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Abstract

This thesis deals with the multiscale investigation of a weave reinforced compos-
ite material with thermoplastic polypropylene matrix. Three different subscales
are investigated: the basic constituents (fibers and matrix), unidirectionally
reinforced microstructures, and the full composite of woven fiber structures
embedded in a thermoplastic matrix. The aim of the present work is the
introduction of a closed multiscale chain to predict the material behavior of
the macroscopic composite with respect to deformation and failure. First, the
experimental evaluation of the different scales of the present material system
is discussed. The basic idea throughout this thesis is to use fitted data as
input for microstructure level simulations only on the lowest scale, i.e. for
matrix and fibers. The parameters for the higher-scale models are calculated
using simulations and a suitable methodology for scale bridging. Moduli of
elasticity, plastic properties and material strengths as well as failure behavior
are evaluated on the basis of simple specimens, taking into account different
loading rates. For the simulation of the deformation behavior of the material
on different scales it is of great importance to consider the local orientation
and the relative position of the reinforcing fibers. For this reason, the geometry
of the structures is first measured. The emphasis of the mechanical tests lies
on the determination of the anisotropic influence on the deformation behavior
of the composite materials and the comparison of the observed failure types
with those from the literature. The measured stress-strain curves are used for
the validation of the model responses. The generation of virtual representa-
tive volume elements of the micro- and mesostructure based on the results of
the geometry measurement and the definition of suitable periodic boundary
conditions enables the computational analysis of the constitutive behavior of
composite materials. The second part of this thesis defines the theoretical
framework for the corresponding material models. Three constitutive models
are introduced in the course of this work according to the identified scales. In
addition to the prediction of deformation, the focus lies on the consideration
of material non-linearities such as plasticity in the matrix material and the
damage development in all underlying material systems. In order to ensure
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Abstract

thermodynamically consistent behavior, the models provided are derived from
the free energy and the dissipation functions. All models presented are defined
in the kinematic framework of large strains. The ability of the geometric
and constitutive models to predict the deformation and failure behavior of
fiber-reinforced composites is demonstrated by means of selected examples.
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Kurzfassung

Diese Arbeit beschiftigt sich mit der Multiskalenuntersuchung eines gewebe-
verstiarkten Verbundwerkstoffs mit einer thermoplastischen Polypropylenma-
trix. Drei verschiedene Subskalen werden untersucht: die Basiskomponenten,
Fasern und Matrix, unidirektional verstiarkte Mikrostrukturen und der voll-
standige Verbund von gewebten Faserstrukturen in thermoplastischer Matrix.
Das Ziel der vorliegenden Arbeit ist die Einfiihrung einer geschlossenen Multi-
skalenkette, um das Materialverhalten des makroskopischen Verbundwerkstoffs
in Bezug auf Verformung und Versagen rechnerisch vorherzusagen. Zunichst
wird die experimentelle Bewertung der verschiedenen Ebenen des vorliegenden
Materialsystems vorgenommen. Die grundlegende Idee dieser Arbeit ist es,
gefittete Daten als Input fiir die Simulationen auf Mikrostrukturebene lediglich
auf der untersten Skala, das heif3t fiir Matrix und Fasern zuverwenden. Die Pa-
rameter fiir die Modelle hoherer Ebenen werden mit Hilfe von Simulationen und
einer geeigneten Methodik zum Skaleniibergang rechnerisch ermittelt. Unter
Beriicksichtigung unterschiedlicher Belastungsraten werden Elastizitdtsmoduli,
plastische Eigenschaften und Materialfestigkeiten sowie das Versagensverhalten
anhand von Probekdrpern ausgewertet. Fiir die Simulation des Verformungsver-
haltens des Materials auf unterschiedlichen Skalen ist es von grofer Bedeutung,
die lokale Orientierung und die relative Lage der Verstiarkungsfasern zueinander
zu berlicksichtigen. Aus diesem Grund werden die Geometrien der Strukturen
zunidchst vermessen. Der Schwerpunkt der mechanischen Priifungen liegt auf
der Bestimmung des anisotropen Einflusses auf das Verformungsverhalten der
Verbundwerkstoffe und dem Vergleich der beobachteten Versagensarten mit
denen aus der Literatur. Die gemessenen Spannungs-Dehnungs-Kurven wer-
den fiir die Validierung der Modellantworten verwendet. Die Generierung von
virtuellen repréisentativen Volumenelementen der Mikro- und Mesostrukturen
auf Basis der Ergebnisse aus der Geometrievermessung und die Definition
geeigneter periodischer Randbedingungen ermdglicht eine rechnerische Anal-
yse des konstitutiven Verhaltens von Verbundwerkstoffen. Der zweite Teil der
vorliegenden Arbeit definiert den theoretischen Rahmen fiir die verwendeten



Kurzfassung

Materialmodelle. Drei Konstitutivmodelle werden entsprechend der identi-
fizierten Skalen im Laufe dieser Arbeit eingefiihrt. Neben der Vorhersage der
Verformung liegt der Schwerpunkt auf der Beriicksichtigung materieller Nicht-
linearitidten wie Plastizitdt im Matrixmaterial und Schidigungsentwicklung in
allen zugrunde liegenden Materialsystemen. Um ein thermodynamisch kon-
sistentes Verhalten zu gewihrleisten, werden die bereitgestellten Modelle aus
der freien Energie und den Dissipationsfunktionen abgeleitet. Alle vorgestell-
ten Modelle sind im kinematischen Rahmen grofer Verformungen definiert.
Die Fihigkeit der geometrischen und konstitutiven Modelle das Verformungs-
und Versagensverhalten faserverstirkter Verbundwerkstoffe abzubilden, wird
anhand von ausgewihlten Beispielen aufgezeigt.
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1 Introduction

1.1 Motivation

Requirements and needs for mobility solutions are constantly increasing. In
line with these developments, a major part of research and development tasks
in the upcoming years will be related to the complex of alternative energies
and an efficient usage of available resources. Especially in the automotive con-
text, a political rethinking takes place these days, resulting in stricter emission
regulatory and environmental specifications. In order to stay competitive in
such a regulatory framework, it is of immense importance to drive research
topics of resource efficient mobility. In this context, lightweight design of
structural parts plays an important role. The usage of fibrous composites has an
enormous potential to support the overcoming of the mentioned issues. Here,
textile composites gain an increasingly important position in structural engi-
neering, offering a reasonable ratio of performance and weight reduction over
classical structural materials when designed correctly. Although continuous
glass and carbon fiber composites mostly based on a thermoset matrix have
been extensively used in mobility related areas like aeronautic, automotive,
and transport applications, their potential regarding high-volume production,
repairs and recycle abilities and reliable designs is not yet fully exploited. Com-
posites based on thermoplastic matrix systems show significant advantages in
this regard, enabling considerably shorter production cycle times, an easier
handling during processing and an enhancement with regard to repairs and
recycling possibilities due to their different chemical character. In contrast
to these positive effects, the complex microstructure of fibrous composites in
general makes it very difficult to accurately predict deformation and damage
behavior. Especially the succession of failure processes and the identification
of responsible triggers have not been entirely clarified yet. In addition, failure
in woven fabric reinforced composites takes place on different scales, where
single phases with non-linear behavior interact. Consequently, these materials
are often used by means of exaggerated safety factors, based on empirical
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data. A purely experimental approach to characterize failure in continuous
fiber composites results in high costs in terms of resources and time, necessary
because of the high testing effort due to anisotropic nature of such materials.
To overcome this drawback, numerical methods are used, supplying a valid
support. However, available numerical techniques regarding the overall behav-
ior of woven fabric composites including damage formulations have not yet
reached a sufficiently matured state. Multiscale analysis can help to provide
a better understanding of the interactions of the constituents on designated
geometrical levels, allowing the description of failure processes and finally
enable the formulation of macroscopic constitutive equations for woven fabric
reinforced composites. The advantage of such an approach is the transfer of
local material effects occurring on different length scales onto the macroscopic
component level.

1.2 Objectives and overview

The work at hand deals with the experimental investigation and consequent
modeling of the failure behavior under quasi-static loading of organo sheets.
The latter are fully impregnated and consolidated semi-finished products, where
a thermoplastic material is used as basic constituent. Here, polypropylene
serves as a coating matrix and embedded glass fibers form the inter-woven
reinforcement structure. The results of an optical analysis of the given material
system are depicted in Fig. 1.1, allowing a direct identification of intrinsic
hierarchical levels in a top-down manner. Hereby, global and local entities can
be defined on each scale, describing the interfaces of the adjacent geometrical
levels:

e Macroscopic level: The three-dimensional form defines the global be-
havior of the composite part. As a direct derivation of geometry by
means of local parameters of the material, the distribution of the local
reinforcements, fiber volume fraction, reinforcement orientation, etc., fol-
low. These entities finally describe the local composite stiffness, which
corresponds to the global level on the mesoscopic level.

* Mesoscopic level: This level describes the superordinate reinforcement
structure within the composite, defining the weave pattern, preferred
fiber directions and volume fractions of tows, shaped during processing.



1.2 Objectives and overview

On a local level, two phases can be distinguished, areas of pure matrix
and impregnated yarns. While the matrix is assumed to be isotropic,
the impregnated yarns yield an anisotropic material behavior due to the
principal directions of the aligned fibers. Here, local entities such as
fiber direction and volume fraction define the overall stiffness of the
impregnated yarn. Local variables can be determined as the global
behavior of the microscopic level.

* Microscopic level: The arrangement of fibers within the thermoplastic
matrix is described yielding the overall (global) material behavior of
impregnated yarns. Local properties are defined by the material behavior
of the basic constituents, fibers and matrix.

By inverting this analysis, the used multiscale approach that is pursued in
a two-track (experimental and numerical) manner is directly deduced. This
structure is also reflected in the structure of this work. Throughout the course
of this work a closed modeling chain over all scales is pursued, accompanied
by numerical calculations, using the finite element code Abaqus. By applying
suitable homogenized material formulations (cf. colored arrows in Fig. 1.2),
the given methodology allows the up-ward transfer of local failure mechanisms
occurring on the depicted scales. To this end, the definition of a newly proposed
macroscopic material model for fabric reinforced thermoplastics taking into

| Woven fabric

1
a Lreinforced component LA % Thermoplastic matrix
e S p—— .
| Mesoscopic scale h N
H
. -
| i
| |
1 L
| | ]
i \ i
1 1 1
| | i
L Impregnated roving|
' - (fibers + matrix) !
! Fabric topology ! I
|
|

b | (matrix + impregnated roving)

Figure 1.1: Optical analysis of a woven fabric reinforced component made of organic sheets.
Distinct hierarchical levels in the multiscale structure can be identified as: (a) Macroscopic level,
described in the dimensions of the component, (b) Mesoscopic level, resolving the woven structure
of the material, and (c) Microscopic level, on which the basic constituents are visible.
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account local material orientations and relevant failure mechanisms is presented.
An overview of the structure of the presented thesis is given below.

Chapter 1 outlines the major research topics as well as goals and structure of
the present thesis.

Chapter 2 is devoted to the introduction of the fundamental continuum mechani-
cal formulations necessary for the definition of material models (cf. Section2.1).
Furthermore, the basic equations used during a multiscale analysis (cf. Sec-
tion 2.2) are presented. Hereby, both analytical and numerical homogenization
techniques are considered. Section 2.3 introduces major geometrical features
of the fabric reinforced subcomposites necessary for the virtual assessment of
the failure behavior associated with the mesoscopic structure and illustrates the
resulting physical failure behavior in the single rovings and fabric reinforced
composites. Available modeling techniques for all relevant geometrical scales
are shortly reviewed in Section 2.4.

Macroscopic model ]
for component design

Mesoscopic model of '

woven material

Microscopic model ]
of impregnated roving

Characterization and u
modeling of input
materials

Constituents Impregnated roving Lamina Woven fabric
(fibers + matrix) reinforced component

Figure 1.2: Proposed multiscale modeling approach guided by the optical analysis from Fig. 1.1.
Definition of the distinct four scales of interest: constituent, microscopic, mesoscopic, and
macroscopic level. Scale-bridging, transferring information onto a superordinate scale, is achieved
by the definition of homogenized material models used within the finite element code Abaqus (cf.
colored arrows, labeled with Finite Element Analysis MODEL).
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Chapter 3 introduces the materials used for characterization and validation of
the developed material model and presents the experimental results. Section 3.1
gives an overview over strain and stress measures used for the presentation of
the results. A solid parallel validation of the proposed modeling techniques
necessitates adequate experimental characterization of the underlying damage
and failure processes on the identified scales and hierarchical levels. Consistent
with the stages of the multiscale analysis presented above, three material levels,
neat polypropylene matrix (PP, cf. Section 3.2), unidirectionally glass fiber-
reinforced composite (PP/GF UD, cf. Section 3.3), and woven fabric reinforced
polypropylene (PP/GF twill weave, cf. Section 3.4) have been tested under
quasi-static loading.

Referring to Fig. 1.2, the transfer from a lower to an upper scale (scale-
bridging) is accomplished by using suitable material models. These represent
the material behavior of the micro- and meso-structures in such a way, that all
relevant material effects in terms of damage are respected.

The development of the resulting three material models is presented in Chap-
ter 4. Section 4.1 focuses on the definition of a rate-dependent elastoplastic
material model including a thermodynamically consistent damage formulation
of the matrix material for isothermal conditions. After an initial definition
of additive plasticity using the small strain framework, the model is extended
towards a finite formulation using a formulation in the logarithmic strain space.
Incorporating the predominant occurring failure mechanisms, Section 4.2 in-
troduces a fully three-dimensional continuum damage model for impregnated
rovings (UD model), representing parallel fiber arrangement embedded in a
thermoplastic matrix. In order to consider large rotations of the reinforcement
structures in the mesoscopic fabric reinforced structure undergoing external
loads, the presented material model is defined in a finite strain framework. Suit-
able criteria for damage onset and a thermodynamically consistent derivation
of damage evolution complete the constitutive model.

Section 4.3 focuses on the composite formulation of a constitutive model taking
into account the combination of the aforementioned constitutive equations. For
the present material system, the preferred directions coincide with the principal
directions of the reinforcements which change continuously during loading
due to material deformation. Respecting these kinematic conditions by the
introduction of an intermediate configuration, separate damage formulations for
matrix and rovings are included from the models introduced before. The present
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work therefore provides a straightforward formulation of a macroscopic material
model incorporating plastic and anisotropic damage effects for fabric reinforced
materials based on a combination of analytical and numerical homogenization
techniques. This procedure allows the transfer of dominant material effects
onto the macroscopic scale and the consideration of varying approximated
arrangement of reinforcement structures. Remarks on the algorithmic treatment
and implementation of the constitutive equations for all scales are presented
accordingly.

Chapter 5 deals with the numerical application of the presented material
models to realistic geometries. The results of numerical calculations obtained
using virtual micro- and mesoscopic structures support the interpretation of
experimental results and enhance a further understanding of occurring material
effects. An additional objective of such investigations is the assessment of the
usability of virtual characterization as a substitute for expensive experimental
testing of plastic composites. A major key to retrieve resilient results is the
correct reproduction of the microstructural conditions at hand. Section 5.1 is
devoted to the introduction of microstructure generation of unidirectionally and
woven composites, based on the results presented in Chapter 3 with regard to
the geometry of the composite. An extension of an available algorithm for the
generation of statistically representative volume elements (SRVE) is presented,
giving the possibility to respect variable fiber diameters as well as near-field
clustering of groups of fibers. For the generation of the virtual woven unit
cells an existing software package (TexGen) was used and embedded in the
preprocessing framework.

Section 5.2 demonstrates the results of virtual characterization calculations,
using the generated unidirectional microstructures. Hereby, the focus lies on the
calculation of the elastic bodies and the demonstration of plastic and damage
behavior of the composite using selected examples. Where possible, the
obtained results are compared to experimental results. Following the strategy
of the implemented multiscale analysis, the main objective of the presented
calculations on this scale is the determination of a failure envelope, that is used
to parametrize the homogenized UD model discussed in Section 4.2.

Using the UD model for the calculation of geometrical mesoscopic models
of the impregnated fabric structure (woven unit cell) in Section 5.3, enables
a up-transfer of the subordinate damage effects. On the basis of selected
loading cases, the kinematical and damage related behavior of woven fabric
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reinforced composites is investigated. A comparison of numerically obtained
homogenized and available experimental results is given, with respect to
stiffness and the non-linear behavior of the stress-strain response.

The features of the newly proposed macroscopic material model are demon-
strated in Section 5.4. The model behavior with respect to the change of
material orientation under deformation as well as the representation of damage
evolution is reviewed in the course of exemplary virtual tests.

The thesis concludes in Chapter 6, summarizing the undertaken modeling steps
included in the proposed full-featured multiscale approach. Discussing the
obtained results, propositions for improvement of the used methodology and
remarks on possible future work are given.






2 Fundamentals and state of the art

The objectives of this chapter are to introduce the fundamental formulations
of continuum mechanics (cf. Section 2.1) and basic equations necessary
for a multiscale analysis (cf. Section 2.2) using analytical and numerical
homogenization techniques. Furthermore, Section 2.3 summarizes the major
geometrical features of the woven subcomposites and illustrates the resulting
physical failure behavior in the single rovings and multi-layer woven composites.
Finally, Section 2.4 reviews relevant available modeling activities on different
scales.

2.1 Fundamentals of continuum mechanics

The subsequent section introduces the basic equations of continuum mechanics
that are needed to describe arbitrary material response. Throughout this work
all quantities are expressed in terms of Cartesian coordinates. This section is
by no means complete, for a more detailed representation the interested reader
is referred to the work of HoLzapPFEL [169] among others.

2.1.1 Kinematics

In an EucLipean space R3, an orthonormal base with its base vectors e; and
origin O is defined. Within this domain a continuous body B containing any
point of this body P € B can be described. The setting of 8 € R? is generally
called a configuration y (P,?), whereby 85 = y (B,t) and x = y (P,1). B
is the occupied region by B at time ¢, and x gives the spatial position of
P within R® as functions of time ¢. The initial undeformed configuration
Xo = X (to) is chosen as reference configuration with 8, = x (8,1) and
X = x, (P, o) and serves as the material (L ANGRANGian) description of the
body with material coordinates X. Deformed configurations are called spatial
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(EuLERrian) descriptions with spatial coordinates x. The uniquely invertible
map function ¢ maps from reference to any spatial configuration by

x=¢(X,t) and X=¢ '(x,1) 2.1

All entities introduced so far are depicted in Fig. 2.1. The motion of a continuum
is the change of the position of any material point P in time. With known
coordinates X and x of the undeformed and deformed material points the
displacement field reads

u=xX,H)-X=x-X(x,1). 2.2)
The velocity field v is obtained by the time derivative of the motion

de (X,1) _

v(X,t) = &

vie(x,0),t)=v(x,1). 2.3)
( )

In continuum mechanics the deformation gradient F as well as its inverse F~!
play the most important role. They are defined by

2.4)

Figure 2.1: Configurations and motion of a continuous body $B within R3. The reference
configuration is depicted by the undeformed body By, and the current configuration is represented
by the deformed body Bs.

10



2.1 Fundamentals of continuum mechanics

and are used to describe kinematic entities. The deformation gradient maps
line elements and is used to derive strain measures. In general, F and F “1are
non-symmetric second-order tensors that relate two different configurations
and therefore are designated as two-point tensors. Due to the existence of the
inverse, J = det (F) # 0 must hold true for the Jacobian determinant. The
displacement gradients in material and spatial configuration can be introduced
analogously by

Vxu=F(X,1)-1 and Veu=1-F"'(x,1). (2.5)

At this point, three frequently used decompositions of the deformation gradient

Reference Current
configuration configuration
5 Bm 5

F = F°F!

Fi /

e
2 Intermediate
e configuration
e/0

Figure 2.2: Intermediate configuration Q and the corresponding decomposition of the deformation
gradient F = FCF' in an elastic and in-elastic part within R3.

Bs

+~]

shall be mentioned. The first is the geometrical decomposition in volumetric
and isochoric deformations

F(Xst)=Fvol (X’t)Fiso (X,t)- (26)
The second consists of an elastic and an in-elastic part, according to
F(X,)=F (X,) F' (X.1), @7

as depicted in Fig. 2.2. The polar decomposition splits the deformation gradient
according to

F=RU-=VR, 2.8)

11



2 Fundamentals and state of the art

where R is an orthogonal rotation tensor and U and V are the right and left
symmetric stretch tensors, corresponding to material and spatial configuration
respectively. By squaring the stretch tensor, the definition of the right and left
CaAucHY-GREEN tensors follow

C=U>=F'F and b=V>=FF" (2.9)

being again material and spatial tensors respectively. Note that R describes pure
rigid body rotations, hence, all information about volume change is contained
by U and V. Therefore, we can rewrite the determinant of F simply by

J=det[U] =det[V] and J?=det[C] =det[b]. (2.10)

The introduction of general, symmetric, positive definite and local deformation
measures can be derived directly from the stretch tensors. For the material
configuration the general SETH-H1LL strain measures A are often found. They
can be written as

Lgm_ ;
/1={m[U 1], ifm#0 o1

In [U], ifm=0
with m € R. Analogously strain measures corresponding to the spatial con-
figuration can be found. In the following, two cases which will be used

throughout this work are introduced in more detail. For m = 2 in Eq. 2.11 the
GREEN-LAGRANGE strain measure is obtained

1
E(X,t)=§[C(X,t)—11], (2.12)
whereas m = 0 yields the HENck Y or logarithmic strain measure
1
e(X,)=In[U(X,1)] =§ln[C(X,t)]. (2.13)

Taking into account the decompositions in Eqgs. 2.6 and 2.7, the additive
deviatoric-volumetric split as well as the elastic-inelastic split can be recovered

E=6yo1 +Ei5o and e=&°+¢&, (2.14)

which have special significance throughout the course of this work.

12



2.1 Fundamentals of continuum mechanics

Remark. For small deformation gradients, a simplified representation of
the motion can be found (cf. pE Souza NETO et al. [296]). In general,
the CAucHY-GREEN deformation tensor can be rewritten in terms of the
displacement gradients (cf. Eq. 2.5) as

C=1+Vxu+(Vxu)' + (Vxu)" Vxu,

(2.15)
b=1+Veu+ (Veu)" +Veu (Veu)'.

For considerably small displacement gradients Vu ~ Vyu =~ V,u, the
quadratic terms and the distinction between material and spatial configura-
tion vanish (C ~ b ~ 1 + Vu + (Vu)") and the infinitesimal or nominal strain
can be written as

€= % [Vu + (Va)T] = V¥u (2.16)

with V* being the symmetric gradient. Approximating the deformation by the
infinitesimal strain measure, the GREEN-LAGRANGE and logarithmic strains
are similar to the nominal representation (E ~ & ~ €). Furthermore it can be
shown that the available decompositions for the logarithmic strains apply in a
similar manner also for infinitesimal strains.

With the abbreviation for the total time derivative (*) := d(-)/dz, the rate form
of the deformation gradient can be introduced by the gradient of the material
velocity field

. dF
F(X,t)=E=VX§o(X,t)=VXv (X,1). (2.17)
The spatial counterpart is defined analogously as
1(x,1) =V (x,0) = FF ' =d (x,0) +w (x,1), (2.18)

where d (x,1) = % (l + lT) and w (x,1) = % (l - lT) with the symmetric part

d = d' as the rate of deformation tensor and the skew part w = —w7T as

the rate of rotation tensor. The independence of the right CAucHY-GREEN

13



2 Fundamentals and state of the art

deformation tensor (cf. Eq. 2.9;) from rotational components becomes visible
also in its rate form through

C=F'F+FF=2F"dF. (2.19)

The same applies therefore for the GREEN-LAGRANGE strain measure (cf.
Eq. 2.12)

E=F'dF, (2.20)

using the standard pull-back operation of d in both cases. Inversion of the rela-
tion yield the definition of the standard push-forward operation, transforming
entities from the spatial to the material configuration.

2.1.2 Concept of stresses

Starting from the traction vector ¢ on the surface 08; of the body B; in spatial
configuration, the application of the theorem of CAucHY such that

t=on (2.21)

and using the definition of an infinitesimal surface traction force ¢da yields the
CaucHY stress tensor . Analogously, the introduction of the first ProLa-
K1rcHHOFF stress tensor P enables the formulation of the current stress state
corresponding to the infinitesimal surface dA of the body By of the reference
configuration. Applying material cuts in accordance to the EULER principle,
every cut volume can be seen as a body 5B, and hence the stress tensor o can
be defined in any material point x € By as depicted in Fig. 2.3.

Equation 2.22 summarizes frequently used stress measures in literature.

o CAucHY stress tensor

7 =Jo KIRCHHOFF stress tensor
S (2.22)
P =JF "o First ProLA-KIRCHHOFF stress tensor

S=JF'oF" Second ProLa-KIRCHHOFF stress tensor

14



2.1 Fundamentals of continuum mechanics

Figure 2.3: Material T' and spatial traction vectors ¢ of continuum body in the cutting plane. &
denotes the displacement boundary conditions of By, and B, respectively.

By performing standard push-forward and pull-back operations the description
of stresses in the referring configuration can again be changed. The same
applies for the strain measures accordingly.

2.1.3 Physical balance principles

In this section a short overview over the necessary balancing equations is
given. For a more detailed review the reader is referred to the extensive works
of HorLzapPrEL [169], TRUESDELL [388], TRUESDELL & NoLL [389],
EriNGEN [106], DoYLE & ErickseEN [100], GREEN & Apkins [130],
and others. The subsequent equations must be satisfied at all material points
within the volume at all times. For the modeling activities throughout this
work, the overview here is restricted to a purely mechanical context. Four basic
groups of equations regarding a spatial subregion Ps C B, (P, C By, for the
material framework) can be identified.

1. Conservation of mass: Neglecting transport into a subregion s and
production within P, the now constant mass can be described by a single
scalar value by

d
—m=0 with m= I dm = J pdv = J podV (2.23)
dr Ps Ps Pm

in terms of the current density p and the reference density pg = Jp.
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2. Balance of linear and angular momentum: The balance of linear

momentum postulates the equality of the temporal change of the linear
momentum I of B, and external force Fex;

d
El = Fex, (2.24)

with the definitions of the linear momentum
1= I xdm = I pvdy (2.25)
Ps Ps

and the resulting external force

Fo = J pbdv +J tda (2.26)
P aPs

with b as a prescribed acceleration field. The surface integral can be
rewritten as volume integration, applying the Gauss divergence theorem

J- tda = J onda = J Vi - ody. (2.27)
P 8Ps P

Localization theorem finally yields the strong form of the balance of
linear momentum

pv =Vy -0+ pb. (2.28)

In a similar manner the balance of angular momentum can be formulated.
It states the equilibrium of the temporal change of the angular momentum
D° with respect to an arbitrary point (usually the origin O of a fixed

coordinate system) and externally applied torque M (e)xt

d
aDO =M, (2.29)
with
DO = J x X xdm = J x X pvdv (2.30)
Ps Ps
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being the angular moment. The sum of the applied moments resulting
from the body forces pb and the surface tractions ¢ yield the torque

M2, =J x><pbdv+J x X tda. (2.31)
Ps OPs

Without showing the derivations, a direct conclusion is the symmetry of

the stresses o = o°T.

. First law of thermodynamics - Balance of energy: The first law of
thermodynamics describes the equality of the change of total energy
Eior Of a distinct subregion P and the sum of external mechanical and
thermal power (Pexr and Qext)

d
aalot = Pext + Qext- (232)

With regard to the context of purely mechanical problems, the specific
definition of the thermal power is neglected at this point and Q. vanishes.
The mechanical power can be defined in spatial configuration by

Pext = J pb-vdv+ J t-vda. (2.33)
PS HPg

The time derivative of the total energy being &, = K + U, consists of
the kinetic contribution

. d 1 d 1
K=— —X-xdm=— —pv-vd 2.34
dtLos 2x X dm dtjps 2pv vdy (2.34)

and a part regarding internal energy storage mechanisms

. d
= — 2.
Uu P L)S pudv, (2.35)

based on the specific internal energy density per unit volume u. From
Eq. 2.32 the balance of kinetic energy can be derived

K =Poi —S (2.36)
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where S describes the stress power evaluated in the current configuration
S=J o ddv. (2.37)
Ps

Hereby, d denotes the strain rate tensor. Alternative notations in a
material configuration reads

S=I WindV  with wiyw=Jo:d=P:F=S:E (2.38)
Pm

giving the rate of internal mechanical work per unit reference volume
and defining work conjugated pairs. The balance of kinetic energy yields
directly the formulation for the balance of internal energy,

d
TU=S (2.39)

and the according local strong form in the spatial configuration can be
stated as

pu=0:d. (2.40)

. Second Law of thermodynamics - Entropy inequality Principle:

When a material returns in its initial state upon unloading then it behaves
reversibly. However, energy is usually dissipated in some kind, e.g.
through plastic or damage evolution. In order to quantify the extend of
this energy transfer, the state variable of entropy G() is introduced. It
is considered as a measure for the orderliness of an investigated system.
In general, the entropy inequality condition states a positive entropy
production at all times

I'(r) = %g(z) -Q=0 2.41)
with

I'= I pydv and G = J pndv, (2.42)
Ps Ps



2.2 Multiscale modeling of fiber composites

where v is the local entropy production per unit mass and n the local
entropy per unit mass. Q is the rate of entropy input in the system and is
governed by non-mechanical entities and therefore neglected here. The
above relation in Eq. 2.41 is called the second law of thermodynamics,
defining the direction of energy flow and ensuring the irreversibility
of thermodynamic processes. Coming back to the example mentioned
above, reversible processes are characterized by I'(¢) = 0, but are handled
as an idealized special case. The mechanical dissipation per unit volume
is introduced as

D=v60>0. (2.43)

Neglecting convective contributions, the CLAUs1US-PLANK inequality
for internal dissipation is identified as

pDini =0 :d—p¥ >0, (2.44)

with the HELmMHOLTZ free energy ¥ = u — 6n where 6 denotes the
absolute temperature.

2.2 Multiscale modeling of fiber composites

Figure 1.1 shows the different levels of micro-structures in an organo sheet.
The qualitative and quantitative mechanical behavior on the macroscopic scale
of organo sheets are a direct consequence of the behavior of materials on the
subordinate scales, their microscopical setup, and corresponding interactions.
In many cases during the design process it is not necessary to know the exact
stress and strain states within the microstructure, but it is sufficient to describe
the overall behavior of the material adequately by means of macroscopic and
effective substitute models. The mapping of microscopic effects onto a macro-
scopic description is commonly referred to as homogenization. This contrasts
with the procedure of localization where distinct macroscopic measures are
distributed onto the microstructures (cf. SUQUET [367]).

19



2 Fundamentals and state of the art

2.2.1 Scale bridging techniques

Multiscale models and modeling of the micro- or meso structures are popular
approaches in order to assess the elastic and inelastic behavior of a material.
General methods are well described in Fisu [113] and SpauN [360] among
others. The relation between a mesoscale and a microscale is described by
multiscale models, using homogenization laws. At the microscale, constitutive
models are implemented and the resulting stress and strain fields are transferred
to the upper scale via transformation field tensors (cf. CHacBocCHE et al. [67],
Fisu & Yu [114], Fisu etal. [116], and Voviapiis & DeLikTAS [407]) or
by solving a numerical problem (e.g. finite element problem, cf. CAr etal. [50]
and OLLER et al. [301]). In order to minimize computational effort, a certain
degree of periodicity in microstructures is assumed. Throughout this work
the microstructures of the material under consideration is taken into account
by representative volume elements (RVE). Only a few decades ago, such a
computational approach was not directly accessible due to the absence of suffi-
ciently performant computers. Therefore, starting in the framework of linear
elasticity, a number of analytical or semi-analytical approximation schemes
based on RVEs and mean-field homogenization were developed early on, pro-
viding efficient algorithms to estimate the overall stiffness and other properties.
Key models are the self-consistent-method by HiLL [160] and HirLr [161], its
extension towards the Halpin-Tsai equations (cf. HALPIN & CARDOS [146])
or procedures based on the Eshelby method by EsHELBY [107-109], such as
the Mori-Tanaka method introduced by Mor1 & Tanaka [280] and many
others. For a more extensive review of existing homogenization schemes, the
interested reader is referred to the works of TUckER & Liang [394] and
KLusEMANN & SVENDSEN [194].

2.2.1.1 Average stress and strain

Carefully note, that the given models yield reasonable results only in defined
limits of volume fractions of the single phase o and furthermore special
attention has to be given on the symmetry properties of resulting stiffness or
compliance tensors for the case of elastic properties (cf. BENVENISTE [31],
BeENVENISTE et al. [32]). The main goal and strategy of this modeling type
is to substitute and approximate a heterogeneous material by a homogenized
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2.2 Multiscale modeling of fiber composites

equivalent. As a main assumption, statistical heterogeneity is stated, i.e. the
homogenized material has the same (or at least comparable) overall properties
as the heterogeneous material. To this end, the following equation is fulfilled

7 (X)=C(X):&(X) (2.45)
defining C (X) as the homogenized macroscopic (effective) stiffness tensor and

6'(X)=%L; o (X)dV and .§=%J8 e(X)dv. (2.46)

X is the position vector of a macroscopic point within the material. Note
that () = ((+)) indicates the ensemble average and therefore a homogenized
macroscopic entity and X € By, denotes the position vector of any available
material point in the representative averaging volume V on the microscopic
scale. Figure 2.4 depicts the relation between macro and micro scale. For

Bm

[ ag m

e N
2 B,,
€1
€370

Figure 2.4: Relation between macro and micro scale. The material behavior of a macroscopic
material point at a distinct position X € By, is defined by its microstructure. Single phases are not
distinguishable on macroscopic level. The representative averaging volume B, consists locally
of different phases @ = a (X), where @y, corresponds to matrix material and af represents the
fibrous inclusions. Material points within the microstructure are denoted by X .

improved clarity, X and X are not noted from now on. Formulating Eq. 2.46 in
words, ¢ is defined as the volume average stress of the point-wise stress o over
the volume V. V has to be chosen big enough in order to guarantee statistical
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homogeneity of the results. Assuming a two-phase composite, consisting of
matrix and fibers, V can be decomposed by phase differentiation according to

V=Vn+V, (2.47)
which leads further to the decomposition
O =VnO, +veos and & =vy,&y + Vi&s (2.48)

with v,=V,/V being the volume fractions for fibers (a=f) and matrix (a=m),
respectively.

Analogously, acgording to HiLr [159] and HasHin [154], the homogenized
stiffness tensor C can be calculated through the potential energy formulation

8:C: & (2.49)

2.2.1.2 Energy-based boundaries of elastic properties

The potential energy defined in Eq. 2.49 gives rise to the introduction of two
classical and rigorous bounds of elastic properties, the Vo1t and REUSss
bounds (cf. Hirvr [158]). For the first it is assumed that all phases « see the
exact same uniform strain, £°. Applying the principle of minimum energy, the
following inequality is found

1

U<U" = —
2V )y

1
g :C:&8"dV=—g": dv : &%, 2.50
g:C:¢ 2V8 JV C & ( )

where U is the true energy and U* the approximated one. Comparing coeffi-
cients with those of Eq. 2.49 yields the estimation for the Vo1t bound of the
elastic stiffness tensor (cf. VoirgT [404] and WiLL1s [418])

C< J CdV = > v,C,q = Cy, (2.51)
Vv a

which describes an upper bound of physically consistent elastic material prop-
erties. The lower bound, described by the REuss bound, is therefore derived
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analogously by assuming uniform stresses 6 * over all phases and approximating
the overall complementary energy

_ 1 _1
o= — . codV, 2.52
U, W, o:C loa ( )

yielding

_ 1 1
U.<U'=— | :C':0'dVv==—a":| C'av:a* 2.53
¢ 2VJV“ 7 w7 IV o @23

and finally
-1

-1
C> I C‘ldv] =[Zva®;}] = Cg. (2.54)
1% [e%

For a more detailed review on the boundary derivation it is referred to the work
of Wu & McCuLrouaH [421]. The above bounds provide stiffness tensors
in the range

Cr < C < Cy. (2.55)

For the case of isotropic phases, an isotropic homogenized stiffness will yield.
Taking into account the geometry of the inclusions, HAsHIN & SHTRIK-
MAN [152,153] proposed a set of narrower bounds.

2.2.1.3 Mori-Tanaka model as an example for analytical homogenization

In what follows, the Mori-Tanaka scheme (cf. Mor1 & Tanaka [280]) is
introduced, that allows a straight forward implementation and respects the
microstructure in more detail. The basis for the derivations below is the
concept of localization, i.e. the mapping of macroscopic states onto the
microstructure. According to HirL [159], this is done by fourth-order strain-
and stress-concentration tensors, A and 1B, such that

g&=A:& and o¢y=B:o. (2.56)
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In general, the overall stiffness tensor can then be rewritten as

C=Cn+ > ve(Cq—Cn): A, (2.57)

An equivalent formulation for the compliance tensor can be formulated using
the stress localization tensor B. Equation 2.57 builds the basis for nearly
all available analytical homogenization schemes, differing in a varying spec-
ification of the localization tensors. The above introduced Voigt and Reuss
bounds of physically meaningful stiffness values are for instance recovered by
defining A = B = I. The fundamental basis of more elaborated models is the
ESHELBY’s equivalent inclusion [107,109], introducing the Eshelby tensor IE.
This theory is assumed to be known at this point, for a detailed derivation it
is referred to the works of MuRraA [282], Tayva et al. [377-380], and TAN-
poN & WENG [373]. Applying the solution of Eshelby, it is possible to find
the stiffness of a composite with ellipsoidal fibers at dilute concentrations. The
resulting localization tensor can be identified as

A Eshelby _ [T+: Sy, : (Cf— Cm)]—l ) (2.58)

Assuming for a dilute composite the average strain being identical to the applied
strain (& = &) yields the strain state in the fibers

& = ABshely . & (2.59)

In contrast, the Mori-Tanaka scheme assumes that each particle of the composite
is subjected to a far-field strain equal to the average strain in the matrix,

&= ABshelbyg (2.60)

The basic equation for the implementation of a two-phase Mori-Tanaka model
reads

AMT — AEshelby [(1 _ Vf) I+ CfAEShe]by]_l , (261)

allowing an explicit computation of the composites stiffness tensors, according

to Eq. 2.57. A very comprehensive explanation of the Mori-Tanaka scheme is
provided by BENVENISTE [31].
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2.2.2 Numerical homogenization

The justification of homogenization of continua is that constitutive equations
for basic constituents and geometrical circumstances on a microscopical scale
are well, or at least better, understood compared to the macro-scale directly.
As described before, analytical homogenization schemes take into account the
geometry and the behavior of the single phases, however making assumptions
regarding their interactions. As a powerful alternative, the methodology of
numerical homogenization is commonly used, directly taking into account the
microstructure and using elaborated constitutive models for the constituents.
In practice, approaches based on representative volume elements (RVE) are
widespread and have attracted increasing scientific attention during the last
years. Respecting some requirements concerning the case-dependent size of
the RVE (cf. Tr1as [387]), these allow the computation of micro-stress and
-strain fields within a complex microstructure enabling for example examination
of micro-crack initiation, evolution and coalescence at distinct positions in the
material in the context of a failure assessment. In literature, the corresponding
numerical methods are often referred to as computational homogenization
methods, and basic works were published by SuQuEeT [367], SANCHEZ-
PaLencra [358], HiLL [159], WiLLis [418], GueEpEs & KikucHI [137],
TeraDpA & KikucHI [382], MATsuUT et al. [255], GHosH et al. [123-125],
Miene & KocH [271], SmiT et al. [357], KouzNETsova etal. [197-199],
GeEersetal.[121,122], MicHEL etal. [263,264], Yuan & FisH [429], justto
name a few. For the special case of fully periodic media, the RVE can be further
reduced to what is called a unit cell (UC), which by continuously repetition
yields the superordinate structure (s. Fig. 2.6b and c as examples for textile
unit cells). Equations 2.45 to 2.49 are also valid in the context of numerical
homogenization without any further restriction but of course in a discrete
way. The choice of correct boundary conditions has a major influence on the
plausibility of the results obtained by computational homogenization. With o
and u being the active stress and displacement fields, the macroscopical work
& : & and the average of the microscopic work (o : &(u)) must be identical,
giving the definition of the macro-homogeneity condition, also known as the
Hill condition

g:&={(0:8&). (2.62)
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SuQUuET [367] called this equation the equality of virtual work between the
micro and macro scales.

Similar to the formulation of localization tensors for single phases in Eq. 2.56,
the computation of microscopic tensor fields based on macroscopic fields is
possible by the introduction of a fourth-order localization tensor that yields

e=P°:& and o=P7:0. (2.63)
Note, that the microscopic tensor field can be reformulated, according to
oc=P%:=1:6+P7:6 with P"=P7 -1, (2.64)

identifying a constant part & and a fluctuating part & = P : &. The latter
represent residual stresses with vanishing average (6°) = 0. The same applies
for the micro-field of the strain,

e=P°:8=1:8+P°:& with P=P°-1, (2.65)

and (&) = 0. Inserting the decomposition of the tensor fields in constant and
fluctuating terms in Hill’s condition and some simplification steps yield the
reduced form

Tg:E=0:8+(0:8) (2.66)

which is only fulfilled in the case that the last summand is equal to zero. This
condition allows the formulation of three kinds of boundary conditions, valid
on 0By,

1. The approach of anti-periodic stress boundary conditions

(X, X)n(X)=d(X)n(X) (2.67)

2. Assumption of linear displacement field

u(X,X)=8(X)X (2.68)
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3. A coupled formulation of the above mentioned solution for the anti-
periodic stresses from Eq. 2.67 and

u(X)=¢2(X)X+i(X), (2.69)
in terms of the periodic function #.

Throughout this work, these periodic boundary conditions (PBC), were chosen
and implemented for the numerical simulation of the representative microstruc-
tures (cf. Chapter 5). For RVEs or UCs with rectangular cuboidal shape, the set
of equations that allow the application for a 3D representative volume element
are provided by BARBERO [25,26]. MELRO [260] states a reduced set of
equations needed for the simulation of one-layer woven structures, where only
in-plane periodicity is assumed. Both sets of equations are introduced into the
simulation as node-wise kinematic constraints for the opposing nodes on the
boundaries in the form of additional equations.

2.3 Failure of weave reinforced structures

The microstructure of woven fabric reinforced composites is the decisive factor
when it comes to the derivation of macroscopic mechanical properties such
as stiffness and strength. Especially, effects related to damage progression
depend on the local geometrical topology on the micro- and mesoscopic level
of the composite. The following section gives a short introduction on the
geometrical topology and the technical terminology for the description of
woven composites. A summarizing glossary of important terms for textile
applications can be found in PAsTorE [309]. An extent description of the
variety of fiber reinforced composites as well as the corresponding processing
techniques can be found in HENNING [156], NEITZEL [295], LOoNG [239]
and TeExn HompeL [381]. Furthermore, a general description of relevant
damage evolution in unidirectional and woven composites is addressed.

2.3.1 Topology of woven fiber-reinforced plastics

The general definition of textile reinforced composites states that these fiber
reinforced composites are characterized by more than one preferred direction.
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On constituent level, fibers (or filaments) and a matrix system define the be-
havior of the composite. The fibers, as the basic unit of the textile material,
are converted into laminated tapes, yarns or direct formed fabrics (cf. Bog-
paNovic & PasTore [38]). For the present case special attention is given on
the yarn, since they can be used to set up a variety of fabric structures. Either
carbon, glass, ceramic or polymeric fibers are used within the assembly of the
yarn, which can then directly be processed into the chosen fabric structure.
The terminologies of yarns, rovings and tows are used in an equivalent manner
throughout the present work. Regarding unidirectional or multi-directional
layups, several enhancements can be provided by combining interwoven tows.
Hereby, each tow consists of several thousand (ideally parallel) fibers. For
example, depending on the exact microstructure, a reduction of the tendency
of delamination during loading and a better handling during processing are
obtained. On the microscopic level woven and more advanced textile com-
posites, such as three-dimensional woven, braided, knitted or stitched textiles,
exhibit highly complex reinforcement geometries. By varying the assembling
pattern, a vast number of possible spatial arrangements of the curved yarns
can be achieved. To this end, the designer is able to tailor the material for a
specific requirement, apart from the choice of material systems. Usually, these
kinds of composites are manufactured on modern textile machinery. In an
industrial environment, fabrics with a high width to thickness ratio are named
two-dimensional fabrics. These fabrics are usually defined by a thickness that
is smaller than three yarn diameters, but widths of the order of magnitude
of meters. This definition allows the distinction of three-dimensional fabrics
with a much greater inherent thickness ratio. According to the material in-
vestigated in this work, the focus of this introduction lies on woven textile
composites. Bogpanovic & PasTorEe [38] give a historical summary of
the development of textile composites and more details on three-dimensional
textile composites. CLARKE & MoRALES [74] and Ko & PasToRrE [196]
provide a comparative study of fabrics for composites. Figure 2.5 shows three
different types of fabric composites where the differences in the complexity of
reinforcement orientation is visible. A plain weave (Fig. 2.5a), as an example
for a woven textile is produced by initially orthogonal or triaxial interlacing
of yarns. Figure 2.5b shows a braided fabric which is set up by the intertwin-
ing of three or more strands of yarns. Finally, Fig. 2.5¢ represents a knitted
fiber architecture. It is formed by the interlooping of yarns along the vertical
direction and is therefore identified as a warp knit. In an analogous manner
weft knitted fabrics can be manufactured where the interloop runs horizontally.

28



2.3 Failure of weave reinforced structures

H y
a b y c (course)

Figure 2.5: Three exemplary types of typical fabric composites: (a) Plain weave, (b) triaxially
braided fabric, and (c) warp knitted fabric. Images were taken from GoMmMERs et al. [127].

In industry, woven fabrics are used most frequently. The most widely used
examples regarding such structures are plain, twill and satin (n-harness weaves)
patterns as depicted in Fig. 2.6. Here, the woven structures are set up by two

an bm c-

Figure 2.6: Three types of typical two-dimensional weave patterns in schematic form: (a) Plain
weave, (b) Twill weave, and (c) 5-harness satin weave. Weave patterns were created using the
software TExGEN [350].

tows (weft and warp yarns) that are assumed to be identical in their mechanical
properties. However, the way of spatial arrangement differs for each type which
causes differences in the weaves appearance as well as the mechanical behavior.
Looking at the patterns in more detail, either inclined or straight passages
can be considered. Regarding plain weaves, all yarns are inclined over their
complete length, since they are floating constantly from bottom to top and vice
versa. In contrast, yarns in satin weaves show longer linear in-plane segments
before they float to the opposite side of the weave. Hereby, the length of the
linear parts passing over or under other yarns is dependent on n. Depending on
the number and size of linear parts, handling, manufacturing, and mechanics
related properties are effected. The area where yarns change sides within the
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weave is of special interest and is labeled as crimp areas (cf. Fig. 2.7). The geo-
metric characteristics of the crimp areas influence the extent of the out-of-plane
fiber orientation, the volume fraction, the thickness, and therefore the overall
mechanical performance of the textile composite. The dimensions within the

C

Figure 2.7: Side view cut of (a) a plain weave, (b) a 2x2 twill weave, and (c) a 5-harness satin
weave as shown in Fig. 2.6. The crimp area, where the yarn floats from top to bottom side of the
textile is clearly visible. The side views were created using the software TExGEN [350].

created textile composite are of particular interest regarding the mechanical
behavior. Due to the loose connection of single filaments within a dry yarn,
the individual fibers can move to a great extent against each other. While under
longitudinal tension they tend towards a circular cross-section minimizing both
cross-sectional lengths and longitudinal curvature, transverse compressive load
as applied during the thermoplastic processing leads to a narrow lenticular or
elliptical shape of the cross-sections (cf. Bogpanovic & PasToRrE [38],
TanG & WHitcomB [375], Zuou & Yana [433], Xu etal. [426]). Hereby
the minor axis is oriented along the direction of applied pressure. For the later
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Figure 2.8: Schematic display of a one-layer twill weave showing relevant dimensions. The
corresponding descriptions are given in Table 2.1.

modeling of the mesoscopic level of the woven composite in a geometrical
model it is imperative to respect the dimensions of the real specimen in order to
obtain sufficiently accurate results (cf. Lomov etal. [231], GREEN etal. [132]).
As shown in Fig. 2.8, the essential dimensions of an idealized one-layer twill
weave are the tow wavelength (1), weave height including the matrix domain
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(h), tow width (p), tow heights (z,, and #) and the gaps between neighboring
tows (g; and g»). Furthermore, weaves are usually described by parameters
that describe the volume ratios of fiber and matrix rich areas and are applicable
in different ways. v describes the volume fraction of tows in the weave. «
represents the fiber volume fraction in the single tow. With this the the total
fiber volume fraction in the weave (vgy) can be calculated according to

Viw = KViow- (2.70)
The relevant dimensions are summarized in Table 2.1. Beside the topology of

Table 2.1: Parameters used to define the dimensions within a one-layer twill weave.

Type Dimension  Description

A Tow wavelength

h Weave mat thickness

p Tow width

W Tow thickness (warp)

£ Tow thickness (weft)

g1 Distance of gap between
neighboring yarns

2 Distance of gap between
yarns in crimp area

Viow Tow volume fraction
Fiber volume fraction in
the tow

Viw Fiber volume fraction in
the weave

Geometry

Volume
fractions

single weave layers, stacking plays a significant role when it comes to the me-
chanical properties of the synthesis of the composite. During the manufacturing
process the impregnated layers undergo high pressures in thickness direction,
yielding deformed yarn shapes and paths. Measurable local variations of the
section and fiber volume fractions are the result (cf. OLAVE etal. [300], KARA-
HAN et al. [188]). Furthermore, random shifts and nesting between the layers
occur, which favor the formation of complex contact regions between the yarns
(cf. OLaveE etal. [300], CueN et al. [70], Lomov et al. [238]). The relative
position of yarns within the stack and the degree of nesting has a pronounced
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influence on the local stress and strain distributions, and thus, on damage
initiation and propagation (cf. DaAccumari et al. [85], LE PacGe et al. [212],
Joun etal. [181] and DoiTrRAND et al. [99]).

2.3.2 Failure behavior of unidirectional fiber composites

For the successful modeling of damage propagation in woven fabric reinforced
composites a sound understanding and description of the related physical
phenomena in the microstructure of different scales and hierarchical levels
is mandatory. In the previous sections it has been mentioned that woven
composites consist of interwoven yarns which by themselves can be described
as subcomposites again. The damage phenomena observed in textile composites
consist partly but not exclusively of processes occurring in the curved but ideally
unidirectional reinforced yarns. In the following, an overview of the physical
failure patterns occurring in unidirectional is given.

The correct description of damage progression in continuous fiber reinforced
plastic composites is an ongoing topic of research. For the design of parts of
such materials Puck [319] provides an established methodology investigating
the structure in a layer-wise manner. Therefore it is necessary to understand and
describe the micro and macro processes occurring within the layer. Due to the
material symmetry of unidirectional composites, Puck introduces two types of
macroscopic failure occurring between the fibers (inter-fiber failure) as a matrix
dominated failure mode as well as an ultimate fiber failure. Both failure types
can be subdivided again, taking into account the sign of the corresponding stress
state, resulting in four distinct failure modes (modes I-1V). Additionally, Puck
describes delamination as an inter-laminar failure mechanism, i.e. a separation
between two adjacent layers. The evolution of damage depends on the local
strain states during loading. Failure in fiber composites is the final result of a
combination of very complex damage processes that occur on different length
scales within the material. Each failure mode can be seen as a distinct state in
the history of its damage progression, where a specified combination of stress
components on a designated possible fracture plane (action plane) reaches a
maximum, allowing the formulation of a set of failure criteria for the different
failure modes. The action plane is identified as the plane with the highest risk
of failure depending on the active stress state (cf. Puck [319]). The stresses
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on an arbitrary action plane, inclined by an angle © around the fiber axis (x;),
are depicted in Fig. 2.9.

Figure 2.9: Definition of stresses on an arbitrary action plane. {x, x, x3} correspond to the
coordinate system of the lamina with the corresponding stresses {o, 02, 03, T12, 713, T23 }-
The action plane is inclined by the angle @ around the fiber axis (xj). The normal stresses
{01, on, 0} as well as shear stresses {71, 71, Tns } can be identified. Image was taken from
Puck [319].

2.3.2.1 Fiber fracture

The fibers are the actual load-bearing elements, which should be utilized to
the limit of strength before other structures are destroyed. Tensile fiber failure
(FF7), is thus the only desired type of failure. Due to their high strength, the
fibers are able to withstand very high longitudinal stresses in the composite. In
the transverse direction, the strength of the fibers is virtually never achieved,
since the yield of the matrix is smaller by several orders of magnitude. In
other words, the transverse fracture behavior is not (primarily) influenced by
the fibers themselves. In this sense, fiber failure does not mean the breakage of
individual fibers, but rather the breaking of a large number of fibers or entire
fiber bundles. The load-bearing capacity of the laminate is greatly reduced
over a large width. However, while the term fiber breakage appears to be
justified in the case of tensile stress (mode I), where a "breaking" or "tearing"
of the fibers actually occurs, the damage caused by compressive stress (mode
1I) does not necessarily correspond to this term. Here the degradation of the
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fiber bearing capacity is caused by a lack of elastic support by the surrounding
matrix material, which can be seen through a buckling motion (microbuckling,
internal buckling, kinking) (cf. Fig. 2.10a). Several of such areas can grow

Figure 2.10: (a) Representation of the kinking as a precursor to fiber fracture under compression
and (b) Compressive fiber fracture in a unidirectional laminate, images taken from Puck [319].

and merge, yielding finally a compression fracture (cf. Fig. 2.10b). Stochastic
effects play a major role in fiber breakage. It can be observed that at about
70-80% of the maximum achievable failure load, the first fractures of both
single fibers and fiber bundles occur (cf. Puck [319]). When fracture occurs,
the material cohesion of matrix and fiber is almost completely degenerated due
to high energy releases. This leaves a strongly disjointed, brush-like fracture
pattern. Degradation models that leave the bond with a residual stiffness or
strength across the grain after fiber failure are considered unrealistic according
to Puck [319]. Fiber breakage affects not only the layer in which it was
initially formed. It often has a devastating effect on the neighboring layers. In
this way, it is possible to trigger the delamination processes in layers that are
already on the edge of fiber breakage more easily. This renders failure detection
a difficult task and the resolution of damage progression during the breaking
process becomes almost impossible.
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2.3.2.2 Inter-fiber fracture

In the case of transverse loading, the stresses acting perpendicular to the fibers
are transmitted through both matrix and reinforcements. Inter-fiber fracture
(IFF) describes the crack opening taking place in the plane perpendicular to
the fibers. Regarding the damage effects, the cracks grow in the matrix-rich
areas, while the initiation occurs mostly in the boundary layer of fiber and
matrix (interface). Depending on the sign of the normal stresses in the action
plane, different forms of inter-fiber failure occur.

Normal tensional load on the action plane (o, >0)

This failure mode (mode III) is caused by a transverse tensile stress o7 and/or
transverse shear stress 7y,/1;. The resulting damage patterns are cracks in

a b

Figure 2.11: Mode III crack under horizontal tensional loading. a) Initial cracking and
debonding of the fiber/matrix interface and b) coalescence into micro-cracks, image taken from
Praubp etal. [317].

thickness direction, i.e. on the active plane of the damaging stresses, as shown
in Fig. 2.11. The load was applied in horizontal direction. It is observed
that the crack opens further the higher the corresponding load o} becomes
compared to the shear loads 71,/1;. The cracking observed after the appearance
of the first inter-fiber fracture expresses itself through intensive noise emission
(cf. DEUuscHLE [90]). The weakening of the material, due to the affected
layer being free of force in the cracked areas and only gradually carrying the
load again, is noticeable externally as a reduced overall stiffness of the layer.
The stiffness will gradually decrease further with increasing crack density.
This behavior is used for modeling the post-damage behavior (post-failure-
degradation). While the matrix material is heavily stressed under such loads,

35



2 Fundamentals and state of the art

the fibers integrity is hardly affected by inter-fiber fracture, which can be shown
by constant longitudinal stiffness and strength as shown by DEuscHLE [90] and
Puck [319]. The damage processes in the matrix during loading, causing inter-
fiber fracture at its end are depicted in Fig. 2.12. Starting from reaching about

~ starting inter-fibre saturated
micro-damages fracture (IFF) crack density

unloaded
limit of application

growing

& : growing macroscopic
% : micro-damages

crack density

increasingly loaded ’

Figure 2.12: Schematic representation of the progressing damage based on increasing o~} transver-
sal tensional load, image taken and modified from DeuscHLE [90].

50% of the ultimate load, which causes pure inter-fiber fracture, one can observe
beginning micro-damage in the material (cf. Fig. 2.12b, DEuscHLE [90]).
From this threshold, existing micro defects - microscopic cracks in the matrix -
begin to grow and new ones are included in the matrix. This effect explains the
loss of stiffness, which leads to non-linearities in the stress-strain curve before
the ultimate failure exhibiting an anisotropic character. The increase in the
number and growth of defects depends on the type of loading. Hereby, strains
perpendicular to the fiber (out-of-plane) produce and promote more and faster
growing defects than in-plane strains (cf. DEuscHLE [90]). If the load on the
layer becomes too high, the micro cracks coalesce and macroscopic, visible
cracks are formed. If, under certain circumstances, only a single layer had
been considered, it would lose its complete load-bearing capacity at this point,
since a material separation would occur. However, Puck’s theory considers
the single layer as a compound. Although the destroyed layer can no longer
carry an immediate load, it still contributes to the load-bearing capacity of
the entire system by redistributing the load into the neighboring layers. As a
result, further load can be applied until other cracks occur. This process will be
repeated until a layer saturated with cracks is present. The description of the
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loss of stiffness due to such crack growth is the subject of post-failure modeling
(post failure degradation).

Normal compressional load on the action plane (o, >0)

The defining characteristic of this type of failure (mode IV) is that the resulting
cracks do not proceed in the thickness direction, i.e. the common plane of
action of the stresses 0» and 7, but in an inclined fracture plane around the
fiber axis by an angle @ . The fracture angle ® depends on the ratio 0» /7>, and
lies in arange of ©® € [-90°, +90°]. At mode III and at the transition from mode
III to IV the angle takes the value of @ = 0°. It increases with growing ratio
until it assumes the approximate value of ® ~ +£53° at pure compressive stress
depending on the chosen fiber/matrix composite and fiber volume fraction. In
the fracture plane, now not only an overlay of o7, - and 7y,,1,-stresses, but an
additional cross/transverse stress 7,, iS active. An important characteristic
that distinguishes the intermediate fiber fractures by pressure from those under
tension is the fact that the former can no longer be described as harmless.
The wedge effect, caused by the oblique breakage in the laminate, causes an
explosive force acting in the direction of thickness, resulting in sudden and
devastating failure (cf. Fig. 2.13). The resulting fracture angle cannot be

Figure 2.13: Mode IV failure, transverse compression yields an inclined fracture plane (@)
accompanied by high out-of-plane forces due to the wedge effect, image taken from Puck [319].

specified a priori for the modes III and IV, but must be calculated. In general,
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the different fracture modes can only be characterized in the general case by
the stress combinations acting on the fracture plane (cf. Puck [319]).

2.3.2.3 Delamination

The interfaces of single laminae are distinct weak points due to the absence of
reinforcements. Delamination is defined as a separation of laminae possible
through the application of out-of-plane normal stresses or in-plane shear stresses.
These phenomena are caused by o5, 735, and 731 in a general 3D stress state,
so-called inter-laminar stresses. Extensive delamination occurs mostly, if a
crack, caused by inter-fiber damage, reaches the laminate interface. Such
cracks enhance the formation of delamination due to the concentrated, but
inhomogeneous stress states in the crack tip area (cf. DEuscHLE [90] and
Puck [319]). It is observed that layer separations grow with increasing
monotonous load as well as with cyclic load of constant amplitude. The
extreme case is the complete detachment of whole unidirectional layers, as
described in ScHREIBER [347]. However, delamination is a form of failure
occurring in the laminate and not in the lamina and is therefore not respected
in the homogenized description of unidirectional composites.

2.3.3 Failure behavior of woven fiber composites

Interwoven composites (especially more advanced textile composites, e.g. 3D
woven, braided, knitted, stitched) show improved impact resistance and damage
tolerance in comparison to traditional laminates (cf. BopaNovic & Pa-
sToRE [38]). They are able to withstand a higher number of matrix cracks
and fiber debondings before reaching ultimate failure. In the case of three-
dimensional fiber scaffolds, the material does not contain predefined delamina-
tion paths due to the absence of planar interfaces. The undulation of the fiber
tows yields a rather random distribution of crack orientations within the tow.
Thus, there are typically no obvious and clear weak directions. Therefore, the
formation of extensive crack propagation which would lead to direct ultimate
failure of the structural part is prevented. The internal micro- and mesoscopic
topology is hereby the key factor when it comes to damage progression in
textile composites.
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To this end, the biggest difficulty regarding the understanding of such compos-
ites is that the damage processes have to be considered on different scales and
hierarchical levels. This circumstance makes the analysis more complicated
than it is the case for classical unidirectional laminates. Furthermore, chang-
ing the weave architecture has a significant effect on the appearing damage
modes within the composite but even specimens that belong to the same ar-
chitecture showed varying damage features (cf. Joun et al. [181]). Finally,
the in-plane properties of multilayer woven composites are affected by the
misalignment of the fibers, resin rich areas due to the weave design, pre-
damage in the fiber tows due to the weaving process (cf. FARLEY et al. [112],
Ding etal. [97], ARENDTS etal. [9], NormAN [298], ByuN & CHou [45],
Guess et al. [138]) or pre-damage induced by composite processing, e.g. due
to thermal or cure stresses (cf. Lomov et al. [237]). All these influences on
the mechanical performance of a certain material system in combination with a
chosen weave architecture necessitate the detailed examination of the damage
processes for each textile composite. Looking at existing works dealing with the
description of failure in woven fiber composites, it is immediately noticeable,
that compared to their laminated unidirectional counterparts much less general
literature is available. Publications concentrate on certain weave architectures
or material systems as a consequence of the above mentioned reasons.

Important similarities can be found in the methodology of the monitoring and
characterization of damage during (online) and after (post-mortem) testing.
Lowmov et al. [237] proposes the usage of a variety of analytical techniques
in order to systematically study failure phenomena during tensile deformation,
consisting of

1. Online acoustic emission (AE)
2. Online full-field strain mapping (SM)
3. X-ray/CT and ultrasonic C-scan examination (online and post-mortem)

4. Cross-sectioning and optical microscopy (post-mortem).

The several steps of this sequence complement each other in an upward direction
in order to identify both locus and mode of occurring failure. Acoustic
emission analysis as defined by WEVERS & SURGEON [410] detects transient
stress waves propagating in a material as a result of fast release of strain
energy. It is a widely used method, to gain information about the damage
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processes, its mode, and location in the specimen without interrupting the
test. The damage thresholds can be identified by analyzing the curves of
cumulative energy, as described in TRuonG et al. [391], Lomov et al. [234,
237], DacgumarTr et al. [84], and CArRVELLI et al. [57]. This technique
becomes interesting when combined with the cluster analysis of AE events
as performed by Lomov et al. [231], JounN et al. [181], EL HaGE [105],
BENMEDAKHENE et al. [30] in glass/epoxy and carbon/epoxy two- and three-
dimensional woven composites and by CARVELLT et al. [56] for a thermoplastic
PPS carbon woven composite. Taking into account not only the acoustic energy
thresholds registered by the AE sensors but furthermore other descriptors of
AE events such as the frequency of the emitted signal (cf. GuTkin et al. [140],
SAUsE et al. [342], BAKER et al. [23], MAILLET et al. [243]) allows a
precise identification and distinction of the appearing damage modes after
calibration. The found clusters correspond to damage events originated from
transverse matrix cracks (events with low frequency and low amplitude), local
delaminations (low frequencies and high amplitude), and fiber breakage (high
frequencies). Together with the technique of strain mapping, where strains
on the stress-free surface are measured, the failure locations and types can be
identified in a non-destructive manner, helping to identify characteristic strain
levels for damage onset or change of damage modes. The specimen tensioned up
to a certain critical strain level, identified by the aforementioned techniques, are
then to be examined further by the usage of X-ray and ultrasonic C-scanning
technologies. While X-ray investigations allow the precise presentation of
cracks within the material, C-scan tests, as applied in TRuona CHr etal. [391],
give a rougher picture of damage in the specimen and are hence more suitable
to give an impression of the overall damage extend, periodicity and to observe
more widespread damage patterns, related to the underlying textile architecture
(cf. Lomov et al. [237]). Both techniques can be used while the specimen
is loaded and, in case of a tensional load, the cracks are opened and hence
nicely visible. To enhance visibility, contrast agents are often used in the
case of X-ray analyses. Cross-sectioning the identified locations of the cracks
and their adjacent areas with the help of the recorded X-ray and C-scan data
allows further studying the damage behavior on a microscopic level. In some
cases further investigation of the fiber-matrix interface is needed, which can be
inquired by using a scanning electron microscope (SEM). The proposed suite
of tests presented here result in a complex and time-consuming test preparation
and execution.
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As one of the first authors in recent history, Joun et al. [181] introduce
a systematic "taxonomy" of damage processes in three-dimensional woven
E-Glass vinyl ester composites using an alternative approach to analyze dam-
age processes in woven composites. By investigating the stiffness during
tensile tests in measured stress-strain relationships (cf. Fig. 2.14) and an-
alyzing the step-wise softening behavior of the material, different levels of
damage onset were detected. By using solely post-mortem optical analyses,
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Figure 2.14: Stress-strain relation of a woven composite tested under tensile load in warp direction.
The arrows indicate the identified failure modes by analysis of the secant stiffness and optical
microscopy. Image taken from Joun et al. [181].

the essential failure modes appearing under applied load in weft and warp
yarns could be identified by the authors. They describe the damage pro-
cesses as a complex combination of transverse and longitudinal cracks in the
fiber tows followed by consecutive debonding on the boundaries of the im-
pregnated yarn-matrix and delamination finally yielding to ultimate failure.
Other works confirmed the results with regard to the sequence of damage
processes in both three-dimensional woven carbon/epoxy composites (cf. EL
Hage [105]) and also for two-dimensional woven composites as demonstrated
in the works of TANG & WHIiTCcoMB [375], KurasHIKTI et al. [209], and
UEeTtsuir et al. [397], where the authors used optical analysis techniques for
the detection and investigation of damage. CARVELLI et al. [56] and SuGI-
moTo et al. [364] used acoustic emission for the identification of characteristic
strain levels at which damage initiation of different modes commences. Results
of damage investigations of composites with varying fiber architecture indi-
cate that the same basic mechanisms are responsible for the ultimate damage.
Using the broad spectrum of possible analysis techniques presented above,
Lomov etal. [231], MAasTERS & IFiU [254], and IvaNov et al. [176,178]
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focused on the damage evolution in braided composites, and GREVE & Pick-
ETT [134], EDGREN etal. [103], TRuoNG CH1etal.[390,391], Aspetal.[16],
MaTTsonN et al. [256], MikHALUK et al. [278] studied appearing patterns
in non-crimp fabrics, all of them with the resulting conclusion that the same
sequence of damage event governs the failure behavior of such composites.
CARVELLI et al. [56] proposed the sequence of damage events appearing

 a tm S
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Figure 2.15: Typical sequence of damage events appearing under tensile loading according to
CARVELLI et al. [56]. t: transverse cracking, tm: transverse cracking in resin pockets, /: local
delamination of impregnated yarns, sp: splitting in longitudinal yarns, L: inter-ply delaminations,
f fiber failure in longitudinal yarns. Identification of characteristic strain levels where certain
damage modes are triggered. £1: Onset of 7-cracks, and &;: onset of local delaminations (/) and
the formation of large transverse cracks (tm).

in textile composites under tensional loading in warp direction as depicted
schematically in Fig. 2.15. The initial underlying mechanism that triggers the
damage evolution in woven composites is the local micro debonding of single
fibers of the transverse tow from their surround matrix. Coalescing micro
cracks form larger transverse cracks (¢) as depicted in Fig. 2.16. While initially

Figure 2.16: Transverse cracks (¢) in weft yarns (out-of-plane) after a tensile loading in warp
direction (horizontal). Image taken from Joun et al. [181].

only a few cracks exist in the weft tows, which furthermore do not span the
whole width of the yarn, the number, size, and length increases upon further
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loading, until eventually reaching a state of saturation. The characteristic strain
level g indicates thereby the onset of #-cracks. The experimental characteriza-
tion of the processes occurring by increasing the load further indicate a parallel
development of resulting damage modes. Originating inside the weft yarns,
transverse cracks propagate inside the matrix rich areas between the fiber tows
(tm). Reaching the interface of other, not aligned reinforcement structures, e.g.
longitudinal (warp) yarns or sheared weft yarns, the transverse cracks cause the
appearance of local delaminations (/). The main responsibility for that forma-
tion lies in the active inhomogeneous stress states at the crack tip and especially
the shear components. Figure 2.17 shows local delamination phenomenon due
to t-crack grown out of a weft yarn. Other experimental investigations indicate

Figure 2.17: Starting local delamination (/) initiated by a #-crack. Image taken and modified from
Lowmov etal. [237].

that local delaminations (/) can also appear without being initiated by #-cracks
(cf. Lomov et al. [237] and EL HAGE [105]). The formation of #m- and
I-cracks are identified by AE events happening at a characteristic strain level, &;.
Looking at the warp fiber tows oriented in loading direction, the damage mode
of splitting (sp) can be identified. The initially undulated longitudinal yarns
straighten under tensile load. Especially in the crimp areas this deformation
is suppressed by the adjacent reinforcements and surrounding matrix. Further-
more, being subjected to the Poisson contraction, the transversal deformation
of warp yarns is constrained, yielding internal transverse stresses. For the case
that these stresses exceed the transversal strength, inter-fiber fracture occurs
in the longitudinal yarns. Figure 2.18 shows a view of a micro cut of such a
damage behavior. As local delaminations (/-cracks) grow due to increasing
loading, they eventually coalesce to larger delaminated areas (L-cracks). These
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Figure 2.18: Transversal cracks in the longitudinal yarns (warp), oriented perpendicular to the
image plane here, due to the damage mode splitting (sp) indicated by arrows. Image taken from
Joun etal. [181].

preferably form in the interface between single plies, effecting their separation,
and are therefore often described as an inter-ply failure, depending mainly on
the inter-laminar fracture toughness of the composite. The ultimate failure of
the specimen is defined by fiber failure (f). Lomov et al. [237] state, that fiber
failure starts at locations of delaminations. Experimental observations show
a reduced failure strain in warp direction for textile composites compared to
their non-crimped counterparts. CARVELLI et al. [56] explain this reduction
by the prohibited stress transfer inside the fiber bundles due to the adjacent
micro damage. This effect is intensified by the off-axis orientation of the fiber
bundle due to the undulation.

2.4 Constitutive modeling approaches on
different scales

Increasing attention has been given to composites with textile reinforcement
in the recent years with the purpose to close the gap between "high tech"
unidirectional laminates and "high volume" composites consisting of short-
fibers or particulates (cf. GomMERS et al. [127]). While the idea of multiscale
analysis of woven textile composites is relatively old, there has been some
recent progresses in the modeling of the material behavior on the different
scales. The focus of the following section lies on the review of already existing
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modeling approaches of the thermoplastic constituent (matrix), subcomposites
and macroscopic formulation of impregnated weaves. The structure of this
presentation is based on the intrinsic hierarchy of the woven composite material
at hand.

2.4.1 Plasticity and damage in isotropic matrix material

The last decades have been marked by many developments in the field of
describing elastic and inelastic behavior of a large number of different material
classes, such as metals, ceramics, plastics, natural materials, or tissues, just
to name a few. They cover a wide range of the most diverse applications and
disciplines, such as classical stress analysis, soil mechanics in civil engineering,
deformation analysis during manufacturing, food processing, mining operations
or tissue engineering in biomedical applications (cf. bE Souza NETo [296]).
The following short review of available models is exclusively carried out in
the framework of continuum mechanics. In the context of the presented work,
formulations of viscoplasticity and failure in plastics and plastic composites are
of primary interest. Looking at the performed material tests of the pure matrix
in Section 3.2, those were the predominant phenomenologically observable
effects occurring under monotonous loading.

2.4.1.1 Plasticity

Concerning the inelasticities associated to plasticity in a ductile metal, i.e. the
remaining of permanent deformation upon unloading during a uniaxial tension
test, DE SouzA NETO [296] summarized the visible effects as follows:

1. The domain of stresses, where no permanent (plastic) strain evolution is
occurring and the material response can be assumed to be purely elastic,
is called the elastic domain. In the easiest isotropic case, it can be
characterized by one scalar value, the yield stress.

2. If the applied stress exceeds the yield stress, plastic yielding or plastic
flow, thus the evolution of remaining strains upon unloading, takes place.

3. Simultaneously, a change of the yield stress is observed, which is denoted
as hardening in the following.
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These observations are valid analogously for plastic materials. Additionally,
most of the observable behavior is dependent on the rate of application of
loads and/or the timescale of the problems considered (crash vs. creep or
relaxation). Generally, plastic materials show both viscoelastic and viscoplastic
behavior. The former shall be neglected in the current study since no significant
expression was observed in the experimental results. However, the interested
reader is referred to CHABOCHE [64], LEMATTRE & CHABOCHE [224], or
the textbook of BErRGsTROM [33], among many others for basic works on
this topic. Self-evidently, the respective characteristics of these effects depend
strongly on the material to be considered and the micromechanical processes
occurring in it, depending on the actual rate, time and temperature. Therefore it
is a common approach to investigate the processes on the micro scale, since they
are particularly important for the understanding of the material behavior under
more complex rate/time dependent loading scenarios, including thermal effects,
the influence of hydrostatic pressure or multi-axial loading. To describe the
observed behavior qualitatively and quantitatively (either phenomenologically
or via micromechanical motivations) is the purpose of the mathematical theory
of plasticity using continuum constitutive models (cf. bE Souza NETO [296]).
Hereby, a multitude of modeling possibilities is given in the literature. In an
effort to establish a general model, the basic elements denoted in Box 2.1 have
to be defined by the constitutive plasticity model.

Box 2.1: General formalism for a definition of a constitutive plasticity model.

1. Definition of the kinematic framework and elastoplastic
strain decomposition.

2. Formulation of the ground-state elasticity.

3. Determination of a suitable yield criterion describing
the elastic domain.

4. Construction of the plastic flow rule defining the
evolution of inelastic strains.

5. Definition of a hardening law, characterizing the
evolution of the elastic domain.
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Each of these elements were the topic of research for more than four decades,
and efforts are still ongoing. In Section 2.1.1 the major kinematic frame-
works have been introduced, distinguishing infinitesimal (cf. Eq. 2.16) and
finite deformation (cf. SETH-HILL strain measures, Eq. 2.11). According to
MiEeHE et al. [269], no canonical kinematic framework has been found so far
concerning finite plasticity. At this point, it is referred to NAcuD1 [286] and
X1ao etal. [425] for a discussion and a critical review of available approaches.
Besides hypoelastic rate formulations, which are neglected in this present work,
and the decomposition of strain in the logarithmic framework (cf. Eq. 2.14;),
basically two kinematical approaches to finite plasticity are available: (a)
Multiplicative decomposition of the deformation gradient into the elastic and
inelastic parts F = F¢F' (cf. Eq. 2.7) referred as the Kroner-Lee decomposi-
tion (cf. KRONER [207], LeE [216], and MANDEL [250]). (b) A framework
according to the Green-Naghdi theory (cf. GREEN & NaGuDI [131]) that
introduces the notion of an additional primitive Lagrangean pastic strain E”.
Building on this work, M1EHE [273,274] developed a third framework based
on the evolving reference plastic metric G”. This framework is of particular
interest, since it allows the transfer from a plasticity model initially defined
as a function of logarithmic strains to a finite setting (cf. M1EHE et al. [268],
ParabporourLos & Lu [306,307], MieneE & APEeLT [275]). The elastic
part £° of the Hencky strain & (cf. Eq. 2.13) can be defined by

88=8—%IH(GP)=8—SP. (2.71)

A comparative study was performed by Mi1gHE et al. [268] showing the
closeness of multiplicative approach with the newly designed additive finite
plasticity framework. According to the authors, another advantage is the
easy algorithmic implementation of the proposed setting. The basic constitu-
tive equations for geometrically linear theory of elastoplasticity is presented
for example in HiLr [163], REckLiNG [331], BaAckHAus [21], among
others. A detailed description of the theory and remark on the numerical
implementation, especially in the framework of large deformations, is given by
Simo & HuacHEs [352], and M1EHE [272]. Within these works, the concept
of hyperelasticity, i.e. the free energy function as the starting point for the defi-
nition of constitutive laws for stress is also presented. bE Souza NETO [296]
provides hyperelastic models for both frameworks, including corresponding
comprehensive derivations. Examples for non-isotropic free energy functions
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leading to more complex symmetry classes can be studied in SCHRODER [346].
To some extent interconnected, the remaining elements (3-5) of box 2.1 can be
used to introduce time dependency in terms of viscoplasticity, using different
methods. The following statements apply analogously to both small and large
strain frameworks. In the literature, a vast number of yield criteria is available.
The formulations for the elastic domain according to TREsca [385], von
Misks [405], or the pressure dependent criteria by Mour-CouLoMB, de-
scribed in CHRISTENSEN [73], and DRUCKER-PRAGER [102] are the most
classical examples. Graphical depictions of the yield surface in the stress space
are provided by pE Souza NETO [296].

Focusing on yield behavior of polymers, a serious effort to experimentally
characterize the three-dimensional yielding behavior and cast the observations
in a general mathematical formulation of an elastic domain has been made over
the years. As a result, the data indicates the necessity of pressure dependency
and asymmetry of yield strength under tension and compression loading for a
sensible yield criterion for plastics (cf. RacrAva [328]). Modified von Mises
yield criteria are often used for this purpose, as provided by MELDAHL [258],
ScHLEICHER [345], Stasst D’Avr1a [362], or TscHOEGL [393] among
many others. For a more extensive state-of-art review on available yield criteria,
please refer to ALTENBACH et al. [3]. The borders of the elastic domain are
described in terms of strength values, which can be formulated as functions
of rate/time in order to introduce a viscoplastic formulation, thus directly
influencing the formulation of hardening (cf. pE Souza NETO [296]). A
detailed review on modeling possibilities concerning hardening is neglected at
this point of the work and it is referred to pE Souza NETo [296]. While the
existence of a yield surface is essential for the definition of rate-independent
plasticity models, this is not required for some viscoplasticity models. This
means, that the model yields plastic deformation whenever stress occurs (cf.
LeEmMAITRE & CHABOCHE [223], SKkZzYPEK [356], and others). Examples
for such models are widely used, concerning the analysis of creep (cf. Norton’s
creep model, Lemaitre-Chaboche law, and others). The most intuitive way to
adapt a rate-independent plasticity model towards a viscoplastic formulation is
done via the plastic flow rule. In general, the evolution equation for the plastic
strain in a small strain framework can be written as

&P = yN, (2.72)
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where vy is the plastic multiplier and N denotes the direction of plastic flow.
The latter is described in general by a flow potential W” (non-associative flow
rule). In the case that yield function (®) and the potential for plastic flow
are chosen to be identical, ¥” = ®, a associative (or associated) plasticity
model is defined. Numerically speaking, for time-independent models an
elastic predictor/plastic corrector algorithm is usually applied in order to
find the solution of elastic and plastic strains, as a function of the plastic
multiplier y (cf. DE Souza NETO [296]) in an iterative manner. Viscoplastic
formulations, however, use an explicit function of y, in order to model how the
rate of plastic straining varies with the level of stress. In the literature many
approaches for such a definition are available (cf. PEr1c [311]), such as the
Bingham model (cf. pE Souza NETO [296]) or the Perzyna model provided
by PErRzyNA [313,314]. CHABOCHE [66] provides another extensive review
on plasticity and viscoplasticity models for small strain settings.

As already mentioned, similar developments were undertaken also in the frame-
work of finite strain. In the context of polymeric materials, phenomenological
models date back to the works of Eyring [110]. Although the parameters
of this model have a physical meaning, their physical significance remains
dubious, according to M1EHE et al. [269], BowbpEN [40], and CrisT [80].
Therefore, early on models based on thermally activated inter- and intramolec-
ular mechanism were developed (cf. MArRscHALL & THomPsoN [252],
Hawarp & TuackrAay [155], RipER & HARGREAVEsS [335], ViIN-
ceNT [403], RoBERTSsON [337]). The basis for a multitude of actual models
is the work of ArRGonN [10], who introduced the double-kink model.

With regard to the extension toward a viscoplastic formulation of (mainly
glassy) polymers, many contributions were provided in the last years. Hereby,
the essential foundations were laid by works of Boyce and ARGoN among
others (BoycEe etal. [41], ARRuDA & Bovyck [11], ARRUDA et al. [13],
Hasan & Bovce [150]). Extensions of these models are provided by
Wvu & vAN DER GIESSEN [422-424], TomiTAa & TaNnakA [384], Gov-
AERT et al. [128], ANAND & GURTIN [4], BARDENHAGEN et al. [27],
MieHE et al. [269], and many more. The eight-chain-model by ARr-
RUDA & Boyce [12] and the non-affine microsphere model by M1EHE [267]
are particularly popular in this respect. Most of the named models are for-
mulated in the Kréner-Lee decomposition. The automatic outcome of this
approach is the existence of the hypothetical intermediate plastic configuration
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(see Fig. 2.2). An important assumption for the upcoming developments in
the course of this work, is the suggestion made by Boyce et al. [42], that the
elastic part of the deformation gradient has to be symmetric. A comprehensive
review on available viscoplastic models for polymers and their numerical
implementation is given in BERGSTROM [33].

2.4.1.2 Damage and failure

Failure describes the complete loss of load-carrying capability of the material.
Ahead of the ultimate failure event, progressive internal damage processes
occur in the material, which correspond to the formation of cracks and cavities
at the microscopic level. The theory of Continuum Damage Mechanics (CDM)
as a branch of continuum solid mechanics, formulates constitutive models, in
the best case taking into account these micromechanical effects with the aim of
a reliable life time prediction (cf. Kacuanov [184], KrasC¢iNnovi¢ [204]
and LEMAITRE & CHABOCHE [223]). The phenomena in the material
leading to damage evolution and failure are for most materials essentially dif-
ferent from those characterizing deformation (cf. bpE Souza NEeTO [296]).
A direct consequence thereof is the introduction of state variables that are
connected to damage processes additional to the standard variables for elasto-
plasticity (e.g. (plastic) strain). Thus, the new state variables represent the
density and/or distribution of microscopic effects characterizing directly or
indirectly the damage state within the material (cf. bE Souza NETO [296]).
KacaaNov [184] proposed the first continuum damage model in the litera-
ture, by means of a scalar internal variable in order to model creep damage
for metals under uniaxial loading scenarios. Despite the lack of any physi-
cal meaning of the damage variable, this pioneer work marks the beginning
of a series of many important publications. Early on, RaBorNov [327]
interpreted the physical meaning of a scalar damage variable as the reduc-
tion of the net area of the loaded material due to microcracking as a suitable
measure of internal damage. In the following years and in the context of
creep modeling, processes were made based on these original developments
regarding the generalization towards three-dimensional descriptions of dam-
age (e.g. LEckIE & HAYHURST [213]). MurakaMI & OuNo [285] and
MurakAaMI [284] made noteworthy developments regarding the anisotropic
formulation of damage states, presented therefore by second-order tensors.
CHABOCHE [61-63,65] developed a new phenomenological approach for the
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description of creep-damage evolution based on thermodynamic considerations
and proposed the existence of mechanically equivalent ficticious undamaged
configurations, also known as stress/strain equivalence. This hypothesis is
also used in contexts other than creep (e.g. damage due to monotonous load-
ing). Further developments were provided by LEMAITRE [219, 221, 222]
and GursoN [139] for ductile damage. Anisotropic damage as well as
unilateral damage effects due to the asymmetry of the damage effect during
tensile and compressive load was provided by LEMATTRE et al. [225]. A
discussion of the separation of CDM theories into two categories, microme-
chanical and phenomenological models, is presented in Basista et al. [28].
In their work, Stmo & Ju [353,354] give very comprehensible derivations
of generally anisotropic strain- and stress-based damage models, consistent
with the theory of Lemaitre’s work. The usage of this hypothesis generally
leads to a non-symmetric tangent operator. To overcome this problem CorRDE-
Bo1sS & S1pOROFF [77] published an elastoplastic damage model based on the
assumption of energy equivalence and using second-order tensors to describe
the damage state. LEck1E & ONAT [214] and OnaAT [302] show in their
work, that distribution of voids in metallic material can be mathematically pre-
sented best by tensors of an even rank. Apparently unaware of this statements,
in literature a number of damage models based on a vectorial definition of
the damage state are available (cf. Kras¢inovié & Fonseka [203], Fon-
SEKA & Krajsc¢inovic¢ [117],or Krascinovi¢ [201], among many others).
Krasc¢inovic¢ [202] furthermore introduced a model which is able to distinct
between a set of active and passive systems of microcracks. Kacuanov [182]
and MiTcHELL [279] provide an overview over available vector-based damage
models. Very extensive reviews of available modeling techniques concerning
damage is given in CHABOCHE [60,61], LEMATTRE & CHABOCHE [223],
PeEerLINGS [310] and LEMAITRE & DEsMORAT [226] among others. Here,
also formulations for other loading scenarios, such as fatigue, are addressed.
Based on the above mentioned concepts, constitutive models of the type of
LEMAITRE & CHABOCHE [223] make use of the degradation of the elastic
moduli, hence using the stiffness as the macroscopical measure of damage.Their
derivation based on thermodynamical consistent assumptions for hyperelastic
materials is presented very comprehensively in bE Souza NeTo [296] within
the framework of small strains. Hyperelastic damage models in the context of fi-
nite strain available in the literature are introduced mainly by the example of the
Mullins effect in rubber materials. Description of the occurring damage effects
as well as (general) derivations for the thermodynamically consistent derivation
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of the isotropic damage model are given in HoLzapFrEL [169]. Further work
concerning this topic is provided by L1on [230] and M1eHE & KECk [270].

Representative volume elements are one of the main remedies in order to per-
form numerical studies of the microstructure of unidirectional fiber reinforced
composites with the aim of computing and characterizing macroscopic behav-
ior (i.e. stiffness, plastic behavior, failure and many more). For further reading
please refer to the works of MELRO et al. [260], WonGsTo & L1 [419],
L1 & WonagsTo [228] or Tr1as et al. [386]. These investigations showed
furthermore, that it is necessary to model the microstructure of UD material
by means of statistically representative volume elements (SRVE) when the
characterization of plasticity and damage evolution is the intended goal. The
arrangement of the fibers has a significant influence on the stress and strain
distribution on micro level. Works by Pyrz [323,324], SGRENSEN & TAL-
REJA [361], and BRoCKENBROUGH [43] are just a few examples that under-
line the importance of a random spatial arrangement of the reinforcement. For
a very extensive review on available as well as a presentation of an intuitive and
easy to implement method to generate virtual unidirectional microstructures
for the use in finite element applications, please refer to MELRrO [260].

A review of the state of the art concerning the modeling of thermoplastic
composites with a unidirectional fiber reinforcement shows that viscoplastic
behavior is neglected in a large number of publications for the analytical and
numerical characterization of the macroscopic behavior. One partial objective
of this work is therefore the derivation of a elasto-viscoplastic damage model for
the thermoplastic matrix material. It will be used as a basic constitutive model
during the meso-modeling of the subsequent microstructures and, thus, can
be used to investigate the viscoplastic portion of deformation in the respective
composites virtually.

2.4.2 FE-Modeling approaches of textile composites

This section deals with meso-level analysis of mechanical behavior of impreg-
nated textile composites. The simulation of dry composites as well as forming
simulation will not be addressed directly and is out of scope here. A short
review of available literature is given, that concentrates on the meso-modeling
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with the aim of maximum detail level with regard to the reinforcement geom-
etry consequently in a very accurate prediction of stress-strain states, using
finite element modeling. These analyses allow further investigation of damage
initiation and development. When it comes to modeling the mesoscopic level
of woven fiber composites regarding deformation and failure onset/progres-
sion, engineers have to face a two-fold problem, apart from current issues
of the numerical and conceptual framework of multiscale analysis within an
FE environment (consideration of symmetry, correct formulation of boundary
conditions, application of numerical homogenization techniques, pre-/post-
processing of the FE model). It consists of (a) the consideration of geometrical
effects in multi-layered woven composites and (b) the necessity of reliable
constitutive modeling of the single phases (rovings and embedding matrix).
Lowmov et al. [231] presented a wide-ranging review of the implementation
of progressive damage modeling for different kinds of textile composites. Fur-
thermore, they propose a "road map" in order to set up a multiscale analysis
of textile composites, containing the aforementioned issues with focus on the
implementation of a closed process chain, starting at the generation of the
meso-structure up to the evaluation of damage initiation criteria and damage
development.

2.4.2.1 Virtual geometric modeling of weave reinforced composites

The geometrical modeling of woven composites in a finite element context is
very challenging. The interlacing of the yarns yields complex microstructures,
which have to be accurately rendered in its virtual counterpart. The main
difficulties here is the correct definition of the geometry of the single yarns
embedded in the composite. Therefore, neighboring yarns and crimp regions,
where yarns with different directions meander to the opposite side of the weave
layer, are of special interest. In the literature, a large number of authors deal
with the FE-meso modeling of textile fabrics (cf. CARVELLI & Pocar [54],
King [192], Zaxko et al. [430], BARBERO et al. [24], and many others,
e.g. [22,35,36,54,55,58,81,82,86,103,116, 142,165,179,209, 215,232,235,
236,297,325,348,368,371,374,375,397,411-413,416,420,431,433]) with
variations in the fiber architecture and resolution of the inner structures. Please
see CRooksToON etal. [81] and Lomov et al. [231] for a detailed overview
of available modeling approaches. Overall, mostly woven composites are
addressed. Given a sufficiently accurate geometry representation including
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an adequate FE-mesh, it was shown that the computation of elastic proper-
ties can be performed on a very reliable level. The success of these basic
investigations and the promising results obtained, encouraged researchers to
approach more complex problems such as the investigation of nesting effects (cf.
HaLge & ViLLa [142], KurasHIKI et al. [209], LE PacGE et al. [212]) and
damage progression (cf. NicoLETTO & Riva [297], EDGREN et al. [103],
ZAxko et al. [430], DaccumATI et al. [85], or WaNG et al. [408]). An
important step, yielding to a significant simplification and enhancing model
possibilities, was the development of microstructure generators for textile com-
posites. The two most prominent representatives are the software packages
WiseTex (cf. Lomov et al. [231] and VErRPOEST & Lomov [402]) and
developments from researchers of the University of Nottingham, who provide
the open-source solution 7exGen (cf. SHERBURN [350]). Both software so-
lutions deliver accurate representations of both dry and impregnated textile
microstructures. In combination with finite element meshers, e.g. meshTex or
TetGen (cf. Lomov et al. [231] or SHERBURN [350] respectively), an easy
transfer to commercial FE programs like Ansys or Abaqus (cf. StmuL1a [355],
CADFEM [47]) is possible, distinguishing between matrix rich areas (matrix
pockets) and weft/warp tows. Due to given information about the element-wise
fiber orientation and fiber volume fraction, it is possible to accurately assign the
local stiffness properties of the single phases. Using this technique, the majority
of the current works deal with the investigation of the local structural behavior
of unit cells using FE simulations. Three-dimensional formulations of periodic
boundary conditions are mainly used, exploiting the idea of the unit cell under
investigation originating from the center of a laminate (cf. Lomov et al. [231],
WHitcomB [414], WHiTcoMB [415], BogpaNnovicH [37]). However,
recent studies show the influence of free surfaces and edges on the local stress
behavior of shell-like structures (cf. Ivanov et al. [177], OWENSs et al. [305],
Lowmov etal. [238]), therefore motivating the usage of in-plane periodic bound-
ary conditions (see a definition in MELRoO [260]). The resulting virtual model
on the mesoscopic scale contains two phases: (a) the impregnating matrix
and (b) the undulated rovings. For the approach taken here, a homogenized
substitute model is needed for the latter that takes into account the anisotropic
nature of elasticity as well as all relevant damage modes. In the following, an
overview of some already known models and the requirements for the formula-
tion of damage within the framework of the CDM that were derived from such
is given.
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2.4.2.2 Constitutive damage modeling of impregnated rovings

An intuitive way for simulating damage in composites is the theory of fracture
mechanics, thus, introducing discrete cracks in the FE model. In general, it is
however difficult in a computational sense, to create free boundaries in a com-
plex microstructure. Furthermore, the crack path has to be known and well de-
fined beforehand, which is normally the only case during delamination of yarns
from the surrounding matrix, as reported by CaAmanNHoO etal. [49]. Hence, only
simplified two-dimensional or abstracted geometries were evaluated using clas-
sical fracture mechanics (cf. EDGREN et al. [103], LE PaGE etal. [212]). Asa
consequence, in the context of continuum damage mechanics, models based on
internal damage variables are widely used. The advantage here is the possibility
of considering a stiffness degradation without introducing cracks directly in
the mesh. It does not necessitate mesh refinement, is therefore computationally
simple (cf. Lomov et al. [231]), and hence an important tool for modeling
damage evolution in fiber composites. With regard to textile composites, it
is widely used (cf. CARVELLI & Pocar [58], TanGg & WHITCOMB [375],
WHiTcoMB & SRIRENGAN [411], Fisu & Yu [115], Zako et al. [430],
HaMmEeLIN & Bigaup [147] just to name a few). In the majority of available
works it is assumed, that the matrix behaves isotropic, impregnated tows locally
behave like unidirectional composites, showing an initially transversal isotropy
and corresponding failure modes. WANG et al. [408] state the importance
of further investigations on the exact failure behavior of tows, especially in
crimped areas, based on their virtual assessment of the failure behavior of 2D
twill woven composites. Most of the damage models used, follow a local for-
mulation. In other words, the damage initiation and progression depends solely
on the deformation of the element where the damage criterion is evaluated. In
contrast to that, other formulations like phase-field approaches exist, where
damage is an additional field (for example to stress, strain or temperature field)
that is solved simultaneously (cf. FisH et al. [116]). These concepts are not
taken into consideration throughout this work. In order to relate stresses and ex-
perimentally determined material strengths to the onset of failure, stress-based
failure criteria are commonly used and a large number of available criteria are
available in the literature (see e.g. SOoDEN et al. [359] or Par1s [308]). As
a further development of the von Mises criterion, HiLL [157] proposed the
first anisotropic failure criterion, named the Tsai-Hill criterion. Criteria of
Tsa1 & Wu [392] (Tsai-Wu criterion) and HorrmaN [168] followed, but
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all three were unable to distinguish the occurring failure modes. To overcome
this weakness, HasHiN [151] published the Hashin criterion. Intention-
ally formulated for fatigue failure, it is formulated depending on tensile or
compressive loads in combination with shear and distinguishes furthermore
between longitudinal (fiber) and transversal (matrix) direction, therefore cor-
responding directly to the nature of unidirectional plies. Sun et al. [366] and
Puck et al. [320,321] take into account a detailed investigation of failure
modes, appearing during different loading scenarios. More recently, a criterion
was presented by DaviLa et al. [88], named LaRCO03, corresponding to a
plain-stress problem. Extending this formulation towards a general stress state,
the criterion called LaRC04 was developed (cf. PiNnnoO et al. [315], see also
for a review on failure criteria). Additionally, CATALANOTTI et al. [59]
proposed another three-dimensional failure criterion for plastic fiber compos-
ites, taking special attention to the effect of ply thickness. The extensive
work of HinToON et al. [164] evaluated common damage initiation criteria
in their world wide failure exercise. The reviewed criteria were then adopted
by most researchers towards the usage in textile fabrics and build the basis of
the assessment of damage evolution. Hereby, the composite lamina (here, this
corresponds exclusively to the impregnated yarns) are assumed to be a homoge-
neous, albeit anisotropic material. The effect of delamination of plies, is usually
addressed by methods of linear-elastic fracture mechanics. Here, mostly the
virtual crack closure technique (cf. KRUEGER et al. [208]) or cohesive formu-
lations (cf. ALFANO & CRISFIELD [1], ALLix & CoriGgLIAaNO [2], Ca-
MANHO etal. [48], TuroN et al. [395], pE BorsT [89], JANSSON & LARS-
sonN [180], L1 et al. [229]) are used. Maimi et al. [244-246] published
a two-dimensional continuum ply damage model for composite laminates,
presenting both the theoretical framework as well as the numerical implemen-
tation. To ensure thermodynamical consistency during damage evolution, the
crack band model of BazaNT [19] is employed. In the context of standard
dissipative material theory, a failure model including an anisotropic damage
formulation to describe fiber-reinforced composites was proposed by MATZEN-
MILLER et al. [257]. The corresponding rate-equations for damage evolution
are consistent with the laws of thermodynamics. A three-dimensional gener-
alized damage model was presented by GoviNDIEE [129] in the context of
anisotropic brittle damage of concrete, shows however similarities to a model
suitable also for fibrous composites. The appeal of this model is the usage of
thermodynamic forces in order to specify the damage evolution. As a result of
the hyperelastic theory, these forces are a direct product of the energy potential,
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which is hence specifying the whole model. The difficulty is however the lack
of physical meaning and the therefore non-intuitive usage of such formulations.
Based on their previous works, Ma1mf{ et al. [247] published an extended
damage model to consider general three-dimensional stress states intending to
incorporate damage effects due to delamination. The presented constitutive
models account for crack closure and passive damage effects under load reversal.
In his work, MELRO [260] used this model to evaluate damage evolution in the
yarns of a 5-harness stain weave unit cell micro structure under uni- and biaxial
loading in combination with a thermodynamically correct elastoplastic damage
formulation for the matrix (cf. MELRoO et al. [261]). Elastoplasticity in fiber-
reinforced composites is investigated and modeled by CHEN et al. [71]. Taking
into account RVEs based on measurements of real geometries, BAHEI-EL-
Di1n et al. [22] presented a damage progression model for three-dimensional
weaves, predicting the overall behavior under general, multi-axial stress states.
Special attention was paid on the compressive behavior of three-dimensional
braided composites by FAnG et al. [111]. Other non-linear numerical material
models for the prediction of textile composites under damage were provided
by CousiGgNE et al. [78] and MaARrRTIN-SAaNTOS [253]. More recently,
ZHoNG et al. [432] published a study, in which the prediction of the damage
initiation and the development in a three-dimensional woven composite is
addressed. Therefore, the authors provide another continuum damage model,
covering the predominant failure modes in fiber and in transverse direction
as well as matrix failure separately. Damage onset was predicted by using
the Puck failure criteria. WaNG et al. [408] present a progressive damage
modeling strategy based on a multiscale approach to investigate the damage
and failure behavior of tow-dimensional woven composites. An anisotropic
damage model based on the Murakami-Ohno damage tensor is provided. A
slightly different approach was presented by THIEME et al. [383], who de-
veloped a probabilistic approach to assess failure in glass fiber reinforced
weft-knitted thermoplastics. This summary is not intended to be exhaustive
and should serve as an introduction. Please note, that the presented damage
model used the framework of geometrically linear formulations. A major
lesson that can be drawn from the literature review is that the prediction
of damage evolution in fibrous composite materials necessitate the captur-
ing of the anisotropic nature of damage. Consequently, with regard to the
mathematical representation of directional damage, an at least second or
higher order tensor is needed (see e.g. CaroL [51-53], Simo & Ju [353,
354]). For the case of higher order tensors many damage models for several
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kind of material classes are available (see e.g. DrRacoN & MRr6z [101],
Kacuanov [185], CHaABoOCHE [62], MurRAKAMI & OHNoO [285], OR-
Tiz [303], CHow & WANG [72], MurAakAaMI [283], Suaris [363],
Yazpant & ScHREYER [428], WEr et al. [409], VaLanis [398], Le-
MAITRE & CHABOCHE [223], HANSEN & SCHREYER [148], BETTEN [34],
Opa [299], LuBarRDA & KrATCINOVIC [240], VoYIAaDIIS & PARrRK [406],
among many others ). CAroL et al. [52,53] presented a standardized formu-
lation of important concepts in the context of continuum damage mechanics
(e.g. effective stress and strain and energy equivalence) and provided a very
comprehensive description of damage models using second-order damage
tensors at small strains, following the theory of Murakam1 & OuNoO [285],
CoRrRDEBOIS & SIDOROFF [77], and MurRAKAMI [283]. This notation will
also be used throughout the present work. MENZEL & STEINMANN [262]
provide the formulation of anisotropic continuum damage mechanics at large
strains and also deal with the algorithmic treatment.

Literature research has shown a large number of available works when it
comes to meso modeling of textile composites. Techniques to reliably model
the geometry of meso structures based on real geometrical data exist and
are widely used. In terms of damage modeling of such composites, many
constitutive models are available in numerous variations and were applied
in many studies. This high variety and the concomitant discrepancies in
notations makes it difficult to compare the single models. Works with the
effort of standardization of formulations have been mentioned in the above
review. For the purpose of finite element analysis of the mesostructure of
two-dimensional woven composites, which will be carried out throughout this
work, a homogenized constitutive model representing the impregnated and
undulated rovings is needed. This model has to take into consideration the
occurring physical failure modes, their effects on the stiffness tensor and has
to be able to predict post-failure behavior. To this end, an anisotropic and
thermodynamically consistent damage model based on hyperelasticity will
be presented in this thesis. Experimentally observed large rotations of the
reinforcement structures are hereby described within the framework of finite
strains.
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2.4.3 Homogenized material models for woven composites

Taking into account the level of detail and the corresponding intensive compu-
tational effort necessary by the methods introduced in Section 2.4.2, a homoge-
nized material formulation is needed in order to calculate the deformation and
failure behavior of entire structural parts consisting of layered textile compos-
ites. Hereby, the knowledge of both, in-plane and through-thickness properties
are essential. To address this problem, reliable three-dimensional homoge-
nization methods implemented in material models for the usage in industrial
applications (cf. Hu [170], MouriTz etal. [281], Ayranct & CAREY [18])
are needed, respecting all geometrical factors, such as fiber architecture (woven,
braided or knitted) as well as properties of the subcomponents (mechanical
properties, volume fractions, orientations, etc.).

2.4.3.1 Analytical modeling approaches for the computation of the
elastic stiffness tensor for textile composites with a specifically
defined topology

In analogy to short fiber composites, first analytical homogenization techniques
to model the elastic behavior of textile composites were developed. Two-
step homogenization procedures, executed on meso- and macro-levels set up
the general scheme of these techniques. The idea here is to first predict the
elastic properties of a sub-volume of a subdivided unit cell or RVE, taking
into account realistic geometrical conditions, where the reinforcements can be
assumed to be piecewise unidirectional lamina with long fibers. By calculating
the homogenized stiffness of the sub-volumes at micro-level (usually within
the local {123} coordinate system, where the 1-direction corresponds always to
the direction of the local reinforcement) and transforming them into the global
coordinate system {XYZ} with respect to the RVE, the second homogenization
step can be performed. Applying a particular homogenization technique the
results from the single sub-volumes are assembled, yielding a prediction of the
overall global stiffness matrix of the complete RVE. HALL AL etal. [144] cluster
available analytical methods in five categories based on the corresponding
homogenization method used at meso- and macro-levels: Classical Laminate
Theory (CLT), iso-strain assumption, mixed iso-strain/iso-stress assumptions,
inclusion methods and the methods of cells (MOC).
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Classical Laminate Theory

Well known from applications with 2D laminated composites, models based
on CLT yield good results in comparison with experimental and FE results.
In the studied literature, this technique was mostly used on 2D woven tex-
tile composites, supported by the relatively simple fiber architecture, such
as plain weaves, twill weaves, satin weaves, etc. The advantage of such
structures is, that the RVE geometries can be decomposed into layers along
the thickness direction rather easily, enabling a straight forward usage of
CLT. Isnikawa & CHou [171-175] provide fundamental and basic work
on modeling textile composites using CLT as homogenization technique.
Isuikawa & CHou [173] derive two approaches, iso-strain and iso-stress
condition, yielding finally upper and lower bounds of the in-plane elastic
properties. In the course of the just quoted works, three basic models were
introduced, the mosaic, the undulation, and the bridging model. Figure 2.19
shows the used ways of microstructure abstraction. Starting point of their
developments was the mosaic model, where the RVE is idealized as a asymmet-
rical cross-ply laminate as depicted in Fig. 2.19a. Further development lead
to a one-dimensional crimp model, the fiber undulation model, that described
the undulation of the yarn under loading using a sinusoidal function, whereas
transverse yarns were assumed to be straight (cf. Fig. 2.19b). This extension
of the mosaic model makes use of the iso-stress assumption. Of particular
interest applying this model is the subdivision of the undulated sections of the
fabric composite, where the stiffness matrices are calculated locally and then
assembled under iso-stress condition using CLT. The authors state that this
modeling technique works best for two-dimensional plain weave composites (cf.
Isuikawa & Cuou [173]). Finally, they also proposed the bridging model,
where the unit cell is further decomposed in five sub-regions (cf. Fig. 2.19c),
where region III corresponds to the crimp region. All sub-regions are then
assembled using iso-stress conditions in series and iso-strain condition in par-
allel. The authors state, that this model is best used for satin fabrics with
long straight regions. The models just introduced were the starting point for
further developments, with increasing complexity regarding the abstraction of
the microstructure as well as the sequence of homogenization using different
assumptions. YANG et al. [427] presented an extension of the fiber undula-
tion model, called fiber inclination model, where the unit cell is assumed to
consist of inclined yarns. Using CLT together with the iso-stress condition,
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Figure 2.19: Schematic representations of assumptions used by analytical homogenization tech-
niques by Isnikawa & Cnou [173]. Approximation of the weave geometry and definition of
sub-regions by (a) mosaic model, (b) undulation model, and (c) bridging model. Images taken
from HaLLaL etal. [144].

the effective elastic properties for a three-dimensional braided composite are
derived. In a similar manner, WHITNEY & CHoU [417] provide a model
for the prediction of in-plane thermo-elastic properties of a three-dimensional
angle interlock composite. Attempting to combine the iso-strain and iso-stress
conditions, Byun et al. [46] introduce a micro-cell model in combination
with CLT. Comparison of the model response with experimental results show
an improved prediction of the axial Young’s modulus as well as in-plane
Poisson’s ratio, whereas less accurate results for the axial shear stiffnesses are
obtained. With the cross-over model, RAmakRr1sHNA [330] proposed another
two-dimensional analytical model for the prediction of the elastic behavior of
plain knitted composites. Using CLT together with an iso-strain condition, the
calculation of elastic entities in sub-volumes of the curved yarns was carried
out in four symmetric sub-regions of the RVE. In the second homogenization
step a micromechanical model defined by UEMARA et al. [396] was used to
assemble the elastic properties of the yarns and the surrounding resin matrix
in order to obtain the stiffness matrix of the RVE.

Iso-strain models

In literature it is reported about all above presented models, that the application
of CLT is considerably more difficult when it comes to the modeling of three-
dimensional woven, braided or knitted composites, with a more complex yarn
structure. In such cases it is more reasonable to adopt a simpler homogenization
method. Analytical models using the iso-strain method allow a straightforward
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and easy calculation of homogenized stiffness properties by only using a dis-
cretization of curved or undulated yarns in sub-volumes, with the fiber volume
fraction and orientation in each sub-volume and a subsequent averaging over
the volume of the yarns and matrix under an iso-strain assumption. Promi-
nent works were published early on by TArRNoproL’skII et al. [376] and
KREGER & MELBARDIs [205], who introduce the analogous formulation of
the rule of mixture for textile composites, called the orientation average model.
Similar to the models using CLT, the microstructure is idealized and decom-
posed into piecewise unidirectional sub-structures and are then averaged using
either iso-stress (compliance average model) or iso-strain (stiffness average
model) assumptions, defining the upper and lower bounds of the elastic proper-
ties respectively. Modifications were made by Cox & DapkHaH [79] for the
application on three-dimensional interlock composites. Further developments
were presented by HAHN & PANDEY [141], where all yarns were assumed to
be undulated and the overall stiffness can be computed in a three-dimensional
model. Modifications of this model for the usage on tri-axially braided com-
posites are given by SHOKRIEH & MazrLoowmi [351]. Other examples for
the application on different scaffold types are presented by CHANG et al. [69]
for the calculation of the stiffness of three-dimensional angle interlock woven
ceramic composites. EL HAGE [105] and EL HAGE et al. [104] applied a
similar model to predict the elastic properties of orthogonal and angle interlock
woven composites. For the former, the authors state a good agreement of
the model with experimental data, especially when it is applied on the RVE
instead of just a unit cell. HALLAL et al. [145] predict the properties of a three-
dimensional angle interlock composite where especially transverse properties
are in good agreement with experimental results. Treating three-dimensional
braided fabrics, the iso-strain model shows equally good agreement as presented
in L1 et al. [227]. By its nature, the iso-strain model yields elastic properties
in both in-plane as well as out-of-plane directions, which makes it an effective
model for almost all advanced textile composites (cf. SHOKRIEH & MA-
zrooMi [351], Quek et al. [326], L1 et al. [227] and EL HAGE et al. [104]).
However, this simplicity of using only an iso-strain condition is the major draw-
back concurrently, since it is to be assumed, that such assumption will yield less
accurate predictions of ultimate strength and fatigue (cf. HaLvL AL et al. [144]).
It should also be noted that at this time there is not enough experimental data
available to confirm the validity of the prediction of out-of-plane properties.
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Mixed iso-strain / iso-stress assumptions

With the compliance and stiffness average models being the limiters of phys-
ically reasonable results, further developments were focused on finding a
model taking into account iso-strain and iso-stress assumptions in a super-
imposed way. To that end, the intention is to respect the stress-strain fields
in the RVE better than it is the case with pure iso-strain models while pre-
dicting the mechanical behavior of textile composites. By applying the CLT
method and using different assembling approaches in series or parallel the
total stiffness of the composite is computed, taking into account the actual
geometry of the microstructure, i.e. architecture and yarn cross-sections.
Naik & GanNesH [288,290], NAIK & SHEMBEKAR [292,293], SHEM-
BEKAR & Naik [349] and GANEsH & Naik [118,119] provide early on
work, resulting in a two-dimensional woven fabric model (2DWF) predict-
ing the in-plane elastic properties of woven composites. More recently, this
methodology was extended to a three-dimensional model in order to com-
pute also the out-of-plane behavior of two- and three-dimensional weaves (cf.
Naik etal. [287], Na1k & KucHiBHOTLA [291], NAIK & SRIDEVI [289]).
The results for 3D orthogonal and angle interlock woven composites were found
to be in good agreement with experimental data. Moreover, modifications to-
wards the prediction of thermoelastic properties of textile composites were
provided by SANKAR & MARREY [341] by their selective averaging method
(SAM). Tan et al. [369-372] developed models in order to address the esti-
mation of thermal expansion coefficients of three-dimensional orthogonal and
angle interlock woven fabrics. A model to predict anisotropic elastic stiffness
of three-dimensional textiles was presented by PocHirAJU & CHoU [316].
Here, the macroscopic stiffness is computed using an effective response com-
parison (ERC) technique, based on the decomposition of the RVE in small
elements. The authors compared calculated and measured results of angle
interlock composites and found good agreement. A very simple and intuitive
way of combining iso-strain and iso-stress was the model of KALIDINDI
&ABUsAFIEH [186] and KaLipiNnDI & Franco [187]. Introducing a
factor @, giving the weight of the different shares of the two single solutions
according to

C=aCz+(-0a)S3, (2.73)
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where Cz and S:}I = C4 are the stiffness solutions coming from iso-strain
and iso-stress assumptions respectively. However, difficulties in the physical
motivation and the finding of a generalized form of such a factor arise.

2.4.3.2 Analytical modeling approaches for the computation of the
stiffness tensor for textile composites with an arbitrary topology

The commonality of all approaches so far, was the complex discretization of
the RVE, restricting the models to certain kinds of textiles. A slightly different
and more flexible approach was pursued by the now following authors. While
so far the RVE had to be fully discretized in sub-volumes, which then had to
be assembled in parallel or series along their loading directions, according to
their relative positions, the following approach is based on the assemblage by
components. In other words, first sub-volumes of curved parts of the yarns are
assembled and in a second step complete homogenized yarns and matrix are
combined to estimate the overall stiffness of the RVE. An example for such
a procedure is the model of VANDEURZEN et al. [400,401], who presented
an improved fabric geometrical model, based on thorough geometrical and
mechanical study on two-dimensional woven fabrics. The stiffness of combi-
cells, which consist of a pure yarn and a matrix layer, is computed using the
complementary variational principle. The assembly is then carried out by
applying either iso-strain or iso-stress models. Other examples are given by the
mixed iso-strain/iso-stress model of Ruan & Cuou [340] for weft-knitted
composites, the three-dimensional model proposed by LEE et al. [217] for
the calculation of the elastic properties of plain weave composites or the three
stages homogenization method (3SHM) first used on three-dimensional angle
interlock composites (cf. HALL AL etal. [145]) and later on braided and knitted
composites (cf. HALLaL [143]). The nature of the second type of models
allow a more general usage and applications on different kinds of architectures.

Inclusion models

To promote further generalization, the Mori-Tanaka scheme (MT) was employed
by GoMmMERs et al. [127] and applied on many types of textile composites,
including woven, braided and knitted scaffolds. Comparing the Mori-Tanaka
scheme with other frequently used analytical homogenization schemes, it shows
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the advantage of delivering an explicit formulation for the effective stiffness
tensor, regarding local stresses and strains. The general approach of MT
is to approximate the inclusion shape as ellipsoidal, resulting in a constant
stress and strain field in each inclusion. In the case of textile composites, the
inclusions correspond to curved yarns and can be approximated by a set of
ellipsoids with circular or elliptical cross-section in such a way that the fiber
orientation distribution is not altered. GoMMERS et al. [127] state that textile
composites have to be modeled using a non-trivial fiber orientation distribution,
i.e. not aligned nor random, of non-spherical, anisotropic inclusions. The yarns
are therefore partitioned into sub-volumes, which are then treated as single
inclusions with elliptical cross-sections at an infinite length. Good agreement
with experimental and Finite Element results was found by Lomov et al. [233]
for three-dimensionally woven composites. PERTE et al. [312] reports good
agreement for 3D angle interlock composites with the remark that the accuracy
of the geometrical modeling has a high influence on the validity of inclusion
models.

Methods of cells

One of the most recent developments in modeling the elastic behavior is done
by PrRopromoU et al. [318], who presented the method of cells (MOC) in
the context of analytical modeling of woven composites, while analyzing a
wide range of two- and three-dimensional woven fabrics. For the application
of this model, a full discretization of the microstructure into smaller cells
containing yarn and matrix layers is necessary. Therefore, the authors used
the software Wisetex. While the stiffness of the yarn layers is computed
using Chamis’ micromechanical model [68], the assembly of the sub-cells and
homogenization of block-cells is done by using the complementary energy
minimization method. Analyses of results from MOC show an improvement
with respect to the MT model for a wide range of two- and three-dimensional
woven composites (cf. PRopromouU et al. [318]). However, the authors
state as well that the computation time is significantly higher compared to
that of other analytical models, but yet less than Finite Element solutions (cf.
Probpromou et al. [318]).

For a more detailed review of available homogenization approaches using the
different categories, the interested reader is referred to the very extensive and
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comprehensive reviews of HALLAL et al. [144] and DixiT [98]. Furthermore,
these authors performed a study, in order to compare the elastic results of par-
ticular homogenization techniques and point out substantial differences. They
report that some models were designed to predict properties for some specific
kind of composite whereas others show a more universal character, whereas
only few studies focus on the development of generalized models. Moreover, it
can be stated that the modeling of three-dimensional fiber architectures pose a
major challenge due to their more complex microstructure. HALL AL etal. [144]
show in their comparative study that the considered analytical models are quite
capable of delivering reliable results and are at the same time easy to use.

2.4.3.3 Damage modeling in homogenized material models
for textile composites

With the emphasis of the presented thesis on modeling the failure behavior
of textile composites on structural level, the next logical step is to look at
damage initiation, progression and ultimate strength. On the macroscopic
level rather few works have been published on this matter. In terms of
analytical models, Na1k [294] presented a study for woven and braided
fabric composites where he used the iso-strain assumption together with
different failure criteria for yarns and matrix respectively. According to
DoiTrAaND et al. [99], macroscopic models that predict damage evolution and
failure in textile composites have been published more recently for two- and
three-dimensional textile composites respectively (cf. HocHARD et al. [166],
HocuARrD etal. [167], MARIE & CHABOCHE [248], MARcCIN [251], and
RakoToaRrisoa etal. [329]). With the focus lying on woven composites, the
two-dimensional model of HocHARD et al. [166] is presented in more detail
in the following. To the knowledge of the author, this model is the only one of
its kind. Based on the meso scale model presented by AuBoURG [17], a model
to describe the non-linear degradations with progressive damage and inelastic
strains was presented. Hereby, a thermodynamic consistent, generalized for-
mulation for the progression of internal variables (d, d», and d;,) associated
with the decrease of elastic moduli is used, which are directly related to the
brittle fiber fracture in warp and weft direction as well as the decreasing shear
stiffness, respectively. The development of dj;, as the progressive damage
variable for shear, depends on the shear load as well as traction loads, which
yield micro-cracks at the fiber/matrix interfaces in the warp and weft yarns
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and are supposed to be oriented in parallel. The complementary free energy
potential of woven plies can therefore be written as

p_1|_ (o) +<01>% Vio
2|E{(1-d)) EY EY

(2.74)
(02)? (02)? o2
Ed(1-dy) EY G%h(1-dp)|

assuming plain stress and small strains. (-). denote the positive or negative
Macaulay brackets which distinguish between tensile and compressive loads.
In such a way the unilateral feature of damage is included in the model. The
derivation of the strain energy with respect to the damage variables yield the
thermodynamic driving forces Y associated with the damage variables for
tension and shear d; where i = 1,2 and d}; according to
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The values of the timely maximum of the thermodynamic forces drive the
development of the internal variables. In the underlying model, it was assumed
that failure corresponding to d; and d, is instantaneous in order to represent
the brittle characteristics of fiber failure. An equivalent thermodynamic force
Y for the development of dj, was formulated by

Y=aYy +a¥y +Yy, with Y(¢)=sup (Y(1)) (2.76)

Tt

in order to take into account the traction/shear coupling. @; denote the coupling
coefficients which are treated as material parameters. The damage formulation
closes with the definition of the damage evolution law
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ifdip <land Yy <Yy and Yy < Yar orelse
dy=dr=dpp=1. (2.78)

Yo and Y, are constant parameters, corresponding to the threshold and critical
value of the development of d5. Yir and Y>y define the thermodynamic
forces at which ultimate failure in the warp and weft yarns occur. Besides
the development of damage, HocHARD et al. [166] considered inelastic
strains that were observed in [45]g laminates, as a consequence of slipping
phenomena between damaged fiber bundles/matrix interfaces during shear
loading. They considered occurring significant inelastic strains only under shear
since the stiff fiber bundles prevent the formation in fiber direction. In order to
describe these strains, a plastic-hardening model provided by LADEVEZE & LE
DanTEC [211] was used. Taking into account the formulations for effective
stress 6 and strain & (cf. LADEVEZE [210]) the coupling of damage and
plasticity was obtained. The elastic domain was modeled by

f(F12, £hee) = 1012]— (R (&) — Ro) (2.79)

with Ry being the initial threshold for inelastic strain and R (££,.) describes
the hardening as a function of the accumulated plastic strain &% as described
by HocuARD et al. [166]. In the underlying work, a power law was chosen
for R and associative flow was assumed. The combination of inelasticity and
damage evolution shows good agreement with experimental results for several
laminate stackings.

It is important to mention that throughout the complete loading path the woven
plies are regarded as homogeneous orthotropic, thus, not taking into account
reorientations of reinforcements due to off-axis loadings. Non-linearities in the
loading/unloading hysteresis, due to slipping/friction effects on micro level were
neglected. Furthermore, it has to be underlined at this point that all presented
models concerning the prediction of the behavior of textile composite so far
are formulated in the framework of infinitesimal strains.

The lack of an existing three-dimensional macroscopic failure model taking
into account the damage mechanisms taking place in the single reinforcement
structures as well as in the adjacent matrix and furthermore respects the local
material re-orientations due to deformation motivates the formulations carried
out in the following chapters. With the suggested approach, the aim is to
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address the need of the industry for a failure model for textile composites at the
structural level.
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3 Experimental investigations

This chapter introduces the materials used for characterization and validation of
the developed material models and presents the experimental results. Compliant
with the suggested multiscale approach, the following distinct scales have been
under investigation in particular:

1. Neat polypropylene (PP) matrix
2. Unidirectionally glass fiber-reinforced composite (PP/GF-UD)

3. Fabric reinforced composite (organo sheets)

All mechanical and micro-optical investigations presented in the following
were conducted in the in-house laboratory at Robert Bosch GmbH where a
standard 200 kN universal testing machine of the manufacturer Zwick was used.
For the mechanical testing of the unreinforced matrix, an alternative 20 kN
load cell was installed. Longitudinal expansion was captured by an integrated
multiXtens extensometer, whereas transversal deformation was measured by a
digital image correlation technique (AR AM1s) for some specific cases. The
tests were executed by applying different strain rates in a normed environment,
i.e. atan ambient temperature of 7 = 23°C and arelative humidity of ¢ = 50%.
In what follows experimental data in forms of stress-strain relationships will
be presented. Thereby, recorded raw experimental data will be displayed using
gray lines, whereas the colored lines depict an average of the grouped curves
up to the minimal fracture strain of respective velocity set. The used strain
rates are equally spaced in a logarithmic scaling.

3.1 Experimental strain and stress measures

The determination of mechanical properties for the subsequent use in a material
model is only possible by conclusive preceding material testing. Due to very
large numbers of possible varieties and combinations of loading states (e.g.
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stress states, loading rates, or environmental influences like temperature or
humidity) in real parts, the relevant influencing factors have to be identified.
For the experimental campaign presented in this work, environmental influences
were not considered. Mechanical quasi-static loads taking into account time-
dependent effects were investigated only. Therefore, one fundamental aspect of
material characterization becomes the assessment of stress and strain response
of the material. In order to avoid superposition of different material mechanisms,
a first approach concentrates on macroscopically uniaxial loading states. In
contrast to multi-axial experiments, these types of tests are easier to conduct
on standard testing equipment with regard to the required testing technology.
With the stress and strain states being not directly accessible from the specimen,
they have to be calculated from measured forces and displacements.

To correlate stress and deformation, it is necessary to define an appropriate
strain measure. In Eq. 2.11 the general SETH-HILL strain measurements
have been introduced. For the one-dimensional case, they relate the state of
current deformation L to a defined initial length Ly. For large deformations
or non-linear processes it is recommended to use the GREEN or logarithmic
(HeNKY) strain measures (cf. GRELLMANN & SEIDLER [133]). The latter
was used throughout this work and is explicitly defined by

L L
& =J ZdL =1In (L_) € [—o0, 0] . 3.1

Lo 0

Deformations that appear in transversal direction (g, ) are related to those
appearing in the principal loading direction (&) by the Poisson’s ratio v via
€1

y=-——= (3.2)

&l
or in terms of relative changes of these quantities

Agl
=——. 3.3
v AEH ( )

The Poisson’s ratio can be calculated in all three spatial directions. For
isotropic materials all ratios assume the same values defined in the range of
v € [-1,0.5], where v = 0.5 stands for incompressible material behavior.
For composites with complex microstructure, this domain does not apply in
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general. BECKER [29] presents an overview of standard values for the Poisson’s
ratio of a selection of pure plastics. For polypropylene, Poisson’s ratios of
vy = [0.3,0.45] are reached (cf. Dassow [87], ScHENKEL [343]) but are not
generally assumed to be constant during deformation. Due to their particular
molecular structure, plastics exhibit a rate dependent deformation behavior. In
order to describe this time-dependency, the entity of strain rate is introduced
here. Analogously to the strain itself, the strain rate is a dimensionless measure

to describe the velocity during the deformation process, defined by
de

e = —. 3.4

é=4 34

For a local measurement of the strain rate it can be written alternatively as

)
¢= T (3.5)

where vr(?) is the velocity measured by the extensometer. In general, & can
change locally in the course of the experiment, e.g. due to localization effects,
and can therefore not be considered as constant. In analogy to Eq. 3.5, a
technical strain rate can be defined as

vr(t)

& = Ly (3.6)

in terms of the initial free measurement length L¢. The true stresses are defined
by

_fF®

o(t) = A1)

3.7
where F is the measured force and A is the current cross-sectional area of the
test sample. If the loading direction and the normal of A coincide, the stress is
defined as a normal stress o otherwise as a shear stress 7. In general, for the
computation of the stresses from experimental observations, the current forces
are related to the initial cross-sectional area Ag. In this case, the corresponding
stress measure is called technical stress
F(t)

P() = A (3.8)
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For the sake of reducing the experimental effort, the change of cross sectional
area is not taken into account. The experimental results are given in terms of
the technical stresses.

3.2 Neat polypropylene matrix

3.2.1 Specimen preparation

The unreinforced polymeric polypropylene matrix (PP) builds the basic con-
stituent of all considered composites on upper scales. In order to operate on
consistent material systems throughout the scales it is required to use the same
materials on all scales, ranging from the pure matrix material to the organo sheet.
This concept holds true for the basic polypropylene matrix. In addition to the
readily assembled sheet material, neat matrix raw material could be provided
by the material supplier in the original composition, i.e. containing additives as
used in the final woven composite. The preparation of injection moulded speci-
mens was carried out by SKZ - KFE ¢gGmbH in Wiirzburg, Germany. Since the
matrix material is to be tested under tensile and compressive conditions three
specimen geometries were generated. For tensile testing under moderate strain
rates the specimen geometry according to Din En Iso 3167 [93] is proposed
as displayed in Fig. 3.1. For compressive tests, specimens were cut by water
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Figure 3.1: Dimensions of the Campus Al specimen (in mm), cf. Din Ex Iso 3167 [93].

R25

jet from the middle part of the tensile dumbbells in two ways according to
Din En Iso 604 [96]. Both, tensile and compressive tests are performed to
determine the modulus of elasticity and the stress at rupture. The dimensions
of the prismatic specimens are summarized in Table 3.1. The measurement
of density according to DiNn En Iso 1183-1:2012 [91] of the unreinforced
matrix revealed an average value of p = 0.907 g/cm?, which lies in good
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accordance with literature values for polypropylene. More detailed results are
presented in Table 3.2. The glass transition temperature (7y) was determined
to 7, = 281.7K by using dynamic mechanical analysis (DMA). Hence, the
amorphous phase of the material is in rubber-like state at testing temperature
of T =296 K.

Table 3.1: Dimensions of specimen used for compression testing according to the testing standard
Din En Iso 604 [96] (in mm).

Type Measurement Length  Width Thickness

A Modulus 50+0.2
B Strength 10+£0.2

10£02 4+02

For the subsequent material tests the above geometries were used. The mea-
suring length for tensile specimen was Ly = 50 mm and was measured in the
lean centered part of the specimen. Change in length during compressive defor-
mation was recorded by a flat extensometer with a gauge of Ly = 20 mm for
specimen type A. In case of a type B specimen, the direct displacement of the
machines cross beam was evaluated. In order to characterize the deformation
behavior of the thermoplastic polypropylene matrix, quasi-static tensile and
compressive tests with and without unloading were performed.

Table 3.2: Density measurements of neat polypropylene matrix. Average value of density p and
the standard deviation s.

ID Density (g/cm?)

0.90734
0.90705
0.90708
0.90709
0.90723

0.907158
s 1.1-10™

[ R O R S R

i
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3.2.2 Tensile tests

As shown in Table 3.3, tensile tests were performed at six different position-
controlled cross beam velocities. With this test the material stiffness and

Table 3.3: Cross beam velocities and corresponding strain rates for tensile tests of pure matrix
(measurement length Ly = 50 mm).

Cross beam velocity — Strain rate

vt (mm/min) & (1/s)

1.6 5.33.107*
5 1.67-1073
16 5.33.1073
50 1.67-1072
160 5.33.1072
500 1.67-107!

strength as well as the stress-strain relation at different strain rates are identi-
fied. The specimens were loaded monotonously under tension up to failure,
characterized by a sudden drop of force and the formation of separation fronts
in the material. Contrary to first expectations, the material failed in a very
brittle manner without pronounced necking. Figure 3.2 shows a series of
matrix specimens exhibiting brittle failure. Figure 3.3 displays the measured
stress-strain relations. The detailed information for each velocity set of spec-
imens, the material stiffness E!,, the material strength R!, and the fracture
strain £p, were determined and are summarized in Figs. A.1 to A.6. The initial
stiffness was measured in the strain range of 0.05 < & < 0.25% according to
Din ENx Iso 527-1 [94]. Strain at failure 8;; is identified as the strain where
the tensile material strength, hence the maximum value of stress, is reached.
The stress-strain relation in the post-failure regime is not displayed. By compar-
ing the averaged curves, the influence of the external strain rate on the material
behavior becomes apparent. With increasing loading rate, the specimens ex-
hibit an increasing initial stiffness and material strength as well as decreasing
strain values at fracture. Figure 3.4 displays the correlation of strain rate and
material strength. Poisson’s ratio was measured to v, = 0.42 by using a
digital image correlation (DIC) via the optical analysis tool ArRAM1s, applying
three different loading rates (vr =[5 mm/min, 50 mm/min, and 500 mm/min]).
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3.2 Neat polypropylene matrix

Figure 3.2: Campus Al matrix specimens after being tested under tension at different loading
rates. All specimens exhibit brittle failure.

However, no significant dependency on the loading rate was detected and vy,
stayed constant in the course of the quasi-static tests. The optically deter-
mined parameters stiffness Ej, strength R, and failure strain &}, were in good
agreement with the conventionally determined values.

R}, ator =1.6 mm/min

Stress in MPa
Stress in MPa

Mean (1.6 mm/min)
=5 mm/min

~— Mean (5 mm/min) 75 A
10 ~—— Mean (16 mm/min) A =16 mm/min
= Mean (50 mm/min) 250 A Rl ator =50 mm/min
° —— Mean (160 mm/min) 25 A Ry ator =160 mm/min
0 —— Mean (500 mm/min) A R ator =500 mm/min
0.00 0.02 0.04 006 008 0 107 1072 10! 10°
Strain Strain rate
Figure 3.3: Stress-strain relations of quasi- Figure 3.4: Matrix tensile strengths at dif-
static tension test of pure matrix at different ferent strain rates.

loading rates.
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3.2.3 Compression tests

Compression tests were performed at four different position-controlled cross
beam velocities for two different specimen geometries respectively (cf. Ta-
ble 3.1). For type A specimens, Table 3.4 shows the corresponding strain
rates with a measurement length of Ly = 20 mm. The following experiments

Table 3.4: Cross beam velocities and corresponding strain rates for compression tests of pure
matrix (measurement length Ly = 20 mm).

Cross beam velocity
for type B specimen

Cross beam velocity

. Strain rate &,
for type A specimen ¢

vt (mm/min) (15s) vt (mm/min)
0.5 4.16-107* 0.25

5 4.16-1073 2.5

50 4.16-1072 25.0

500 4.16-107! 250.0

identify the material stiffness and strength as well as the stress-strain relation at
different loading rates. Therefore, the material was loaded monotonously under
uniaxial compression. The upper and lower specimen flanks were covered with
grease prior mounting into the testing machine in order to reduce friction effects
between specimen and steel blocks. Figure 3.5 shows a schematic stress-strain
response of a type B specimen under compression. For all conducted experi-
ments the characteristic local stress minimum in a strain range € > 12% could
be observed after exceeding a precursory local stress maximum, accompanied
by the formation of shear bands. In the following, the local maximum was
used for the definition of the the material strength Ry. Strain at failure &f, is
identified as the strain where the compressive material strength Ry, is reached.
Figure 3.6 displays the measured stress-strain relations of type B specimens
loaded with the defined strain rates to determine the compressive strength. The
initial stiffness £, was measured in the strain range of 0.05% < ¢ < 0.25%
according to Din En Iso 604 [96] using specimen type A. The stress-strain
pathway beyond the defined failure point is not displayed. A more detailed
overview of the measured results is given in Figs. A.7 to A.10. Analogously
to the behavior under tension, compressive loading yields a time-dependent
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Compressive stress

Local maximum

Local minimum

Figure 3.5: Schematic stress-strain relation of quasi-static compression test of pure matrix.

material response. Confronting the averaged curves, the influence of the ex-
ternal strain rate on the material behavior becomes visible. Again, specimens
with increasing loading rate show an increasingly higher initial stiffness and
higher material strength. The correlation of strain rate and material strength is
displayed in more detail in Fig. 3.7. Regarding the stiffness values, a unimodal
behavior can be observed. However, in contrast to the before presented results
under tensile loading, the value of strain &}, at reached material strength Ry

increases with rising loading rates.

Compressive stress in MPa

Mean (0.25 mm/min)
~—— Mean (2.5 mm/min)
—— Mean (25 mm/min)

—— Mean (250 mm/min)

0.00 0.02 0.04 0.06 0.08 0.10 012
Strain
Figure 3.6: Stress-strain relations of quasi-
static compression tests of pure matrix at
different loading rates.

A
70
A
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£ A
£50
:
é 40
£
o RS, at oy =0.25 mm/min
30 A R ator =25mm/min
A R ator =25mm/min
A Rjator =250 mm/min
20
104 0% 1072 10! 10°

Strain rate

Figure 3.7: Measured matrix compressive
strengths at different strain rates.
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3.2.4 Tensile loading and unloading experiments

Figures 3.8, 3.9 and 3.12 show the stress-strain relations of the tensile test with
12 loading and unloading cycles for two strain rates. The experiments were
conducted up to a maximum strain of € = 5%. In addition, the respective
quasi-static material response is displayed as an envelope in gray. For each
loading rate five specimens were tested. However, to enhance visibility, only
one representative curve is displayed here. In a consistent manner to the
already presented behavior under tensile loading, increasing loading rates yield
higher stresses at the same values of strain. The diagrams show that hysteresis

Stress in MPa
»
8

Stress in MPa
»
8

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.00 0.01 0.02 0.03 0.04 0.05 0.06
Strain Strain

Figure 3.8: Stress-strain relation of the ten-
sile test of pure matrix with 12 loading and
unloading cycles at vy = 5 mm/min up to
& =6%. The gray curves mark the quasi-
static envelopes at the corresponding loading
rate.

Figure 3.9: Stress-strain relation of the ten-
sile test of pure matrix with 12 loading and
unloading cycles at vy = 50 mm/min up to
& = 6%. The gray curves mark the quasi-
static envelopes at the corresponding loading
rate.

phenomena appear already at very low strain levels. It is assumed that for small
deformations, the residual strain upon unloading is completely recovered if the
material is given time for relaxation. This implies that the material shows a
viscoelastic behavior first. For higher strains, the residual strains after unloading
are only partly recovered in time, hence introducing a viscoplastic component.
BruUSSELLE et al. [44] conducted a thorough study to further investigate these
effects. To assess the development of material stiffness over loading cycles,
the secant between the two extreme values in the half-cycle during unloading
was investigated (cf. Figs. 3.10 and 3.11).The full line in Fig. 3.13 shows the
calculated slopes of the secants over strain. With increasing deformation, the
secant stiffness decreases continuously. The degradation seems to converge
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Figure 3.10: Stress-strain relation of the ten-
sile test of pure matrix with 12 loading and
unloading cycles at vr = 5 mm/min up to
£ =6%. The gray dashed lines depict the
decreasing secant stiffness during unloading.

5 mm/min
359 — 50 mm/min

Stress in MPa

0.00 001 002 0.03 004 005 0.06
Strain

Figure 3.12: Stress-strain relations of cyclic
loading and unloading tension tests of pure
matrix at different loading rates.

Stress in MPa

0.00 0.01 0.02 SO.U? 0.04 0.05 0.06
Figure 3.11: Stress-strain relation of the ten-
sile test of pure matrix with 12 loading and
unloading cycles at vy = 50 mm/min up to
& =6%. The gray dashed lines depict the
decreasing secant stiffness during unloading.

£ (5 mm/min)

—a- £ (50mm/min)

Secant stiffness E in MPa

E; (5 mm/min)
—e— E; (50 mm/min)

2 4 6 8 10 2
Number of cycles

Figure 3.13: Change of secant stiffness
over loading cycles. The full lines rep-
resent the absolute secant stiffness values,
the dashed lines show the data normalized
(fa = Ei/Ep) with respect to the initial
value.
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against a limit value for both strain rates. The dashed lines in Fig. 3.13 represent
the normalized secants with respect to their initial value. Both sets of curves
are plotted over the number of cycles. Since the two curves nearly coincide,
it can be stated that the loading rates have no significant influence on the
secant degradation. Figure 3.14 shows a fractured matrix specimen after cyclic
loading and unloading. Small cracks in the vicinity of the edges as well as a
whitened core are visible in the matrix specimen under transmitted light. It is
assumed that the formation of this micro defects is mainly responsible for the
deterioration of the material stiffness.

Figure 3.14: Microcracks formed during cyclic loading/unloading in a neat matrix specimen made
visible by transmitted light.

3.2.5 Discussion

The preceding section has shown that the basic constituent polypropylene, that
is used throughout this work, exhibits a significant time-dependent material
behavior. This results in differing stress-strain relations, stiffness, and strengths
all depending on the strain-rate. The reasons for this viscoelastoplastic behavior
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3.2 Neat polypropylene matrix

can be affiliated to time-dependent processes occurring in the semi-crystalline
molecular structure of polypropylene. Shear yielding is assumed to be the
main deformation mechanism of unmodified polypropylene (cf. KinLocH et
al. [193], OswaLp & MENGESs [304]). In polypropylene as an example of a
semi-crystalline polymer, this effect appears near to crystalline areas, as depicted
in fig. 10.21 in OswaLp & MENGES [304]. Amorphous regions around
crystalline zones allow crystals to exhibit positional distortions (e.g. shear and
intra-lamellar slipping and rotation). If the deformations inducing this motion
are considerably small, these processes are reversible. Otherwise they lead to an
irreversible break-up of lamellar aggregates and rearrangement of the polymer
chains. In an extreme case both amorphous and crystalline zones are oriented
along the loading direction leading to quasi-fibrous stretched characteristics (cf.
ARENcoON etal. [5], ARENcoN & VELAsco [8]). Subjecting the material to
small loading rates, polymeric chains can glide, slip, or rotate past each other
more easily, allowing higher strains upon failure. With the secondary bounds
being primarily subjected to load, the achievable forces are lower than during
loading with high loading rates. Here mainly the polymeric backbone is on
load, yielding lower stiffness and strengths. Gliding processes on the molecular
level become visible by earlier appearance of non-linearity in the stress-strain
relations under low loading rates.

The stress-strain relations under cyclic tensile loading show a degradation
of secant stiffness. It is assumed here that the degradation itself has several
origins. Elasticity in the energy-elastic range in plastic materials relates to
intra-molecular secondary bonds. Again, increasing elastic deformation causes
a deflection of neighboring atoms from their equilibrium position. In an ideal
case, the necessary energy is equivalent to the stored elastic energy in the
material that allows fully reversible back-deformation upon unloading. How-
ever, deflected atoms result in deteriorated secondary bond forces as well as a
lower effective stiffness of the covalent primary bonds (cf. RoEsNER [339]).
Hence, the overall material stiffness reduces. By increasing the deformation,
the degradation of the material stiffness is decelerated. This effect is related to
reorientation processes of crystalline areas (spherulites) in the direction of the
active load. In general, this is accompanied by significant plastic shares. Due to
the additional plastic contribution at higher strains with € > 3%, a decreasing
amount of the deformation is to be endured by elasticity. The effect of the distur-
bance of the equilibrium position of the chains is reduced, since larger parts of
the deformation can be described by rotation of spherulites, see e.g. ROSLER
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et al. [338], leading to a diminished change of secant stiffness. Moreover,
microscopical investigations have shown a noticeable formation of microcracks.
It is assumed that these microvoids are created mainly due to an effect called
stress whitening as described by OsswarLp & MENGEs [304]. Here, micro-
cracks form in the interface between neighboring spherulites. According to
ARENCON [8], the degradation process is accompanied by the formation of
crazes. Both processes are irreversible, causing permanent deformation in the
polymer. If these microvoids coalesce, macroscopic visible cracks form, finally
leading to ultimate fracture. Due to the relatively high percentage of crystalline
areas, the damage processes take place in such a high extent that brittle failure
through coalescence of microvoids is reached before the typical necking be-
havior of polypropylene at room temperature appears. The reason for the high
percentage of crystalline areas can be found in the manufacturing process of
the specimens or in the exact composition of additives in the polymer causing a
higher tendency towards crystallinity. A further discussion of these two effects
is not part of the present work. However, besides processing-induced structures
and the molecular characteristics of polypropylene (e.g. molecular mass), the
micro/nanostructural morphology has a particularly strong influence on the
fracture behavior (cf. ARENcoON et al. [6,7]).

3.3 Unidirectional fiber reinforced polypropylene

The full experimental assessment of all scales addressed within the multiscale
approach of organo sheets requires specimens with unidirectional reinforce-
ments. It is important that in the material only one preferred direction exists
and no perpendicular structures are present that have falsifying effects. The
material provider of the organo sheet does not offer materials complying with
such conditions. Therefore, unidirectional glass fiber reinforced tape material
(PP/GF UD) of the type CELSTRAN®CFR-TP PP GF70-13-PP with a fiber
volume content of v¢ = 45.3% from the material supplier TICONA is used for
characterization (cf. B.1 for the data sheet). One major uncertainty that arises
is the mismatch of the matrix material of this supplier and the material that is
used later in the weaves. Therefore, a consistent usage of the same materials
throughout the scales is violated at this stage. The material is delivered as a
coiled 0.25 mm-thick tape. Several trimmed layers of these tapes have been
stacked manually and consolidated in an industrial press under the influence of
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temperature. The manufacturing was realized by the Fraunhofer Institute for
Chemical Technology in Pfinztal (Fraunhofer ICT), Germany. The compres-
sion force was Fp = 186 kN with a temperature of 7p = 200°C for a time of
t = 200s. The dimensions of the resulting plates was 380 x 380 x d mm?>, where
d differs for tensile and compressive specimens. In addition to the unidirectional
sheets, plates with a [0/90], stacking order were produced. Figure 3.15 shows a

Figure 3.15: Microstructure obtained from a cross-section transverse to fiber direction in unidi-
rectional composites.

dark-field section of the microstructures perpendicular to the fibers. The actual
volume fraction of the fibers was determined to v¢ = 43% by using image
segmentation on multiple microsections and evaluating the surface areas of
matrix and fiber regions. Figure 3.16 depicts a detailed view of the microstruc-

Figure 3.16: Detailed microscopy of a UD specimen showing non-constant fiber diameters.

ture. In addition to the statistically dispersed fibers, a significant distribution
of the fiber diameter can be observed. The average diameter was determined
to di = 13 um with a standard deviation of sf = 2.4 um. Furthermore, no
indications of voids were found and the sections showed an unmitigated im-
pregnation of the fibers. The conducted experiments presented in the following
enhance the understanding of the overall anisotropic failure processes occurring
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in the unidirectional composite during quasi-static loading and further allows a
comparison with failure behavior in unidirectionally reinforced plastics as de-
scribed in literature. Hence, quasi-static tension and compression tests as well
as +45° off-axis (shear) tests under tension were performed at various strain
rates. The dimensions of the specimens were chosen according to relevant
norms as 250 x 25 x 2 mm? for tension (cf. DiN EN Iso 527-4 [95]) and type
B2 with 125 x25x 10 mm?® for compression (cf. DiN EN Iso 14126 [92]).
For the tensile cases a measurement length Ly = 50 mm was chosen, while the
displacement during compression was recorded directly by slim extensometers
with a distance of Ly = 20mm. All specimens were cut out of the corre-
sponding plates by waterjetting taking into consideration the direction of the
reinforcements.

3.3.1 Longitudinal tensile tests

Tensile tests in fiber direction were performed at three different position-
controlled cross beam velocities. Table 3.5 shows the corresponding strain
rates. In Fig. 3.17 the resulting material responses are displayed. After a

Table 3.5: Cross beam velocities and corresponding strain rates for tensile tests of unidirectional
specimens (measurement length Ly = 50 mm).

Cross beam velocity ~ Strain rate

vt (mm/min) & (1/s)

5 1.67-1073
50 1.67-1072
500 1.67-107!

linear regime the material fails instantaneously for all cases. Figures A.11

to A.13 show more detailed results and summarize the stiffness F h, material

strength Rt”, and strain at failure e‘”. Investigating the confronted stress-strain

curves for longitudinal tension tests, small but present viscous effects can be
observed. This is due to slight fiber undulations occurring in the specimen,
hence, introducing viscous effects dominated by the matrix. The fracture strain
lies at about st” = 3% and the corresponding stiffness is Rt|| = 900 MPa, which
agrees with the indicated values from the data sheet. Figure 3.18 shows a

86



3.3 Unidirectional fiber reinforced polypropylene

1000 Mean (5 mm/min)
——— Mean (50 mm/min)
= Mean (500 mm/min)
800 4

-y
S
S

Stress in MPa

'
S
=3

200

0.000 0.005 0.010 0.015 0.020 0.025 0.030
Strain

Figure 3.17: Stress-strain relations of quasi-static tensile test in fiber direction of UD specimen at
different loading rates.

side view of a UD specimen that failed under longitudinal tension loading. It
can be seen that, as soon as failure occurs, the integrity of the material is lost
completely. No sharp failure zone can be identified, but the whole specimen
gets destroyed to a large extent.

3.3.2 Transversal tension tests

Tensile tests transverse to the fiber direction were performed at three different
position-controlled cross beam velocities, see Table 3.5. Figure 3.19 shows
the respective material responses. After a degressive stress-strain relation,
brittle failure terminates the experiment. In Figs. A.14 to A.16 more detailed
results together with the corresponding measured stiffness E' , material strength
R' and strain at failure &' can be found. Confronting the single curves, no
significant strain rate effect could be observed regarding initial stiffness and

Figure 3.18: Side view of a UD specimen failed under longitudinal tension.
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failure strength. However, the degree of non-linearity seems to be affected
by the rate of external loading, since the material fails at larger strains given
a slow loading rate (&', (vr=5 mm/min) = 0.65%) compared to high loading
(&' (vr=500 mm/min) = 0.48%). Even though the deformation behavior is
matrix dominated in this direction, a brittle behavior like in fiber direction is
observed. The strength lies at about R, = 22 MPa, which is significantly lower
compared to the tensile strengths of the pure matrix specimens as discussed in
Section 3.2.2. Figures 3.20 and 3.21 show views of a UD specimen that failed

Mean (5 mm/min)
——— Mean (50 mm/min)
201 = Mean (500 mm/min)

Stress in MPa
=

—-
=)

0.000 0.002 0.004 0.006 0.008
Strain

Figure 3.19: Stress-strain relations of quasi-static tensile test in transverse direction of UD specimen
at different loading rates.

under transversal tensile loading. A clear fracture plane can be identified that
lies perpendicular to the loading direction. Microsections show that the crack
grows in the matrix material around the fibers.

3.3.3 Longitudinal compression tests

Compression tests in fiber direction were performed at three different position-
controlled cross beam velocities. Table 3.6 states the corresponding strain rates.
Figure 3.22 shows the respective material responses. After a linear regime
the material fails instantaneously for all cases. More detailed results and a
summary of the corresponding measured stiffness E ﬁ, material strength RTI’ and
strain at failure s‘ﬁ are given in Figs. A.17 to A.19. Again, no significant strain
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Figure 3.20: View of a UD specimen failed Figure 3.21: Microsection of a UD speci-
under transversal tension. The failure plane men failed under transversal tension. Load
lies perpendicular to the loading direction. was applied horizontally.

Table 3.6: Cross beam velocities and corresponding strain rates for compression tests of unidirec-
tional specimens (measurement length Ly = 20 mm).

Cross beam velocity — Strain rate

v (mm/min) & (1/s)

0.5 4.16-107*
5 4.16-1073
50 4.16-1072

—100

—150
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—-200
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~—— Mean (5 mm/min)
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—0010 0008  —0006  —0004  —0.002 0.000
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Figure 3.22: Stress-strain relations of quasi-static compression test in longitudinal direction of
UD specimen at different loading rates.
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rate effect could be observed regarding stiffness, strength, or failure strain when
confronting the single curves. The fracture strain lies at about s‘cl = 0.8% and
the corresponding strength is about Rﬁ = 280 MPa. Failure under compression
is mainly induced by fiber buckling representing a local material instability.
A further investigation on the influence of an initial fiber misalignment and
process-induced undulations on the stability failure is not part of the present
work.

3.3.4 Transversal compression tests

Compression tests transverse to the fiber direction were performed at three
different position-controlled cross beam velocities. For the resulting strain
rates see Table 3.6. Figure 3.23 shows the material responses. Figures A.20
to A.22 state more detailed results and summarize the measured stifftness E¢,

material strength RS, and strain at failure €. As expected, the material

04 Mean (0.5 mm/min)
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Figure 3.23: Stress-strain relations of quasi-static compression test in transversal direction of UD
specimen at different loading rates.

behavior in this material direction is matrix dominated and shows a high degree
of non-linearity in the stress-strain relation. Confronting the single curves, no
significant strain rate effect could be observed regarding initial stiffness and
failure strain. Material strength however, shows a dependency on the strain
rate. The material fails at about £ = 2%. Figure 3.24 shows a view of a UD
specimen that failed under transversal compressive loading. Looking at the
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failure image, a shear failure can be seen, expressed by a clearly identifiable
fracture plane that is inclined by about ¢, = +50° with respect to the loading
direction. The microsection shows that the crack grows in the matrix material

Figure 3.24: Microsection of a specimen failed under transversal compression.

around the fibers. Due to the fracture plane angle that deviates significantly
from zero, it is assumed that a critical shear load leads to failure in one distinct
plane. This behavior lies in good agreement with the behavior reported in
relevant literature, e.g. Puck [319].

3.3.5 Tensile tests of off-axis specimens

Tensile tests on +45° off-axis specimens were performed at three different
position-controlled cross beam velocities, resulting in the effective strain rates
as summarized in Table 3.5. For each strain rate three specimens were tested.
Figure 3.25 shows the respective material responses. Due to the relatively
high ductility in the thermoplastic matrix during shear loading, the specimens
show large deformations and a pronounced non-linear behavior in this loading
direction. For more detailed results the reader is referred to Figs. A.23 to A.25,
where the single material responses together with the corresponding measured
initial stiffness E, material strength R, and strain at failure &5 are documented.
The reason for reaching such high strain values of more than 25% lies in the
ability of the fibers to re-orientate along the loading direction, see Fig. 3.26.
This is possible due to the ductility of the surrounding matrix. The motion
within the material yields a significant change in cross-sectional area and
therefore the true stresses in the material differ from the measured tensions.
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Figure 3.25: Stress-strain relations of quasi-static shear test of a UD +45° off-axis specimen at
different loading rates.

Even though this material direction activates matrix dominant processes, no
significant strain rate effect could be observed regarding initial stiffness and
failure strength and strain. Figure 3.27 shows the fracture area of a +45° off-
axis UD specimen that failed under tensile loading. Delamination of the single
layers is the dominant failure mode, leading to a separation of the specimen.

3.3.6 Discussion

The quasi-static experiments presented here summarize the basic deformation
behavior of unidirectionally glass fiber reinforced thermoplastics. It has been
shown that those materials show a significant dependency on the loading di-
rection with respect to their fiber direction as well as a pronounced asymmetry

AN

Figure 3.26: Development of fiber angle with increasing strain.
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Figure 3.27: Failed +45° off-axis specimen after tensile test. Close-up view of fracture area.

under tensile and compressive loading. Furthermore, especially directions
that are matrix dominated show an influence on the loading rate. The fibers
introduce a heterogeneity in the composite with local stress concentrations
when the material is deformed. The morphology of the fibers (e.g. mean
diameter and orientation), their mechanical properties, and the characteristics
of the inter-facial adhesion have significant influence on the deformation be-
havior, failure dynamics, and hence on the overall behavior of the composite
(cf. KowaLEwskI et al. [200]). Since the matrix around the fibers cannot
move freely and its motion is constrained by the adjacent fibers, the process
of plasticity, crack propagation and fracture are highly influenced by the given
micro-structural circumstances. The macroscopic permanent deformation can
be explained by processes happening on the micro level, namely plastic flow
and debonding damage processes of the matrix between inclusions. In liter-
ature, several authors claim that debonding processes between fibers and the
thermoplastic matrix are the main initial damage mechanisms, finally leading to
failure. Especially composites consisting of matrix material with a low polarity,
as it is the case for polypropylene, inter-facial adhesion is usually weak and sep-
aration of matrix and fiber takes place more easily. Hence, several approaches
to address the issue of fiber matrix debonding are proposed in literature (cf.
PukANszky et al. [322], ZuuKk et al. [434], VAN HARTINGSVELDT &
VAN AARTSEN [399]). In order to estimate the influence of the interface
debonding for the present composite, the fracture surfaces of unidirectional
specimens were investigated, using a scanning electron microscope (SEM). Fig-
ure 3.28 shows a series of representative micro scans of specimens subjected to
cryo-fracture using a high magnification. In contrast to the expected results, no
clear interface debonding between matrix and fiber is observed, but the fibers
are impregnated with a thin layer of matrix. It is assumed here, that additives
are responsible for the improved adherence. As expected, tension loading in
fiber direction results in a linear stress-strain relation. In this material direction,
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Figure 3.28: Series of SEM scans of unidirectional specimens subjected to cryo-fracture. (a) Frac-
ture plane at a magnification of 100. (b)-(d) Detailed views of single fibers (1000x magnification).
All examined fibers show pronounced matrix adhesion.

the fibers are the constituents which mainly carry the load. Failure occurs
in an abrupt manner and the integrity of the specimen is completely lost and
no distinct fracture plane is recognizable. Just before the final failure of the
specimen, a series of sound emissions is perceptible, indicating a successive
failure of single fibers up to the point that the active load exceeds the remaining
load-bearing capacity and the specimen fails catastrophically. The average
failure strain is slightly below st” = 3%. Even though unexpected, a slightly
rate-dependent material behavior was observed. Due to the processing, fibers
were not aligned perfectly parallel and a certain effect of the viscoelastic be-
havior of the matrix could be observed. Compressive loading in fiber direction
leads to a matrix dominated failure behavior, even though no significant de-
pendency on the loading rate was detected. Slight initial misalignments in the
fibers lead to buckling which consequently yields to shear load exposure and
finally to failure in the adjacent matrix regions followed by fiber fracture due
to excessive bending. Transverse to the fiber direction, the material shows very
brittle behavior under tension forming a macroscopic crack perpendicular to
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3.3 Unidirectional fiber reinforced polypropylene

the loading direction. The composite failed under tension at about £} = 0.5%,
even though a thermoplastic matrix is present between the single fibers, that
however failed in a brittle manner but reached relatively high failure strains
as shown in Section 3.2.2. It is assumed that due to the high stiffness of
the glass fibers, the macroscopic deformation accumulates in the softer ma-
trix. Locally, the material is strained to a larger extent compared to uniaxial
test in unreinforced matrix. It is noticeable that the values for the material
strengths of the UD materials are lower than in the neat matrix. Due to the
fibrous inclusions, the stress state in the material as a result of external uniaxial
loading gets disturbed and hence becomes multi-axial on a microscopic level
with high volumetric shares. Especially under tension, these favor damage
initiation and inhibit plastic deformation (cf. Asp etal. [15], Kim et al. [191]).
Therefore, the fibers introduce a local notch effect, disturbing a smooth strain
field. Compressive loading induces the typical failure patterns known from
thermoset composites, being reproducible also within the thermoplastic matrix.
A macroscopically planar but inclined fracture plane characterizes a shear fail-
ure in the matrix around the fibers. In contrast to the very brittle deformation
behavior in longitudinal and transverse direction, loading in a +45°-direction
allows the material to develop high strains. The pronounced non-linearity of
the stress-strain relation indicates a high mobility of the matrix. This allows the
fibers to re-orientate in the load direction during the course of loading, leading
to a successive stiffening in the material response, visible towards the end of
the experiment. The reached high strains of more than &5 > 25% allow for the
assumption that the deformation in the matrix is accompanied by high plastic
shares. Regarding the application of such materials in structural parts, this
large deformation is not expected due to mixed stackings of UD layers. In a
similar manner, in woven structures large deformations will be inhibited by the
interweaving of the rovings. Even though the deformation behavior is assumed
to be matrix-dominated, no strain rate dependency was observed. In general,
the viscous behavior in the UD composite becomes less visible than in the neat
matrix due to multi-axial strain and stress states in the matrix phase.
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3.4 Woven fabric reinforced polypropylene

This section is concerned with the characterization of the full composite,
consisting of a polypropylene matrix and a glass fiber twill weave as rein-
forcement structure (PP/GF twill weave). The organo sheet with the typecast
TEPEX®dynalite 104-RG600(7)/47%, where n specifies the number of layers,
was purchased from Bond Laminates (cf. B.2 for the data sheet). It is suitable
for further processing supported by the application of temperature and pressure.
The overall fiber content in the material is v, = 47% and the interwoven

a b~
Figure 3.29: Twill weave pattern. (a) Schematic display of twill weave from TexGen
(SHERBURN [350]) and (b) Depiction of twill weave pattern in real specimen taken from pCT
scan.

rovings are assembled in a balanced twill weave pattern. Figure 3.29 shows a
schematic and a real view taken from uCT data of the weave. In both cases the
matrix phase is masked out and only the roving structures are visible for a better
presentation of the weave pattern. The procedure to measure the fiber volume
fracture inside the UD material was also applied here, using microsections as
depicted in Fig. 3.30. Image segmentation yields an average volume fraction of
k = 63% within the rovings. According to v = vy /k this yields a tow vol-
ume fraction of v,y = 74.6%. Analyses of the fiber diameters were performed
subsequently and an average of dr = 13 um could be confirmed here. The
relevant dimensions introduced and summarized in Fig. 2.8 and Table 2.1 were
determined and are given in Table 3.7. Semi-finished sheet material with a
dimension of 620 x 1300 x d mm?> was delivered. With a thickness per layer of
do = 0.5 mm, the variable amount of n layers defines the complete thickness
of the compound d. In the case of stacked layers, single lamina were arranged
with aligning preferred directions. Even if the preferred directions of the single
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a LERANW b Ecan

Figure 3.30: Microsections of multi-layer weave. (a) Exemplary microsection that was used for
the determination of out-of-plane weave geometries and (b) detailed view on single rovings.

lamina coincide, the mesoscopical geometrical conditions within a laminate can
severely differ. Describing the undulation of a roving according to a sinusoidal
curve, top and bottom turning points (peak P and valley V) can be identified.
The relative positioning of the local extrema of the undulated fiber rovings
is known as nesting behavior and has significant influence on the mechanical
behavior of the laminate. Figure 3.31 depicts some possible nesting configu-
rations in a four-layer laminate. The middle sections illustrated in Fig. 3.31a
and b show the two extreme examples of nesting, namely the combinations of
peaks (P) and valleys (V) in the setting [P, V, P, V] for section (a) and [V,
V., V, V] followed by [P, P, P, P] in section (b). These configurations are
identified as symmetric and simple stacking. In general, more or less expressed
intermediate states of nesting can be found (cf. Fig. 3.31 c and d). The analysis
of micro sections of the composite showed no microvoids in matrix rich areas

Table 3.7: Measured average dimensions of one-layer twill weaves (cf. Fig. 2.8 and Table 2.1).

Dimension Value
A 15.667 +0.723
h 0.543 +0.014
. p 3.264 +0.141
Geometrical (mm) to 0256 +0.019
ty 0.255 +0.024
g1 0.596 +0.221
2 0.573 +0.237
K 0.631
Volume fraction (-) vy 0.471

View = 2 0.746

K
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d =
Figure 3.31: Microsections of woven specimens in warp direction. Various characteristics of
layer phase shift are recognizable. (a) Symmetric stacking configuration: peaks P and valleys V/
are opposing, (b) Simple stacking configuration: peaks and valleys are in-phase, and (c) and (d)
intermediate topologies of the two extreme states.

between the impregnated rovings and a complete coverage of the fibers with
plastic matrix. In the following, all specimens were cut by waterjetting from
the corresponding plates taking into consideration the direction of the reinforce-
ments. Ruler specimens with the dimensions of 250 x 25 x 2 mm? were used
for the tensile quasi-static experiments according to Din En Iso 527-4 [95].
The measurement length was set to Lo = 50 mm. For the experiments with a
loading under an angle of 45°, additional specimens with one layer with thick-
ness d = 0.5mm were manufactured. Compression tests were conducted using
specimens with a dimension of 100 x 15 x 4 mm? and a measurement length of
Lo = 20mm in a similar fashion to Din ExN Iso 14126 [92]. In order to
understand the deformation behavior and the influence of the loading rate, it is
necessary to investigate the glass fiber woven fabric reinforced thermoplastic
experimentally. The experimental results are summarized in the following
subsections.

3.4.1 Longitudinal tensile tests

Tensile tests in fiber direction were performed at three different position-
controlled cross beam velocities. Table 3.8 shows the corresponding strain

98



3.4 Woven fabric reinforced polypropylene

Table 3.8: Cross beam velocities and corresponding strain rates for tensile tests of woven specimens
(measurement length Ly = 50 mm).

Cross beam velocity ~ Strain rate

vt (mm/min) & (1/s)

5 1.67-1073
50 1.67-1072
500 1.67-107!

rates. Figure 3.32 shows the respective material responses. The presented
results were obtained from a ruler specimen with one layer n = 1. After a
linear pathway, the material fails instantaneously for all cases. Figures A.26

Mean (5 mm/min)
400 | == Mean (50 mm/min)
= Mean (500 mm/min)

300

200

Stress in MPa

0.000 0.005 0.010 0.015 0.020 0.025 0.030
Strain

Figure 3.32: Stress-strain relations of quasi-static tensile test in fiber direction of UD specimen at
different loading rates.

to A.28 give more detailed results and summarize the corresponding measured
stiffness £ h, material strength Rt|| and strain at failure st”. No significant strain
rate effect could be observed regarding stiffness, strength, or failure strain when
comparing the single curves for the two higher velocities. Merely, the tensile
test at vt = 5Smm/min indicates, that the time-dependent properties of the
matrix and the woven structure and geometry of the composite have an influence.
Under quasi-static loading, the stress-strain response is approximately linear
elastic up to the maximum bearable stress followed by abrupt failure. The
fracture strain lies at about et” = 2.5% and the corresponding strength is in
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the range Rt|| = 350 MPa to Rt|| = 390 MPa, which agrees approximately with
the indicated values in the data sheet. The expected progressive stiffening of
the material due to straightening of the undulated rovings was not observed.
Figure 3.33 shows a top view of a one-layer woven specimen that failed under

Figure 3.33: Top view of a one-layer woven specimen failed under longitudinal tension.

longitudinal tension loading. The damage mechanisms generally include matrix
cracking, localized warp fiber fracture, weft fiber pull-out, and in case of a
multilayer specimen, delamination along the middle plies. Matrix cracking
was observed dominantly in the weft fiber rovings, oriented perpendicular to
the loading direction. These cracks propagate in an opening mode due to
the normal stresses acting in the load direction. When reaching the roving
interfaces, they can cause interfacial debonding within the lamina or interply
delamination. The tensile test in fiber direction has been conducted in both
warp and weft direction. However, for both directions comparable results could
be achieved. No significant differences were observed when testing layered
specimens.

3.4.2 Longitudinal compression tests

Compression tests in longitudinal fiber direction were performed at three differ-
ent position-controlled cross beam velocities. The corresponding strain rates
are given in Table 3.9. Figure 3.34 shows the respective material responses.
In Figs. A.29 to A.31 more detailed results together with the corresponding
measured stiffness E ﬁ material strength Rﬁ, and strain at failure STI are given.
Under compression, the material response is approximately linear elastic up
to the point of instantaneous failure. Comparing the stiffness values in lon-
gitudinal direction obtained under tension, a less stiff response is observed

under compression. This behavior can be explained by the geometrical fact that

100



3.4 Woven fabric reinforced polypropylene

Table 3.9: Cross beam velocities and corresponding strain rates for compression tests of woven
specimens (measurement length Ly = 20 mm).

Cross beam velocity ~ Strain rate

vt (mm/min) & (1/s)

1 8.33-10™*
10 8.33-1073
100 8.33-1072

the fiber rovings are impregnated in the thermoplastic matrix in an undulated
way. Loaded under compression, the main deformation is not carried by the
fibers in longitudinal direction directly, but leads to a buckling motion of the
already deflected bundles. Consequently, not the entire stiffness of the fibers
becomes effective but rather a combination of flexural (bending) modulus of
the undulated rovings and matrix, yielding a more compliant material response.
Due to the high shares of matrix being loaded, time-dependent behavior can be
observed with regard to the stiffness values. With increasing loading rate, the
material responds in a stiffer manner. The averaged strengths R‘ﬁ = 125MPa
and failure strains €5 = 1% are similar for the different compressive loading
rates. High scattering of the material strength could be an indication of the
influence of nesting effects. Under compression, the material fails at strains
that are significantly lower compared to tensile tests. This behavior has already
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Figure 3.34: Stress-strain relations of quasi-static compression test in fiber direction of woven
specimens at different loading rates.
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Figure 3.35: Typical failure manifestation under compressive load in a woven fabric reinforced
composite. (a) Side view photograph of a woven specimen failed under longitudinal compression,
(b) Detailed section of a woven specimen failed under longitudinal compression, (c) detailed
microscopy of section of a woven specimen failed under longitudinal compression showing fiber
kinking and (d) fiber shear fracture.
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3.4 Woven fabric reinforced polypropylene

been observed in the UD matrix and is accredited again to the brittle matrix
failure, which is responsible for the failure behavior. Figure 3.35a and a more
detailed view in Fig. 3.35b show a typical failure of woven composite specimens
that failed under longitudinal compressive loading. The whole specimen failed
under the formation of a localized through thickness shear band that becomes
macroscopically visible. The shear failure bands range from 30° to 57° for all
specimens, with an average of about 45°. Failure in the form of a shear band
can be explained by the woven nature of the material, especially the preexisting
deflections in the undulated rovings, as suggested by HARDING [149]. Taking
a closer look on the micrograph of the damaged area in Fig. 3.35b, several
failure modes become visible. In general, fiber micro-buckling leads to fiber
kinking followed by failure of the fibers and matrix through the thickness of
the specimen along the distinct shear band. As a result of the buckling motion
of the tows within the material, matrix areas positioned in between two rovings
are sheared locally to a high extent. This results in high volumetric strain and
hence failing prematurely in a brittle manner (cf. GRovEs et al. [135]). Re-
ducing locally the stabilizing effect of the matrix surrounding the fiber bundles,
micro-buckling is caused. Subsequently fiber kinking (cf. Fig. 3.35¢) and fiber
breakage (cf. Fig. 3.35d) favor the formation of the macroscopic shear band.

3.4.3 Tensile tests of off-axis specimens

Off-axis £45° tensile tests were performed at three different position-controlled
cross beam velocities. The corresponding strain rates are given in Table 3.10.
Figure 3.36 shows the respective material responses. The single material

Table 3.10: Cross beam velocities and corresponding strain rates for tension tests of woven +45°
off-axis specimens (measurement length Ly = 20 mm).

Cross beam velocity ~ Strain rate

vt (mm/min) & (1/s)

5 1.67-1073
50 1.67-1072
500 1.67-107!

responses as well as the corresponding measured stiffness Es, material strength
R, and strain at failure &g as extracted from the experimental results are
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summarized in more detail in Figs. A.32 to A.34. The shear stress-strain
behavior is dominated by the matrix material and exhibits significant non-
linearity over a large strain range. Analyzing the stress-strain response in
terms of strain rate dependency, several conclusions can be drawn. The initial
stiffness is independent of the loading rate, however, the non-linear pathway
changes with the strain rate. The results are inconclusive regarding a valid
statement for the failure strain, showing high scatter within the single velocity
sets. Merely the shear strength shows an increasing trend for increasing shear
rates. Such a behavior is also reported in BoNNET [39]. Photographs of
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Figure 3.36: Stress-strain relations of quasi-static +45° off-axis tension tests of woven specimens
at different loading rates.

the post-test in-plane shear specimens are depicted in Fig. 3.37. The major

Figure 3.37: Detailed views of (a) one-layer and (b) multi-layer +45° off-axis woven specimen
failed under tension. Roving/Fiber pullout in conjunction with matrix cracking is identified as the
dominant failure mode in both cases.

macroscopic failure modes were matrix cracking, fiber pull-out, fiber bundle
pull-out and delamination. Similar to the +45° off-axis UD specimen before,
also in the weave, fiber reorientation (scissoring) in the direction of the external
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3.4 Woven fabric reinforced polypropylene

load direction was observed. According to KELLAs et al. [190] this process
induces interlaminar stresses at the ply interfaces resulting in delamination. The
final failure is accompanied by the formation of a V-shaped in-plane fracture
surface (£45° to fiber axis). This plane indicates at the same time the plane
where the critical shear load is active.

3.4.4 Discussion

The previous sections presented the experimental results obtained from woven
fabric reinforced polypropylene subjected to tension and compression load. Ad-
ditionally, +45° off-axis tension tests have been performed. Special attention
was paid to the influence of time-dependent viscous behavior of the composite,
taking into consideration the anisotropic structure. It could be shown that
tensile tests in fiber direction of the woven composite yield a slightly time-
dependent behavior. Hence, the strain rate effects in the material are influenced
primarily by the matrix viscoelasticity, fiber-matrix interfacial properties, the
composite woven reinforcement architecture, and the time-dependent nature
of damage accumulation. Mainly the matrix component, which takes a high
volume fraction in the composite, is responsible for this behavior. The share
of the matrix with regard to the overall stiffness can therefore not be neglected.
Due to the undulation of the reinforcement structures, matrix-related effects are
measured in all directions of the composite. GuagLiaANO & Riva [136] and
NicorLeTrTO & R1va [297] showed that nesting effects within the stacking
of a woven composite have significant influence on the mechanical behavior
in terms of stiffness and strength. Comparing the compression and tension
tests in fiber direction, a tension/compression asymmetry could be observed
with respect to stiffness and strength. Both entities yielded considerably lower
values under compression, which was entirely related to effects happening
in the thermoplastic matrix, stabilizing the impregnated tows. Undulation
triggers first local matrix failure and therefore a disturbance on the stabilizing
effect, leading to matrix damage. The continuous fibers tend to be prone for
kinking due to their high aspect ratio and are hence highly dependent on the
supporting effect of the surrounding matrix. Increasing undulation results in
decreasing strength and stiffness, as reported in GuacrLiano & Riva [136],
NicorLerTo & Riva [297] as well as GArNIcH & Karamr [120] and
Karami & GarnicH [189]. Losing this support, the fibers fail collectively
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within the roving, accompanied by concurrent formation of matrix failure and
delamination. The final failure becomes visible in the form of a macroscopical
shear band. Off-axis +45° specimen loaded under tension showed a significant
non-linearity, leading to large deformations within the material. Scissoring
effects within the material enable a reorientation of the reinforcement struc-
tures with the external loading direction. The specimen finally failed due to
delamination caused by foregone matrix cracking and fiber pullout. Large
rotations of the fibers yield high inter-ply shear loads which finally lead to
delamination and separation of the crack fronts. However, taking into account
the results obtained by RoeEsNER [339], the measured strength values are
dependent on the specimen dimensions and are therefore not to be taken as
material parameters. Regarding the appearance of failure within the woven
specimen as well as the determination of material parameters, no difference
concerning the loading in warp or weft direction could be observed. This is
due to the fact that a balanced weave under waiver of the use of binders was
investigated.

In this chapter, experimental results have been presented for the constituents and
subcomposites appearing in organo sheets. The assessment of the deformation
behavior, especially of anisotropic materials, is very challenging and an urgent
issue in current research. Due to their complex inner structure and hence
direction-dependent behavior, many tests have to be conducted in order to
understand the processes taking place internally. However, superimposed
loading states are often hard or impossible to achieve. Therefore, computer
aided techniques deliver significant benefits. Microstructures can be generated
virtually and loaded in arbitrary loading combinations. In the upcoming
chapters a procedure is presented that enables a virtual characterization of
organo sheets on different levels of geometrical resolution, introducing both
generation of microstructures and necessary material models.
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This chapter demonstrates the derivations of the three required constitutive
models in order to run the multiscale approach presented in Fig. 1.2. Section 4.1
addresses the rate-dependent definition of the elastoplastic and damage behav-
ior of the neat thermoplastic matrix, characterized in Section 3.2. With regard
to later developments, the initially defined small strain framework is extended
towards a finite setting formulated with the help of logarithmic strains. The
transition is done by purely geometrical operations applied on the strain tensor.
In order to perform the first scale-bridging step, a fully three-dimensional,
transversely isotropic continuum damage model is introduced in Section 4.2.
Representing the impregnated rovings, this constitutive model is used in the
virtual unit cell, i.e. the mesoscopic model. Incorporating the anisotropic
nature of unidirectionally reinforced materials, a transversely isotropic ground-
state elasticity law is presented in a finite strain framework in order to consider
large rotations that can occur in weave reinforced composites. The preferred
direction is therefore characterized by one vector. Depending on the orien-
tation, experimentally observed predominant emerging failure mechanisms
are integrated by the definition of suitable criteria for damage onset. Further
evolution of directional damage parameters is driven by a thermodynamically
consistent formulation using the theory of maximum dissipation. The last
constitutive model presented here enables the transition from a mesoscopic to
a macroscopic formulation, hence representing the weave reinforced material
on part level. Section 4.3 demonstrates the composition of the two aforemen-
tioned material models, creating a new straightforward formulation for the
macroscopic material behavior, incorporating plastic and anisotropic damage
effects by combining analytical and numerical homogenization steps. In the
present case of a twill weave reinforced composite, the preferred directions
of the woven composite coincide conveniently with the principal directions of
the reinforcing systems. However, due to external loading, the initially known
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preferred directions change as the material deforms. Therefore, an interme-
diate configuration based on the plastic share of the deformation gradient is
introduced in order to take these kinematic particularity into consideration. By
extending the given definitions by separate damage formulations for matrix and
rovings, the transfer of dominant material effects onto the macroscopic scale is
enabled. While Chapter 4 is limited entirely to the theoretical derivation of the
constitutive models including some remarks on the algorithmic treatment and
implementation of the governing equations of all scales, Chapter 5 presents the
numerical application and results.

4.1 Constitutive modeling of polypropylene

This section focuses on the modeling of the rate-dependent elastoplastic and
damage behavior of the matrix material for isothermal conditions. The formu-
lation of elastoplasticity in a finite framework has been worked on extensively
during the last decades. For a thorough overview, the interested reader is
referred to the works of NaGHDI [286], or X1A0 et al. [425]. Basically,
two main approaches exist for modeling large-strain inelastic material models.
The first approach bases on a multiplicative decomposition of the deformation
gradient into elastic and plastic contributions F = F°FP, also referred to as
Kroner-Lee decomposition (cf. KRONER [207], LEE [216], MANDEL [250]).
The origin of this definition can be found in the micromechanical descrip-
tion of plasticity in crystalline materials, but is frequently used for the phe-
nomenological description of plasticity. The second approach bases on the
Green-Naghdi theory and uses the Lagrangean plastic deformation measure
E? (cf. GREEN & Nagubi [131]). For the present work, the formulation
introduced by M1eHE [273,274] together with the additive framework for the
plastic strains (cf. M1EHE et al. [268], PApapoPouULOs & Lu [306,307],
MieHE & APEL [275]) is used to set up the constitutive model in the logarith-
mic strain space. This framework allows for the formulation of a geometrically
linear plasticity model in the core that is embedded into a purely geometric
pre- and post-processing algorithm, rendering the model geometrically non-
linear. In the present work, first a material model for the thermoplastic matrix
is derived in the context of a geometrically linear frame using the additive
decomposition of the strains which is then embedded into the aforementioned
logarithmic framework. The experimental behavior under quasi-static tension
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and compression at different strain rates of the present thermoplastic polypropy-
lene matrix is demonstrated in Section 3.2. For the model here it is assumed
that the time-dependency arises purely due to time-dependent plastic effects in
the matrix. In this section, we first introduce the overall constitutive equations
of the elasto-viscoplastic material model, including an isotropic formulation
for damage. A second part describes in more detail the modular structure of
the kinematic approach required for the implementation in Abaqus.

4.1.1 Basic kinematics and state variables

Aiming at a continuum mechanical description of a non-associative elasto-
plasticity coupled to continuum damage mechanics at small strain, the basic
kinematics need to be defined. The macroscopic strain € = V®u can be
decomposed into elastic and inelastic parts, which allows for the introduction
of the stress producing elastic strains.

gf=g-&° 4.1)

The elastic strain is used to described energy storage mechanisms that are related
to elastic macroscopic distortions of the material. In addition, hardening effects
are captured by the hardening variables a, and «; taking into account hardening
effects under compression and tension, respectively. For modeling damage
effects, i.e. a softening of the material, a scalar damage variable d is introduced,
modeling a gradual degradation of the material. Thus, the total constitutive
state can be summarized by

{&; €, ac, ay, d} 4.2)

which builds the kinematic framework for the formulation of the constitutive
equations. Regarding the later implementation, the coupled plasticity and
damage partition will not be treated monolithically. In a typical loading phase,
the material will be loaded plastically up to a critical state with the damage
partition not being active. After the turning point, the plastic state of the
material is frozen and damage evolves.
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4.1.2 Non-associative elasto-plasticity
4.1.2.1 Energy storage mechanisms and stresses

The energy storage mechanism is determined by the free energy function of the
specific form
V=Y el ac, ar, d)

= (1 -d)¥o(e, &%, ac, @) 4.3)

= (1 - d) [¥5(e° (£:8°) + Yo () + Ph ()] -
In this representation, damage effects enter the free energy by a classical (1 — d)-
ansatz which reduces the stiffness in the material. Focusing on a decoupled
plasticity and damage formulation, the latter is not active during plastic loading

of the material. Thus, evaluation of the Clausius-Plank inequality for the
internal dissipation with d = 0 takes the form

D=0¢:6-P) =0 4.4
in the isothermal case. From Eq. 4.3 we obtain by application of the chain rule

p.c pt
oY 8‘1‘0 ) 6‘1’0 )

¥ = D&+ —— — . 4.5
07 9ee e oae Gt daq “ *.5)
Insertion into the dissipation inequality gives
5 RS avy 0¥y v 0 >
= — . : . P — Yo — Y > . .
7o oe® og® & dag e oy = (4.6)

Standard arguments, see e.g. COLEMAN & GURTIN [75] or LUBLINER [241],
give the definition of stresses

0%, 4.7
0= Fs 4.7)

and the reduced dissipation inequality
D™ = 0 : &P + Yede + Yy = 0 (4.8)
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in terms of the driving forces

ow¥* vy’
-—9%  and Yi=- 0

da. Oy

c =

(4.9)

for hardening mechanisms under compression and tension, respectively. In
what follows, the quadratic form of the free energy function is chosen

1
WS (&%) = E’“rz [£°] + ul|dev [£°] |12 (4.10)

in terms of the compression modulus « and the shear modulus p. Equation 4.7
yields the stresses

oo =ktr [6°] 1 +2udev [&°] = Cj : &° 4.11)

expressed by the isotropic elastic stiffness tensor Cy = k1 ® 1 +2uP*Y™ in terms
of the fourth-order deviatoric projection tensor PY™ = I*¥™ — %]l ® 1. The
hardening mechanisms are taken into account by the energetic contributions

- 1
‘Pg,c (ae) = (o’c - 0'3) (ac + — exp [—wcac])
C

(4.12)
p:t ) 0 1
Yy () = (0't -0y ) a+ o exp [—wiay]
for compressive and tensile response. Equation 4.9 gives the driving forces
Yo=- (O—COO - O—g) (1 —exp [~weac])
(4.13)
V== (0" = 0?) (1 - exp [-wian])

4.1.2.2 Non-associative plastic flow

For the present material, the elastic domain IE in stress-space is a smooth
domain

]E = {(O-O’YC9 Yt) |(I) (0-07YC’ th) S 0} (414)
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bounded by the yield function ®. An associative form of the evolution equations
for the plastic strain €P and the hardening variables a follow from the principal
of maximum dissipation (oo — o7p) : &P — (Yo = ¥¢) e — (Y = ¥) & > O for
all (05, Y2, Y) € E. See also HiLL [162], DrRuckER [102], and others. It

directly induces the associative evolution equations
& =90,,® and @ =7ydy P and & =Yy P (4.15)
along with the loading/unloading conditions (Karush-Kuhn-Tucker conditions)
y>20 and ®<0 and y®=0 (4.16)

where y denotes the plastic multiplier. Carefully note that within the associative
theory, the yield function @ plays the role of a so-called plastic potential which
governs the flow rule. The generalization towards a non-associative flow
response bases on the introduction of independent flow directions N

&P =yN and d.=yN. and & =7yN,. 4.17)

The flow directions are assumed to be derived from a plastic potential function
2 (09, Y., Y;) in the sense

)
—

and N, = N, = Vk||N||. (4.18)
30'()

The variable k, controlling the hardening mechanism, depends on the used
yield criterion but can generally be defined by

1

=— (4.19)
1+ 21/%

using the plastic pendant of the Poisson’s ratio v,,. Clearly, definition Eq. 4.18;
identifies the internal variables a. and a; with the accumulated plastic strain
with the evolution equation

¢ = ¢ = VE||&P||=: &b (4.20)
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4.1 Constitutive modeling of polypropylene

To be specific, for the present material model, the pressure dependent yield
function according to TscHOEGL [393] is chosen and reads

@ (070, Yo, 1) = 6J2(070)
+2[oe (Yo) = o (Y)] L1 (00) 4.21)
=20 (Yo) o (V)
in terms of the yielding parameters o and oy and the invariants

1
J2=§||dev [o0] I and I, =tr[oo]. (4.22)

A graphical representation of the yield function in the stress space is depicted
in Fig. 4.1. The hardening mechanisms under compression and tension take

03

gy =0, =03

02 > 02

a1

-03

Figure 4.1: Paraboloidal yield surface ®. Image taken and modified from TscHoEGL [393].

the form
o (Yo) =0l =Y, and oy (V) =00 -V, (4.23)

in terms of the driving forces Eq. 4.13. The flow direction from Eq. 4.18 is
characterized by the plastic potential which, according to MELRO [260], reads

1
E(00) =32 (00) + §alf (0r0) (4.24)
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again in terms of the invariants from Eq. 4.22. Making use of equations
Eq. 4.18, the flow direction can be identified as

2
N = Niso + Nyo1 = 3dev [o¢] + §atr [oo] 1 (4.25)

in terms of a variable controlling the volumetric plastic flow

91-2v,
== .
2 1+

(4.26)

4.1.3 Modeling ultimate damage

This section serves to extend the introduced elasto-plastic response by a stress-
based damage formulation. Physically speaking, damage is interpreted as the
result, growth and coalescence of microcracks (cf. Simo & Ju [353,354]).
Introducing a material model within the framework of continuum mechanics,
damage is often treated as an evolving internal variable which can be a scalar
or tensorial entity. In the following, a scalar damage variable is assumed which
does not take into account tension/compression asymmetry and is independent
of the loading direction. Hence, damage is defined as completely isotropic. In
this work, the hypothesis of strain equivalence is applied (cf. LEMAITRE [218,
220]). This method favors the implication that the evolution of damage is
directly linked to the history of total strain, as stated by Stmo & Ju [353,354].
In order to derive the model in a thermodynamically consistent manner, the
complementary free energy potential, the Gibb’s potential written as

Ao, Y, Y, do) = doNo(070) + 0 2 87 — AP(Y, Yy, &) (4.27)

is introduced. Hereby, the stress based damage variable d, = (1 — d)‘l, the
thermodynamic driving forces for hardening Y. and Y;, together with the elastic
contribution

1
Ao(o) = 503 cHy : o (4.28)
and complementary plastic potential AP, analogously to the general formulation

of Simo & Ju [353,354] are used. Hy = (Co)~! denotes the undamaged
compliance tensor, that can be expressed in an analogous way to the pristine
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4.1 Constitutive modeling of polypropylene

stiffness tensor Cy in terms of the isotropic stiffness parameters £ and v. Con-
sequently, the subsequent focus lies on the damage mechanisms solely. For an
isothermal case the Clausius-Duhem inequality (cf. CoLEmaN & NoLL [76],
CoLEMAN & GURTIN [75]) takes the form

D=A-0:£>0. (4.29)

with
A=Ao,€P,q,d) (4.30)

for any admissible process. For a decoupled plastic and damage formulation
with frozen plastic state variables during damage loading, the application of
the chain rule of Eq. 4.29 takes a simplified form

AN . OA

60_.0'+@d'0—d':820. 4.31)

With standard arguments together with the additional assumption that unloading
processes are always elastic we obtain
_OA 0N

= d, 220 4 o (4.32)

8_5 oo

along with the dissipative inequality
D™ = Ag(o0)dy > 0 (4.33)

for dissipative contributions during the evolution of damage. MALVERN [249]
states, that the positiveness of the dissipated energy is required by any constitu-
tive model, since it represents the second law of thermodynamics. Carefully
note, that the additive decomposition for the strains is recovered from Eq. 4.32.
It follows from Eq. 4.27 and Eq. 4.33 that

O, dy
Y = % = —Ao(oro). (4.34)

Therefore, the initial elastic complimentary energy Ag(o) is the thermody-
namic force —Y conjugate to the damage variable d -, which intrinsically fulfills
the condition of irreversibility of damage d > 0. Note that for the linear case

115



4 Constitutive modeling of constituents and composites

Ao(op) = %0‘3 : Hp : 0, where H is the undamaged compliance matrix. It
follows from Eq. 4.32 and

dAo(00)

A()(O) =0 and
oo =0

=0 (4.35)

that the plastic strain &P is precisely the residual strain obtained upon (local)
unloading. Thus, identifying the elastic strain with recoverable strain after
unloading, i.e. €° = € — &P, from 4.32

2
oo

SEEdO—%ﬁée=(1—d)Se=

(4.36)
is obtained with &° being the effective elastic strain. Therefore, the updated
damaged stiffness tensor

(4.37)

aon]‘l
7 do?

C=(l—d)®0=[d

follows, since from the concept of stress equivalence ("the stress associated with
a damaged state under the applied strain is equivalent to the stress associated
with its undamaged state under the effective strain" cf. Stmo & Ju [353,354])
follows '

c=0):8=C:e=(1-d)Cy: &°. (4.38)

An equivalent derivation based on the equivalence of the Helmholtz free energy
yields the same results due to the special position of damage in the respective
potentials as well as the assumption of independence between the evolution of
the damage variable d from plastic processes. In the following, the hypothesis
of strain equivalence is used, introducing the relation

F=M"':0 (4.39)

with o as the homogenized stress tensor and & denoting the effective stress
tensor (cf. Caror et al. [52,53]). The fourth-order tensor IM characterizing
the damage state, simplifies for the present isotropic case to IM = (1 — )I¥™,
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4.1 Constitutive modeling of polypropylene

with I*Y™ being the rank four identity tensor and a formulation for the stresses
equivalent to the one in Eq. 4.38 is valid,

oc=C:e=1-d)Cy: &. (4.40)

The evolution of damage in the material is characterized by means of a stress-
based damage criterion and a damage rule. Here, a similar criterion as for the
presented plasticity formulation from earlier is used (cf. TscHoEGL [393],
MELRroO [260]), whereby the yield strengths are replaced by failure strengths.
The damage activation function F¢ defines the elastic domain under a general
stress state, using the tensile and compressive strengths of the material

Flogd_p o {< 0, elastic dOITlaiI.l . @41

=0, damage criterion activated

where r is the internal variable controlled by the damage evolution law (thresh-
old variable) and ¢¢ is the loading function defined by

~ X — X)) -
3 g, KX,

¢’ =
X Xt X Xt

(4.42)

with X, as the materials compressive and X; as tensile strength, respectively.
The definitions for the invariants here are given analogously to Eq. 4.22 but as
functions of the effective stress 6. The Karush-Kuhn-Tucker conditions for the
evolution of damage are given as

#>0 and F9<0 and #FY=0. (4.43)

In order to distinguish loading from unloading situations and determine if
damage evolution takes place, the rate of the loading function ¢¢ must be
evaluated. If ¢¢ < 0 the state is one of unloading, otherwise damage evolution
is taking place and the following consistency condition is valid

Fl=gd — =0 (4.44)

under the condition that (a) the internal variable r depends only on the damage
variable and (b) the loading function is defined in terms of the strain tensor. If
these conditions hold true, the constitutive model can be integrated explicitly
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(cf. Stmo & Ju [353,354]). From the consistency condition (F4=Fd=0)
we get

r = max {r max {¢t }} (4.45)

For the described model, the initial internal threshold parameter is set to 0 =1.
The missing constitutive relation describes the mapping of r € [1, 0] on a
discrete damage variable d € [0, 1]. In a general approach it is easily found that
damage states can basically be divided in three stages that formulate boundary
conditions for a valid choice of the damage evolution law:

1. Pristine state: Material is undamagedr =1 — d = 0.

2. Damage progress: The change rate of damage is greater than zero
(7 > 0 — d > 0). This is fulfilled if the damage evolution law satisfies

the condition
ad

— >0
or
since
d=—r>0.
or ’
3. Fully damaged material: The threshold variable strives towards r — oo
and the damage variable takes the value d = 1.

The ansatz for damage evolution law is therefore chosen as
1
d=1- — exp (An(1 =1r)) (4.46)

fulfilling all required conditions. Figure 4.2 shows the evolution of the damage
variable with increasing threshold variable » > 1. To integrate a development of
a suitable strain localization limiter that minimizes mesh-sensibility associated
with strain-softening, BaZant’s crack band model (cf. BAZanT & OHn [19])
has been applied and integrated in the definitions of the damage evolution
law. Hereby, Ay, is the adjustment parameter, dependent on the characteristic
length of the particular observed element /¢, that will be determined under the
assumption of a uniaxial tensile load. Without that, damage would localize
in a narrow band with the same thickness as the element where damage was
activated. This would cause a dependency of the structural response on the
mesh size. The smaller the element in the band of localized damage, the less
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0.8

0.6

04

Ultimate damage parameter d

— d(r, Ay = 0.0)

0 — d(r, Ay = 0.01)
— d(r,Ay =01)

—— d(r,An = 0.5)

00 (1, Ay = 1.0)
0 2 4 6 8 10

Threshold variable r

Figure 4.2: Mapping function of the damage variable d € [0, 1] as a function of the threshold
variable r € [1, oo]| and exemplary adjustment parameters Ay, accounting for the element size.

the computed dissipated energy. The solution for this localization problem
lies in a regularization of the computed dissipated energy by the characteristic
length [°® of each element obtaining the dissipative energy density

© ® ad G
¢D=‘L)—Ydadt=‘L Ao(a)ja?dr=-?§ (4.47)

where Gy is the critical energy release rate. Solving Eq. 4.47 for Ay, enables
the subsequent damage update. Remarks on the numerical implementation are
given in Appendix C. From here the damaged stresses can be computed. The
approach of strain equivalence states that

oc=C:&° and o0p=0Cj: & (4.48)
Simply plugging the above equations together, yields
oc=C:(Cy)':a=(1-doy (4.49)

in terms of the undamaged elastic stresses defined in Eq. 4.11 and the damage
variable d.
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4.1.4 Extension towards rate-dependency

Recollecting the experimental results for the thermoplastic matrix from Sec-
tion 3.2 suggests that the material exhibits a pronounced rate sensitivity in terms
of both plastic and damage response. A simple phenomenological approach
to cover this behavior in terms of plasticity is obtained by means of a viscous
regularization of the evolution parameters of the presented rate-independent
strain-based plasticity as presented by PERzyNa [313]. This method has the
property of introducing a viscosity coeflicient 7y, as one additional parameter
for a rate-dependent plasticity. Depending on its value, the non-linearity during
plastic evolution becomes rate-dependent in the sense that plastic effects are
decelerated at higher strain rates. The governing rate equations for viscous plas-
ticity are different from their inviscid counterparts and, following the arguments
of PERZYNA, can be explicitly rewritten

1
Y= —(P(0))+. (4.50)
vp

However, an alternative approach is chosen, introducing rate-dependent hard-
ening terms, yield strengths, and failure strengths. For all cases, a similar
exponential formulation as for the hardening is chosen (cf. Eq. 4.23), in-
troducing the time-dependent definition for the corresponding parameters

P e {(r&, a’é’i, We ts Xc,t} of the form

P =¢>°+(¢>°°—7>°>(1 —exp (—nflléll“)), (4.5

where P° corresponds to the parameter at low and P> at high strain rates
respectively. The viscous parameter 177" controls the transition from P° to P=.

4.1.5 Algorithmic treatment of constitutive equations

The upcoming section will describe the algorithmic setting that is necessary
for a numerical implementation of the visco-plasticity and damage formu-
lation defined above. For the present case, the model is implemented in
a user-defined material subroutine (UMAT) for the implicit solver Abaqus
(cf. StmuLia [355]). In Fig. 4.3, the proposed model is visualized in a
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one-dimensional rheological system, consisting of a series of one spring, re-
sponsible for ground-state elasticity, and a parallel setting of a friction element
and a damper, representing the viscoplastic part. Affecting the material stiff-

Figure 4.3: One-dimensional representation of the proposed matrix material model, depicting the
strain split into elastic (black) and plastic (red) contributions. The stiffness is degraded by the
progressive damage variable (blue).

ness, the damage variable is responsible for the ultimate damage representation.
Plasticity and damage related terms are rate-dependent. This model induces
the calculation of stresses according to

og=(1-d(&&)Cy: & (g6 (&,8)). (4.52)

For the following derivations it is assumed however, that (a) one constant strain
rate & is active and (b) plasticity and damage evolution are not inter-dependent
and will therefore be calculated in a staggered manner, i.e. consecutively. In
other words, plasticity will evolve (y > 0) only as long as macro damage has
not started to evolve (d = 0). As soon as the material strength in terms of
failure is reached, plastic strains will be frozen. That is the reason why the
algorithmic setting of plastic evolution and damage can be looked at separately.
In this setting, the plastic strain rate defined in Eq. 4.17, is integrated yielding

t t
& = &f + J &rdr = &° + J yNdr. (4.53)

In 5Nt

Application of implicit backward Euler gives
& =&’ + yAtN = &) + AyN. (4.54)
By definition the elastic trial strains are introduced by

e"=g—gh. (4.55)
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The assumption that the complete strain increment A& made in the current time
increment is purely elastic for the moment holds. Based on this trial state we
obtain an alternative representation of the current elastic strains, namely

dev [£°] = dev [&"] — AyNiso
1 1 (4.56)
~tr [6°] = <tr [6"] = AyNoal

3 3

With these current strains, the current (undamaged) stresses can be determined
according to Eq. 4.11 yielding

dev [07¢] = 2udev [€"] = 2uAyNigo
1 (4.57)
3 [o0] = ktr [£"] = 3kAy No.

Combining equations 4.57; and 4.57, the classical formulation for an elastic
predictor/plastic corrector algorithm can be recovered, which reads

o0=Cp: (& +As) —AyCy: N. (4.58)

The first part of the equation is called elastic predictor o"=Cy : (&5 + Ag)
which estimates the stresses at the end of each loading increment 7,1 assuming
the step to be purely elastic, and the second part plastic corrector. Latter is zero
if the step is elastic and greater than zero in the case of plastic flow in the time
increment, thereby correcting the elastic predictor. To determine the plastic
corrector, the set of equations in Box 4.1 has to be solved simultaneously in
the return mapping scheme. Taking into consideration the definitions from
Eq. 4.25 and performing a stress split into deviatoric and volumetric parts, it is
possible to rewrite the stresses as

dev [og] = 2udev [&"]| — 6uAydev [o7]
1 ) (4.59)
§tr(0'0) = xtr(e") — §KCL'A)/U’(0'0)

and hence, solving for the current stress

dev [og] = 2—'udev [¢"] and ltr(o’o) =L [e"] (4.60)
{s 3 é’P
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with the two coefficients {; = 1 + 6uAy and {, = 1 + 2kaAvy as the plastic
corrector terms which reduce the elastic predictor stresses (cf. MELRO [260]).
Note that these two terms depend on the plastic multiplier solely. Having
formulated all the above information, it is now possible to formulate the radial
return mapping scheme in order to identify the plastic multiplier Ay.

Box 4.1: Evolution equations necessary for the definition of the plastic return mapping algorithm.

AP = AyN(o, q)
Aae = Aay = Ael = Vk||AEP||

0'0=0'tr—(D():A8p

O(0o, Ye, Y1) =0

4.1.5.1 Return mapping algorithm for update of plastic strains

The starting point of the return mapping algorithm is the stress split described
in Eq. 4.58 where the current stresses can be written as a combination of
an elastic predictor and a plastic corrector that becomes active depending on
the current loading situation. In the case of plastic loading, the consistency
condition needs to be evaluated in order to find the correct plastic multiplier
A7y which yields the correct plastic material response. From the definition for
the yield function 4.21 and the substituting formulations for the stresses from
Eqg. 4.60, we obtain the nonlinear equation

2/1 : tr] 12
D(Ay)=3 ( ) ||dev [8 ] I

Zs (Ay)
6k(oe (Ay) — oy (AV))tr [Str] 4.61)
gp (AV)

—20. (Ay) o (Ay) =0

that has to be solved for the plastic multiplier Ay. This is done, using a local
Newton iteration scheme taking into consideration the other equations from
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Box 4.1. Coming back to the elastic-plastic stress split (cf. Eq. 4.58), the most
apparent relation is the definition of the increment of plastic strain that can be
read as

deV [O.tr] .\ zatr(a.tl’)

Ae? = Ay |3
& 9 &

1 (4.62)

using the definition for the plastic flow direction N (cf. Eq. 4.25). With this, the
increment of the accumulated plastic strains that have been initially introduced
in rate form (cf. Eq. 4.20), can now be written as

Ael = Vk||agP| (4.63)

The above formulation is important later to describe the materials hardening
behavior. Note that so far all quantities are only dependent on the trial strain
&" and the plastic multiplier Ay. Thus, since the trial strains are constant over
one increment and there exists no closed form solution for Ay, a local Newton-
Raphson iterative update scheme has to be devised. Following the reasoning
of the return mapping algorithm, where the equilibrium state ®(Ay) = 0 is in
demand, we define for the present case the residual r¢ for a frozen deformation
state € at time f,, as

ro = ®(Ay) = 0 (4.64)
The basis for a Newton iteration is the linearization of the residual function
Lin{ro} (Ay, AAy) = re(Ay) + cAAy 20. (4.65)
where the local tangent of the Newton iteration is defined as

. Ore (Ay, o (Ay), o (Ay)) '

4.66
Ay (4.66)

The plastic multiplier is then updated according to
Ay = Ay +AAy = Ay — re(Ay)c! (4.67)

until convergence is obtained, i.e. ||ro(Ay)||< &tol-
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4.1.5.2 Update of macroscopic damage variable

Parallely to the update of the plastic evolution, the damage activation criterion
from Eq. 4.41 is checked in each increment. Since plasticity and damage
are assumed not to be coupled in terms of dissipative processes, the material
point is evaluated in an elastic-plastic-damage order. As soon as damage has
been activated, the calculation of plastic evolution is skipped and the plastic
strain remains constant. Up to that point, the material behaves purely elasto-
viscoplastic. Analogously to the return mapping algorithm for plastic strain,
an update of elastic strain

& =¢&"+4de - &P (Ay) (4.68)
and resulting new trial stress
o9g=Cqy:&° (4.69)

is performed, that is used to evaluate damage evolution. In the case of active
damage propagation, the internal variables r and consequently d are updated
according to Eqgs. 4.45 and 4.46. For a geometrically non-linear analyses the
mesh adjustment parameter Ay, has to be calculated in every time increment. A
more detailed description of the integration method is not given at this point, but
it is referred to the implementation presented in the work of M a1m{ et al. [245]
(cf. also Appendix C). With the damage variable being known, the damaged
stiffness tensor can be updated according to Eq. 4.37 and finally the damaged
stresses are computed by Eq. 4.49.

4.1.5.3 Determination of the consistent algorithmic tangent operator

In order to obtain a robust convergence behavior in the commercial software
package Abaqus, the global Newton-type iterative scheme requires a proper
definition of the global algorithmic tangent. With the definition of the tangent
being the sensitivity of the stresses with respect to the strains the operator can

be defined by

C'=A,0 = d_0'. 4.70)
de
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In terms of the stresses defined in Eq. 4.52 the tangent can be rewritten as
0P ad
C=(l-d)Co: @™ -2 _(Cy: 6022 @.71)
oe oe

being able to separate again plastic and damage effects. Knowing that the
plastic strains defined in Eq. 4.54 are a function of the plastic multiplier and
the flow direction, we can extend the derivation

de® 3’ (Ay.N)]  de® Ay 9’  IN

= _ = ® _— 472
oe e oAy © 9s T ON © de (4.72)
~—— —— ——
() (iv) (ii) (iii)
From here it becomes clear that Eq. 4.72_;;;) are rather easy to find
0gP
— =N+Ay——
oAy Yoy
ogP
— = Ay 4.73
N A (4.73)
ON 2
—=Cp: 3P+ -a(1®1)
oe 9

with P$Y™ being the symmetric deviatoric projection tensor, whereas the de-
termination of 4.72) is problematic since Ay is solved iteratively in the
Newton-Raphson scheme described in Section 4.1.5.1 and thus no analytical
formulations for the plastic multiplier and its derivations exists. Exploiting
however the persistence condition implying the steady fulfillment of vanishing
residuum defined in Eq. 4.64, this situation can be alleviated by applying the
implicit functional theorem (in analogy to GOEXTEPE [126]). Therefore, the
total derivative of the residuum must also be zero at any given instant of the
deformation,

dsre = 0. (4.74)

Extending the formulation of Eq. 4.74

0d 00 JAy
o= —+ ———=-= 4.
d de " 0Ny Oe 0 @.75)
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a substitute for the wanted expression

oo 17!

0Ny 0O
B Ay

- 4.
oe oe (4.76)

is obtained. This can be inserted into Eq. 4.72. The derivation of the yield
surface @ being defined in Eq. 4.61 with respect to the total strain & reads

od 6 0J)(&")
de  [Ay) Oe

+2

I{(&") (doe(e",Ay)  dou(e",Ay)

&p(Ay) os o8

(0% (", Ay) = o1 (s, Ay)) DI (&)
4p (Ay) de

“4.77)

Aoy (™, Ay) o (8", Ay)
+

_ tr
2 (O'C (e, Ay) e Py

o (&, Av))

where

tr tr
a3 =4ydev [&"] and on = 3«1. (4.78)
oe oe
The derivation of the yield strengths (o) with respect to total strain & are
based on the definition for hardening, which is a function of the increment of
accumulated plastic strain (cf. Eq. 4.63). The part of the tangent concerning
macro damage has to be further investigated. The total derivations of d with
respect to total strains can be rewritten as

9d _ od or

FPialrird 4.79)

In the case of active damage evolution (F¢ = 0) it becomes obvious from
equation 4.41 and the definition of the threshold parameter r (cf. Eq. 4.45) that

r =%, (4.80)
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Therefore, the missing derivation dzr can be determined as

or 3 01y (Xe—Xy) oI

or _ -2 (4.81)
e XX, de X. X, Oe

4.1.6 Transformation to a large deformation setting

Decomposing total strains additively into elastic and plastic parts is a typical
feature of the geometrically linear theory of plasticity. The classical approach
using the Lee-Kroner decomposition of the deformation gradient yields a
stress-free relaxed intermediate configuration described by its metric tensor
G. Consistent with this multiplicative decomposition, MIEHE et al. [268]
propose an additive definition of total strains in the logarithmic strain space,
hence giving a possibility to transfer material definitions given in Hencky
strains to a logarithmic setting. A comparison shows the closeness of solutions
obtained by the additive finite plasticity in the logarithmic strain space and the
results given by classic multiplicative approaches. Hereby, both isotropic and
anisotropic cases have been investigated. With the assumption that total and
plastic deformations are coaxial, i.e. C and G commute, this approximation
yields close results to a fully multiplicative form &° ~ ée=% In[FPTCFP]
with the right Cauchy-Green strain measure C=F T gF and the plastic part of
the deformation gradient FP. The framework defined in the following was
used throughout this work, extending the original form by its application in the
context of viscoplastic material as shown in M1EHE [277]. For the present
case, the logarithmic Lagrangian elastic strain split can be defined by

1 1
&= 3 In[C] -&® with &= 3 In[C]. (4.82)
The internal variable of plastic strains is defined as
1
&P = 2 In [GP] (4.83)

where GP=FPTG F? is the plastic metric equivalent to the Cauchy-Green strain
measure and within this framework the primary variable for plastic deformation.
G is the metric tensor on the intermediate plastic configuration. The major
characteristics of the proposed logarithmic framework is its modular structure:
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1. Geometric pre-processor: Strain measures for total and plastic defor-
mations are defined in the logarithmic space according to Egs. 4.82
and 4.83.

2. Constitutive model: Here, constitutive equations in accordance to the
geometric linear theory as described above are defined. The strain
measure € and the set of internal variables g are used as input for the
proposed model, yielding finally stress and tangent moduli entities in the
logarithmic space.

3. Geometric post-processor: After the computation of the relevant objects
in the logarithmic domain, a mapping to their desired stress measures and
tangent moduli is required. This is made possible by purely geometrical
considerations and taking into account the consistency of local stress
powers

Wwin=g:P:F=0:¢&. (4.84)

MieHE & LAMBRECHT [276] show that by applying the chain rule for
the time derivation

. 63'._ .

a fourth order stress projection tensor P=0r & can be identified. A de
novo time derivation of the projection tensor

P=L:F (4.86)

yields the sixth order projection tensor IL.=0rF & such that the tangent
moduli from the logarithmic domain C* are projected by

C=PT:C':P+o:L. (4.87)

MIEHE & LAMBRECHT [276] provide a thorough presentation of the
necessary algorithms to determine the projectors IP and IL.
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4.2 Material model for unidirectional fiber
reinforced plastics

‘Woven materials consist of two basic constituents, fibers and matrix. A main
issue in modeling these kind of materials is the incomplete set of test data due
to deformation modes not accessible through experiments. To overcome this
problem, a virtual material characterization framework is set up, taking into
account the microstructure of the materials (cf. Fig. 1.1). For the upcoming
steps in the multi-scale analysis, a homogenized material model considering
anisotropic damage initiation and progression is necessary to predict the be-
havior of the impregnated rovings within the woven composite. By definition,
the embedded fiber yarn is considered to be initially transversely isotropic
with the preferred direction along the fiber axes. However, the symmetry class
changes due to introduction of anisotropic damage. The relevant failure modes
found in literature and during the experimental analysis are considered via
direction-dependent failure criteria. This formulation allows furthermore the
distinction of tensile/compressive asymmetric failure behavior. This section
introduces therefore a fully three-dimensional continuum damage model for
impregnated rovings, representing parallel fiber arrangement embedded in a
thermoplastic matrix. Since on the macroscopic level the woven structure ex-
periences large deformations, especially in the form of rotations, these motions
have to be accounted for and reasonably described on the mesoscopic scale. To
this end, a thermodynamically consistent constitutive model in the finite strain
setting with the capability of predicting damage onset and evolution is derived
here. A general framework to formulate elastic degradation and damage at
small strain was presented by CaroL et al. [51] as an example. Extensions
towards a formulation of large strains in a Lagrangian setting is presented
in the following section. Assuming an initially transversal isotropic material
behavior while being undamaged, an elastic constitutive formulation for large
strain deformations is derived.

4.2.1 Transverse isotropic ground-state elasticity

Transversal isotropy is defined by the invariance of constitutive equations
describing a material as a result of rotations around a principal symmetry axis
A acting as the normal of the transversely isotropic plane. For the present case,
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4.2 Material model for unidirectional fiber reinforced plastics

this direction can conveniently be identified by the fiber axis. The principal
symmetry axis in the reference configuration By, is described by a normed
contra-variant vector A = {A’};_123; ||A|l= 1. Its deformed counterpart
in the current configuration B4($By) can be written as a contra-variant vector
a = {a'};=1 2.3. The two representations are connected via the deformation
gradient F by the tangent map

a=FA. (4.88)

Figure 4.4 depicts the valid kinematics of the principal symmetry axis of a
transversal isotropic material in the framework of large deformations. The

Bm pX,0)

Figure 4.4: Kinematics of transversal isotropy at large deformations. Due to a deformation, the
initial fiber direction A is transformed to a direction a in the current configuration. The deformation
is described by the tangent map with the deformation gradient F.

knowledge of the direction of local reinforcements allows the formulation of
the (transversal isotropic) structural tensors

M=A®A or m=a®a (4.89)

which are in general a function of the chosen coordinate system and the
symmetry properties of the material under investigation. In a general formu-
lation, the purely elastic free energy function ¥ is introduced as a function
of the right Cauchy-Green deformation tensor C and the structural tensor M,
thus directly containing the information about the materials orientation (cf.
ScHRODER [346]). The requirement of objectivity states, that the free energy
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function is invariant with regard to orthonormal transformations R and there-
fore has to fulfill the condition (cf. TRUESDELL & NoLL [389], LurIE [242],
Sunusi [365], RivLiN & EricksEN [336])

e, M =Y'R+«C,R«+M) V ReR (4.90)

where the operator * denotes the Rayleigh product. The first step in order to
obtain a geometrically non-linear transversely isotropic material formulation
is to substitute the deformation tensor of a linear formulation by the Green
deformation tensor E = % (C -G). G denotes the metric tensor of the
underlying base system. For an isotropic case, this corresponds to the St.
Venant material, according to SCHROEDER [346]. Furthermore, the author
provides the extended formulation of the free energy function for a transversal
isotropic material in a Lagrangian setting as a function of the Cauchy-Green
strain

¥ (C, M) =), (C) +¥0,, (C.,M) (4.91)

iso aniso

where the isotropic and anisotropic contributions can be written as
0 1 2 1 2
0, (€)= SA(tr [C] =3+ Zur (w[C?] -2 (€] +3)

‘Pgniso (C’ M) = ia (ACA - 1) (tr [C] - 3)

(4.92)
+ %ﬁ (ACA - 1)?

1
+5 (ue = ur) (ACZA _2ACA + 1) .
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4.2 Material model for unidirectional fiber reinforced plastics

The five independent material parameters A, ur, i, @ and B hereby completely
describe transversal isotropy. Applying Coleman’s method, the second Piola-
Kirchhoff stresses S can be identified following the standard arguments by
oY (C, M)

ocC

_2a\p° () ¥’ . (C,M) (4.93)

s0=2
1SO aniso

ac aC
=52 +89

10 aniso*

The contributions in the reference configuration read then
Sfo = %& (w(€]-3) (67 )+ur ((67')C(67') - (671))

Soiso =

aniso

3 (r[C]=3) ~ (ur. ~ pir) + 58 (ACA - 1)} Ao A

¥ a(ACA—n( )+ ~(ur - pr)=s (4.94)

with

BEF - (AE (G—I)FC + AF (G—I)EC) CepAP
BE BF (4.95)
+ AACap ((G—l) AF & (G‘l) AE).

The Kirchhoft stresses are obtained by a push-forward operation (>>) of S onto
the current configuration

2 (b,m)=F > S°(C,M)
=FS°(C,M)F" (4.96)
ISO (b) + Tamso (b m)

A detailed notation of T . and ‘ram0 as a function of the finger tensor b and

the deformed principal symmetry axis a is given in SCHRODER [346] and
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is not repeated here. Further differentiation of Eq. 4.93 with respect to the
deformation measure gives the transversal isotropic elasticity tensor

20
VM) oo

CO acz iso aniso* (497)

The contributions can be written as
o =2(67") @ (67!) + 2urmom
C2., (M) =a/(A®A® (G‘l) + (G‘l) ®A®A) (4.98)

1
+,8A®A®A®A+§(ﬂL—/,lT)X
with

(]Isym)EFGH - 1

! ((G_I)EH (G_I)FG . (G_I)EG (G_I)FH) w90

and

XEFGH _ fE (G—l

(4.100)

The spatial counterparts are again obtained by performing a push-forward
operation according to SCHRODER [346] as

c(b,m)=F>C’(C,M) = cis + Caniso- (4.101)

The formulation of the elastic moduli according to Eq. 4.97 yields a structure
known from Hooke’s law at small deformations

SO=C’ (M) E. (4.102)
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4.2 Material model for unidirectional fiber reinforced plastics

Equation 4.102 allows the computation of the linear elastic material behavior
in a geometrically non-linear framework. C° (M) depicts the standard repre-
sentation of a pristine transversely isotropic stiffness tensor, specified by the
five independent material parameters and the structural tensor M. Written in
Nye notation, and assuming the preferred direction to be A’ = [1,0,0]T, the
symmetry properties become apparent

A+B=2(ur +a+2u;) A+a A+a 0O 0 O
A+« A+ 2ur A 0O 0 O
0 = A+ a A A4+2ur 0 0 O
= 0 0 0 ML 0 0
0 0 0 0 u, O
0 0 0 0 0 pur

(4.103)

A comparison of the coefficients with the stiffness tensor consisting of engi-
neering constants (£ = Ey, £, = E» = E3, G| = G2 = G13, G = Go3,
and the in-plane Poisson’s ratio v = v|» = v|3 and the isotropy assumption
v, = vp3 = v3;) yields the following relations

2((1+ -1
ZGJ_

E”_EJ_VZ GJ_

Ej+ ZELVZ) E, (4.104)

ur =Gy, ur=G..
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with

1ET Ei\_, Gi\ .2
S e S 1-41\E
“ (4G3 0 AU Ly

N P PR
G. ¢ e T

With the elastic moduli, the corresponding stresses can be computed.

(4.105)

4.2.2 Failure mechanisms and 3D failure criteria

The evolution of damage depends on the strain states during loading and is
therefore a continuous process. The onset of this progression is determined by
the evaluation of failure criteria, which indicate a single event of failure in the
material. Such formulations allow the extension towards a progressive damage
formulation, thus introducing corresponding damage modes. The mechanical
failure behavior of unidirectional composites and major failure modes have
been described in Section 2.3.2. As a result taken from these observations,
it can be concluded that failure occurs in different forms and sizes, strongly
depending on the active loading condition and the loading direction. One of
the major issues for the homogenized modeling of the onset and propagation
of damage in fiber reinforced plastics is the setup of constitutive equations
that capture the materials microstructural behavior and associated anisotropic
failure behavior. The main task of a realistic computational model is therefore
to establish if, when and how damage occurs and to give a sound prediction
of how the material behavior changes with further damage evolution. For the
present case the anisotropic manner of failure has to be respected and reflected
in the choice of relevant failure criteria. Hereby, four different failure modes
are considered which are summarized in Table 4.1. The manifestation of each
mode has to be predictable for any given three-dimensional loading case and
is treated as a distinct state in the load history, where a certain combination of
stress components reaches a maximum. Therefore, in analogy to the procedure
already introduced in Section 4.1, scalar functions (criteria) are formulated
for each failure mode. Due to their predominant importance, a combination
of the three-dimensional failure criteria by Puck [319] and the LaRC04
criterion (cf. Pinno [315]), modified according to M a1mf{ et al. [247], has
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4.2 Material model for unidirectional fiber reinforced plastics

Table 4.1: Considered failure modes in the material model for unidirectional fiber-reinforced
composite. Display of nomenclature used throughout this work as well as a model representation
of the failure manifestation. Images taken and modified from Knops [195].

Notation Failure mode Manifestation

FF* Tensile fiber failure

FF~ Compressive fiber failure
IFF* Tensile inter-fiber failure
IFF~ Compressive inter-fiber failure

been chosen. In order to distinguish whether a certain loading scenario leads
to failure, the stress-dependent scalar effort value ¢; is introduced, where
i € {FF*,FF ,IFF* IFF} represents the different failure modes. The
failure planes for modes I and II are related to failure in fiber direction whereas
modes III and IV are associated with the matrix dominated failure occurring
on one distinct action plane. The latter has to be chosen from the set of
the transversal isotropic planes and is identified as the plane with the highest
probability of failure, following the theory of Puck’s action plane concept. The
stresses acting on the action plane are displayed in Fig. 2.9. The orientation of
the potential fracture plane is characterized by the action plane angle ©, giving
the inclination of the normal x,,. Table 4.2 summarizes the implemented effort
functions that characterize fiber and inter-fiber failure. Please note, that for
the given case of rotations around the fiber axis, the normal and shear stress
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4 Constitutive modeling of constituents and composites

Table 4.2: Implemented effort functions to characterize fiber and inter-fiber failure. In the present model four different failure mechanisms are
considered: Fiber failure due to tensile and compressive load, ¢+ and ¢rp- (cf. Maimf et al. [247], DEuscHLE [90]), and inter-fiber
failure due to tensile and compressive load, ¢; g+ and ¢rrpF- (cf. Puck [319]).

Mode

Effort value

Condition

FF*

FF~

IFF*

IFF~

2
_ | Su
PrF+ = x|_+v
2
S
drF- = |7
|
2 2 2
1 Ply 2 Sne S Ply
p1rr+ =\l 77 — Son + + + =5 Sun
RL  RA, RA RA RA,
_\2 2 - 2 _
Py 2 Snt nl Py
@-u~u\ = A %:: + A + A + A M::
Awtm R R Riy

S11 >0

%:AO

Sun <0
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4.2 Material model for unidirectional fiber reinforced plastics

components S,,, Sy1, and S,,; on the tangential action planes are functions
of S22, S33, S12, S13, and S>3 but not S;;. Hence failure modes III and IV
are independent of stresses in fiber direction. On the other hand, failure
in fiber direction (I and II) is solely caused by S;;. In order to take into
account differing tensile and compressive failure behavior, the given criteria
are formulated unilaterally. These equations put into context the active stress
state S with a set of strength parameters, valid in different directions depending
on the orientation of the action plane. In fiber direction the damage onset is
characterized by the tensile and compressive strength, Rﬁ and Rﬂ respectively.
The choice of such effort functions is a strong simplification, neglecting kinking
and buckling effects of fibers, especially under compression. Perpendicular to
the fibers, Puck’s proposition of three-dimensional effort functions are used,
incorporating several strength parameters valid on the transversal isotropic
planes. According to Puck [319] R? is the resistance of the action plane
against failure due to normal tensile loading S};,, RY, the resistance of the
action plane against failure due to shear on the transversal plane S,;, and Rf

the resistance of the action plane against failure due to shear in fiber direction
Su1. A graphical display of the failure surfaces regarding inter-fiber failure
in the domain of second Piola-Kirchhoft stresses as well as the indication of
the corresponding strength parameters is given in Fig. 4.5. Additionally, an

Figure 4.5: Failure surfaces for inter-fiber fracture formulated in terms of second Piola-Kirchhoff
stresses and depiction of material strength parameters. (a) Capped failure surface under tension. (b)
Paraboloidal failure surface for compressive failure. Images taken and modified from Puck [319].

interpolation term including R%,, is defined by

Ply _Pi oy, Pl o
RT = RT cos” ¥+ RT sin“ ¥ (4106)
1Y 11 11
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with

S cos [26
¥ = arctan S—"l and p] = 200 (4.107)

nt "1 +cos [26p,]

Hereby éfp corresponds to the measured action plane angle appearing under
transverse compressive failure. Furthermore, it is assumed that p¥ |, = p7 .
pf” are the inclination parameters introduced by Puck [319].

4.2.3 Modelling ultimate damage

In order to assess damage initiation, the damage activation function F; is
introduced, corresponding to the formulation of the failure criteria

Fi=¢;i—r; <0 VY ie{FF",FF ,IFF* IFF}. (4.108)

If F; is less than 0, the material sees no further damage due to the corresponding
failure mode (7). When F; reaches 0, damage evolution is active and a set of
damage variables is computed. The damage threshold value 7;, initially 1, must
satisfy the Karush-Kuhn-Tucker conditions

/>0, and F; <0, and #/~F;=0 (4.109)

in order to guarantee thermodynamic consistency. Furthermore, the consistency
condition

F;=0 if F;=0 (4.110)

must be fulfilled at all times. For the evolution of the threshold values, the
above equations can be summarized by

if F
f,-={0 if Fi<0 (4.111)

é; if F;=0"
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which according to Simo & Ju [353,354] can be integrated explicitly yielding
the representation

7€[0,7]

r,~=max{1, max {¢f}} (4.112)

with 7 being the total time. In analogy to a plasticity formulation, the failure
criteria may be interpreted as loading criteria, with the threshold variables
r; substituting the yield stress (cf. MATZENMILLER [257]). The maximum
value of ¢; in time will define the value of the corresponding damage variable
as outlined later on.

4.2.3.1 Damage effect and the concept of effective stresses

Degradation of material stiffness due to damage effects in a continuum frame-
work is understood as the average effect of microcracks. In accordance with
the work of Kacuanov [183,184], only the undamaged material between
the voids is subjected to load and therefore transmit stresses. Effective stresses
S and effective strains E are introduced to quantify those entities. To this end,
the behavior of the remaining (undamaged) material skeleton can be written as

§=C’:E and E=H":S, (4.113)

where TH° = ((EO)_1 corresponds to the undamaged compliance tensor and
€ is the undamaged stiffness tensor already defined in Eq. 4.102. Accord-
ing to MATZENMILLER [257] the formulation of the failure criteria should
consequently depend on the effective entities rather than their nominal coun-
terparts. The task of the damage variables is to relate effective quantities to
their externally measured (nominal) counterparts. Basically three possibilities
are available to establish this relationship, strain, stress and energy equivalence
(cf. LEMAITRE & CHABOCHE [220,223], CorDEBOIS & SIDOROFF [77],
Caow & WANG [72] among others). Most common is the usage of the theory
of strain equivalence, where it is assumed that effective and nominal strains are
equal and stresses differ. Therefore, Eq. 4.113 simplifies to

S=C":E and E=H":S. (4.114)
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The effect of damage is introduced by the fourth-order damage effect tensors
M (D) and B (D) as functions of the damage state D, yielding

S=[M)":C°:E and E=[H":M]:S, (4.115)
since
S=M:S and S=(M)"':8=B:S§ (4.116)

define the simple relationship between effective and nominal stresses. Despite
the known shortcoming in terms of symmetry of the secant stiffness tensor
(cf. CaroL etal. [52,53]), this approach is pursued throughout this work due
to a possible straightforward derivation and implementation. The notion of
unilateral failure criteria motivates the introduction of two different crack sys-
tems with associated action planes, active under tensile (D) and compressive
loading (D7) respectively. In this way the asymmetric behavior under tension
and compression is considered. Thus, Eq. 4.115; can be rewritten as

S=[(Py :B*(D*)+Pg:B (D)) :C°] : E

(4.117)
= [B* (D*): €] :E*+ B (D) : C°] 1 E",
with the projection tensor
o 3
Py = — | D (E)sn; ®ny (4.118)
OE |1
yielding positive or negative contributions of the strain tensor E
E* =Py : E. (4.119)

Hereby, E; and n; are the eigenvalues and eigenvectors of the strain tensor
E. Hence, damage effects active under tensile load manifest only if the strain
tensor contains tensile entries and vice versa. Following the arguments of
CarovLetal. [52], MurakAaMI et al. [285], CORDEBOIS & SIDOROFF [77]
and MurakAaMmI [283], a symmetric second-order damage tensor is chosen
to characterize the internal damage state 9 = D*. The index + allows again
the distinction between damage states active under tensile or compressive
conditions. Modes I and III are respected in D*, whereas D~ contains damage
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variables that evolve due to damage progression as a result of damage modes
IT and IV. However, the notation is neglected for the next few derivations. D
varies between zero at the beginning, corresponding to an undamaged state and
unity at the fully damaged state. An equivalent notation is introduced by the
integrity tensor

Y=1-DZ26;-Dy (4.120)

behaving in the inverted manner (cf. BETTEN [34] and VaLaNTts [398]).
With the nominal-effective relations given in Eq. 4.116 the damage effect
tensors can be identified. In order to ensure symmetry of these terms, a
product-type symmetrization is applied, originally proposed by CORDEBOIS
& SiporofF [77]. This induces the introduction of the square root terms
w (D) of the integrity tensor

T = ? £ wiwy. (4.121)
Rewriting Eq. 4.116, yields therefore
Sij = wikgklwlj. (4122)

Taking into consideration the symmetry of §, the damage effect tensor IB with
all minor and major symmetries is obtained by

1
B é z (a),-ka)jl +wilek) . (4.123)

Carefully note the similarity with the symmetric fourth-order identity tensor.
The damage effect tensor in the principal axes of damage in Nye’s notation
then reads

Y,
Y,
Y3
4.124
VY Y, ( )

VY Y5
NEE

lls
I
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The damaged stiffness tensor can then be formulated as

C=B:C’= P} :B*(D*)+Pg : B (D) : C" (4.125)

4.2.3.2 Damage evolution law and damage update

Having selected the form of the damage effect tensors, the upcoming derivations
deal with the definition of damage evolution. Following the example of the
damage evolution law already defined for the matrix model (cf. Eq. 4.46), the
damage variables Jz‘ valid on the action plane © (indicated by ~) are calculated
according to

- - 1
di =d; (¢: (©)) =1- 5 &P (Ai(©) (1 - ¢1)). (4.126)

A reduction of mesh sensitivity during damage localization is obtained by appli-
cation of the crack band model according to BAzanT & Own [19]. Therefore,
the adjustment parameters A; are calculated in such a manner that the equation
for dissipated energy density g; for a monotonous uniaxial test

gi= a\? didt = 8‘? %d ;= Gi (4.127)
0 5d;‘ 1 (9di* 0¢i *

is fulfilled at all times. Hereby, [* is the characteristic length of the respective
finite element and G; is the fracture toughness for the associated loading
case. The numerical implementation is described in more detail in M a1mf{ et
al. [245] and outlined in Appendix C. Using the damage variables d_:.‘ computed
on the active action plane, the trial damage tensors D is obtained. It has three
orthogonal principal directions 72; with I € [1,2,3] and the corresponding
principal values Dj. This formulation allows the interpretation of the damage
variables as a measure for the net area reduction due to damage. It reads

3
D= Dinjen;=Dj;e;®e;=(0 d, Ole;®e;.  (4.128)
I=1 0o 0 O

The base vectors 727 = {&;},_; 3 define the coordinates of the action plane
system inclined by the angle ® and correspond to the principal axes of the trial
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damage. The damage variable J’f corresponds to the failure modes I and II,
d; describes the damage state due to inter-fiber damage evolution (modes III
and IV). The damage tensors from Eq. 4.128 are then compared to the damage
tensors D™ induced during the load history. In order to obtain thermodynamic
consistency (D > 0), the damage update has the following form in a general
case

di-dy, 00
D<=D“+AD(D*)=D"+ 0 (d;,-dv, Ole;®e;
0 0 0
_ (4.129)
d 0 0
=10 d_n d_zt é[@éj.
0o &, &

Together with the knowledge of ®, AD does not only contain information
about the magnitude, but also the direction of damage evolution.Therefore, D
describes the change of symmetry class and increasing anisotropy. Rewriting
the damage tensor from Eq. 4.129 in the material base coordinates and in the
principal system yields

d 0 0 3
D=0 d, dul|e;®ej=>,Din ®n. (4.130)
0 dn d; I=1

At this point it is also considered that the damage effect caused under com-
pressive load is activated under tension as well, since the introduced cracks
open under tension, whereas tensile damage is passive under compressive load.
Depending on the previous state of damage D" the resulting principal system
of damage does not have to be conform with the principal system of the trial
damage, i.e. in general n; # nj. Carefully note, that the index + has not been
written here for reasons of better readability, but applies to all damage entities.
In analogy to Eq. 4.125 the damaged stiffness tensor on the action plane can
thus be formulated according to

C=|Py B (D7) +P

Z BT 4.131)
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with C = C° for D = 0. Back-transformation yields the damaged stiffness
tensor in the material system

C=R"(0)«C. (4.132)
The damaged stresses can then finally be written as

S=C:E. (4.133)

4.2.4 Algorithmic treatment

The proposed continuum damage model is implemented in the implicit finite
element software Abaqus/Standard using the user-defined material subroutine
UMAT (cf. StmuL1A [355]). An algorithmically simplified counterpart of the
stress response from Eq. 4.133 is employed. Hereby, the structural tensor M
with the corresponding direction of the reinforcement A is handled as an input
variable (cf. Eq. 4.89). The material stiffness takes the specific form

C(E,E")=R" (©(E") «C (E,E"). (4.134)
+

— En ’
the deformation state E" on the action plane from the previous time increment
n. The analogous assumption applies for the computation of the action plane

The projection tensors from Eq. 4.131 are redefined as IP7,, being a function of

angle ©® = O (E'n) = O, and thus also the adjustment parameters A; (©,),

resulting in a significantly simplified formulation for the global tangent oper-
ator as demonstrated later on. SCHIRMAIER et al. [344] recently proposed
an enhanced method to accelerate the search for the action plane angle ©.
However, in this implementation an arbitrary number of m = 360 effort values

o (E‘",G)j) with j € [IFF* IFF™] at different given ®; € [-90°,90°] are
calculated for every time step. Finally, the configuration resulting in the max-
imum ¢; is chosen to be the valid action plane angle ®. A straight forward
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convergence of the calculation in the implicit framework of Abaqus necessitates
the definition of the global tangent operator, defined as

_dS(E,E")
- dE
d n .
- [C(E,E™) : E] (4.135)

dC (E,E") |
oE

C'=AgS
=C(E,E"+ E.

The partial derivation of the damaged stiffness tensor C with respect to the
deformation yields a sixth-order tensor

O = [RT(0,) + C(E. Ey)]
g 1) 1) 1) () e

(4.136)

- (RCD)T (REF)T (RGH)T (R’J)T agjg%

o) (1) o) (1)

Keep in mind that the transformation tensors R (®,) are independent of the
current deformation state. The partial derivation of the active stiffness tensor
on the action plane in Eq. 4.136 can be further simplified to

oC oC OE
oC _oC OE 4.137
0E OE OE ( :
with
E R E
OF _ 0RO <E) 1 po pP 10 (4.138)

OE ~ OE
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With C (E, E,) = [I_P:’E BY(E) + Py BT (E)] : €Y, only the derivations
n n

of the damage effect tensor IB* with respect to the deformation (on the action

plane) stay undetermined

= [Pt ;Mﬂpj OB (E)

.0
b 3E Bop | ¢ @139

Analogously for damage effects active under compression and tension, the
exploitation of the chain rule then yields

— = — = (4.140)
OE oD OE
and further
OB (E) 0B(E o 0T
(E) _ (_):a_(i):a__. (4.141)
oD o oY oD
Taking into consideration Eqgs. 4.120 and 4.125, the derivations
IB(E) » 1 Ok S 4 JPIL
o 2\ domy TET R bamn
(4.142)
- WjK + WL -—
dOMN WMN
and
i
6—_ =-1I (4.143)
oD

are rather easy to determine. The remaining contribution in Eq. 4.141 can be
rewritten using the eigenvalue decomposition of Y as

3

1
E Y[ /an ®ny
I=

(4.144)

oY aT
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An algorithmic treatment for the derivation of isotropic tensor functions can be
found in M1EHE [274]. The missing contribution in Eq. 4.140 can be identified
by

0D (¢i (E) _ oD 3¢ _ 9D 9¢: g
OE d¢; " OE  d¢; oS

(4.145)

using the corresponding case dependent definitions for the effort functions
#; which were formulated in the effective stress S (E ) on the action plane.
After the computation of the damaged stresses and moduli a push-forward
operation is performed, yielding the corresponding entities (7 and ¢) on the
current configuration. Regarding an implementation of the material model
using an Abaqus user material subroutine (UMAT), the true stresses (Cauchy
stresses)

== 4.146
o= ( )
and the corresponding moduli associated to the Jaumann derivation are needed
(cf. MIEHE [266] and BAASER et al. [20]). The latter can be written as

6abcd — [Cabcd +6ac7_bd +Tac6bd] /J (4147)

where J = det F is the determinant of the deformation gradient F'.

4.3 Constitutive modeling of weave reinforced
plastics

Organo sheets consist of a fabric structure embedded in a thermoplastic matrix
material. These are layered composites, where each layer consist of two sets
of interwoven rovings (weft and warp), set up in a twill weave pattern. The
undulated glass-fiber reinforcement structures define preferred directions in
the material as depicted in Fig. 4.6. Materials with preferred directions per-
pendicular to each other are associated with orthotropic symmetry. Deviations
from this lead to different groups of symmetry, e.g. monoclinic symmetry. The
principal directions of the reinforcements are assumed to be initially known, e.g.
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Figure 4.6: Change of material orientation due to deformation of a weave reinforced composite.
The display of the matrix domain is omitted.

by drape simulation or assumptions. However, the application of external me-
chanical loads results in a finite change of reinforcement orientation, containing
both reversible and irreversible contributions and hence establishing a differing
stress-free state upon unloading. Hereby, the matrix behavior is related to plas-
tic deformation processes in the matrix-rich regions of the composite material,
i.e. in the interstices of the rovings. The work proposed here concentrates on
the composite formulation of a constitutive model taking into account the afore-
mentioned kinematic observations. In crystal plasticity it is often assumed that
the initially known preferred directions (i.e. the crystal latices) do not change
with the material directly (cf. Rick [334], KRONER & TEoDOS1U [206] and
MaNDEL [250]). In terms of finite plasticity, this means that the structural
tensors in the intermediate configuration stay constant and the corresponding
yield condition is formulated in terms of the Schmidt stresses X (cf. HiLL [162],
Asaro [14], Curtino & Orrtiz [83] or MIEHE [265], among others). For
the present material system, the preferred directions coincide with the direc-
tions of the rovings which change during loading continuously due to material
deformation. In his work, M1EHE [268] states that for such cases a finite
plasticity formulation based on the plastic metric

G? = FPTGFP (4.148)

can be formulated. Due to the occurring anisotropy within the chosen material
class, it is hardly possible to find a sound overall formulation for plasticity and
damage onset of the material. To overcome this problem, the approach of the
model presented here is to superimpose two angled preferred directions, coupled
through an isotropic matrix by means of analytical homogenization technique.
Moreover, using the damage models presented before (cf. Section 4.1 and
Section 4.2), the incorporation of mechanism-based damage formulations in
both the reinforcements and the thermoplastic matrix is enabled. The overall
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4.3 Constitutive modeling of weave reinforced plastics

consistency in terms of thermodynamics (dissipation inequality) is assumed
to be preserved since the formulations for the phases were developed along
these guidelines. To the knowledge of the author such an approach, combining
analytical homogenization techniques with damage formulations within the
single phases, is the first of its kind, addressing the damage modeling of textile
woven composites.

4.3.1 Material orientation and intermediate configuration

In general, the initial structural tensors of a weave can be writtenas M; = A;QA;
for each preferred direction i € [1, 2] as displayed in the undeformed weave in
Fig. 4.6. Given an arbitrary deformation expressed in terms of the deformation
gradient F = F°®FP, the material orientation may change and will now be
aligned with the deformed structural tensors m; = a; ® a;. The vectors a;
correspond to a deformed preferred direction (cf. Fig. 4.6, right) and are
defined by

a;=FA;. (4.149)
Figure 4.7 depicts that behavior schematically. For thermoplastic basic con-

B o(X, t)

Figure 4.7: Weave kinematics at large deformations. The initial material orientation A; in the
reference configuration is mapped on its deformed representation @; on the current configuration
by means of the deformation gradient F'.

stituents, inelastic behavior during loading prior damage effects is observed. In
the following it is assumed that this behavior is attributed solely to plastic effects
in the matrix (phase index m), resulting in a plastic share of the deformation
gradient F¥,. In the present case, plasticity in the matrix model is introduced
additively according to Eq. 4.1. Consulting again Section 4.1.6, a relation
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4 Constitutive modeling of constituents and composites

of the logarithmic plastic strains &P = Z?:l s?n 1 ® ny and the plastic metric

tensor GP (cf. Egs. 4.83 and 4.148) was defined by M1eHE [277]. Combining
the above mentioned equations, a formulation for the plastic contribution of
the deformation gradient can be found. With the assumption that only the
thermoplastic matrix (¢ =m) outside of the tows is objected to plastic effects,
it reads

3
FP=Fh=> Fn;®n; =VG® (4.150)
1=1
with the eigenvalues
1
FP = [exp [2¢8]]". (4.151)

This kind of formulation yields a symmetric form for FP, an observation
that was also reported by REESE [333]. As a consequence, the plastic spin
remains undetermined, similar to isotropic elastoplasticity formulations (cf.
REESE [332,333]). The possibility to split the deformation gradient in an
elastic and plastic contribution gives rise to the introduction of the plastic
intermediate configuration in the co-/contravariant domains 8 and 8* for both
metrics and stresses (cf. Fig. 4.8). Please recall that B, is the reference or

Figure 4.8: Schematic display of co-/contravariant domains for (a) metric and (b) stresses in
analogy to Fig. 2.2. The plastic intermediate configuration is a function of the plastic share of the
deformation gradient FP = F¥, due to inelastic effects in the matrix material. Failure of tows is
evaluated on this configuration in terms of the Schmidt stresses L.

material configuration, whereas 8B, denotes the current or spatial configuration.
Both entities are defined in the co-variant domain. Their counterparts in the
contra-variant domain can be written as B, and B;. The key concept of
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4.3 Constitutive modeling of weave reinforced plastics

the presented model is the idea of embedding reinforcement structures in a
thermoplastic matrix by separating the plastic deformation and the definition
of the intermediate configuration. The elastic response and damage evaluation
of the matrix is computed in the reference configuration. By contrast the
elastic response of the reinforcement structures (index r;) are calculated on
the intermediate configuration. In Eq. 4.97 it has been shown that the elastic
response of a transversal isotropic roving is a function of its structural tensor.
For the present case, the normalized preferred directions A? are used therefore
for the weft and warp yarn (i € [1,2]), respectively. They can be denoted as
-0 FPA;

A= —— 4.152
P = AL (5159

The right Cauchy-Green tensor C = FT g F is chosen to describe the deformation
for the overall definition of the continuous weave model in the reference
configuration, where g is the metric tensor in the Eulerian configuration (cf.
Fig. 4.8).

4.3.2 Combination of models from lower scales

Having defined the assumed geometrical framework, the computation of stresses
and moduli of the composite follows. The scalar strain energy potential

p = f( VLM (C,GP (C),d (C)),
(4.153)
Vi (Ce (GP) , A:‘ (GP) ,D* (Ce)) )

is assumed, describing the overall composite as a function of matrix and
reinforcement behavior. Hereby, W™ corresponds to the strain energy function
of the matrix defined within the finite strain framework extension defined in
Section 4.1.6 and W' as the strain energy functions of the reinforcements
r; formulated on the plastic intermediate configuration dependent on C¢ (cf.
Fig. 4.8). Carefully note that, while Y™ is independent of the preferred
directions, W' takes A_? as input, hence, introducing preferred directions, since
the ground state elasticity of the reinforcement structures are assumed to be
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4 Constitutive modeling of constituents and composites

initially transversely isotropic. v™ and v in Eq. 4.153 denote the volume
fractions of the matrix and the two reinforcement phases respectively, with

n
VTV =1 (4.154)
i=1

For the present work a balanced weave is assumed, yielding v = v,y /2 (cf.
Table 3.7). Standard arguments yield the second Piola-Kirchhoff formulation
defined on the reference configuration for the stresses in the matrix according
to

o™

S™ =2 = 8" (C.GP(C) . du (C). (4.155)

Analogously, the global tangent operator can be expressed as

LS S
C =4602 =C"(C.G"(0).dn (0)). (4.156)

The material behavior of the tows is assessed on the intermediate configuration.
Similar derivations, involving the exploitation of Coleman’s method, yield the
Schmidt stresses in the reinforcements

ov"i

) IR, S
oc*

St (ce (GP),A" (GP),D* (ce)) . (4.157)

A de novo derivation yields the corresponding moduli

¢ =4 Ry (Ce (GP),A" (GP),D* (Ce)). (4.158)

In order to allow the superposition of all stresses, £ and " are transferred to
the Lagrangian setting, applying a pull-back operation (<1). The stresses and
moduli in the reinforcements written in the reference configuration then read

ST FPqF"  and O = FP g, (4.159)

The assembly function f in Eq. 4.153 defines the used homogenization tech-
nique and therefore the combination rule of stresses and moduli. For reasons of
simplicity, in the present work the assembly rule according to VoraT [404] is
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4.3 Constitutive modeling of weave reinforced plastics

used. This hypothesis serves here as a first guidance, even though the internal
microstructure of the weave is not explicitly considered. Other homogeniza-
tion schemes, taking into account these geometrical particularities, have been
proposed by many different authors (cf. Section 2.4.3 for a short review). The
homogenization scheme according to Voigt corresponds to the assumption
that all phases experience the same uniform strain. As already reported, this
assumption is known as the iso-strain assumption in literature. Together with
the assumption of the stress-concentration tensor being A" = I, the Voigt
formulation can be recovered from Eq. 2.57, yielding the overall formulation
for the stresses and moduli according to

2
S = Vs 4 > yrigT (4.160)
i=1

and

2
C=y"Cm 4+ >V 4.161)

i=1

The here proposed framework allows a straightforward implementation of
the constitutive equations in Abaqus/Standard, using a user-defined material
subroutine (UMAT). After the computation of Egs. 4.160 and 4.161 defined on
the reference configuration, a push-forward operation is necessary in order to
obtain the Kirchhoff stresses T and the corresponding moduli ¢. Subsequently,
the transformations given in Eqs. 4.146 and 4.147 have to be employed to
ensure compatibility with the Abaqus UMAT interface.
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5 Simulations

The following section focuses on the compilation of the simulative results,
where the structure specified by the multi-scale analysis was also taken into
account. The starting point of the simulations was the generation of the
microstructures (cf. Section 5.1) needed on the distinct scales. Beginning with
a parameter fitting of the basic constituents, the calculations of the deformation
and damage behavior of the unidirectional microstructure (cf. Section 5.2) and
woven mesostructure (cf. Section 5.3) are presented. Finally, the features of the
newly proposed macroscopic material model are demonstrated in Section 5.4.
Its behavior with respect to the change of material orientation under deformation
as well as the representation of damage evolution is reviewed in the course of
exemplary virtual tests.

5.1 Generation of virtual microstructures

For the multiscale approach, two virtual microstructures are needed: the
representative volume element characterizing the unidirectionally reinforced
composites and the unit cells standing for the woven composite. For an eas-
ier handling of the simulation models, a python routine was developed in
order to embed the routines of the microstructure generation into the prepro-
cessing framework of ABAQus. The application of case-dependent periodic
boundary conditions (PBCs) is described in more detail in Appendix D. For
both microstructures, existing generation methods were used. For the cre-
ation of topology data of UD-SRVEs it therefore is referred to the work of
MELRoO et al. [259] who developed a three-step methodology to generate UD
microstructures. The single steps of one cycle are named by

1. Hard-core step: Placing new fibers in the control volume
2. Stirring step: Creating free space by shaking the present fibers

3. Compression step: Compacting of existing fibers towards the center
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and are demonstrated in Fig. 5.1. Described is an iterative process which
is repeated several times to achieve the desired fiber volume fractions. The
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Figure 5.1: The three steps of one cycle of the generation routine by MELRO et al. [259]: (a)
Hard-core step, (b) stirring step, and (c) compression step.

movements within one single cycle are rather small but due to the big amount
of fibers a very dynamic system emerges. The purpose of steps two and three
is the liberation of areas where new fibers could be placed. In such a way it is
possible to attain UD cells with a high volume fraction of fibers. Figure 5.2
shows the progress of the routine over several cycles. A further feature for

Figure 5.2: Evolving microstructures during the generation process. By repeating the three above-
mentioned steps the volume fraction of the control volume increases until the designated target
fraction is reached (here v = 63%).

the generation of clustered microstructures was developed in the course of
the present work. Figure 5.3 visualizes the process steps in order to obtain
a clustered geometry. The starting point is a RVE with a high fiber volume
fraction (v = 63%, cf. Fig. 5.3a). The highlighted green areas in Fig. 5.3b
indicate the randomly chosen cluster centers, which are free to overlap. In
the present case a target fiber volume fraction of v = 43% was specified.
The routine removes fibers from the RVE that are not in the area of the cluster
centers until the desired fiber volume content is reached. The red fibers in
Fig. 5.3b correspond to the inclusions to be removed. Finally, a control volume
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5.1 Generation of virtual microstructures

with areas of higher density of fibers and such with lower density forms that
differs significantly from structures with a more even fiber distribution (cf.
Fig. 5.4 and Fig. 5.3c). The routine by MELRoO et al. [259] was furthermore

005

000
000 005 0l0 015 02 03 03 000 005 0l 015 02 02 030

b = e
Figure 5.3: Sequence of actions during the generation of clustered microstructures. (a) Original
microstructure with a high fiber volume fraction (v = 63%). (b) Randomly placed cluster centers
are highlighted in green. Fibers that are positioned within these centers stay untouched. The red
highlighted fibers belong to the set of fibers that were randomly chosen to be subtracted from the
geometry set. The removal process takes place as long as the desired fiber content does not fall
below a specified value. (c) Resulting clustered UD-RVE with a volume fraction of v = 43%.

extended towards the possibility to use normally distributed fiber diameters (cf.
Fig. 5.4). The user can specify a standard deviation in addition to the nominal
diameter. The basic principals of the original routine stay unchanged, only
the eventual overlap of the fiber volumes has to be checked depending on the
present diameters.

Remark. Despite the possibility of using clustered models with varying fiber
diameters, these options were not used for the following investigations in order
to achieve comparable data records, not being influenced by imperfections
on the microstructure. This option builds the basis for future investigations.
Carefully note, that due to the special case of the prevailing symmetry of UD
materials, the problem of fiber placement in the presented cases is reduced to a
two-dimensional one. The resulting output of the microstructure generation is
therefore the information about the position of the fiber centers and its diameter
as well as the size of the representative volume. A python routine, developed
throughout this thesis, transfers the created two-dimensional input to ABAQUS,
where a three-dimensional model is created by extrusion along the fiber axis.
Further preprocessing operations are likewise carried out, such as the material
assignment, meshing, and the identification of the sorted element sets on the
boundaries of the RVE, which are crucial for a sound definition of the periodic
boundary conditions. The connection between fibers and adjacent matrix was
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fon [um]

dimension [um]

Figure 5.4: UD-SRVE with normally distributed Figure 5.5: Discretized geometry of a UD-

diameters (v = 43%). SRVE (6 = 30, vy = 43%,dr = 13 um).
HEX (C3D20R) and WEDGE (C3D15) ele-
ments were used.

modeled by a conform mesh. The use of cohesive zone elements has been
dispensed with. During the experimental investigations, no evidence could be
found that failure occurs in the fiber matrix adhesion (cf. Fig. 3.28), supporting
this decision. Figure 5.5 shows a fully meshed UD-SRVE geometry. Tr1ASs et
al. [387] performed a thorough study on the necessary size of RVEs, by using
several criteria, such as fiber content, effective properties, stress and strain
fields including the probability density function (PDF) of occurring stress and
strain in the matrix , the Hill condition, and distance distributions. To this
end, a parameter 6 = a/R > 50 was defined for the minimum size of SRVEs
regarding the computation of plasticity and failure, defined by the RVE side
length a and the radius of the inclusions R. Throughout this thesis, this factor
was always respected. A smaller size was selected for the sake of a better
representation for the upcoming plots. For the following simulations, the fiber
diameter was defined to be df = 13 um. UD-SRVEs for both relevant fiber
volume fractions v¢; = 43% and v¢y = 63% were considered.

The virtual unit cells for the impregnated (wef) woven composites were created
by using the software package TexGen (cf. SHERBURN [350]). With this
tool, a straight-forward generation of impregnated and dry woven composites is
possible. Thus, twill weaves were created considering the geometric dimensions
measured during the experimental investigations (cf. Table 3.7). Hereby, the
weave was considered to be balanced in terms of both geometry and material
properties, i.e. warp and weft yarns have the same properties. The yarns are
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5.1 Generation of virtual microstructures

modeled as lenticular-shaped structures not being in contact with each other.
The model is thickened artificially to ensure a meshing of the matrix in the
space between two overlapping yarns. The surrounding matrix shares nodes
with the yarns, hence setting up a conform mesh, where no other interface
is necessary nor defined. Using the integrated meshing tool TetGen, a three-

a b

Figure 5.6: (a) Meshed reinforcement structures of a 2x2 twill weave. The single yarns are not
in contact with each other but are separated by small gaps to ensure a successful meshing of the
complete structure. (b) Meshed body of the surrounding matrix. The matrix is connected to the
yarns by a conform mesh, thus sharing nodes on the surface of the yarns. A coarser mesh size is
displayed here for the sake of a clearer representation.

dimensional meshed structure was obtained (cf. Fig. 5.6). Please note, that
the presented mesh is not considered to be fine enough, but a coarser mesh
was chosen here for a better display. Local material orientation, especially
the fiber direction, plays an important role for the validity of the following
simulations and therefore builds an essential input for the computation. TexGen

v
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Figure 5.7: Imported material orientation of one single yarn. For each element of the yarns a local
material system {17, 2", 3"} is defined, where the 1’-direction corresponds to the fiber axis.

also provides the local material orientation ({17, 2’,3’}) which can be imported
inan ABAQUSs computation as it can be seen in Fig. 5.7 for an exemplary single
yarn of a 2x2 plain weave. Hereby, the 1’-direction corresponds to the fiber axis,
which follows the undulation of the yarn throughout its length. Hereby, the
orientation of the rovings is defined piecewise linearly for each element. Instead
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of using local coordinate systems, the directional information A; Vi € [1, 3] is
passed in the material routine as additional parameters. Internally, the results
are first calculated with respect to the corresponding orientation system and
afterwards transformed onto and saved in the global coordinate system. The
use of TexGen was embedded in a python routine responsible for the completion
of further preprocessing steps, necessary for a FE-simulation. Especially the
identification of the element sets on the surface of the unir cell is taken care
of. The user is free to define three-dimensional or in-plane periodic boundary
conditions. For the simulation results using woven unit cells presented in this
work, in-plane PBCs were used.

5.2 Computations on unidirectional unit cell

One principal idea of using a multiscale approach in order to assess and transfer
composite behavior from micro to macro scales is the input of material data on
the lowest scale. In the present case the thermoplastic polypropylene matrix and
the glass fibers are the basic constituents that build up the basis of the following
investigations. In the first step, a parameter identification procedure was
carried out. The input for the fitting process was delivered by the experimental
campaign presented in Section 3.2.2 and Section 3.2.3. Here, the polymeric
matrix was tested under uniaxial tension and compression. The main results are
summarized in Fig. 3.3 and Fig. 3.6 consisting of six curves for tension and four
curves for compression loading at different loading rates. An elasto-viscoplastic
material model including an ultimate damage formulation was presented in
Section 4.1. The parameters for that constitutive model were adapted in order
to minimize the resulting error during curve fitting. The available software
package LS-Opt supplied the optimization framework. A polynomial meta
model was created and adapted using the sequential response surface method
(SRSM). The objective of the optimization was the minimization of the least-
square error of the areas underneath the resulting calculated and experimental
curves. Furthermore, the identification of the precise position of the failure
onset (&¢(€), Ry(€)) was an objective. Since the rate dependent parameters
for tensile and compressive behavior show a strong connection, all objectives
had to be solved in parallel. The resulting set of material parameters for
the thermoplastic matrix are summarized in Table 5.1. When comparing
the calculated material response and experimentally recorded curves, a good
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Table 5.1: Identified material parameters for the thermoplastic matrix material and assumed
parameters for the E-Glass fiber material. Parameters with superscript ! are estimated and such

with 2 are measured.

Neat matrix E-Glass
fiber
Tension Compression
(i=t) (i=c)
Elasticity E (in MPa) 1998.85 72000!
v () 0.422 0.221
Plasticity v, (-) 0.427
a7y (in MPa) 2.62 9.83
Yield o)., (in MPa) 14.61 21.86
onset n% () 39.70 61.92
a%l (2 0.65 1.09
o7 (in MPa) 29.91 44.93
Yield o (in MPa) 40.82 74.65
limit n%i (-) 9.98 4.45
a% () 0.59 0.49
. wio () 70.05 64.98
?Vfi‘;fégg Wieo () 101.72 65.87
n@i (-) 150.29 150.29
X; o (in MPa) 29.86 44.37 2150!
Damage Xi o (in MPa) 39.34 73.96 2150!
onset 7% (-) 14.06 4.33
i (=) 0.63 0.48
Fracture Kic 1 4.50! 0.90!
toughness  (in MPa/mm?) ’ '

agreement is noted and applies both in tension and compression (cf. Figs. 5.8
and 5.10). The results show the basic properties of the implemented material
model. All curves start with the same stiffness. The point where the material
response becomes non-linear (yield initiation) is dependent on the strain rate,
just like the behavior during increasing plasticization. Finally, the stress where
the material starts to fail (ultimate failure initiation) varies with the strain rate.
Figures 5.9 and 5.11 show a good prediction accuracy when it comes to ultimate
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Figure 5.8: Comparison of the material model
response (colored, solid lines) and the average
experimental results (gray, dashed lines) taken

from Fig. 3.3.
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Figure 5.10: Comparison of the material model
response (colored, solid lines) and the average
experimental results (gray, dashed lines) taken

from Fig. 3.6.
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Figure 5.9: Comparison of measured ultimate
strengths of the matrix material at different strain
rates under tension with the model response.
Please note, that no direct fitting on this data
has been done.
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Figure 5.11: Comparison of measured ultimate
strengths of the matrix material at different strain
rates under compression with the model response.
Please note, that no direct fitting on this data has
been done.
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strength, even though this parameter function was not a direct fitting objective
but resulted from the curve fitting.

Remark. Since single glass fibers were not available from the material supplier,
a detailed experimental investigation was not carried out. Standard material
constants for E-glass fibers were taken as summarized in Table 5.1. However
the same subroutine as for the matrix material could be used, deactivating
the viscoplastic features, rendering a purely elastic model which includes the
damage formulation.

5.2.1 Computation of elastic bodies

Having generated the virtual microstructures of the UD-SRVEs, modeled and
characterized the isotropic basic constituents, the first step of simulation is the
assessment of the elastic properties of the given unidirectionally reinforced
microstructures under study. Six calculations corresponding to the six uniaxial
load cases are sufficient to determine the full stiffness tensor. The equations
of the numerical homogenization presented in Section 2.2.2 and the homoge-
nization integrals in Eq. 2.46 relate the far-field strain and/or stress applied to
the RVE with the help of the periodic boundary conditions with the resulting
and more complex stress and strain states within the microstructure. Table 5.2
shows the averaged elastic properties for two given volume fractions (v¢ = 43%
and v¢ = 63%). In total, a number of n = 10 microstructures with a size ratio
of 6 = 50 were used for each volume fraction. Assuming initial orthotropic
symmetry, the stiffness tensor can be described by nine independent variables.
After computation, the results show that the symmetry can be reduced further,
since E_z = Eg, Vio & V13, (_;]2 & G_13, and (_;23 X EQ/(Z(I + v»3)) which are the
characteristics of a transversely isotropic material system. The small standard
deviations obtained in this study show (cf. Table 5.2), that the calculation of
the elastic properties by numerical homogenization is a stable process (using
big RVEs) and the random placement of fibers within the microstructure does
not play a predominant role at the tested volume fractions. Figure 5.12 shows
a three-dimensional representation of the elastic stiffness body of the unidirec-
tionally reinforced material under investigation with a fiber volume fraction of
ve = 63%. Similar forms are obtained with the respective properties of differ-
ent volume fractions. It becomes clearly visible that one preferred direction is
dominating the elastic behavior of the material. Furthermore the characteristic
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Table 5.2: Average of computed elastic properties of n = 10 different unidirectionally reinforced
microstructures with a fiber volume fracture of vi = 43% and v = 63%. The given nine
parameters can be summarized to a reduced set showing the characteristics of a transversely
isotropic medium.

Vi = 43% Ve = 63%

Ey (inMPa)  31923.01 +0.25 45924.83 +0.29
E> (inMPa) 497270 +29.92 9724.11 + 107.76
E; (inMPa)  4966.66 +38.56 9702.05 + 68.94

V12 (=) 0.322 £ 0.001 0.281 +£0.001
V13 (=) 0.321 +0.001 0.280 +0.001
V23 (-) 0.595 +0.004 0.501 +0.003

(:;12 (in MPa) 1544.72 £9.64  2892.69 +26.06
Gi3 (inMPa)  1540.34 +10.51  2891.69 +20.35
Go3 (in MPa) 1557.35 +10.42 3164.70 +32.74

20000

20000
40000

—40000

Figure 5.12: Three dimensional representation of the elastic body of the unidirectionally reinforced
material with a volume fraction of vf = 63%. The elastic properties are given in Table 5.2.
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of rotational symmetry around the preferred direction (x-axis) is recognized.
By projecting the three-dimensional stiffness body onto one symmetry plane,

In-plane angle ¢

15° 9 =150

—— Numerical
*~ == Mori-Tanaka
— - Voigt
- Reuss
@  Experimental

Numerical (vf

| == Mori-Tanaka
8 Numerical (v = 63%)
Mori-Tanaka

& * * l‘] 15[‘)00 30(‘)00
Young’s modulus E in MPa

20000
a b Young’s modulus £ in MPa

Figure 5.13: Projection of the elastic stiffness body from Fig. 5.12 onto polar coordinates, where
0° corresponds to the preferred axis. (a) Comparison of results obtained by selected analytical
homogenization techniques and the numerical solution as well as the averaged experimental data
from Section 3.3. (b) Comparison of the numerical and Mori-Tanaka (UD) solution at v¢ = 43%
and vy = 63%.

the values of the direction dependent Young’s moduli can be directly extracted.
Figure 5.13a shows the projected stiffness body of a UD-SRVE with a volume
fraction of v¢ = 43%. Half symmetry is considered here, and the preferred
axis of the composite is aligned with the indicated 0°- direction. Results from
selected analytical as well as the numerical solution are depicted. With the
numerical solution lying in the interspace of the Voigt and Reuss solution, a
physically reasonable outcome can be stated. Please note that the Voigt and
Reuss solution is isotropic (circle) since the input materials were assumed to be
isotropic. Furthermore experimental data is available for the present volume
fraction and is displayed here as an average of the Young’s moduli measured
at different strain rates (cf. Section 3.3). Comparison of the experimental
results with both the numerical and the analytical Mori-Tanaka solution for the
special case of UD materials yields a good agreement in terms of longitudinal
and transverse Young’s moduli. In Fig. 5.13b a comparison of the numerical
results using UD-SRVEs and Mori-Tanaka solutions for two different volume
fractions is displayed (v = 43% (blue) and v¢ = 63% (green)). The higher
number of fibers within the control volume yields an increase of stiffness in
both longitudinal and transverse direction. While higher longitudinal stiffness
is directly deducable by the increased cross-sectional area of fiber material, the
reason for higher transverse stiffness lies in the micromechanical circumstances
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in the matrix between the fibers. With higher volume fractions the distance
of single fibers diminishes and therefore the adjacent matrix is exposed to
high multi-axial straining yielding a stiffer composite behavior. While the
Mori-Tanaka solution lies in good agreement with the numerical solution for
v = 43%, the results for v = 63% show a significant deviation especially in
the transverse direction. The Mori-Tanaka method assumes a dilute concen-
tration of inclusions and therefore yields an underestimation of the influence
of single fibers towards each other. In contrast, by using micro models, the
superelevation of strain in the interspace of single fibers is immediately con-
sidered. A comparison of results obtained by numerical and a selection of
analytical homogenization techniques at different volume fractions is depicted
in Fig. 5.14. Both diagrams show the respective Young’s modulus over the fiber
volume fraction in a semi-logarithmic display. To this end, UD-SRVEs with

Youngs modulus £

00 02 01 06 08 10 [Y) 02 04 06 08 10
a Fiber volume fraction vy b Fiber volume fraction o

Figure 5.14: Comparison of analytical and numerical homogenization techniques for the calculation
of (a) the longitudinal (E}| = E{) and (b) the transverse Young’s modulus (E; = E3) at different
volume fractions.

volume fractions v¢ = [10%, 20%, 30%, 40%, 43%, 50%, 60%, 63%] were cre-
ated and an elastic investigation was pursued. In Fig. 5.14a the course of the
longitudinal Young’s modulus (£ = E}) is depicted. It can be seen that the
Voigt, Mori-Tanaka and the numerical solution coincide over the whole range
of fiber volume fraction, while the Reuss solution yields stiffnesses that are
lower due to the assumption of a series connection of the single components.
Figure 5.14b depicts the course of the transverse stiffness (£, = Ej) over the
fiber volume fraction. While the Voigt and Reuss solutions are identical to
the ones in Fig. 5.14a, the Mori-Tanaka yields a divergent response, due to the
consideration of the internal orientation of reinforcing structures. A similar
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5.2 Computations on unidirectional unit cell

picture applies to the solutions of the numerical calculations. For volume frac-
tions v < 40% the numerical and Mori-Tanaka solution coincide. Exceeding
this threshold the effect of an increasing interference of the single fibers plays
an ever more important role, resulting in diverging results. The investigations
in Section 3.4 showed a volume fraction of v = 63% in the reinforcing yarns.
However, only UD material with a volume fraction of v = 43% could be tested
(cf. Section 3.3). The studies in this section demonstrated the possibility of the
prediction of the elastic properties of the unidirectionally reinforced composite
by comparing numerical and experimental results. The assumption applied in
the following is that the numerical approach yields realistic elastic constants
for the material at vi = 63% (cf. Table 5.2) which will be used throughout this
thesis.

5.2.2 Plasticity and damage evolution

The material parameters determined in Section 5.2 were used to simulate six
different representative loading cases described in the following. Therefore,
UD-SRVE:s with a side ratio of 6 = 50 were created. The plastic and damage
evolution in the matrix material were solved simultaneously and are depicted
in the figures below for a fiber volume fraction of v = 43%. For the sake of
a clear representation, RVEs with a side ratio of ¢ = 30 are displayed here and
the fibers where assumed to be purely elastic for all presented cases except for
the case of longitudinal tension. Carefully note, that having implemented the
general set of periodic boundary conditions, any arbitrary loading scenario can
be applied on the RVE and the results here serve solely as a small selection.

5.2.2.1 Transversal tension

Figure 5.15 shows the results of an applied horizontal transversal tension load
to a UD-SRVE with a volume fraction of vy = 43% (cf. Fig. 5.15a) and
ve = 63% (cf. Fig. 5.15b) in five consecutive steps (1-5) respectively. The
top row represents the damage progression and the one at the bottom row
shows the development of the accumulated plastic strain. The first figure (1)
shows the RVE in its pristine state. In (2) a damage initiation in the material
is observable where the stress state locally exceeds the failure criterion. This
process is preferably triggered in the space between two fibers situated in close
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vicinity to each other and thus the tensile hydrostatic stresses are high. From
Fig. 5.16 it can be seen that this process starts around the 50% threshold of
the ultimate strength. By increasing the external load, the existing damaged
regions grow, new failure spots are introduced and existing cracks coalesce
(cf. (3)). Comparing Fig. 5.15a and b at stage (3) it can be stated, that RVEs
with a higher volume fraction show considerably more locations of damage
initiation due to the smaller distances in-between fibers and thus the resulting
higher shares of tensile hydrostatic stress. By decreasing the undamaged
volume, a further loss of stiffness is observed, yielding non-linearity of the
stress-strain curve (cf. Fig. 5.16). A localized band of damaged elements starts
to evolve through the RVE (cf. (4)) which is oriented perpendicular to the
external loading direction. Carefully note, that other existing cracks stop to
grow and stay constant eventually. Subsequently, the section of localized cracks
grow further and finally coalesce to a transverse crack throughout the RVE.
The described behavior of the material in the simulation above lies in good
agreement with the reported failure behavior of UD composites in Section 2.3.2
under transverse tensile load. The plastic evolution inside the RVE behaves
similar to the development of the damage variable. Initiating plastic flow occurs
in-between the fibers and progresses from there. As soon as cracks begin to
grow and to coalesce, the areas of high plastic strain rates are located near
the crack tips. Keep in mind for the following observations that as soon as
damage evolution is triggered, further plastic evolution is deactivated in the
corresponding element.

Remark. Even though it is talked about cracks at this point here, it must be
kept in mind, that this is synonymous with a band of elements with a highly
reduced stiffness rather than discrete cracks in the sense of material separation.

Additionally to the above mentioned qualitative simulations where the focus lied
on the correct reproduction of the damage mechanism, the homogenized stress-
strain curves performed at three strain rates under investigation were compared
to the corresponding experimental results (cf. Section 3.3). Figure 5.17 shows
the results in terms of stress-strain curves for a UD-SRVE with a volume
fraction of v = 43% objected to a transverse tensile load at three different
loading rates, (a) 1.25 mm/min, (b) 12.5 mm/min, and (c) 125 mm/min. These
correspond to the loading rates applied during the experimental assessment,
allowing therefore a direct comparison. Keeping in mind the viscoplastic
behavior of the matrix, differences in the material response are observed. At
the lowest strain rate (cf. Fig. 5.17a), the plasticity in the matrix dominates the
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Figure 5.16: Resulting stress-strain diagrams for transverse tensile loading of UD-SRVEs with
volume fractions of v¢ = 43% and vy = 63%. The numbers indicated correspond to the failure
stages depicted in Fig. 5.15: (1) describes the pristine state, (2) is the point of beginning damage
initiation, (3) and (4) show the effect of increasing crack lengths and coalescing cracks, and (5)
indicates the point in the loading history where the resulting crack traverses the whole RVE.

composite behavior in such a way, that the matrix yields already early on and
with the formation of large plastic strain. To this end, a failure strain results,
overestimating the one seen in the experiments. The failure strength is predicted
in good agreement with the experimental results. In Fig. 5.17b the strain rate
influence in the numerical model becomes visible. Here, the UD-SRVE was
loaded by a medium strain rate. Compared to before, the composite material
shows a stiffer response, a lower degree of non-linearity which is associated to
a slower plastic evolution, and a lower failure strain. The form of the numerical
and experimental curves align in good agreement and also the failure onset is
predicted well. By increasing the strain rate further as shown in Fig. 5.17c the
material response takes yet another form. Also here, the numerical response
is in good agreement with the experimental results. However, the material

Figure 5.17: Comparison of numerically and experimentally obtained stress-strain curves for
loading rates of (a) 1.25 mm/min, (b) 12.5 mm/min, and (c) 125 mm/min under transverse tension.
For this investigation a UD-SRVE with a fiber volume fraction of vy = 43% was used.
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strength is slightly overestimated. Summarizing the above mentioned results
it can be stated, that the visco-plastic constitutive model used for the matrix is
capable of transferring rate dependent effects to the composite level. However,
using the model parameters determined from specimens of pure matrix (cf.
Section 5.2) the model overestimates the rate dependency to some degree
compared to experimental results obtained in Section 3.3, where only a small
rate influence was observed. The material strengths are predicted sufficiently
well for the presented case here.

5.2.2.2 Transversal compression

Figure 5.18 shows the result from an UD-SRVE subjected to transversal com-
pression, which is applied horizontally here. Figure 5.18a represents the spatial
distribution of the damage variable d, of the matrix, whereas Fig. 5.18b
corresponds to the equivalent plastic strains £b... The regions with a higher
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Figure 5.18: Results of a UD-SRVE with a fiber volume fraction of vy = 43% objected to a

transverse compressive load. (a) Spatial distribution of the damage variable inside the matrix, (b)
spatial distribution of equivalent plastic strains.

degree of accumulated damage follow a crack pattern that is not aligned with
the direction of the compressive load but is inclined by about ® = 50° with
the horizontal load axis. Inclined crack patterns usually arise when the shear
strength is exceeded. Similar results where observed and reported in the ex-
perimental section of this thesis (cf. Section 3.3) as well as in the literature
(cf. Section 2.3). Carefully note, that the crack growth is accompanied by the
formation of plasticized bands with locally large plastic strains (5., > 10%).
Again, the high plastic strains form preferably in front of the crack tip, once it
occurs. Figure 5.19 shows the stress-strain curves of the UD-SRVEs subjected
to three different loading rates after homogenization. The influence of the rate
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b ‘c
Figure 5.19: Comparison of numerically and experimentally obtained stress-strain curves for

loading rates of (a) 0.5 mm/min, (b) 5 mm/min, and (c) 50 mm/min under transverse compression.
For this investigation a UD-SRVE with a fiber volume fraction of vy = 43% was used.

dependency of the constitutive model is observable by the increasing strength
values for higher load velocities rather than the degree of non-linearity of the
material responses as it was the case in the previous example. Structural failure
is identified by an abrupt change in the stress-strain curve and only a small scat-
ter in the material strength can be observed. Once initiated, crack propagation
evolves very fast. The formulation of damage progression as implemented in
the present case has been calibrated for a uniaxial tensile case (mode I) there-
fore overestimating the pace of damage evolution. To this end, the predicted
failure strengths are slightly lower than the experimentally recorded ones. With
the damage variable growing too rapidly inside the RVE, the resulting failure
strains do not reach the same extent as in the experiments.

5.2.2.3 Longitudinal tension

Figure 5.20 shows the stress-strain diagrams of UD-RVEs loaded under longi-
tudinal tension at different strain rates. The material response is perfectly linear

b

Figure 5.20: Comparison of numerically and experimentally obtained stress-strain curves for
loading rates of (a) 5 mm/min, (b) 50 mm/min, and (c) 500 mm/min under longitudinal tension.
UD-SRVEs with a fiber volume fraction of vy = 43% were used.

up to failure and no significant difference between the single tests in terms
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of a strain-rate effect can be found. This behavior is however not surprising,
since the material response here is dominated by the fibers which has not been
modeled to be rate dependent. Once the stresses in the fibers reach the local
strength, damage is initiated. As soon as the stiffness has been reduced to
such an extent that the matrix is reaching a critical loading state, damage also
grows within the matrix. Interestingly, the matrix damage grows not entirely
in the plane perpendicular to the macroscopic load but also along the fiber
axis. This phenomenon is observed also in literature and is finally referred to
as fiber pullout. Figure 5.21 shows the spatial damage distribution of a quasi
fully damaged SRVE due to a longitudinal tensile load for the fiber and matrix
regions respectively.

a

Figure 5.21: UD-SRVE with a fiber volume fraction of v = 43% subbjected to longitudinal
tension. Spatial distribution of the damage variable (a) in the fibers and (b) in the matrix.

5.2.2.4 Transversal shear

Figure 5.22 shows the results of a RVE loaded by a symmetrically applied pure
ambilateral transversal shear load. Figure 5.22a hereby represents the resulting
damage pattern within the microstructure. Both horizontal and vertical cracks
can be observed. The regions of localized plastic strains coincide with the
ones of high damaged material (cf. Fig. 5.22b). The resulting stress-strain
curve after homogenization is depicted in blue in Fig. 5.22c. Furthermore, an
equivalent investigation was done for a UD-SRVE with a fiber volume fraction
of vi = 63%. The homogenized stress-strain curve is displayed as the green
dashed line. Confronting the two curves, the effect of the higher volume
fraction is visible. Apart from the increased stiffness, the composite with the
higher volume fraction yields a slightly higher ultimate failure strength. Due
to the lower matrix share and the smaller associated plasticity-related effects, a
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lower strain at failure is observed. Moreover, since the deformation is matrix
dominated, a lower degree of non-linearity manifests.

Stres 22 i MPa
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Figure 5.22: Results of a UD-SRVE with a fiber volume fraction of vy = 43% objected to a
pure transverse shear load. Hereby, the load was applied symmetrically. (a) Spatial distribution
of the damage variable inside the matrix, (b) spatial distribution of equivalent plastic strains, and
(c) comparison of two resulting stress-strain curves after homogenization for the fiber volume
fractions v = 43% and vy = 63%.

5.2.2.5 Longitudinal shear

Figure 5.23 shows the results from an applied longitudinal shear load to a
UD-SRVE where a and b correspond to the spatial distribution of the damage
variable and the equivalent plastic strain respectively. The load was applied in

a

Figure 5.23: Results of a UD-SRVE with a fiber volume fraction of vy = 43% objected to a
pure longitudinal shear load. (a) Spatial distribution of the damage variable inside the matrix, (b)
spatial distribution of equivalent plastic strains, and (c) comparison of two resulting stress-strain
curves after homogenization for the fiber volume fractions v = 43% and vy = 63%.

such a manner that the left edge of the RVE was moved into the visible plane
along the fiber direction. This displacement resulted in a sharp crack, i.e. a
narrow band of localized damage and plastic strains in the matrix material. The
rest of the matrix material remained largely intact and only a few areas show
slight damage. Again, the plastic hot-spots coincide with those of damage.
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Homogenization of the local stresses and strains within the UD-SRVE yields
the resulting stress-strain curves depicted in Fig. 5.23c for the relevant fiber
volume fractions vi = 43% and vy = 63%. A direct comparison of the two
obtained curves shows the same tendencies as observed in the previous case.
Again, the higher volume fraction leads to a slightly higher material strength
as well as a reduced strain at failure. Due to the less pronounced matrix related
effects a reduced non-linearity is observed.

5.2.2.6 Transversal tension and longitudinal shear

The main advantage of the virtual material characterization is the possibility of
applying a wide range of arbitrary loading scenarios, also those which are hardly
to achieve experimentally. The present loading case is an example for this. A
UD-SRVE was loaded simultaneously by a horizontal transversal tension and a
smaller amount of longitudinal shear. The results are demonstrated in Fig. 5.24
as the spatial distribution of the damage variable as well as the equivalent
plastic strain. As expected and described by Puck [319], the fracture plane
forms perpendicular to the tensile load. Plastic strain is mainly observed in the
areas of damage evolution. Homogenization of the local stress and strain states

a

Figure 5.24: Results of a UD-SRVE with a fiber volume fraction of vy = 43% objected to a
transverse tensile load superimposed by a longitudinal shear load. (a) Spatial distribution of the
damage variable inside the matrix, (b) spatial distribution of equivalent plastic strains.

yields the overall stress-strain curve of the composite. Figure 5.25a shows the
resulting curve for the transverse stress 0, versus the transverse strain £y,
whereas Fig. 5.25b depicts the material response in terms of the shear stress
0721 and the corresponding shear strain £,;. Please note the differently scaled
ordinate axis of both diagrams. Again the investigation was performed for
both relevant fiber volume fractions v = 43% and v¢ = 63%. Analyzing
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Figure 5.25: Homogenized stress-strain curves for UD-SRVE microstructures with a fiber volume
fraction of v = 43% and vy = 63%. (a) Transverse stress versus transverse strain (G52-£27),
(b) Longitudinal shear stress versus longitudinal shear strain (2;-£71).

Fig. 5.25a, a similar form of the curves as for the pure transverse tensile load
calculated previously can be stated. However, due to the additional load by the
shear deformation, the strength values are slightly reduced. The interaction
of transverse tensile and longitudinal shear loads plays an important role for
the parametrization of the homogenized failure model of the UD material
recently presented in Section 4.2. The resulting effects are further investigated
in Section 5.2.3.

5.2.3 Computation of failure envelope

In Section 4.2, a constitutive model for unidirectionally reinforced fiber compos-
ites was presented taking into account the most prominent damage mechanisms
that are observed experimentally. The appearing failure modes were classi-
fied in two species, along the fiber axis and transversally to it. While the
material strengths for the first can be obtained directly from (virtual) character-
ization, the latter considered the three-dimensional failure criterion introduced
by Puck [319]. To this end, a failure envelope (cf. Table 4.2) described
by the material strengths R and R, || as well as the model parameters pi“,
giving the inclination of the failure surface at o-; = 0, has been implemented.
One purpose of the undertaken computations was the virtual characterization
of the chosen criterion. In Section 5.2.2 some examples for possible loading
scenarios were presented. From there it is a straightforward operation to extract
the set of material strengths as the highest appearing stresses throughout the
analysis. Transversal tension superimposed by a longitudinal shear at various
in different relations defines the failure envelope defined by Puck [319]. The
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= 10 different realizations of UD-SRVE

computations were conducted using n
microstructures with a fiber volume fraction of v¢ = 43% and v¢ = 63%. In

order to discretize the failure surface in a sufficient manner, m = 21 different
ratios of transversal tensile/compressive and longitudinal shears were defined.
Figure 5.26a shows the raw results obtained from this analysis in 7, -0, di-
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Figure 5.26: Representation of the computation results for different load ratios in a 7, -0,

diagram for fiber volume fractions vf = 43% and vy = 63%. The failure envelope was discretized
by m = 10 points, each representing a certain load ratio. For each support point n = 10 realization
were analyzed. (a) Display of the raw results, (b) Display of the fitted failure criterion introduced
by Puck [319] and implemented in Section 4.2. The parameters are summarized in Table 5.3.

agram. The results in red correspond to the UD-SRVEs with a fiber volume
fraction of v¢ = 43% whereas the blue results represent UD-SRVEs with
ve = 63%. The m = 21 single sets due to discretization as well as the scatter
of the material strength for each loading ratio due to the different microstruc-
ture are clearly distinguishable. The form of the obtained failure envelope
lies in good agreement with the model of Puck [319]. Figure 5.26b displays
moreover the analytical formulation of Pucxk’s failure criterion for both fiber
volume fractions. The curve was obtained by fitting the descriptive parameters
with the help of a least square error method. The material strengths are marked
as triangles. The resulting strength parameters are given in Table 5.3 together
with the material strengths for transverse shear and longitudinal loads. Please
note, that the material strength for longitudinal compressive loads could not be
investigated by using the UD-SRVE:s in the present form. Failure in fiber direc-
tion under compressive is triggered by small misalignments and concomitant
buckling effects of single fibers which was not considered in the present model.
Based on the experimental results presented in Section 3.3, for the following
investigations a longitudinal compressive failure strength was assumed that
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is three times lower than the tensile strength. A detailed examination of the
related effects must be the subject of future work.

Table 5.3: Computed strength properties for unidirectionally glass-fiber reinforced composites
with a thermoplastic polypropylene matrix. The values were determined for two fiber volume
fractions (v = 43% and v = 63%) with the help of n = 10 realizations with a side ratio of
& = 50. The values marked with the superscript ! are estimates.

vi=43% v =63%
R} 989.93 1361.63

Ry 330! 460
Ri. 1841 21.78
Rt 2201 22.12
Ry 4764 5987
Ry 16.12 17.31
pt, 019 0.20
py 019 0.20

5.3 Computations on weave reinforced unit cell

5.3.1 Basic features of the homogenized UD model

The work at hand introduces a three-dimensional constitutive model for the
prediction of damage onset and growth in unidirectional reinforced plastics,
corresponding to the impregnated rovings in the weaves (cf. Section 4.2). Tak-
ing into account large deformations, stress-based failure criteria and damage
evolution laws are introduced. The proposed model was implemented into
the commercial finite element code ABAQUs using the implicit user material
subroutine UMAT. The capability of taking into account both the tension/-
compression anisotropy in damage evolution and the resulting damage effects
with respect to different loading directions is demonstrated in the following by
means of selected numerical use cases, involving single element simulation for
a fictitious material. Special attention was paid to the transversal failure modes,
while the longitudinal damage evolution behaves straightforward and is known
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from many existing failure models. As a first example, a tensile transverse
loading in 2-direction and a subsequent unloading/reloading scenario is inves-
tigated. The resulting loading cycle is shown in Fig. 5.27. Figure 5.27a shows
the stress-strain relation, whereas Fig. 5.27b depicts the evolution of the dam-
age variable d; that is associated to the loading direction and the normalized
deformation over time. It can be seen that the proposed model predicts damage
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Figure 5.27: (a) Stress-strain response for a loading/unloading/loading (O-A-8B/8B-0/0-B-
C) scenario in transverse direction of a single element. (b) Representation of the normalized
deformation #; and the corresponding damage evolution for d; over time.

onset in loading direction without any previous inelastic material behavior
(O-A). Exceeding the transverse tensile stiffness R}, stiffness degradation
follows due to damage evolution (A-B). Carefully note, that only the damage
variable dj along the loading direction grows. All other damage variables
(d}, dy, d3) stay zero. This behavior changes the symmetry class of the
stiffness tensor. During unloading, the degraded stiffness becomes visible by a
reduced secant (8-0). However, the calculated damage variables stay constant
(cf. Fig. 5.27b), which is a requirement for thermodynamic consistency. By
reloading, the material sees a reduced stiffness since the model represents a
crack opening process of a preexisting crack (O-8). Exceeding the predamaged
strength in B, damage evolution for d progresses further (Fig. 5.27b) and a
continuously reduced stress response (8-C). The second example examines the
model response under compressive load reversal and a subsequent tensile load.
The loading cycle is depicted in Fig. 5.28, where Fig. 5.28a shows the resulting
stress-strain relationship, while Fig. 5.28b monitors the evolution of damage
and presents the normalized deformation i>. At first, the material does not see
any degradation of stiffness (O-A). As soon as the stress reaches the material
strength for compression R (at A), damage grows (A-B). In contrast to the
first example, damage evolves now not only in the direction of external load,
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Figure 5.28: (a) Stress-strain response for a compressive loading/unloading (O-A-B/8-0)
followed by a tensile loading scenario (O-C-D) in transverse direction of a single element. (b)
Representation of the normalized deformation i, and the corresponding damage evolution for d;
and dj over time.
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but, due to the inclination of the damage system by @, also in the perpendicular
3-direction. In the present case, ® = 45° yields a symmetric evolution of
transverse damage, d; = dj = d; = d; up to point 8. The underlying model
representation yields that the crack emerging due to external load is visible
throughout the transverse isotropic plane. Note, that damage evolution in the
various directions is highly dependent on the occurring orientation of the crack
system. Once more, the evolution of damage changes the symmetry class of the
stiffness tensor. During unloading (8-0) the crack closes and the calculated
damage state remains unchanged. Due to the introduction of the previously
introduced damage (d5 > 0), the stiffness under a subsequent tensile load stays
reduced (O-C). The model represents an opening process of a preexisting crack.
Up to C the material behaves linearly. Once exceeding the remaining strength,
continued damage progression results in a further decrease of the stiffness,
since the damage variable dj keep growing (cf. Fig. 5.28b). The opposite case
is discussed next. In the third example, a tensile transverse loading/unloading
scenario is followed by a compressive load, both in 2-direction. Figure 5.29a
shows the resulting stress-strain relation, whereas Fig. 5.29b depicts the evo-
lution of the damage variables d; and d5 and the normalized deformation i
over time. The tensile loading cycle (O-A-B-0) shows a similar behavior as in
the first example when it comes to the material response. In terms of the model
representation, a crack opens perpendicular to the loading direction, decreasing
the stiffness under a tensile load. After unloading, a compressive load is applied
upon the single element. The model representation now states that the preex-
isting crack is not only closed but the compressive load results moreover in an
active closing of the crack flanks. Therefore, no reduced stiffness is observed
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Figure 5.29: (a) Stress-strain response for a transverse tensile loading/unloading (O-A-B/8-0)
followed by a transverse compressive loading scenario (O-C-9) in 2-direction of a single element.
(b) Representation of the normalized deformation iz and the corresponding damage evolution for
d;, d;, dy . and dj over time.
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at first (O-C). Once exceeding the compressive strength R, further damage
is introduced representing shear damage (C-D, cf. Fig. 5.29b). So far only
loads in one load direction were presented. The forth example examines the
model response under subsequent transverse tensile loads in two perpendicular
directions. The loading cycle is depicted in Fig. 5.30, where Fig. 5.30a shows
the resulting stress-strain relationship, while Fig. 5.30b represents the evolution
of damage and presents the normalized deformation i, and i3. Similar to the
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Figure 5.30: (a) Stress-strain response for a transverse tensile loading/unloading (O-A-B/8B-0)
in 2-direction followed by a transverse tensile loading scenario (O-A’-B’/B’-0) in 3-direction of a
single element. (b) Representation of the normalized deformation i, and i3 and the corresponding
damage evolution for dJ and d3 over time.

first example, a linear increase is calculated until the material strength R} is

reached (O-A). Exceeding the material strength, damage evolution is initiated,
resulting in a increasingly reduced stiffness (A-B). The reduced stiffness
becomes visible during the unloading path, where the damage variables stay
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constant. The stress-strain response is identical for both loading directions.
The model concept states that the two loads in the 2- and 3-direction cause a
crack in each case. Since both cracks are oriented perpendicularly, they do not
affect each other, which can be seen in the unchanged initial stiffness.

5.3.2 Computation of elastic bodies

Having generated the virtual microstructures of the woven unit cells respecting
the geometrical parameters given in Table 3.7, modeled and parametrized the
UD model as well as the isotropic matrix, the elastic properties of the weave-
reinforced mesoscopic structure under study can be assessed. Carefully note,
that the height of the unit cell had to be adjusted slightly in order to allow a
meshing in the interspace of two crossing rovings. Equivalent to before, six
calculations corresponding to the six uniaxial load cases were performed in
order to determine the full stiffness tensor. Again, the equations of the numerical
homogenization presented in Section 2.2.2 and the homogenization integrals in
Eq. 2.46 relate the far-field strain and/or stress applied to the unit cell with the
help of the in-plane periodic boundary conditions with the resulting and more
complex stress and strain states within the microstructure. Table 5.4 shows
the resulting elastic properties of the given virtual weave. Assuming initial
orthotropic symmetry, the stiffness tensor can be described by nine independent
variables. After computation, the results show that the orthotropic symmetry
class is well represented. Figure 5.31a shows a three-dimensional representation
of the elastic stiffness body of the weave-reinforced material under investigation
in terms of Young’s modulus. It is clearly visible that two preferred direction are
dominating the elastic behavior of the material corresponding with the preferred
directions of the inter-woven rovings. Orthotropy is defined by an invariance to
all rotations about 180° around the orthotropic axes which is reflected well by
the given elastic body. By projecting the three-dimensional stiffness body onto
the symmetry plane aligning with the x-y plane in Fig. 5.31a, the values of the
direction dependent Young’s moduli can be directly extracted. Figure 5.31b
shows the projected stiffness body of the virtual weave. Half symmetry is
considered here and the preferred axis of the composite is aligned with the
indicated 0°- and 90°-direction respectively. Furthermore, experimental data is
available and is displayed here as an average of the Young’s moduli measured at
different strain rates (cf. Section 3.4). Comparison of the experimental results
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5.3 Computations on weave reinforced unit cell

Table 5.4: Obtained stiffness parameters by volumetric homogenization of a woven unit cell. The
geometrical parameters were taken from Table 3.7.

Elastic properties

E; (in MPa) 16088.29
E, (in MPa) 15908.79
E5 (in MPa) 6271.47
V12 (-) 0.130
Vi3 (=) 0.501

Vo3 (-) 0.501
G2 (in MPa) 1280.42
G 13 (in MPa) 1289.96
G»3 (in MPa) 1554.49

In-plane angle ¢
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Figure 5.31: (a) Display of the three-dimensional stiffness body computed from six uniaxial load
cases using a weave-reinforced unit cell. (b) Projection of the three-dimensional stiffness body in
the symmetry plane containing the reinforcing rovings (x-y plane from (a)). Half-symmetry is
considered here. Moreover the stiffness results from the experiments presented in Section 3.4 are
depicted.
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with the numerical solution yields a good agreement in terms of Young’s
modulus along the preferred axis, even though a slightly smaller value is
obtained. Lower values are also obtained in the 45°-direction which can be
compared to the results of the +45° off-axis experiments. In both cases, the
cause of the lower stiffness is the artificial additional matrix material in the
interspace of overlaid rovings. For the longitudinal case this yields a higher
sectional matrix share, for the latter the additional matrix allows an easier
rotation of the reinforcement structures with the load direction.

5.3.3 Plasticity and damage evolution

For the following load cases the in-plane formulation of the periodic boundary
conditions (cf. Appendix D) were used. Here, periodicity is assumed only in
the plane of reinforcements and does not apply in the perpendicular z-direction,
which is defined in the thickness of the ply. Four different loading scenarios are
considered: uniaxial tension, in-plane shear, biaxial tension along the rovings,
and a uniaxial tension case that superposed by an in-plane shear.

5.3.3.1 Uniaxial tension

Figure 5.32 shows the stress-strain (d7-£1) curve of a virtual uniaxial tension
test obtained by volumetric homogenization. The load was applied along
the reinforcement axis (horizontal 1-direction). The initial stiffness of the
numerical solution is just slightly lower than the experimental results which
agrees with the previous investigations (cf. Fig. 5.31b). The numbers indicated
correspond to five consecutive loading stages (1-5) depicted in Fig. 5.33.
Hereby, the top row represents the evolution of the equivalent plastic strain £5,.
while the second shows the isotropic damage variable dy, in the surrounding
matrix. The last two rows concentrate on the reinforcement structures. Here,
the longitudinal damage variable d7 is displayed in black whereas the transverse
damage variable d is displayed in orange. The first column (1) shows the
unit cell in its pristine state. In (2) a initiation of transverse damage in the
rovings oriented perpendicular to the loading direction is observable where
the stress states locally exceeds the implemented failure criterion. Predestined
locations of damage onset are the crimp regions. From Fig. 5.32 it can be
seen that this process starts early on compared to the point of ultimate failure.
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5.3 Computations on weave reinforced unit cell

By increasing the external load, the existing damaged regions grow across
the whole perpendicular rovings. Decreasing the undamaged volume yields
an increasing loss of stiffness (cf. Fig. 5.32). By decreasing the transverse
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Figure 5.32: Resulting stress-strain diagram (&11-£;1) for a transverse tensile load in horizontal
direction of a twill weave reinforced unit cell. The indicated numbers correspond to the failure
stages depicted in Fig. 5.33: (1) describes the pristine state, (2) is the point of beginning transverse
damage initiation, (3) shows increasing transverse damage progression accompanied by plastic
evolution in the adjacent matrix, (4) additional initiation of longitudinal damage in the loaded
rovings, and (5) corresponds to a fully damaged unit cell.

stiffness of the damaged rovings, the adjacent matrix sees increasingly higher
deformation, resulting in the formation of plastic regions. Carefully note, that
the hot spots of the plastic evolution coincide with those of transverse damage
in the rovings. Due to the relatively small extent of plastic strains, this effect
attributes no additional non-linearity to the stress-strain curve at this stage (cf.
Fig. 5.32, (3)). When the local strength of the rovings in the preferred axis is
exceeded, fiber damage starts to arise (cf. Fig. 5.33, (4)), by building cracks
that are oriented perpendicular to the loading axis. Again, the crimp regions
are the critical locations for damage onset. A localized band of damaged
elements starts to form in the rovings aligned with the loading direction by
further increasing the external load. This behavior is associated with a drastic
drop in the stress-strain curve (cf. Fig. 5.32, (4-5)) since the principal load
carrier are significantly weakened. At stage (5), all horizontally aligned rovings
show a crack over their complete width associated with a significant stiffness
drop in the composite response. This is leading to a higher loading of the
adjacent matrix around the cracks, resulting in high plastic straining and the
onset of matrix damage.

187



5 Simulations

e —
|
|
|

"

L

L
"

[
£

Figure 5.33: Plastic (a) and isotropic damage variable in the matrix (b), and longitudinal (c) and transversal damage variables (d) in the
rovings under horizontal tensile load. Stages: pristine state (1), initiation of transverse damage in the rovings (2), grow of transverse damage
and plastic evolution in the matrix (3), starting longitudinal damage in the horizontal rovings (4), and fully damaged unit cell (5).
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5.3 Computations on weave reinforced unit cell

5.3.3.2 In-plane shear

The following examples focuses on a pure ambilateral in-plane shear load
case. Fig. 5.34 shows the evolution of the in-plane shear stress d»; versus the
far-field strain &, obtained by volumetric homogenization that is compared
to the corresponding experimental results. As already observed in Fig. 5.31b,

80

60

Stress 7 in MPa

Experimental (50 mm /min)
—— Mean (50 mm/min)
N —— Numerical

0.00 0.02 0.04 0.06 0.08 0.10
Strain &,

Figure 5.34: Resulting stress-strain diagram (71-&>1) for an in-plane shear load of a twill weave
reinforced unit cell obtained by volumetric homogenization. Additionally, the experimental results
for the given load case are presented again for comparison (cf. Section 3.3).

a lower stiffness is computed in the in-plane shear case. The following non-
linearity is caused mainly by plastic effects in the matrix, superimposed with
transverse damage effects in the reinforcement structures.Figure 5.35 represents
the resulting damage pattern and plastic evolution within the mesostructure.
Transverse damage caused by the present shear load tends to concentrate in the
crimp area of the interwoven rovings, where the yarns cross each other and
from there propagate across the yarns. Damage in the longitudinal direction of
the rovings has not been initiated. In conclusion it can be stated, that under the
given shear load the narrow areas in the interspace of the rovings show high
stress concentrations due to the different shear moduli of the single components.
Therefore, plastic strains arise in those locations. The mentioned effects explain
the non-linear progression of the stress-strain curve in Fig. 5.34.
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Figure 5.35: Results of twill weave reinforced unit cell loaded by an in-plane shear load. (a)
Spatial distribution of the accumulated plastic strain, (b) isotropic matrix damage variable, (c)
longitudinal damage, and (d) transversal damage variable in the rovings.

5.3.3.3 Biaxial tension

Figure 5.36 shows the results of an unit cell loaded by a two-sided in-plane
tension load after volumetric homogenization. As it can be seen from the
diagram, a quasi linear curve for both tensions (¢1; and d»,) can be seen up
to ultimate failure. A slight non-linear behavior is however reported due to the
occurring transverse damage in all rovings (cf. Fig. 5.37). Hereby, the damage
in the horizontal rovings is a result of the tension in the vertical direction and
vice versa. At the point of ultimate failure, the vertical rovings abruptly develop
a crack band due to the evolution of longitudinal damage leading to a drop in the
stress response. This is accompanied by plastic evolution in the matrix in close
vicinity of the occurring cracks. The stresses in the horizontal rovings however,
continue to rise and are not affected significantly by the damage effects in their
counterparts. Furthermore, comparing Fig. 5.32 for the uniaxial tensile case
and Fig. 5.36, a slightly lower ultimate strength together with a lower failure
strain can be stated for the superimposed case.
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Figure 5.36: Resulting stress-strain diagram (&11-&11 and G3-&>;) for a biaxial tensional load
of a twill weave reinforced unit cell obtained by volumetric homogenization.
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Figure 5.37: Results of twill weave reinforced unit cell loaded by a biaxial tensile load. (a) Spatial
distribution of the accumulated plastic strain, (b) isotropic matrix damage variable, (c) longitudinal
damage, and (d) transversal damage variable in the rovings.

191



5 Simulations

5.3.3.4 Uniaxial tension and in-plane shear

Here again, the possibility of applying a superimposed load was used. Fig-
ure 5.38 shows the resulting stress-strain diagram for a combined horizontal
tensile (011-€11) and a smaller in-plane shear load (0»1-&21). Figure 5.39
shows the corresponding failure pattern and plastic evolution in the matrix and
roving structures respectively. The observed non-linearity in Fig. 5.38 prior to

Numerical (@1, — &n1)
Numerical (72; — £21)

Stress in MPa

0.000 0.005 0.010 0015 0020 0025
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Figure 5.38: Resulting stress-strain diagram (0711-&11 and J21-&21) for a horizontal tensional
load and a superimposed in-plane shear load of a twill weave reinforced unit cell obtained by
volumetric homogenization.

ultimate damage can be traced back to the evolving transverse damage in the
vertical rovings together with a plastic evolution in the matrix (cf. Fig. 5.39a
and d) mainly provoked by the shear load. The point of ultimate failure is
indicated by a stress drop caused by a sudden reduction of element stiffness in
vertical crack bands in the load carrying rovings. Once the stiffness locally is
reduced by a great extent the surrounding material gets locally objected to a
higher degree of deformation due to stress redistribution. As a result plastic
bands and finally matrix damage evolves in these hot spots. For the present
case, the current strength (R);;; = 317 MPa) is slightly lower than the strength
under uniaxial tension (R|;; = 330 MPa). This allows the conclusion that a
influence of the longitudinal strength on superimposed shear loads exists. The
extent of this dependency is to clarify in future work.
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c ! d
Figure 5.39: Results of twill weave reinforced unit cell loaded by a horizontal tensile load in
combination with a superimposed in-plane shear load. (a) Spatial distribution of the accumulated
plastic strain, (b) isotropic matrix damage variable, (c) longitudinal damage, and (d) transversal
damage variable in the rovings.

5.4 Computations for macroscopic
woven composites

5.4.1 Computation of elastic bodies

The constitutive model for weave reinforced composites (HomWeave) does not
take the overall elastic properties of the composite, but the stiffness parame-
ters of the single components for rovings and matrix. For the thermoplastic
matrix, a parameter identification based on experimental results was under-
taken, presented in Section 5.2. The UD structures are represented by an
initially transverse isotropic material model (cf. Section 4.2) and the resulting
elastic properties are summarized in Table 5.2. The fiber volume fractions
plays an important role for the following investigations. The roving structures
in the present weave are characterized by a local fiber volume fraction of
v¢ = 63%. The overall fiber volume fraction in the weave was determined to
be viow = 74.6% (cf. Table 3.7). This results in the single volume fractions
of the homogenized rovings of ¢ = ¢ = 0.746/2 where a balanced weave is

193



5 Simulations

assumed. The volume fraction of the matrix is determined by Eq. 4.154 and
was defined as ¢™ = 0.254. Having the computational model implemented,
the resulting stiffness body can now be calculated by means of six calculations
corresponding to the six uniaxial load cases. After volumetric homogeniza-
tion, the full stiffness tensor is obtained. Table 5.5 shows the averaged elastic
properties for a composite. Assuming an initial orthotropic symmetry, the
stiffness tensor can be described by nine independent variables. Figure 5.40a

Table 5.5: Obtained stiffness parameters computed by the homogenized weave model (HomWeave).
The parameters concerning the volume fraction were taken from Table 3.7. The elastic properties
of the yarns were obtained by volumetric homogenization (cf. Table 5.4).

Elastic properties

E; (in MPa) 21562.82
E, (in MPa) 21562.82
E;3 (in MPa) 9246.24
P12 (-) 0.111

713 (=) 0.449

V23 (-) 0.45

G (in MPa) 2336.31
G113 (in MPa) 2336.31
G_23 (in MPa) 2467.43

shows the resulting three-dimensional representation of the elastic stiffness
body of the homogenized weave model under investigation. Again, the two
preferred directions in terms of stiffness corresponding with the weft and warp
directions become clearly visible. Furthermore, the characteristic symmetry
planes are observed. Projecting the three-dimensional stiffness body onto the
z-plane, the values of the direction dependent Young’s moduli can be directly
extracted. Figure 5.40b shows the projected stiffness body considering half
symmetry in the x-plane. The preferred axes of the composite are aligned with
the indicated 0°- and 90°- direction. Additionally to the results of the material
model under investigation, the experimental results as well as the numerical
solution obtained by volumetric homogenization of the woven meso structure
is depicted here again. As expected for a material model using the homogeniza-
tion technique according to Vorat [404], the material responds stiffer due to
the assumption made in such models. By neglecting the structural conditions
on the meso level and instead presuming a simple parallel connection of all
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constituents the overall elastic properties are overestimated (ca. 30% higher
stiffness in the preferred directions compared to the experimental results).

In-plane angle ¢
o

—— Numerical (HomWeave)
—— Numerical (MesoModel)
®  Experimental

750

10000 20000
Young's modulus £ in MPa

R
a i) b

Figure 5.40: (a) Three-dimensional stiffness body computed from six uniaxial load cases using
the homogenized three-dimensional weave model. (b) Projection of the three-dimensional stiffness
body in the symmetry plane containing the reinforcing rovings (x-y plane from (a)). Half-symmetry
is considered here. Moreover the stiffness results from the experiments presented in Section 3.4 as
well as the results from the mesomodel are depicted.

5.4.2 Effective composite response

In the following, first results obtained by the simulation of a single element
using the newly introduced constitutive model for weave reinforced composites
are presented. The first example deals with the case of an 45° off-axis shear
load, neglecting damage effects. The purpose of this loading scenario is
therefore to show the possibility regarding the reproduction of the kinematical
reorientation of the fibers due to an external load. Figure 5.41 depicts the
computed stress response (07; versus &31) together with the corresponding
experimental results. The two preferred axis initially are perpendicular to each
other (yp = £ (A1, A2) = 90°) but are rotated by ¢ = 45° with respect to the
loading direction. A higher stiffness in the numerical solution compared to the
experiments is obtained. This behavior reproduces the results already observed
in Fig. 5.40b. The following non-linearity of the stress-strain curve results from
the evolution of plastic strain in the matrix material. This is accompanied by a
change in the angle between the two preferred directions as depicted in Fig. 5.42.
Here, the angle y = £ (a1, a,) is plotted over time ¢. With an increasing extent
of deformation the angle is steadily decreased. To this end, a stiffer material
response results over time, since the reinforcement structures are rotated in load
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Figure 5.41: Resulting stress-strain diagram (671-&>1) for an in-plane shear load of a twill weave
reinforced unit cell computed by the omogenized material model for weave reinforced composites

(HomWeave). Additionally, the experimental results for the given load case are presented for
comparison (cf. Section 3.3).
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Figure 5.42: Inner angle y = £ (a;,a;) between the reinforcing fibers for the two presented
examples over time 7. Shear load provokes a reorientation of the reinforcements that is characterized
by a change of the inner angle. Upon unloading, the reversible parts of the deformation decrease,
leaving behind a remaining reorientation, characterizing a new stress-free state. During the uniaxial
load aligned with a preferred direction no change of the angle y is observed.
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directions and therefore make up an increasingly larger proportion of the total
stiffness of the composite. Upon unloading, the elastic parts of deformation in
the matrix and the reinforcing fibers spring back, while plastic strains remain
in the matrix. These prevent a complete back rotation of the roving. This
effect can be observed by the increased slope of the stress-strain curve during
unloading in Fig. 5.41 and the final angle y ~ 72.5° < 90° in Fig. 5.42. Hence,
the introduced plastic strain in the matrix create a changed stress-free state of
equilibrium in the composite. In contrast to this is the deformation behavior of
a composite, which is loaded in its preferred direction. Figure 5.43 shows the
computed 011-€11 diagram. The load was applied along the reinforcement axes
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Figure 5.43: Resulting stress-strain diagram (&711-&y) for a uniaxial tensile load in a preferred
direction (A1) of a twill weave reinforced unit cell modeled by the homogenized weave model
(HomWeave). The indicated numbers correspond to the following events: (1) transverse damage
initiation in the roving with the direction A, (2) plastic onset in the matrix, (3) longitudinal damage
initiation in A, (4) point of beginning unloading, (5) unloaded state, revealing the permanent
plastic strains.

with the direction A . The initial stiffness of the numerical solution is higher
than the experimental results which agrees with the previous investigations (cf.
Fig. 5.40b). The numbers indicated correspond to five consecutive loading
stages (1-5). Already early on, transverse damage in the direction perpendicular
to the loading (A») is activated. With the composite stiffness being a function of
all constituents, this results directly in a reduced stiffness in the stress response.
The superposition of the three material models treats the matrix material as
independent, solely coupled to the reinforcing rovings. To this end, when a
sufficient degree of deformation is reached, plastic strains occur in the matrix.
The kink in the stress-strain curve at (2) corresponds to the onset of plastic
evolution in the matrix that continues until the unloading point in (4). At (3)
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the ultimate strength in longitudinal direction is reached in A; yielding an
abrupt drop in the stress-strain curve up to (4) as the stiffness of the major load
carrying structure is reduced significantly by the evolving damage parameter ;.
(4) denotes the point of unloading. Until here, no damage in the matrix dy, was
observed. The higher calculated ultimate stresses of the composite result again
due to the Voi1gT-homogenization. After unloading a permanent deformation
remains (5), revealing the plastic strains evolved during the loading cycle.
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This thesis deals with the multiscale investigation of a weave reinforced com-
posite with a thermoplastic polypropylene matrix. To this end, three different
subscales were examined throughout this work, which have been identified
by an optical analysis: (a) matrix and fibers as the basic constituents, (b) uni-
directionally reinforced microstructures, and (c) the full composite of woven
fiber structures in thermoplastic matrix. For all three geometrical scales an
experimental and numerical treatment is proposed, which were developed in
close coordination. The common thread of the present work was to introduce
a closed multiscale chain in order to computationally predict the material be-
havior of the macroscopic composite in terms of deformation and failure. The
first part of the presented work discusses the experimental assessment of the
different levels (a)-(c) of the material system at hand (cf. Chapter 3). Care-
fully note, that experimental testing gives an essential input for the subsequent
modeling activities, not only for characterization purposes but also for the
validation of the model response. Therefore, it is of great importance to use
consistent material systems throughout the multiscale approach. In the present
case, this requirement could not be strictly adhered to since the unidirectionally
reinforced composites could not be purchased from the supplier of the organo
sheets. Furthermore, it was not possible to test the material behavior of the
fibers individually. The main idea of the present work was to use fitted data as
an input only on the lowest scale, i.e. matrix (and fibers). For the matrix, both
tensile and compressive tests were performed. Considering different loading
rates, the rate dependency upon elastic moduli, plastic properties, and material
strength was assessed. The goal of the experimental analysis of the relevant
composites (UD and woven) was slightly different. For the later simulation of
the UD microstructure and the woven mesostructure it was of great importance
to respect the spatial conditions within. For this reason, the structures were
initially measured in terms of geometry. The focus of mechanical testing
was on determining the anisotropy influence on the deformation behavior of
the composites and comparing the observed failure modes with those known
from literature. The obtained stress-strain diagrams were used to validate the
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model response. Chapter 4 lays the theoretical framework of the corresponding
computational material models. Three constitutive models were introduced in
the course of this work, all formulated in the framework of finite strains. The
theoretical basis of this framework was introduced and a geometric interpreta-
tion of the basic kinematic equations was presented. Besides the prediction of
the deformation, a main focus was to respect material non-linearities, such as
plasticity in the matrix material and damage evolution in all underlying material
systems. To ensure a thermodynamically consistent behavior, the provided
models are derived from the free energy and the dissipation functions.

Starting on the lowest level of basic constituents, the matrix material was
characterized with regard to its viscoplastic behavior in combination with rate-
dependent failure using standard tests during the experimental campaign. The
information obtained here builds the fundamental basis for the identification of
the relevant material parameters and hence the starting point of all subsequent
investigations. An isotropic elasto-viscoplastic constitutive material model
including a formulation for progressive ultimate damage was defined. In a first
step, a standard plasticity model is introduced, using an additive elastic-plastic
strain split in the framework of small strains. By including a stress-based
failure criterion and adding formulations for damage evolution, the model
was enabled to predict progressive failure. The problem of mesh-dependent
solutions during calculations was addressed by implementing the crack band
model, incorporating a characteristic length scale parameter regularizing the
dissipation energy of the localizing finite element. Finally, the existing model
was extended towards a rate-dependent formulation for plasticity and damage
onset. By using purely geometrical operations on the strain tensor, the model
was then transferred to a finite strain framework by means of logarithmic
strains. The consideration of viscoelasticity was neglected at this point but
should be subject of future work. Using the experimental results for the matrix
material, the model parameters were adapted. It has to be emphasized, that
this is the only time in the present work when a parameter fitting was carried
out. The adaptation results showed a good ability of the presented material
model to predict the behavior of the thermoplastic matrix both in terms of
viscoplasticity and rate-dependent damage onset. Carefully note, that the
given model was also used for the fibers with the characteristic of deactivated
plasticity and rate-independent damage behavior. With the help of numerical
micromechanical analyses a better understanding of the constitutive behavior
of composite materials can be achieved. Conforming with the multiscale

200



6 Conclusion

strategy, such analyses were performed on two geometrical levels. In a first
step, UD-SRVEs were generated using an existing method. This routine was
then extended towards the consideration of variable fiber diameters as well as
the feature of clustered microstructures. Secondly, impregnated woven unit
cells were generated based on the determined geometric data. Implementing
the given three-dimensional and in-plane periodic boundary conditions, the
created microstructures can be loaded in any desired load combination, enabling
the assessment of their deformation and failure behavior. With the geometric
models of the microstructure generated and the constitutive model for matrix and
fibers implemented, an assessment of the unidirectionally fiber reinforced RVEs
was performed for two fiber volume fractions. The results regarding elasticity
and a selection of load cases with focus on resulting plasticity and damage
were presented. Volumetric homogenization of the calculated stress and strain
fields enabled the comparison with known experimental investigations. Overall,
a good forecasting quality of the predicted solutions and the experimentally
obtained results in terms of the transverse isotropic elastic properties can be
stated. The failure behavior of UD-SRVEs under transversal loading was
investigated in detail and is very consistent with the failure behavior known
from literature. However, it should be noted that the matrix of the tested
material does not match the one of the adjustment and therefore may explain
occurring slight deviations in the forecast of too high plastic contributions
and therefore overestimated strength when loaded in the matrix dominated
direction. Deviating crystallization states in the matrix can be achieved due to
the fiber input, which can lead to a change in material behavior. The usage of
the presented methodology allows the definition of a vast number of possible
superimposed loads whereby most of them cannot be achieved experimentally.
However, one load case has to be already a priori excluded from this definition,
the longitudinal compressive load. In reality, local instabilities inside the
material initially lead to defects in the matrix, which allows local buckling of
the fibers. In the following, this leads to total failure of the whole material.
Neglecting an initial undulation of the fibers, this effect can therefore not be
reproduced computationally with the described method. As an interface to the
next higher geometric scale, a failure envelope was calculated and approximated
by the Puck criterion. Hereby the influence of fiber stresses on the transverse
failure behavior was neglected and has to be numerically investigated in future
work. The required parameters are included in the presented constitutive model
for unidirectionally reinforced plastics.
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6 Conclusion

A homogenized material model considering anisotropic damage initiation and
progression is necessary to predict the behavior of the impregnated rovings
within the woven composite. This model is concerned with an initially trans-
verse isotropic formulation of elasticity in the framework of large strains. After
the deduction of the material stiffness by means of the free energy function,
a methodology to cover anisotropic damage initiation and progression is pre-
sented. Hereby the most important failure modes identified in literature have
been implemented. These can be grouped in fiber failure and matrix related
failure modes that are effective in perpendicular directions. In both cases a
unilateral damage behavior is defined allowing the distinction of tensile and
compressive failure and moreover takes into account the interacting effects
of damage introduced by tensile or compressive loads. Generally, as soon
as damage is introduced, the symmetry class of the material changes. Mesh
sensitivity is accounted for by means of the crack band model as before. A
known general framework of elastic degradation and damage at small strains
was extended towards a formulation of large strains in a logarithmic setting.
The kinematic features in terms of deformation, damage onset, and progression
were clarified using selected exemplary load cases, showing the model response
of single element tests. Virtual assessments of the deformation and failure
behavior of the woven fiber reinforced composite were performed in order to
show the capabilities of the geometrical as well as the constitutive models.
However, the purpose of this demonstrations was not the thorough study of
exact damage mechanisms but rather a feasibility study. An intensified study
of the micromechanical processes in the wet weaves and a comparison with
experiments or findings from literature is recommended.

The last modeling step closes the multiscale chain proposed in this work. Con-
sidering a finite change of reinforcement direction due to external loads, a
composite formulation of a constitutive model is presented taking into account
the aforementioned material models. Hereby, an intermediate stress-free state
is established that originates from reversible and irreversible contributions of
strains. The main idea of the proposed model is the superposition of two angled
preferred directions, which are coupled by the isotropic matrix by means of
the analytical homogenization. For reasons of simplicity in the present case
the homogenization rule of Voigt [404] was chosen. Using the already intro-
duced constitutive models, it was possible to incorporate the mechanism-based
damage formulations for both the matrix as well as the UD material. Ther-
modynamic consistency is ensured by the separate derivation of the damage
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6 Conclusion

evolution respecting the dissipation inequality. The approach of numerical
implementation of an analytical homogenization technique with damage formu-
lations in the individual phases in combination with the large strain formulation
has not yet been discussed in literature. However, the constitutive equations
of the presented model are derived without a sufficient testing of the model
response under different load cases. Only two examples showing the kinematic
behavior in the event of a load-related change in the preferred direction and
the events during damage evolution were presented. The charm of such a
simple formulation goes hand in hand with a few drawbacks. By ignoring the
inner structure of the weave to a large extent, i.e. the crimp regions and the
waviness of the yarns herein, and assuming a simple superposition in the form
of a parallel connection instead, an important stress concentration region is
ignored. Hence, the results from these models tend to overestimate the elastic
moduli and do not reflect relevant local stress conditions which are important
for the correct prediction of damage initiation. Furthermore, an asymmetry
of stiffness under tension and compression is observed in reality, since the
undulated rovings buckle easily under compression whereas they get pulled
straight under tensile load. This behavior is not considered in the presented
model. Reviewing literature in this regard show alternative homogenization
techniques that take into consideration geometrical conditions in the microstruc-
ture. The Mori-Tanaka model for woven composites of GoMmMERSs et al. [127]
is to be named here as an example for a more sophisticated model, however
formulated in the small strain framework. The extent to which a change of the
homogenization technique is successful must be investigated in future work.
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A

Detailed experimental data

A.1 Polypropylene matrix

w E. R, &%
s (MPa) (MPa) (%)
167040 3122 841
1641.01 3151 850
163562 31.65 821
. 164667 31.14 8.0l
f. 162480 3105 8.04
0.00 0.02 ‘;(‘):]in 0.06 0.08 ll 1 643 .70 3 l . 3 l 8 . 22

S 16.96 022 0.20

Figure A.1: Stress-strain relation and determined parameters of quasi-static tension tests of pure
matrix at vy = 1.6 mm/min.
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A Detailed experimental data

Experimental (5 mm/min)
0 Mean (5 mm/min)

t

0.00 0.02 0.04 0.06 0.08
Strain

Figure A.2: Stress-strain relation and determined parameters of quasi-static tension tests of pure

matrix at vy = 5 mm/min.

EL RY, Ex

(MPa) (MPa) (%)
1661.60 31.64 7.51
1760.71  32.18 7.61
1666.86  32.01 8.17

u o 169639 3194 7.77
S 55.76 023 0.29

0
35
30
£
s
£20
Z15
10
5
Experimental (16 mm /min)
0 —— Mean (16 mm/min)
000 002 0.04 0.06 0.08

Strain

Figure A.3: Stress-strain relation and determined parameters of quasi-static tension tests of pure

matrix at vy = 16 mm/min.

E!, R, &g

(MPa) (MPa) (%)
1887.88 3432 6.41
1882.36  34.57 6.52
1903.70 3459 6.57
1933.37 3449 6.30
193129  34.17 6.12

o 1907.72 3443  6.36
s 23.80 0.16 0.14

Experimental (50 mm /min)
o —— Mean (50 mm/min)

t

0.00 0.02 0.04 0.06 0.08
Strain

Figure A.4: Stress-strain relation and determined parameters of quasi-static tension tests of pure

matrix at vy = 50 mm/min.
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E!, R, &p

(MPa) (MPa) (%)
2031.90 3743 599
1989.87  36.69 6.28
1989.40  36.72 6.03
194691 36.87 5.74

p 1989.52 3693 6.01
s 43.70 029 0.19




A.1 Polypropylene matrix

Experimental (160 mm/min)

—— Mean (160 mm/min)

t

0.00

0.02

0.04
Strain

0.06 0.08

EL, R, Er

(MPa) (MPa) (%)
1858.31 3841 5.77
1925.03 38.04 5.86
192044 3852 549

pu o 190126 38.32 5.71
S 37.27 021 0.16

Figure A.5: Stress-strain relation and determined parameters of quasi-static tension tests of pure
matrix at vy = 160 mm/min.

Experimental (500 mm /min)

= Mean (500 mm/min)

0.04
Strain

0.06 0.08

EL R £L

(MPa) (MPa) (%)
2055.26  39.54 4.65
2042.56  39.51 4.61
2072.88 39.29 445
1988.80 39.26 4.32

u o 2039.88 39.39 451
S 36.26 0.13 0.13

Figure A.6: Stress-strain relation and determined parameters of quasi-static tension tests of pure
matrix at vy = 500 mm/min.

Experimental (0.25 mm/min)
Mean (0.25 mm/min)
0.00 002 004 0.06 008 010 012

Strain

E. R e

(MPa) (MPa) (%)
131430 4992 1051
1163.97 4839 10.33
122321 4819 994

u 123383 48.83 10.26
S 61.83 0.76 023

Figure A.7: Stress-strain relation and determined parameters of quasi-static compression tests of
pure matrix at vy = 0.25 mm/min.
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A Detailed experimental data

Figure A.8: Stress-strain relation and determined parameters of quasi-static compression tests of

pure matrix at vy = 2.5 mm/min.

Figure A.9: Stress-strain relation and determined parameters of quasi-static compression tests of

E. Ry, £

(MPa) (MPa) (%)
1199.55 54.83 10.65
1385.08 55.37 10.73
1405.78  54.89 11.19

pu 1330.14  55.03 10.86
S 92.72 024 024

Experimental (25 mm /min)
—— Mean (25 mm/min)

0.02

0.04

0.06 0.08 0.10 012
Strain

pure matrix at vy = 25 mm/min.

Figure A.10: Stress-strain relation and determined paramters of quasi-static compression tests of

E. Ry, £

(MPa) (MPa) (%)
142826  63.38 10.73
1486.83  64.53  10.7
1344.13  65.81 10.87

po 141974 6457 10.77
S 58.57 0.99  0.07

Experimental (250 mm/min)
—— Mean (250 mm/min)

0.02

0.04

0.06 0.08 0.10 012
Strain

pure matrix at vy = 250 mm/min.
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(MPa) (MPa) (%)
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154341 7199 11.83
1500.26 7022 11.93
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A.2 Unidirectionally glass fiber-reinforced composite

A.2 Unidirectionally glass fiber-reinforced

composite

b Ej Ry &
- (GPa) (MPa) (%)

£ w 3349 93425 3.06
i 3291 87495 2.89
' 3465 859.60 2.84
u 33.68 889.59 2.93

! 0.000 0.005 0.010 0.015 0.020 0.025 0.030 S O‘ 89 32' 1 9 0009

Strain

Figure A.11: Stress-strain relation and determined parameters of quasi-static tension tests along

the fiber direction of UD specimens at vy = 5 mm/min.

o E| Ry ¢
- (GPa) (MPa) (%)
2621 93743 2.90
i 2494 910.15 3.01
' 28.58 889.19 2.86
2825 986.99 2.95
0.000 0.005 0.010 0.015 0. OZ(:' - 0.025 = )3 ﬂ 27 'OO 930'94 2.93

s 172 3662 0.06

Figure A.12: Stress-strain relation and determined parameters of quasi-static tension tests along

the fiber direction of UD specimens at vy = 50 mm/min.
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A Detailed experimental data

b Ej Ry &
. (GPa) (MPa) (%)
£ w 39.79 93449 277
i 3724 951.82 2.87
39.57 914.04 291

" e i 3887 93345 285
! 0.000 0.005 0.010 0.015 U.OZ‘O : 0.025 0.030 S 1 . 42 1 5 . 44 0 . 06

Strain

Figure A.13: Stress-strain relation and determined parameters of quasi-static tension tests along
the fiber direction of UD specimens at vy = 500 mm/min.

Ei R, &

0 (GPa) (MPa) (%)
e® 432  21.73 0.78
: ) 440 20.72 0.66
: 455 2125 0.64
’ Experimental (5 mm/min) /J 442 2 1 23 069

) Mean (5 mm/min) S 0 1 1 04 1 006

0.000 0.002 0.004 0.006 0.008
Strain

Figure A.14: Stress-strain relation and determined parameters of quasi-static tension tests in
transverse direction of UD specimens at vy = 5 mm/min.

E! R, &
20 (GPa) (MP a) (070)
5 482 2273 0.68

477 23.16 0.74
492 2172 0.5

Stress in MPa

Experimental (50 mm/min) H 4.84 22.54 0.65
) —— Mean (50 mm/min) S 0.09 0.61 0.08

Strain

Figure A.15: Stress-strain relation and determined parameters of quasi-static tension tests in
transverse direction of UD specimens at vr = 50 mm/min.
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A.2 Unidirectionally glass fiber-reinforced composite

Ei R, &

) (GPa) (MPa) (%)
e 491 2094 048
- 497 2224 0.56
s 510 2196 0.51
| Experimental (500 mm/min) H 5.00 21.71 0.52

) —— Mean (500 mm/min) S 0.11 0.57 0.03

Strain

Figure A.16: Stress-strain relation and determined parameters of quasi-static tension tests in

transverse direction of UD specimens at vr = 500 mm/min.

0 Eﬁ Rﬁ 8ﬁ
w0 (GPa) (MPa) (%)
g 36.41 272.04 0.86
,5 10 35,50 269.62 0.77
-0 3726 26632 0.72
o 5:::;.;"::1 (/oi‘:\)m/min) M 36.39 269.32 0.78
o —0.010 —0.008 —0.006 —0.004 —0.002 0.000 S 0'88 2'35 0'06

Strain

Figure A.17: Stress-strain relation and determined parameters of quasi-static compression tests in

longitudinal direction of UD specimens at vy = 0.5 mm/min.

0 Eﬁ R‘ﬁ 8“:‘
(GPa) (MPa) (%)

3497 29358 0.85

35.16 293.18 0.85
-2 35.12  279.26 0.97
= B S/ u o 35.08 288.80 0.89
- ~0.010 —0.008 ~0.006 ~0.004 ~0.002 0000 S 008 675 006

Strain

Figure A.18: Stress-strain relation and determined parameters of quasi-static compression tests in

longitudinal direction of UD specimens at vy = 5 mm/min.

211



A Detailed experimental data

: Ey Ry
o (GPa) (MPa) (%)
g 32.15 29292 0.82
35.41 30042 0.86
32,52 275.01 0.80
Bt u 3336 28945 0.83
- —0.010 —0.008 —0.006 —0.004 —0.002 0.000 S 1 -79 10~66 0-03

Strain

Figure A.19: Stress-strain relation and determined parameters of quasi-static compression tests in
longitudinal direction of UD specimens at vy = 50 mm/min.

0 Experimental (0.5 mm/min) ¢ ¢ <
EY R} €1

o Mean (0.5 mm/min) (GPa) (MPa) (070)
514 47.83 221
487 4925 277

488 4924 276

B u 496 4878 2.59
s 0.3 067 026

30

Stress in MPa

40

0035 0030 -0025 -0.020 -0015 -0010 -0.005 0.000
Strain

Figure A.20: Stress-strain relation and determined parameters of quasi-static compression tests in
transversal direction of UD specimens at vy = 0.5 mm/min.

0 Experimental (5 mm/min) C C C
EY R} €1

—— Mean (5 mm/min)

(GPa) (MPa) (%)

428 5042 2.88
515 5493 233
441 5157 244

" u 4.61 5231 255
S 0.47 191 0.24

Stress in MPa

0035 0030 -0025 -0.02 -0015 -0010 -0.005 0.000
Strain

Figure A.21: Stress-strain relation and determined parameters of quasi-static compression tests in
transversal direction of UD specimens at vy = 5 mm/min.
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A.2 Unidirectionally glass fiber-reinforced composite

0 Experimental (50 mm/min)

Mean (50 mm/min)

Stress in MPa

0035 0030 -0025 -0.020 -0015 -0010 -0.005 0.000

Strain

ES RT &
(GPa) (MPa) (%)
571 59.01 221
538 6147 347
454 6292 2.60
521 61.14 276
060 161 053

Figure A.22: Stress-strain relation and determined parameters of quasi-static compression tests in

transversal direction of UD specimens at vy = 50 mm/min.

=
= 100
&
50
25 - =
Experimental (5 mm /min)
Mean (5 mm/min)
0
000 005 010 015 02 025 030 035

Strain

Eg R &
(GPa) (MPa) (%)
496 167.29 33.00
5.18 178.86 30.86
4.83 14278 32.17
499 16298 32.01
0.18 15.04 0.88

Figure A.23: Stress-strain relation and determined parameters of quasi-static shear tests of UD

specimens at vy = 5 mm/min.

Stress in MPa

Mean (50 mm/min)

Experimental (50 mm/min)

000 005 010 015 020 025 030
Strain

035

E, R, &
(GPa) (MPa) (%)
524 169.89 34.64
5.81 187.76 32.04
6.10 17826 28.96
5.72 178.64 31.88
0.44 730 232

Figure A.24: Stress-strain relation and determined parameters of quasi-static shear tests of UD

specimens at vr = 50 mm/min.
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A Detailed experimental data

(GPa) (MPa) (%)
466 124.89 2778
- 526 15589 31.77
455 184.85 29.79

J7 482 15521 29.78
S 0.38 2448 1.63

000 005 010

Figure A.25: Stress-strain relation and determined parameters of quasi-static shear tests of UD
specimens at vy = 500 mm/min.
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A.3 Weave reinforced polypropylene

A.3 Weave reinforced polypropylene

Ej Ry &

(GPa) (MPa) (%)

- 16.14 36512 249
To 16.60 362.14 250
’ 17.61 343.55 247
Experimental (5 mm /min) M 1678 35693 249

’ 0.000 0.005 0.010 0.015 M(l(ﬂ:: : mml::l‘;:‘) 0.030 S 0.75 9 ° 55 0.0 1

Figure A.26: Stress-strain relation and determined parameters of quasi-static tension tests along
the fiber direction of woven specimens at vr = 5 mm/min.

E) R, g
(GPa) (MPa) (%)
1514 39140 2.68
1857 39158 2.53
1563 39958 2.77

Experimental (50 mom/min) M 1645 394 19 266
— ) s 1.86 3.82  0.09

0.000 0005 0010 0015 0020 0025 0.030
Strain

Figure A.27: Stress-strain relation and determined parameters of quasi-static tension tests along
the fiber direction of woven specimens at vr = 50 mm/min.
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A Detailed experimental data

400

MPa

Stress in

100

Experimental (500 mm/min)
—— Mean (500 mm/min)

Figure A.28: Stress-strain relation and determined parameters of quasi-static tension tests along
the fiber direction of woven specimens at vy = 500 mm/min.

Figure A.29: Stress-strain relation and determined parameters of quasi-static compression tests

0.000 0005 0010 0015 0020 0025 0.030
Strain

Experimental (1 mm/min)
Mean (1 mm/min)

0016 ~0014 -0012 -0010 -0008 -0006 —-0004 -0002 0.000
Strain

E, R, g

(GPa) (MPa) (%)
16.78 411.36  2.69
1537 417.56 2.99
1526 362.80 2.52
w1580 397.24 274
s 086 2448 0.19

Ej Ry g

(GPa) (MPa) (%)
1039 141.10 1.26
11.88 12144 1.08
1135 8390 1.11

g 1121 11548 1.15
s 075 2373 0.08

along the fiber direction of woven specimens at vt = I mm/min.

Stress in MPa
| |

Figure A.30: Stress-strain relation and determined parameters of quasi-static compression tests

Experimental (10 mm/min)
= Mean (10 mm/min)

0016 ~0014 ~0012 ~0010 ~0008 ~0006 -0004 -0002 0.000
Strain

By R g

(GPa) (MPa) (%)
12.18 109.23 1.11
11.56 138.88 1.14
11.83  193.26 1.59
12.33  160.10 1.31

po 1198 15037 1.29
S 0.35 30.65 0.19

along the fiber direction of woven specimens at vy = 10 mm/min.
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A.3 Weave reinforced polypropylene

° Ey o Ryog
- (GPa) (MPa) (%)
g 1245 130.04 1.01
é‘“’ 12.18  132.62 1.04
i'fs 12.46 15855 1.21
175 - f:peri(r:\;\lal (l/oom;-n/min) M ] 236 14041 1 09
= 0016 -0014 -0.012 0010 -0.008 -0.006 -—0.004 0.002  0.000 S O' 16 12.88 0'09

Strain

Figure A.31: Stress-strain relation and determined parameters of quasi-static compression tests
along the fiber direction of woven specimens at vt = 100 mm/min.

ES Rs Es
“ (GPa) (MPa) (%)
@ 523  73.61 11.04
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Experimental (5 mm/min) H 3.56 74.49 9.08
. Mean (5 mm/min) S 0.37 0.64 1.39
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Stress in MPa

40

20

Figure A.32: Stress-strain relation and determined parameters of quasi-static +45° off-axis tension
tests of woven specimens at vy = 5 mm/min.

Eq R; Es

" (GPa) (MPa) (%)
g 6.06 88.12 9.72
i 595 75.11 6.99
§ 5.88  82.63 10.38
) Experimental (50 mm/min) H 5 96 81 96 9 03

: — s 009 533 146
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Figure A.33: Stress-strain relation and determined parameters of quasi-static +45° off-axis tension
tests of woven specimens at vr = 50 mm/min.
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A Detailed experimental data

E R Es

50 (GPa) (MPa) (%)
£ 6.01 87.75 9.29
: i 6.61 94.04 9.49
H 6.60 92.16 940
) Experimental (500 mm /min) H 6.40 91.32 939

. —— Mean (500 mm/min) S 0.28 2.64 0.08

Strain

Figure A.34: Stress-strain relation and determined parameters of quasi-static +45° off-axis tension
tests of woven specimens at vr = 500 mm/min.
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Data sheets

B.1 Data sheet of PP/GF UD material

9 Celanese

The chemistry inside innovation

CELSTRAN® CFR-TP PP GF70-13 - PP

Description

Colirn® CFRTP PP GF70-131s 0% E s e by woiht PP (poipropylen)contuous o urireciona) rinfrced rermoplastc
for

composi tape. T esistance. It is well s justrial,
wher iy o o T mtenas avatala i sahrland ook

s Atamate opo widns and tcknessos may b0 bl
Physical properties. Value unit
Density 1660 kgm® 1501183
Fiber Content 70 % by w. -
Fiber Volume 453 % by vol. -
Tape Thickness 025 mm -
Tape Width 305 mm -
Tape Areal Weight 439 gme -
Fiber Areal Weight 307 gm -
Mechanical properties (Tape) Value Unit
Tensie Strength, 0° 931 MPa ASTM D 3039M
Tensile Modulus, 0° 339 GPa ASTM D 3039M
Tensile Strain at Failure, 0° 299 % ASTM D 3039M
Flexural Strength, 0° 606 MPa ASTM D 790Tape
Flexural Modulus, 332 GPa ASTM D 790/Tape
Flexural Strain at Failure, 0° 201 % ASTM D 790/Tape
Thermal properties Value Unit
Melting temperature, 10°C/m 173 °c 150 11557119
Glass vantion omporatur, 10°Cirin -10 °C 1S0 11357-1,2.3
CLTE above T, paraliel o1 E4i°C 1S0 11359-2

Start Temp 23 °c 1SO 11359-2
End Temp 50 °c 1SO 11359-2
GLTE above Tg, normal 066 E4/°C 1S0 11359-2

Start Temp 23 °c 1S0 11359-2
End Temp. 50 “c 1S0 113592
‘Thermal conductiviy, flow 069 Wi(m K) ASTME 1461
‘Thermal conductiviy, crossfiow 0s Wi(m K) ASTME 1461

Other text information

Celstran® CFR-TP Tape Laminate Processing Guidelines

molding press. A hamsnsd steel, aluminum or flexible tooling can be used
dependl“g el zpvlvcaﬂon “The too hould e reated wih  mad eloase pro 0 o

The molding cycle consists of the following steps:

1. The platens should be heated above the polymer matrix melt temperature.

2. The individual lamina should be constructed and placed in the t0ol to achieve the esired laminate reinforcement orientation.

3. The tool is placed between the platens and the platens are closed to achieve a contact pressure on the tool less than 30 psi (2 bar).

4. The 00l i allowed 1o rise in temperature unilstabilzing at the iitial temperature the platens were set (0.

5. The pressure is increased to the desired amount and held for a recommended time.

6. Air and/or water cooling i iniiated untilthe material reaches a t it below the melt temperatures

wherein the pressure is reduced to a contact pressure less than 15 psi (1 bar)

7. The ool is continually cooled until reaching a temperature, typically at or below the glass transition point, at which the pressure is completely

removed and the part ce-molde rom ho oo H shouk be ol ha h chlce o i, Qeometry and heaig/ecaing mechiniss wi greay

thus, optimizali fic to the individual molders’ capabilities is necessary. Additionally, the resin is wha

icatos ino moking lomporaiuros, wheroes e same icknoss 13 wha Gatomines v 4mo. As 1o hcknese ncroasee, e e ai mat shoukd

also increase to account for the time for heat to conduct to the center of the laminate.

Croated: 11 May 2016 Soutce: ww materiadaacenter.com Page: 12
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B Data sheets

B.2 Data sheet of PP/GF Weave material

L 4

TEPEX®

superior in motion

Material Data Sheet
TEPEX® dynalite 104-RG600(x)/47%
Roving Glass — PP Consolidated Composite Laminate
Property Method ISO Units Longitudinal Transverse
Reinforcement Fibres roving glass
twill 2/2
Area weight g/m? 600
~ ‘arn tex 1200 1200
ftv Weight rate % 50 50
S
; Polymer Polymer. PP
Laminate Density gfem® 1,68
Fibre content % vol. 47
Thickness per layer mm 0,5
Tensile Modulus 527-4/5 GPa 20,5 20,1
Strength 527-4/5 MPa 400 390
Elongation 527-4/5 % - -
Poisson’s ratio 527-4/5 - -
Flexural Modulus 178 GPa 17,5 17,0
Ultimate stress* 178 MPa 370 365
Charpy impact strength 23°C 179/1eU Ky/m? - -
unnotched -30°C K/m? - -
Melting Temperature per DSC 3146 °C 163
Glass transition temperature per DSC 3146 °C -
Heat deflection temperature ,80 MPa 75-1/2 °C 158
Coefficient of thermal expansion -30°C to 23°C ASTM E831 E-6 1/K - -
23°C to 80°C - -
Relative temperature index 20.000 h 1EC 216/1 °C 90
* 3-Point loading, span-to-depth ratio 16 to 1
i level and i
tion. i someor all of iies. The data li i range of product
properties, but be used i ification i used is of design.
. [S—
i o iout prpie.
u pltiek
Version: 07-01-2009 ® Bond-Laminates registered trademark
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C

Determination of
the adjustment parameter

In order to find the suitable value for Ay, that returns a macro damage value d
such that Eq. 4.47 is fulfilled, a virtual thought experiment in form of a uniaxial
tension test has to be conducted locally (i.e. in each integration point of the
element). Therefore, a uniaxial (trial) stress state is assumed (displayed here in
Voigt notation)

UN
90,11
0
0
O'BJN = 0 5 (C.])
0
0
yielding o .
o = =d)oy (C2)

and all other entries of VN zero. Hence, we can rewrite the rate of energy
dissipation per unit volume

AA(oN
—a( y ) _ Ao("N) (C.3)
and
dd, 9d, dd
ar — od or
' . €4
“U—dr 2 exp (Am(1 —1)).
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C Determination of the adjustment parameter

Finally, the damage criterion in case of just reached uniaxial failure reads then
as follows

2
FA.UN _ (o0.11) Xe = X))
XX XX

and therefore, solving for the critical trial stress o7, 11

0'(),11 r = 0 (C.S)

UNerit _ (X = Xo) + V(Xe — X0 + XX C.6)

0,11 2
Note that the criterion for damage onset has been defined regarding the trial
stresses 0. With the above given information we can rewrite the integral for
the dissipated energy per unit volume (dissipated energy density) P for the
uniaxial case

1 ad,  od oro I
00 -\ ddy dd
- A UN,crit [
L ( o [roni™) ar)dr

Equation C.7 is solved numerically using the secant method and the definition
of damage Eq. 4.46 in order to find the adjustment parameter A,. This
procedure is followed according to Mar1mi et al. [245]. For geometrically
linear calculations Ay, has to be computed only once (at the first appearance
of damage for each integration point), since the volume of the element is
not changing. Non-linear calculations requires the computation in each time
increment as the volume does not stay constant and hence [¢ differs.

UN,crit
DN _ r" IN (1) b, 94 L, O
(C.7)
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D

Formulation of
periodic boundary conditions

Periodic boundary conditions are a frequently used measure when it comes to
modeling of repetitive or periodic microstructures. Hereby, representative vol-
ume elements are used primarily. In order to allow a straightforward definition
within the commercial FE-tool Abaqus (cf. [355]) the corresponding equations
are given here. These equations are additional boundary conditions that are
considered during calculation of the deformation. The exact formulations
can be found by constructing the kinematical relations occurring during the
classical six cases of deformation of a representative volume (cf. Fig. D.1)
which are divided in three normal and three shear cases. The resulting set of
fully three-dimensional equations for cubical RVEs as well as for RVEs with
a in-plane periodicity are given in Appendices D.1 and D.2 using the notation
of a Abaqus input-file. The used nomenclature for vertices, edges and faces is
demonstrated in Fig. D.2. The used vertices, edges and faces must be defined as
element sets, since the corresponding equations are evaluated node-wise. Since
the introduced equations correspond to a relative connection between opposing
sides of the RVE, one point must be encastred. By definition the vertex with the
coordinate XPYPZP is chosen for that purpose. The user-defined deformation

Table D.1: Assignment of controlling degree of freedoms of reference points.

DOF | RPT RPS; RPS,

1 XX  YX XY
2 YY zY YZ
3 77 XZ zX

can be controlled by the insertion of additional degree of freedoms (DOF)
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D Formulation of periodic boundary conditions

P

RPT -
x VY ZY|YZ

RPS,
x

(RPS3)

Figure D.1: Depiction of the six classical load cases (three normal tension/compression (XX, YY,
Z7) and three shear load cases (YX/XY, ZY/YZ, XZ/ZX)) that build the basis for the derivation of the
periodic boundary conditions. The three displayed reference points provide six additional degrees
of freedom that allow the kinematic control of the RVE. Depending on the internal microstructure
of the RVE, fluctuating boundaries will form.

xwvpzm xevezm vz
8
S &
< < v
veze
ez oz
xzm oz
X xe
y xwze xeze
L. »
xaavizm XeYvzM
x vz
N &
z S S
P $
vaze 3

™

Figure D.2: Nomenclature of vertices, edges and faces of a cubical RVE. P= plus and M = minus
indicate together with the coordinate X /Y /Z the exact location of the respective entity.
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D Formulation of periodic boundary conditions

which is done by inserting three reference points, RPT, RPS;, and RPS,. Each
reference points has three DOF's. An overview of the assigned load cases is
given in Table D.1. In such a way nine additional degrees of freedom are
defined which yields a statically indeterminate system and the number of DOF's
has to be reduced. This is done by constraining the double assigned shear
degrees. By setting RPS; =0Vi € [1,3], the simple shear cases are obtained.
RPS;, =RPS) yields the diagonal shear cases. Carefully note, that for the latter
case the specified deformation is uniformly distributed in both shear directions.
By constraining several DOFs of the reference points (by a certain value or as
free), a superposition of deformation boundary conditions is defined and the
RVE moves accordingly. Hereby, the inserted equations cause the opposite
entities to stay parallel. This yields a deformation that is equal to a behavior

a

Figure D.3: (a) Two-dimensional RVE deformed under simple YX-shear. The dashed line
corresponds to the deformed configuration if no inclusions are present in the volume that could cause
perturbations on the boundaries. The full lines show the deformation including the perturbation
due to inclusions, hence perturbing the deformation field, finally yielding fluctuations on the
boundaries. (b) Example of the deformation of a UD-SRVE (v¢ = 63%) under YX/XY-shear.

of an infinite medium, hence forming fluctuating boundaries, depending on
the inhomogeneities in the inside of the RVE. Figure D.3a shows two possible
configurations of the deformation of a RVE under simple YX-shear. The dashed
line corresponds to the deformation that would occur if no inhomogeneities
are present in the RVE. The boundaries marked by the full line show fluctu-
ations caused by inclusions in the inner of the RVE. Figure D.3b shows an
example of a unidirectionally reinforced SRVE under YX/XY-shear using the
below-mentioned periodic boundary conditions.
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D Formulation of periodic boundary conditions

D.1 Three-dimensional
periodic boundary conditions

** Vertices
Yk
*Equation
5
SET_XMYMZM, 1, 1.,
SET_XPYPZP, 1, -1.,
SET_RPT, 1, -1.,
SET_RPS_1, 1, -1.,
SET_RPS_2, 3, -1.
*Equation
5
SET_XMYMZM, 2, 1.,
SET_XPYPZP, 2, -1.,
SET_RPS_2, 1, -1.,
SET_RPT, 2, -1.,
SET_RPS_1, 2, -1.
*Equation
5
SET_XMYMZM, 3, 1.,
SET_XPYPZP, 3, -1.,
SET_RPS_1, 3, -1.,
SET_RPS_2, 2, -1.,
SET_RPT, 3, -1.
*Equation
5
SET_XMYPZP, 1
SET_XPYMZM, 1
SET_RPT, 1, -
SET_RPS_1, 1, 1.,
SET_RPS_2, 3,
*Equation
5
SET_XMYPZP, 2, -1.,
SET_XPYMZM, 2, 1.,
SET_RPS_2, 1, 1.,
SET_RPT, 2, -1.,
SET_RPS_1, 2, -1.
*Equation
5
SET_XMYPZP, 3,
SET_XPYMZM, 3, 1.,
SET_RPS_1, 3, 1.,
SET_RPS_2, 2, -1.,
SET_RPT, 3, -1.
*Equation
5
SET_XMYPZM, 1,
SET_XPYMZP, 1,
SET_RPT, 1, -1.,
SET_RPS_1, 1, 1.,
SET_RPS_2, 3, -1.

226



D.1 Three-dimensional periodic boundary conditions

*Equation
5
SET_XMYPZM, 2,
SET_XPYMZP, 2, -1.,
SET_RPS_2, 1,
SET_RPT, 2, 1.,
SET_RPS_1, 2, -1.
*Equation
5
SET_XMYPZM, 3, 1.,
SET_XPYMZP, 3, -1.,
SET_RPS_1, 3, -1.,
SET_RPS_2, 2, 1.,
SET_RPT, 3, -1.
*Equation
5
SET_XMYMZP, 1
SET_XPYPZM, 1
SET_RPT, 1, -1.,
SET_RPS_1, 1, -1.,
SET_RPS_2, 3, 1.
*Equation
5
SET_XMYMZP, 2, 1.,
SET_XPYPZM, 2, -1.,
SET_RPS_2, 1, -1.,
SET_RPT, 2, -1.,
SET_RPS_1, 2, 1.
*Equation
5
SET_XMYMZP, 3,
SET_XPYPZM, 3, -1.,
SET_RPS_1, 3, -1.,
SET_RPS_2, 2,
SET_RPT, 3, 1.
*Equation
3
SET_XPYMZP, 1, 1.,
SET_XPYMZM, 1,
SET_RPS_2, 3, 1.
*Equation

» 1.,
Y
1.

SET_XPYMZP, 2, 1.,
SET_XPYMZM, 2,
SET_RPS_1, 2, 1.

*Equation
3
SET_XPYMZP, 3, 1.,
SET_XPYMZM, 3, -1.,
SET_RPT, 3, 1.

*Equation
3
SET_XPYMZM, 1, 1.,
SET_XPYPZM, 1, -1,
SET_RPS_1, 1, -1.

*Equation
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D Formulation of periodic boundary conditions

3

SET_XPYMZM, 2, 1.,

SET_XPYPZM, 2, -1,

SET_RPT, 2, -1.
*Equation

3

SET_XPYMZM, 1.,

3, 1.

SET_XPYPZM, 3, -1,

SET_RPS_2, 2, -1.
*Equation

3

SET_XPYPZM, 1,

SET_XPYPZP, 1, -1.,

SET_RPS_2, 3, -1.
*Equation

3

SET_XPYPZM, 2,

SET_XPYPZP, 2, -1.,

SET_RPS_1, 2, -1.
*Equation

3

SET_XPYPZM, 3, 1.,

SET_XPYPZP, 3, -1.,

SET_RPT, 3, -1.
Fededededdd e hdhdf el hddhd i
** Edges
*Equation

4

SET_XMYM,

SET_XPYP,

SET_RPT, 1, -1.,

SET_RPS_1, 1, -1.
*Equation

4

SET_XMYM, 2,

SET_XPYP, 2, -1.,

SET_RPT, 2, -1.,

SET_RPS_2, 1, -1.
*Equation

4

SET_XMYM, 3, 1.,

SET_XPYP, 3,

SET_RPS_1, 3, -1.,

SET_RPS_2, 2
*Equation

3

SET_XPYP, 1,

SET_XPYM, 1,

SET_RPS_1, 1, 1.
*Equation

3

SET_XPYP, 2, 1.,

SET_XPYM, 2, -1.,

SET_RPT, 2, 1.
*Equation
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D.1 Three-dimensional periodic boundary conditions

3
SET_XPYP, 3, 1.,
SET_XPYM, 3, -1
SET_RPS_2, 2, 1.
*Equation
4
SET_XMZM, 1, 1.,
SET_XPZP, 1, -1.
SET_RPT, 1, -1.,

-

’

SET_RPS_2, 3, -1.

*Equation
4
SET_XMZM, 2, 1.,
SET_XPZP, 2, -1.

SET_RPS_1, é, -1.,
1,

SET_RPS_2,
*Equation

4

SET_XMZM, 3, 1.,

SET_XPZP, 3, -1.

SET_RPT, 3, -1.,

-1

SET_RPS_1, 3, -1.

*Equation
3
SET_XPZP, 1, 1.,
SET_XMZP, 1, -1.
SET_RPT, 1, 1.
*Equation

SET_XPZP, 2, 1.,

SET_XMZP, 2,

SET_RPS_2, 1, 1.
*Equation

3

SET_XPZP, 3, 1.,

SET_XMZP, 3,

SET_RPS_1, 3, 1.
*Equation

4

SET_YMZM, 1, 1.,

SET_YPZP, 1

SET_RPS_1, 1, -1.
3

SET_RPS_2,
*Equation

4

SET_YMZM, 2,

SET_YPZP, 2, -1.

SET_RPT, 2, -1.,

SET_RPS_1, 2, -1.

*Equation
4
SET_YMZM, 3,
SET_YPZP, 3, -1.
SET_RPT, 3, -1.,

SET_RPS_2, 2, -1.

*Equation
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D Formulation of periodic boundary conditions

3

SET_YPZP, 1, 1.,

SET_YPZM, 1,

SET_RPS_2, 3, 1.
*Equation

3

SET_YPZP, 2, 1.,

SET_YPZM, 2,

SET_RPS_1, 2, 1.
*Equation

3

SET_YPZP, 3, 1.,

SET_YPZM, 3, -1.,

SET_RPT, 3, 1.
*Equation

4

SET_XMYP, 1, 1.,

SET_XPYM, 1, -1.,

SET_RPT, 1, -1.,

SET_RPS_1, 1, 1.
*Equation

4

SET_XMYP, 2, 1.,

SET_XPYM, 2, -1.,

SET_RPS_2, 1, -1.,

SET_RPT, 2, 1.
*Equation

4

SET_XMYP, 3, 1.,

SET_XPYM, 3, -1.,

SET_RPS_1, 3, -1.,

SET_RPS_2, 2, 1.
*Equation

4

SET_YMZzZP, 1, 1.,

SET_YPZM, 1,

SET_RPS_1, 1, -1.,

SET_RPS_2, 3
*Equation

4

SET_YMZP, 2,

SET_YPZM, 2, -1.,

SET_RPT, 2, -1.,

SET_RPS_1, 2, 1.
*Equation

4

SET_YMZP, 3, 1.,

SET_YPZM, 3,

SET_RPS_2, 2,

SET_RPT, 3, 1.
*Equation

4

SET_XMZP, 1, 1.,

SET_XPZM, 1, -1.,

SET_RPT, 1, -1.,

SET_RPS_2, 3, 1.
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D.1 Three-dimensional periodic boundary conditions

*Equation
4
SET_XMZP, 2, 1.,
SET_XPZM, 2, -1.,
SET_RPS_2, 1, -1.,
SET_RPS_1, 2, 1.

*Equation
4
SET_XMZP, 3, 1.,

SET_XPZM, 3,

SET_RPS_1, 3, -1.,

SET_RPT

Faces

*Equation
3
SET_XM, 1, 1.,
SET_XP, 1,
SET_RPT, 1, -1.
*Equation
3
SET_XM, 2
SET_XP, 2
SET_RPS_2
*Equation
3
SET_XM, 3
SET_XP, 3
SET_RPS_1
*Equation
3
SET_YM, 1, 1.,
SET_YP, 1, -1.,
SET_RPS_1, 1, -1.
*Equation

-1,

-1,

3
SET_YM, 2, 1.,
SET_YP, 2, -1.,

SET_RPT, 2, -1.
*Equation

SET_YM, 3, 1.,

SET_YP, 3, -1.,

SET_RPS_2, 2, -1.
*Equation

3

SET_ZM, 1, 1.,

SET_ZpP, 1, -1.,

SET_RPS_2, 3, -1.
*Equation

3

SET_ZM, 2, 1.,

SET_ZP, 2, -1.,

SET_RPS_1, 2, -1.
*Equation
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D Formulation of periodic boundary conditions

3
SET_ZM, 3, 1.,
SET_ZzP, 3, -1.,

SET_RPT, 3, -1.

D.2 In-plane periodic boundary conditions

** Vertices

*Equation
4
SET_XMYMZP, 1, 1.,
SET_XPYPZP, 1, -1.,
SET_RPT, 1, -1.,

SET_RPS_1, 1, -1.
*Equation

4

SET_XMYMZP, 2,

SET_XPYPZP, 2, -1.,

SET_RPT, 2, -1.,

SET_RPS_2, 1, -1.
*Equation

4

SET_XMYPZP, 1, 1.,

SET_XPYMZP, 1, -1.,

SET_RPT, 1, -1.,

SET_RPS_1, 1, 1.
*Equation

4

SET_XMYPZP, 2, 1.,

SET_XPYMZP, 2, -1.,

SET_RPT, 2, 1.,

SET_RPS_2, 1, -1.
*Equation

4

SET_XMYMZM, 1,

SET_XPYPZM, 1, -1.,

SET_RPT, 1, -1.,

SET_RPS_1, 1, -1.
*Equation

4

SET_XMYMZM, 2, 1.,

SET_XPYPZM, 2, -1.,

SET_RPT, 2, -1.,

SET_RPS_2, 1, -1.
*Equation

4

SET_XMYPZM, 1,

SET_XPYMZM, 1, -1.,

SET_RPT, 1, -1.,

SET_RPS_1, 1, 1.
*Equation

4

SET_XMYPZM, 2, 1.,

1.,

1.,

1.,
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D.2 In-plane periodic boundary conditions

SET_XPYMZM, 2, -1.,
SET_RPT, 2, 1.,
SET_RPS_2, 1, -1.

*Equation
3
SET_XPYMZP,
SET_XPYPZP,
SET_RPS_1, 1, -1.

*Equation
3
SET_XPYMZP, 2
SET_XPYPZP, 2
SET_RPT, 2, -

*Equation

SET_XPYMZM,

SET_XPYPZM,

SET_RPS_1, 1, -1.
*Equation

3

SET_XPYMZM,

SET_XPYPZM,
SET_RPT, 2,

Edges

dek

*Equation

SET_XMZP, 1, 1.,

SET_XPZP, 1, -1.,

SET_RPT, 1, -1.
*Equation

3

SET_XMZP, 2, 1.,

SET_XpPZP, 2, -1.,

SET_RPS_2, 1, -1.
*Equation

3

SET_XMZM, 1,

SET_XPZM, 1,

SET_RPT,
*Equation

1.,
-1.,
1, -1.

SET_XMZM, 2, 1.,

SET_XPZM, 2, -1.,

SET_RPS_2, 1, -1.
*Equation

4

SET_XMYM, ,

SET_XPYP, , -1.,

SET_RPT, 1, -1.,

SET_RPS_1, 1, -1.
*Equation

4

SET_XMYM, 2, 1.,

SET_XPYP, 2, -1.,

1.,
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D Formulation of periodic boundary conditions

SET_RPT, 2, -1.,

SET_RPS_2, 1, -1.
*Equation

4

SET_XMYP, 1, 1.,

SET_XPYM, 1, -1.,

SET_RPT, 1, -1.,

SET_RPS_1, 1, 1.
*Equation

4

SET_XMYP, 2, 1.,

SET_XPYM, 2, -1.,

SET_RPT, 2, 1.,

SET_RPS_2, 1, -1.
*Equation

3

SET_YMZP, 1, 1.,

SET_YPZP, 1, -1.,

SET_RPS_1, 1, -1.
*Equation

3

SET_YMZP, 2, 1.,

SET_YPZP, 2, -1.,

SET_RPT, 2, -1.
*Equation

3

SET_YMZM, 1, 1.,

SET_YPZM, 1, -1.,

SET_RPS_1, 1, -1.
*Equation

3

SET_YMZM, 2, 1.,

SET_YPZM, 2, -1.,

SET_RPT, 2, -1.
*Equation

3

SET_XPYM, 1, 1.,

SET_XPYP, 1, -1.,

SET_RPS_1, 1, -1.,
*Equation

3

SET_XPYM, 2, 1.,

SET_XPYP, 2, -1.,

SET_RPT, 2, -1.

B R I S T R R

Faces

*Equation

3
SET_XM, 1, 1.,
SET_XP, 1, -1.,

SET_RPT, 1, -1.
*Equation

3

SET_XM, 2, 1.,

SET_XP, 2, -1.,
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D.2 In-plane periodic boundary conditions

SET_RPS_2,
*Equation

3

SET_YM, 1,

SET_YP, 1,

SET_RPS_1,
*Equation

3

SET_YM, 2,

SET_YP, 2,

SET_RPT, 2,

£

*Equation

SET_XMYPZP,

SET_XMYMZP ,
*Equation

2

SET_XMYMZP,

SET_XPYMZP,
*Equation

2

SET_XPYMZP,

SET_XPYPZP,
*Equation

2

SET_XMYPZM,

SET_XMYMZM,
*Equation

SET_XMYMZM,

SET_XPYMZM,
*Equation

2

SET_XPYMZM,

SET_XPYPZM,
*Equation

2

SET_XMZP, 3
SET_XPZP, 3

*Equation
2

SET_YMZP, 3
SET_YPZP, 3

*Equation
2

SET_XMZM, 3
SET_XPZM, 3

*Equation
2

SET_YMZM, 3
SET_YPZM, 3

*Equation
2

SET_XMYM, 3
SET_XPYM, 3
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D Formulation of periodic boundary conditions

*Equation
2
SET_XPYM, 3, 1.
SET_XPYP, 3, -1.
*Equation
2
SET_XPYP, 3, 1.
SET_XMYP, 3, -1.
*Equation
2
SET_XM, 3, 1.,
SET_XP, 3, -1.
*Equation

SET_YM, 3, 1.,
SET_YP, 3, -1.
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This work deals with the multiscale modeling of weave reinforced composite
material. Three different subscales are investigated: the basic constituents
(fibers and matrix), unidirectionally reinforced microstructures, and the full com-
posite of woven fiber structures embedded in a thermoplastic matrix. A closed
multiscale chain to predict the material behavior of the macroscopic composite
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on the consideration of material non-linearities, i.e. plasticity and damage de-
velopment in all underlying material systems. All models presented are defined
in the kinematic framework of large strains. The ability of the geometric and
constitutive models to predict the deformation and failure behavior on their
corresponding subscales is demonstrated by means of selected examples.
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