 [B,]=|ptmmmtbm b L S (11355)
y bx Y2 X1 0
b! br 4 0 X,

b bl 0 Z, v, |

with En is the assumed strain quintessential bending incompressible or ASQBI field, which is able to avoid
the volumetric locking as the Poisson’s ratio v approaches 0.5 and capture the transverse shear strains

which occur in a beam or plate in bending, and v =v/(1-v):

4 4 4
X1234 = Zha,x}/a Y1234 = Zha,yya Z1234 = Zha,zya
a=1 a=1 a=1

Xy = hz,x7z + h4,x74 X, = hz,x7z

(1.356)
hy=nd h,=¢& h,=E&n h,=&ng
i
The second form of the En is the assumed deviatoric strain or ADS strain field as given by:
2 1 1_; |
§X1Tza4 _§Y1T234 _521234
1 2 1
E X 1Tzs4 g Y1T234 B g V4 1Tza4
B |[=| 1 1 2 11.357
I: "] _§X1Tzs4 _§Y1T234 521234 ( )
V48 0 X5
0 z;, Y

The nonconstant part of the strain field is equivalent to the deviatoric part of the nonconstant part of
the symmetric displacement gradient. Because the deviatoric strain field is isochoric, the volumetric strain
associated with plastic deformation vanishes (Belytschko and Bindeman, 1993). For more details about the

comparison of the two forms of En can be found in literature (Belytschko and Bindeman, 1993).
VIL.3.2.1.2.2 The constitutive model
For the standard 3D constitutive model, the elastic moduli is defined in Eq.(l1.414) (Appendix VII.6.2)

with Lamé constants. However, the solid-shell element, which has the ability to model thin, three-
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dimensional structures uses only a single layer of elements along the thickness, while accurately describing
the various through-thickness phenomena (e.g. bending and elasto-plasticity). It modifies the three-
dimensional constitutive model to achieve a shell-like behavior and approach the plane-stress states
(Abed-Meraim and Combescure, 2002; ABED-MERAIM and Combescure, 2007, 2009; Abed-Meraim et al.,
2013; Bassa, 2011). The improved planar stress type constitutive model, which uncouples the response in
terms of in-plane and transverse normal stresses versus normal strains, is adopted:

[D]= (1.358)

Normally, the reduced integration with stabilization control evaluated in a co-rotational coordinate
system is used to integrate the stiffness matrix and internal forces. However, it is possible to use the ADS
or ASQBI strain fields with multiple integration points, which can improve the solutions by improving the
stress interpolation for the nonlinear material responses, without encountering locking since these strain
fields maintain zero dilatation in the nonconstant part of the strain field (Belytschko and Bindeman, 1993).
The eight-point integration scheme is adopted with doing 2x2x2 Gauss integration to replace the
classical stiffness matrix and internal forces in Eq.(11.415) (Appendix VI1.6.2):

[x.]=[[[[B] [o][8]av=" [ ["[B] [D][B]det[s]dcdnag
S [8(e,m,6)] [O][B(& ¢ Jde (2,1, )|,

{f‘"‘}=m[§]7 otav=[ [ [ [B] {o}det[s]dsdndS
» [E [ J { (fq,np,gt)}det[l(é‘q,np,é/t)}wquwt

g=1 p=1 t=

(11.359)

Q

VI1.4 Global resolution scheme

VIL.4.1 Dynamic explicit analysis

Considering the explicit dynamics analysis procedure in Abaqus/Explicit, the solutions of the IBVP with
four weak forms presented above are obtained simultaneously by an explicit coupling, based upon the
implementation of an explicit integration rule together with the use of diagonal or lumped mass matrices
(see Abaqus Analysis User’s Guide). The equations of motion for the body are integrated using the explicit
central-difference integration scheme:
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(n+1) (n)
A(12) (1) AT ALY ()
{U} {U} i 2 {U} (n.360)
{u}(nJrl) _ {u}(n) n At(n+1) {u}(nJrl/Z)

and the acceleration {U}(n) atincrement number n is evaluated from the discrete weak forms Eq.(11.329):

@y =[m, " (R} - {R ) (1361)

The solutions of the micromorphic damage and the micromorphic isotropic hardening are also
integrated in time using the above explicit central-difference scheme presented by displacement fields.
However, for coupled temperature-displacement fields problems, the temperature is integrated in time

)

using the explicit forward-difference integration scheme:

(7 = T (£ ) -

(1.362)
(T =) A )

At each time increment [tn,t =t, +At], the overall state variables at t, and the increments of all

n+1

displacement-like variables are provided to compute the state variables at t__., and the accelerations of

n+l’
the displacement-like variables by solving the weak forms of the IBVP (Eq.(l.324)). The main steps of the
dynamic explicit resolution scheme are summarized as following:

1). Resolution of the equation of displacement field in the Eq.(11.329)
a) Compute the lumped mass matrix [Mj] for once, using the Eq.(11.330) at the beginning of the

analysis step;
b) Estimate the new stable time increment At, using the Eq.(11.364);

c¢) Update the displacement field gy using the Eq.(11.360);

(n+1) ) g(n+1)

d) Compute the state variables, e.g. o &

, by the local integration scheme (Section VII.5);

e) Compute the internal forces {Fe

int—u

(n+1)

} and external {F:XH} forces using the Eq.(11.330);

(n+3/2)

f) Compute the acceleration U and the velocity u

Eq.(11.361).

according to the Eq.(l.360) and

2). Resolutions of the equations of micromorphic fields (damage and isotropic hardening) in Eq.(11.329)

a) Compute the lumped mass matrix of micromorphic fields [Mﬂ (Eq.(11.331)) and [Mf]

(Eq.(11.332)) for once, at the beginning of the analysis step;

b) Estimate the stable time increment At, and At ;

¢) Update the micromorphic variables d"** =" + Atd" D and FY =) 4 ALY
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d) Compute the internal forces {Fi:t_d} and {FE

int—r

}, and external forces {Fe d} and {F‘E } ,

ext— ext—r

using the Eq.(11.331) and Eq.(I1.332);

Z(n+1

e) Solve the accelerations d"*" and r' n+3/2)

), and the time rates of the micromorphic fields 3(

and F" ¥,

3). Resolution of the equation of local temperature in the Eq.(11.329)

a) Compute the lumped capacitance matrix [Mﬁ] for once using the Eq.(11.335);
b) Estimate the stable time increment At,;
¢) Update the local temperature T using the Eq.(11.362);

d) Compute the internal flux vector {Firft_r} by Eq.(11.335);

e) Solve the time rate of temperature 7 by Eq.(11.362);

4). Go to the next time step.

The explicit dynamic procedure requires no iterations and no tangent stiffness matrix. However, the
explicit procedure, integrates through time by using many time increments, is conditional stable. The
stable time increment with damping is given by:

At, SWL( (1+g2)—g) (1.363)

max

in which, w__ is the elementary highest eigenvalue and ¢ <1 is a damping parameter. A conservative

estimate of the stable time increment is given by the minimum taken over all the elements. The above
stability limit can be rewritten as:

L
At, Smin(c—e] (11.364)

d

where, L, is the characteristic element dimension and C, is the current effective, dilatational wave speed

of the material. The characteristic element dimension is derived from an analytic upper bound expression
for the maximum element eigenvalue. And the dilatational wave speed of the material can be

approximated by C, = (ﬂ_,+2,u)/p .
Similarly, considering different values of the micromorphic density ¢,¢,¢ ;¢ (Eq.(11.324)), leads to

the stability limits associated with each micromorphic field to define the associated stable time increments

(Ata,Atf ,Atd,Atf,AtT) . Since each IBVP has a critical stable time increment, the global stability limit is

governed by the minimum value of all the critical stable conditions:

At<min(At,,At,, AL, At,, At , At ) (11.365)
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VIL.4.2 Contact problems

Contact and interactions with or without friction plays a fundamental role in the solution of metal
forming processes. In order to impose the contact conditions that will be used to calculate contact forces,
the penalty method, calculates the interpenetration distance between solids at a given contact interface
point, and use this displacement and a penalty parameter to deduce the contact forces, is adopted as a
standard way in Abaqus (see Abaqus Analysis User’s Guide).

In this thesis, the contact pair algorithm for modeling contact and interaction problems in
Abaqus/Explicit, which uses the penalty contact algorithm and the pure master-slave surface weighting
formulations to ensure that proper contact conditions are enforced efficiently, is used. The contact forces
are a function of the penetration distance are applied to the slave nodes to oppose the penetration, while
equal and opposite forces act on the master surface distributed at the penetration point. The classical
isotropic Coulomb friction model, representing the linear relationship between the transmit shear and the
normal forces via the friction coefficient, is used to account for the friction between the contacting bodies.

VIL5 Local integration scheme

To solve the algebraic system given in Eq.(11.329), the computation of internal and external forces needs

the evaluations of the local stress tensor o, ., Eq.(11.330), the local damage d,,, Eq.(1.331), the isotropic

n+1

hardening r ., Eq.(11.332), the kinematic hardening ¢, ., Eq.(11.333) and the local temperature T ,

+1 n+1

Eq.(11.334) at each integration point at each element at time step (t =t, + At) , according to the known

n+1
state variables at time t,, the state relations Eqgs.(11.31)~(I1.40) and the evolution equations Eqs.(I.77)
~(11.98). The mechanical state variables are updated by the local integration scheme, while the

micromorphic damage JM , micromorphic isotropic hardening r ., remain constant taking their values at

+1

the end of the current time increment t__,, which are obtained simultaneously by an explicit coupling in

n+1’
the Abaqus/Explicit dynamic analysis. When all the mechanical state variables as well as the micromorphic
dofs (local as well as micromorphic ones) are known the local thermal problem is then solved to compute
T

n+l*

Recall that the evolution equations of our constitutive equation are first-order ordinary partial
differential evolution equations of two types formally written under the following form:

y=p(y.t) veelt,t,,] (11.366)
y(t)=y, t=t,
and
y=p(y.t) #(v.t)-v] veelt, t ] (11.367)
y(t)=y, t=t,

The solution of Eq.(11.366) obtained from the classical & -method is:
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Voo =Vo +At(6Y,,,+(1-0)y,) for0<f<1 (11.368)
while the solution of Eq.(l1.367) has the following form:
Voro =V, ex0(—00(y,.,) At)+| 1—exp(-0p(y,., ) At) |¢(y,.,) foro<O<1 (11.369)

Applying the solutions Eq.(11.368) and Eq.(11.369) under the fully implicit assumption (0:1), allows

rewriting the state variables, at the end of the time step t ., for the time-independent plasticity, under

n+l

the following form:

1). The Cauchy stress and the plastic strain tensors:

H(T ): - X
g7 =g+ ag, 2 HI)(%a = Xo)
\ll_dnﬂ _X

,=(1-d,,)A(T,): (&, +Ae - Agv")—«/l d,.(T,-7,)P(T,)-\1-d,., (T,-T,)

2). The ductile damage:

o}

Tia (11.370)

—n+1

— + Aj“vlo Yn+1_Yo(Tn) )
" ' (1 - dn+1 )ﬁ(Tn) S(Tn )
V= (e, +Ae—As"):A(T,): (&, +Ae—Ac”
n+1 2 a
S T \P - v (1.371)
LB TR(T)+ (1, -T)B(T) Ji(e + g ae”)
+_C(T”)a”+1 :Q{’”'l +%E(Tn)(an+1 an+1) (an+1 _an+1)+_cg (Tn)vanﬂ 6Otn+1
* de’l(Q(T )r"2+1+é(Tn)(rn+1 vn+1)2+ég (Tn)vrnu vrn+1) H(T )(dnﬂ 67n+1)

3). The isotropic hardening:

_ .am) _ Jam,)
A st )| +[1_e it Q(T")]M ( Q(T,)+b(
b

n+

R (1 d:+1)Q( n)n+1 (1 dr{+1)é(7-rr)(rn+1_7.rl+1)
4). The kinematic hardening:

a0 | X lle“”""‘“[”?gwc(“ )&, +a(T,)C(T, )ojnﬂ}

(11.373)

X, =(1-d,.)C(T,) e, +(1-d,.. )C(T, ) (20 — T

And the viscoplastic “yield criterion”:
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-X

—n+1

w _ ||~
f;H—l - ‘ Q-n+1

1
. AL, \m(T)
—RM—KVP(Tn)(%j " ~0,(T,)=0 (11.374)

Remark: Since the time-independent plasticity is a special case of the viscoplasticity by vanishing the
viscostress o** defined by Eq.(11.101) of Section VI.3.4.2.2, here the local integration is performed only for
the time-dependent plasticity (or viscoplasticity).

VIL.5.1 Local integration of time-dependent plasticity

VIL.5.1.1 Elastic prediction
Let us suppose that the total incremental strain ( Ag ) over the current time step is completely elastic

which does not induce any plastic flow, hardening or damage i.e. A/lvp =0. In this case, the elastic trial

strain at time ¢, ; is given by:

ge,trial =§: +A§:§n _§;P _|_A§ (”375)

=Zn+1

It results the trial stress by using the state relation of Eq.(11.31):
c =(1-d,)A(T,): 55 —\[1-d, (T, - T,)P(T,) - /14, (1,-T7,)A(T,) (11.376)

Since A4, =0 iszero for this trial elastic loading increment, The viscoplastic yield criterion (Eq.(11.374))

corresponding to this trial stress is written as:

trial
_n+1

e 22X
n+l \/ 1 dn \/1 —d Z

If £ wia < 0, then the solution is effectively elastic one meaning that the trial stress state o,

-0,(T,) (1.377)

trla/

is lying

inside the yield surface (e.g. elastic unloading), and the states variables are updated with the foIIowing

solution:
Voo _ VP _ _
§n+1 Ch (_Z - C_Z rn rn dn+1 - dn
ol (1.378)
Q-n+1 O- )_(n+1 = )_( Rn R Yn+1 = Yn

If £ 4~ 0, it means that the trial stress state lies outside of the viscoplastic yield surface. The

solution is viscoplastic and the trial solution should be corrected to determine the final values of the state

variables which ensure that viscoplastic yield condition is fulfilled:

1
-X A4, \mo(m
fnvfl — |Q-n+1 _n+1|| R +1 KVP(TH)( ) p(Tn) —o'yp (T ):0 (”379)
n+1

J1-d.. 1-d At
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VIl 5.1.2 Plastic correction
To proceed with this viscoplastic correction, the discretized, nonlinear and fully coupled equations
Egs.(11.370) ~ (11.374) must be solved using the Newton-Raphson iterative scheme to determine the stress-

like variables and the admissibility conditions at t__,, the so-called return mapping algorithm.

n+l’
The stress-like variables at the end of the time increment are expressed as:

1). The Cauchy stress tensor:

H(T, ): -X
(1 dn+1)A( n) L_:flna/ /IVP 1 :( ”) (ng-l _n+1)J

1-d,, @ =X (11.380)
1=, (T, ~T,)P(T,) =1 ~d,.. (T, ~T,)B(T,)
2). The stress-like variable of isotropic hardening:
v SWA el A7, | 11 ) F
( (T,1)+Q(Tn)) re [ Q(Tn)]+ 1—e [ Tn)] Q(7,)+bQ(T, )1, §
Roa=(1=d.,) b(7,)\1-d;.. (a(T,)+a(T,))
_é(Tn)Fnﬂ
(1.381)
3). The stress-like variable of kinematic hardening:
I (1,) ]
QtneM”"a(T")[“E(;)]
c(T)+C(T, . (7,) =
%=, )OO [ e ey em)
a(T,)(C(T,)+C(T,) " c(T,)+c(r,)™""
__E(Tn)éml ]
(1.382)
4). The viscous stress:
1
A, \mo(T)
P o=K"(T)) —= 1.383
Gn+1 ( n)( At j ( )
5). The norm tensor:
Zn+1 = Q-n+1 - )—(n+1 (”384)

Considering the full anisotropic viscoplasticity, we obtain the following three high nonlinear equations
with three independent variables A/ivp, d and ng:
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4 R,.
v _ =n+1 Vp _ T — o
ﬁ1+1 \/l—dn \/1 dnﬂ On1 O-yp( n)
s(T,)
A B (11.385)
91~ dn+1 - dn - /IVP <Yn+1 YO (Tn )> =0
(1-d,,)"™\ s(T)
by =H(T,): 2, - Zm M. =0

Using the Newton-Raphson scheme to linearize and solve the nonlinear equations:

of, o, o, |
i aAﬂ’vp adnJrl aQ’7+1
o d o d B,
g + g g 4 od ={0} (11.386)
aAﬂ’vp adnJrl aﬂn+1
hi . on;
n+ 6h ab ﬁh n+1
| 6Aﬂ’vp 6dn+1 aﬂnﬂ dns1

and the update of the basic variables in the form:

(a2z)" =(a20) +éra,,

d=d_  +od (11.387)
(Q;u )f*l :(_m) +5n
VIL5.1.2.1 Prime derivatives
The derivatives in Eq.(11.386) are given by:
6f;/p _ 1 I;I(Tn):(gnﬂ_)—(m—l) 0 (J Y )
aAﬂ'vp 2’\} 1 - dn+1 Q-n+1 - )_(n+1 aA/,’“vp — -
1 0 0
_ R __ Y (5w
F— a7 O0AA, (Ro-1) OAA,, ( "“)
afvp _ n+1 Xn+1 _ d:+11 (||.388)
nﬂ Z\I/ 1- d"+1 \/ 1- dr}z/+1
1 H(TL)igu—Xu) 0 1 3}
T ”ad (00~ X0)- (7.)
U Zn+l Lp+1 n+1 1- dﬁ;_l aCln+1
af\-/p 1 I:I(Tn):(gnﬂ _)—(n+1) 0 1 0
= = X . ) R
aﬂ,{+1 2./1— dn+1 gn+1 - )_(n+1 aﬁfnﬂ (g"+1 —n+1) {1 dn+1 6Q;+1 ( n+1)
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<Yn+1 _YO (Tn) '

8g 1 Yn+1_YO(Tn) S(Tn)_ AA’vps(Tn)
oAk, (1-d,,)"™\ S(T,) s(T)(1-d,., )™

oo . My N\ B anm)\ s(n) o
o - < S(7,) > {_(1—dm)< S(7,) >+ (7,) od (YM)}

S(Tn)_l
ag AA‘\/ps Tn) Yn+1 _YO (Tn) a Y
)ﬂ(T) 5(7',,) on ( ”*1)

Oy
(11.389)

0
. :(’;I(Tn)_ﬂnfu ®an+1)v(gn+l _)—(n+1)

(Q_n+1 _)_(n+1) (11.390)

1

Z

—=n+1

—f(gn+1 - )_(n+1 ) -

VIL5.1.2.2 Coefficients of state variables for the multiplier A4,

The partial derivatives of state variables with respect to the multiplier are given by:

00,1 _ g 2 (g
Fﬂ,‘;_ 1 dn+1/:\(Tn)'aAﬁvp(§"+1)

(2,.1)

PKas (14, )(c(r,)+E(T,)

o
AL,

: 1 s
o, (é(Tn) <_n+1>+)_ﬁ|:(7-n To)E(Tn)+(Tn—T,,)B(Tn)] 0 <ge >
oA h E)e(r, -7 )] | e &1

+ C(T )+6(Tn) an+1 C(Tn):m—l (_n+1)+Cg (Tn) :n+1 V :n+1
[( ) Ja 4 lp( (11.391)
7 [(Q(T)+ QT =T, Vi | (1) #7208 (1) ¥ (V)

and

148



PART Il CHAPTER VIl NUMERICAL ASPECTS

og’

=n+1

1 f
aAﬁ’vp \ﬁ 1- dn+1 e
= am,)
or,., _ b(T )(1+ Q(Tn)JeMwb(rn)[nQ(Tn)]

oag, U\ a(r)
—r + Q(Tn) " é(Tn) . 399
" b(T)\1-d, (a(r,)+a(r,)) a(n)+a(r,) " .
0, _ C(Tn )) et ;
i

oAk,

n

[a J{ c(r,) n’ +(—E(T’L) ]07 D
T)\1-d,. (c(r,)+C(T,)) " \c(m)+Cc(T,))™™

VI1.5.1.2.3 Coefficients of state variables for the damage d
The partial derivatives of state variables with respect to the damage are given by:
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2Z—x=7daf[—(a(r )+Q(T,))r +Q(T, ) |+ (1-d2,)(Q(T )Jrcz(rn))&i+1 (r..)
Z)?d(:: |: (C(Tn)—i_E(Tn))O_‘nu+E(Tn)én+1]+(1 dn+1)(C(T,,)+C(Tn))aCi+l (Qn+1)
90,4

adn+1

od . h NS od. .
(a0 ) )5 TR (TR ]|
n+1
o 0 - 0 o
H(C(T)+E(M)) 20 =€ (1) & | 5 —(2,0)+C (7)Y s - ——(V 1)
+1 n+l
- _ _ 0 - ~ _
+7/dr}7:11 |:(Q(Tn)+Q(Tn))rn+1 _Q(Tn) n+1:|ad (rn+1)+7/d:+1109 (Tn)vrn+1 8d (Vrn+1)
n+1 n+l
—H(Tn)+%7(%1)0/5:50(%)&5 +%f(f—1)dﬁifé(Tn)(fM i) (11.393)
1 - -
- T,—T,)P(T,)+(T, - T, )P(T,) [: (&,
4 (1—dn+1)3[( o) (1 TIE e,
% NS
- T,—T,)P(T,)+(T,—T,)P(T,) |: (&
T (e T (-T2 e
and
a§:+1 — AZVP nf .
80/,,+1 2 (1_dn+1)3 -
6rn+1 1_e—Mv,,b(Tn)[1+ (;;] deHl(f(T) (11.394)
0. 2b(,)\(1-d2,) (a(T,)+a(T,))
02y _|q_p " fo-i) c(,) 0,
od,., 20(T,)\(1-d,.,) (¢(T,)+C(T,))
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VIL.5.1.2.4 Coefficients of state variables for the normal direction n,

The partial derivatives of state variables with respect to the normal direction are given by:

a 8 e
oot =(1d)A M) 5 (e)
s —(1-ay, (@) + Q1) 3 (5
ox ~ 0
a1 d)(€()+C ()7 (en)
o0, _,
on).,
e _; ~T.)P
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VII.6 Appendices

VIL.6.1 Appendix I - Q4r24 element for thick shell

In order to consider the plate theory and thick shell or the theory of Mindlin, the Q4r24 element is
developed, which is a bilinear quadrangle and has six degrees of freedom each node including three
translations and three rotations in the global coordinates. The planar translations U and v are used to

define the membrane effects, the normal translation w and the rotations HX and Qy serve the formation
of shear effects, as well as the rotations 6, and 6, define the bending effects. The sixth dofs 6, is used to

avoid the singularity of the stiffness matrix. The formulations are briefly reviewed based on the previous
work of Bassa (2011).

¢1.1) ’h (1.1) vk
4 'IIL—T 3 Kk
Yh-o—- !
| S — - N —_.‘rJr
€ vil—-
1 2 | (7Y
(-1,-1) (1,-1) xi X
a - Reference element b - Reference element

Figure VII-2 The reference element and real element

The shape function of the isoparametric bilinear quadrilateral element is expressed as:

(1+§§)(1+77, ) (1.397)

with the pair of nature coordinates (é'n’) take the values (_1’_1) , (1'_1), (1’1) and (_1'1).

Consequently, the Jacobian matrix is obtained:

X. y N.
N="% T l=] " [xe e 11.398
[/] { yJ [N}[ v ] (1398)

with x° and y; are the vectors of nodal coordinates in the real element respectively.

VIL.6.1.1 Membrane

The membrane strain at the nature coordinate (5,77) of the element is given by:

: {ui}:[Bm]{ui} (11.399)

Nl

Lo |,

o [0
0

where, [B’"] is the B matrix of the membrane and {u:} is the vector of the nodal displacements.
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Considering the tangent operator [D] , and using the principle of virtual power, the elemental stiffness

matrix of membrane part becomes:

m B’” [D7][B" av = jjl (87 ] D’"][B’”}det[ dédn = Z[H’"(é ) |@,

(1.400)
[07]=] lples
[H™(¢m)]=[B"] [0 |[B" [det[J]; @,=1; &=%1/\B; n,=+1/\3 (11.401)

VilL6.1.2 Bending
For the bending, the rotations 6, and 6, are used to evaluate the curvatures of bending:

where,

0 0 0 1 0 Nip 0
X J° o |IN. 0 e
{K} = _ex,y =0 -1.00 [ ] -1 0"77 N {Z)Z} [Bb:l{g'f} (11.402)
0,6 10 o0 U ol N
v,y X,X 0 N.

I,77
where, the B matrix of bending [Bb] and {6’:} is the vector of the nodal rotations.

The elemental stiffness matrix of the bending is obtained with the help of tangent operator [D] as well

as the principle of virtual power:

D" [ B° |det[s]dédn = Z[H"(g 7,) @, (1.403)

g=1

[k J=[1,[e"] [o* ][ Jav -

»—l'—"_'
._.'—l’—‘

W2
[Db] = I_h/Z[D]zzdz o

(K (&) ]=[B] [D*][8 ]det[J]; @, =1 &=%1/B; n,=+1/\3 (11.404)

where,

VIL.6.1.3 Transverse shear
The deformations of transverse shear are expressed by:

2 0 N, 0 O e
e | [r 00 1] N, O O] | o4,
SR R LI (R i R
oy 0o o N |
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where, the B matrix of transverse shear [Bs:l and {Ws} is the vector of the nodal displacement and
rotations.
The stiffness matrix of the transverse shear can be expressed as:
11 4
[ J={11.[5'] [ o Tav=| 5] [0 o JaetlJoan =3[ (5,1, ], 1108
-1-1 q=

where,

(e (&) |=[B ][] B |det[s]: @,=1 & =%1\B; n,=+1/3
s 5/6 (1.407)
[D ]: 2(1E+ v){ 5/6}

It is worth noting that the full integrations are adopted for the membrane, bending and transverse
shear, which usually causes incorrect results when the thickness of the plate becomes relative small
compared with other two dimensions, the so-called shear locking problem. The selective integration with
full integration for membrane and bending as well as reduced integration for transvers shear, or the fully
reduced integration with hourglass control techniques are often chosen to avoid the shear locking
problems.

VII.6.2 Appendix II - The standard hexahedral element

The standard 1% order solid element is a hexahedral, eight-node and isoparametric element with linear
interpolation. It is provided with eight (full) integration points in the local coordinate frame. Figure VII-3
shows the reference geometry of the element, the nodal coordinates, as well as the geometry of the real

element. The coordinates X;, i =1,2,3, of a point in the element are related to the nodal coordinates x,,
using the classical linear isoparametric shape functions N, (I =1,.. .,8) and the relations:
8

X, =x,N,(&,m,8)=D %N, (£1,¢) (11.408)

1=1

where, the interpolation functions can be expressed as N, = %(1+ &) (1+nm,)(1+4E)-

VIL6.2.1 Strain-displacement relationships
The interpolation of the displacement field u; inside the element in terms of the nodal displacements

u, is similar:

u; =U,-/N,(<§"7,§) (1.409)
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Figure VII-3 The reference and real hexahedral element

The displacement field interpolation allows the strain field to be related to the nodal displacements.

The linear part of the strain tensor is given by:

if il" ", jIm i

1 1
E. :E(ui’j+uj’[)zz(u'N +u,N )

or in matrix form, the B matrix becomes:

[B]=[C][4 [N,

where,
R
o e 2 e B V) B I N U
!

(11.412)

and , here we introduce the b, vectors from Hallquist (1983), defined as:

i 1,i

i=1,2,3
OX,

I

Vil.6.2.2 The elastic constitutive model
For the linear isotropic elasticity, the elastic moduli tensor is given by:

A+2u A A
I T+ I
I 1 I+
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where, 1 and L are Lame constant.

VIlL.6.2.3 Stiffness matrix and internal forces
Using the principle of virtual power and the discretization of strain field Eq.(l.410), the stiffness matrix
and the internal forces are defined as:

k.)=[[[(8] [p][8lav=]"[" ["[B] [D][B]det[s]dzdnds
=¥ 33 s(6,m,4)] [D][B(f:q,mra)]det[f(fq,m,a)]wquwt

g=1 p=1 t=1

(F=[[[18] totav=]" [ [ [B] {o}det[s]dsdnds
<3>3 [a(em,.)] {a(fq,m,a>}detp<f:q,np,4)quwpwt

g=1 p=1 t=1

(11.415)
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VIII. Parametric study of the model

As presented in Chapter VI, the micromorphic constitutive equations derived from the framework of
the irreversible thermodynamics and the generalized principle of virtual power, are characterized by a
group of specific material parameters which need to be determined from the experimental data. However,
before doing the identifications, the parametric study of the micromorphic model should be performed
and the results carefully analyzed to well understand the predictive possibilities of the proposed
micromorphic fully coupled constitutive equations. The detailed study of the effect of the material
parameters entering the fully coupled constitutive equations is well discussed in the literature (Saanouni,
2012). Furthermore, here we will only focus on the parametric study involving in the local damage
parameters, the micromorphic moduli and the thermal effects.

VIII.1 Effect of the local damage parameters

Considering the material property of parametric study: £=208.0GPa, v=0.3, O, =809.0MPa ,

Q=4.0GPa, b=13.0, C =32.0GPa and a=150.0, a single integration point is chosen to undergo the
uniaxial tension state with initial damage parameters: $=3.5, s=1.2, =2.0, ¥,=0.0 and y=4.0

which vyields the plastic strain of final fracture gji’z25.1% and maximum equivalent stress

o,, =1196.3MPa .
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w
0.0
0
I N 1 % I . 1 % 1 e I g
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Accumulated Plastic Strain
Fig. VIII-1 Influence of the parameter S on the evolution of damage and equivalent stress

In the following, only one damage parameter varies while keeping the other parameters fixed at each
analysis.
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Fig. VIII-1 shows the effect of the parameter S by taking four different values $=1.75, S=3.5,
§$=7.0 and $=14.0, on the damage evolution curves as well as the stress-plastic strain curves. As
expected, the greater S the smaller damage rate is, the greater maximum equivalent stress is and later

final fracture occurs: &7 ~12.7% and o, =1123.7MPa for S$=175 , ¢&/~52.7% and
0,,=1253.9MPa for $=7.0, &;~116.1% and o0, =1289.8MPa for S=14.0 . Note that the

variation of S in a ratio of 2 causes a variation of the material ductility (plastic strain at fracture)
substantially in the same ratio. The increase of the maximum stress results from the same effect of the
damage on the other internal stresses.
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©
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(0]
2
0.2 4300 2
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0.0 0

! T T T T T 4
0.00 005  0.10 0.15 0.20 0.25 0.30
Accumulated Plastic Strain

Fig. VIII-2 Influence of the parameter s on the evolution of damage and equivalent stress

In Fig. VIII-2, five different values of damage parameter s=0.3, s=0.6, s=1.2, s=2.4 and s=4.8
are presented to examine its effect on the damage evolution and stress-strain curves. It seems clearly that
the parameter s governs the nonlinearity of the damage evolution: the higher value of s, the earlier final
fracture time, the smaller plastic strain and the more brittle behavior of the material. Considering the
formula of damage evolution in Eq.(11.98), when the parameter § approaches to zero, the damage rate will

become approximately proportional to the plastic multiplier (effective plastic strain rate) d= /i/(l—d)ﬁ ,

if the effect of the parameter [ representing the nonlinearity of damage is negligible. As we can see this

from Fig. VIII-2, focusing on the plastic strain smaller than 20%, it is worth noting that the differences of
the damage become smaller and smaller as the decrease of the parameter S in a ratio of 2. Let us imagine
that there would be a limit damage curve, which is in theoretically when s=0.0, however, for practical
purpose, the damage evolution curves even for the parameter s=0.3 and s=0.6 are barely
distinguishable. And in such case, this nonlinear relationship with the plastic strain is caused by the
parameter f.
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Fig. VIII-3 Influence of the parameter 3 on the evolution of damage and equivalent stress
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Fig. VIlI-4 Influence of the parameter y on the evolution of damage and equivalent stress

The influence of the parameter [ taking five different values on the response of the model is
illustrated in Fig. VIII-3 regarding to the damage evolution and strain-stress curves. We can see that the
bigger value of the parameter S yields the earlier final fracture time, the smaller plastic strain and the

larger damage rate. Meanwhile, it should be noticed that this effect is similar to the effect of the parameter

S which only delays or accelerate the damage growth without modifying the shape of the damage
evolution curves.
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Fig. VIII-5 Influence of parameter y on the evolution of damage energy release rate Y

VIlI-4, the effect the parameter y indirectly affects the damage growth through the isotropic

hardening is examined with four different values ¥y =1.0, ¥ =2.0, ¥ =4.0 and ¥ =8.0. It is clear that

the greater values of y results the latter final fracture time and the larger plastic strain, while without

changing the shape of the damage evolution curves. Considering the formula of Y, in Eq.(l1.34), we can

see that the higher value of y provides a smaller value of Y, for damage d <1, and a larger Y, when

damage approaches to the criterion. In Fig. VIII-5, it is clear that the contribution from the isotropic

hardening to the damage energy release rate grows rapidly and becomes dominant one when y =1.0

and ¥ =2.0. On the other side, the damage energy release rate from isotropic hardening evolves slowly

and behavior a sharply increase when the damage approaches its critical value for » =4.0 and y» =8.0.

$=35 s=1.2 £=2.0 7=4.0
80 sx 0.127 0.278 0.302 0.182
% ox | €rosx 1.976 0.903 0.831 1.379
% 0x 0.527 0.228 0.189 0.278
€2 ox | Evox 2.099 0.908 0.753 1.108

Table VIII-1 Summary of the plastic strain at final fracture for different damage parameters
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In Table VIII-1, it summaries the plastic strain at the final fracture for different times of the initial values
of the damage parameters. We may notice that the increase of the parameters S and s in the ratio of 2
approximately provides an increase of the final fracture plastic strain with roughly proportional coefficients
2.0 and 0.9 respectively.

In summary, if we expect latter final fracture time or larger plastic strain, we should increase the
parameters S and y or decrease the parameters S and £, and vice versa. However, it is worth noting

that it is only the parameter s which governs the more brittle or more ductile material behavior in the
proposed model.

VIII.2 The viscoplastic effects

As described in Section VI.3.4.2.2, the Norton-Hoff viscoplastic flow is defined to govern the evolution
equations and yields the Norton-Hoff type of viscous stress. Referencing the literature (Saanouni, 2012),
the hyperbolic sine type of viscous stress resulting from the hyperbolic cosine viscous potential could be
an alternative:

K (i , )W Norton — hoff

vp Vi

c” = _ (11.416)
K, arg sinh(/ivp /KZ) Hyperbolic Sine

Considering the formula argsinh(x)=|n(x+\/1+x2) , leads to the hyperbolic sine type viscous

stress:

o =K, {m(ivp +(K,) +(4, )Zj—ln(Kz)} (11.417)

If the coefficient K, =1.0, the hyperbolic sine type viscous stress becomes to:

o =/<1|n[/ivp +4/1+(2vp)2] (1.418)
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Fig. VIII-6 The viscous stress of the Norton-Hoff and Hyperbolic Sine
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. 1/m
Fig. VIII-6 presents the Norton-Hoff viscous stress (ivp) and the Hyperbolic sine type viscous stress

vp

. - 2
In[ﬂ,vp + (K2 )2 +(i ) j—ln(Kz) with three different values of parameters m and K, . In Fig. VIII-6(a),

it shows the Norton-Hoff viscous stress taking three different values of the parameter m=4.0, m=2.0
and m=1.33 as well as the hyperbolic sine type taking K, =1.0. Note that the types of the Norton-Hoff
and the Hyperbolic Sine are nearly equivalent when the parameters take m=2.0 and K, =1.0 in the

range of the strain rate from 0.0s to 10.0s* which approximately contains most of the forming processes.
As the increase of the parameter m, the Norton-Hoff viscous stress grows rapidly for strain rate over than
1.0s%; on the other hand, the viscostress evolves sharply for strain rate smaller than 1.0s™ and slowly for
high strain rate over than 1.0s%, as the decrease of the parameter m. In Fig. VIII-6(b), three choices of the

parameter K, =0.25, K, =1.0 and K, =4.0 are plotted as well as the Norton-Hoff curve taking m=2.0.
It is clear that in the range of strain rate [0,10] s, for high values of K, , the viscostress of the Hyperbolic
sine becomes approximately linear to the strain rate; for small K, , the responses of the viscostress vary

rapidly and smooth. It is worth noting the differences of the viscous stress for strain rate smaller than 1.0s

!, not like the Norton-Hoff type varying only on the top the hyperbolic curve of K, =1.0.

VIII.3 Effect of the micromorphic moduli

The uniaxial tensile test using the micromorphic damage model is chosen to make parametric study
with the geometric information given in Section IX.1. Considering the simplified balance equation of the
micromorphic damage in Eq.(l.111), the three independent variables: the micromorphic modulus H, the
internal length /; (or the micromorphic gradient modulus H?) and the micromorphic density scalar ¢
are performed parametric study.

VIIL.3.1 Effect of the micromorphic damage moduli
As shown in Fig. VIII-7, the consistent force-displacement curves are obtained for two mesh sizes:

0.4mm and 0.8mm by taking the micromorphic damage parameters: H=37.5N-mm 2, é’d =1.0, the

internal length /; =1.0mm and $=3.0.
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Fig. VIII-7 Consistent Force-displacement curves

——MO0.8mm H=18.75N MO.4mm H=18.75N =———MO0.8mm H=75N =———MO0.4mm H=75N

40

35
30 T

Z 5 /-

15
10 ’
5
0

Forc

0 1 2 3 4 5 6 7 8 9 10 11 12 13
Displacement(mm)

Fig. VIII-8 Force-Displacement curves for different values of micromorphic parameter H

1). Variation of the micromorphic modulus H

2).

Fig. VIII-8 shows two groups of the force-displacement curves taking the parameter 0.5H and

2.0H while maintaining the internal length /a =1.0mm for two mesh sizes 0.4mm and 0.8mm.

Clearly, for the parameter H=18.75N-mm 2, the nonlocal effect induced by the micromorphic
damage is insufficient to converge the difference of the system responses between the two mesh
sizes; for the parameter H=75N-mm™, the nonlocal effect to the smaller mesh size 0.4mm is

too excessive yielding the final fracture around 12.7mm while the final fracture displacement of
mesh size 0.8mm remains close to 9.0mm.

Effects of the internal length l&

In Fig. VIII-9, it presents the system responses of different values of the internal length: \JO0.1mm
and V10mm for two mesh sizes respectively, while the micromorphic damage modulus H

remains 37.5N-mm>. For the case of small internal length +/0.1mm, the force-displacement
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curves of mesh sizes 0.4mm and 0.8mm are similar to the responses of the model which take the
micromorphic damage parameter H=18.75N-mm™> in Fig. VII-8. In such cases, the
micromorphic damage effects induced by the small internal length or the slight micromorphic
damage parameter from Eq.(1l.111), are too small to negligible which yields the system responses

close to the local damage model. For high value of the internal length «/ﬁmm, the final fracture
displacement of mesh size 0.8mm approaches to 10.0mm, while the response of mesh size 0.4mm
clearly shows that the micromorphic damage effect is excessively strong and yields no appearance
of rupture although the displacement reaches up to 13.0mm.
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Fig. VIII-9 Force-Displacement curves of different values of internal length 13

3). Different micromorphic density scalar é’a

Fig. VIII-10 shows the force-displacement responses for three different values of the micromorphic
density scalar: 0.01, 1 and 100. It is worth noting that the significant shrinkage of the density scalar
yields very small influence on the system responses (about 8.0mm in displacement), while higher
values of the micromorphic density result in latter final fracture displacements (around 9.2mm).
That can be explained from the reason of that the higher values of micromorphic mass enhances
the dynamic effect which results in the relative smaller acceleration of the micromorphic damage
and consequently the slower evolution of the damage. For the sake of simplicity, in the next analysis,
the micromorphic density scalar is taken as 1.0.
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Fig. VIII-10 Force-Displacement curves for different micromorphic damage density scalar
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Fig. VIII-11 Force-Displacement curves of different values of local damage parameter S

4). Effects of the local damage parameters

In Fig. VIII-11, it presents the responses of force-displacement curves for two different values of
the damage parameter S: 2.0 and 4.5. Clearly, the same tendency that higher value of S yields latter
final fracture displacement is observed as in the local damage model. The consistency of the
material response or final fracture displacements (around 6.1mm and 9.9mm) is preserved during
the variation of the local damage parameter S. However, it should be noticed that the differences
are captured in the necking region for high values of S, which is the consequence of the insufficient
micromorphic variables to reflect the nonlocal behavior of the material.

Fig. VIII-12 illustrates the force-displacement curves for two different values of the local damage
parameter s: 0.6 and 2.4. It is clear that smaller value of s yields earlier final fracture (about 7.5mm
in displacement) and higher values of s provides latter final fracture displacement (around 9.1mm).
More important is that the variation of the parameter s breaks the consistency property initially
obtained with the specified group of local and micromorphic parameters: the smaller value of s
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provides insufficient micromorphic effect and the higher value of s yields excessive effect of the
micromorphic damage for smaller mesh sizes respectively.
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Fig. VIII-12 Force-Displacement curves of variations of local damage parameter s

In Fig. VIII-13, four different force-displacement curves are presented for two mesh sizes (0.4mm
and 0.8mm) and two choices of the local damage parameter £: 1.0 and 4.0. As expected, the
higher value of £ accelerates the evolution of damage and vyields earlier final fracture (about
7.5mm), the smaller value of f delays the final fracture displacement (around 8.5mm). Meanwhile,
the consistency property loses gradually according to the increase of the parameter £.

It is worth noting that both the high values of the local damage parameter sand S resultin smaller

final fracture accumulated plastic strain for local damage model as shown in Fig. VIII-2 and Fig. VIII-3,
however, in the analysis of the force-displacement curves for micromorphic damage model (in Fig.
VIII-12 and Fig. VIII-13), the high value of s provides latter final fracture displacement. That is due
to the high value of s suppresses the initial evolution of the damage, which needs more
displacement to drive its initial evolution, although it accelerates the overall evolution of damage,
as shown in Fig. VIII-2. For the damage parameter £, its high value yields both the faster initial and

overall evolution of the damage, and consequently needs smaller displacement to final fracture.
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Fig. VIII-13 Force-Displacement curves of different values of local damage parameter [§

Fig. VIII-14 represents different force-displacement curves for two mesh sizes (0.4mm and 0.8mm)
and two choices of the initial damage energy release rate Y,: -0.5 and 0.5. Clearly, the negative
value yields smaller final fracture displacement (about 7.1mm) and positive value delays the final
fracture (around 9.2mm), meanwhile, both the increase and decrease in the initial damage energy

release rate Y, lose the consistency of the material’s response.

= M0.8mm Y0=-0.5 ——MO0.4mm Y0=-0.5 =——MO0.8mm Y0=0.5 ——MO0.4mm Y0=0.5

40
35
30 - N \

Z 25 o >

@ 20

15

10

5
0

Forc

.--—"'-"l-

0 1 2 3 4 5 6 7 8 9 10
Displacement (mm)

Fig. VIlI-14 Force-Displacement curves of different values of the initial damage energy release rate Y,

VIIIL.3.2 Effect of the micromorphic isotropic hardening moduli
In this section, the micromorphic isotropic hardening is introduced into the above micromorphic

damage model taking the parameters: H=37.5N-mm2, é’a =1.0, the internal length of micromorphic

damage /, =1.0mm and $=3.5.
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Fig. VIII-15 Force-Displacement curves of different values of the micromorphic isotropic hardening
parameter Q
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In Fig. VIII-15, it presents three groups of force-displacement curves for the models of micromorphic
damage, micromorphic isotropic hardening taking the parameters (§=1OKN'mm’2 and
Q=100KN-mm™ while maintaining the internal length /. =1.0mm in two mesh sizes respectively. As

expected, the introduction of the micromorphic isotropic hardening postpones the evolution of the
damage and yields latter final fracture displacement. Clearly the system responses in the necking region
are improved for small mesh size 0.4mm to approach the force-displacement curve of mesh size 0.8mm
due to the introduction of the nonlocal effect of isotropic hardening. It should be noticed that the values
of the parameter Q is much larger than the micromorphic damage parameter. That is because the relative
small difference between the local and micromorphic isotropic hardening strain (around 2.87E-03 in

maximum) which requires high values of the parameter Q to reflect the nonlocal effect of the isotropic
hardening.
Fig. VIII-16 shows different force-displacement curves varying with the internal length of micromorphic

isotropic hardening while the Q modulus remains 10KN - mm ™. The same tendency that larger internal
length of the micromorphicisotropic hardening provides bigger differences between the local and nonlocal
isotropic hardening and delays the final fracture displacement (around 8.7mm and 8.9mm respectively),
with the micromorphic damage model. The system response varying according to the internal length is

less sensitive than that of the variation of the micromorphic parameter Q.
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Fig. VIII-16 Force-Displacement curves of different values of internal length of micromorphic isotropic
hardening

VIIL.3.3 Summary

In summary, the local damage parameters and the micromorphic damage moduli together govern the
nonlinear evolution of the damage in a rather complex methodology. The parametric study provides the
following conclusions:

1). The system response behaves more sensitive to the modulus H than the internal length /E, (or the

micromorphic gradient modulus H® ) for the ductile damage
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It can be noticed from the equation of the damage energy release rate Eq.(l.43), in which the
nonlocal effect directly reduces the damage-stress variable Y by scaling the difference between
damage and micromorphic damage with the modulus H . On the other side, the internal length (or
the micromorphic damage modulus H® ) only affects the difference between the local and
micromorphic damage, which is clearly much smaller than 1, in the balance equation of the
micromorphic damage;

. The local damage parameters also affect the consistency of the material response

The variation of the parameter S remains the consistency while speeding or slowing the final
fracture displacement; The increase in parameters s and Y, loses the consistency and yields latter
the final fracture displacement, and vice versa; The influence from the parameter £ in the

consistency is relative small and gradually enhanced according to its increase which yields earlier
final fracture;

. The system response is also more sensitive to the modulus Q than the internal length /. (or the

micromorphic gradient modulus ég ) for the isotropic hardening

VIII.4 Anisothermal micromorphic damage model

In this section, the parametric study of the anisothermal micromorphic damage model, which
considering the elasto-visco-plasticity coupling with thermal, local and micromorphic damage and

hardening, is performed. The material property under the reference temperature (20°C) is given in the

below table.
E (GPa) v oy (MPa) | Q (MPa) b C (MPa) a
205.0 0.3 792.0 320.0 0.6 5000.0 20.0
S s B Yo y KY(MPa) m,
20.0 2.0 1.0 0.0 1.8 793.8 2.7

Table VIII-2 Material parameters under reference temperature

As usual the material moduli are temperature dependent, the following relations are assumed:

where, G(T) =

P(T):pO[1—G“(T)] (1.419)
-1, . . :
- >0 and T; is the reference temperature. Tf is the fusion temperature of the
f o

specific material. & is a coefficient. For Young’s modulus ¢ =4.0 ; for capital S of damage factor

a =1.08 and for other modules it equals to 1.03.
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VIIL.4.1 Anisothermal viscoplasticity with local damage for a material point
In this section, the parametrical studies of temperature, load velocity, micromorphic density and its
moduli are performed in a material point to examine the response of the proposed anisothermal elasto-

visco-plastic model coupled with local and micromorphic isotropic damage, local isotropic hardening and
kinematic hardening.

Fig. VIII-17 illustrates the thermal effects on the evolutions of equivalent stress based on the proposed
constitutive equations coupled with local damage and local mixed hardening. The accumulated plastic

strain (max: 0.652; min: 0.592) increases and the tensile stress (max: 1108.72MPa; min: 416.91MPa)
decreases steadily as temperature increases.
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Fig. VIII-17 Stress-strain curves for different temperatures with the same strain rate 1.0E-04s™

Fig. VIII-18 shows the four types of evolutions of local damage under different strain rates (velocity)
(from 1.0E-04s-1 to 0.1s-1) under the initial temperature 1000°C. Clearly, the evolution of local damage is

accelerated by the increasing strain rate. The fracture plastic strains are 0.652, 0.648, 0.636 and 0.605
respectively.
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Fig. VIII-18 Evolution of damage for different loading velocity with the same temperature 1000°C

VIIL.4.2 Biaxial tension for local damage with FE

The geometric size and boundary conditions of the sample are shown in Fig. VIII-19. For simplifications,
three different initial temperatures (20°C, 500°C and 1000°C), and four velocities(2.0E-04mm/s, 2.0E-
05mm/s, 2.0E-06mm/s and 2.0E-07mm/s) are performed on a single finite element in this example. The
approximate strain rates are 1.0E-01s?, 1.0E-02s%, 1.0E-03s and 1.0E-04s™! respectively.
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Fig. VIII-19 Scheme of biaxial tension test

Fig. VIII-20 summarizes the material responses of the local damage model, in terms of equivalent stress
— accumulated plastic strain curves, for 7 cases including three temperatures and three velocities. From
this figure the viscoeffects are very clear: when the temperature increases the ductile plasticity is extended
and the final fracture plastic strain is also enlarged (0.591 in 20°C, 0.626 in 500°C and 0.653 in 1000°C with
velocity 2.0E-07mm/s). However, both the initial yield stress (792.00MPa, 547.09MPa and 281.12MPa) and
hardening effects are decreased. The opposite tendency of the fracture plastic strain is observed for the
raise of loading velocity at each temperature, while the equivalent stress after yield point shows significant
differences (31.24MPa for 500°C and 66.85MPa for 1000°C). In Fig. VIII-21, it illustrates the different
evolutions of local damage for the same seven cases. It’s clear that the evolution of damage is delayed by

the raise of the temperature and the decelerated load velocity.
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Fig. VIII-20 Stress-strain curves for different temperature and load velocity coupled with local damage
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Fig. VIII-21 Evolution of local damage for different temperature and load velocity

VIIL.4.3 Choices of micromorphic parameters with FE
Let us consider the choices of micromorphic parameters including micromorphic density, the H moduli

for the coupled local damage and micromorphic damage and the gradient of micromorphic damage. In
this section, all the simulations are performed under temperature 500°C and load velocity 2.0E-05mm/s.
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Fig. VIII-22 Stress-strain curves and evolution of damage for some values of micromorphic density

In Fig. VIII-22, it illustrates the stress-strain curves and the evolutions of damage for different
micromorphic density (0.1~100 times of local density) with given H modules equal to 1000N. From the
theoretical formula Eq.(Il.111), we can see that the micromorphic density will be used to calculate the
accelerate of micromorphic damage at each time step, which determines the incremental micromorphic
damage and affects the local damage. In this figure, it clearly represents that the larger micromorphic
density evidently slows the evolutions of local damage and enlarged the ductile plasticity of the material.

Fig. VIII-23 represents the effects of different choices of H modules (1.0~1000N) for the stress-strain
curves and the evolution of local damage. From the state relations of stress-like variable with respect to
local damage Eq.(11.43), we know that the evolution of the local damage is affected by the micromorphic
damage through the H modules. In this figure, it describes that the larger H modules the slower evolution
of local damage. We can also find this character from Eq.(ll.37), the term of coupled local and
micromorphic damage has a negative sign, which induces the reduction of the stress-like variable Y of local

damage.
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Fig. VIII-23 Stress-strain curves and evolution of damage for some values of micromorphic H modules

Compared with the curves for local damage, both of the figures imply that when the micromorphic
density or the H modules approach to zero, the material response becomes closer and closer to the one
from local damage.

VII1.4.4 Biaxial tension for micromorphic damage with FE

After the analysis of parameters, we have a conclusion that the smaller micromorphic density and H
modules gives the more approximate result to the ones from the local damage formulas. In absence of any
experimental indication, the micromorphic parameters: density 100 times, micromorphic modules 1000N,
will be considered to perform the biaxial tension test in this section.
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Fig. VIII-24 Stress-strain curves for different temperature and load velocity with micromorphic damage
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Fig. VIII-25 Evolution of damages for different temperature and load velocity with micromorphic damage

In Fig. VIII-24 and Fig. VIII-25, it gives the stress-strain curves and the evolutions of local damage of 9
cases (three temperatures and four velocities). It’s clear that, in this choice of parameters, the fracture
plastic strain is significantly improved and the evolution of local damage is apparently delayed. Compared
with the curves from local damage formulas in Fig. VIII-20 and Fig. VIII-21, it’s apparently that the maximum
tensile stresses have very little differences for the four velocities on each temperature. However, the final
fracture accumulated plastic strain grows larger significantly (maximum roughly 1.556 for temperature
1000°C and load velocity 2.0E-04mm/s).

Fig. VIII-26 shows the differences between the local and the micromorphic damage for differenct load
velocity at 500°C. Clearly, it is observed that, for low velocities 2.0E-07mm/s and 2.0E-06mm/s, the
differences remain close to O until the initiation of the damage criterion; however, for higher velocities
2.0E-05mm/s and 2.0E-04mm/s, the differences grow linearly up to around 0.04 and 0.15 respectively. The
dynamic effect of the load velocity obviously enlarges the difference between the local and micromorphic
damage, and yields latter final fracture accumulated plastic strain.
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Fig. VIII-26 Evolution of the differences (d — d) between the local and the micromorphic damage for
different velocity at 500°C

VIIL.4.5 Summary

In this section, the constitutive models of elasto-visco-plasticity coupled with local damage and
micromorphic damage is applied to a biaxial tensile test. The classical viscoeffects, the higher temperature
the lower stresses and more ductility, the larger load velocity the higher stresses and less ductility, are
observed by using the local damage model.

On the other hand, the elasto-visco-plastic model coupled with micromorphic damage, shows similar
material responses of the local damage case when the micromorphic moduli approach to zero which yields
the negligible nonlocal effect. However, the effect of the micromorphic damage becomes more significant
and results in quite different material responses, the higher load velocity the more ductility, as the increase
of the load velocity. From the comparisons of the biaxial tension between local and micromorphic damage
model, we can make a conclusion that the micromorphic damage significantly delays the evolution of the
local damage especially under cases of high temperature or high strain rate (dynamic effects).
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IX. Applications

IX.1 Uniaxial tensile test of DP1000

In this section, the experimental results of uniaxial tensile tests of the dual phase steel DP1000
referenced in the work of Yue (2014), is chosen to perform new simulations with our micromorphic model.
The uniaxial tensile test is conducted on Zwick 250 machine with velocity of 0.1 mm/s (quasi-static loading)
and the geometry of the specimen is given in Fig. IX-1. The best set of material’s local elastoplastic and
damage parameters, found by the inverse procedure and discussed in the literature of Yue (2014), is given
in the Table IX-1. Note that the damage parameters are determined with constant mesh size of 1.6mm. All
the simulations in this section are performed under isothermal conditions (i.e. at room temperature) using
the time-independent plasticity model with only micromorphic damage and micromorphic isotropic
hardening under the plane stress assumption.
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Fig. IX-1 Geometry of the uniaxial tension specimen

p (kg/m?) | E (GPa) v oy (MPa) | Q (MPa) b C (GPa)
7800.0 208.0 0.3 809.0 4000.0 13.0 32.0
a F G H L M N
150.0 0.525 0.546 0.455 1.5 1.5 1.6
S s B y Yy h
3.5 1.2 2.0 4.0 0.0 1.0

Table IX-1 Damaged elastoplastic material parameters for DP1000 (local model)

1X.1.1 The local damage behavior

These results are obtained with fully local model (no micromorphic variables). Fig. IX-2, it gives the
force-displacement curves of the tensile test with different constant mesh size: 1.6mm, 0.8mm, 0.4mm
and 0.2mm, obtained from the simulations provided by Abaqus using the local damage model with the
above material parameters and the quadrangular planar element, and compared with the experimental
data. The mesh-dependency phenomenon is clearly observed: the final fracture displacements become
smaller as the decrease of the constant mesh size.
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Fig. IX-2 Force-Displacement curves of the tensile test using the local damage model

If we plot the differences of the final fracture displacement from the adjacent mesh size in the ratio of

2.0, as shown in Fig. IX-3 and Fig. IX-4, the differences: 0.554mm (u{6 —u{;s), 0.296mm (ug‘8 A ) and

0.4

0.149mm (ug'4 —ug'z) are getting smaller and smaller substantially in the same ratio, in this tensile

analysis.
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Fig. IX-3 Scaled force-displacement curves of the tensile test using the local damage model

Meanwhile, it should be mentioned that the local damage model yields the zero energy dissipation in
the crack tip due to the finite-size region of strain softening tends to be zero. As shown in Fig. IX-7, the
distributions of damage along the section AB as shown in Fig. IX-1, are predicted by the local damage model
for three mesh sizes: 1.6mm, 0.8mm and 0.4mm. Clearly, it is observed that the damage highly localizes in
one element’s width and the damage values inside the adjacent elements remain low and don’t exceed
0.2. Also the orientation of the macroscopic crack is orthogonal to the loading direction for the coarse
mesh, while for two lower mesh sizes the macroscopic crack an orientation of approximately £45°.
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Fig. IX-4 Distributions of final fracture obtained from the local damage model for different mesh sizes

1X.1.2 The micromorphic damage behavior
In fact, for the model with micromorphic damage, there are three independent micromorphic damage

parameters: the density scale é'd , the micromorphic modulus H and H° which are related by the internal

length scale /, = JH°/H .
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Fig. IX-5 Force-Displacement curves of the tensile test using the micromorphic damage model
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Fig. IX-6 Distributions of final fracture obtained from the micromorphic damage model for different mesh
sizes

In Fig. IX-5, it shows three force-displacement curves predicted from the micromorphic damage model

which taking the parameters: S=3.4, (d =1.0, H=43.75N-mm™ and Id =1.0mm, using different

mesh sizes: 1.6mm, 0.8mm and 0.4mm, comparing with the experimental curve. Clearly, unlike the local
damage model, the force-displacement curves give approximately the same final fracture displacement

value around 9.15mm.
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Fig. IX-7 Local and micromorphic damage distributions of line AB predicted by the local damage model
(LD) and the micromorphic damage model (MD) for three mesh sizes: 1.6mm, 0.8mm and 0.4mm
n

Fig. IX-6 shows the distributions of local damage predicted with the micromorphic damage model i

the tensile sample after the final fracture. Fig. IX-7 presents the distributions of local and micromorphic
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damage along the central line AB which are obtained from the simulations of using local and micromorphic
damage models. Clearly the distributions of the micromorphic damage are more smooth in the whole
region (maximum value around 0.3), lower in the localized zone and higher at the outside of localization
than the value of local damage. Considering the value of the micromorphic damage is governed by the
equation Eq.(11.111), its maximum value (approximate 0.3) is mainly constrained to the internal length

scale /& , the higher value of internal length the smaller maximum micromorphic damage. The local

damage values of the adjacent elements in the diffusion regions are significantly elevated to about 0.3
compared with the values of 0.2 in local damage model, due to the nonlocal effects of the micromorphic
damage.

It should be noticed that, in Fig. IX-5, the inconsistent force-displacement curves of different mesh sizes
obtained from the micromorphic damage model present some deviations from each other in the range
between 8.0mm to 9.15mm. These can be overcoming by introducing more micromorphic variables to
fully represent the localization behavior of the material besides only the micromorphic damage as is shown
here after.

1X.1.3 Solutions with micromorphic damage and micromorphic isotropic hardening

In order to enhance the micromorphic modeling of the material response, the micromorphic isotropic
hardening associated with the nonlocal effect of the isotropic hardening is now taken into account
together with the micromorphic damage.
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Fig. IX-8 Force-Displacement curves of the tensile test using the micromorphic damage and isotropic
hardening model

Fig. IX-8 presents the predicted responses in terms of force-displacement curves of the same uniaxial
tensile test, taking the parameters: $=3.3, £ =10, H=43.75N-mm™, l;=1.0mm, {.=10,

é =20KN-mm™ and = \/Emm , for the same three different mesh sizes of 0.4mm, 0.8mm and 1.6mm,

as previously. As expected, this micromorphic model with two micromorphic phenomena (damage and
isotropic hardening) predicts more consistently the force-displacement curves compared with the
responses modeled by the sole micromorphic damage model shown in Fig. IX-5 especially in the beginning
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of the softening stage (or diffuse necking region), where the final fracture displacements are approximately
the same (9.03mm, 9.07mm and 9.10mm for mesh sizes 0.4mm, 0.8mm and 1.6mm respectively). This
proves that combining the micromorphic damage with micromorphic isotropic hardening improves
significantly the unicity of the force-displacement curves in the softening stage.

In Fig. IX-9, it presents the final macroscopic crack paths of the DP1000 tensile specimen as predicted
by the three different mesh sizes. By comparing the macroscopic crack orientations in Fig. IX-4, Fig. IX-6
and Fig. IX-9, it is worth noting that the orientation of the final crack is not modified by the local or
micromorphic character of the model but is the same for the same mesh sizes.
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Fig. IX-9 Distributions of damage obtained from micromorphic damage and isotropic hardening model for
different mesh sizes

Let’s considere two stages: stage |, defined as when the maximum smoothed value of local damage is
lower than 0.32 (i.e. far from the fracture of the first element); and stage I, defined as when the maximum
value of smoothed local damage is higher than 0.7 (close to the final fracture of the first element). The
distribution of the damage values inside the specimen around these two stages are predicted by the local
damage model and by micromorphic damage and isotropic hardening model are now discussed.

In Fig. IX-11, the smooth distributions of the local damage, at stage | and stage Il, obtained from the
local damage model and the micromorphic damage and isotropic hardening model for three different
mesh sizes respectively, are given. Clearly, and as expected the local damage model predicts the more
localized damage values while the micromorphic model predicts wider damage zones. Also, the
orientations of the localization bands (or the final crack paths) for the two fine meshes are inverted
between the local and the micromorphic models.

Fig. IX-12 presents the distributions, at the two stages defined above, of the micromorphic damage as

well as the difference between the local and micromorphic damage variables (d —8) , obtained from the

micromorphic damage and isotropic hardening model for the three different mesh sizes. From this figure,
we observe that the micromorphic damage distributes much smoother and wider than the local damage,
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and the values of the local and micromorphic damage variables remain close to each other (the gap is
strictly lower than 0.1) for the three mesh sizes when the local damage is relatively low (lower than 0.35).
While, the gap between the local and micromorphic damage icreases (higher than 0.3) when the local
damage is high (higher than 0.7) and close the final fracture condition.

—=—Model LD —2—Model MDH Micromorphic Hardening —5—Model LD  —a—Model MDH Micromerphic Hardening
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—=—ModelLD  —A— Model MDH Micromorphic Hardening
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0.075

0.07
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0.08

Isotropic Hardening Strain

0.055

0.05
Distance (mm) of mesh size 0.4mm
Fig. IX-10 Local and micromorphic isotropic hardening strain distributions of line AB predicted by the local
damage model (LD) and micromorphic damage and isotropic hardening model (MDH) for three mesh
sizes: 1.6mm, 0.8mm and 0.4mm

In Fig. IX-13, the distributions of the local isotropic hardening strains, predicted by both the local model
and the micromorphic model for the three studied mesh sizes at both stage | and stage Il, are plotted.
Similar to the damage, the distributions of the isotropic hardening strains are wider for the micromorphic
model than for the fully local model.

Recall the Fig. IX-10, which plots the distributions of local and micromorphicisotropic hardening strains,
predicted by the local damage model and the micromorphic damage and isotropic hardening model
respectively, along the central line AB. Clearly, it is observed that, similar to the damage, the isotropic
hardening strain of local damage model is also localized in one element’s width. However, the distributions
of the isotropic hardening strain predicted by the micromorphic damage and isotropic hardening model is
much more smooth than the results from local damage model. The differences between the local and
micromorphic isotropic hardening strains predicted by the micromorphic model are getting larger as the
refinement of the mesh size.

Finally, the Fig. IX-14 shows the distributions of the micromorphic isotropic hardening strains and the

difference between the local and the micromorphic isotropic hardening strains (r —F) for three different
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mesh sizes and at both stages respectively. The same remarks as for the damage apply for the isotropic
hardening: the micromorphic isotropic hardening is widely distributed of the specimen gauge length
similar to the local hardening strains. However, the micromorphic isotropic hardening strains are closely
equal to the the local isotropic hardening strains every where outside of the two shear bands.
Consequently, we obtain a very small gap between both strains outside of the two shear bands, while the
biggest gap is concentrated inside the two shear bands.

Mesh size

d Local damage model d Micromorphic damage and hardening model

(mm)

1.6

Stage |

Endo
032
0.28444
0.24889 0.8

1021333
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0.071111
0.035556
0

0.4
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-0.32444
- 024333
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0.081111

0

0.4

Fig. IX-11 Distributions of the local damage inside the tensile specimen as predicted by the local damage
and the micromorphic damage and isotropic hardening model for three different mesh sizes
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Micromorphic damage d The difference (d—a)
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Fig. IX-12 Distributions of micromorphic damage and the difference between the local and micromorphic
damage at stage | and stage Il predicted by the micromorphic damage and isotropic hardening model for
different mesh sizes
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Fig. IX-13 Distributions of the isotropic hardening strain of the tensile test predicted by the local damage
and micromorphic damage and isotropic hardening model for three different mesh sizes
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Stage Il: mesh size 1.6mm
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Fig. IX-14 Distributions of micromorphic isotropic hardening strain and the difference between the local
and micromorphic isotropic hardening strain at stage | and stage Il predicted by the micromorphic
damage and isotropic hardening model for different mesh sizes
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IX.2 Cross section deep drawing process

The cross section deep drawing (CSDD) tests are conducted by Yue (2014) in order to capture the initial
fracture points and investigate the damage initiation and propagation under complex loading paths. The
punch velocity is 0.5mm/s. A 0.1mm thickness CHF oil layer is used as the lubricant. Blank holder force is
400KN for the high strength steel DP1000. The geometric scheme of the tools are given in Fig. IX-15.

2184 mm

68 4 mm
Punch
\ R10mm
\
ERoNE :
L 1.5mm
Die
R40mm 1.7mm_ 5 R20mm

Fig. IX-15 Scheme of the cross section deep drawing (CSDD) process referenced Yue (2014)

The cross section deep drawing process is simulated using the subroutine VUEL of Abaqus/Explicit with
the proposed strongly coupled local and micromorphic damage model assuming time-independent
plasticity (no thermal effects). Only a quarter of the assembled geometry is given in Fig. IX-16 and the blank
part is discretized with the unified mesh size 1.6mm, 2.0mm and 2.4mm respectively.

Blank holder

Punch

Fig. IX-17 Experimental failure observed in
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1X.2.1 CSDD processes using the local damage model

Considering the local damage model, the same elastoplastic material parameters of DP1000 steel are
adopted as in Table IX-1, while the damage parameters S and coefficient h take the values of 8.5 and 0.25
respectively to take the microcracks closure effect into account.

In Fig. IX-18, the system responses in terms of punch force vs punch travel, as predicted by the local
continuum damage model considering the micro-crack closure effects for different mesh sizes are
presented. The clearly mesh-dependency is observed: the force-displacement curves drop from the
approximate punch travel of 23.34mm, 26.14mm and 27.89mm for the analysis using mesh sizes 1.6mm,
2.0mm and 2.4mm respectively.

exp Mesh size 2.4mm Mesh size 2.0mm Mesh size 1.6mm
900
800
700 BN
_ < N\
= 600 // . ,\
Z 500 = )
g 400 / \L
= 300
200 // \
100 o
A\
0
0 5 10 15 20 25 30 35
Punch Travel (mm)

Fig. IX-18 Punch force-displacement curves predicted by the local damage model with microcracks closure
effects for different mesh sizes of the CSDD process

Fig. IX-20 shows the distributions of local damage at stage I, when the finite element firstly reaches the
failure criterion of the damage, for three mesh sizes using the local continuum damage model. We may
notice: three different displacements of the initial crack appearing: 21.15mm, 24.12mm and 26.06mm;
and different initial cracking positions are obtained for the mesh sizes: 1.6mm, 2.0mm and 2.4mm
respectively.

In Fig. IX-21, the distributions of the accumulated plastic strains (PEEQ) and the equivalent stress for
three mesh sizes at Stage | are illustrated. Clearly, the maximum values of PEEQ occur around the two
corners and reach up to approximate 0.66 (or 66%) for all the three mesh sizes. Besides the two corners
enduring large finite tensile deformation, the right side of the part appears seriously compressive
deformations which may yield the wrinkle defects in the formability analysis. Considering the coefficient h
takes 0.25 means that the evolution of damage under compression is much lower than its evolution in
tension conditions. For that reason, we can image that if we let the coefficient h also takes 1.0, it seems
probable that the initial crack would occur in this serious compression region, due to the same damage
evolution similar under both tension and compression conditions. From the contour of equivalent stresses,
the similar distributions and the consistent maximum values (around 1304.5MPa) are captured. The
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equivalent stresses, for the compression zone are highly concentrated, and for the tensile localized zones
vanishes due to the appearance of maximum damage values (initiation of cracks).

IX.2.2 CSDD processes using the micromorphic damage model
In order to overcome the above spurious numerical mesh-dependency of finite element results due to
the damage-induced softening, the micromorphic damage model, taking the micromorphic density scale

factor é’d =1.0, the micromorphic modulus H =110.0N-mm™ and the internal length /d =1.0mm as

well as the adjusted local damage parameter S=5.5, is applied to the CSDD processes.

Fig. IX-19 represents the system responses in terms of force-displacement curves simulated using the
micromorphic damage model for the three mesh sizes. Obviously, the mesh-independence is achieved and
the system responses of different mesh sizes converge to a nearly unique consistent force-displacement
curve.

Mesh size 1.6mm

exp Mesh size 2.4mm Mesh size 2.0mm

e
X 500 = N
S 400 \
2 300 '\\

200 / ’! \\

100 »

0
0 5 10 15 20 25 30 35

Punch Travel (mm)

Fig. IX-19 Punch force-displacement curves predicted by the micromorphic damage model with closure
effects for different mesh sizes of the CSDD process

From Fig. I1X-20, we may clearly find that all the initial cracks appear approximately at punch travel
28.35mm as well as the consistent rupture positions on the left corner, obtained from the micromorphic
damage model. In Fig. IX-21, the maximum values of equivalent plastic strain seem getting larger as the
mesh refines: 1.02, 1.03 and 1.39 for mesh sizes 2.4mm, 2.0mm and 1.6mm respectively. The similar
distributions of equivalent stress are observed with concentration in the compression region, the
consistent maximum values (around 1291.0MPa) and the apparent zero stress inside the fully damaged
zones, are also observed.

As shown in Fig. IX-22, the crack propagation, simulated by the micromorphic damage model, indicates
that the crack initially appears at the left corner region at about the punch travel of 28.35mm in agreement
with the experimental results as shown in Fig. IX-17 and Fig. I1X-20, after the crack spreads forward from
both sides of the initial crack frontlines and the consistent fractures at punch displacement around
29.50mm are predicted using the micromorphic damage model. However, it is worth noting that different
positions and different punch travels of the initial crack are provided by the local damage model as shown
in Fig. IX-20. We may find that the simulation from the local damage model gives macroscopic cracks

194



Endo

1
I0.88889
L0TTIT8
- 066667
-0.55556
044444
:0.33333
022222
I0.11111

0

PART Il CHAPTER IX APPLICATIONS

initiating in the two corners and evolves forward along their frontlines respectively. Considering the time
of punch travel around 28.26mm, three different crack paths are observed from the simulations of the
local damage model.

From this application of the deep drawing process, we may conclude that the micromorphic damage
model taking the microcracks closure effects are capable of providing the converged numerical responses
(force-displacement curves) close to experimental results as well as the consistent final fracture
propagation.

d Local damage model d Micromorphic damage model
Mesh size 2.4mm U =26.062mm U =28.347mm
Mesh size 2.0mm U =24.119mm U=28.362mm

*®
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Mesh size 1.6mm U =21.151mm U =28.366mm

Fig. IX-20 Distributions of the local damage at stage | simulated by the local and micromorphic damage
model for three different mesh sizes
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Mesh size 2.0mm U 28.255mm U =29.457mm
Mesh size 1.6mm U 28.255mm U=29.739mm

\ A 4

Fig. IX-22 Distributions of the local damage at stage Il simulated by the local and micromorphic damage
model for three different mesh sizes

IX.3 Pressure vessel

Considering the rupture process of a pressure vessel under high temperature, with given geometric
informations and symmetric constraints of Y and Z axes depicted in Fig. IX-23. The inner thickness is 80mm.
The material parameters of a typical common steel at room temperature is listed in Table IX-2. The
simulation is performed by using the subroutine VUEL of Abaqus/Explicit under anisothermal conditions
(i.e. elevated temperature around 600°C), using the time-dependent plasticity with strongly coupled local
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damage, isotropic and kinematic hardening under the general three dimensional stress state assumption.
Due to the limitation of time, only the local damage model is used in this simulation.

SymY

| r400 2000

g i f
2000 I

Fig. IX-23 Geometry and boundary conditions of the half of the pressure vessel

SymZ

The stress-strain curves predicted by uncoupled and fully coupled models with local damage at strain
rate of 1.0E-04/s at different temperatures lying from 20°C to 600°C are presented in Fig. IX-24 and Fig.
IX-25, respectively. For the sake of simplicity, the thermal properties of the studied material are assumed
to be temperature independent.

p (kg/m?) E (GPa) v oy (MPa) | Q (MPa) b C (MPa)
7800.0 206.0 0.3 158.0 500.0 1.5 3000.0
a S s B y Yy h
26.0 3.0 1.2 2.0 4.0 0.0 1.0
k (W/m.°C) |Cs (J/kg.°C) a K'P (MPa) Myp
60.0 450.0 1.2e-05 50.0 2.0

Table IX-2 Material parameters of a type of common steel at room temperature
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Fig. IX-24 Equivalent stress-strain curves for different temperatures
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Fig. IX-25 Damaged equivalent stress-strain curves for different temperatures predicted by the fully local
damage model (LD)

The pressure vessel is discretized with 9210 solid elements with two elements throughout the thickness.
The scheme of the whole procedure works in the way: stage |, the temperature of the pressure vessel is
homogeneousely elevated up to around 600°C through the red external surface with an uniform heat flux;
stage Il, an uniform internal pressure of maximum 20MPa is linearly applied to the whole pressure vessel.
Then, the red partition undergoes large deformation to final fracture mainly due to the material softening
induced by the elevated temperature. Since the thermal diffusion process takes much longer in time than
the process of mechanical deformation, here an artificial thermal conductivity (6000W / m.°C ) is used to
shorten its computation time for the dynamic explicit solver, while ensuring the temperatures of ourter
and innser surface of the pressure vessel be elevated up to around 600°C in 2.1s.

:t\
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A

Temperature
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470.72
403.48

134.49
67.248
2.8586e-16

Fig. IX-26 Distributions of the elevated temperature at the end of stage | (2.1s)

The distributions of the temperature elevated by the uniform input heat flux at the end of stage | (2.1s)
are illustrated in Fig. IX-26. The clear diffusion of the temperature is observed. The maximum values of the
temperature of the outter and innser surfaces are about 605.2°C and 594.3°C, respectively.
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Fig. IX-27 The evolution of Forces along Y axis for different mesh sizes 40mm and 80mm

In Fig. IX-27 and Fig. 1X-28, the curves of reaction forces the Y axial and Z axial for different mesh sizes
40mm and 80mm are plotted since the time 2.1s, when the uniform internal pressure is linearly applied.
Clearly, in the period of before 2.35s (12.5MPa), the evolutions of reaction forces for the two mesh sizes
behavior exactly the same. This is mainly due to the relative small value of the damage (around maximum
values 0.078 for 80mm and 0.135 for 40mm), as shown in Fig. IX-29, which yields negligible damage effects
on the material elasto-viscop-plastic behavior, in this period. Beyond that time, the numerical responses
of reaction forces plot differences for the two mesh sizes. The mesh-dependency is clearly observed.

In Fig. I1X-30, it illustrates the distributions of the accumulated plastic strain for different mesh sizes
40mm and 80mm under different inner pressures, with removed fully damaged elements. When the inner
pressure is around 13.3MPa (time 2.366s), the first fracture of the element is observed for mesh size 80mm,
while more fully damaged elements are removed for mesh size 40mm. The similar phenomenon is also
captured for the sequential inner pressures 13.5MPa (time 2.370s) and 13.9MPa (time 2.378s). Clearly,
this clear mesh-dependent phenomenon is similar to the behavior predicted by the local damage model
with time-independent plasticity. As expected and shown in the literatures, the viscoplastic model may
provide a cure of the pathological mesh-dependency problem, however, it is not able to fully remove the
problems in strain-softening. Mainly due to the limitation of time, we didn’t finish the simulations of this
pressure vessel using the fully coupled micromorphic damage model, which is forseen to overcome the
mesh-dependency.
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Fig. IX-28 The evolution of Forces along Z axis for different mesh sizes 40mm and 80mm
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Fig. IX-29 Distributions of local damage of the pressure vessel at stage Il (2.35s)
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Fig. IX-30 Distributions of accumulated plastic strain of the damaged configurations of the pressure vessel
for different mesh sizes at stage Il
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X. Conlcusions

In part I, a complete set of nonlocal constitutive equations for anisotropic elasto-visco-plasticity solids,

strongly coupled with thermal effects, isotropic ductile damage, isotropic and kinematic hardening,

micromorphic temperature, micromorphic ductile damage, micromorphic isotropic hardening and

micromorphic kinematic hardening, are derived from the state and dissipation potentials, under the

framework of the extended irreversible thermodynamics, to represent the material strain-softening

behaviour and avoid the ill-posed IBVP induced by the classical local damage model:

1).

2).

3).

A group of additional balance equations associated with the new micromorphic variables are
obtained by using the generalized principle of virtual power. The state relations including the
classical and generalized stresses as well as the evolutions of the dissipative state variables are
derived from the state potentials and dissipation potentials, respectively, according to the
thermodynamically consistent formulations;

The introduction of the new micromorphic temperature and its first gradient to the free energy
density, yields a pair of generalized micromorphic heat equations governing the evolution of
temperature, which allows the introduction of nonlocal thermal effects and an internal length scale.
Several extended heat equations, which are reviewed in detail, could be retrieved from the
constrained generalized micromorphic heat equations;

The weak forms of the IBVP are obtained by using the Galerkin weighted residual methods, and
discretized in time and space according to the standard finite element method, with new developed
finite element possessing additional micromorphic dofs in the subroutine Vuel() of Abaqus.
Parametric study of the damage parameters, the micromorphic moduli and viscoeffects is
performed to well understand the predictive possibilities of the proposed micromorphic fully
coupled constitutive equations;

. Applications of the fully coupled micromorphic damage and isotropic hardening constitutive

equations, are applied to the uniaxial tensile test and cross section deep drawing processes of the
material of DP1000. The clear mesh-independency of the numerical responses and consistent final
fracture propagations are obtained.
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XI. Global conclusions and perspectives

In this work, we formulated a general micromorphic nonlocal elasto-visco-plastic constitutive model
accounting for mixed nonlinear isotropic and kinematic hardenings strongly coupled with ductile damage
in the context of thermodynamics of irreversible processes as well as generalized continuum mechanics,
with applications to the numerical simulations of sheet metal forming processes.

Firstly, we developed a static-implicit multi-step FEM solver accounting for the classical elastoplasticity
with isotropic hardening for efficient formability analysis (e.g. the prediction of defects, thickness variation,
strain and stress fields) of the sheet metal forming component based on the inverse approach.

1). The multi-step solver improves the stress predictions by adopting several middle configurations
representing deformation paths and simplified tools’ actions (contact forces). The intermediate
configurations of deformed sheet blank are efficiently constructed according to the procedures:
solving an optimal quadratic program, generating initial solutions and balance equilibrium
iterations;

2). Numerical applications validate the new derived finite strain measurement along thickness of the
shell and examine the capability to improve the stress estimations during forming under complex
loading paths.

Secondly, a general thermodynamically-consistent thermomechanical micromorphic nonlocal

constitutive model has been derived and implemented in Abaqus/Explicit to capture the strongly nonlocal
effects within the material strain-softening localization zones induced by thermal or ductile damage.

1). A complete set of micromorphic constitutive equations is formulated in the context of
thermodynamics of irreversible processes.

i). The new additional balance equations associated with the new additional dofs carrying the
micromorphic effects (e.g. the ductile damage, the isotropic hardening, the kinematic
hardening and the temperature) are derived from the generalized principle of virtual power.
Also, the state relations as well as the evolution equations related to the local and generalized
(micromorphic) are derived in the framework of the thermodynamics of irreversible processes
with state variables, derived from both the Helmholtz free energy, and the dissipation
potentials. It is worth noting that all the constitutive equations (the state relationships as well
as the evolution equations) are written under an additive form of classical local contribution
and extra nonlocal contributions. The local constitutive equations are easily obtained as
particular cases if the micromorphic material properties vanish;

ii). Numerical implementations related to the model, limited to micromorphic damage and
micromorphic isotropic hardening for the sake of simplicity, have been carried out in Abaqus’
subroutine Vuel using three types (membrane, shell and solid-shell) of assumed strain finite
elements. The efficient and robust unconditionally stable local integration is performed thanks
to the asymptotic scheme and the return-mapping algorithm;

iii). Parametric study concludes that:
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a. only the local damage parameter S governs the more brittle or more ductile evolutions of
damage;
b. the micromorphic moduli H and Q are more sensitive to the system responses than their

micromorphic gradient moduli H® and Q° (or their associated internal lengths Id and /)

respectively;

c. the local damage parameters also significantly affect the obtained consistency of material
responses except the parameter S which maintains the convergence while speeding or
slowing the final fracture;

d. no differences are observed for case when the micromorphic density smaller than the local
one;

e. the micromorphic damage effect becomes significantly under cases of high temperature or
high strain rate due to the complex coupling between viscous effects and nonlocal damage
effects.

The applications of the proposed micromorphic model, to both the uniaxial tensile test of

DP1000 and the cross section deep drawing processes, predict physically sound solutions

independent from the mesh refinement. The macroscopic crack initialization and propagation

are also observed in the cross section deep drawing processes.

2). Concerning the thermal aspects, the micromorphic formulation is applied to the problem of heat

transfer by means of a generalized principle of virtual power.

i).

i)

The new microtemperature field is introduced as well as its first gradient and leads to a pair of
thermodynamically-consistent coupled generalized heat equations. The constrained case for
which the microtemperature coincides with the temperature itself is of particular interest
because it can be compared to the various extensions of the heat equation available in the
literature.
The proposed heat equation is enhanced by essentially three new contributions which were
illustrated in the linearized case. The three terms affect the transient thermal behavior of the
material only. The first new term is related to the Laplacian of the temperature rate, a
contribution which was proposed first by Cattaneo in an early version of his theory. A second
contribution is proportional to the second time derivative of the temperature which changes
the usual heat equation into a hyperbolic equation with a positive characteristic time. The last
term associated with the third time derivative of temperature remains rather unexplored even
though it is present in some generalized theories found in the literature.
The proposed theory was shown to differ from existing thermomechanical extensions of
Eringen's micromorphic model that rely on the introduction of a microtemperature vector akin
to a relaxed temperature gradient. It has also been compared to the effective heat equation
arising from the double temperature model involving two coupled heat equations and leading
also to fourth order spatial derivatives:
a). The hyperbolic heat equation of Cattaneo Il with relaxation time, can be obtained from the
thermodynamically-consistent micromorphic heat equation by neglecting the nonlocal
effects of the temperature;
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b). The classical, hyperbolic and generalized two-temperature models can be also retrieved
from the micromorphic heat equations;

c). Both the micro-temperature heat equation using Green’s theory and the micromorphic
heat equation provide a pair of governing equations for local and micro/micromorphic
temperature. And the classical wave equation can be obtained from their constrained heat
equations;

iv). The proposed theory allows for a direct coupling with the mechanics of materials and is thought
to be useful for the simulation of fast heat and mechanical treatments of materials including
metal forming at high speeds, laser surface treatments of materials, etc. The nonlocality in the
proposed theory resulting from the introduction of the gradient of micromorphic temperature
could be an alternative to the analysis of heat transport based on enhanced heat fluxes.

Considering the conflict between the limitation in time and the complexity of coupling among the

parameters in the sophisticated generalized micromorphic constitutive model, we have the following

further developments to be continued in the future:

1).

In general, all the variables that govern the strain-softening should be treated as nonlocal variables.
For that purpose, an extension of the micromorphic kinematic hardening based on the present
micromorphic model is necessary to fully capture the strain softening of materials’ behavior;

. Some more complete and systemic experiments are required to facilitate the identification of the

large amount of temperature-dependent/independent material parameters entering the advanced
nonlocal constitutive equations;

. Generally, the ductile damage can be strongly anisotropic. An extension of the present

micromorphic model to include the anisotropy of the ductile damage could be considered,
referencing the work of anisotropic ductile damage accomplished in LASMIS (Badreddine, 2006;

Saanouni, 2012) by representing the damage by a couple of second-rank tensors (QI,Z) ;

. Applications of the new generalized micromorphic heat equations are expected in Nano-structured

media and Nanosystems, but also for fast material processing and surface treatments. The work
performed by Saanouni and Hamed (2013) for finite time-independent plasticity could be extended
to the thermomechanical processes (finite viscoplasticity) using the generalized heat equation
based on the present microtemperature model.
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Résumé extensif en Francais

Introduction

Afin de répondre aux nouvelles exigences mondiales de |'économie et de la protection de
I'environnement dans |'industrie automobile, la sélection des matériaux pour la réduction de masse est un
enjeu crucial. De nouvelles nuances d'acier & haute résistance permettent aux constructeurs automobiles
de réduire la masse de leurs véhicules de 25 a 39% par rapport a I'acier conventionnel, permettant ainsiune
économie de 3 a 4,5 tonnes de gaz a effet de serre sur toute la durée de vie du véhicule. Cependant, cette
augmentation de la résistance de ces nouveaux matériaux se traduit souvent par une réduction
significative de leur capacité d'étirage communément appelée la ductilité. Par ailleurs, pendant le
processus de formage, le matériau métallique est soumis a une déformation irréversible importante non
homogeéne qui finit par localiser dans des bandes de cisaillement ol se forment souvent des micro défauts
(microfissures, microcavités) qui croissent et coalescent pour former une fissure macroscopique
dangereuses pour I'intégrité de la piece.

La simulation numérique utilisant la méthode des éléments finis (MEF) est aujourd’hui un outil
d’utilisation courante et d’intérét considérable pour les industries mécaniques. Elle prend une place
croissante et dominante dans de nombreux secteurs industriels comme dans l'industrie automobile. Pour
simuler numériquement les procédés de formage, un modele 3D décrivant les principaux phénomenes
physiques (thermiques et mécaniques) et leurs diverses interactions (couplages) qui caractérisent le
comportement du matériau est nécessaire. Cela peut étre fait en utilisant deux types d'approche de
modélisation, a savoir : I'approche mono échelle macroscopique phénoménologique et I'approche multi-
échelle ou micro-macro.

Cependant, 'utilisation de ces modeles locaux avec adoucissement induit par les effets thermiques,
d’endommagement ou autres, conduit a un probléme d’évolution (probléme aux valeurs initiales et aux
limites PVIL) mal posé (perte d’ellipticité en statique ou d’hyperbolicité en dynamique) fournissant des
solutions numériques non acceptables fortement dépendantes de la discrétisation en espace et en temps. .
La fagon naturelle d'éviter cet inconvénient est de recourir a une formulation non locale induisant des
longueurs internes caractéristiques de la microstructure des matériaux. Ceci se fait relativement aisément
dans le cadre de la mécanique des milieux continus généralisés.

Le but de ce travail est de développer des modeles de couplage thermomécanique avancés dans le
cadre de la mécanique des milieux continus généralisés (milieux micromorphes) pour introduire le concept
de longueurs internes représentatives des microstructures des matériaux tout en tenant compte de
I"anisotropie initiale de I'’écoulement inélastique en grandes déformations.

Tout d'abord, nous avons développé un solveur EF basé sur une approche inverse a étapes multiples,
statique-implicite, qui tient compte de I'élastoplasticité classique avec écrouissage purement isotrope
pour analyser la formabilité de toles minces de sorte a éviter les défauts (fort amincissement,
endommagement, plissement, ...).
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Dans un deuxieme temps, nous avons formulé un modéle thermomécanique non-local dans le cadre
des milieux continus généralisés (milieux micromorphes), capable de tenir compte d’un effet d’échelle
associé a chacun des phénomeénes physiques micromorphes retenus dans la modélisation
(endommagement ductile, température, écrouissages). Ces effets d’échelles se présentent sous la forme
de longueurs internes caractéristiques de la microstructure du matériau étudié. L'enrichissement de
I’espace des variables cinématiques par I'ajout de degrés de liberté (ddl) micromorphique, conduit via
I"application du principe des puissances virtuelles étendues, a I'obtention d’autant d’équations de bilan
supplémentaires. De méme, I'extension de I'espace des variables d’état conduit a la généralisation des
équations de comportement (équations d’état et équations d’évolution) par I'ajout d’une contribution non
locale a chacune des équations de comportement. Concernant les phénomenes thermiques, I'approche
micromorphe conduit a une nouvelle paire d'équations de régulation de la température faisant intervenir
non seulement la température locale mais également une microtempérature ainsi que leurs dérivées
successives jusqu’a un ordre donné. Le cas contraint pour lequel la microtempérature coincide avec la
température locale présente un intérét particulier car il peut étre comparé aux différentes extensions de
|'équation de la chaleur proposées dans les littératures (Table 0-1 ).

Modele Auteurs Equations de chaleur
Equation classique de chaleur .
q \q ) Fourier, 1878 PC.T=rAT
avec le modele de Fourier ¢
Cattaneo |, 1948 PC.T+ kAT = kAT
Cattaneo Il, 1948 PC.T+170C T =KAT

Type hyperbolique avec temps

| i ~ dA _)\. - kX -
de relaxationa (ng+q-—_-qu+2q-A-q:—div(q)
Coleman et al., 1982 dT

G+7-G=-1K-VT

Nguyen, 2010 ng7"+M§7"-6T:KAT

Forest, 2008 ng'I" + TOATAT =KAT
Modeéle de gradient de S
, , . . . A
t i,
empérature (ou d'entropie) |y aqt 2008 pC.T+T,AAT + 2576 A% = kAT
ol

Forest, 2010 PC.T—aT,T+MT,AT = kAT

Aifantis, 1980 T+al — BAT + yA°T = AT

T +(t+71,)T + 70,1, —PAT, =KAT,

1

Modeéle a double température

Sobolev, 2016 . (T+712)7j +TT12.77_(I2 +/eZ)A7: _/eZleAZE
T,

|
+

gl
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cT =kAT +k d/v(f)
lesan, 2002 - - . _ -
bT = kAT + (K, +k; )V (div(T))—k,T VT
Modele micro-température .
aT + md/'v(T) = kAT
lesan, 2005 . _ - - - .
bT =d,AT +(d, +d, )V (div(T))-mVT
pT(ng +¢ ) TMPAT
Type de -
microtempérature T lng L_I +2M(f—_7‘-) — AT
2 T T
Modele de température . o = I
micromorphe pC€T+pT(g2T +g1T)—2TM(T—T)
Type a deux —~TM?AT = kAT
températures . - =4
PC.T+p(7C, +To6, )T+ pTy (75, +6,)T
+1pTG,T ~TMPAT —T,M°AT = kAT

Table 0-1 Différentes équations de chaleur généralisée

Partie I Approches inverses simplifiées pour les procédés de formage de

toles

L'approche inverse simplifiée a été initialement développée pour analyser rapidement et a moindre
co(t, la formabilité d’un composant mécanique de forme donné par les procédés de formage de tdles
minces. L'idée de base est de résoudre un groupe d'équations non linéaires délibérément simplifiées pour
trouver les positions initiales des points matériels de la téle dans la configuration initiale (non déformée)
en partant de la géométrie de la configuration finale (connue) sans tenir compte des processus
incrémentaux de plasticité et de contact tbéle/outils. Cette formulation repose sur les hypothéses
simplificatrices suivantes: (i) état de contrainte plan dans la tole; (li) écoulement élastoplastique en
grandes déformations avec incompressibilité totale; (lii) théorie de la déformation totale en plasticité; (Iv)
écrouissage purement isotrope; (V) actions simplifiées des forces de pression et de frottement entre la
tole et les outils d’emboutissage.

Afin de surmonter les mauvaises estimations de |'état de contrainte prédites par I'approche inverse en
raison de I'absence de prise en compte de I'histoire de la déformation, I'approche en plusieurs pas est
proposée en introduisant plusieurs configurations déformées moyennes intermédiaires pour mieux suivre
le trajet de chargement. Les principales étapes de cette approche inverse multi-pas peuvent étre résumées
comme suit:

1). Construction des configurations intermédiaires de la tole : elle nécessite deux étapes: la génération
de la surface de glissement contraint et la résolution des équations initiales ;
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2). Formulations cinématiques non linéaires pour tenir compte des grandes déformations et
estimation de I'incrément de contrainte entre deux configurations successives

3). Intégration locale des équations constitutives décrivant I'écoulement plastique avec écrouissage.
En utilisant la méthode classique du retour radial pour mettre a jour I'état de contrainte.

I. Approche statique implicite en plusieurs étapes

I.1. Formulations cinématiques

CO

Fig. 0-1 Relations cinématiques de point matériel en trois configurations

En considérant les trois configurations de la Fig. 0-1, C° indique la configuration initiale, C est la
configuration finale connue et C* est une configuration intermédiaire typique. Formulons la mesure de |a

déformation logarithmique du point matériel g sur les configurations C*' et C.

Puisque la relation cinématique non linéaire entre la configuration C° et C* est exactement la méme
que celle de l'approche inverse a un seul pas, nous nous concentrons sur le cas de la configuration de

référence C*. L'inverse du tenseur des dilatations de Cauchy-Green gauche sur la configuration C*, est

donné par:
a b 0
BI'=[F]'[F]"=|b ¢ o0 (1)
0 0 (%)
ou,
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a=A,(1+2zr) +2B,sz(1+zr)+C,(sz)’
b=A,(1+zr)sz+B,(1+zr)(1+zt) + B, (sz)’ + Cysz(1+ zt) (2)
c=A,(s2)" +2B,sz(1+zt) + Cy (1 + zt)’

et

Il est intéressant de noter que, si les points matériels ont été placés sur la surface médiane (z=0),
|'équation Eq.(3) redonne les formules d'approche inverse, sinon la mesure de déformation du point
matériel le long de I'épaisseur est séveére a cause des effets de flexion dus a la courbure de la configuration
de référence.

I.2. Intégration locale élastoplastique

Avec la contrainte incrémentale obtenue, la méthode classique de prédiction élastique et correction
plastique avec retour radial est adoptée pour mettre a jour I'état des contraintes en élastoplasticité
anisotrope avec écrouissage purement isotrope basée sur la théorie associée avec un critére d’écoulement
guadratique de type Hill:

f(ea)=((o)Plie})" ~5.(a)=((o)[Pl{e}) " ~a. (") @)

Le multiplicateur plastique de Lagrange est obtenu a partir de la condition de cohérence plastique pour
of .
——)|C
gl
A= of of of )
-4 C -7
(e e
En conséquence, le taux des contraintes en fonction du taux des déformations totales s'exprime par :
of of
Hoir i)
o=[c*]ie)=[c]- (é) ®
T Nen-LA-2
o{o} o{o}| oq

Ensuite, I'algorithme classique du retour radial basé sur la prédiction élastique et la correction plastique

obtenir:

est effectué pour mettre a jour la contrainte. Nous avons remarqué que si la méme anisotropie (isotropie
planaire) pour le comportement élastique et plastique et qu'on considére l'incompressibilité pour la
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déformation élastique, alors le coefficient de Poisson est lié au coefficient d'anisotropie moyenne de
Lanckford r par:

1+r

Cela aboutit a une méthode de retour radial a un seul incrément ne nécessitant pas d’itérations pour
assurer la condition d’admissibilité plastique en fin de I'incrément de charge.

I.3. Configurations moyennes

4

z

z{
2 Blank
zy

o X; X

Fig. 0-2 Surface de glissement limitée par le poingcon et la matrice

Construction d'une surface de glissement

Dans le cas général 3D, la tole vierge est censée étre une membrane sollicitée en tension (dans son
plan) par les outils (poincon et matrice), comme montré a la Fig. 0-2. Ensuite, la forme de I'ébauche
déformée peut étre déterminée en minimisant la surface de la téle sur la configuration actuelle :

min: £(&) = A2 (£)
st. 0<¢<1(i=1,2,3..m)

Considérant un élément fini triangulaire, le carré de la surface de I'élément est donné par :

A EUAICA AR RPN o

Aprés assemblage de la matrice élémentaire, vectorielle et scalaire, on obtient la surface carrée de
toute la structure :

2

1&)=342()=5 SHte (e g0 o)
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qui est un modéle de programmation quadratique qui peut étre résolu tres efficacement en temps (par
exemple le sous-programme quadprog de Matlab).

Solutions initiales de configuration

L'idée de base des solutions initiales de la configuration construite fonctionne de la maniére suivante :
la configuration centrale construite est un état de déformations globales possibles a un moment spécifique
des processus de formage, alors les mailles vides par rapport a la configuration centrale et la configuration
finale bien connue devraient étre équivalentes. En gardant les deux mailles vierges équivalentes, nous
sommes en mesure de trouver un groupe de distributions appropriées de points matériels globaux sur la
configuration du milieu.

Avec les solutions initiales obtenues, un groupe d'équations d'équilibre non linéaires est résolu en
utilisant la méthode itérative de Newton-Raphson ainsi que la fonction de pénalité pour équilibrer les
configurations du milieu et pour contraindre le mouvement des points du matériau a rester sur les surfaces
de glissement.

[R(U)} ={F (V) -F (V) =[K]{AU} 20 (11)
II. Applications numériques

L'implémentation numérique est réalisée dans la plate-forme KMAS et comparée au logiciel d'éléments
finis commercial LS-DYNA . Les nouvelles formulations cinématiques dérivées sont examinées en détail sur
I'exemple du procédé de formage S-Rail. Les erreurs totales accumulées de différentes couches sont
également présentées et analysées. L'exemple d’emboutissage profond en forme de boite est sélectionné
pour valider la construction des configurations intermédiaires de I'approche inverse multi-pas proposée.
L'application de I'approche multi-pas a la composante B-Pillar montre clairement I'amélioration des
estimations de I'état des contraintes en fonction de I'augmentation du nombre des configurations

intermédiaires.

(a)

001013 W‘lmw/‘lh\ N 0 5785 w":?myg\
v v
X x
=

s

(b) (

Fig. 0-3 Comparaisons des distributions d'épaisseur sur trois configurations intermédiaires simulées par
LS-DYNA et Multi-pas

216



RESUME EXTENSIF EN FRANCAIS

Partie Il Modele thermomécanique micromorphe avancé entierement

couplé a 'endommagement ductile

La rupture des composants techniques est souvent précédée de changements considérables dans la
microstructure du matériau provoquant de fortes hétérogénéités locales a I'origine de divers types de
défauts comme la microfissuration dans les bétons, la rupture des fibres ou le délaminage fibres/matrice
dans les composites ou la formation de microcavités et microfissures dans les métaux ductiles. On sait par
ailleurs, que les modeles de comportement locaux (théorie de Cauchy ou du premier gradient) avec
adoucissement induit par des phénomeénes physiques violents comme I'endommagement (micro-
discontinuités) ou les variations de température a fortes vitesses (Laser), conduisent a un probleme aux
valeurs initiales et aux limites (PVIL) mal posé, i.e. conduisant a des solutions fortement sensibles aux
paramétre de discrétisation sans possibilité de convergence. Ceci n’est pas acceptable et des efforts
considérables ont été déployés par la communauté scientifique pour résoudre les problémes de prévision
des endommagements, aboutissant a I'amorgage de fissures macroscopiques et a leur propagation, d’une
maniére indépendante des aspects de discrétisation du temps (incréments de temps) et de I'espace (taille
des éléments finis).

Afin de contribuer a cet objectif général, nous nous mettons dans le cadre des milieux continus
généralisés (milieux micromorphes) pour formuler les équations non locales gouvernant le probleme
d’évolution de structures soumises a des grandes déformations inélastiques (plastiques ou viscoplastiques)
et petites déformations élastiques. L'objectif étant d’aboutir a un PVIL conduisant a des solutions
indépendantes (a convergence) des aspects de discrétisation de I’espace et du temps.

II1. Formulations théoriques

Classiquement (voir Saanouni, 2012) I'état thermomécanique local d’un milieu continu des décrit par
des couples de variables d’état "commandables" a savoir : (g,g) et (T,s) ; et des "internes" décrivant :
I’écoulement inélastiques (g,g) , les échanges thermiques (§=grad(T),6i) , I'écrouissage isotrope
(r,R), Iécrouissage cinématique (&, X) et 'endommagement ductile isotrope (d,Y). En plus de ces
variables d’état locales, quatre nouvelles paires de variables micromorphes associées a leurs variables
d'état local sont introduites : (8,37) pour I'endommagement micromorphe, (F,R) pour I'écrouissage
isotrope micromorphe, (Q?,)_?) pour I'écrouissage cinématique micromorphe et (T’,E) pour la
température micromorphe.

I11.1. Equations d'équilibre

En plus du champs des déplacements usuels nous introduisons J,F,(Z{,f comme degrés de liberté
additionnels pour décrire la cinématique du milieu. L'utilisation du principe généralisé des puissances
virtuelles, qui stipule que la somme des puissances virtuelles des forces internes et externes équilibre la
puissance des forces d'accélération pour toute vitesse virtuelle cinématiquement admissible (C.A.) :

OP_. +OP.

int ext

=S5P, V5i,5d,5F,5¢,5T C.A. (12)
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On obtient aisément I'équation d'équilibre classique et quatre équations d'équilibre additionnelles
associées aux variables micromorphes ainsi que leurs conditions aux limites de Neumann :

Veg+pf'=pu inQ (6';_7)+p(fd_vfgd)=p§d§ i<

{Q'ﬁ:ﬁu onT’ (?—pfgd)ﬁ:Fd onT
(ﬁ-ﬁ—§)+p(ff—§-fgf)=p§ff inQ (@-)f(—)_?)er([Q—ﬁ-zgg):pé’gé inQ (13)
(.‘% pfgf)~ﬁ=F’ onT ()_:(—,ozg‘i)-ﬁzﬁ‘;Z onT

(@ §—§)+p(fT—V-fgf)=p(§n7§+§fl7%) inQ

(s—pfgf)-n=FT onT

II1.2. Equations d’état

Considérant le premier principe de la thermodynamique postulant I'existence d'une fonction d'état
appelée énergie interne E homogene a une quantité de travail, de sorte qu'en tout temps dans le

domaine ,, la somme de la dérivée matérielle de I'énergie interne et de I'énergie cinétique K est égale

a la somme de la puissance des forces externes appliquée a @, et de la quantité de chaleur Q regue par

(o

ext

%(HK):P +Q (14)

A l'aide du théoréme de I'énergie cinétique, |la forme différentielle généralisée du premier principe de
la thermodynamique est exprimée comme :

G:D+Yd+RF + X: G +5T

pe = +pg—div(c?) (15)

+Y-Vd+R-Vr +X.Va+5-VT
De toute évidence, I'énergie interne spécifique est renforcée par de nouvelles contributions provenant
des variables d'état micromorphe supplémentaires.
Le deuxieme principe de la thermodynamique reste inchangé:
d qg -
—j(ps)dv—j ,o£ dv+_[ 9.5 lds>0 (16)
dt o o T f\T

En utilisant I'énergie libre spécifique de Helmholtz, les premiere et deuxiéme lois de la
thermodynamique, conduisent a I'inégalité de Clausius-Duhem, généralisée :
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(17)

Sans perte de généralité, nous postulons que les quantités entre parentheses de (.17) ne dépendent
pas de leurs taux respectivement, et que les variables micromorphes ne se dissipent pas. En suivant les
arguments standard de Truesdell et Noll, les relations d'état suivantes peuvent étre obtenues:

_,ov v
- 0g”" oT
oy oy 0
P od Por T %
- oy -~ oy - oy
Y=p—L R=p—— X=p— (18)
od Por T %a
Fepll Repll Rop v
ovd ovr Va
_ oy = oy
S=p—— S=p——
o ot

et la dissipation totale locale classique comprenant la dissipation intrinséque (mécanique) et la dissipation
thermique est donnée par :

p=¢,+¢,=c:D" +Yd—RF —X:¢~

~ |

-g>0 (19)
Avec une sélection appropriée de I'énergie libre de Helmholtz, les expressions finales des relations
d'état ci-dessus peuvent étre obtenues.

I11.3. Evolution equations

Outre I'analyse de la dissipation de la plasticité indépendante du temps, la viscoplasticité (plasticité
dépendante du temps) est présentée dans cette section. Pour la plasticité dépendante du temps, I'état de

contrainte n'est pas contraint de rester sur la surface d'écoulement fp (Q, )_~(,§;T) =0. Cela se traduit par

une sorte de généralisation de la théorie de la plasticité multi-surfaces de sorte que |'écoulement

inélastique se produit méme si fp(c_i',):(,ﬁ;T)>0. En effet, cette condition exprime la distance entre |
'état actuel de contrainte en un point donné et la surface résultante définie par fp(é‘,X,ﬁ;T) =0. Cette

distance définit directement, dans |'espace des contraintes, la contrainte dite visqueuse o .
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Le potentiel viscoplastique global est postulé pour étre décomposé de fagcon additive en trois
contributions : I'écoulement viscoplastique de type Norton-Hoff, la restauration par I'écrouissage
cinématique et isotrope et le potentiel d'endommagement. En utilisant |la régle de normalité généralisée,
on obtient les équations d'évolution ci-dessous :

, a¢ f my, 1 Haz(g—)_() o
D" = . = =4
- < > Jid Jo-x] ¥

oo \K”
. 09 X\ A, x
Qf:—§=ﬂ |:_f % o (C Q) (Qf Qf)]_ ‘/L_’X‘ _‘TX”

(20)

Aoy Q Q- R\™
90 _ { (1+gjb(T)F+ng}—< R >
OR —d’ Q K"

op p Y—YO> -
=—= =pY
ov (1—d)ﬁ< s | 7F

b
L'analyse de I'admissibilité thermodynamique montre que l'inégalité est satisfaite si 0,20, — >0,
K™ >0, K" >0 et aé_l est défini semi-positif, en fonction de la positivité de toutes les autres grandeurs.

II1.4. Expressions des équations de bilan micromorphique dans l'’espace des
déformations

Rappelons les équations de bilan généralisées ainsi que leurs conditions aux limites de Neumann dans
I'équation Eq.(13), elles peuvent étre transformées dans I’espace des déformations, a l'aide des relations
d'état obtenues ci-dessous. Pour des raisons de simplicité, si les forces volumiques et de contact sont
négligées, les équations d'équilibre généralisées prennent la forme :

[/;Lap(apmw}(d_a):p d

H(T) H(T) (22)
H°(T)Vd =0
(1 dV){/r?Lap(r)+ Vg(:(_;) VF+(r—F)} =Péir;) 02

() (23)
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ou, /., 1 I, et /f sont les longueurs internes associées a chacun des phénomenes micromorphiques

d’ 'r?
considérés.
II1.5. Equations généralisées de la chaleur

Plusieurs équations étendues de la chaleur existantes sont revues et listées dans le Table 0-1 . Dans le
but de se concentrer sur les équations de la chaleur, nous nous limitons a la thermo-élasticité dans cette
section en négligeant I’écoulement inélastique avec écrouissage et endommagement afin de simplifier
|'équation de la chaleur micromorphe généralisée complexe.

Considérant uniqguement le champ de température micromorphe et son premier gradient comme
variable non locale supplémentaire, a I'aide du principe des puissances virtuelles généralisées, des lois de
la thermodynamique ainsi que de I'énergie libre de Helmholtz, une nouvelle paire d'équations de chaleur
micromorphe généralisée est obtenue :

pé=g:§'+(§f+§-§f)+(pg—div(ﬁ))
c G (25)
s—p=+div| = >0
ps-pSvan| )
Dans lequel, la température locale et micro sont couplées ensemble dans I'équation de chaleur locale et
I'équation d'équilibre de température micro.

Supposons que |'énergie libre de Helmholtz soit définie comme :

pw(T,fﬁf) :—pCT[lnTL—1j—p5f[|nl—1]—%M(T—f)2 +%Mg§fﬁf (26)
0 0

Les équations de la chaleur micromorphe, considérant la contrainte interne qui consiste a forcer la
différence entre température locale et température micromorphe a étre voisine de 0, devient :

pr(gj + gj)+ p(C—C)T —TMPAT = kAT (27)
Il est intéressant de noter que :

a) Si é’f =0 (ce qui implique que l'inertie n'est proportionnelle qu’a la premiére dérivée de la
température), la linéarisation de I'équation de la chaleur conduit a:

PTG T+ p(C—C)T =T MPAT = kAT (28)

qui a la méme forme que les équations thermiques généralisées dérivées du modele a double
températures (Forest et Aifantis (2010)), dans lequel si le terme d quatriéme ordre était
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suffisamment petit il pourra étre négligé (par exemple, dans le métal pur, la conductivité thermique
de la composante électronique est beaucoup plus grande que celle du réseau composant).

b) Si les deux capacités calorifiques généralisées sont équivalentes C =C, I'équation de la chaleur
devient:

PTC T —TM°AT = kAT (29)
Il est semblable a I'équation de la chaleur dérivée par lesan et Nappa (2005) en l'absence des
dérivées du quatriéme ordre, sur la base des milieux micromorphes.

c) Dans I'équation Eq.(11.271), si M? =0 pour un milieu hypothétique ou si AT est relativement
petite par rapport aux deux autres termes, elle indique que la température satisfait a I'équation
d'onde classique:

K

=——AT (30)
pTOé,'fl

avec une vitesse de propagation finie .
PTo6r

Avec des choix appropriés de I'énergie libre de Helmholtz et du flux thermique, I'équation de la chaleur
hyperbolique avec temps de relaxation, I'équation de chaleur de type hyper-température, I'équation
hyperbolique a double températures et le modele a double températures généralisée peuvent étre
récupéré comme cas particuliers.

IV. Aspects numériques
IV.1. La discrétisation du temps et de I'espace

L'intervalle de temps total /, est discrétisé en N, sous-intervalles a intersections vides, de sorte que
Nt

I'approximation /, = I:toltf:' ~ U[tn'tn+1 =t, + At] est valable avec une précision suffisante. Pour chacun
n=0

de ces sous-intervalles de temps, nous résolvons donc un probléme non linéaire pour déterminer toutes
les inconnues du probleme de valeurs initiales et aux limites.

La MEF standard basée sur le déplacement est utilisé pour discrétiser la configuration de référence Q,
en un nombre fini de N, sous-domaines ou d'éléments finis (EF) de forme géométrique simple appelée

Q2,, avec intersections vides. Trois éléments dits « en déformations supposées » basés sur le principe

variationnel mixte de Hu-Washizu, sont développés dans le sous-programme Abaqus/Vuel.

Les six formes faibles discrétisées élémentaires, pour un élément typique (e), prennent la forme:
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o) = (o) ([ v iz} + (o}~ {Foes})
5”)=—<5“ﬁ>([M§]{”:}+{F.:t J-{E )

{ 31
5:> [ T ] 1) .
o)==t ) [Mi 07} + ) 1)
(o )([mr {7+ R~ {Fir})

Les expressions des matrices de masse et des vecteurs forces sont données dans le mémoire en anglais.

>

\'
N—

Il

IV.2. Schéma de résolution globale

Les équations Eq. (.31) aprés assemblage sur 'ensemble des éléments de la structure, forment le PVIL
gu’il convient de résoudre sur chaque incrément de charge (ou de temps). Elles sont résolues par un
schéma de résolution dynamique explicite disponible dans ABAQUS/Explicit (voir ABAQUS Theory Manual).
Les équations de mouvement sont intégrées explicitement par le schéma d'intégration aux différences
centrales appliqué a chacune des six équations aprés assemblage. Si on se limite a la premiere équation
exprimant I’équilibre de la structure pour calculer le champ des déplacements, cela donne :

(n+1) (n)
{u}(n+1/2):{u}(n71/2)+At 2+At {u}(n)

{u}(n“) { }( )+At(n+l){ }("+1/2)

Les autres équations sont résolues, en méme temps que I'équation d’équilibre, par le méme schéma

(32)

dynamique explicite. Notons que la procédure dynamique explicite ne nécessite aucune itération et n’a
pas besoin de matrice tangente, cependant, elle est conditionnellement stable. L'incrément de temps
stable avec amortissement est donné par :

Atuswi( (1+g2)—g) (33)

IV.3. Schéma d’intégration locale des équations de comportement

Le calcul des vecteurs forces internes présents dans les équations Eq.(.31) nécessite la connaissance

des variables d’état a l'instant t,, que sont: (i) le tenseur des contraintes o la variable

=n+1

la variable d’écrouissage isotrope r, la variable d’écrouissage

n+l 7

endommagement local d, ., ,
cinématique @, ., et de la température locale T ,,, a chaque point d'intégration de chaque élément a
I'instant (tn+1 =t, + At) . Cela se fait par intégration numérique des équations d’évolution de ces variables

en supposant connues leurs valeurs a I'instant t,, début de lI'incrément de charge.
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En combinant le schéma asymptotique avec l'algorithme du retour radial, tous deux purement
implicites, conduit a un schéma d'intégration efficace et robuste inconditionnellement stable en présence
de I'endommagement ductile qui induit un comportement fortement adoucissant.

Prévision élastique

Supposons que l'incrément de déformation totale (Ag ) imposé pendant I'incrément de temps soit
purement élastique et n'induise aucun phénomene dissipatif (écoulement inélastique, écrouissages,

endommagement...). Dans ce cas, la contrainte essai (trial stress)a t,; est donné par:

o =(1-d,)A(T,): &57" —1=d, (T, - T,)P(T,) - \1—d, (T, -T,)P(T,) (34)
e,trial

ou g =& +Ag=¢,—&" +Acg est la déformation essai supposée totalement élastique. Le critére

Zn+1

d’écoulement correspondant a cette contrainte essai est donné par:

trial
_n+1

fvp,trial ‘ R n

n+1 \/1—dn \jl—dr};

. s e . . . trial EETTR
Si £ <0, cela signifie que I'état de contrainte d'essai o,,; est a l'intérieur de la surface

n+1

_O-yp(Tn) (35)

d’écoulement (par exemple une décharge élastique), et la solution du probléme a la fin du pas est bel et
bien élastique définie par :

v _ _vp _ _ —

§n+1 =] (—Zn+1 - C—Zn rn+1 - rn dn+1 - dn (36)
trla/ _ _ —

gn+1 O- )—(n+1 AT} Rn+1 - Rn Yn+1 - Yn

Correction plastique

Si fn"p""" >0, cela signifie que I'état de contrainte d'essai se situe a I'extérieur de la surface

+1
d'écoulement. Le pas de chargement est donc plastique et la solution essai doit étre corrigée pour assurer
les conditions d’admissibilité plastique ou viscoplastique suivantes :

nil(én+1')_?n+1'én+1;7-ry):0 p/aStIC’ty (37)

fr =fF (é— X R 'Tn)— M—O viscoplasticity

n+1 n+1 n+1’7—n+17 —n+1’

En considérant la viscoplasticité anisotrope, on obtient les trois équations non linéaires a trois variables

indépendantes suivantes Axlvp, d et ng:

|2..] R,
[ vp _ T _ o
"~ \/l_dn+ \/1 d,,+1 o O-yp( n)
s(T,)
g., = d . —d — A}“VP Yn+1 B YO (Tn) " -0 (38)
T (1=d,) ™\ S(T)
bn+1:,i(7—n):zn+1_| n+1||_n+1 Q
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En utilisant le schéma de Newton-Raphson pour linéariser et résoudre les équations non linéaires Eq.(.38)

le systéme suivant est obtenu :

of,, o, o,
i aAﬂ’vp adnJrl aQ’7+1
o 0 0 0 e
gt +-Z g J od ={0} (39)
aAﬂ’vp adnJrl aQ’7+1

hj . on,

n+ 6h ab 6b n+1

B aAﬂ’vp adnJrl aﬂn+1 ps1

A convergence la solution finale est obtenue en termes de A4, ,n, ,,d, . Cela permet de calculer
toutes les variables de type contrainte par :
1 Hi(g,—X,..)
1— d e, trial Aﬂ,‘/p = n+1 n+1
( n+1) (_nﬂ hl.—d |(_7n+1 _)_(n+1||
~i=d, (7,-T,)P~{1-d,, (T,-T,)P
y (Q+é) rne_%b(ng H1-e ™ [Hi] Q+br,, -
R,..=(1-d7,) b\1-d7, (a+Q)
_éFnH
a.e e [1 Cj
c+C . _
)_(n+1:(1_dn+1) ( ) + l_eiAﬂvp [:Hi] C — ﬁ + Cvé_ﬂ
(C +C) o c+Cc”
-Ca,, i (40)
A, Yo
o’ =K"| —%
n+l [ At

V. Etude paramétrique et applications

V.1. Etude paramétrique

Avant d'effectuer les identifications, I'étude paramétrique du modele micromorphe doit étre

soigneusement réalisée pour bien comprendre les équations constitutives proposées. Les effets des

parametres d'endommagement local (S,s,,B,y/) , les modules micromorphes ( , d,é’d,Q,lr) et les

effets thermiques (m,Kz) sont soigneusement étudiés. Un exemple de l'effet du parametre

d’endommagement local est donné en Fig.04.
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Fig. 0-4 Influence du parametre s sur I'évolution de 'endommagement et de la contrainte équivalente

De cette étude paramétrique compléte les conclusions suivantes sont tirées :

1). Les parameétres de 'endommagement local affectent significativement la réponse du modele. La
variation du parameétre S affecte la déformation a rupture (ductilité) en accélérant ou en
ralentissant le déplacement final a rupture; les paramétres S et Y, affectent également le

déplacement final a rupture ; alors que le paramétre £ influence la nonlinéarité d’évolution de

I'endommagement;

2). Laréponse du modéle est plus sensible au module H gu’au module H?

3). Laréponse du modele est également plus sensible au module Q gu’au module Q’
4). L'endommagement micromorphe retardent significativement I'évolution de I'endommagement
local surtout dans les cas des températures élevées ou des taux des déformations élevés.
V.2. Applications

Essai de traction uniaxial de DP1000

L’essai de traction uniaxial de I'acier biphasé DP1000 présenté dans le travail de Yue (2014) est simulé
par le modeéle micromorphe proposé. La géométrie de I'échantillon est donnée a la Fig. 0-5. Les parameétres
élastoplastiques et d'endommagement matériels identifiés sont donnés dans le Table 0-2.

intermediate direction ( 45° )
(

o= 20+0,2mm
= T -
A =3
A I =
M‘L—-u -
| s
| N\ 8
f«—— l0=80mm -/ g
/ ot )
2
1 T r<— 80mm J RS0 3
@ j
{0=1.5mm E ‘
= / \
~——————— [=310mm —_—— Rolling direction ( 0° )

(a) (b)
Fig. 0-5 Géométrie de I'éprouvette de tension uniaxiale
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p (kg/m3)| E (GPa) v oy (MPa) | Q (MPa) b C (GPa)
7800.0 208.0 0.3 809.0 4000.0 13.0 32.0
a F G H L M N
150.0 0.525 0.546 0.455 1.5 1.5 1.6
S s B Y 1) h
3.5 1.2 2.0 4.0 0.0 1.0

Table 0-2 Paramétres de matériau élastoplastique endommagé de DP1000

Comme le montre la Fig. 0-6, le modéle donne différentes courbes force-déplacement en traction pour
différentes tailles du maillage structuré de 1,6 mm, 0,8 mm, 0,4 mm et 0,2 mm.Les phénomeénes de
dépendance nette a la taille du maillage sont observés. La réponse postcritique du modéle est sensible au
maillage et les déplacements a rupture sont d’autant plus faibles que le la taille du maillage est faible.

exp =——M1.6mm M0.8mm —MO0.4mm ——M0.2mm

40

35

20 T TN
Z o5 /
ol 4
820
ol
5 15
ol

10

s

0 1 2 3 4 5 6 7 8 9 10
Displacement (mm)

Fig. 0-6 Courbes force-déplacement de I'essai de traction en utilisant le modele d'endommagement local

La Fig. 0-7présente les réponses du modele (courbes force-déplacement) du méme essai de traction

uniaxial, en prenant les paramétres: $=3.3. ¢, =1.0. H=43.75N-mm™7= . [;=1.0mm. ¢ =10,

.= \/Emm et é =20KN -mm™ , pour trois maillage de différentes tailles de 0,4 mm, 0,8 mm et 1,6 mm

respectivement. Comme prévu, le modele prédit des courbes force-déplacement beaucoup moins sensible
a la taille du maillage. Les déplacements a rupture finale sont approximativement de 9,03 mm, 9,07 mm
et 9,10 mm pour les mailles de 0,4 mm, 0,8 mm et 1,6 mm respectivement.
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exp

Mesh size = 1.6mm Mesh size = 0.8mm Mesh size = 0.4mm
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Fig. 0-7 Courbes de force-déplacement du test de traction a I'aide du modéle de endommagement
micromorphe et de durcissement isotrope

Procédé d'emboutissage

Le procédé d’emboutissage profond d’une piéce cruciforme en DP1000, réalisé par Yue(2014), est
simulé a l'aide du sous-programme VUEL d'Abaqus/Explicit avec respectivement le modéle de
endommagement local et micromorphe fortement couplé. Seul un quart de la gé¢ométrie de la piece est
modélisée ( Fig. 0-8) avec un maillage uniforme de 1,6 mm, 2,0 mm et 2,4 mm de taille.

Blank holder

Punch

Fig. 0-8 Quatrieme partie du modele FEM pour le processus de CSD

La Fig. 0-9, montre les réponses numériques et expérimentale (force de poingonnage en fonction du
déplacement du poingon) prédites par le modeéle local en considérant les effets de fermeture de
microfissures pour différentes tailles du maillage. On observe que les réponses du modele local sont
clairement dépendantes de la taille du maillage. Les courbes force-déplacement chutent plus rapidement
pour les maillages de faible taille. En effet la force du poingon amorce sa chute des un déplacement de
23,34mm, 26,14mm et 27,89mm pour les maillage de taille de 1,6mm, 2,0mm et 2,4mm respectivement.
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exp —— Mesh size 2.4mm Mesh size 2.0mm ——Mesh size 1.6mm
900
800
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Fig. 0-9 Courbes de force-déplacement de perforation prédites par le modéle de endommagement local
avec effets de fermeture pour différentes tailles de maille du processus de CSD

Nous avons également refait les mémes simulations mais en utilisant le modéle de endommagement
micromorphe, prenant le facteur d'échelle de densité micromorphe é’a =1.0, le module micromorphe
H=110N-mm™ et la longueur interne Ia =1.0mm ainsi que le paramétre de endommagement local

ajusté S=5.5 . LaFig. 0-10 représente les réponses prédites par le modéle non local ou les courbes force-
déplacement simulées sont quasiment indépendantes de la taille du maillage.

exp —— Mesh size 2.4mm Mesh size 2.0mm ——Mesh size 1.6mm
900 :
800 oo
700 e :'“\
= 600 “
£ 500
g 400
=
2 200 - "\k\
o [\
100 !
0 i
0 5 10 15 20 25 30 35
Punch Travel (mm)

Fig. 0-10 Courbes de force-déplacement du poinconnement prédites par le modéle de endommagement
micromorphe avec effets de fermeture pour différentes tailles de maille du processus de CSD

La Fig. 0-12, montre les distributions des endommagements locaux au moment ou le premier élément
est complétement endommagé (amorgage d’une fissure macroscopique) pour les trois tailles du maillage.
Nous pouvons remarquer que pour le modele local, I'amorgage des fissures se produit en deux zones pour
trois déplacements différents du poincon de 21.15mm, 24.12mm et 26.06mm, pour les tailles de maille de
1.6mm, 2.0mm et 2.4 Mm respectivement. Pour le modele micromorphe, toutes les fissures initiales
apparaissent approximativement a la méme place pour un méme déplacement du poingon de 28,35 mm
et ce pour les trois maillages. Ceci confirme la régularité du PVIL micromorphe.
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Comme le montre la Fig. 0-13, la propagation des fissures, simulée par le modéle micromorphe, indique
que la fissure apparait initialement dans la région du coin gauche pour un déplacement d’ environ 28,35
mm du poingon en accord avec le résultat expérimental tel qu'illustré a la Fig. 0-11 et Fig. 0-12, apres que
la fissure s'est propagée vers l'avant a partir des deux cotés de la ligne de front de la fissure initiale.
Cependant, avec le modele local, deux fissures s’amorcent et se propagent I'une vers 'autre mais pour
différents déplacements du poingon d’'une maniere dépendante de la tailles du maillage (Fig. 0-12). En
conclusion, les résultats prédits par le modele micromorphe sont indépendants du maillage et proches des
résultats expérimentaux, ce qui n’est clairement pas le cas pour le modéle local.

Tailles de . R .
) d Modele local d Modeéle micromorphe
maille (mm)

U =26.062mm U =28.347mm

Etape |

Endo
I1
0.88889
Q77778 2.4
- 066667
-0.55556

044444
1 0.33333

022222
01111

0

2.0 U=24.119mm U=28.362mm
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1.6

U=21.151mm

U =28.366mm

Fig. 0-12 Distributions des endommagement locaux au stade | simulées par le modéle de
endommagement local et micromorphe pour trois mailles différentes

Tailles de
maille (mm)

d Modéle de endommagement local

d Modéle micromorphe

Etape Il

Endo

1
ID.88889
Q77778
- 066667
-0.55556
-0.44444
- 0.33333

022222
ID_11111

0

2.4

U 28.255mm

U =29.495mm
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U 28.255mm U=29.457mm
: ‘ ’
U 28.255mm U=29.739mm

1.6

\ A 4

Fig. 0-13 Distributions des endommagements locaux au stade Il simulés par le modéle de
endommagement local et micromorphe pour trois mailles différentes

VI. Conclusions et perspectives

Dans ce travail, nous avons formulé un modéele constitutif élastoviscoplastique micromorphe, non local,
qui tient compte de I'écrouissage mixte non linéaire isotropes et cinématiques fortement couplés aux
endommagements ductiles dans le cadre de la thermodynamique des processus irréversibles étendue a la
mécanique des milieux continus généralisés.

Dans un premier temps, nous avons développé un solveur EF basé sur la méthode inverse a plusieurs
configurations intermédiaires, statique-implicite, qui tient compte de I'élastoplasticité classique avec
écrouissage isotrope pour une analyse rapide et peu co(iteuse de la formabilité des téles minces :

1). Le solveur multi-pas améliore les estimations des contraintes en adoptant plusieurs configurations
intermédiaires représentant les chemins de déformation et les actions simplifiés des outils (forces
de contact). Les configurations intermédiaires d'ébauche de tole déformée sont construites de
maniere efficace selon des procédures appropriées: résolution d'un programme quadratique
optimal, génération de solutions initiales et équilibrage des itérations d'équilibre ;
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2). Les applications numériques valident la nouvelle mesure des déformations finies dérivées le long
de I'épaisseur de la coque et offrent la possibilité d'améliorer grandement les estimations des
contraintes dans les chemins de déformation en comparaison avec I'approche inverse a un pas
unique.

Deuxiemement, nous avons dérivé et mis en ceuvre dans Abaqus/Explicit un modeéle thermomécanique
non-local, capable de capturer les effets non locaux dans les zones de forte localisation de la déformation
induite par 'endommagement ductile ou par des échanges thermiques violents.

1). Un ensemble complet d'équations de bilan et d’équations constitutives micromorphes est formulé
dans le contexte de la thermodynamique des processus irréversibles :

i). Les nouvelles équations d'équilibre additionnelles associées aux ddls micromorphes
('endommagement ductile, I'écrouissage isotrope, I'écrouissage cinématique et la
température) sont obtenues a partir du principe des puissances virtuelles étendu. En
utilisant la thermodynamique des processus irréversibles les relations d'état des variables
locales et micromorphes sont déduites de I'énergie libre de Helmholtz. Les équations
d’évolution des variables associées aux phénomenes dissipatifs sont obtenues a partir de
critére d’écoulement et de potentiel des dissipations grace a la regle de normalité. Il est
remarquable de noter que les équations constitutives s’écrivent sous la forme additive
d’une contribution locale (classique) et d’une contribution non locale (micromorphique).
Le modeéle de comportement local est retrouvé comme cas particulier quand on annule les
parameétres micromorphes.

ii). En se limitant, par manque de temps, a la version du modeéle avec endommagement et
écrouissage isotrope micromorphes, une implémentation a été réalisée dans les sous-

programmes VUEL et VUMAT d'Abaqus/Explicit en utilisant trois types d’éléments finis
(membrane, coque et coque solide) avec déformation assumée pour mieux contrdler la
variation de volume. L'intégration numérique locale inconditionnellement stable des
équations constitutives est réalisée grace au schéma asymptotique combiné avec un
schéma d’Euler avant basé sur la méthode de prédiction élastique correction plastique avec
retour radial.

iii). Une étude paramétrique assez exhaustive a été menée et qui conclut que: les parametres
d’endommagement local S,S,,B,Y0 influencent la réponse du matériau dans le stade
postcritique (avec adoucissement induit). La réponse du modele non local est plus sensibles

aux modules micromorphes H et Q gu’aux modules de gradient micromorphe H? et Q°.
Aucune différence n'est observée pour le cas de la densité micromorphe inférieure a la
densité locale. L'effet régularisant de 'endommagement micromorphe est accentué dans
les cas de température élevée ou de taux de déformation élevé en raison du couplage
complexe entre effets de viscosité et effets de endommagements non locaux ;

iv). Les applications du modele micromorphe proposé, a un essai de traction uniaxiale et au
procédé d’emboutissage profond d’une boite cruciforme prédisent des solutions
acceptables, indépendantes de la taille du maillage. Le modele est capable non seulement
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de prédire la déformation, 'endommagement , I'amorcage de fissures macroscopiques
mais également leur propagation jusqu’a la rupture finale d’une piéce.
2). Le modele thermomécanique micromorphe a été formulé dans le méme cadre et appliqué au
probléme discriminant de transfert de chaleur :
i). Le nouveau champ de micro-température est introduit ainsi que son premier gradient et
conduit a une paire d'équations thermiques couplées thermodynamiquement cohérentes.
Le cas contraint pour lequel la microtempérature coincide avec la température locale
classique présente un intérét particulier car il peut étre comparé aux différentes équations
de la chaleur disponibles dans la littérature ;
ii). L'équation proposée est renforcée par essentiellement trois nouvelles contributions qui
ont été illustrées dans le cas linéarisé. Les trois termes affectent le comportement
thermique transitoire du matériau. Le premier nouveau terme est lié au Laplacien du taux
de température, une contribution qui a été proposée d'abord par Cattaneo dans une
premiere version de sa théorie. Une seconde contribution est proportionnelle a la
deuxieme dérivée de la température qui modifie I'équation thermique habituelle en une
équation hyperbolique avec un temps caractéristique positif. Le dernier terme associé a la
troisieme dérivée de la température demeure plutot inexploré méme s'il est présent dans
certaines théories généralisées trouvées dans la littérature ;
iii). La théorie proposée differe des extensions thermomécaniques existantes du modele
micromorphe d'Eringen qui reposent sur |'introduction d'un vecteur de micro-température
apparenté a un gradient de température. Il a également été comparé a I'équation de la
chaleur effective résultante du modéle a double température impliquant deux équations
thermiques couplées et conduisant également a des dérivées spatiales du quatriéme ordre :
a). L'équation de la chaleur hyperbolique de Cattaneo Il avec temps de relaxation peut
étre obtenue a partir de I'équation de la chaleur micromorphe thermodynamiquement
cohérente en négligeant les effets non locaux de la température ;

b). Les modeéles a deux températures classiques hyperboliques peuvent étre également
extraits des équations de la chaleur micromorphe

c). L'équation de la chaleur avec micro-température, a l'aide de la théorie de Green et
I'équation de la chaleur micromorphe, fournissent une paire d'équations gouvernant
la température locale et micromorphe. Et I'équation d'onde classique peut étre
obtenue a partir de leurs équations de la chaleur contrainte.

iv). La théorie proposée permet un couplage direct avec la mécanique des matériaux et est
considérée comme utile pour la simulation des variations rapides de la chaleur comme les
traitements de surface de matériaux au laser, etc. La théorie résultant de I'introduction du
gradient de température micromorphe pourrait étre une alternative a I'analyse du transport
de chaleur basé sur des flux de chaleur améliorés.

Plusieurs aspects restent ouverts et nécessitent de continuer les efforts pour améliorer la modélisation
proposée :
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. En général, toutes les variables qui régissent le I'adoucissement induit doivent étre traitées comme

des variables non locales. A cet effet, il semble nécessaire d’'implémenter |'écrouissage cinématique

micromorphe et d’étudier sa contribution a la régularisation du PVIL.

Plus de données expérimentales (divers essais sous trajets de chargement thermomécanique variés)
sont nécessaires pour faciliter l'identification de la grande quantité de parametres de matériaux

indépendants/dépendants de la température;

Généralement, 'endommagements ductile peut étre fortement anisotropes. Une extension du

modele micromorphe actuel pour inclure I'anisotropie de I'endommagement ductile pourrait étre

utile, en référence au travail d’endommagement ductile anisotrope réalisé au LASMIS (Badreddine,

2006; Saanouni, 2012) ol I'endommagement est représenté par un couple de tenseurs symétriques

du second ordre(d,Y);

. Il convient également d’'implémenter les équations de la chaleur micromorphes. Les applications

des nouvelles équations de la chaleur micromorphe généralisée sont attendues dans les
nanomatériaux et les nano systémes, mais aussi pour les procédés d’usinage a grandes vitesses ou
de soudage ainsi que les traitements de surface. Le travail effectué par Saanouni and Hamed (2013)
en plasticité indépendante du temps pourrait étre étendu aux processus thermomécaniques
(viscoplasticité finie) en utilisant I'équation de chaleur généralisée basée sur le modele de micro-
température.
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Modélisation avancée pour la mise en
forme des tdles a haute température

L’objectif de cette thése est de proposer deux ap-
proches complémentaires de modélisation et de
simulation numériques des procédés de mise en
forme de structures minces.

La premiére est une approche inverse multi-pas,
délibérément simplifiée, pour simuler et "optimiser"
rapidement et & moindre coiit des procédés
d’emboutissage de tdles minces, tout en maintenant
une bonne précision dans le calcul des contraintes.
Un solveur statique implicite est développé en intro-
duisant plusieurs configurations intermédiaires
construites efficacement en utilisant une technique
de programmation quadratique avec projection.

La deuxiéme approche, de nature incrémentale,
repose sur (i) une formulation d’équations de bilan
et d’équations de comportement multi-physiques
fortement couplés formulées dans le cadre des mi-
lieux micromorphes ; (ii) une discrétisation spatiale
par EF et temporelle par DF avec un solveur global
dynamique explicite et une intégration locale itéra-
tive implicite. Une attention particuliére est accordée
aux aspects thermiques avec Pintroduction d’une
microtempérature et ses premiers gradients condui-
sant a Pobtention de deux équations thermiques
fortement couplées généralisant de nombreux mo-
déles non locaux proposés dans la littérature.
L'approche inverse multi-pas a été implémentée
dans le code maison KMAS et I’approche incrémen-
tale non locale a été implémentée dans ABAQUS/
Explicit. Des études paramétriques sont menées et
des validations sur des exemples simples et sur des
procédés d’emboutissage sont réalisées.

Mots clés : endommagement, mécanique de I’ (mi-
lieu continu) - élastoviscoplasticité - éléments finis,
méthode des - équation de la chaleur - simulation
par ordinateur.

Advanced Modelling for Sheet Metal
Forming under High Temperature

The aim of this thesis is to propose two complemen-
tary approaches for modeling and numerical simula-
tions of thin sheet metal forming processes.

The first one is a deliberately simplified multi-step
inverse approach to simulate and "optimize" rapidly
and inexpensively thin-sheet stamping processes
while maintaining good accuracy in the stress cal-
culation. An implicit static solver is developed by
introducing several efficiently constructed interme-
diate configurations using a quadratic programming
technique with projection.

The second approach, which is of an incremental
nature, is based on (i) a formulation of equilibrium
equations and strongly coupled multiphysical be-
havior equations formulated in the context of mi-
cromorphic continua; (ii) spatial discretization by
FEM and time discretization by FD with an explicit
dynamic global solver and implicit iterative local
integration scheme. Particular attention is paid to
the nonlocal thermal aspects with the introduction
of a micro-temperature and its first gradients lead-
ing to two strongly coupled thermal equations gen-
eralizing several thermal nonlocal models proposed
in the literature.

The multi-step inverse approach was implemented
in the KMAS in house code while the nonlocal in-
cremental approach was implemented in ABAQUS/
Explicit. Parametric studies are performed and vali-
dations are carried out on simple examples and on
deep drawing processes.

Keywords: continuum damage mechanic - elasto-
plasticity - finite element method - heat equation -
computer simulation.
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