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Abstract

This article aims at proposing a new mean-field homogenization framework
for the study of composites undergoing fully coupled thermomechanical pro-
cesses. Strongly dissipative phenomena during high or moderate cyclic load-
ing conditions in a structural component made of a composite material cause
significant interplay between mechanical and thermal fields. The proposed
framework attempts to address such effect by combining the Mori-Tanaka
scheme and the Transformation Field Analysis (TFA) theory and by de-
veloping a multiscale framework capable of taking into account thermome-
chanically coupled processes. The numerical simulations performed in the
examples section and validations with computations using periodic homoge-
nization and full-structure analysis demonstrate the proposed strategy’s ac-
curacy and robustness. The numerical simulation of a tube shows the model’s

ability to simulate cyclic loading conditions with significantly less computa-
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tional cost than the alternative FE? computation strategies. This drastic
computational time reduction is due to the semi-analytical formalism of the
micromechanics methodology.

Keywords: Thermomechanical processes; Composites; Mori-Tanaka

method; Transformation Field Analysis; Tangent operators.

1. Introduction

Many industries, such as the automotive and the aerospace, demand the
design of novel material systems, usually composites, that can be adopted
to complex and lightweight structures with high needs in strength, multi-
functionality and durability. In addition, these structures are required to
exhibit long lifetime during repeated loading cycles. Since the cyclic behav-
ior is usually accompanied with dissipative mechanisms, it becomes of vital
importance to develop innovative and smart computational tools, capable of
predicting structural responses under coupled thermomechanical conditions.

Composite structures are frequently operating at regimes where highly
dissipative phenomena occur, such as plasticity, viscoplasticity, viscoelastic-
ity, damage, and/or phase transformation (Chatzigeorgiou et al., 2015, 2018,
2022). These phenomena are accompanied by dissipation which may lead to
a significant temperature increase of the material. This in return impacts
the mechanical response of the structural component, notably when it deals
with polymer matrix composites. Considering the energy exchanges during
thermomechanical loading cycles is a key factor on predicting accurately the
fatigue behavior of composite media and structures (Chrysochoos et al., 2010;

Benaarbia et al., 2015, 2019). Indeed, couplings of mechanical and thermal
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fields have a particularly significant impact in semi-crystalline polymer based
composites. The behavior of the latter can change drastically at temperature
ranges above or below the glass transition temperature.

In homogeneous materials, strong thermomechanical couplings have been
addressed from a modeling point of view by many authors. Thermodynamic
frameworks combined with the concept of generalized standard materials
(Germain, 1973; Halphen and Nguyen, 1975; Germain, 1982; Germain et al.,
1983) have led to the development of advanced phenomenological models
for dissipative materials. In composites, however, the scale transitions that
exist between the microstructure and the overall structure create certain
challenges in defining appropriate thermodynamics tools. Usually thermo-
mechanical effects in heterogeneous media are taken into account through
two ways: i) Similar to homogeneous media, by designing and implement-
ing phenomenological type of models, accounting for possible anisotropy due
to microstructure effects. ii) Through homogenization frameworks that take
into account the thermomechanical processes.

The purely mechanical behavior of heterogeneous, nonlinear, dissipa-
tive composite materials has been extensively studied in the literature. A
plethora of multiscale techniques have been proposed aiming at identifying
the response of viscoelastic, elastoplastic, viscoplastic, or damaged composite
structures.

Mori-Tanaka and self consistent schemes have been introduced for the
identification of the viscoplastic response of random media (Mercier and
Molinari, 2009). Mean-field and analytical methods in general are popu-

lar approaches for the analysis of various nonlinear behaviors and mecha-
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nisms: viscoelastic (Vu et al., 2012; Brenner and Suquet, 2013; Schoneich
et al., 2017), elastoplastic (Zecevic and Knezevic, 2018; Kotha et al., 2019),
viscoplastic (Rao et al., 2019), damage (Desrumaux et al., 2001; Meraghni
et al., 2002; Jendli et al., 2009), damage and plasticity (Yun et al., 2021).
Mori-Tanaka scheme has also been used in peridynamics simulations of com-
posites (Buryachenko, 2024). The mean-field based approaches like Mori-
Tanaka and self consistent frequently produce stiff responses due to the lack
of information on the inelastic strains. To address this issue, several authors
have adopted the so-called isotropization method for eleastoplastic (Doghri
and Ouaar, 2003; Chaboche et al., 2005; Jiang and Shao, 2009), viscoplastic
(Czarnota et al., 2015) or viscoelastic-viscoplastic (Miled et al., 2013) com-
posites. Based on the pivotal work of Ponte-Castafieda (1991), many authors
have developed methodologies based on the concept of the linear comparison
composite. The related works employ the variational-incremental approach
(Lahellec and Suquet, 2007, 2013; Brassart et al., 2012; Boudet et al., 2016)
or the incremental-secant approach (Wu et al., 2013, 2017), to study the
elastoplastic and the viscoplastic response of composites.

Full-field homogenization schemes have been developed extensively for the
study of composites with nonlinear behavior (Charalambakis et al., 2018).
The finite element (FE) based periodic homogenization framework has been
employed for analyzing the elastoplastic (Terada and Kikuchi, 2001; Asada
and Ohno, 2007), viscoelastic, viscoplastic, damageable and combined (Praud
et al., 2021; Tikarrouchine et al., 2021) nonlinear behavior of composites.
Composites undergoing viscoplasticity coupled with damage have been ana-

lyzed through the combination of FE and Voronoi cells (Dondeti et al., 2012).



70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

A popular numerical implementation of the periodic homogenization theory
is through the Fast Fourier Transforms (FFT), proposed by Michel et al.
(1999). This technique has been utilized in many recent studies (Schneider,
2017, 2021; Onimus et al., 2022), since it provides a faster alternative to
the FE computations. Another methodology proposed in the literature is
the so-called method of cells (Haj-Ali and Aboudi, 2010). The finite volume
homogenization approach has been employed for the study of elastoplastic
(Cavalcante and Pindera, 2016), viscoelastic (Chen et al., 2017; Chen and
Pindera, 2020) and damage (Tu and Pindera, 2016) response of composites.

The Transformation Field Analysis, developed by Dvorak (1992); Dvo-
rak and Benveniste (1992), has been proven to be a powerful tool for the
analysis of composites. Combined with mean-field approaches has provided
advanced models for the analysis of composites undergoing strongly nonlin-
ear mechanisms, among them viscopasticity coupled with damage (Kruch
and Chaboche, 2011) and viscoelasticity (Chen et al., 2022). TFA has also
been combined with FE full-field computations in a representative volume
element (RVE) (Alaimo et al., 2019). A modified version has been intro-
duced by Michel and Suquet (2004), called nonuniform TFA (NTFA). The
NTFA has been combined with full-field homogenization strategies in the
case of viscoplastic (Covezzi et al., 2016) and elastoplastic (Ju et al., 2022)
composites.

Concerning the fully coupled thermomechanical behavior, several mul-
tiscale strategies have been proposed quite recently, based on the periodic
homogenization framework. In the earlier works, fully coupled thermome-

chanical processes by combining the conservations of linear momentum and
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energy have been presented for elastic (Ene, 1983; Temizer, 2012) and vis-
coelastic (Yu and Fish, 2002) composites. Higher order theories have also
been proposed in the literature for thermoelastic media (Dong et al., 2019;
Yang et al., 2020). Using the zeroth order asymptotic expansion homoge-
nization theory, Chatzigeorgiou et al. (2016) have established appropriate
micromechanics framework for composites made of generalized standard ma-
terials. A computational scheme has also been introduced for the study of
polycrystals (Li et al., 2019). In recent works, advanced thermomechanical
homogenization numerical techniques have been developed, both using FE?
(Sengupta et al., 2012; Berthelsen et al., 2017; Tikarrouchine et al., 2019)
and FFT (Wicht et al., 2021).

The scope of this manuscript is to propose a mean-field based homoge-
nization theory for the study of composite materials undergoing fully cou-
pled thermomechanical processes. To the best of the authors knowledge, an
attempt for such framework appeared only once in the literature (Chatzi-
georgiou et al., 2018). However, the discussion there was limited to mostly
theoretical development, and the mean-field methods were established using
the tangent modulus approach. In this article, a combined Mori-Tanaka/TFA
homogenization technique is discussed and explored.

The structure of the manuscript is as follows: Section 2 provides a brief re-
call of the homogenization theory for composites subjected to fully coupled
thermomechanical conditions. Section 3 discusses the mean-field homoge-
nization framework and its numerical implementation in finite element soft-
ware. Section 4 presents three numerical examples that show the approach’s

robustness: the first two are used to validate the new multiscale model by
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comparing its results towards more accurate strategies (periodic homogeniza-
tion or full-structure analysis). The third example demonstrates the model’s
capabilities in a complex structural application. The main conclusions of the
work and the potential perspectives are summarized in the corresponding
section. An appendix regarding the normalization of the thermomechanical

material parameters as a numerical hint is also included.

2. Theoretical background of thermomechanical homogenization

framework

This section contains a summary of the fully coupled thermomechanical
framework developed in Chatzigeorgiou et al. (2016) for generalized standard
materials. The theoretical analysis in that contribution focuses on periodic
media and is based on the asymptotic expansion periodic homogenization
framework. Chatzigeorgiou et al. (2016) have established the representation
at different scales of the variables and the conservation/constitutive laws for
periodic composites under strong thermomechanical couplings. The same
scale separation rules are assumed to have more general validity and to hold
for any type of multiscale analysis. Thus, they are applied also here.

In a fully coupled thermomechanical framework under small strains and
rotations assumption, the essential implicated fields are the following: the
displacement vector u, the strain tensor e, the stress tensor o, the temper-
ature 6, the temperature gradient vector V@, the heat flux vector q and the
specific entropy per unit volume s. For generalized standard materials, one
needs to identify also a set of internal state variables ¢ (Halphen and Nguyen,

1975; Germain et al., 1983). In addition, applying the thermodynamic prin-
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ciples requires the introduction of certain energies and energy rates terms:
the internal energy per unit volume U, the Helmholtz free energy potential
U and the intrinsic dissipation 7.

For a homogeneous continuum body, the displacements and strains are

related through the kinematics relation

_1 aj+ aUT (1)
=9z |om| |
0

ox

gradient of a vector. On the other hand, the equilibrium equation, ignoring

where the superscript 7 denotes the transpose of a tensor and

represents

inertia and body forces, is written as
dive = 0, (2)

where div {e} denotes the divergence of a tensor or vector. In addition,
the first law of thermodynamics (i.e. energy balance equation) without the

presence of heat sources reads
Q+r=0 Q=—divg, r=0:6—U. (3)

In the above expressions, the dot above a symbol represents time derivative,
while : stands for the double contraction operator between tensors. The sec-
ond law of thermodynamics in the strong form of Clausius-Duhem inequality

is written as
. . 1
7:93+0:5—U—§q~V6’>0. (4)

It is noted that - stands for the single contraction operator between vectors

or tensors. The latter inequality is utilized to establish thermodynamically



161

162

163

164

165

166

167

168

169

171

172

173

174

175

176

177

consistent constitutive laws for the materials. To achieve that, the internal
energy is substituted by another potential, like the Helmholtz free energy,
which depends on the strain tensor, the temperature and the set of internal

variables. The transformation between U and W is written as
U =U - s6. (5)

Combining (4) and (5) and considering the standard thermodynamics argu-
ments (Coleman and Gurtin, 1967; Lubliner, 1972; Germain et al., 1983), the
following relations hold:

ov ov

o

Moreover, the total dissipation 7 is split in two parts: the local entropy

production, or intrinsic dissipation,
710029$+T:77*C7 (7)

and the entropy production by heat conduction

1

Yeon = —éq -Veo. (8)

Both terms should be independently non-negative for a generalized standard
material. It should be mentioned that the operator = denotes product ac-
cording to the nature of (; for scalar it is the usual product, for vector it is
single contraction, and for second order tensor it is double contraction.

The above thermodynamic framework is well established for homogeneous
media. When dealing with composites, multiscale procedures require to es-

tablish relations between the fields at the different scales, as well as to define
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the important relations (conservation laws, constitutive equations, kinemat-
ics etc) at every implicated scale. For a two-scale medium, the asymptotic
expansion approach at the zeroth order homogenization theory reveals that
the displacement vector and the temperature are strongly convergent fields
(Ene, 1983; Yu and Fish, 2002; Chatzigeorgiou et al., 2016, 2018; Tikarrouch-
ine et al., 2019); when the size of the microscale level is very small compared
to the size of the actual structure, the microfluctuations of uw and € tend to
vanish, i.e. the microscopic and macroscopic quantities coincide. However,
their gradients (strain for the displacement and temperature gradient for the
temperature) are highly oscillating fields at the microscale, thus one has to
identify their average as macroscopic counterparts.

In the sequel, the microscopic fields and quantities appear with regular
notation, while their macroscopic counterparts appear with a bar above the
symbol. Also, the symbol ({e}) denotes the volume average of a quantity at
the RVE.

Table 1 provides the list of important fields and their representation at
both microscale and macroscale. It should be noted that, since the temper-
ature is a strongly convergent field, the microscopic Helmholtz free energy
depends on the macroscopic temperature 6. Also, while the intrinsic dissi-
pation at the microscale can be written in an explicit form as the product of
two terms, such representation cannot be given in a strict sense for its macro-
scopic counterpart. However, 7., can be identified as the volume average of
the microscopic Ve in the RVE.

Table 2 contains the main equations at the two scales. In the latter Table,

the terms w and 6 are microscale fluctuating terms of the displacement vector
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variable microscale | macroscale
Helmholtz free energy potential | ¥ (e7 6,¢) U= (T)
e ovr .| _
intrinsic dissipation Voe = —% * €[ Foe = Moey
strain € g ={(e)
o
stress o= o =<0
e (o)
temperature gradient Vo Vo =(V0)
heat flux q q={q
. . ov _
specific entropy per unit volume| s = 7 5=1{s)
0
internal energy per unit volume U U=U)

Table 1: Thermomechanical fields at microscale and macroscale.

and the temperature. As the size of the RVE tends to zero (compared to the

actual macrostructure), these fluctuations are very small. However, their

-

) 00
% and e are highly oscillating, and thus they still appear on the

strain tensor and the temperature gradient respectively. Moreover,

0 0
-0 (2)-o
ox ox

Tables 1 and 2 summarize the general framework of homogenization for

gradients

composites under fully coupled thermomechanical conditions (Chatzigeor-
giou et al., 2016). The next sections focus on a specific mean-field microme-

chanics technique, namely the Mori-Tanaka theory (Mori and Tanaka, 1973;



equation microscale macroscale
R ez Lfow, oul” c_1|am, oa)"
inematics = - | = =—|=
2| ox ox 2| oz ox
equilibrium dive =0 dive = 0
— 00 —— 00
temperature gradient Vo =Vo + i 0= 2
ox ox
energy equation divg =0 divg=7:& — U
dissipation 0s +o:¢ 05+ a:¢
. . . 1 - 1 —
inequality U — gq-VO =0 -U — 5q 0=0
Helmholtz-internal U =U—s0 U=0U-30

energy relation

rate of Helmholtz

free energy

\ilza:é—sé—l—?éj*'

Table 2: Basic equations at microscale and macroscale
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Benveniste, 1987) combined with the Transformation Field Analysis (Dvorak,

1992; Dvorak and Benveniste, 1992).

3. Formulation of Mori-Tanaka/TFA homogenization for fully cou-

pled thermomechanical processes

Considering a fully coupled thermomechanical process, the objective of
this section is to provide a homogenization framework that computes the me-
chanical and thermal fields as well as the thermomechanical tangent moduli.

In mean-field homogenization theories, the fields are estimated in an aver-
age sense per material phase. Let us assume an N + 1 multiphase medium, in
which the matrix is noted with the index 0, while the various reinforcements
are noted with indices between the values of 1 to V.

The Mori-Tanaka methodology is a well-known mean-field approach that
utilizes the Eshelby solution. From the Eshelby inhomogeneity problem one
can establish the so-called dilute concentration tensors for the reinforcement,
which in a second step are used to compute the total concentration tensors
(Chatzigeorgiou et al., 2018, 2022). When dealing with coupled thermome-
chanical problems, it is important to establish mechanical and thermal type
of concentration tensors.

Before passing to the actual micromechanics scheme, it is useful to intro-
duce the consitutive law in a generic manner that allows to apply a homog-

enization framework.

3.1. Phases constitutive laws
For a phase i (i =0, 1,..., N), the stress-strain relation (6); for a medium

experiencing thermal and inelastic strains, as well as damage mechanisms,
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can be written in the general form

oi=D;:[e; — € —a;[0 — 0.4]] = Di:e; + o, (9)

where D); is the secant modulus tensor (i.e. reduced elasticity modulus due
to damage effects), a; is the thermal expansion tensor, O, is the reference
temperature, € is the total inelastic strain due to nonlinear mechanisms
(plasticity, viscoelasticity, viscoplasticity etc.) and o? is the sum of inelastic
and thermal stresses.

The notion of secant modulus is frequently utilized in the literature and
is different from the concept of the tangent modulus (described later in the
manuscript). For an isotropic medium whose damage state is represented
through a single scalar damage parameter d, the relation between the secant

modulus D; and the elasticity modulus C; is given by
D, =[1-d]C,.

Concerning the thermal fields, the heat flux-temperature gradient consitutive

law for the same phase 7 is expressed through the Fourier’s law
g, = K-V, (10)

where k; denotes the thermal conductivity second order tensor. Finally, the
energy rate term r of the phase ¢ for the first law of thermodynamics is

written with the help of equation (7) as
ri = =05 + Voc,, (11)

where s; is the entropy per unit volume and ., is the intrinsic dissipation

of that phase.
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3.2. Dilute concentration tensors

When dealing with mean-field homogenization methods, the Eshelby in-
homogeneity problems lead to the estimation of the so-called dilute concen-
tration tensors. The mechanical and thermal inhomogeneity problems are
described schematically in Figure 1. In both cases, a single inhomogeneity

of ellipsoidal shape is embedded in an infinite body.

infinite body infinite body

(a) Mechanical problem (b) Thermal problem

Figure 1: Eshelby inhomogeneity problems for mechanical and thermal fields.

Mechanical part: With respect to the mechanical fields, the infinite body

is characterized by the secant modulus tensor D and is subjected to inelastic
stress of. The inhomogeneity has secant modulus D; and is subjected to
inelastic stress o). At far distance, the medium is subjected to uniform
strain gy (Figure 1,). The inhomogeneity has ellipsoidal shape. The solution
of the Eshelby problem for this case leads to the conclusion that the strain in

the inhomogeneity is given by the following expression (Chatzigeorgiou and



266

267

268

269

270

271

272

273

274

275

276

277

278

279

Meraghni, 2019; Chatzigeorgiou et al., 2022)

e = Tir:eg+TV:0h—T7: 0%, (12)
with

T, = [T+ P,:[D,— D",

T;i) = T1:P1,

P, = S(Dy):D;". (13)

The S denotes the Eshelby tensor. It is worth mentioning that in equation
(12), Ty represents the classical dilute concentration tensor of the Eshelby-
based approaches, while the tensor T% serves for the introduction of the TFA
method in the final composite.

Thermal part: Analogy exists between the thermal and the mechanical Es-
helby problem. With respect to the thermal fields, the infinite body is char-
acterized by the thermal conductivity tensor ky. The inhomogeneity has
thermal conductivity tensor k; and at far distance, the medium is subjected
to uniform temperature gradient V8, (Figure 1;). The Eshelby problem for
the thermal conductivity leads to the expression (Chatzigeorgiou et al., 2018)

Vo, =T7 -V, (14)
with

T = [I+ Ptk — ko],

P} = S"(kg): kg (15)

The S" denotes the thermal Eshelby tensor (Hatta and Taya, 1986).
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3.8. Mori-Tanaka concentration tensors for N+1 phases
After solving the Eshelby inhomogeneity problem, one can pass to the
composite material. Let’s assume a composite whose RVE consists of a ma-

trix phase and multiple inhomogeneities of ellipsoidal shape.

far distance

far distance

(b)

Figure 2: Mori-Tanaka hypothesis for each inhomogeneity at an RVE: (a) Mechanical

problem. (b) Thermal problem.

Mechanical part: Figure 2, demonstrates the major hypothesis of the
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Mori-Tanaka scheme for the mechanical problem: In an RVE, each inhomo-
geneity with its surrounding matrix is treated as an Eshelby problem. At
the far field of this hypothetical problem the boundary conditions provide a
strain field equal to the average strain in the matrix.

The results of the previous subsection need to be extended in order to
account for N inhomogeneities in a matrix. Equation (12) can be written in

a more general manner for the iy, inhomogeneity as
g = Tieg+TV:o)—TV: 0", (16)

From the definition of the macroscopic strain in a composite with N inho-

mogeneities, one has
N

E = Co€0+zci€i, (17)

i=1
where ¢; stands for the volume fraction of the ¢, inhomogeneity and c¢q is the

volume fraction of the matrix. Integrating (16) into (17) yields

N
60:A0:E+Ag:ag+2A20:af, (18)
i=1
with

N _

Ay = lCQI + z cT; ,
i=1 |

A‘ZO = CiAO : Tf,

N T N
Ab = Ay |:20iT§) =) AL, (19)
i=1 ) i=1

Implementing these results to (16) yields (Chatzigeorgiou and Meraghni,
2019)

N
g, = Azé+Ag,Zag+2A§,zU§7 (20)
j=1
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where

A, = T;: A,
Ay, = T A+ T7,
Ti:Aﬁo—Tf j =1,
A?,i = (21)
T;: A}, J #i.

In the expressions (18), (20), the first terms represent the usual Mori-Tanaka
scheme, while the additional terms related to the inelastic stresses integrate
the TFA theory. According to this method, the total strain at each phase
depends on the the macroscopic strain and the inelastic stresses of all ma-
terial phases. The contribution of each o"? on the 4y, phase total strain is

determined through the inelastic concentration tensor A ,.
As a side note, the macroscopic secant modulus is given by the relation

N
D = ¢Dy: A+ ZciDi:Ai. (22)
i=1

Thermal part: In analogy to the mechanical problem, the Mori-Tanaka for
the thermal fields is based on a similar hypothesis (Figure 2;): In an RVE,
each inhomogeneity with its surrounding matrix is treated as an Eshelby
problem. At the far field of this hypothetical problem the boundary condi-
tions provide a temperature gradient field equal to the average temperature
gradient in the matrix. Equation (14) can be written in a more general

manner for the iy, inhomogeneity as
Vo, =T7-V0,. (23)

From the definition of the macroscopic temperature gradient in a composite
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with NV inhomogeneities, one has

N
W = Coveo + ZC,V@,
i=1
The last expression leads to

Ve, = AV, (24)

with

N -1
Al = {COI + Ecinl . (25)

i=1

Implementing these results to (23) yields
Vo, = A7-V0, (26)
where
A =T7: Af. (27)

As a side note, the thermal conductivity tensor of the overall composite is

computed through the relation

K =

-

CiK; - Af (28)

1=0

3.4. Macroscopic tangent moduli computation

For thermomechanical analyses the computations of tangent moduli are
important when dealing with the finite element method. The procedure

discussed here follows the methodology introduced in Chatzigeorgiou et al.

(2018).
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The four thermomechanical tangent moduli

=

or -, Or

== ==

— 0o =y OO

5 D = =, Ra
00

)

of the composite are computed from the constituents’ counterparts

D=9 p- g gl
Oe o6 Oe o0

through the relations
N N
D° = Y DA, D’=) ¢[D!+D;:A!],
i=0 i=0
N N
R = Y oR:A;, R'=) c[R+R;: Al (29)
=0 =0

where the concentration tensors are computed from the Mori-Tanaka scheme

according to the formulas

(2

N —1
A =T A, A= [col'—i- zchjl ,

j=1
N
Al =T A)+T!,  A)=-A5: {Z ch§], (30)
j=1
with

T — [Z+P;:[D:-D;]]",

2

T’ = [I-T:):[D;- D{]"":[D! - Dj. (31)

The polarization (or Hill) tensors P; are computed using the mechanical

tangent modulus Dg and the relevant Eshelby tensors.
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3.5. Numerical implementation

For the micromechanics scheme described previously, a numerical algo-
rithm is designed that can be adopted for structural applications. The al-
gorithm follows the standard structure of a typical thermomechanical User
Material (UMAT) subroutine for the ABAQUS FE software. In a UMAT, the
inputs are all the variables at the previous time step n. For the total strain
and the temperature, their time increments are provided at the current time
step n + 1 (thus, these fields are also known at the current time step). The
outputs contain the updated stresses, the internal variables and the energy
rate term 7 at the time step n + 1, as well as the four thermomechanical
tangent moduli. It is noted that for the thermal part of the problem, the
macroscopic thermal conductivity is computed only once at the beginning of
the analysis. This approach is valid here, since the thermal conductivities of
all material constituents are considered constants. It should be pointed out
that, even if the constituents’ thermal conductivities depend on the temper-
ature, the calculations are not altered significantly. According to the zeroth
order homogenization approach,  is uniform throughout the RVE. Thus, the
macroscopic thermal conductivity can be estimated once as a function of the
macroscopic temperature prior to the main thermomechanical analysis.

For every material phase, a proper subroutine is designed according to
the phase’s constitutive law. Such subroutines follow the standard return
mapping algorithm methodology (Simo and Hughes, 1998; Chatzigeorgiou
et al., 2018). For the overall composite, the Mori-Tanaka/TFA approach is
performed through a Meta-UMAT subroutine, whose structure is presented

in Figure 3.



initialization

o At time step n all variables are known.

e At time step n + 1, € and 6 are known. Set internal
variables equal to their value at time step n.

v
prediction
o Set g; equal to value at time step n.
e Compute D; and obtain o, af , 1 and AgE=0
internal variables from phases UMATS.
e Compute A; and A%, from (20).
e Compute g; from (17), (19).
YAE # 0
e Set 0, of and internal variables
of phases equal to their values at time step n.
e Store the value of g; from
previous iteration for convergence check.

!

e Compute D; and obtain o;, o%, r; and
internal variables from phases UMATS.

o Compute A; and A?; from (20).

e Compute g; from (17), (19).

o Check convergence criteria.

convergence
no

e Update €;, o; and internal variables.

e Compute & = (o), 7 = (r) and

tangent moduli from (28).

Figure 3: Computational algorithm (Meta-UMAT) for the thermomechanical homogeniza-
tion of multilayered composites. Mori-Tanaka/TFA approach. The symbol A denotes time

increment.
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4. Numerical examples

In this section, various numerical examples demonstrate the accuracy and

capabilities of the proposed framework.

4.1. Multilayered structure: comparison with periodic homogenization
The first example deals with a multilayered structure which was studied
in Chatzigeorgiou et al. (2016) using the periodic homogenization method

and founded on asymptotic expansion.

macroscale )

RVE

Figure 4: Multilayered structure under uniaxial loading and adiabatic conditions. The
RVE consists of two layers, an epoxy (20% volume fraction) and a steel 316 (80% volume

fraction).

A multilayered composite plate is subjected to stress controlled uniaxial
loading at the direction 1, while it is under adiabatic conditions (Figure 4).

The stress boundary conditions are applied in three steps:

1. loading up to 200 MPa and subsequent unloading,
2. loading up to 220 MPa and subsequent unloading,
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3. loading up to 240 MPa and subsequent unloading.

The stress rate is always 1 MPa/s.

property steel 316 epoxy
Young modulus [MPal 185000 3000
Poisson ratio 027 03
thermal expansion [1/K] 1.5E-5 1.1E-4
density [t/m?] 7.8  1.12
specific heat capacity [MPa m?/(t K)| 05 1.64
thermal conductivity [MPa m?/(s K)| | ~ 1.5E-5 0.4E-6
elastic limit Y [MPa] 84
K, [MPa/s'/Na| 151
N, 924
O, [MPa 6400
Qs [MPa] 270
b 25

Table 3: Thermomechanical properties of constituents for the structure of Figure 4. The

steel 316 mechanical properties have been obtained from Lemaitre and Chaboche (2002).

The RVE of the composite consists of two layers, an epoxy (20% volume
fraction) and steel 316 (80% volume fraction). The former has thermoe-
lastic behavior, while the latter has Jy thermoviscoplastic behavior. When
plastically deformed, the von Mises stress "™ of the steel 316 material is
expressed in terms of the accumulated plastic strain p and its rate according

to the relation (Lemaitre and Chaboche, 2002)
oM =Y + Qip + Qa1 — exp(—bp)] + Kop"/N, (32)

where Y is the elastic limit, ()1, ()2, b are plastic hardening parameters and

K,, N, are viscous parameters. The entropy in both materials is given by



382

383

384

250

MT/TFA ——
PH ——
200 |-

150 -

100 -

stress [MPa]

50 -

0 1 1 1
0 0.004 0.008 0.012 0.016 0.02

strain

(a)

20.4 MT/TFA ——

PH ——
20.1

19.8

19.5

temperature [degrees C]

19.2 q

| | | |

0 300 600 900 1200 1500
time [s]

(b)

Figure 5: Multilayered composite with 20% elastic epoxy and 80% viscoplastic steel

Chatzigeorgiou et al., 2016: Results comparison between the proposed Mori-Tanaka/TFA
(MT/TFA) scheme and the periodic homogenization (PH).

the expression

s=a:0+ pcln <00>7 (33)

ref

where p and ¢ denote the density and the specific heat capacity respectively.

The material parameters of the two constituents are given in Table 3. The
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initial temperature is equal to 293.15 K.

As illustrated in the results of Figure 5, the Mori-Tanaka/TFA method-
ology yields the same results with those obtained by the rigorous periodic
homogenization (Chatzigeorgiou et al., 2016) for the multilayered structure.
The result confirms the findings in Chatzigeorgiou (2022) on multilayered
structures and extends them in the case of thermomechanical coupled con-
ditions. The excellent accuracy of the proposed method appears on the
mechanical fields (stress-strain curve of Figure 5,), as well as on the thermal

fields (temperature-time curve of Figure 5;).

4.2. Multilayered structure: comparison with full structural analysis

property glass epoxy
Young modulus E [MPa| 72000 3000
Poisson ratio v 0.22 0.3
thermal expansion « [1/K] 0.6E-5 1.1E-4
density p [t/m?] 25  1.12

specific heat capacity ¢ [MPa m?3/(t K)] 0.8 1.64
thermal conductivity x [MPa m?/(s K)||1.0E-6 0.4E-6

elastic limit Y [MPal] 48
K, [MPa/sY/Na] 30.17
N, 5
Q1 [MPa] 100
Q. [MPa] 10
b 5

Table 4: Thermomechanical properties of constituents for the structure of Figure 6.

To further demonstrate the accuracy of the proposed micromechanics

scheme, simulations on a multilayered structure are performed using the
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Mori-Tanaka/TFA method and a full structural analysis.

macroscale 2

RVE

Figure 6: Multilayered structure under uniaxial displacement loading and temperature
increase at one external surface. The RVE consists of two layers, an epoxy (50% volume

fraction) and a glass (50% volume fraction).

Let’s assume a multilayered plate of dimensions 100mm x 100mm x 8mm,
whose RVE consists of two layers of equal volume fraction (50% each). The
first layer is an epoxy with thermoviscoplastic response, while the second
layer is made of glass with thermoelastic response. The material parameters
of the two layers are presented in Table 4. The layers are normal to the
axis 1 and the RVE is repeated 25 times in the total plate. The plate is
subjected on one side to a displacement field in the direction 1 and is fixed
on the other side. The displacement field increases up to the value of 0.0025
mm with a strain rate of 1.25-107% 1/s. The temperature initially is 293.15
K in all the plate. During the duration of 200 s, the Ty — T3 right surface is
heated up to 6, =298.15 K (Figure 6).

The analysis of this structure is performed through two ways: a) a full-
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Figure 7: Multilayered composite with 50% viscoplastic epoxy and 50% elastic glass: Full
structure analysis vs Mori-Tanaka/TFA framework. The axes * — y — z in the figure

correspond to the global axes T; — Zo — Z3.

structure analysis, where all the microstructural details are included in the
FE analysis (Figure 7,), and b) utilizing the proposed homogenization me-
thod for the RVE, while the macro-structure is solved with FE considering
a coarse mesh (Figure 7,).

For the FE computations on the software ABAQUS, using directly the
material properties of Table 4 can cause numerical issues. To avoid those, the
thermomechanical coupled equations (equilibrium, balance law, constitutive
relations) are solved using appropriate normalization. The details of the
normalized set of equations for a typical thermoelastic-thermoviscoplastic
solid are presented in Appendix A. In the current example, the normalization

factors are chosen as: H = 0.1 m, 4o = 1.25-107* 1/s, 5o = 72000 MPa, and
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displacement (1/1000 mm)

Figure 8: Comparison between full structure analysis and Mori-Tanaka/TFA framework.

Figure 8 demonstrates the force-displacement curve of the studied nu-
merical case using the full-structure analysis and the Mori-Tanaka/TFA ho-
mogenization framework. As it can be observed, the developed multiscale
approach reproduces very accurately the behavior of the overall plate using
much less finite elements for the meshing. Concerning the computational
time, in a regular PC (Intel Core i7-8750H CPU at 2.20GHz x 12, 15.3 GB
RAM) the Mori-Tanaka/TFA approach requires 35 s compared to 108 s of

the full-structure analysis.

4.8. Cylindrical tube made of thermoplastic fiber composite

The last numerical study aims at demonstrating the capabilities of the
developed framework. The studied structure is a cylindrical tube made of a

PAG66 matrix reinforced with unidirectional long glass fibers of 50% volume
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property glass PAG6

Young modulus E [MPa| 72000 3000
Poisson ratio v 0.22 0.3
thermal expansion « [1/K] 0.6E-5 1.1E-4
density p [t/m?] 25 1.12

specific heat capacity ¢ [MPa m?/(t K)|]| 0.8 1.64
thermal conductivity x [MPa m?/(s K)||1.0E-6 0.4E-6

elastic limit Y [MPa| 1
K, [MPa/s"/Na| 45
N, 2.37
Q1 [MPa] 260
Q2 [MPa 39
b 134
0, K] 29.315

Table 5: Thermomechanical properties of constituents for the fiber composite tube of
Figure 9. With the exception of 6, the rest of the PA66 properties have been obtained
from Nachtane et al. (2022).

fraction. The matrix is a thermoviscoplastic material, while the glass fibers
are considered thermoelastic media.

The constitutive law for the PAG6 is similar with the one used in the
previous examples, with the addition of the temperature influence through
a Maxwell probability law for the viscoplastic rate (Lemaitre and Chaboche,

2002):
oM ZY + Qip + Qa[1 — exp(—bp)] + K, [pexp(6,/6)]™ . (34)

Compared to the expression (32), the new material parameter in this vis-

coplastic law is the #,, which represents the activation energy divided by
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the universal gas constant. The thermomechanical tangent moduli for this
constitutive law are given in the Appendix B. For this numerical study, the
material properties for both constituents (matrix and fibers) are summarized
in Table 5. The value for 6, has not been calibrated from experimental data,
it has been selected to provide significant interaction between thermal and

viscoplastic fields.

1]
u
i

<A
0’..
R

Figure 9: Cylindrical tube made of fiber composite: (a) Boundary conditions. (b) Meshing.

The tube has a length of 100mm, internal radius 25mm and external ra-
dius 30mm. The principal axis of the tube is parallel to the axes of the fibers
on the composite material and corresponds to the z direction (Figure 9,).
The numerical calculations have been performed in ABAQUS using 3894 lin-
ear hexagonal elements of C3D8T type (Figure 9;). The loading history has
been implemented in 200 time steps. The convergence of the computations
has been quite well (3 global iterations at maximum). The computational
time of this analysis was 3 hours on the Cassiopee Arts et Métiers Institute
of Technology HPC center using 8 mpi processes. This is a significant time
improvement compared to FE? analysis, which for simpler fiber reinforced

structures and single loading cycle requires days of calculations (Tikarrouch-
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Figure 10: Cyclic loading for traction ¢, and pressure ¢,.

The cylindrical tube is fixed on one end and on the other end is subjected
to cyclic traction ¢,. Also, cyclic internal pressure ¢, = ¢, is imposed (Figure
9,). Initially, all the tube is under the same temperature of 293.15 K. The
overall time of the analysis is 0.2 s. The cyclic loading for ¢, and ¢, is
illustrated in Figure 10. It represents 10 cycles with frequency of 50 Hz with
values between 0 and 21.6 MPa. The tube has zero heat flux at the boundary.

As with the previous numerical example, the computations are performed
by normalizing the fields according to the approach discussed in Appendix
A. The normalization factors are chosen as: H = 0.1 m, 7 = 1.25-107* 1/s,
Sp = 72000 MPa, and poco = 1.9184 MPa/|t K].

The strain profiles at the end of the analysis are illustrated in Figure 11.
One can observe the heterogeneity of the components 11 and 22 through-

out the tube, while the 33 component is quite uniform at a specific radius.
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Figure 11: Macroscopic strain profile at time ¢ =0.2 s: (a) component 11, (b) component

22, (c) component 33.

Moreover, the strain levels are below 10%, acceptable for the small strain
assumption theory utilized here.

Apart from general profiles, it is interesting to study the evolution of the
fields at specific positions of the tube. For illustration reasons, an element,
E, and three nodes, A, B and C, are chosen (Figure 12) for demonstrating
results in the sequel.

The stress-strain curves at element E for the duration of the ten cycles

are given in Figure 13. The three normal components are presented in this
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Figure 12: Results on composite tube are presented at: (a) element E, (b) points A, B, C.

(¢) Zoom of the area with the three points.

Figure. It is observed that the 11 component is the most dominant and accu-
mulates most of the viscoplastic strain. The 33 component, which is parallel
to the direction of the tube (and consequently the fibers of the composite)
demonstrates very low inelastic effects.

Figure 14, shows the evolution of the macroscopic intrinsic dissipation
o at element E with time. As observed, each new cycle generates less
dissipation, causing smaller increase in its accumulated value (Figure 14,).

The large development of inelastic mechanisms at the beginning of the cyclic



489

490

492

493

80 —
€11-011
€92-022
60 - E33-033 /) R

i
W/

-0.01 0 0.01 0.02 0.03

strain

stress [MPa]
>
o

Figure 13: Stress-strain curves at the element E of the tube.

loading is a common phenomenon in polymeric based composites (Chen et al.,

2023).
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Figure 14: Macroscopic intrinsic dissipation %, (a) and its accumulated value (b) versus

time at the element E of the tube.

The mean-field homogenization scheme can provide information not only
for the macroscopic fields, but also for the average fields per material con-

stituent. Figure 15 illustrates the evolution with time of the viscoplastic
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multiplier p for the PA66 matrix corresponding to macroscopic element E.
Similarly with the overall dissipation, a large increase of the p occurs at the

first cycle, while at consequent cycles its increase is progressive.
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Figure 15: Matrix viscoplastic multiplier p versus time at the element E of the tube.

The evolution of temperature with time at the three selected points, A,
B, and C, is demonstrated in Figure 16. The cyclic loading causes cyclic
evolution of the temperature. The dissipation leads to an increase of the
maximum temperature with each new cycle. At the end of 0.2 s, the temper-
ature has increased by almost 0.7 degrees. It should be noted that the PAG6
model considered here does not take into account viscoelasticity and dam-
age. These mechanisms produce significantly more dissipation and higher
temperature increase at the end of the loading history.

Closing this example, it is worth pointing out the following: It is well-
known that mean-field homogenization techniques for fiber reinforced com-
posites usually lead to stiff mechanical response when nonlinear mechanisms

appear on the material constituents (especially the matrix phase). This ef-
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Figure 16: Evolution of temperature with time at the points A, B, C of the tube.

fect is due to the unavoidable hypothesis of homogeneous inelastic fields per
phase. The issue has been addressed in the literature through proper mod-
ifications: the isotropization technique (Chaboche et al., 2005), the linear
comparison composite theory accounting for second order moments (Ponte-
Castaneda, 1991; Lahellec and Suquet, 2007), or the introduction of a special
interphase between the matrix and the reinforcement (Barral et al., 2020). In
future works, the developed fully coupled thermomechanical homogenization

framework is going to be combined with such techniques.

5. Conclusions and Perspectives

The fully coupled thermomechanical response of composites has been
modelled in this work using a mean-field multiscale framework. The con-
nection between macroscopic and microscopic fields and the description of
balance and constitutive laws at both scales has been considered to follow the

same principles as those described on asymptotic expansion periodic homog-
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enization theory (Chatzigeorgiou et al., 2016). The combination of Mori-
Tanaka and Transformation Field Analysis, in conjuction to the computa-
tion of thermomechanical tangent moduli, has been shown to be an efficient
method for the study of composite structures undergoing mechanical and
thermal loadings. The numerical examples presented here demonstrate the
developed model’s accuracy and capabilities.

The designed multiscale framework is capable of analyzing composite ma-
terials and their structures with strong influence between thermal and me-
chanical fields. The last numerical example illustrates the model’s capability
to simulate cyclic loading conditions on a composite structure, accounting for
fully coupled thermomechanical effects. Moreover, the normalization of vari-
ables and material properties resolves numerical convergence issues related
to the large difference between mechanical and thermal related values of ma-
terial properties. The temperature variations due to thermoelasticity and
dissipation affects the mechanical response, which in turn influences the en-
ergy balance. Also, the developed theory can easily integrate other inelastic
mechanisms, such as viscoelasticity, damage, or even phase transformation.
These phenomena are characterized by strong thermomechanical couplings.

Studying the fatigue life of composites and composite structures under
multiple loading cycles is a difficult topic, especially due to the large compu-
tational cost. The proposed thermomechanical homogenization framework,
combined with cycle jump techniques that reduce the number of cycles at
which full computations are required, could be a valuable tool on identify-
ing the fatigue behavior of composite materials and structures (Chen et al.,

2023).
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In line with the modern needs of the industry for real-time computations,
data-driven approaches could be combined with the presented framework.
More precisely, one could consider the multiscale framework as a "virtual
testing machine" that performs a large number of numerical simulations.
The latter could be utilized for the training and testing database of a neural

network technique, like FE-MuTINN (El Fallaki Idrissi et al., 2024).

Acknowledgement

The authors acknowledge the use of the Cassiopee Arts et Métiers Insti-
tute of Technology HPC Center made available for conducting the research

reported in this paper.

References

Alaimo, G., Auricchio, F., Marfia, S., Sacco, E., 2019. Optimization clus-
tering technique for PieceWise Uniform Transformation Field Analysis ho-
mogenization of viscoplastic composites. Computational Mechanics 64,

1495-1516. doi:10.1007/s00466-019-01730-2.

Asada, T., Ohno, N., 2007. Fully implicit formulation of elastoplastic homog-
enization problem for two-scale analysis. International Journal of Solids

and Structures 44, 7261-7275. doi:10.1016/j.1ijsolstr.2007.04.007.

Barral, M., Chatzigeorgiou, G., Meraghni, F., Léon, R., 2020. Homogeniza-
tion using modified Mori-Tanaka and TFA framework for elastoplastic-
viscoelastic-viscoplastic composites: Theory and numerical validation. In-
ternational Journal of Plasticity 127, 102632. doi:10.1016/j.ijplas.
2019.11.011.



571

572

573

574

576

577

578

579

581

582

583

584

585

586

587

588

589

590

591

592

Benaarbia, A., Chatzigeorgiou, G., Kiefer, B., Meraghni, F., 2019. A fully
coupled thermo-viscoelastic-viscoplastic-damage framework to study the
cyclic variability of the Taylor-Quinney coefficient for semi-crystalline
polymers. International Journal of Mechanical Sciences 163, 105128.

doi:10.1016/j.ijmecsci.2019.105128.

Benaarbia, A., Chrysochoos, A., Robert, G., 2015. Thermomechanical be-
havior of PA6.6 composites subjected to low cycle fatigue. Composites Part

B: Engineering 76, 52-64. doi:10.1016/j.compositesb.2015.02.011.

Benveniste, Y., 1987. A new approach to the application of Mori-Tanaka’s
theory in composite materials. Mechanics of Materials 6, 147-157. doi:10.
1016/0167-6636(87)90005-6.

Berthelsen, R., Denzer, R., Oppermann, P., Menzel, A., 2017. Computa-
tional homogenisation for thermoviscoplasticity: application to thermally
sprayed coatings. Computational Mechanics 60, 739-766. doi:10.1007/
s00466-017-1436-x.

Boudet, J., Auslender, F., Bornert, M., Lapusta, Y., 2016. An incremental
variational formulation for the prediction of the effective work-hardening
behavior and field statistics of elasto-(visco)plastic composites. Inter-
national Journal of Solids and Structures 83, 90-113. doi:10.1016/j.
ijsolstr.2016.01.003.

Brassart, L., Stainier, L., Doghri, 1., Delannay, L., 2012. Homogenization

of elasto-(visco) plastic composites based on an incremental variational



593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

principle. International Journal of Plasticity 36, 86-112. doi:10.1016/j.
ijplas.2012.03.010.

Brenner, R., Suquet, P., 2013. Overall response of viscoelastic composites
and polycrystals: exact asymptotic relations and approximate estimates.
International Journal of Solids and Structures 50, 1824—-1838. doi:10.1016/
j.1jsolstr.2013.02.011.

Buryachenko, V.A., 2024. Generalized Mori-Tanaka Approach in Peridy-
namic Micromechanics of Multilayered Composites of Random Structure.
Journal of Peridynamics and Nonlocal Modeling in press. doi:10.1007/
s42102-023-00114-8.

Cavalcante, M.A.A., Pindera, M.J., 2016. Generalized FVDAM theory for
elastic-plastic periodic materials. International Journal of Plasticity 77,

90-117. doi:10.1016/j.1jplas.2015.09.010.

Chaboche, J., Kanoute, P., Ross, A., 2005. On the capabilities of mean-field
approaches for the description of plasticity in metal matrix composites.
International Journal of Plasticity 21, 1409-1434. doi:10.1016/j.ijplas.
2004.07.001.

Charalambakis, N., Chatzigeorgiou, G., Chemisky, Y., Meraghni, F., 2018.
Mathematical homogenization of inelastic dissipative materials: A survey
and recent progress. Continuum Mechanics and Thermodynamics 30, 1-51.

doi:10.1007/s00161-017-0587-5.

Chatzigeorgiou, G., 2022. Study of multilayered composites through periodic



615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

homogenization and Mori-Tanaka methods. Mechanics of Materials 164,

104110. doi:10.1016/j.mechmat.2021.104110.

Chatzigeorgiou, G., Charalambakis, N., Chemisky, Y., Meraghni, F., 2016.
Periodic homogenization for fully coupled thermomechanical modeling of
dissipative generalized standard materials. International Journal of Plas-

ticity 81, 18-39. doi:10.1016/j.1ijplas.2016.01.013.

Chatzigeorgiou, G., Charalambakis, N., Chemisky, Y., Meraghni, F., 2018.
Thermomechanical Behavior of Dissipative Composite Materials. ISTE

Press - Elsevier, London. doi:10.1016/C2017-0-01481-7.

Chatzigeorgiou, G., Chemisky, Y., Meraghni, F., 2015. Computational micro
to macro transitions for shape memory alloy composites using periodic
homogenization. Smart Materials and Structures 24, 035009. doi:10.1088/
0964-1726/24/3/035009.

Chatzigeorgiou, G., Meraghni, F., 2019. Elastic and inelastic local strain
fields in composites with coated fibers or particles: Theory and valida-
tion. Mathematics and Mechanics of Solids 24, 2858-2894. doi:10.1177/
1081286518822695.

Chatzigeorgiou, G., Meraghni, F., Charalambakis, N., 2022. Multiscale Mod-
eling Approaches for Composites. Elsevier, Amsterdam. doi:10.1016/
C2019-0-05214-4.

Chen, Q., Chatzigeorgiou, G., Robert, G., Meraghni, F., 2022. Viscoelastic-
Viscoplastic Homogenization of Short Glass-Fiber Reinforced Polyamide

Composites (PA66/GF) with Progressive Interphase and Matrix Damage:



638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

New Developments and Experimental Validation. Mechanics of Materials

164, 104081. doi:10.1016/j .mechmat.2021.104081.

Chen, Q., Chatzigeorgiou, G., Robert, G., Meraghni, F., 2023. Com-
bination of mean-field micromechanics and cycle jump technique for
cyclic response of PA66/GF composites with viscoelastic-viscoplastic and
damage mechanisms. Acta Mechanica 234, 1533-1552. doi:10.1007/
s00707-022-03448-4.

Chen, Q., Pindera, M.J., 2020. Homogenization and localization of elastic-
plastic nanoporous materials with Gurtin-Murdoch interfaces: An assess-
ment of computational approaches. International Journal of Plasticity 124,

42-70. doi:10.1016/j.1jplas.2019.08.004.

Chen, Q., Wang, G., Chen, X., Geng, J., 2017. Finite-volume homogenization
of elastic/viscoelastic periodic materials. Composite Structures 182, 457—

470. doi:10.1016/j.compstruct.2017.09.044.

Chrysochoos, A., Huon, V., Jourdan, F., Muracciole, J.M., Peyroux, R.,
Wattrisse, B., 2010. Use of Full-Field Digital Image Correlation and In-
frared Thermography Measurements for the Thermomechanical Analysis
of Material Behaviour. Strain 46, 117-130. doi:10.1111/j.1475-1305.
2009.00635 . x.

Coleman, B.D., Gurtin, M.E., 1967. Thermodynamics with Internal State
Variables. The Journal of Chemical Physics 47, 597-613. doi:10.1063/1.
1711937.



660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

Covezzi, F. de Miranda, S., Marfia, S., Sacco, E., 2016. Complementary
formulation of the TFA for the elasto-plastic analysis of composites. Com-

posite Structures 156, 93-100. doi:10.1016/j.compstruct.2016.01.094.

Czarnota, C., Kowalczyk-Gajewska, K., Salahouelhadj, A., Martiny, M.,
Mercier, S., 2015. Modeling of the cyclic behavior of elastic-viscoplastic
composites by the additive tangent Mori-Tanaka approach and validation
by finite element calculations. International Journal of Solids and Struc-

tures 56-57, 96-117. doi:10.1016/j.1ijsolstr.2014.12.002.

Desrumaux, F., Meraghni, F., Benzeggagh, M.L., 2001. Generalised Mori-
Tanaka Scheme to Model Anisotropic Damage Using Numerical Eshelby
Tensor. Journal of Composite Materials 35, 603-624. doi:10.1177/
002199801772662091.

Doghri, 1., Ouaar, A., 2003. Homogenization of two-phase elasto-plastic
composite materials and structures: Study of tangent operators, cyclic
plasticity and numerical algorithms. International Journal of Solids and

Structures 40, 1681-1712. doi:10.1016/S0020-7683(03)00013-1.

Dondeti, P., Paquet, D., Ghosh, S., 2012. A rate-dependent homog-
enization based continuum plasticity-damage (HCPD) model for den-
dritic cast aluminum alloys. Engineering Fracture Mechanics 89, 75-97.

doi:10.1016/j.engfracmech.2012.04.018.

Dong, H., Zheng, X., Cui, J., Nie, Y., Yang, Z., Yang, Z., 2019. High-
order three-scale computational method for dynamic thermo-mechanical

problems of composite structures with multiple spatial scales. International



683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

Journal of Solids and Structures 169, 95-121. doi:10.1016/j.1ijsolstr.
2019.04.017.

Dvorak, G., 1992. Transformation field analysis of inelastic composite ma-
terials. Proceedings of the Royal Society of London A 437, 311-327.
doi:10.1098/rspa.1992.0063.

Dvorak, G., Benveniste, Y., 1992. On transformation strains and uniform
fields in multiphase elastic media. Proceedings of the Royal Society of

London A 437, 291-310. doi:10.1098/rspa.1992.0062.

El Fallaki Idrissi, M., Praud, F., Meraghni, F., Chinesta, F., Chatzigeor-
giou, G., 2024. Multiscale Thermodynamics-Informed Neural Networks
(MuTINN) towards fast and frugal inelastic computation of woven com-
posite structures. Journal of the Mechanics and Physics of Solids 186,
105604. doi:10.1016/j . jmps.2024.105604.

Ene, H.I., 1983. On linear thermoelasticity of composite materials. In-
ternational Journal of Engineering Science 21, 443-448. doi:10.1016/
0020-7225(83)90094-0.

Germain, P., 1973. Cours de mécanique des milieux continus, Tome I: Théorie

Générale. Masson, Paris.

Germain, P., 1982. Sur certaines définitions liées & I’énergie en mécanique des
solides. International Journal of Engineering Science 20, 245-259. doi:10.

1016/0020-7225(82)90020-9.

Germain, P., Nguyen, Q.S., Suquet, P., 1983. Continuum thermodynamics.
Journal of Applied Mechanics 50, 1010-1020. doi:10.1115/1.3167184.



706

707

708

709

710

713

714

715

716

717

720

721

722

723

724

725

727

728

Haj-Ali, R., Aboudi, J., 2010. Formulation of the high-fidelity generalized
method of cells with arbitrary cell geometry for refined micromechanics
and damage in composites. International Journal of Solids and Structures

A7, 3447-3461. doi:10.1016/3.1jsolstr.2010.08.022.

Halphen, B., Nguyen, Q.S., 1975. Sur les matériaux standards généralisés.
Journal de Mécanique 14, 39-63.

Hatta, H., Taya, M., 1986. Equivalent inclusion method for steady state heat
conduction in composites. International Journal of Engineering Science 24,

1159-1172. doi:10.1016/0020-7225(86)90011-X.

Jendli, Z., Meraghni, F., Fitoussi, J., Baptist, D., 2009. Multi-scales mod-
elling of dynamic behaviour for discontinuous fibre SMC composites. Com-
posites Science and Technology 69, 97-103. doi:10.1016/j.compscitech.
2007.10.047.

Jiang, T., Shao, J.F., 2009. On the incremental approach for nonlinear ho-
mogenization of composite and influence of isotropization. Computational

Materials Science 46, 447-451. doi:10.1016/j.commatsci.2009.03.032.

Ju, X., Mahnken, R., Xu, Y., Liang, L., 2022. NTFA-enabled goal-oriented
adaptive space-time finite elements for micro-heterogeneous elastoplastic-
ity problems. Computer Methods in Applied Mechanics and Engineering
398, 115199. doi:10.1016/j.cma.2022.115199.

Kotha, S., Ozturk, D., Ghosh, S., 2019. Parametrically homogenized
constitutive models (PHCMs) from micromechanical crystal plasticity

FE simulations, part I: Sensitivity analysis and parameter identification



729

730

731

732

734

735

736

737

738

739

740

742

743

745

746

747

748

749

750

751

for Titanium alloys. International Journal of Plasticity 120, 296-319.
doi:10.1016/j.1ijplas.2019.05.008.

Kruch, S., Chaboche, J.L., 2011. Multi-scale analysis in elasto-viscoplasticity
coupled with damage. International Journal of Plasticity 27, 2026-2039.
doi:10.1016/j.1jplas.2011.03.007.

Lahellec, N., Suquet, P., 2007. On the effective behavior of nonlinear inelastic
composites: I. Incremental variational principles. Journal of the Mechanics

and Physics of Solids 55, 1932-1963. d0i:10.1016/j. jmps.2007.02.003.

Lahellec, N., Suquet, P., 2013. Effective response and field statistics in elasto-
plastic and elasto-viscoplastic composites under radial and non-radial load-
ings. International Journal of Plasticity 42, 1-30. doi:10.1016/j.1ijplas.
2012.09.005.

Lemaitre, J., Chaboche, J.L., 2002. Mechanics of solid materials. Cambridge
University Press, Cambridge. doi:10.1017/CB09781139167970.

Li, J., Romero, I., Segurado, J., 2019. Development of a thermo-mechanically
coupled crystal plasticity modeling framework: Application to polycrys-
talline homogenization. International Journal of Plasticity 119, 313-330.

doi:10.1016/j.ijplas.2019.04.008.

Lubliner, J., 1972. On the thermodynamic foundations of non-linear solid
mechanics. International Journal of Non-Linear Mechanics 7, 237-254.

doi:10.1016/0020-7462(72)90048-0.

Meraghni, F., Desrumaux, F., Benzeggagh, M.L., 2002. Implementation of

a constitutive micromechanical model for damage analysis in glass mat



752

753

755

756

757

758

759

760

761

762

763

766

767

768

769

770

771

773

774

reinforced composite structures. Composites Science and Technology 62,

2087-2097. doi:10.1016/50266-3538(02)00110-0.

Mercier, S., Molinari, A., 2009. Homogenization of elastic-viscoplastic hetero-
geneous materials: Self-consistent and Mori-Tanaka schemes. International

Journal of Plasticity 25, 1024-1048. doi:10.1016/j.1ijplas.2008.08.006.

Michel, J.C., Moulinec, H., Suquet, P., 1999. Effective properties of com-
posite materials with periodic microstructure: a computational approach.
Computer Methods in Applied Mechanics and Engineering 172, 109-143.
doi:10.1016/S0045-7825(98) 00227-8.

Michel, J.C., Suquet, P., 2004. Computational analysis of nonlinear compos-
ites structures using the nonuniform transformation field analysis. Com-
puter Methods in Applied Mechanics and Engineering 193, 5477-5502.
doi:10.1016/j.cma.2003.12.071.

Miled, B., Doghri, 1., Brassart, L., Delannay, L., 2013. Micromechanical
modeling of coupled viscoelastic-viscoplastic composites based on an incre-
mentally affine formulation. International Journal of Solids and Structures

50, 1755-1769. doi:10.1016/j.1ijsolstr.2013.02.004.

Mori, T., Tanaka, K., 1973. Average stress in matrix and average elastic
energy of materials with misfitting inclusions. Acta Metallurgica 21, 571—

574. doi:10.1016/0001-6160(73)90064-3.

Nachtane, M., Meraghni, F., Chatzigeorgiou, G., Harper, L.T., Pelascini,
F., 2022. Multiscale viscoplastic modeling of recycled glass fiber-

reinforced thermoplastic composites: Experimental and numerical inves-



775

776

777

778

779

780

781

782

783

784

785

786

787

788

790

791

792

793

794

795

796

tigations. Composites Part B: Engineering 242, 110087. doi:10.1016/j.
compositesb.2022.110087.

Onimus, F., Gelebart, L., Brenner, R., 2022. Polycrystalline simulations of in-
reactor deformation of recrystallized Zircaloy-4 tubes: Fast Fourier Trans-
form computations and mean-field self-consistent model. International

Journal of Plasticity 153, 103272. doi:10.1016/j.ijplas.2022.103272.

Ponte-Castaneda, P., 1991. The effective mechanical properties of nonlinear
isotropic composites. Journal of the Mechanics and Physics of Solids 39,

45-71. doi:10.1016/0022-5096 (91)90030-R.

Praud, F., Chatzigeorgiou, G., Meraghni, F., 2021. Fully integrated multi-
scale modelling of damage and time-dependency in thermoplastic-based
woven composites. International Journal of Damage Mechanics 30, 163—

195. do0i:10.1177/1056789520944986.

Rao, W., Zhang, J., Kang, G., Yu, C., Jiang, H., 2019. A meso-mechanical
constitutive model of bulk metallic glass composites considering the local
failure of matrix. International Journal of Plasticity 115, 238-267. doi:10.
1016/j.ijplas.2018.11.017.

Schneider, M., 2017. An FFT-based fast gradient method for elastic and
inelastic unit cell homogenization problems. Computer Methods in Applied
Mechanics and Engineering 315, 846-866. doi:10.1016/j.cma.2016.11.
004.

Schneider, M., 2021. A review of nonlinear FFT-based computational homog-



797

798

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

enization methods. Review and Perspective in Mechanics 232, 2051-2100.
doi:10.1007/s00707-021-02962-1.

Schoneich, M., Dinzart, F., Sabar, H., Berbenni, S., Stommel, M., 2017. A
coated inclusion-based homogenization scheme for viscoelastic composites
with interphases. Mechanics of Materials 105, 89-98. doi:10.1016/j.
mechmat.2016.11.009.

Sengupta, A., Papadopoulos, P., Taylor, R.L., 2012. A multiscale finite
element method for modeling fully coupled thermomechanical problems in
solids. International Journal for Numerical Methods in Engineering 91,

1386-1405. doi:10.1002/nme . 4320.

Simo, J.C., Hughes, T.J.R., 1998. Computational Inelasticity. Springer-
Verlag, New York. doi:10.1007/098904.

Temizer, 1., 2012. On the asymptotic expansion treatment of two-scale finite
thermoelasticity. International Journal of Engineering Science 53, 74-84.

doi:10.1016/j.1ijengsci.2012.01.003.

Terada, K., Kikuchi, N.; 2001. A class of general algorithms for multi-scale
analyses of heterogeneous media. Computer Methods in Applied Mechanics

and Engineering 190, 5427-5464. doi:10.1016/80045-7825(01)00179-7.

Tikarrouchine, E., Benaarbia, A., Chatzigeorgiou, G., Meraghni, F., 2021.
Non-linear FE? multiscale simulation of damage, micro and macroscopic
strains in polyamide 66-woven composite structures: analysis and exper-
imental validation. Composite Structures 255, 112926. doi:10.1016/j.
compstruct.2020.112926.



820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

Tikarrouchine, E., Chatzigeorgiou, G., Chemisky, Y., Meraghni, F., 2019.
Fully coupled thermo-viscoplastic analysis of composite structures by
means of multi-scale three-dimensional finite element computations. In-
ternational Journal of Solids and Structures 164, 120-140. doi:10.1016/
j.1ijsolstr.2019.01.018.

Tu, W., Pindera, M.J., 2016. Damage evolution in cross-ply laminates revis-
ited via cohesive zone model and finite-volume homogenization. Compos-
ites Part B: Engineering 86, 40-60. do0i:10.1016/j.compositesb.2015.
09.039.

Vu, Q.H., Brenner, R., Castelnau, O., Moulinec, H., Suquet, P., 2012. A
self-consistent estimate for linear viscoelastic polycrystals with internal
variables inferred from the collocation method. Modelling and Simulation
in Materials Science and Engineering 20, 024003. doi:10.1088/0965-0393/
20/2/024003.

Wicht, D., Schneider, M., Béhlke, T., 2021. Computing the effective re-
sponse of heterogeneous materials with thermomechanically coupled con-
stituents by an implicit fast Fourier transform-based approach. Inter-
national Journal for Numerical Methods in Engineering 122, 1307-1332.
doi:10.1002/nme . 6579.

Wright, T.W., 2002. The physics and mathematics of adiabatic shear bands.
Cambridge University Press, Cambridge.

Wu, L., Adam, L., Doghri, I., Noels, L., 2017. An incremental-secant mean-

field homogenization method with second statistical moments for elasto-



843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

visco-plastic composite materials. Mechanics of Materials 114, 180-200.

doi:10.1016/j .mechmat.2017.08.006.

Wu, L., Noels, L., Adam, L., Doghri, I., 2013. An implicit-gradient-enhanced
incremental-secant mean-field homogenization scheme for elasto-plastic
composites with damage. International Journal of Solids and Structures

50, 3843-3860. doi:10.1016/j.1jsolstr.2013.07.022.

Yang, Z., Liu, Y., Sun, Y., Jing, Y., Ma, Q., 2020. A novel second-
order reduced homogenization approach for nonlinear thermo-mechanical
problems of axisymmetric structures with periodic micro-configurations.
Computer Methods in Applied Mechanics and Engineering 368, 113126.
d0i:10.1016/j.cma.2020.113126.

Yu, Q., Fish, J., 2002. Multiscale asymptotic homogenization for multi-
physics problems with multiple spatial and temporal scales: a coupled
thermo-viscoelastic example problem. International Journal of Solids and

Structures 39, 6429-6452. doi:10.1016/S0020-7683(02) 00255-X.

Yun, G.J., Zhu, F.Y., Lim, H.J., Choi, H., 2021. A damage plasticity
constitutive model for wavy CNT nanocomposites by incremental Mori-
Tanaka approach. Composite Structures 258, 113178. doi:10.1016/j.
compstruct.2020.113178.

Zecevic, M., Knezevic, M., 2018. Latent hardening within the elasto-
plastic self-consistent polycrystal homogenization to enable the prediction
of anisotropy of AA6022-T4 sheets. International Journal of Plasticity 105,
141-163. doi:10.1016/j.1ijplas.2018.02.007.



8

-3
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867 Let’s consider a thermoelastic-thermoviscoplastic body. The 3-D thermo-
sss mechanical problem is expressed by the following kinematics and conservation
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In the above expressions ;; is the Kronecker delta. The material parameters
Y, Q1, Qa, b, K, and N, are related to the viscoplastic behavior. W ()
denotes an Maxwell probability law function and 6, is the related material
parameter. The body forces and the heat sources are neglected for simplicity.

Following Wright (2002), the real time and space are substituted by their
normalized counterparts. Also, the stress tensor and the product of density
and specific heat capacity are substituted by unitless quantities. Thus, the

following relations are assumed:

. T; O pc
= Aot, Y= =, s; = —%, =y, A5
T=db Y=g ST s 9o (A.5)

where H is a space dimension (usually equal to the maximum length of
the structure), 4o is related to the strain rate loading, s¢ is a stress type
predefined quantity and pgcg is a fixed product of density and specific heat

capacity. The expressions (A.5) lead to the normalized variables
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sse Accordingly, the time and spatial derivatives are expressed as
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For the example of subsection 4.2, the normalized material properties
of the constituents and the normalized thermal conductivities of the overall
composite are provided in Tables A.1 and A.2 respectively. The correspond-
ing quantities for the example of subsection 4.3 are shown in Tables A.3 and

A4

property| glass epoxy
E 1 0.0416667
v 0.22 0.3
a 0.2252 4.1284
w 1.0425 0.9575
k 0.417 0.1668
Y 6.6667 - 10~
K, 6.9444-107°
N, 5
Q 1.3889-1073
Q2 1.3889-10*
b )

Table A.1: Normalized thermomechanical properties of constituents in the example of

subsection 4.2. Since the viscoplastic criterion is temperature independent, 6, = 0.

property | epoxy based composite

k1p 0.2383
ko 0.2919
k33 0.2919

Table A.2: Normalized thermal conductivity of the homogenized medium (epoxy based

composite) in the example of subsection 4.2.



property| glass PAG66
E 1 0.0416667
v 0.22 0.3
a 0.2252 4.1284
w 1.0425 0.9575
k 0.417 0.1668
Y 1.3889-107°
K, 1.4093-107°
N, 2.37
Q; 3.6111-1073
Q2 5.4167-10~1
b 134
Uy 7.811-107*

Table A.3: Normalized thermomechanical properties of constituents in the example of

subsection 4.3.

property | PA66 based composite

k1 0.2578
koo 0.2578
k33 0.2919

Table A.4: Normalized thermal conductivity of the homogenized medium (PA66 based

composite) in the example of subsection 4.3.



897

898

899

900

901

902

903

904

905

906

907

908

909

Appendix B. Tangent moduli of a thermoviscoplastic material

For a thermoviscoplastic material whose constitutive law is expressed
through the equations (A.2), (A.3), (A.4), the thermomechanical tangent
moduli can be estimated using the return mapping algorithm/convex cut-
ting plane technique. Analytical details for obtaining them can be found in
Chatzigeorgiou et al. (2018). Here, only the final formulas are given.

Before presenting the formulas, it is worth mentioning that: i) the super-
script (n) denotes the value of a variable at the time step n, and ii) A {e}
denotes the difference of the values of the variable {e} between the time steps
n + 1 and n.

The required tangent moduli for the thermomechanical analyses are given

by the expressions

D° = C-[C:A)]® P,

D’ = —C:a—C:A,P,
£ 9 £ 1 15
R = —Ea.D +EF’
Rg—fL + ¢l 4 +-A+9-D0+LF9
= Al Co + Coln o) o: Ao o A
where
9
P = —A,:C,
w
1
P’ = ——[QA,:C:a— Q"]
w
F
I = ApA,:D° + [UVM —F— Ap((iip] Pe,

Y = ApAp:Dg + [JVM —F— Ade] P?,



Journal Pre-proof

o0 and
] e
0 [<<II>{>]” %W),

dF 1
w = Q[APCAp-f—d—p] +E,

d = M_fp_vY.

011 The material parameters and several functions and variables are discussed in

o1z Appendix A and in the main text.



Highlights

The proposed thermomechanical homogenization framework combines Mori-Tanaka and TFA.
Fully coupled thermomechanical modeling for viscoplastic dissipative mechanism.

Balance and constitutive laws are accounted for in micro- and macroscopic scales.
Concentration tensors are computed for evaluating thermomechanical tangent moduli.

FE implementation in full-structure analysis to show the framework’s capabilities.
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