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Abstract

In this thesis, a numerical framework is developed for predicting the mechanical
behaviour and failure mechanisms of Fibre Metal Laminates (FMLs). Modelling
the behaviour of these materials is challenging due to the diverse material be-
haviours of its constituents, combined with the heterogeneous nature of compos-
ites, which result in various failure modes. In order to accurately predict the
damage process of these materials, a 3D damage model is required. Therefore,
a comprehensive 3D finite element model incorporating various material models,
failure criteria and damage evolution laws has been developed. In this model, a
user-defined subroutine is developed in Fortran and linked with the Finite Ele-
ment (FE) solver Abaqus/Explicit. Through this subroutine, physically verified
theories are utilized for predicting the onset of damage in composites. A cri-
terion for predicting the fracture plane at the onset of failure in composites is
implemented where the efficiency of the subroutine is enhanced by implementing
a fast search algorithm. The damage propagation is simulated with an evolution
law, modified to align with the damage initiation criteria. Additionally, the crack
paths are predicted by deleting the failed elements using volume-based criteria.
The subroutine is validated by comparing the results of a simulated tensile test of
CFRP with experimental data, which demonstrated excellent agreement between

the stress-strain curves and reasonable prediction of the failure modes.
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The framework is applied for simulating two mechanical tests: the open-hole
tensile test of GLARE and the flexural test of CARALL. In both studies, the
conditions of the experimental setup were replicated in the FE models and the
specimens were tested at both on-axis and off-axis fibre angle orientations. Mesh
sensitivity studies were conducted to ensure the accuracy of the results and the
predicted stress-strain curves showed overall excellent agreement with experimen-
tal data. Additionally, the studies highlighted the failure modes captured during
the simulations, where the FE models successfully distinguished between fibre

and matrix damage modes, plastic deformation and delamination.
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Nomenclature

Abbreviations

2D Two dimensional

3D Three dimensional

ARALL Aramid Reinforced Aluminium Laminate
CARALL Carbon fibre laminates and aluminium
CDM Continuum damage mechanics

CFRP Carbon fibre reinforced polymers

CLT (Classical laminate theory

CzZM Cohesive zone model

d Damage variable

E Youngs modulus

EGSS Extended Golden Section Search

FE Finite element

FML Fibre metal laminates



Nomenclature

vi

FPF

FRP

G

Ge

GFRP

GSS

IFF

MFB

RVE

SPIS

SRGSS

SSM

UD

XFEM

Symbols

eq

First ply failure

Fiber reinforced polymer

Shear modulus

Energy dissipation

Glass fibre reinforced polymers

Golden Section Search

Inter fibre fracture criterion

Master fracture body

Representative volume element

Simple parabolic interpolation search

Range Golden Section Search

Stepwise Search Method

Unidirectional

Extended finite element

Equivalent displacements at damage initiation

Equivalent displacements at full failure

Longitudinal

Stress tensor

Yield point



vii Nomenclature
ny nty ni Fracture plane stresses
K Longitudinal normal stressing
> transverse normal stressing
icj Stress vector components (i=1,2,3)
> Transverse shear stressing
2k Longitudinal shear stressing
Action plane angle (IFF)
p Fracture plane orientation
" Stain tensor
"8' Equivalent plastic strain
"2' Equivalent plastic strain at failure
F Damage initiation parameters | 2 ff; f.; m¢; mcg
ferr IFF failure exposure
Fec Fibre compressive damage mode
Fft Fibre tensile damage mode
Fme Matrix compressive damage mode
Fmnt Matrix tensile damage mode
Gr Fracture energy
L. Characteristic length

Inclination parameters



Nomenclature viii

RA Fracture resistance of the action plane (IFF)
St In-plane shear strength

v Poisson’s ratio

X¢ Fibre compressive strength

XT Fibre tensile strength

= Matrix compressive strength

\'al Matrix tensile strength
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Chapter 1

Introduction

1.1 Motivation and background

Since decades aerospace researchers have been actively focusing on developing
innovative materials consisting of two or more materials aiming to result in a
composite material with improved material characteristics. One of those concepts
can be traced back to 1916 when Anthony Fokker incorporated the idea of stacking
layers of plywood at certain bre orientations to meet the required strength for
his wing structure of Fokker F.VII-3m [100]. Since then Fokker continued the
research and development of laminated materials for his aerospace industry, where
he found that fracture toughness of bonded laminates is 25% more than that of
monolithic materials [100]. In the following years extensive amount of research
has been carried out by Delft University Technology along with its industrial
partners: ALCOA, AKZO and 3M on bonding metal sheets with bre reinforced
polymer laminates. They discovered that fatigue crack growth was signi cantly
delayed as the intact bres restrained crack opening. Upon the discovery of the

superior properties of Fibre metal laminates (FMLS), they were recognized as

1
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Figure 1.1: A schematic diagram of a typical FML

hybrid composite materials that integrate metal and Fiber-reinforced polymer
(FRP) layers and they gained a reputation in the aerospace industry following
the registration of the patent in 1981 [99]. A schematic diagram showing the

con guration of FMLs is illustrated in Figure 1.1.

The rst commercially produced FML was Aramid Reinforced Aluminium Lam-
inates (ARALL), where two panel wings made from ARALL were applied to
the aircraft F-27 and tested, the project was successful and results showed 25%
weight reduction compared to aluminium [99]. The rst commercial application

of ARALL was on the C-17 military transporter aircraft, ARALL provided a

lightweight yet durable solution [63].

This followed the development of a more advanced FML known as GLARE, which
consisted of glass bre laminates reinforced with aluminium sheets. GLARE has

excellent impact and re resistance properties, therefore, it was implemented
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in the cargo oor of Boeing 777. Furthermore, cross-plied variants of GLARE
such as GLARE 3 & 4 incorporate bres in two directions, with one direction
perpendicular to the other. Those variants were designed for fuselage applications
for example curved GLARE fuselage panels are used for the Airbus A380, in the
cargo oor of the Airbus A330 and the front bulkhead of the Bombardier Learjet
125 [99, 100].

The concept of FMLs can be extended to other types of metals, bre laminates
and adhesives, thereby creating new materials with improved material character-
istics. For instance, the combination of carbon bre laminates and aluminium
(CARALL) resulted in a hybrid material with higher sti ness. Indeed magnesium
and titanium are receiving extensive attention from researchers for their potential

use with various bres including glass bre [3,85] and carbon bre [14,109].

The mechanical behaviour of FMLs is quite challenging to understand due to
its composition of multiple materials with diverse mechanical behaviours. Metal
sheets tend to exhibit elasto-plastic behaviour, FRPs behave elastically and ad-
hesives are viscoelastic materials. Therefore complex multiple failure modes are
associated with the failure of FMLs, these include bre breakage/kinking, matrix
cracking, delamination and plastic damage of metal layers. The failure modes
could vary depending on which metal, bre or matrix is used in the FML. More-
over, it is in uenced by the FML grade which includes a unique metal- bre layup
and bre orientations in the prepreg. Understanding the failure of FMLs is very
critical for the aerospace industry mainly for ensuring the safety of aircraft com-
ponents. Additionally, it helps design engineers estimate the aircraft's life cycle

and optimise routine maintenance to improve the lifespan of the part.

Aircrafts undergo extensive testing for certi cation, including the maximum wing

bending at limit load, fuselage pressure test, and fatigue test [9]. However, these
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testing campaigns require long running time and costly operations. For example,
the A380's fatigue testing lasted 26 months, at which the testing accumulated a
total of 47,500 ight cycles [9]. Conversely, numerical simulations are capable of
replicating aircraft testing campaigns, assisting design engineers in optimising the
development lead-time of the aircraft. Furthermore, numerical simulations pro-

vide a powerful and cost-e ective tool for investigating the failure mechanisms
of aircraft components made from FMLs. The so-called FE-simulation ( nite

element) is capable of predicting the behaviour and failure modes of FML com-
ponents, which might be di cult to detect using experimental processes such as
C-scan [63]. As FMLs contain di erent materials, various failure criteria have to

be taken into account to accurately assess their failure process.

The investigation of FML's failure modes using FEA requires the development
of a comprehensive model capable of distinguishing the di erent behaviours and
failure modes of the materials contained in FMLs. This creates a challenging
problem due to the high non-linearity of the model which is related to the damage
constitutive model, the failure criteria, the damage evolution law, the interface

and the element deletion algorithms.
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1.2 Research gap

The increasing demand for hybrid composite materials requires precise models to
predict their behaviour under various loading conditions. The complexity of the
mechanical behaviour of FMLs lies in the diverse properties of their constituents
and the damage mechanisms that occur during the progressive failure process.
Therefore, there is a necessity for a comprehensive failure model accounting for
3D stress states and considering diverse material behaviours to enhance the accu-
racy of predicting the failure process in FMLs. The current state of research on
FMLs requires novel contributions to improve the accuracy of predicting the me-
chanical behaviour and distinguishing between the damage mechanisms in FMLSs.
The focus lies on developing a computational model consisting of several material
constitutive laws, failure criteria and damage evolution models. The approach
includes the implementation of a physically veri ed criterion for identifying the
fracture plane within the composite layers in FMLs. Considering the critical im-
portance of achieving accurate results while maintaining an e cient numerical
model, it is crucial to develop a numerical technique that e ectively attains a
solution. Furthermore, a compatible damage evolution law is essential for pre-
dicting the material's behaviour post-failure. The developed constitutive model
has to be integrated into a user-de ned subroutine compatible with an FE com-
mercial software in order to apply it for testing FMLs, enabling its application
across diverse mechanical tests of FMLs. The developed framework aims for an

innovative and realistic prediction of the damage mechanisms in FMLs.
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1.3 Scope and Objectives

The main aim: To develop novel modelling techniques that can accurately

predict bre metal laminates' mechanical response and failure mechanisms.
The Objectives:

" Review of the relevant publications on the damage modelling of FMLs.

Implementation of physically based failure theories for accurately predicting

damage initiation in FMLSs.

Selection/modi cation of damage evolution law to suit the selected failure

criteria.

Development of a numerical method for improving the computational e -

ciency of the FE model.
Implementation of the proposed framework into an explicit FE software.

Validation of the proposed framework by comparing FE results with exper-

imental data.

Development of 3D FE damage models of open hole tensile and 3-point
bending tests to analyse the mechanical performance and failure mecha-

nisms of FMLs.

Veri cation of the FE models through sensitivity studies and validating the

results against experimental data.

Conducting Progressive failure analysis of GLARE specimens in open hole
tensile test and CARALL specimens in exural test, focusing on both on-

axis and o -axis orientations.
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1.4 Thesis Outline

Chapter-1 : Introduces background information about bre metal laminates and

their applications in engineering, and discusses the motivation for this research.

Chapter-2 : Presents relevant approaches for modelling the mechanical behaviour
and the progressive damage of FMLs constituents. In addition, it provides an
overview of analytical models of FMLs and focuses on studies that present nu-

merical models for FMLSs.

Chapter-3 : The development of the current framework is presented in Chapter 3.

It begins with de ning the material's behaviour and presents the implementation

of the failure criteria for bre and matrix. Then it discusses the approaches for
obtaining the fracture plane and proposes the current algorithm for e ciently
obtaining the fracture angle. Additionally, the criteria for de ning the metal
sheets' behaviour, as well as the interface between the layers, are presented in

this chapter.

Chapter-4 : This chapter presents the construction of an FE model for a tensile
test of CFRP with bre angles oriented both at 0 and 90. Experimental results
of similar tests are also presented and a comparison is carried out to validate the

proposed subroutine.

Chapter-5 : This chapter introduces the development of an open-hole tensile test
of GLARE, considering on-axis and o -axis bre angles. It also provides a mesh
sensitivity study and validation of the tensile strength of GLARE. A progressive
damage analysis is provided, focusing on the damage mechanisms that appeared
during the simulation. Finally, a comparative study is conducted to emphasise

the e ect of bre angle orientations on FML's behaviour.
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Chapter-6 : A second case study is presented in this chapter, starting with the
development of a 3-point bending test for CARALL with on-axis and o -axis
specimens. Then a mesh sensitivity study and validation of the FE model are
presented. The progressive damage is discussed in both specimens and the failure
mechanisms are illustrated. Finally, the behaviour of the on-axis and o -axis

specimens are compared.

Chapter-7 : Discusses the conclusions drawn from the method developed in this
research and the conclusions drawn from the results obtained from chapters 5 &
6. In addition, suggestions for future improvements and extended applications

are provided in this chapter.
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Chapter 2

Literature review and damage

modelling of FML constituents

2.1 Introduction

This chapter introduces the mechanical behaviour of bre composites, with an
overview of various approaches for modelling uni-directional composites. Then
the approaches for modelling the failure types in bre composites are addressed.
This is followed by an overview of the analytical models used for studying FML's
behaviour and numerical techniques used for modelling the damage of FMLs in

tensile and exural tests.

11
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2.2 The mechanical behaviour of bre compos-

ites

Fibre reinforced polymers (FRPs) are a family of composite materials consist-
ing of bres and matrix. In FRPs, bres provide stiness and strength to the
composite structure as they are stronger and sti er than the matrix. The most
commonly used bres are carbon, glass and aramid bres, each with varying
performance characteristics based on their grade. However, bres alone can not
sustain compressive and transverse loads, therefore a matrix material is used to
provide support and obtain structural integrity to the structure. The most com-
monly used matrix is polymer resins such as epoxy, unsaturated polyester and

vinyl esters [13].

In FRPs, bres have two main con gurations, known as long and short bres.
Long bres are continuously aligned in the composite structure, allowing for
higher bre quantity (known as bre volume fraction). With this type of -

bre a bre volume fraction of 60%-70% is achievable in practice [13]. These bres
are mostly common among high performance engineering applications such as
aerospace and automotive, due to their Superior mechanical performance (i.e.
strength and sti ness). With these bres, a composite material is made by creat-
ing thin uni-directional plies (laminae), which are then stacked at various orien-
tation angles to form a laminate as illustrated in Figure 2.1-b & c. The composite
designer selects the bre orientation angles, thickness and material to achieve the

desired properties for a certain application.

On the other hand, short bres can be manufactured with forming processes such
as extrusion, drawing and rolling. Since the bres are discontinuous and are

randomly distributed in the composite structure. Although the mechanical per-
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Figure 2.1: lllustration of the di erent levels of a unidirectional composite: (a)
individual bre, (b) thin unidirectional lamina, and (c) the nal laminate formed
by stacking the plies at various orientation angles

formance of these materials is lower than UD composites, they are still preferred
in some applications such as automotive interiors and marine applications due to
their ease of manufacture and lower cost [13,17]. The focus of this thesis is on the
uni-directional long bres as they are the type of composite commonly used with
FMLs. The rest of this section will discuss the approaches utilized for predicting

the mechanical behaviour of these composites.

2.2.1 Micromechanics of composites

The micromechanics of composites studies the properties of the composite mate-
rials by considering the interaction between their constituent materials [6]. This
approach assumes the composite structure as an equivalent homogeneous struc-
ture, with anisotropic behaviour. Therefore, the composite lamina that contains
bres and matrix is analysed as a block of material. To account for the anisotropy

of the material, the basic mechanics of materials approach considering the mi-
cromechanics of the material is utilized to predict the stiness and strength.
Anisotropic materials have di erent properties when measured from di erent di-
rections, thus, they behave di erently according to the direction of the applied

load. The behaviour of the material is studied using the 3D Hooke's law, which
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refers the stress to the strain in the form:

i = Gk "k (2.1)

Where (Cjik ) is the stiness tensor which can be written as a 66 matrix.
The sti ness matrix of anisotropic materials is de ned by 21 independent con-
stants [62]. These constants can be reduced to 9 constants if an orthotropic
material is assumed, where 3 planes of symmetry are taken into consideration.
One plane perpendicular to bres direction and the two other planes are parallel
to the bres direction. The 3D Hooke's equation reduces to Equation 2.2 for or-
thotropic materials. Further reduction is possible when assuming a transversely
isotropic material, where only one plane of symmetry exists parallel to the bres.
This material is described by 5 independent constants, where the components of
the sti ness matrix are dependent on the engineering constant&(G; ), which
are obtained experimentally for each composite material. More description of
these models and details of the derivation of the sti ness matrix components are

available in [6,7,23].
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2.2.2 Homogenisation approach

An alternative approach for predicting the elastic properties of FRPs involves
using homogenisation techniques. In these theories, the composite material is
assumed to consist of a small microstructure that is repeated throughout the
structure, similar to the microstructure shown in Figure 2.1-a [26]. The small
microstructure that contains all features of the material is referred to as the rep-
resentative volume element (RVE), and was initially introduced by [37]. There-
fore, the properties of the RVE represent the mechanical behaviour of the overall
composite structure. Various homogenisation techniques are available in the lit-
erature, including empirical, analytical and numerical techniques. However, the
focus will be on the numerical techniques as they are the most commonly used
method for FRPs. A comprehensive description of homogenisation techniques
used for composite materials, with a focus on numerical implementation and

topology optimization, is presented in a three-paper review [31{33].

One of the key elements in these models is the quanti cation of the RVE charac-
teristics such as the size, bre volume fraction and shape of the bres. Thomas et
al [93] studied the microstructure of the RVE size in CFRP with high bre volume
fraction. They demonstrated a non-uniform distribution of bres and epoxy-rich
regions within the composite layers, these factors had a huge in uence on the
considered RVE size. Stroeven et al. [87] quanti ed the RVE size utilizing a sta-
tistical procedure for determining the averages and standard deviations of peak
load, dissipated energy and strain concentration factor for RVEs with di erent
bre volume fractions. Another important element in these models is the con-
sideration of the interface failure between the bre and matrix. The progressive
debonding between bres and matrix in the RVE is investigated numerically with
di erent interface models such as cohesive-zone model (CZM) [49, 97], combina-

tion of CZM and extended nite element (XFEM) [67] and a linear elastic{brittle
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interface model (LEBIM) [98].

Once the properties are computed from the RVE, these properties are applied to

a mesoscale model, such as a test specimen, and in some cases is it applied to
a macroscale model such as aerospace structures. The process of using multiple
scale models is referred to as multi-scale modelling, which is commonly used for
predicting mechanical behaviour and investigating the failures of composites. For
instance, Mengze et al. [54] developed a multiscale modelling framework for study-
ing the in uence of void volume characteristics on the macroscopic mechanical
behaviour and damage mechanisms of CFRP. Another example is the multiscale
model developed by Tan et al. [91], for studying the e ect of interface properties
on the intralaminar and interlaminar failure behaviour of composite laminates.
The advantage of this approach over experimentally nding the properties of the
composite is that it could be calculated for any bre volume fraction, given the
individual properties of the bres and matrix. However, in multiscale models,
the accuracy of the results relies on the accuracy of each model i.e. microscale or
macroscale models. Therefore, an inaccurate result in one model will carry over

to the next level, thus propagating the error in the nal results.



17

2.3. Composites damage modelling approaches

2.3 Composites damage modelling approaches

2.3.1 Failure criteria of FRPs

The simplest method for predicting the failure of a material is by utilizing the

maximum stress (Equation 2.3) or maximum strain (Equation 2.4) criteria. Those

criteria were initially developed for isotropic materials, where a failure is assumed

to occur if the maximum stress or strain reaches the strength of the material.

Some researchers applied these criteria to anisotropic materials, by solving the

equation for each applied stress individually. This provided good prediction of

the failure of composites in certain cases such as when a tensile load is applied

transverse to the direction of the bres, as the material is more likely to fail as a

result of matrix cracking. However, the limitation of this approach is that it does

not account for the interaction between di erent damage modes. For example, in

the case of applied compressive load, the failure is expected to occur as a result

of both compression and shear stresses. Therefore, researchers developed various

criteria that account for the possible interactions of damage modes, the most

common failure criteria among these will be considered in the following sections.

f = max

f = max

—— ; Wwherei;j =1;2;3and k= t;c (2.3)

k )

"
- & Wwhereij =1;23and k= t;c (2.4)
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Tsai-Hill and Tsai-Wu failure criteria

Tsai-Hill failure criterion is one of the earliest failure criteria developed for com-
posites. Hill [38] started by deriving the Von-Mises criterion for orthotropic ma-
terials. Then Tsai [94] modi ed Hill's criterion by replacing the yield stress terms
with strength terms suitable for composite materials, the criterion is expressed
using plane stresses as de ned in Equation 2.5. Where () are the applied
directional stresses and &;; ) are the corresponding directional strength. The
criterion assumes the rst ply failure (FPF) occurs when the sum of the terms in
Equation 2.5 is equal to or greater than 1.0. This criterion is simple to implement
and e ective for predicting the overall failure of the laminate. Although it pro-
vides a prediction of the initial failure in the laminate, it is quite limited as it can
not identify the failure modes. Additionally, this criterion might underestimate
the failure stress of the material as the tensile transverse strength is much lower

than the compressive transverse strength.

2 2 2
11 22
"o = "' (5)
11 22 22 12

Tsai-Wu [48, 96] proposed a failure criterion that di erentiates between tensile
and compressive stresses in its equation. The criterion is expressed for 2D stress
in Equation 2.6, where the termsf;; F;; ) are determined experimentally from the
strength of the material at a speci c direction, and the subscriptst(c) indicates
tension and compression. The termHy,) is measured from a biaxial test, which

is dicult to obtain for each composite material. Several approximations for
this term are available in the literature such asFi, = %pm, proposed

by Tsai [95]. Although this criterion is more accurate in predicting the failure
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stress of composites than Tsai-Hill's theory, it is still incapable of determining

the failure mode in the composite.

_ 2 2 2
f=F1 11+ Fy o+ Fu1 11+ Fae 55+ Fe +2F12 11 22
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Hashin's failure criteria

Hashin and Rotem [30] presented failure criteria for UD-FRPs, considering a 2D
stress state and accounting for the tensile and compressive stresses. These crite-
ria are derived based on logical reasoning rather than micromechanics basics [70].
The criteria consider bre and matrix failure modes as shown in Equations 2.7
and 2.8. Where it distinguishes between four possible failure modes: bre ten-
sile/compressive and matrix tensile/compressive. An improvement to this cri-
teria is proposed by Hashine in [29], where 3D stress states were considered in
the derivation of the equations. In those criteria, Hahsin incorporated the shear
stress parallel to the bres in the bre tensile equation. Moreover, he included
the terms incorporating failure due to transverse shear in the matrix compressive
equation. Although Hashin's criteria are commonly used in FE software, some
researchers raised concerns about its reliability, as its predictions do not always
align with experimental results. Most of the concern is regarding the predictions
of the bre compressive and matrix tensile/compressive damage modes. Addi-
tionally, Hashin's criteria did not predict the increase in shear strength due to

applied compressive stress, as observed by experiments [66, 71]. Furthermore,
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Hashin's bre compression criterion underestimates the failure prediction, as it

did not account for in-plane shear in the bre failure equation [71].

Fibre failure
A 2
Fre = X_li =1; where k= tc (2.7)
Matrix failure
Roy My 2
Frk = W-FS_L =1; wherek=t;c (2.8)

Puck's failure criteria

Puck proposed criteria based on the physical foundations of Hashin's theory [74].
Similar to Hashin, Puck based his theory on four failure mechanisms, with an
equation derived for each damage mode. In addition, Puck used physical and
logical reasoning for incorporating the fracture plane within the damage mecha-
nisms, which increased the acceptability of the criteria. Although the concept of
considering the fracture plane was initially proposed by Hashin, he was concerned

about the potentially high computational cost [74].

Puck and Scharmann presented the criteria for a 2D stress state in [75, 76], the
equations are presented in Appendix A. The equations for bre failure are derived
assuming the damage occurs as a result of applied axial stressalong the bre
direction. Furthermore, Puck included the e ect of the strain caused by , and

3 in the bre direction, due to Poisson's e ect [47]. Puck's 2D matrix failure
criterion assumes three failure modes (A, B and C), as illustrated in Figure 2.2.

Mode-A is assumed to occur when a transverse tensile stresg) or combination
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of ( 22) and shear (,;) are applied. While modes B and C occur due to com-
pressive transverse stress and shean4). In mode-B a moderate () results

in a crack parallel to the bre's direction, with a fracture angle of 0. However,
mode-C occurs if a large (»,) is applied, and the fracture plane is inclined by

the fracture angle (+,).

Figure 2.2: Fracture curve of plane stress states [47]

Puck proposed an extended version of his criteria in [19,20, 74], which includes 3D
stress states. In this criteria, the fracture plane is assumed to occur as a result of
applied transverse load and shear and to be parallel to the bre's direction. There
is an in nite number of potential fracture planes between 90 and 90. Thus,
the fracture angle de ning the fracture plane is determined with a numerical
search [19]. However, the numerical search could increase the computational
time required to nd the solution. More details on Puck's 3D failure criteria and
alternative solutions for nding the fracture angle will be presented in section®?
and 3.4.1. Itis worth mentioning that Puck's criteria are one of the most accurate
theories in the world wide failure exercises [39]. The limitations of the theory
include the requirement for speci ¢ parameters such as the inclination parameters

that are obtained experimentally, in addition to the high computational cost
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associated with numerical search for identifying the fracture angle.

2.3.2 Progressive damage modelling

The damage criteria presented in the previous section predict the onset of damage
in the lamina or the rst ply failure in the case of a laminate. However, these
criteria don't predict the behaviour of the material after reaching the failure point.
This is important particularly in the case of laminates with multiple orientation
angles, as the lamina within the laminate are more likely to fail at di erent stress
levels. Therefore, there is a need for a model that determines the reduction
of stiness caused by cracks and then predict the stress redistribution in the
laminate. This section will present the most common methods for progressive

damage modelling of Uni-directional composites.

Ply discount method

The ply discount method is the most straightforward method to implement for
UD composites. It reduces the selected elastic properties such & G), for a
single ply that has reached the onset of failure. Then a new sti ness matrix is
calculated using the classical laminate theory (CLT). The loading then continues
until the next ply fails, where this cycle is continued until all plies within the
laminate are failed [101]. Sun and Tao [89] used a parallel spring model in con-
junction with the ply discount method in order to degrade the properties. In this
method, the longitudinal modulus €,) is reduced to zero when bre breakage
Is predicted, while the transverse modulusH>,) and shear G;,) are reduced to
zero when matrix cracks are predicted. The major limitation of this approach
Is that it cannot model the gradual degradation of the sti ness with increasing

crack density in the laminate [72].
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Continuum damage mechanics approach

A more acceptable approach in the literature is utilizing the continuum damage
mechanics (CDM), which reduces the coe cients of the sti ness matrix according

to a damage evolution law. This approach was originally proposed by Kachanov
[43] and Rabotnov [77] for isotropic materials. In this method, the stiness
matrix coe cients are degraded based on a damage variablel)(as de ned in
Equation 2.9, which ranges from 0 for an undamaged state to 1 for a fully damaged
state. Several researchers proposed progressive damage models based on CDM for
anisotropic materials e.g Matzenmiller [64], Talreja [90], Highsmith and Reifsnider

[36] and Allen [2].

¢=@ dcC (2.9)

The de nition of damage variable (d) is de ned by the damage evolution law,
which characterises the post-damage behaviour of the material. A common ap-
proach is to de ne this variable based on the energy dissipation during the damage
process, where a linear behaviour is assumed in some studies such as [27,50], while
in others such as [81] a nonlinear behaviour is considered. One of the drawbacks
of this approach is the mesh dependency of the numerical solution when using

it with FEA. The energy dissipated decreases with mesh re nement when the
material exhibits a strain softening behaviour. Bazant and Oh [8] have addressed
this issue using a crack band model. This model is used in some studies such
as Lapczyk and Hurtado [50] and Maim et al. [60] for minimizing the mesh

dependency in 2D composite models.
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2.4 Overview of existing research damage mod-

elling of FMLs

2.4.1 Analytical models for analysing damage in FMLs

This section provides an overview of the literature discussing the analytical consti-
tutive models used to predict the response of FMLs. These models were developed
based on the classical laminate theory (CLT), which comprises a set of mathemat-
ical equations that predicts the mechanical behaviour of laminated composites by
providing the mechanical properties of the bre and matrix, the bre orientation
and the laminate thickness. In addition, some models contain equations for pre-
dicting the plasticity of the metal layers within the FML and failure criteria for
predicting the failure of the FML. Most of the literature focused on determining
Young's modulus, the ultimate strength, and the strain at failure. However, some
researchers went beyond that and developed mathematical models that predict

the failure mode and rst ply failure (FPF) in FMLs.

The CLT forms the basis of the mathematical formulations that predict the re-
sponse of FMLs [11, 15, 80, 103]. Equation 2.10 represents the CLT, which de-
scribes the behaviour of a laminate, where the forcedl { and moments (M) are
related to mid-plane strains { ) and curvatures ) [61]. The terms [A], [B] and
[D] are the extension, coupling and bending sti ness matrices respectively, where
these matrices are de ned by Equation 2.12. Q is the sti ness matrixt), and

h« 1) are distances relative to the midplane of the lamina from the reference
system used for de ning the thickness of each laminate. It is important to note
that the coupling matrix [B] is zero for FMLs as they have symmetric laminates.
Where a plane of symmetry exists at the midplane of the laminate; therefore, any

bending e ect will be balanced by the mirrored ply.
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To analyse the overall behaviour of an FML, the behaviour of the metallic layers
has to be accounted for in the stiness matrix. Wu and Yang [10] adjusted
the sti ness matrix of composites to incorporate the elastic properties of metals.
Equation 2.12 illustrates the extension matrix [A], wher@”' and n® represent the
number of layers anch®' and h® are the thickness of the aluminium and composite
layers respectively. Another approach [6] calculated the overall Young's modulus

of the FML by the rule of mixtures shown in Equation 2.13.

[A]=n* Q" h* + n°[Q]h° (2.12)

Ea=fiore = EaVa + Ec (1 Val) (2-13)
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As shown previously, the CLT represents the elastic behaviour of the material,
therefore, the elastic behaviour of metals was easily included within the CLT.
However, the challenge lies in accounting for the plasticity of metals in the CLT
due to its nonlinear behaviour. Various approaches were employed for modelling
the plasticity of metals in the FML. One approach involved using the ow the-
ory of von Mises to describe the elastoplastic behaviour of aluminium layers in
GLARE, thus, the Q matrix included the elastic behaviour of glass/epoxy and
elastoplastic tangent modulus of aluminium [45]. Another approach employed an
equivalent material approach, where the modulus and Poisson's ratio after the
yield point were substituted with equivalent material properties, as illustrated in
Equation 2.14 [41,80]. The equivalent modulug.y represents the slope of the
line from an origin to a point after the yield point in the stress-strain curve of
aluminium. This term is calculated from the stress-strain curve of aluminium,
which accounts for the elastic and plastic strain at a certain point. Equation 2.14
will be used to calculate the equivalent Poisson's ratig.,, and these values were

then substituted in the CLT to determine the extensional matrix [A].

1 =31 2vy) (2.14)

Failure criteria are incorporated in some analytical models for determining the
strength and failure strain of the FML as well as for predicting the failure modes
and the FPF. Researchers typically examined the failure of FMLs in two main
approaches. The rst approach assumes that the dominant failure mode in a static
uniaxial tensile test of FMLs will be in a composite layer rather than in a metal
layer. In this approach the maximum strain failure criterion (Equation 2.4) was

adopted for predicting the strength of FMLs. Wu et al. [103] used this approach
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to predict the strength of GLARE. The fracture of GLARE is expected to occur
when the strain in the glass/epoxy layers reaches the ultimate strain. Therefore,
the aluminium sheets are excluded from the assessment of GLARE failure as
aluminium exhibits higher failure strain. Although this method is capable of
predicting the rst ply failure, it is quite limited as it cannot predict the gradual

failure process and the failure modes in FMLSs.

The second approach involves using two failure criteria: one for predicting the
failure of the metal layers and another for predicting the failure of the composite
layers. For instance, [41,80] used Tsai-Hill to predict the failure of Glass/epoxy
layers and the maximum strain theory to predict the failure of aluminium. In this
approach, the nal failure of the FML is assumed to occur when either criterion
is met rst. This approach succeeded in obtaining the rst ply failure and the
overall strength of the lamina. However, it is not capable of capturing the failure

modes.
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2.4.2 Numerical models for simulating damage in FMLs

This section provides an overview of the numerical techniques that have been used
for modelling the response and failure mechanisms of FMLs in tensile and bending
tests. The challenges of modelling the mechanical response of FMLs involve
studying plastic deformation, delamination, crack initiation and propagation in
the laminates. Therefore, those models should include the behaviour of each
FML constituent and a failure criterion that could predict the failure modes. The
details of the FE models along with the parameters that in uence the results are

reviewed and presented in the following paragraphs.

Damage models of FMLs under applied tensile load

The predominant approach for simulating FMLs involves modelling the metal
layers as elastic-plastic materials by de ning the elastic properties and isotropic
hardening plasticity. Additionally, an elastic behaviour is considered for the
composite layers with de ned orthotropic material properties. However, vari-
ous failure criteria have been used for predicting the damage of each constituent.
Sadeghpour et al. [83] have used von Mises stress and the maximum stress failure
criteria for assessing the yield of aluminium layers and the damage in composite
layers respectively. A more common approach is utilizing Hashin's failure 2D
criterion for predicting the damage initiation of composites [35,56,105,106]. This
criterion is more precise than the maximum stress criterion as it distinguishes
between four damage mechanisms: bre tension/compression and matrix ten-
sion/compression. The progressive damage of metal layers is commonly modelled
with ductile damage model available in ABAQUS (Equation 2.15), WherépD' is

the equivalent plastic strain at the onset of damagé',E,' Is the equivalent plastic
strain and is the stress triaxiality. He et al [27] used this model for predicting

the damage initiation and evolution of aluminium layers in CARALL, and Du et

al. [22] used the same criterion for titanium. Some researchers expected that the
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failure would occur rst in the composite layers [50,56]. As the ultimate failure
strain of aluminium is higher than that of composites. Therefore, they did not

apply any failure criterion to the metal layers in the FML.

Wp= —— =1 (2.15)

In the literature, few researchers modelled the failure mechanisms of FMLs by
means of FE techniques. Specically, studies such as [34, 35, 56] investigated
the failure morphologies of di erent FMLs and validated their FE models with
experimental results. In those studies, it is commonly observed that on-axis FMLs
tend to have fracture path perpendicular to the loading direction. While fracture
paths of o -axis FMLs vary depending on the bre's orientation in the composite
layers. For instance, the crack path of an FML with £ 45°] is oriented towards

the direction of the bres [56]; also, tilted cracks might form at the edges of the
specimen due to shear stress [34]. Nevertheless, the cracks in the metal layers are
generally observed to be perpendicular to the loading direction in both on and

0 -axis FMLs [56].

Failure sequence in FMLs is a complex topic because each constituent in the FML
has a unique failure mechanism. Consequently, monitoring the failure sequence
during experiments is di cult as it might include bre pull-out and interfacial
damage. The numerical methods would better describe the failure sequence of
FMLs as they can capture the details of the fracture. In the literature, the
failure sequence is rarely investigated in FMLs. Lin et al. [56] and He et al. [34]
investigated the failure sequence of CARALL in an open-hole tensile tensile test.

In both studies, the conclusion drawn is that the failure sequence of both on-
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axis and o -axis specimens started with the yield of aluminium layers, followed
by matrix cracking in the 90° and +45° layers. Subsequently, the specimens
began to deform plastically due to the plasticity of the aluminium layers. The
nal stage involved delamination between the layers and bre breakage in the’0
direction. This conclusion agreed well with Alderlisten's [1] observation about the
delamination that occurred at the last stage just before the full fracture of an FML
specimen. He et al. [34] provided detailed elaboration on the failure sequence of
CARALL from their FE models. They observed more bre tension damage in
the 0° layers, but more matrix tension damage in the 90layers. However, for
the o -axis FML bre tension, matrix tension and compression damage modes
were observed in botht 45° layers. Similar failure morphologies were observed in

titanium/CFRP FMLs [22].

Damage models of FMLs under applied bending load

The bending behaviour of FMLs received relatively less attention from researchers.
The bending behaviour of CARALL and GLARE were investigated experimen-
tally through a 3-point bending test by several researchers [46,58,69]. However,
there is a limited amount of research conducted to investigate the exural be-
haviour of FMLs using numerical models. This section will provide an overview
of the studies that investigated the damage of FMLs under the 3-point bending
test. These studies are reviewed based on the main aspects of the numerical

model and their signi cant ndings.

Hashin's failure criteria are commonly used in the exural bending models of
CARALL such as [55,104] and GLARE [42,79]. Another failure criterion, un-
commonly used in FE models in general, is Linde criteria [57], which is a strain-
based progressive damage model. Hu et al. [40] adopted this criteria for assessing

the damage of composites in their 3-point bending model. Additionally, Gao et
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al. [25] compared the exural behaviour of CARALL using Hashin's and Linde's

criteria. The only evident use of Puck's criteria in these models is in [55] who used
the 2D version of Puck only for the assessment of matrix compressive failure. Re-
garding the interlaminar failure, cohesive models with zero thickness [25,40, 104]

and surface-based cohesive model [55] are used in these models.

Most researchers studied the exural behaviour and damage of on-axis FMLs
and compared the results with experimental data such as [9, 25,40]. A common
observation from these models is that the bre breakage happened in the layers
while matrix cracking in the 90 layers and delamination occurred prior to the
failure of the bre [42]. Yao et al. [104] compared the exural behaviour of on-axis
and o -axis CARALL. Where they concluded that o -axis FML specimens show

lower exural load, but higher bending deformation.
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Chapter 3

Development of a computational

damage model for FMLs

3.1 Introduction

The current numerical framework integrates multiple criteria, including failure
initiation criteria, interface model and damage evolution laws, aiming to simu-
late the mechanical behaviour and failure mechanisms occurring in FMLs under
various mechanical tests. The current composite damage model was developed
based on continuum damage mechanics assuming transversely isotropic material
behaviour. Where the onset of damage in bre and matrix was assessed based on
the 3-dimensional failure criteria of Hashin and Puck respectively. The damage
propagation was modelled utilizing an equivalent displacement and stress evo-
lution law. Moreover, the current model incorporates the Johnson-cook model
for analysing the plasticity in metal layers within FMLs. Additionally, a cohesive
surface-based model is included for studying the delamination between the layers.

This formulation is implemented on 3D elements to overcome certain limitations

33
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associated with plane stress damage models.

3.2 Elastic behaviour of composites

The initial step in implementing the user de ned subroutine involves de ning
the initial material behaviour. In the current model, a transversely isotropic
material behaviour is assumed for the de nition of the elastic behaviour of com-
posites. This model, as described in section 2.2.1, has one axis of symmetry
So it requires de ning ve independent constants for the de nition of their sti -
ness matrix (Equation 3.1) [7]. The constants areE;; Ezo; 12; 23; Giz, While,
Ess; 13; G13; Gys are dependent constants and can be calculated using the expres-

sions 3.2 to 3.5.

2 3 2 32 3
1 23 3 12 32 13 13 12 23 "
11 E22E33 E11E33 E11E22 0 0 0 11
12 32 13 1 1331 23 21 13 "
22 E11E33 E22E33 E11E22 0 0 0 22
13 12 23 23 2113 1 120 1 "
33 - E22E3s3 E11E3s3 E11E22 0 0 0 33 (3 1)
” 0 0 0 Gp 0 0 1
13 0 0 0 0 Giz O 13
23 0 0 0 0 0 Go3 23
Where = L1 1221 233 3 13 221 32 13
E11E22E33
E2 = Es3 (3.2)
125 13 (3.3)

G = Gys (3.4)
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E>

Caa = 2(1+ 2)

(3.5)

In the VUMAT subroutine, the stress states are computed at each material point.
Initially, the material properties are read from the Abaqus/CAE, then strain val-
ues are obtained at each material point. After that, the sti ness matrix compo-
nents are calculated using their de nitions in Equation 3.1, which are then used

to solve for the stresses.

3.3 Fibre failure criteria

The damage initiation in bres is assessed based on Hashin's bre failure cri-
terion [29], which identi es two primary failure modes for bres: bre rupture
under tension and bre buckling under compression (kinking). In addition, the
criterion suggests that these modes are most likely to occur transverse to the bre
orientation speci cally at the plane (X,; X3). Therefore, bre tensile failure is
caused by 11, 12 and i3, this is damage modeKy ) is expressed based on the
strength along bre direction and the in-plane and out-of-plane shear strengths as
shown in Equation 3.6. The term in Equation 3.6 determines the contribution

of shear terms to bre tensile failure, ranging from 0 to 1. In the early Hashin's
theory (1973) [30] was set to zero, however, in the later quadratic version of
the theory [29] was set to 1. Currently, there is insu cient evidence to justify

an intermediate value of between O and 1. Therefore, in the current work, a
value of 1 is used to account for shear stress. The bre compressive damage mode
(Ftc) is expressed based on the applied compressive load on the bre direction as

de ned in Equation 3.7.
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Fibre tension (™, 0)

N 2 N 2 N 2
Fe= 3¢ * o * o =1 (3.6)
Fibre compression (11 < 0)
All 2
ch = X_C =1 (37)

3.4 Matrix failure criteria

Puck's inter bre fracture (IFF) criterion was adopted in the current model to
assess the damage initiation in the matrix. The criterion was developed based on
the brittle behaviour of composites, assuming the material exhibits transversely
isotropic characteristics [20]. IFF is based on two physical fracture hypotheses
[74]: rstly the inter bre fracture occurring at a bre parallel plane is in uenced

by normal and shear stresses speci cally applied at that plane. Secondly, in the
presence of transverse tensile stress, the fracture is caused either by the normal
stress independently or in combination with shear stresses. However, the normal
stress will not cause fracture (crack opening) on its own in the presence of applied

transverse compressive stress.

In the de nition of stresses, Puck used the subscripts?() and (k) to refer to
the direction perpendicular and parallel to the bre's direction respectively, as
this emphasises the transverse isotropic nature of the material [47]. Therefore,

the longitudinal and transverse normal stressing and longitudinal and transverse
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shear stressing are dened as (, -, -, ») respectively.

IFF is an action plane related criterion, therefore it is important to distinguish

between the action plane and the fracture plane. The action plane is the plane
where the stress is applied, while the fracture plane is the plane where brittle
fracture occurs. Indeed, in certain cases, the fracture might occur at a plane
di erent from where the stress is initially applied, as will be demonstrated later.

To establish a relationship between the stresses acting on the action plane and its
resistance, Puck introduced the concept of fracture resistance of the action plane
RA [19]. This fracture resistance is de ned as the amount of stress required to

prevent fracture on a speci c action plane.

Figure 3.1 demonstrates the fracture planes that occur when applying one of
the basic stressings (>, -, 272 ). According to experimental observations [74],
applying a tensile normal stressing’, results in a fracture plane perpendicular to
the direction of the applied stressing. In this case, the strength of the materigl,
and the fracture resistance of the action plan®5" have identical values, as the
fracture plane aligns with the action plane of the applied stressing [19]. Similarly,
applying shear stressing -« , leads to a shear fracture on its action plane, thus

R4 is equal toRY, .

In contrast, a specimen subjected to transverse shear stressing, fails at an an-
gle of 45 according to experiments [74]. Therefore, the action plane and fracture
plane do not coincide, thusR%, 6 R., ). According to [19],R), is unattainable
experimentally as the fracture of brittle materials due to applied,, does not oc-
cur at the action plane nor does it result in shear fracture. Moreover, a specimen
subjected to transverse compression stressing results in fracture plane inclined
by 50 [74]. From an experimental point of viewR}, could be calculated from

a uniaxial transverse compression test, as the applied leads to »» -shear frac-
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ture at 54 [19]. Therefore, Puck introduced Equation 3.8 to calculat&®ss
based onR$ and the inclination parameterps, . It is worth mentioning that the
strength parameters R}, R}, , RS) are determined experimentally from UD-ply

specimens in a composite test.

20+ 15, )

Figure 3.1: Fracture planes of UD composites under uniaxial or shear stress

As described above, IFF is based on three stress components acting on an action
plane parallel to the bres direction. Therefore, Puck proposed a new coordinate
system that aligns better with this criterion. This coordinate system involves
rotating the conventional coordinate system X;X,; X3) by an angle , thus

yielding the (X,; X¢; X 1) coordinate system, as demonstrated in Figure 3.2. The
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action plane stresses in the IFF (,; nt; n) are derived from the stresses applied
along the normal directions Ki; X,; X3), as illustrated in Figure 3.2. This is
done using the transformation matrix outlined in Equation 3.9. The action plane
stresses are described in terms of the action plane anglewhere there is an
in nite number of action planes in the range from -90 to 90 . Once fracture
occurs, the action plane orientation is then referred to as the fracture plane
orientation ( r,). The determination of ( ¢,) requires a numerical search, which

will be discussed in the following section.

3

2

2 2 22

n( ) cog( ) sin?( ) 2 cos() sin( ) 0 33

E nt ( )% E cos()sin( ) cos()sin( ) co()  sin() % (3.9)
ni( ) 0 0 sin() COS() 13

12

Figure 3.2: De nition of action-plane stresses (,; nt; n1) On bre parallel plane
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The conditions governing the IFF are visualized through the master fracture
body (MFB) in Figure 3.3. The MFB consists of two parts: an elliptical curve
representing the tensile , and a parabola representing the compressivg. The
known point on the MFB are (R}, R, R$). The boundaries of the MFB
are considered as the damage initiation points, indicating that any stress values
within the envelope are considered to be undamaged. At =0 both ,; and ;
are causing shear, therefore, they have a common action plane, where an elliptical
criterion is assumed to nd the , from the applied ( ; n1), @as de ned in Figure
3.3 and Equation 3.10. When ,; »; are applied and ,; = 0, the resultant
fracture will be in its own action plane (7, = 0) [19], This is demonstrated as a
branch of an ellipse in Figure 3.3, which cuts the, axis atR, and , at R .

In the negative | axis, the fracture continues to in nity with parabolic lines,

this indicates that a compressive , alone will not cause fracture.

2 t 2 1 ’
noo- ™4 " =1 for .=0 3.10
R R, R, ” (3-10)

The following paragraphs outline the mathematical formulation of the IFF. The
equations presented are sourced from references [74], [19] and [47]. Equation
3.11 represents the elliptical part of the MFB for , 0, While Equation 3.12

characterizes the parabolic portion of the MFB for , < O.

2 2

L +C C

— =1 for 0 3.11

n
+
At
R’?
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Figure 3.3: The master fracture body (MFB) in (n; nt; n1)-Space [47]

+cn,=1 for , <O (3.12)

The ellipse includes 3 known points, which are:

(n;n)= RS0 for , axis (3.13)

and (n;n)= 0 RS for , axis (3.14)

Considering the resultant shear stress, = P Z+ 2 at the cross-section
where (, = 0), along with the geometric relationships (, = , cos ) and

( 1= n sin ). By substituting these relations into Equation 3.10 leads to the

derivation of Equation 3.15.
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2 I

2 . )

4 COos SN
+

Ré? R’?Ak

g W
Nl

RS =

(3.15)

The ellipse intersects the , -axis with a certain inclination, as shown in Figure
3.3. Although the ellipse and the parabola intersect at (, =0; R% ), there is
a slight variation in the inclination of the parabola. The parameters de ning the
inclination are de ned at the |, = 0 for the ellipse in Equation 3.16 and for the

parabola in Equation 3.17.

8
ellipse 2 t for >0
" = P " (3.16)
nooa=0 T for n <0
8
parabola E C for >0
n = P " (3.17)
N =0 S 03 for , <O

Using the conditions in the above equations, the constants( c;; ¢3) in Equations

3.11 and 3.12 become as shown in the Equations below.
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P, RS

=222
1 Rﬁ

t RAt

=1 22 (3.18)

R’?

P5

c=2-

R

The inclination parameters are de ned under two conditions, at =0 and =
90, as it is easier to nd the values experimentally under these conditions. At
= 0, where there are values for , and ,; while , = 0, pE.,k de nes the
inclination for the ellipse, andp§, for the parabola. At = 90, where values

for , and . exist, p5, de nes the inclination for the ellipse, andpS, for the
parabola. These inclination parameters are determined experimentally. In the
current study, the values listed in Table 3.1 were considered for the GFRP and
CFRP as recommended by [19]. For combined shear stressgsand ,i, the

interpolation procedure in Equation 3.19 is utilized.

Table 3.1: Inclination parameters [19]

{ c { c
Pk Pk Py P

GFRP 0.30 0.25 0.20to 0.25
CFRP 0.35 0.30 0.251t00.30
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&k .2
cog + sin (3.19)

RY  R% %
2

W|th, COSZ = %
+

nt nl
2 21
. . _ n

with, sin® = 7 2

The second order polynomials outlined in Equations 3.11 and 3.12 de ne the MFB
used for the IFF. Where , and , are the stresses at IFF, with the right side of
the equations equal to 1.0 at fracture. Equations 3.11 and 3.12 are rearranged to
create a homogeneous function in the rst degree of stresses, as expressed in [19].
Therefore, the nal formulation of IFF criterion equations are 3.20 for , 0

and 3.21 for , < 0.

For , O
V ou . 9 .
u ! o T2
b1 p () 2 ni()
ferr ()= mw g o)+ +
= R R} T R% R
P,
+ ox n() (3.:20)
For , <O
\d i 2 i 2
P pg nt( ) ? nl( ) pE)
feo = : + + —— 3.21
EIFF ( ) Ré n( ) Ré’? Rﬁk Ré\ n( ) ( )
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3.4.1 Fracture angle search algorithm

Although Puck's IFF criterion is considered one of the most reasonable and accu-
rate criteria for the assessment of failure in bre composites, many researchers are
hesitant to use it due to its high consumption of computational power. The IFF
Equations 3.20 and 3.21 are formulated in terms of the action-plane orientation

, Which is ranging from 90 to 90 . Therefore, solving the failure exposure
valuesfe gr + and fe g, requires identifying the fracture plane orientation.
Puck utilised the Stepwise Search Method (SSM) to compute these values. In
this approach, the failure exposure value is calculated for each action-plane angle

from 90 < 90 with a1l increment [47]. Then, the results are compared
to identify the maximum failure exposure value and its corresponding fracture

plane angle ¢, .

To clearly visualize the inclination angles () and their corresponding solution of
the failure exposure values (IFF), a plot of ( vs IFF) is created for a composite
material (AS4/PEEK) whose properties and stress states are given in Table 3.2.
The plot of ( vs IFF) using the SSM is illustrated in Figure 3.4, where the
red points represent IFF values for , 0, while the blue points indicate IFF
values for , < 0. Applying the SSM procedure to the current example yields
180 solution points within the range of 90 < 90 for each material point,
as illustrated in Figure 3.4. Where the maximum point, marked with a green
asterisk (*), is the fracture angle ,. Although this method is easy to implement
within a subroutine, it presents certain limitations such as consuming a signi cant
amount of computational power and potential accuracy issues due to neglecting

the decimal values of the angle.

The literature showed several attempts to determine the fracture angle with nu-
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Table 3.2: Material properties and stress state applied on AS4/PEEK [59, 82, 88]

Strength (MPa) Stress states (MPa)

R, Rx RS 22 33 12 23 13
92.7 82.6 176 43 -18 -8 -52 -8

merical methods; some of these models are presented in the following paragraphs.
The EGSS (Extended Golden Section Search) algorithm, developed by Weigand
et al. [102], combines the Golden Section Search (GSS) algorithm with the In-
verse Parabolic Interpolation method [73]. The algorithm starts with a numerical
search for the function's maximum using the GSS, which is done by searching for
the maximum value in the range of ; = 90 to , = 90 . Then nding two
values within the boundary (, and 3) according to the golden ratio. Finally
comparing thefg, g of the mid s and eliminating the values to the left or right

of the theta with the lower fg, ¢ value.

Weigand et al. [102] found that the GSS is accurate in nding the maximum
but it requires a large number of iterations for nding the accurate value of

the fracture angle (,). Therefore, they proposed the Extended Golden Section
Search (EGGS) algorithm, at which they applied the parabolic interpolation in

Equation 3.22, to nd the ( p) which is assumed to be a maximum of a parabola
bracketed by upper and lower bounds of the last Golden Section Search and

»), as indicated by Equation 3.22.

(2 l)z(fE;IFF @ feirF (3)) (2 3)2(fE;IFF @ feire (l))
(2 D(feirr @ fewrr @) (2 3)(feure @ feire @)
(3.22)
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Figure 3.4: Failure exposure vs. inclination angle using the Stepwise Search
Method (SSM)

Schirmaier et al. [84] discovered that the EGGS is inaccurate in ning they, in
curves with multiple peaks. The GSS actually excludes the global maximum value
when it is located near the initial boundaries 90. Schirmaier et al. conducted
a comparative study between EGGS and SSM considering®1€iress states and

found that the fracture angle is 5 more in 20% of the stress states.

Schirmaier et al. [84] proposed a new approach for determining the fracture an-
gle t,, called the Range Golden Section Search algorithm (SRGSS). Unlike the
EGSS, SRGSS does not require the implementation of an interpolation proce-
dure. Instead, it calculates 18 supporting points at intervals of 10then locates
the maximum values along with their two smaller neighbours. Subsequently,
the method applies the GSS within each selected range to search for the local

maximum value. Finally, it compares the local maximum values to determine
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the global maximum which corresponds to the fracture angle,. Although this
method does not require parabolic interpolation, it requires multiple iterations
to achieve an accurate value of the fracture angle, making it computationally

ine cient.

Rezasefat et al. [82] presented a new algorithm that does not require an iterative
procedure, named Simple parabolic interpolation search (SPIS). Similar to the
SRGSS, the algorithm starts with determining 19 supporting points and isolating
the ranges containing maximum. Then nding the global maximum by comparing
the middle point of the ranges in the previous step. Finally, applying parabolic
interpolation within the range including the global maximum for achieving an
accurate value for the fracture angle. And then comparing the global maximum

with failure exposure at the boundaries (90 ).

In the current subroutine, a more e cient approach has been utilized. Through
this approach, the improvement in computational power is demonstrated by solv-
ing the example of (AS4/PEEK), which was introduced at the beginning of this
section. Where the new curve of (vsfg.gr ) has been illustrated in Figure 3.6.
The rst step in the current approach involves solving the failure exposure factors
Equations 3.20 and 3.21 19 times in order to construct the (vs fg.r¢ ) curve.
Here a 10 interval is used, as investigations conducted by Schirmaier et al. [84]
suggest that the minimum distance containing two maxima is 25 therefore a
20 range should include only one maximum. These points are illustrated as blue
and red circles in the ( vsfg., ¢ ) curve in Figure 3.6. The next step is to locate
the peaks by comparing the IFF values of each 3 supporting points (a maximum

and two neighbouring points), and then saving the 3 points that shape a peak.

The next step involves employing Brent's method to nd the exact maximum

point. Brent's method, as outlined in [73], is a numerical method that combines
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Figure 3.5: Steps for implementing the fast search algorithm

the GSS and the parabolic interpolation. In the current context, Brent's method
is adopted to identify the global maximum in the ( vs fg gr ) curve. Brent's
method starts by applying the parabolic interpolation (Equation 3.22) to nd the
maximum between two points. However, it switches to the GSS when Equation
3.22 diverges i.e. (denominator = 0). This step saves the maxima of all peaks
within the curve. Then the global maximum value is evaluated by comparing
these values, this is identi ed by a green asterisk in Figure 3.6. The nal step
involves comparing the maximum value with the g, of the boundaries as they
might include a higher value. The ow chart illustrated in Figure 3.5 summarises

the steps used in the subroutine for nding the fracture angle.
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Figure 3.6: Failure exposure vs. inclination angle using the current approach

3.5 Damage evolution model

Once the damage is initiated at a material point, the sti ness matrix coe cients
are degraded according to the damage evolution law. In the present subroutine,
the evolution law is based on the energy dissipated during damage, which is
governed by the equivalent displacements and stresses. This formulation was
originally proposed by I. Lapczyk and J. Hurtado [50] for 2D bre composites
and implemented in an implicit solver. In this study, Lapcyk's evolution law was
extended to account for 3D stresses in order to ensure compatibility with the

initiation criteria presented in the previous sections.

The concept involves implementing a degradation model that maintains the or-
thographic nature of the material, thus aligning with the assumption of treating

the material as a homogenized continuum within a 3D space. The basic idea of
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the current model is to degrade the sti ness matrix coe cients based on de ned
damage variables that are compatible with the material's characteristics, as pro-
posed by Matzenmiller et al. [64]. This approach relates the e ective stresses to
nominal stresses using the form = M |, whereM is the damage operator, which

has the form:

2 3
A 0 0 0 0 0
0 & 0o 0 0 O
0o 0 < 0o o0 o
M = n (3.23)
0 0 0 i 0 0
0 0 0 0 i 0
o 0o o0 0 o0 %

1 d53

With the equation above, each component in the sti ness matrix is degraded with

a unique damage variable. The bre damage variabld: degrades the material in
the bre direction only, therefore it is applied to componentCy; of the sti ness
matrix. Similarly, the material is degraded with the matrix damage variablesl,»

and dqy3 at directions 2 and 3 respectively, which corresponds to bre parallel
directions as de ned in Equation 3.24. The damage variables have di erent values
for tension and compression denoted as subscript respectively. However,
the maximum between the tension and compression is considered in sti ness
degradation. Shear stress damage variables are related to the main variables as
recommended by [50] and [12]. The damage operator is applied to the compliance
matrix as illustrated in Equation 3.24. While the corresponding sti ness matrix

components are listed in 3.25.
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2 3
TaEn B e 0 0 0
% T aoEn  Es 0 0 0
s1=f = & G 0 0O
0 0 0 m 0 0
0 0 0 0 m 0
0 0 0 0 0 m
(3.24)

Where,ds; =1 (1 di)(X dic)(1 dm2) (1 dme2);
d2=1 (1 dt)(1 dic)(I dmez)(X  dmes)
ds3=1 (1 dm2)(1 dme2) (T dmez)(1 dmcs)

di = max fd; dicg; dnz = max f dmi2; dnc29; dms = max f dmes; dmesg

Resultant sti ness matrix component:

Cu=En(@ d) 1 (1 dn)(l dms) 2 =A

Cio=Ez(@ d)(1 dn2)[(1 dms3) 13 23+ 12]=A

Co=Ez(l dn2)[l (1 d)(1 dms) 13 13]=A

Ciz=Esx(l di)(1 dnag)[(1 dm2) 12 23+ 13]=A

Ci3= Exs(l dm3)[1 (1 ) dm2) 12 ] =A (3.25)
Cx3=E3z(l dn2)(X dn3)[(T df) 12 ;1 + 23]=A

Cu=Gp2(1 di)(@ dn2)

Cs5=G3(1 di)(X dn3)

Ces = Go3(1 dm2)(1 dna)

With,
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A=1 (1 di)@ dn2) 12210 1 dm2)(X dm3) 25 1 )1 dms) 13 2
2(1 0 )1 dm2)(1  dmz) 12 31 23

It is assumed that the constitutive law is linear between the stress and strain both
in the initial material response and during damage degradation. The calculation
of damage variables is dependent on the energy dissipated during the damage
process G.), the area under the stress-strain curve. The damage variables have

a value between 0 and 1, where 0 is an undamaged state, while 1 is fully damaged.

The calculation of the damage variables for each damage mode is based on the

equivalent displacement as de ned in Equation 3.26, wheré;’;eq and |_ are the

I;eq
equivalent displacements at damage initiation and at full failure respectively. In
equation 3.26, the nal equivalent displacement is unknown, which is calculated
using Equation 3.28, assuming a given fracture energy and a linear softening be-
haviour as shown in Figure 3.7. The initial equivalent displacement and stress in
Equations 3.26 and 3.28 are solved using Equations 3.27 and 3.29, which are de-
pendent on damage initiation variablesk, ) for each failure mode {;; f; m¢; me).
While .¢q and g indicate the current equivalent displacement and stress,
which were calculated using the equations listed in Table 3.3, wherk] is the
characteristic length, as suggested by [50] and [12]. It is worth mentioning that
the damage variable values taken into account in the sti ness matrix are equal to

the maximum between the current and the previous value computed by Equation

3.26, since the damage evolution is an irreversible process [50].

{- (I'eq |O )
d = =9~ 4 | 2ff;fe;me;meg (3.26)

f 0 !
I;eq( l;eq I;eq)
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Figure 3.7: Linear softening in Equivalent stress vs displacement plot

O = p'%_ql (3.27)
2G.

leq = —— (3.28)
I;eq

0o = p'%* (3.29)
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Table 3.3: Equivalent displacements and stresses

Damage mode leq

I;eq

. . P _
Fibre traction ( 11 0) Le Hpi2+ "2, + "2,

Fibre compression (11 < 0) Lch "qqi

0 Lo

Matrix traction (2 H i+ "2, + "2,

Matrix compression (2, < 0) L. h "ni2+ "%, + "5,

Lo(h 11ih"11i+ 12"120+ 13"13)
eq;ft

Le(h 11ih "11i)

eq;fc
Lco(h 22ih"p2i+ 12"12+ 23"23)

eq;mt 2

Lo(h  22ih "p2i+ 12"12+ 23"23)

eq;mc 2

Lc(h 33ih"33i+ 13"13+ 23"23)

p
H H 1 H np np
Matrix traction ( 33 0) Lo Hgsiz+ "4+ "2, o
"33i+ 13”13+ 23"23)

eq;mc 3

Lc(h  ssih

. . p .
Matrix compression (33 < 0) Le h "gi2+ "2, + "2,

3.5.1 Element deletion

The nal step of the current subroutine involves deleting the fully damaged el-
ements in order to simulate the crack propagation phenomena. The element
deletion criterion used in this model is based on the damage threshold and the
change of volume in a certain element. This was accomplished by computing the
determinant of the deformation gradient (let(F)). The deformation gradient (F)

is de ned as the derivative of the position vector X) in the current con guration
with respect to the position vector X) in reference con guration, as de ned in
Equation 3.30 [68]. The determinant of the deformation gradientet(F)) is then

the ratio of the deformed volume to the undeformed volume\\—,’g) [92].

F= @@; (3.30)

According to the de nition of (det(F)), a value of det(F) < 1 indicates com-
pression, whiledet(F) > 1 denotes tension. Thedet(F)) limits depend on the
model characteristics, values ranging from 0.6 to 1.6 were suggested by [92], with

a value of 1.2 for tension and 0.8 for compression being appropriate for the current
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models. An element is deleted if one of the conditions in 3.31 is satis ed. It is
worth mentioning that the current criteria for element deletion are not expected
to a ect the simulation results, as elements are only deleted after reaching the
de ned damage threshold. However, the limits oflet(F ) were appropriate in the
current simulation for static mechanical tests and they might not apply to other

loading conditions i.e. dynamic loads.

o2
(g}

0:99 and 0:8 < det(F) > 0:8
(3.31)

8
% dty 0:99anddetF) 1.2
% dnt 0:99and detF) 1.2

“dne 0:99and 0:8< det(F) > 0:8

A comprehensive VUMAT user-de ned subroutine is developed in Fortran and
linked with Abaqus/Explicit to implement the theories discussed in this chapter.

A owchart summarising the entire subroutine is illustrated in 3.8. The subrou-
tine begins with reading the material properties and updating the strain from
Abaqus CAE, then the stresses are calculated from the material model presented
In section 3.2. The stresses are then used to solve Hashin and Puck failure cri-
teria. Where the search algorithm is used in conjunction with Puck's criterion
as shown in 3.8. If the failure criteria are satis ed, the damage evolution law is

calculated and the distorted elements are deleted.
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3.5. Damage evolution model

Figure 3.8: Subroutine owchart
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3.6 Metal sheets failure criterion

This section presents the material models utilized to de ne the mechanical be-
haviour of the metal layers integrated within FMLs. The overall behaviour of
metals is illustrated in Figure 3.9, which demonstrates an elastic-plastic response
with isotropic hardening. Initially, the material behaves linearly until reaching
the yield point ( o), in this stage the material is de ned by its Young's modu-
lus (E) and poisons ratio (). Following the yield point, the materials exhibit a
non-linearly response until reaching the ultimate tensile strength denoted by the
ultimate stress ( yo) and equivalent plastic strain ('8'). This point is used for
de ning the onset of damage or the damage initiation point, marked as (point-D)
in Figure 3.9. If a failure criterion is not speci ed the behaviour will continue
following the dashed curve in Figure 3.9. However, if a failure criterion is met

the degradation of sti ness starts until reaching the full failure at"?'.

Figure 3.9: A typical stress-strain curve for elastic-plastic material [86]

The onset of damage in the aluminium layers integrated within the FMLs is

assessed utilizing the Johnson-cook damage model available in Abaqus/explicit



59 3.6. Metal sheets failure criterion

[86]. In this model, the damage initiation is assessed based on the equivalent
plastic strain increment at the onset of damage "P' and the equivalent plastic
strain at failure "P', as de ned in equation 3.32. Where the failure is assumed
to occur when the damage variablé exceeds 1."?' is de ned by Johnson-Cook
failure model (Equation 3.33), wherdal; to ds are failure parametersds is assumed
to be 0 as the temperature dependence is ignored in the current simulation. The
ratio (g) in Equation 3.33 is the stress triaxiality which is a material property.
And the (%) is the non-dimensional plastic strain rate. The strain rate for quasi-
static tests has typical values between 10 and 10 3 (s ) [10,52,107]. In the
current study, the strain rate e ect was neglected, and a constant reference strain
rate of 10 2s ! was applied for the aluminium layers.

|

X wpl

f

npl
"P= di+ dyexp d3g l1+dsn +—  1+ds" (3.33)

0

Once the damage accumulates at a material point and reaches the onset of dam-
age, the element sti ness degrades based on a linear damage evolution law. The
damage variable @) increases according to Equation 3.34, where the equivalent
plastic displacement at failure is de ned by the fracture energy@G; ) dissipated

during the damage process [86].

anl U_pl
d= —= = — 3.34
u?' u?' ( )
2
where; uP' = L
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3.7 Interface failure criterion

The interface between metal sheets and composite laminates demonstrates resin-
rich areas, as illustrated in the scanning electron microscope image in Figure
3.10. Indeed several researchers documented the occurrence of delamination at
such interfaces [16,44]. Therefore, in the current simulation, a cohesive model is

implemented to simulate the mechanical behaviour and damage at the interface.

Figure 3.10: Microscope scan of GLARE 4 cross-section [18]

A surface-based cohesive behaviour was implemented in the current model to
simulate the behaviour of the resin-rich areas between metal and composite layers.
This provides an e cient approach to model cohesive connections based on a
traction-separation constitutive model [86]. The surface-based cohesive behaviour
in ABAQUS/Explicit uses a linear elastic traction-separation along with damage
initiation criteria and damage evolution law. A linear elastic behaviour is assumed
at the beginning of the analysis which is described by the stiness matrix in
Equation 3.35. Where the normal ;) and shear (s;t;) stresses in the nominal
traction stress vector () are related to the normal and shear separations. And

(Knn; Kns; Knt) are the sti ness components of the adhesive material.
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The damage initiation between two cohesive surfaces is de ned with a traction
separation model shown in Figure 3.11. In the current model, it relies on the
maximum stress criterion, as demonstrated in equation 3.36. The initiation cri-

terion is satis ed once the maximum contact stress ratio reaches a value equal
to or greater than 1.0. This de nes the ratio of the current stresses to the peak

stressestQ; t2; t?), as shown in Figure 3.11.

8 9 2 38 9
2td gKm Kis Kiz3 o3
tz% ts 5 = Kns Kss Kst %E s E =K (3'35)
t Knt Kst K ' t
max Et—st—t =1 (3.36)
th B8
G
GC=GS+ G G¢ G—S (3.37)
T

Damage degradation begins once the criterion for damage initiation has been
met. An energy-based damage degradation model is utilized in the current model,
where the energy dissipated due to failure3®) de nes the area under the mixed
mode traction-separation curves shown in Figure 3.11 in yellow. Thé&f¥) is calcu-
lated from the Benzeggagah-Kenane (BK) damage model, illustrated in Equation
3.37. Where the energy dissipation in the normal directiond;) and transverse

direction (G¢) are material properties. The BK exponent () was set to 1.45.
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Figure 3.11: Mixed-mode traction-separation



Chapter 4

Validation of composites damage

models

4.1 Introduction

This chapter aims to validate the VUMAT subroutine introduced in the pre-
vious chapter in order to ensure the model's accuracy before constructing the
comprehensive FML model, considering the high complexity of the FML model.
The validation involves comparing the tensile strength of a composite material
obtained from the current subroutine with experimental data for the same ma-
terial. The validation is carried out on two models: one with bres oriented
at loading direction (0 ), and a second model with bres oriented transverse to
loading direction (90). This is done to verify the capability of the subroutine on
predicting the damage modes accurately. Where bre tensile damage is expected
to be dominant in the 0 specimen and matrix tensile damage is dominant in the

90 specimen.
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