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Abstract

This paper presents an experimental approach aimed at analyzing and validating a two-scale
nonlinear Finite Element (FE?) simulation of a 3D composite structure. The studied composite
material consists of polyamide thermoplastic matrix, exhibiting viscoelastic-viscoplastic beha-
vior with ductile damage, reinforced by woven glass fabric whereby inelastic and anisotropic
damage behavior is considered. The multiscale parallel computation is founded on the periodic
homogenization at the microscopic scale, which considers the geometric description of the
reinforcement’s architecture and accounts for time-dependent and non-linear local behavior of
each constitutive phase. For the numerical implementation at microscopic and macroscopic
scales, an advanced UMAT subroutine is developed and combined with a parallelization tech-
nique in the commercial software Abaqus/Standard. The multilevel computation is achieved
simultaneously at both scales (microscopic and macroscopic) through an incremental scheme.
Numerical results of the FE multiscale simulation are analyzed and compared with the experi-
mental results obtained for different stacking sequence configurations of a 3D woven composite
holed plate subjected to tension. Besides the good agreement between the experimental and
the predicted load-displacement global responses, the numerical simulation of the macroscopic
strain fields reasonably agrees with those measured experimentally through the Digital Image

Correlation (DIC) technique. Furthermore, the performance and the capabilities of the multiscale
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(FE?) strategy are demonstrated getting access, at the microstructure scale, to the microscopic
strain fields and the spatiotemporal distributions of the internal variables as well as the damage
evolution in the polymer matrix and the reinforcement (yarns).

Keywords: FE? method, Multi-scale FE computation, woven composite, periodic

homogenization, viscoelastic-viscoplastic, damage, microstructure.

1. Introduction

Structural simulations and design of large components for industrial composite applications
are computationally costly and assumed that the constituve materials are often macroscopically
homogeneous, obeying phenomenological constitutive laws. Nonetheles, the real materials are
heterogeneous on a lower local scale, where it is necessary to capure the main mechanisms
governing the behavior and failure. This is more evident in the case of composites whereby
predicting the non-linear macro-structural response should necessarily intergrate the material
microstructural features. These composites are typical heterogeneous materials consisting of re-
inforced fiber and matrix, that exhibits anisotropic properties as a whole. In a highly competitive
industrial context underpinned by considerations of high strength, ductility and durability with
light weight, the use of these composites is considered an added-value technological solution
for transport applications. The main advantage of these materials is their great flexibility in
order to obtain a large spectrum of mechanical properties by modifying the architecture of the
microstructure during the design step Boufaida (2015).

Polyamide (PA6,6)-based woven fabric composites are known to have a complex behavior
caused by the coupling between the periodic microstructure effects of the reinforcement and the
rheological time-dependent properties of the thermoplastic matrix. In addition, these materials
are extremely sensitive to environmental conditions, namely relative humidity and temperature.
This dependence leads to a combination of rheology and complex degradation processes of the
various constituents. The prediction of the material response of these materials at present is
mainly dependent on experimental testing Soden et al. (1999); Behera and Dash (2015); Dai et al.
(2015), because of the lack of advanced predictive computing tools and numerical simulations ad-

apted to the weave architectures, which restricts the intensive use of these materials for structural



applications in the industries. For this reason, several authors have developed several numerical
modeling methods in order to understand the behavior of these materials. For example, one
can describe the overall behavior of the woven composite in a purely phenomenological aspect
Ladeveze and LeDantec (1992); Hochard et al. (2001); Puck and Schiirmann (2002); Hochard
et al. (2006); Ruijter (2009); Hochard and Thollon (2010); Krasnobrizha (2015); Krasnobrizha et al.
(2016); Mahboob et al. (2017); Praud (2018). Indeed, the effective properties of the material are
calculated by modeling the overall structure, considering the material as a homogeneous without
the microstructure effect. These models require a large number of parameters that have to be
identified for each new material microstructure. Indeed, once the phenomenological model’s
parameters are identified, they are valid only for a specific configuration of the microstructure.
This is a real limitation of these models, thereby disabling a structural design and microstructure
optimization.

To deal with this issue, the material response of these composites can be also predicted with
the use of multi-scale modelling approaches by considering the microstructure as a Repres-
entative Volume Element (RVE). These approaches describe the overall response of composite
structures with taking into account the effects induced by the behavior of the various constituents
of the microstructure. The modeling of these materials behavior accounting directly for the
microstructural characteristics is most of the times computationally prohibited. Thus alternative
techniques have been proposed based on the definition of an equivalent homogeneous medium.
Among the existing theories, the periodic homogenization which is particularly adopted for
composites with periodic microstructure, such as woven composites. In these theories, the
heterogeneous material is replaced by an equivalent homogenized medium with an equivalent
macroscopic response, in an average sense Bensoussan et al. (1978); Sanchez-Palencia (1978);
Suquet (1987); Allaire (1992); Murat and Tartar (1997); Chatzigeorgiou et al. (2016). The equival-
ent medium plays the role of the link between the microscopic effects, induced by the different
material constituents and their geometric characteristics in the microstructure, and the overall
behavior of the heterogeneous material at the macroscopic scale Chatzigeorgiou et al. (2015);

Charalambakis et al. (2018). In general, the resolution of such problem needs the use of numerical



approaches, mostly the Finite Element (FE) method (Chatzigeorgiou et al., 2018). Moreover,
most publications in the literature on multi-scales approach using periodic homogenization
concerning woven composites, describe the overall response of the RVE Carvelli and Poggi
(2001); Tang and Whitcomb (2003); Angioni et al. (2011); Bednarcyk et al. (2015); Zhou et al.
(2016); Wang et al. (2017); Zhou et al. (2018). However, The majority of the studies that predict
the macroscopic response of composite structures with considering the microstructure effect
through the FE2 scheme focus on composite reinforced with short fibers, long fibers or inclusions.
Besides the macroscopic discretization, a multiscale (FE?) analysis of such composite structures
requires a discretisation at the local scale (microscopic) of the microstructure Feyel (1999); Feyel
and Chaboche (2000); Terada and Kikuchi (2001); Asada and Ohno (2007); Nezamabadi et al.
(2009, 2010); Tchalla et al. (2013); Papadopoulos and Tavlaki (2016); Tikarrouchine et al. (2018). A
recent work by He et al. (2020) presents a hierarchical multiscale (FE?) analysis of the elastic-
plastic damage behavior and the failure mechanism in (3D) braided composite structures at
high temperature. Xu et al. (2020) have proposed a novel data-driven multiscale finite element
method for composite materials and structures. Applications of multiphysics FE? schemes,
based on the homogenization theory, concerning the same reinforcement have been developed in
Sengupta et al. (2012); Javili et al. (2013); Schroder et al. (2016); Berthelsen et al. (2017); Berthelsen
and Menzel (2019); Tikarrouchine et al. (2019), and for the textile composite in Rique et al. (2020).

Furthermore, a new FE? strategy has been proposed recently for concurrent modelling. By
combining the equations governing both levels of FE analyses, the strategy incorporates the two
levels of simulations into one step. The latter results in a unique single system of equations Tan
et al. (2020). Moreover, Rouf et al. (2018) proposed a new multiscale structural analysis using
mechanics of structure genome in order to predict the properties of textile composites.

In addition, most of the works carried regarding the comparison between the numerical and
experimental results for the woven composite have considered a single macroscopic material
point Scida et al. (1999); Tabiei and Yi (2002); Anzelotti et al. (2008); Saleh et al. (2016).

The novelty of the present work resides in the multilevel FE analysis and its experimental

validation for viscoelastic-viscoplastic damage response of thermoplastic reinforced woven



composites, taking into account the effects induced by the microstructure. In this framework,
the multi-scale FE? approach proposed in Tikarrouchine et al. (2018) is applied for a structural
computation on a 3D polyamide reinforced by 2-2 twill weave glass woven fabric. The multilevel
approach is able to i) predict the macroscopic response of the composite at any material point in
the structure, taking into account the effects of the microstructure, and ii) provide the spatio-
temporal evolution of damage and the strain at the micro-macro scales.

An experimental procedure was achieved in order to establish the validity and to demonstrate
the performances of fully integrated multi-scale modelling approach (FE?) in the case of a
structural computation on woven composites. The studied material consists of a polyamide 6-6
(PA66) matrix and a E-glass balanced woven reinforcement with a 2-2 twill weave pattern. The
microstructure consists of a PA66 matrix represented by a viscoelastic-viscoplastic behavior with
ductile damage and yarns represented by a non-linear behavior with anisotropic damage. A
comparison between the experimental and numerical results was performed on a 3D holed plate
subjected to a displacement-controlled monotonic tension loading at four different displacement
rates. Three stacking sequence configurations of the holed composite plate have been tested,
namely [0°], [£30°] and [£45°]. The global response in terms of force vs. displacement and
macroscopic local kinematic fields are measured experimentally using Digital Images Correlation
(DIC) technique. Experimental load-displacement responses and the local macroscopic strain
tields are then compared with those computed numerically through the multiscale FE simulation.
It should be pointed out that this validation process of FEZ approach with experimental data has
never been considered in the literature for the case of 3D woven fabric reinforced polyamide
composite structures.

The layout of the present paper is as follows: in Section 2, the theoretical formulation of the
homogenization theory is described as well as the principle of the scale transition between the
microscopic and the macroscopic fields. The section also presents the multi-scale computational
framework. In section 3, details of the geometrical characteristics of the woven composite
microstructure are presented as well as the nonlinear constitutive laws of the phases (PA66 matrix

and yarns). The section 4 presents the experimental procedure and the testing configurations



as well as the kinematic full-field measurement technique adopted for the validation of the
FE? approach. The section 5 is devoted to the comparison of the experimental and numerical
results in terms of overall responses and macroscopic strain fields for the three studied stacking
orientations. Finally in the section 6, the capabilities of the developed multiscale FE? strategy are
discussed and demonstrated through the prediction of the spatiotemporal distribution of the
damage in the matrix and the yarns, the microscopic strains and the local stresses computed at

the local scale.

2. Theoretical background: scale transition principles in composites under mechanical pro-

cesses

This section presents briefly the general concepts of the periodic homogenization and its
implementation into the FE? computational framework. The full description of the methodology
and the computational details are provided in Tikarrouchine et al. (2018).

Let’s consider a structure, made by a composite material, under prescribed mechanical
loading. The objective of the periodic homogenization is to define a behavior model for an
equivalent homogeneous medium which, on average, behaves the same way with the composite
(Fig. 1). The substitution is performed based on scale transition principles between the microscale
(the unit cell) and the macroscopic structure. The equivalent medium properties are defined
through a proper investigation at the microstructure level.

The periodic homogenization framework utilized in this work considers two scales: i) the
macroscopic scale, representing the scale of the composite structure, whose coordinates are
defined by the vector ¥, and ii) the microscopic scale, representing the microstructure, whose

coordinates are described with the vector x.

2.1. Variables and equations at the two scales

At the macroscopic level, the heterogeneous medium occupies the volume V and is bounded
by the surface 9V with the outward unit vector 7. Each point of the macro-structure is assigned
with a position vector ¥ in V. At the microscopic level, the unit cell contains information of

different constituents observed at micro-scale and their geometry. Each macroscopic point x is
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Figure 1: Schematic representation of a composite structure and substitution of the composite with an equivalent
medium. The definition of the equivalent medium by periodic homogenization is valid as long as the separation
between the scales (i.e. V >> V) holds (Tikarrouchine et al., 2018).

assigned with a representative periodic unit cell, which occupies the volume V and is bounded
by the surface 0V with the outward unit vector n.

Ignoring inertia effects,the motions of any macroscopic material point M (¥) and microscopic
material point M (¥, x) are governed by the macroscopic and the microscopic equations (kin-
ematics, equilibrium, constitutive law), respectively, which are presented in Table 1. A bar
above a symbol denotes macroscopic quantity. At the two scales, the displacement vectors are u
and #, the strain tensors are defined as € and € and the stress tensors are denoted by ¢ and o.

The macroscopic body forces are denoted as pb. The connection between the scales is achieved

Table 1: Macroscopic and microscopic scale governing equations (Suquet, 1987).

Equations Macro-scale Micro-scale
VxeV VxeV,VxeV
Equilibrium  div(¢)+pb=0  div(c) =0
Kinematics € =grad,,,, (1) e=grad,,, (u)
Constitutive law c=70(x¢) c=o0 (X x¢)
Strain energy rate Ws =07:t We=o0:¢

through the usual averaging procedure of micromechanics methods. At the macroscopic position
X

&(%) = % [ ewxav, o) = % | e@xdv, W) = % [ e pav.



The last relation is the well known as Hill-Mandel energy principle.

Concerning the loading conditions: i) the macroscopic scale is subjected to the external (i.e.
structural) displacement and /or traction boundary conditions (Fig. 1), and ii) the microscopic
scale (unit cell) is subjected the the so-called periodicity conditions, which are described by the
expression

u —uj =¢ - (% — xj) Vx € 9V, (2)

where i, j denote a pair of opposite parallel material points at the unit cell boundary, x;, x; denote
their position and u;, u; are their displacement vectors. At every macroscopic position, the
macroscopic strain tensor € corresponds to the attached unit cell.

For nonlinear materials, the total stress o is expressed in terms of the total strain & and
various internal state variables, which are described by the general vector V. The constitutive
relations in such materials very seldom can be determined explicitly. For this reason incremental
procedures are adopted, in which the relationship between the microscopic stress and strain is

provided by the linearized expression:
Ao (x) = Df (x) : Ae (x) VxeV, 3)

where ID? is the local tangent operator tensor defined as the numerical differentiation of the
stress with respect to the total strain. This tensor is obtained for each material phase from its
constitutive law using appropriate techniques (for instance, a return mapping algorithm). For
the macroscopic scale, the same incremental methodology based on implicit resolution scheme
is used. Proper linearization permits to write the macroscopic constitutive law in the analogous
incremental form:

AT (X)) =D (x): A (X) VxeV, (4)

where D° denotes the macroscopic tangent operator tensor. Computational details on obtaining

this tensor can be found in Tikarrouchine et al. (2018, 2019).



2.2. Multi-scale computational framework: FE? approach

The previously discussed homogenization theory can be adopted for structural computations
through the so-called FE? framework. The FE? methodology requires three main ingredients,

according to Feyel (1999):

(i) A geometrical description and a FE model of the unit cell, allowing to model the behavior
at the microscopic scale.
(ii) The local constitutive laws of constituents that serve to define the response of each material
of the microstructure.
(iii) Scale transition relationships that connect the microscopic and the macroscopic fields

(stress and strain).

As detailed in Tikarrouchine et al. (2018), this approach is based on simultaneous treatment of the
equations in both scales, the macroscopic scale and the unit cell. At the macroscopic scale, each
material point is assigned with a unit cell. At each step of the analysis, the macroscopic structure
is solved using finite element (FE) analysis for the prescribed boundary conditions. The obtained
information, namely the macroscopic strain, is transmitted from every macroscopic Gauss point
to the corresponding unit cell. The latter is solved under the periodicity conditions, accounting
for the non-linear behavior of the material constituents of the microstructure. The transfer
of the macroscopic strain to the unit cell is achieved with the help of the constraint drivers
technique, which introduces six additional degrees of freedom that represent the macroscopic
state of the corresponding unit cell (further details on this technique are provided in Praud, 2018;
Tikarrouchine et al., 2018, 2019).

The solution of the non-linear problems in any unit cell is performed through another finite
element analysis, using an implicit resolution scheme based on the Newton-Raphson algorithm.
Once the microscopic fields are obtained, proper averaging provides the macroscopic stress
and the macroscopic tangent modulus of the corresponding macroscopic Gauss point. This
information is important for the macroscopic analysis.

The adopted numerical algorithm is schematically illustrated in Fig. 2. This algorithm has

been developed for the study of 3D composite structures, as the one related with this work



(woven composite structure). The finite element computations have been performed using the
finite element commercial software Abaqus. The connection between the unit cells and the
macroscopic Gauss points is achieved through proper Meta-UMAT fortran subroutines and

python scripts.
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Figure 2: Algorithm of FE? methodology adopted for the studied woven composite structures. The algorithm has
been adopted to the FE commercial software Abaqus with the help of specially designed fortran subroutines and
python scripts. V. represents the set of internal variables and ¢ denotes the total time.

3. Microstructure of woven composite and local constitutive laws

3.1. Geometrical characteristics of the microstructure
The studied composite in this work consists of glass fibers in woven formation embedded in
a thermoplastic PA66 matrix material. The architecture of the woven reinforcement follows a

2-2 twill weave pattern (Fig. 3). The geometric representation of the microstructure is adopted



for FE computations through the TexGen software (Sherburn, 2007; Lin et al., 2011). This
microstructure is defined through geometric parameters 4, b, ¢, L and ¢ (Fig. 3-b), obtained
by X-ray microtomography (Fig. 4 and Table 2, Praud, 2018). a and b are the cross-sections
dimensions of the yarns (which are assumed of elliptic shape), e represents the thickness of the
microstructure, L is the distance in the plane between the centers of the two consecutive parallel
yarns and J is the space between two perpendicular yarns. In reality, the yarns are composed
of numerous unidirectional fibers embedded in a matrix. In this work, the yarns constitutive
law has been obtained via a hybrid micromechanics-phenomenological scheme, accounting for

non-linear behavior and anisotropic damage (discussed later in this section).

(15x15 mm)

VE-VPD matrix

(b) Characteristic dimensions of the microstructure.

.

(a) 2-2 Twill weave pattern.

Figure 3: Geometric definition of the woven microstructure constructed via TexGen. The grey domain represents
the matrix phase, while the pink and green domains are the warp and weft yarns, respectively.

Table 2: Characteristic dimensions of the woven microstructure of the studied composite Praud (2018).

Characteristic dimensions a b L e )

Value (mm) 3.46 | 0.21 | 3.75 | 0.5 | 0.025




(a) Reconstruction of the woven microstructure us- (b) Fiber distribution in the yarns obtained by mi-
ing X-Ray microtomography with a voxel size of 6 crotomography. The diameter of the fibers is about
pum (Pomarede et al., 2018). 17 ym (Praud, 2018).

Figure 4: Microstructure of the studied composite obtained through X-ray microtomography.
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(b) Mesh of the entire unit cell

(a) Mesh of the macro-structure
(c) Mesh of the yarns

Figure 5: Spatial discretization of dedicated macroscopic and microscopic models for multi-scale analysis. The
macroscopic FE model represents 1/4 of the Zone Of Interest (ZOI) of the plate, whereas (e) stands for the thickness
of the plate.



The volume fraction of the yarns in the unit cell is about 59%. The microtomography analyses
have shown that the fibers volume fraction in the yarns is about 85%. These analyses allow
to obtain the volume fraction of the fibers in the composite, which is about 50%. The X-ray
microtomography analyses provide also the dimensions of the studied unit cell, which are about
15 mm x 15 mm x 0.5 mm. It is worth noticing that in such type of composites, the periodicity
of the microstructure is well respected in the plane of the yarns, but it is not always satisfied in
the thickness direction. In this paper, it is assumed that microstructural periodicity is satisfied in
all directions.

The macro-structure under investigation is a perforated plate (plate with a hole at its center).
Fig. 5-a illustrates the FE discretization of the macro-structure. The analysis is limited to the
mechanically important zone and is performed on the 1/4 of the perforated plate. The FE mesh
consists on 162 nodes and 64 elements of type C3D8 (8 nodes with 8 integration points, 3D
solid elements for static analysis). Figs. 5-b and 5-c demonstrate the FE discretization of the
unit cells attached to each macroscopic integration point of the macro-model. This FE mesh
consists on 8522 nodes and 40060 elements of type C3D4 (tetrahedral element with 4 node and
one integration point, 3D solid element for a static analysis). To facilitate the application of the

periodic boundary conditions, he mesh of the unit cell is designed to be periodic.

3.2. Constitutive laws

Apart from the geometrical characteristics of the unit cell, the knowledge of the behavior
of each constituent is important for the accurate analysis of the studied composite. The two
material constituents in this study are the PA66 matrix and the glass yarns (Fig. 6). The behavior
of the PA66 matrix is described by a viscoelastic-viscoplastic behavior with ductile damage
(Praud et al., 2017a), while the yarns are modeled considering inelastic behavior coupled with
anisotropic damage (Praud et al., 2017b). For the reader’s convenience, the essential points
of the two constitutive laws are briefly discussed in the following subsections. The numerical
implementation details of the two models are not discussed here and the reader is referred to

the previously published works (Praud et al., 2017a,b).



Yarns Damage VE-VPD Matrix

s N

A A AN = R N R N =

<L\
ENENPNPNINAZ P2 P TR S D

1.,

Figure 6: 2-D weaving pattern representation. The grey domain represents the matrix phase, while the pink and
green domains are the warp and weft yarns, respectively.
3.2.1. Local constitutive model for the matrix

The constitutive law of the polymer matrix of the studied composite was developed in Praud
et al. (2017a) using an appropriate thermodynamic framework. Semi-crystalline polymers, such
as PA66, are known for their complex dissipative behavior, which depends on the time and the
environmental conditions, namely the relative humidity (RH)and the temperature (Arruda et al.,
1995; Launay et al., 2013; Arif et al., 2014; Malpot et al., 2015; Praud et al., 2017a). These materials
are also subjected to stiffness reduction during loading caused by the damage mechanisms
which are linked to the initiation, the growth and the coalescence of micro-cracks (Nouri, 2008;
Nouri et al., 2009; Detrez et al., 2011; Margueres and Meraghni, 2013).

The adopted model takes into account viscoelasticity, viscoplasticity and ductile damage
in the PA66 matrix. The viscoelasticity is described through a series of Kelvin-Voigt branches,
considering a differential representation. The damage is introduced via the continuous damage
mechanics ("CDM") based on the well known principle of effective stress (Lemaitre, 1985;
Lemaitre and Chaboche, 1990; Lemaitre and Desmorat, 2005).

The rheological scheme of the constitutive law is illustrated in Fig. 7. It is composed of a linear
elastic spring, N viscoelastic branches of Kelvin-Voigt positioned in series, and a viscoplastic
branch consisting of a non-linear spring and a non-linear dash-pot assembled in parallel. The
model is formulated within the framework of thermodynamics of irreversible processes (Ger-
main, 1973, 1982). The thermodynamic framework postulates the existence of a thermodynamic
potential, as a function of state variables: the total strain ¢, the viscoelastic strains of the branches

&y,, the viscoplastic strain &, the viscoplastic scalar p and the damage D. In this study, the
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Figure 7: Rheological scheme of the PA66 thermoplastic constitutive law.
thermodynamic potential is given as the Helmholtz free energy of the form:
N
¥ (¢,&0,€p,p,D) 8—2&1,— (1-D)Ce:(e—) &, —¢&
. )

+Z 3¢ (1=D v,-:sv,-+/opR<c>dé

In the above expression, C, and C, are the initial stiffness tensors of the linear spring and
the spring of the i Kelvin-Voigt branch, respectively, and R is the hardening function. The
thermodynamic associated variables are obtained from the derivation of the potential with
respect to the state variables. The corresponding equations are given in Table 3.

From the Clausius-Duhem inequality (i.e. second principle of thermodynamics), the mechan-
ical dissipation is always positive or null (Grmela and Lebon, 1990; Jou et al., 1999). Consequently,
under isothermal conditions, the dissipated energy rate is equal to the difference between the

rate of the strain energy W, and the rate of the stored energy py:

N

i=1

From the dissipated energy rate, evolution laws and activation criteria of the inelastic mechan-
isms can be designed. Table 3 summarizes the viscoelastic, viscoplastic and the damage related
evolution laws, as well as the viscoplasticity activation criterion. In this Table, Ry denotes the

elasticity threshold, while Y expresses the sum of the energy density releases associated with the



Table 3: State and evolution laws of the VE-VPD model of the PA66 matrix (Praud et al., 2017a; Praud, 2018).

Observable Associated variable
state variable
) N
£ a:pa—f:(l—D)Ce:<s—;£vi—ep)
1=
Internal state | Associated variables Evolution laws
variables
oy . A
oo, oy, = des (1-D)Cy, &, +0 | &, = G0y 1-D oy,
oY oF . .
p o5y — R(P) p=-—3gA=2
oY . OoF. 3Dev(c) p
€ (T_paep 90" T 2 eq(c) 1-D
AP N . OF. (Y\’ p
Criterion Activation VP (A > 0if f > 0)
eq(o )
f(o,R:D) = ST R(y) () =Q0p)

single spring and each Kelvin-Voigt branch, Y, and Y7, respectively. The hardening function R
is chosen here in the form of a power law. Finally, S and 8 are material parameters related to
the damage. It is noted that the model considers visco-damage mechanism, thus the damage is
activated simultaneously with the viscoplasticity (Praud et al., 2017a; Praud, 2018).

The material parameters of the matrix constitutive laws have been identified in the work of
Praud (2018) from experiments directly performed on the unfilled polyamide 6-6 for a humdity

rate of RH50 % . These parameters are summarized in Table 4.

3.2.2. Local constitutive model for the yarns

Concerning the constitutive law of the yarns, an anisotropic damage model coupled with
inelastic behavior has been chosen (Praud et al., 2017b). The yarns are composed of numerous
unidirectionally oriented fibers embedded in the matrix material. Their overall response can
be considered as equivalent to that of a unidirectional composite. The utilized constitutive

law is based on a hybrid micromechanical-phenomenological formulation (Guillaume, 2008;



Table 4: Material parameters for PA66 matrix at RH50 % (Praud, 2018).

Mechanisms Parameters value unit
VE Elastic Young modulus E 2731 MPa
spring Poisson ratio v 0.3 -
18 KV  Elastic modulus Ey, 8766 MPa
Viscosity Mo, 1395 MPa.s
Characteristic time To, 0.16 s
2" KV  Elastic modulus E,, 13754  MPa
Viscosity Mo, 165601 MPa.s
Characteristic time To, 12.04 S
3" KV  Elastic modulus Ey, 15010 MPa
Viscosity o, 457955  MPa.s
Characteristic time To, 30.51 S
4" KV Elastic modulus E,, 11634  MPa
Viscosity Mo, 1307516 MPa.s
Characteristic time To, 112.39 S
VP-D Yield threshold Ry 4.86 MPa
Isotropic hardening Coeff. K 1304.33 MPa
Isotropic hardening Exp. n 0.674
VP resistance H 47.35 MPa.s™
VP Exp. m 0.068 -
Damage Coeff. S 21.607  MPa
Damage Exp. B -1.105 -

Zhu et al., 2011; Qi et al., 2016). This model takes into account the anisotropic damage in
unidirectional composites, as well as the permanent inelastic strains imposed by non-closure of
the micro-cracks.

The damage is introduced through a micromechanical description of a representative volume
element (RVE) which contains micro-cracks. The stiffness reduction induced by the presence
of these cracks is obtained through the Mori-Tanaka approach (Mori and Tanaka, 1973), by
introducing a micro-cracks density <. in the RVE of the yarns. This stiffness reduction is

represented by a fourth-order tensor ID(7y,) that gradually reduces the initial transverse isotropic



stiffness tensor Cy of the undamaged unidirectional composite material, as shown in Fig. 8.

0000:>

. (a) (b) (c)
€2

Figure 8: Damage assessment using mean field homogenization approach for the yarns constitutive law: (a) Initial
state of the transverse isotropic unidirectional material. (b) Introduction of micro-cracks density 7. in the RVE . (c)
Evaluation of the stiffness reduction induced by 7. by homogenization (Praud, 2018).

In these materials, the anisotropic damage is often accompanied by permanent inelastic
strains (here denoted as ¢;,), caused by non-closure effect of the micro-cracks (Ladeveze and
LeDantec, 1992; Boubakar et al., 2002; Praud, 2018; Praud et al., 2017b). As a consequence, the
total strain in the yarns phase is expressed as the sum of the elastic strain, €., and the inelastic
strain, &;,,

€= & T+ & (6)

The overall behavior of the yarns is described by the following Helmholtz free energy potential:

o (& €irvc) = 5 (e —&ir) - (Co=D(7c)) = (€ — &ir) - (7)

N[~

The associated variables related to the yarn phase are given by

: 2 2
c=p, —o=p3t, Yc=—pa—,:i, (®)

where ¢ denotes the total stress and Y. is the energy density release. Similarly to the case of
the matrix constitutive law, the second principle of thermodynamics inforces the mechanical

dissipation to be always positive or null. This dissipation is given by the difference between the



rate of the strain energy W, and the rate of the stored energy oy,

. oy, 0y 0P
=0:¢ p(as.e+gir.sﬁ+a—%%>
=0 &+ Yoy > 0. 9)

The evolution laws are obtained from the above dissipation via an appropriate potential. Further
details about this model can be found in Praud et al. (2017b). A summary of the thermodynam-
ically implicated variables, the evolution laws, the micro-mechanically related fields and the
damage activation criterion are provided in Table 5. In this Table, &y and o are the local strain
and stress respectively in the virgin, i.e. undamaged, part of the material, connected with the
relation oy = Cy : &9. Moreover, A (7.) is the strain localization tensor in the virgin part of
the material, calculated through the Mori-Tanaka scheme Mori and Tanaka (1973). H. is the
anisotropic quadratic interaction criterion, in which the fourth order tensor H is structured in a
way that H, stays sensitive only to the components 22 and 12 of 0.

It is important to be noted that in this constitutive law, the viscoelastic response of the matrix
inside the yarns is ignored. This simplification is motivated by the fact that the volume fraction
of the fibers in the yarns is very high (about 85%), reducing significantly the time dependent
effects of the matrix in the yarns.

Since it is impossible to separate the yarns from the matrix and perform mechanical tests
directly on them, the material properties of the former can be identified only with inverse
engineering from tests in composite specimens. Praud (2018) has performed an experimental
campaign using quasi-static tests and the obtained parameters for the yarns are summarized in

Table 6.



Table 5: Summary of constitutive equations of the yarns (Praud et al., 2017b).

Observable state Associated variable
variable
d
‘ ¢ =p%t = [Co—D(y)] : (e~ &)
Internal state vari- | Associated variables Evolution laws
ables
) ) oF .
Eir _Uzpai &ir = %A:A(U)ryc
o . OF . .
Y - C_pa’)/c ’)’C—WC/\—)\
Micro-mechanical Local mean strain and stress in the virgin part of the material
variables
€0 g0 = Ao(ve) : (& —&ir)
(o)) 00:C02A0(’yc) Z(S—Sir)
Criterion Activation (A > 0if H, = sup (H,))
H.=+/oo:H: o9 Ye = g (sup (He))

4. Experimental approach

4.1. Test specimens

The experiments were carried out using plates of PA66-based woven composites. Five test
specimens were cut from these plates using a water jet cutting machine with suitable size and
shape for the clamping jaws of the loading machine. The dimensions of the machined specimens
are schematically presented in Fig. 9. The gage part contains 9 RVEs in-length and 4 RVEs
in-width, with a RVE size of about 15 mm?.

After manufacturing, the samples were conditioned in a climatic chamber under an air
containing 50% of relative humidity at 65°C. The conditioning process was continued until
the water concentration was relatively homogeneous throughout the specimen (~ 2.8%). All
specimens were sealed prior to testing to maintain a controlled uniform humidity.

Laminated perforated plates having symmetric and balanced stacking sequences were in-

vestigated in the current work. The thickness of a single layer was about 0.5 mm, making a total



Table 6: Material parameters of the yarns (Praud, 2018).

Parameters value unit
Transversely isotropic stiffness Copns 65822 MPa
tensor (non-null components) Copimr = Coypss 7041  MPa
Corrzy = Cosass 23947 MPa
Conoss 6971 MPa
Cop, = Copaps 8661  MPa
Coyzps = % (Coypmy — Coyoys) 8488  MPa
Pure transverse tension threshold Ry 200 MPa
Pure in-plane shear threshold Rqp 7.5 MPa
1% Weibull law parameter S 123 -
24 Weibull law parameter B 275 -
Micro-cracks saturation v 0.025 -
Inelasticity in transverse tension 4 3.6 -
Inelasticity for shear 12 ain 215 -

Zone of interest

220 mm /

/
7

-

60 mm

30 mm

Modeled part

Figure 9: Geometry of the specimens used for the experiments showing the relative position of the interested part
as well as the modeled part.

thickness of 2.0 mm for the whole laminated specimens. Three stacking sequence configurations

were considered: samples oriented at 30°, 45°and 90°from the warp direction (Fig. 10).



Figure 10: Sketch of composite sample configurations used for the experiments.

4.2. Experimental setup and data processing

Monotonic tensile tests at different rates (7, = 0.024 mm.s~!, i1, = 0.033 mm.s ™!, i1, = 0.24
mm.s~! and %, = 0.33 mm.s ') have been performed at 23°C room temperature using a MTS
647 hydraulic testing machine (Fig. 11). The kinematic images were recorded using a visible
charge-coupled device (CCD) camera. This camera is equipped with a 2400 x 2000 pixel CCD
sensor with an acquisition rate of approximately 30 images per second. Random pattern was
achieved by spraying the specimen surface with a painted speckle pattern. A cold light source
was used to obtain well-illuminated and high-contrast images.

In the current work, two images per seconds were recorded for the high-rate tests (i, =
0.24 mm.s~! and i1, = 0.33 mm.s~!). For the low-rate tests (i, = 0.024 mm.s~! and i, = 0.033
mm.s~ 1), the acquisition frequency was set at 1 image per second. Displacement fields were
thus determined using the VIC2D image correlation software (Meraghni et al., 2011; Chemisky
et al., 2015). Since the experimental data were inherently noisy, appropriate spatial smoothing

methods were employed to reduce the effect of noise on the strain estimate.



MTS testing machine

Figure 11: Experimental setup showing the CCD camera used for recording displacement surface fields.

5. Experimental results and comparison with the FE? approach

In the following, the overall and local responses of the investigated woven composite under
the three studied configurations are compared with the numerical results computed using the

FE? approach.

5.1. Overall mechanical response

5.1.1. £90 woven composite

I monotonic tensile

The £90 woven composite was first subjected to 0.024 and 0.24 mm.s™
test till macroscopic fracture. Fig. 12 presents the experimental and numerical macroscopic
response (force in kN versus displacement in mm) of the composite. Generally speaking, the
results show good correlation between both responses. The corresponding error at ¢, t, and 3
is given in Table 7 for both loading rates. The response of the composite is quasi-elastic till 7.5
kN without significant rate effect. This can be attributed to the direction of the loading; the load

is mainly carried by the weft yarns in their longitudinal direction, which behave elastically with

an important stiffness.
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Figure 12: Macroscopic responses of the studied composite for the 90 staking sequence under both loading rates
0.024 and 0.24 mm.s~!. Comparison between DIC and FE? approaches.

Table 7: Error estimate between both DIC and FE? responses for the +-90 configuration.

iy (mms~!) t; =055 tp=11s t3=18s

0.24 0.8% 3% 8%

iy (mms~ ') tH =55 t,=11s t3=18s
0.024 0.6% 3.8% 11%

It is worth mentioning that due to the balanced nature of the woven structure, 90 degrees
configuration (equivalent to 0 degrees configuration) presents weak nonlinear response and
becomes quite insensitive to the loading rate. The choice of low rates for this configuration is
motivated by the need to avoid rapid brittle failure compared to the responses exhibited by 45

and 30 degrees configurations.

5.1.2. 45 woven composite

I monotonic tensile test

The £45 woven composite was subjected to 0.033 and 0.33 mm.s™
until the macroscopic fracture. Fig. 13 presents the experimental and numerical macroscopic
response of the composite for both displacement rates. As illustrated in this figure, the mech-

anical response computed through the proposed multi-scale approach is over-estimated. The



associated error between DIC and FE? results is given in Table 8. The mechanical response of
the 445 composite shows a more pronounced nonlinear behaviour compared to that of the £90
configuration. This non-linearity can be attributed to i) the rheology of the thermoplastic matrix,

ii) its ductile damage and/or iii) the degradation in the yarns (transverse cracks).
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Figure 13: Macroscopic responses of the studied composite for the +45 staking sequence under both loading rates
0.033 and 0.33 mm.s~!. Comparison between DIC and FE? approaches.

Table 8: Error estimate between both DIC and FE? responses for the 45 configuration.

iy (mms™!) t; =03s t,=21s t3=45s
0.33 0.65% 6.4% 7.3%

iy (mms™ ') #H =3s t,=21s t3=45s
0.033 5% 12% 13.4%

5.1.3. £30 woven composite

Fig. 14 shows the experimental versus FE?> macroscopic responses of the =30 woven com-
posite subjected to both 0.033 and 0.33 mm.s~! loading rates. It can be seen from the figure that
the multi-scale model captures well the macroscopic experimental responses till ¢; and starts to
over-estimate the structure’s behaviour when reaching t, with an estimated error of 18% at t3, as

reported in Table 9.



The global behaviour of the £30 composite presents also a non-linear response. This response

can be attributed to either the rheology of the PA66 matrix and/or the degradation in the yarns

caused by the presence of the micro-cracks. It is pointed out that at lower loading rates, the 30

and 45 degrees configurations have more pronounced nonlinearity due to the high viscoelastic-

viscoplastic effects. For increased loading rates the composite’s behavior becomes more rigid.

Since the FE homogenization results present always stiffer response than the experimental

tindings, one can expect that the error will decrease when the loading rate increases, as shown

in Tables 8 and 9. The difference in the overall responses of all composite configurations

highlights the strong anisotropy of the studied material induced by the architecture of the woven

microstructure.
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Figure 14: Macroscopic responses of the studied composite for the +30 staking sequence under both loading rates
0.033 and 0.33 mm.s~!. Comparison between DIC and FE? approaches.

Table 9: Error estimate between both DIC and FE? responses for the 4-30 configuration.

iy (mms~!) t; =065 t, =225 t3=32s

0.33

0.59% 12% 16%

i, (mm.s™')

t1 =65 t)=22s t3=232s

0.033

5.6% 15.6% 18.3%




5.2. Local mechanical response

5.2.1. £90 woven composite

The kinematic assessments are analyzed in terms of engineering strain components. Three
strain fields regularly captured throughout the test for three strain components (€2, €11 and g;, in
Figs. 15, 16 and 17, respectively) are compared with those obtained by the FE? calculation at the
area of interest in the perforated plate. The values of the featured strain components are depicted
and graduated on a colorbar. Generally speaking, the kinematic patterns indicate a gradual
development of strain localization zones. These are clearly visible for all strain components. The
spatio-temporal distributions for both longitudinal and transverse fields (Figs. 15,16) are very
comparative for both DIC and FE? simulation. Due to the anti-symmetry in the 12 direction,
the comparison is restrained in the quarter of the discretized perforated plate for the shear
component. Fig. 17 demonstrates a good correlation between the shear strain, €;;, measured
by both DIC and the FE? approach at the three considered analysis times (t;, t, and t3). These
results clearly illustrate that the proposed FE? approach, based upon microstructural effects,
describes well the response of the composite material in the specific structural calculations. It is
pointed out that, for sake of manuscript conciseness, the microstructure responses are presented

only for the larger loading rates.
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Figure 15: Longitudinal strain fields of the 90 composite assessed at t1, t, and t3 showing both DIC and FE? results
for ﬁy =024 mm.s~ .
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Figure 16: Transverse strain fields of the 90 composite assessed at t;, t; and t3 showing both DIC and FE? results
for i, =0.24 mm.s~".
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Figure 17: Shear strain fields of the 90 composite assessed at t;, t, and t3 showing both DIC and FE? results for

i, =024 mm.s L.
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5.2.2. £45 woven composite

Fig. 18 presents both DIC and FE? longitudinal strain fields, &, for the £45 composite at the
three selected times t1, t, and t3. Figs. 19 and 20 present the transverse, €11, and shear, €5, strain

components at t3 for both DIC and FE? under the loading rate of 0.33 mm.s~!.
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Figure 18: Longitudinal strain fields of the +45 composite assessed at t1, t, and t3 showing both DIC and FE? results

for i, = 0.33 mm.s— 1.

It can be seen from Fig. 18 that the FE? results are close to those of the DIC approach with
hotspots well captured by the multi-scale model. However, clear differences in the spatio-
temporal distribution and the order of magnitude are observed for both transverse and shear
strain components (Figs. 19 and 20). These differences can be explained by: i) the macroscopic
boundary conditions applied to the structure as well as the assumed symmetry conditions on
the FE model of the macro-structure, ii) the periodicity condition of the microstructure that
is not “scrupulously” taken into account in the width direction of the perforate plate, iii) the

non-inclusion of damage mechanisms in the yarns, such as decohesion in the yarns/matrix



interface, inter-yarns friction and yarns rotation when the composite is loaded in its shear plane.
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Figure 19: Transverse strain fields of the +45 composite assessed at t3 showing both DIC and FE? results for 7, =
0.33 mm.s~ 1.
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Figure 20: Shear strain fields of the +-45 composite assessed at t3 showing both DIC and FE? results for i, = 0.33
-1
mm.s~ .

5.2.3. £30 woven composite

Fig. 21 presents a comparison of the spatio-temporal distribution of both DIC and FE?
longitudinal strain components results captured at t1, t, and t3 for a loading rate 0.33 mm.s .
Figs. 22 and 23 present the spatial distribution of the transverse and shear components at ¢3. For
the longitudinal strain component, the multi-scale approach results are quite similar to those of

the experimental approach (Fig. 21). However, a significant difference is observed for the normal

transverse and shear components (Fig. 22 and Fig. 23). The reasons for these discrepancies



are the same as those reported in the previous subsection. Indeed, off-axis loading causes
significant rotations between the yarns in the microstructure, which in turn causes decohesion in

the yarns/matrix interfaces. These aspects are not taken into account in the numerical approach.
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Figure 21: Longitudinal strain fields of the =30 composite assessed at t1, t; and t3 showing both DIC and FE? results

for i, = 0.33 mm.s— 1.
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Figure 22: Transverse strain fields of the +30 composite assessed at t3 showing both DIC and FE? results for 7, =
0.33 mm.s~ 1.
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Figure 23: Shear strain fields of the +:30 composite assessed at t3 showing both DIC and FE? results for i, = 0.33

mm.s_l.

Overall, the developed FE? strategy gives quite reliable predictions on different stacking
sequence configurations. These results are very satisfactory for such complex structural analysis.
Nevertheless, the integration of other complex mechanisms in the constitutive laws (rotation of
the yarns, interfacial damage, etc.) is important for capturing more accurately the structure’s

response during the off-axes loading.

6. Macro-micro analysis of the mechanical response of the woven composite

In this section, the capacities of the FE? approach to describe and capture the mechanical

response and the dissipative behaviour of the studied composite at different scales are discussed.



To do so, the macroscopic and microscopic numerical results extracted from the monotonic

tensile tests are presented and investigated for both 90 and 430 composite configurations.

6.1. FE? approach for the £90 composite

6.1.1. Macroscopic fields

Fig. 24 presents the spatial distribution of the macroscopic stress fields computed using the
FE? approach, as well as the microscopic stress distribution at unit cells of selected macroscopic
points. It can be seen that the maximum longitudinal stress is located at the frontiers of the hole
(point A as indicated in Fig. 24-b). On the other hand, the most stressed point on compression in

direction 1 is in point B (Fig. 24-a). The latter finding is also observed experimentally.
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Figure 24: Spatial distribution of the macroscopic stress fields ( 0’11, 022 and ¢p) in the perforated plate computed
through the FE? approach for the £90 configuration.

Fig. 25 illustrates the macroscopic stress-strain curves at the point A of the longitudinal,
transverse and shear strain components for the strain rates 0.24 and 0.024 mm.s~!. The maximum
stress is observed in the loading direction, 7. Fig. 26 illustrates the stress-strain curves at the
point B for the same loading rates. These figures clearly show that the most important stress is
in the compression direction, 011. The out of plane stress 033 is very small for both rates. This is

expected due to the low thickness of the composite holed plate.
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Figure 25: Macroscopic mechanical responses of the 90 composite configuration at point A of the structure
computed used the FE? approach for the components 11,22,33 and 12 under both loading rates 0.24 and 0.024
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6.1.2. Microscopic fields

Figs. 27 and 28 present the local stress fields in the microstructure at points A and B of the
macro-structure during the last stages of the loading. Fig. 27-b demonstrates that, when the
composite is mainly loaded in the weft direction, most of the load is carried by the weft yarns
in their transverse direction. Meanwhile, a small part of this load is also carried by the warp
yarns in their longitudinal direction (Fig. 27-d). This causes micro-cracks concentration in the
yarns-crossing areas, as can be seen in Fig. 27-h. The same observation holds for the in-plane
shear 12 component (Fig. 27-f). For the matrix, most of the stress concentration is observed in
the yarns-crossing areas, as can be seen in Figs. 27-a, -c and -e. This may lead to softening within
the matrix and/or fracture in the yarns. Such aspect is not taken into account in the proposed
constitutive models used in the FE? approach. In addition, it is worth noting that extremely high
stress magnitudes in some specific zones of yarns-crossing are indeed computational artifact
and cannot be avoided since the proposed constitutive models do not account for fracture or

localization effects.
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Figure 27: Local stress fields at the point A of the £90 composite structure assessed at the end of the 0.24 mm.s™~
monotonic tensile test. Note that the local stresses in the yarns are expressed in the local coordinate system of each
yarn material point.

Fig. 28 illustrates that most of the compression load induced by the Poisson effect is driven
by the warp yarns in their longitudinal direction (Fig. 28-b). Moreover, an amount of this load is

supported by the weft yarns (Fig. 28-d), causing slight micro-cracking in the crossing directions



of the yarns (Fig. 28-h). Figs. 28-a, -c and -e confirm that most of the stress at point B is transferred

to the yarns. Therefore, there is no damage in the matrix at this point, as indicated in Fig. 28-g.

-176.270
-199.176

(e) Local in-plane shear stress, o7y, in the matrix.
SDV_matrix_089_D

SDV_yarn_001_gamma_c

+4.39e-04
+4.02e-04
+3.66e-04
+3.29e-04
+2.92e-04
+2.56e-04
+2.19e-04
+1.83e-04
+1.46e-04
+1.10e-04

+5.181e-07
+3.454e-07
+1.727e-07
+0.000e+00

+7.32e-05
+3.66e-05
+6.51e-08

+2.072e-06
+1.900e-06
+1.727e-06
+1.554e-06
+1.382e-06
+1.209e-06
+1.036e-06
+8.635e-07
+6.908e-07

3

X,

(g) Local damage, D, in the matrix. (h) Local micro-crack density, 7., in the yarns.

1

1

Figure 28: Local stress fields at the point A of the 290 composite structure assessed at the end of the 0.24 mm.s™
monotonic tensile test.



6.2. FE? approach for the +30 composite

6.2.1. Macroscopic fields

Figure 29 illustrates the spatial distribution of the macroscopic normal stresses in the direc-
tions 1 and 2 and the macroscopic shear stress 12. Fig. 30 presents the stress-strain curves at the
point A of the components 011, 027, 033 and 01, for both loading rates 0.033 and 0.33 mm.s L.
A quasi-linear mechanical response with negligible rate effect is observed in the direction of
the warp and weft yarns. On the other hand, a significant non-linearity appears in the shear
response with a rate effect becoming more important, as demonstrated in Fig. 30. This result is

due to the off-axis loading conditions of the composite, which involves a significant non-linearity

in the shear direction caused by the rheology of the matrix, its damage and the micro-cracks in

the yarns.

S, S11 S, S22 S, S12
162.744 325.907 68.418
131.243 298.258 64.346
99.741 270.610 60.275
68.239 242.961 56.204
36.738 215.313 52.133
5.236 187.664 48.061
-26.265 160.015 43.990
-57.767 132.367 39.919
-89.269 104.718 35.847
-120.770 77.070 31.776
-152.272 49.421 27.705
-183.774 21.772 23.634
-215.275 -5.876 19.562

Y
z X A
(a) Macro stress fields (011) (b) Macro stress fields (22) (c) Macro stress fields (719)

Figure 29: Macroscopic stress fields distribution associated with the components 73, 022 and ¢, in the macro-
structure for the 430 configuration, estimated through the proposed FE? approach.
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Figure 30: Macroscopic mechanical responses of the +30 composite configuration at the point A of the structure

estimated through the FE? approach for the components 11,22,33 and 12. The loading rates were set at 0.033 and

0.33 mm.s~ L.

6.2.2. Microscopic fields
Fig. 31 shows the microscopic stress fields distribution in the matrix and in the yarns, while
Fig. 32 illustrates the progressive spatio-temporal evolution of the damage within the two phases,

as well as the micro-cracks density evolution in the yarns.
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Figure 31: Local stress fields at the point A of the 30 composite structure assessed at the end of the 0.33 mm.s™
monotonic tensile test.

It can be seen that the microstructure undergoes both tensile stress in the weft yarns direction
and compression in the warp yarns direction (Fig. 31-b). The microstructure is also subjected
to 12 shear stress (Fig. 31-d), where the local stresses in the warp and weft yarns are reversed.
This causes stress concentrations in the crossing zones of the yarns which can lead to a fast
micro-cracks evolution in the warp and weft yarns (Fig. 32-f). In addition, the overall load
is progressively transferred to the matrix where the stresses are mainly concentrated in the
inter-yarns areas (Fig. 31-a) and the damage within the matrix develops progressively, as shown
in Fig. 32-e. These damage mechanisms have a significant effect on the macroscopic response of
the composite especially in the 12 shear behaviour.

The progressive spatio-temporal evolution of the damage within the matrix (Fig. 32) is
mainly located in the yarns-crossing areas. It can be seen form the figure that the degradation
is developed progressively within the warp, weft yarns direction and essentially between the
yarns. Indeed, when the matrix is locally damaged, a part of the load is progressively transferred
to the yarns. This is due to the microstructure interactions which are accompanied by an increase

in the intra-yarns micro-cracks density.
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Figure 32: Spatio-temporal evolution of the damage, D, in the matrix and the micro-cracks density, 7., in the yarns
at the three selected analysis times: t = 1.8s,t = 3.4 s and t = 4.2 s for the £30 composite configuration.



7. Conclusions and further work

This work presents an experimental validation of the multi-scale three-dimensional model-
ling strategy for thermoplastic-based woven composites structures, using the FE? framework
developed in Tikarrouchine et al. (2018). The approach is fully integrated in the finite element
commercial code Abaqus/Standard, using parallel computations. The main advantage of the
approach is their modularity and capacity to integrate any type of composites with periodic
microstructure.

The numerical results obtained by the FE? calculation on a perforated plate are compared with
the experimental results for three stacking sequences configurations ([0°], [£30°] and [+45°]).
Strongly nonlinear local constitutive models integrating the rheology (VE-VP) in the PA66 matrix
and its ductile damage as well as the degradation in the yarns (transverse damage) are used
and assembled through the multi-scale FE? approach, to predict the macroscopic behavior of
the studied composite, taking into account the effects of the microstructure observed in each
constituent of the unit cell.

The periodic unit cell that represents the microstructure at each macroscopic integration
point of the studied composite was generated using microstructural data obtained by X-ray
microtomography. The parameters of the two behavior models were identified in the work of
Praud (2018) at RH50 % for the thermoplastic matrix as well as for the yarns. The performances
and the capacities of the proposed approach were highlighted through comparisons between the
numerical predictions and the experimental results obtained for three configurations of stacking
sequence.

The experimental results obtained by DIC show an acceptably good agreement with the
numerical simulations using (FE? calculation). Indeed, despite the challenge to capture the
microstructural effects through multiscale FE computations, the obtained results exhibit a relative
quantitative and qualitative consistency in the trends. These results highlight the performances
and the capabilities of the proposed approach to predict the spatio-temporal evolution of the
various phenomena observed on the microstructure level, namely rheology and the damage

initiation and propagation in the matrix as well as micro-cracks accumulation in the yarns,



etc. The results also show the ability of the approach to capture the anisotropic response of
the composite material induced by the microstructure effects, time dependency and the strain
rate effects of the thermoplastic matrix. In a future work, the use of infrared thermography
for the full-field temperature measurement will be combined with the DIC technique towards
the experimental validation of the computationally efficient multiscale (FE?) method that has
been already extended to the fully coupled thermomechanical framework Tikarrouchine et al.
(2019); Berthelsen and Menzel (2019). Besides the kinematic fields, the combination will allow
capturing the local thermomechanical responses as well as the coupling of the damage with the
local dissipations and its influence on the temperature variations during a thermomechanical
loading. Moreover, further investigations on the sensitivity analysis for material parameters
and geometric uncertainties can be considered in order to improve the accuracy of the approach

Naouar et al. (2014); Green et al. (2014); Huang et al. (2020a,b).
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