Multiscale modelling of additively manufactured
composite material behaviour

Gljusci¢, Matej

Doctoral thesis / Disertacija
2022

Degree Grantor / Ustanova koja je dodijelila akademski / strucni stupanj: University of
Rijeka, Faculty of Engineering / Sveuciliste u Rijeci, Tehnicki fakultet

Permanent link / Trajna poveznica: https://um.nsk.hr/urn:nbn:hr:190:396026

Rights / Prava: Attribution 4.0 International/Imenovanje 4.0 medunarodna

Download date / Datum preuzimanja: 2024-04-23

Repository / Repozitorij:

mage nof|found or type unkno

Repository of the University of Rijeka, Faculty of
Engineering

Mage noffpund or type unknown

U n I r DIGITALNA
KNJIZNICA



https://urn.nsk.hr/urn:nbn:hr:190:396026
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://repository.riteh.uniri.hr
https://repository.riteh.uniri.hr
https://www.unirepository.svkri.uniri.hr/islandora/object/riteh:3529
https://dabar.srce.hr/islandora/object/riteh:3529

UNIVERSITY OF RIJEKA
FACULTY OF ENGINEERING

Matej Gljuscic¢

MULTISCALE MODELLING OF
ADDITIVELY MANUFACTURED
COMPOSITE MATERIAL BEHAVIOUR

DOCTORAL DISSERTATION

Rijeka, 2022.



UNIVERSITY OF RIJEKA
FACULTY OF ENGINEERING

Matej Gljuscic¢

MULTISCALE MODELLING OF
ADDITIVELY MANUFACTURED
COMPOSITE MATERIAL BEHAVIOUR

DOCTORAL DISSERTATION

Thesis Supervisor: Prof. D. Sc. Marina Franulovi¢

Thesis Co-supervisor: Prof. D. Sc. Domagoj Lanc

Rijeka, 2022.



SVEUCILISTE U RIJECI
TEHNICKI FAKULTET

Matej Gljuscic¢

VISERAZINSKO MODELIRANJE
PONASANJA ADITIVNO PROIZVEDENIH
KOMPOZITNIH MATERIJALA

DOKTORSKA DISERTACIJA

Mentor: prof. dr. sc. Marina Franulovi¢

Komentor: prof. dr. sc. Domagoj Lanc

Rijeka, 2022.






Thesis Supervisor: Prof. D. Sc. Marina Franulovi¢, University of Rijeka, Croatia, Faculty
of Engineering
Thesis Co-supervisor: Prof. D. Sc. Domagoj Lanc, University of Rijeka, Croatia, Faculty of

Engineering

This doctoral thesis was discussed on December 15%, 2022 at the University of Rijeka, Croa-

tia, Faculty of Engineering in front of the following Evaluation Committee:

1. Assoc. Prof. D. Sc. Kristina Markovi¢, University of Rijeka, Faculty of Engineering,

Croatia

2. Assoc. Prof. D. Sc. Marino Br¢i¢, University of Rijeka, Faculty of Engineering,

Croatia

3. Assist. Prof. D. Sc. Andrej Zerovnik, University of Ljubljana, Faculty of Mechanical

Engineering, Slovenia






Acknowledgments

The research presented in this dissertation is the result of an extensive experimental campaign
and numerical modelling conducted by the author, which would not have been possible without
the support of the Croatian Science Foundation under project number IP-2019-04-3607, the

University of Rijeka under project number uniri-tehnic-18-34 and many dedicated colleagues.

First and foremost, [ would like to thank my supervisor, Prof. D. Sc. Marina Franulovi¢, for her
insightful comments on this material and our subsequent discussions. I would also like to
acknowledge Prof. D. Sc. Domagoj Lanc for his guidance in all aspects of the mechanics of
composite materials, and Assist. Prof. D. Sc. Andrej Zerovnik for his support in developing the

experimental methods used.

Additional support came from David Howard, who helped to proofread the dissertation, and
from D. Sc. Vedrana Spada of the Istrian University of Applied Sciences, METRIS Research
Centre; from IB-CADDY d.o.o.; from the Institute of Metals and Technology (IMT) in
Ljubljana; and from the Center for Advanced Computing and Modelling (CNRM) at the Uni-
versity of Rijeka, which provided technical support for the manufacturing and experimental

procedures.

Finally, I would like to thank my parents Mario and Ivanka, my brothers Petar and Edi, and my
immediate circle of colleagues and friends for their encouragement. I especially value my be-

loved Anna for her patience and inspiration. Thank you all

vil



Abstract

Additive manufacturing is a process of joining material in successive layers in order to make
objects from three-dimensional model data. Due to its versatility, the technology has initially
been used only for rapid prototyping in research and development. However, recent improve-
ments by introducing various types of reinforcing constituents in the fused deposition process
expanded its application to geometrically complex, lightweight, and durable composites in en-
gineering practice.

However, the main drawbacks of this approach are weakened intralaminar and interlaminar
contact zones due to successive material deposition followed by reinforcement distribution ir-
regularities and voids. Consequently, these deficiencies lead to the overall reduction of load-
bearing capabilities in additively manufactured composites in comparison to their traditionally
manufactured counterparts. Therefore, to model this behaviour, a systematic analysis of the
state-of-the-art in additive manufacturing and composite material mechanics was conducted in
this thesis, based on which a multiscale modelling approach was proposed. It starts with micro-
structural analysis based on homogenized representative volume elements designed according
to microscopic inspections, followed by unidirectional and shear lamina properties identifica-
tion through standardized destructive testing, while concluding with damage model calibration
and validation on multidirectionally reinforced laminates. The microstructural investigation has
been conducted on three distinctive cases of additively manufactured composites reinforced
with continuous carbon, glass, and aramid fibers, respectively. The specimens have been pro-
duced using a Markforged-X7 3D printer utilizing a fused filament fabrication approach, while
the microstructures have been inspected using SEM in cross-sections longitudinal and perpen-
dicular to the fiber direction. The SEM images have been examined using machine-learning
algorithms while the acquired results have been statistically analysed and compared with the
relevant literature. The acquired data has been adopted to generate a representative volume
element in Abaqus CAE environment for each of the test cases. The homogenization has been
conducted using python scripting by adopting each of the constituent’s constitutive models
from the literature, while the cohesive interactions between the constituents have been cali-
brated according to the experimentally acquired data, acquiring good agreement between the
experimental and numerical homogenization results for longitudinal, transversal, and in-plane

shear behaviour. Consequently, further analysis of multidirectinally reinforced laminates on the
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macroscale has been proposed. Therefore, three distinctive cases of additively manufactured
carbon fiber reinforced laminates have been designed as standardized open-hole specimens,
with the selection of lamina stacking sequences that enforce in-plane multiaxial stress state
during uniaxial tensile loads. Subsequently, digital twins have been designed within the Abaqus
CAE environment while the laminate constitutive behaviour has been described with a contin-
uum damage model utilizing Puck failure theory implemented in the Abaqus CAE framework
through the UMAT Fortran subroutine. The model has been modified for a better description
of shear-influenced damage in AM composites and calibrated on a specific test case using re-
sponse-surface algorithms of multiparametric central composite design of experiments. The re-
sults have been validated experimentally and compared with other damage models, confirming
the significant influence of shear stress on the failure of AM composites which has been ac-
counted for by the proposed modifications.

The performed research provides a significant scientific contribution to the field of additive
manufacturing and material science, proposing a multiscale protocol for the identification of
material properties in heterogenic and anisotropic composites produced by additive manufac-
turing, and the modification of failure criteria for a more accurate damage prediction and safer

application of additive manufacturing technologies in engineering practice.

Keywords: additive manufacturing, fiber-reinforced composites, material behaviour model-

ling, material damage modelling, experimental assessment
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Sazetak

Aditivna proizvodnja je proces izrade predmeta uzastopnim nanosenjem cestica u tankim
slojevima na temelju trodimenzionalnih modela izradenih pomoc¢u ra¢unalnih CAD programa.
Premda se postupci aditivne proizvodnje najviSe koriste kod izrade prototipa u istraZivanju i
razvoju novih proizvoda, usvajanjem ojacanih materijala u procesu taloZznog sras¢ivanja omo-
guceno je prosirenje njihove primjene kod geometrijski kompleksnih te kompozita visokih per-
formansi u inZenjerskoj praksi. Medutim, pokazalo se da proces taloznog sraS¢ivanja takoder
uzrokuje nepravilnosti poput praznina te nekonzistentnosti distribucije ojacanja, Sto dovodi do
oslabljenja kontaktnih zona, iz ¢ega proizlazi smanjena nosivost aditivno proizvedenih kompo-
nenata u usporedbi s njihovim konvencionalnim ekvivalentima.

Stoga je u cilju interpretacije ponaSanja takvih materijala, u ovoj disertaciji provedena sus-
tavna analiza trenutnih tehnoloskih dostignu¢a u procesima aditivne proizvodnje i mehanike
kompozita, na temelju ¢ega je usvojen viSerazinski pristup modeliranja ponasanja materijala.
Proces viSerazinskog modeliranja je obuhvatio mikroskopsku analizu materijala na temelju ci-
jih su rezultata modelirani reprezentativni volumni elementi te numericki homogenizirani i us-
poredeni s rezultatima standardiziranih eksperimentalnih ispitivanja uslijed uzduznog i po-
precnog vlac¢nog, te smicnog opterecenja. Dobiveni su rezultati koriSteni u modeliranju oste-
¢ivanja materijala, pri ¢emu su parametri materijalnog modela kalibrirani 1 validirani na temelju
eksperimentalnih rezultata ispitivanja viSesmjerno ojacanih laminata.

Ispitivanje mikrostrukture je provedeno na tri primjera aditivho proizvedenih kompozita
ojacanih kontinuiranim ugljicnim, staklenim te aramidnim vlaknima. Uzorci su proizvedeni
metodom taloznog sras¢ivanja koriste¢i 3D tisak Markforged-X7, dok je mikrostruktura mate-
rijala snimana u viSe poprecnih presjeka koriste¢i SEM uredaj. Snimke su analizirane pomocu
algoritama strojnog ucenja, a rezultati su statisticki obradeni i usporedeni s dostupnim podacima
iz literature te koristeni u svrhu modeliranja reprezentativni volumnih elemenata. Postupak mi-
kromehanicke homogenizacije je automatiziran primjenom Abaqus CAD softveru koristeci
programski jezik Python, pri cemu su materijalni modeli matrice i ojacanja usvojeni iz litera-
ture, dok su svojstva kohezivnih kontakata izmedu ukljucaka kalibrirana sukladno odzivu ispi-
tivanih materijala. Potvrdivsi uskladenost rezultata eksperimentalnih ispitivanja te numerickih
rezultata homogenizacije na primjerima uzduznog i poprecnog vlacnog te ravninskog smi¢nog

opterecenja, istrazivanje je proSireno na ispitivanje viSesmjerno ojacanih aditivno proizvedenih




laminata ojac¢anih uglji¢nim vlaknima s kruznim koncentratorom naprezanja, dok su usvaja-
njem specifi¢nih redoslijeda slaganja slojeva uzrokovana viSeosna stanja ravninskog napreza-
nja tijekom jednoosnih vlacnih optere¢enja. Digitalni ekvivalenti viSesmjerno ojacanih ispitnih
uzoraka su takoder modelirani koriste¢i Abaqus CAD softver, dok su za njihov konstitutivni
odziv usvojeni principi mehanike kontinuuma i Puck-ova teorija oste¢ivanja materijala te im-
plementirani pomo¢u UMAT subrutine. U svrhu interpretacije utjecaja smic¢nih optere¢enja na
oStecenje viSesmjerno ojacanih aditivno proizvedenih kompozitnih laminata provedena je mo-
difikacija 1 kalibracija Puck-ovog modela prema eksperimentalnim rezultatima koristeci algo-
ritme viSe-parametarskog centralnog kompozitnog dizajna eksperimenata. Numericki rezultati
su eksperimentalno validirani te usporedeni s rezultatima slicnih modela oSte¢ivanja dostupnim
u Abaqus CAE softveru te originalnim Puck-ovim modelom preuzetim iz literature. Analiza je
pokazala znacajan utjecaj smic¢nih naprezanja na ostec¢ivanje viSesmjerno ojacanih aditivno pro-
izvedenih kompozitnih materijala te pozitivan utjecaj usvojenih modifikacija kod analiziranih
slucajeva.

Provedeno istrazivanje pruza znacajan znanstveni doprinos u podru¢jima aditivne proizvo-
dnje i1 znanosti o materijalima predlazuci viSerazinski protokol identifikacije svojstava hetero-
genih i anizotropnih kompozitnih materijala proizvedenih aditivnom tehnologijom na temelju
mikroskopskih snimaka te modifikaciju i kalibraciju konstitutivnih modela u svrhu preciznijeg

izraCuna njihovog ostecenja i1 sigurnije uporabe aditivne tehnologije u inzenjerskoj praksi.

Kljuéne rije¢i: aditivna proizvodnja, vlaknima ojacani kompoziti, modeliranje ponasanja ma-

terijala, modeliranje oSte¢ivanja materijala, eksperimentalna mjerenja
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1. INTRODUCTION

The initial part of this work is dedicated to the presentation of general information about the
research. A concise overview of scientific motivation is presented, followed by the main objec-
tives and scientific contributions of the conducted research, concluding with a synopsis, where

the thesis organization is delivered.

1.1. Scientific Motivation

Following the requirements of the EU Green Deal objective, with its tendency for climate
neutrality and zero carbon emissions, this work has been focused on the research and evaluation
of lightweight materials used in design within the novel 4.0 industry. Within this framework,
the application of additive manufacturing (AM) offers huge potential in tailoring the material
properties for specific design requirements by combining assorted renewable resins and fibers
of various properties, thus enabling the manufacturing of strong, lightweight, and multifunc-
tional composite materials. Incorporating multifunctionality, recycling possibilities, light-
weight, cost-competitiveness and customization for specific applications, the additively manu-
factured polymer composite structures are the ideal response for increasing the competitiveness
of the EU economy. Therefore, research into their behaviour and failure mechanisms is crucial.
While the tendency of the recent development in additive manufacturing has been focused on
surpassing the experimental rapid prototyping to the production of functional components, a
variety of engineering polymers for structural applications (PA, PC, PET, PEEK) have been
implemented. Regrettably, additive technology still struggles to deliver reliable components for
engineering applications in comparison to conventional manufacturing methods, but the fol-
lowing could all benefit from the bottom-up approach: aeronautic, automotive, and space in-
dustries [63,171], wearable technologies [90], medical applications such as prosthetics, im-
plants, and dentistry [15], as well as ergonomic [91] and biomimetic [47] designs, since each
of them incorporates specific lightweight components. All things considered, the additive man-
ufacturing of composites with continuous fiber-reinforced represents a new approach for the
automated production of high-strength composites with a wide range of applications. While the
specific load-bearing capability of AM CFRP composite structures is recognized, it is still not
determined by constitutive material models, and the damage resistance to both uniaxial and

multi-axial loads remains unknown.
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Therefore, to predict the material behaviour and expand its potential industrial application,
a better understanding of constitutive relations, damage initiation, propagation, and failure

mechanisms is necessary.

1.2. Aims of the Work

Based on the outlined motivation, the goal of this thesis is to contribute to a better under-
standing of constitutive relations, damage initiation, progression, and failure mechanisms in
additively manufactured continuous fiber reinforced polymer (AM-CFRP) composites. The
thesis is particularly focused on multiscale analysis of AM composites by developing a Repre-
sentative Volume Element (RVE) of unidirectionally reinforced (UD) CFRP composites in or-
der to update the lamina properties in the continuum damage mechanic (CDM) model. For this
purpose, several stages of experimental studies will be conducted. Initially, three cases of rep-
resentative cross-ply laminates reinforced with carbon, glass, and aramid fibers respectively,
will be designed and additively manufactured using Markforged-X7. The cross-section images
have been extracted using SEM microscopy for each of the studied cases and analysed in FI1JI
using trainable WEKA segmentation algorithms. The resulting images will be processed to ac-
quire content, sizes and misalignments of the constituents, as well as the lamina thickness and
material deposition width, including the void and debris content. To calibrate the proposed RVE
models, three distinctive specimens of carbon fiber reinforced composites will be designed in
accordance with ASTM standards manufactured using Markforged-X7 3D and tested using an
Instron servo-hydraulic testing system in quasistatic conditions. The unidirectionally reinforced
specimens UDO and UD90 will be designed and tested according to ASTM D3039 [204] stand-
ard to acquire longitudinal and transverse lamina properties, while the third group of specimens
SH45 will be designed and tested according to ASTM D3518 [203] standard to acquire the
shear properties. The material measurements will be conducted using full-field strain monitor-
ing with the GOM-Aramis digital image correlation (DIC) system and implemented in the cal-
ibration protocol. To account for the bonding deficiency between constituents, a fiber/matrix
interface utilizing cohesive elements will be implemented within the RVE model, while the
cohesive zone model (CZM) properties will be calibrated according to the experimental results.
The acquired calibration parameters for carbon fiber (C) reinforced RVE will be applied both
to glass (G) and aramid (K) reinforced RVEs for validation. The resulting set of properties will
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be adopted in order to update the experimentally acquired values of unidirectional lamina prop-
erties necessary in numerical analysis.

Since reinforced laminates are rarely used as unidirectional in engineering applications, the
final experimental protocol will be focused on analyzing the behaviour of multi-directionally
reinforced additively manufactured composites, following the guidelines presented in [163].
Hence, three cases of open-hole (OH) specimens, OH90, OH60, and OH45, corresponding to
the laminate stacking sequences (LSS) of [0/902/0/902]s, [0/602/0/-602]s, and [0/452/0/-45:]s,
will be designed according to the ASTM D5766 standard and tested uniaxially in quasistatic
conditions. According to [163], these LSS-es manifest the biaxiality ratios of 0, 0.57, and 1.61
respectively, and simulate the multiaxial load conditions through uniaxial tests. The measure-
ments will be carried out with the GOM-Aramis digital image correlation system, capturing
both global and local strain fields around the stress concentration area.

Since fiber-reinforced composites are prone to fracture and brittle failure, their behaviour is
best described using damage models. Because the suitability of existing damage models for
composites to predict damage initiation and propagation in AM composites is still under re-
search, progressive damage modelling has been proposed in this study. The applicable damage
models used in the Worldwide Failure Exercise (WWFE) will be analysed, and a progressive
damage model based on CDM and Puck-Schurmann failure criteria will be considered, due to
its ability to distinguish between fiber and inter-fiber damage which could be correlated to local
inter-raster weaknesses in AM structures. The damage model will be implemented as a Fortran
subroutine and utilized in the FEA software Abaqus. The Puck-Schurmann failure criteria
within the CDM framework will be adopted according to the acquired lamina properties, while
accounting for the constrained layers' in-situ strength corrections. The model calibration will
be conducted using response-surface algorithms based on the central composite design of ex-
periments for multiple continuous factors, including the shear stress multiplier m.r, effective
fiber strength exponent &, and the moduli degradation parameters xpeg and npgg, targeting the
minimal deviation between the numerically and experimentally acquired loads at failure for a
specific test case and validated on all test cases. Upon validation, the guidelines for the safe

application and damage modelling of AM CFRP composites will be proposed.
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1.3. Contributions of the Thesis

The research performed within the framework of the doctoral thesis aims to provide a scien-
tific contribution to the study of AM CFRP composites with promising benefits to the aeronau-
tic and automotive industries, wearable technologies, medical applications, ergonomic, biomi-
metics, and structural health monitoring systems.

The contribution of this work comprises a thorough study of the effects of AM CFRP com-
posites microstructure on the macro-mechanical response, along with establishing a suitable
damage model and its calibration parameters. Firstly, the geometrical parameters of the RVE-s
will be selected according to the data acquired from the microstructural inspection and followed
by the calibration of the cohesive law in RVE fiber/matrix interface. The procedure will be
validated with experimental results for lamina longitudinal, transverse and shear cases; these
are seldom available in the literature. Furthermore, the multiaxial behaviour of AM CRTP com-
posites will be assessed by conducting uniaxial tensile tests on multi-directionally reinforced
AM CFRP composites with stacking sequences enforcing multiaxial stress states within the
laminates. To inspect the engineering application of AM CFRP materials, the multi-direction-
ally reinforced specimens will be designed with a circular stress concentrator in the gauge
length centre, commonly encountered in a wide range of applications. The appearance of local
strains and cracks around the hole edge will be monitored using the DIC system, analysed, and
summarized in the load-strain diagrams, thus giving more insight into the materials’ behaviour,
and indicating appropriate guidelines for engineering applications.

Since CFRP composites are usually tailored for a specific function by adopting an optimal
layer orientation, the outlined experimental results would be of limited value. Hence, this thesis
focuses on validating a progressive damage model with the additional calibration parameters
necessary to simulate the multi-directionally reinforced CFRP composite’s behaviour accu-
rately. The influence of four additional parameters related to effective fiber strength, shear in-
fluence on fiber failure, and stiffness degradation will be calculated using a response-surface
algorithm based on the central composite design of experiments (DoE) and validated on exper-
imental results. The thesis will conclude with observations of the acquired numerical solutions
and guidelines for the safe implementation of AM CFRP composites in the design of light-

weight structures within engineering applications.
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1.4. Organization of the Thesis

The basic structure of the doctoral thesis is organized in sections, each covering one of the main
parts of the research.

Section 1 describes the fundamental scientific motivation followed by the main research objec-
tives and highlights the significant scientific contributions within the research field.

In Section 2 the basics of additive manufacturing are explained followed by a presentation of
applicable AM methods for fiber reinforced polymer (FRP) production, highlighting the issues
of its implementation. The state-of-the-art in multiscale modelling of FRP composites is also
elaborated within this section, focusing on micro-, meso-, and macro-scale, respectively. The
chapter concludes with the state-of-the-art in failure prediction of FRPs, where failure criteria,
CDM and discrete damage mechanics (DDM) are elaborated in detail.

Section 3 provides an overview of the constitutive modelling of FRP composites focusing on
the theoretical background for micro-, meso-, and macro- mechanical modelling, respectively.
Furthermore, the theoretical concepts on failure predictions of FRPs are also covered within
this chapter, explaining the failure criteria, CDM and DDM approaches in detail. Additionally,
the mechanics of the adopted damage model are also categorically disclosed, highlighting cal-
ibration parameters and their potential influence on laminate behaviour predictions.

A summary of the experimental the procedures is presented in Section 4, along with a detailed
outline of specimen design and manufacturing methods. Starting with the microscopic analysis
of the composites’ constituents, this section also covers the design and manufacturing of the
specimens for longitudinal, transversal and shear properties acquisition, followed by the multi-
directionally reinforced specimens with variable LSS-induced biaxiality ratios. The experi-
mental results are also delivered within this section, starting with image analysis and the statis-
tical constituent evaluation, which is followed by the lamina properties acquisition and damage
monitoring in multi-directionally reinforced open-hole specimens using the DIC system.

The numerical modelling is presented in Section 5, beginning with the RVE development and
followed by the theoretical background of micromechanical homogenization, highlighting the
necessary assumptions for accurate model calibration. Additionally, the initial study of the in-
fluence of calibration parameters on the material behaviour prediction, as well as the detailed

description of the used optimization process relying on DoE algorithms are critically assessed.
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Subsequently, a comparison between the calibrated numerical model and the acquired experi-
mental results is conducted and interpreted. The adopted RVE design assumptions are also im-
plemented on similar materials and compared with the experimental data available in the liter-
ature. Moreover, the adopted damage model is also applied in the modelling of similar speci-
mens with distinctive biaxiality ratios, ensuring good agreement between numerical and exper-
imental results. The post-failure behaviour has also been critically assessed in this section, fo-
cusing on damage prediction accuracy, highlighting the necessity for a revision of shear influ-
ence on damage evolution.

The conclusion of the thesis presented in Section 6 contains the summary of essential observa-
tions, it presents the guidelines for modelling and safe application of AM CFRP composites,

and proposes necessary steps for future research.




2. STATE-OF-THE-ART

An introduction to the additive manufacturing process as well as a review of the experimental
observations of additively manufactured parts will be given in this section of the thesis, fol-
lowed by a comprehensive overview of the state-of-the-art in heterogeneous material behaviour

modelling.

2.1. Additive manufacturing

According to the ASTM F2792 standard [205], additive manufacturing (AM) is defined as a
process of joining materials to make objects from three-dimensional (3D) model data, layer
upon layer, as opposed to subtractive manufacturing technologies. The AM process begins with
3D modelling of the required object and its conversion to an intermediary neutral format [39].
The formatted geometry is then processed, accounting for the construction components, manu-
facturing operations, and AM machine settings. Finally, the 3D geometry is divided into 2D
layers to be successively stacked over each other, hence generating a 3D printer toolpath [55].
In addition, the standard also classifies the AM technology into seven distinctive categories as
follows:

In the process of Powder Bed Fusion, the thermal energy is used to selectively fuse regions
of a powder bed. The process is used for metals and polymers, while implemented in technolo-
gies of Electron Beam Melting (EBM), Selective Laser Sintering (SLS), Selective Hot Sintering
(SHS), and Direct Metal Laser Sintering (DMLS). The second category is Direct Energy Dep-
osition (DED) where focused thermal energy is used to fuse materials by melting during depo-
sition. The process is used for metals only, while implemented in the Laser Metal Deposition
(LMD) process. Vat Photo Polymerization is a process where liquid photopolymer in a vat is
selectively cured by light-activated polymerization. While this process is limited to photopoly-
mers in Stereolithography (SLA) and Digital Light Processing (DLP) technologies, the binder
jetting process enables the liquid bonding agent to be selectively deposited while joining the
powder material, widening the application to polymers, metals and foundry sands used in Pow-
der Bed and Inkjet Head (PBIH) and Plaster-based 3D Printing (PP) technologies. On the other
hand, material jetting is based on the selective deposition of the building material droplets. The
process is limited to polymers and waxes used in Multi-Jet Modelling (MJM). Furthermore,

sheet lamination consists of bonding sheets of material to form an object. The process is used
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in Laminated Object Manufacturing (LOM) and Ultrasonic Consolidation (UC) technologies
for metals and paper. Due to its simplicity and versatility, material extrusion through a nozzle
is one of the most widely spread AM technologies. The process is limited only to polymers and
polymer matrix composites, and is commonly referred to as Fused Deposition Modelling

(FDM) process.

2.1.1. Fused Deposition Modelling

The FDM process displayed in Figure 2.1 a) and b) was developed and patented in 1992 by
Stratasys Inc. [42] and, since the patent expiration in 2009, has spread to a wide range of appli-
cations, attracting attention among scientists, engineers, and hobbyists due to its simplicity,
versatility, and recyclability. Given the versatility, as well as its applicability in the rapid pro-
duction of geometrically complex objects, FDM will also be used in the thesis framework to
produce CFRP composites with automatized reinforcing while avoiding molding and a human
labour factor. The FDM process is based on melting the polymer material within the heated
extruder and enabling its flow through the delivery system using one or more nozzles, enabling

multiple material interchangeability [55].
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In most cases, the position of the FDM extruder is controlled along two horizontal and one
vertical axis using linear guide rails, stepper motors, and leadscrews [55], or belt drivers [57]
in the lower price range. Moreover, the FDM is safe for indoor usage since minimal harmful
vapours are present during the process [55], while the printed thermoplastic polymers are fully
recyclable, hence making the method sustainable. Moreover, the FDM approach supports vari-
ous infill densities extended to hatch or honeycomb patterns often implemented to topology
optimize lightweight structures, and also to increase the build speed [57].

There are flaws in the FDM method, including the positioning accuracy, limited build speed,
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void content, uncontrolled heat dissipation, and inability to produce sharp features consequent

to circular nozzle geometry, many of which are still unavoidable, as shown in Figure 2.2.
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Figure 2.2 Fused deposition modelling: a) Corner detail, b) Intricate geometry detail, ¢) Fine
web detail [55]

One of the features of FDM part is the printing orientation induced orthotropy, which affects
the object stiffness and strength significantly, and must be accounted for during the product
design. In addition, FDM parts also suffer from low interlaminar strength resulting in devastat-
ing effects from in-plane shear-induced delamination [86,137,176]. Despite the fast material
solidification, the addition of support structures is often necessary to ensure object stability
during manufacturing, especially when cantilevers are considered. In most slicing software, the
support structures are automatically generated using the same material as the product, adopting
a breakaway support system for its removal. Alternatively, a water-soluble polymer can be used
for contactless removal. Initially supporting only polymers for general applications, like acry-
lonitrile butadiene styrene (ABS) and polylactic acid (PLA), machines utilizing FDM technol-
ogy now support a wider range of open-source materials including engineering polymers for
structural applications like polyamides (PA), polycarbonates (PC), and polyethylene tereph-
thalate (PET), or recently introduced advanced polymers such as polyetheretherketone (PEEK),
thus enabling the manufacturing of tailored objects for specific applications containing materi-
als with distinctive mechanical, thermal and chemical properties. Among the additive technol-
ogies for polymer manufacturing, FDM method produces the structures with the best mechani-
cal properties [57], while also being one of few technologies to support the addition of contin-

uous reinforcements during the AM process.

2.1.2. Additively manufactured fiber-reinforced polymer composites

The rapid development in AM technology has extended to various applications, improving
the process accuracy, and consequently the mechanical properties of 3D printed parts [S1]. To

boost competitiveness, various types of high-performance polymers and FRP composites
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started to be adopted, enabling the additive manufacturing of lightweight objects with high spe-
cific strength and stiffness [51], while eliminating the human labour factor from the manufac-
turing process [137] by the automation of fiber placement. In general, a composite material is
formed by combining two (or more) materials, one as a binding agent and the other as rein-
forcement, while their distinct properties are incorporated into a single improved material [51].
Therefore, the morphology of composite materials may also be considered an advantage be-
cause it enables the selection of the reinforcement content, positioning, and orientation to match
the expected loads. Since FDM process is analogous to the composite layup configuration, the
performance benefits of the combined processes are emphasized in the literature, along with
advancements in AM materials, the introduction of various shape and type of reinforcements
[128], and technological improvements in industrial applications [137].

The currently available FDM technology allows the production of low aspect ratio compo-
sites reinforced with short-fibers, macro-, micro-, or nano-particles, without significant modifi-
cations to the equipment, but due to the abrasive behaviour of reinforcing constituents, it is
preferable to upgrade the nozzle material [167]. Furthermore, the presence of such reinforce-
ments increases the polymer stiffness and reduces its expansion on deposition resulting in a
more brittle filament and product, hence additives should be considered within the filament
production process [177,202]. In addition, since the growing availability of thermoplastic fila-
ments reinforced with nanoparticles, a specific category containing nanotubes and nanoparticles
is also considered considering the aspect ratio at a nanoscale [51]. According to [114], such
constituents are classified as low aspect ratio discontinuous reinforcements, while continuous
fibers as high aspect ratio reinforcements with preferred orientation. Since the higher aspect
ratio corresponds to higher fiber orientation and interface area, the continuous fibers result in
stronger and stiffer composites in comparison to their discontinuously reinforced counterparts
[51]. Unlike discontinuously reinforced composites, the successful implementation of continu-

ous fibers requires specialized equipment, hence its application is still restricted.

2.1.3. Discontinuous fiber composites

Due to their simplicity and low machinery adaptation requirements, short fibers have been
widely implemented in molding or extrusion processes to produce high-end products in various
engineering applications [51]. Despite the simplicity in product manufacturing, the production

of the material itself has to be carefully controlled and optimized since high fiber content may
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lead to matrix thermal degradation, viscous dissipation and/or extruder clogging [51,94]. In
general, short fiber composite feedstock is produced by mixing the matrix pellets with fiber
powder, melting, and extrusion into a filament form. If the fiber distribution tolerance is not
achieved, the process could be repeated through recycling as long as thermoplastic polymer is
used as a matrix. Since AM short fiber composites are more dependable on feedstock production
than the printing process itself, the optimization of mixture ratio, fiber size and orientation had
been the major focus of most studies. A comprehensive survey on the effects of fiber content,
expansion ratio, and extrusion rate on the filament diameter has been presented in [83]. The
ABS polymer was mixed with 100pm carbon fibers in ratios of 0, 5, 10, and 15%, and extruded
through a 3mm nozzle, showing decreasing diameter versus the increase of fiber content up to
a 10% threshold, after which a decreasing trend has been observed. The study also reported
nonlinear relation between the fiber content and the extrusion rate, reciprocal ratio for diame-
ter/expansion ratio, and reverse reciprocity for diameter/extrusion rate, concluding a deeper
study of feedstock fabrication influence on mechanical properties is necessary [51]. The
thermo-mechanical properties of ABS polymer filled with iron and copper particles in 5, 10,
20, 30, 40% volume ratios have been studied in [138], confirming the constituents' interaction
influences and reporting the best performance for a 30% mixture of 10um copper particles [51]
in cyclic loading conditions. The influence of fiber size and volume ratio on the mechanical
behaviour of AM-ABS samples has been studied in [139]. The fiber content was varied between
3,5,7.5,10 and 15%, with an average fiber length of 100-150um, and a fiber diameter of 7.2um.
The specimens were designed and additively manufactured according to ASTM D638-10 and
ASTM D790-10 for tensile and flexural testing, respectively, confirming better performance for
longer fibers as expected, reaching an optimum for the volume ratio of 7.5%. In contrast, the
authors also reported that further increase in fiber content diminished the reinforcement influ-
ence up to a complete negation at 15%, hence highlighting the necessity for additional research.
Furthermore, the tensile and compressive behaviour of short fiber reinforced ABS composite
has been studied in [184], while producing multiple mixtures of ABS matrix reinforced with
0.2 — 0.4mm long discontinuous carbon fibers in 10, 20, 30 and 40% ratios. The specimens were
produced according to ASTM D638 and ASTM D4703 standards, using 0.5mm AM extruder
nozzle and a compression molding method for comparison. Authors reported nozzle clogging
at 40% fiber ratio, while voids generated between the deposited material caused a fiber ratio

reduction in comparison to the compression molded counterparts. However, the AM specimens
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have shown a higher level of fiber alignment in comparison to the compression-molded sam-
ples, followed by an increase of tensile strength and modulus by 115%, and 700%, respectively
[51]. Additionally, the alignment effect of short fibers in epoxy-based resin was studied by
[114], using a custom-developed method. Discontinuous carbon fibers 100pum in length and
7.2um in diameter were mixed with the epoxy resin in a 14% ratio 20min before the extrusion
process, additively manufactured using the “nScrypt Smart Pump” micro-extrusion system, and
UV cured for 30-60s after the extrusion. To inspect the material behaviour, sets of longitudi-
nally and transversely reinforced specimens were designed, manufactured, and tested according
to ASTM D638-10, showing an increase in tensile stress and modulus by 44.12% and 42.67%,
respectively, confirming the significant orientation influence. The influence of fiber volume
fraction on thermal and mechanical properties in AM carbon fiber reinforced polyamide com-
posites (C/PA) has been investigated in [104]. In the study, the PA12 matrix was reinforced
with 15-20mm long carbon fibers in 2, 4, 6, 8 and 10 % volume ratios. Specimens for tensile,
flexural and impact properties acquisition were designed, additively manufactured and tested
according to the ASTM D638-10, ISO 14125 and ISO 180-2000 standard, respectively, while
adopting the manufacturing conditions as 100% infill, 0.2mm layer height, a printing speed of
30mm/s, and the extruder temperature of 250°C with a bed temperature of 120°C [51]. Authors
also reported a crystallization temperature increase by 3.5°C, an increase in thermal conductiv-
ity by 277.8%, and a decreased melt flow index by 10% [51,104]. In conclusion, the introduc-
tion of the reinforcement led to an increase in unidirectional tensile strength and stiffness by
102.2%, and 266%, while reaching a 250% and 346% increase in flexural strength and stiffness
respectively. Additionally, there was a reduction in longitudinal elongation at break by 23.7
times, while impact resistance remained unaffected by the reinforcement presence. Further-
more, [77] considered the influence of orientation in the short fiber reinforced PLA. In the study,
the PLA matrix was reinforced with 100pum long discontinuous carbon fiber in 15% ratio and
extruded using a 0.4mm diameter nozzle. SEM images had been taken from the extruded ma-
terial cross-section, showing good fiber/matrix cohesion. The material was also inspected after
being additively manufactured, reporting ellipsoidal holes in the extrusion orientation, while
the tensile tests showed 40% fiber pullouts upon specimen failure.The in-plane shear strength
in ABS composites reinforced with 14% of short fibers and 8% of carbon nanotubes was studied
in [201]. The specimens have been designed according to ASTM D3518/D3518M-13 standard
and additively manufactured for raster orientations of 0°, +/-45°, and 90°, while adopting the

+/-45° configurations according to ASTM D3039/D3039M-14 standard in double-notched

12



Matej Gljus¢i¢: Multiscale modelling of additively manufactured composite material behaviour

specimens. Moreover, layer thickness and printing speeds were also varied between
0.18/0.25/0.3 mm and 60/80/100 mm/s, respectively. For comparison, the specimens’ dupli-
cates were also manufactured as unreinforced counterparts. Inspecting the specimen’s micro-
structure, the x-ray imaging revealed a distinctive microstructure and porosity level dependence
on the raster angle, confirming its influence on the mechanical behaviour of the specimens. In
conclusion, the authors reported that the in-plane strength benefits from the reinforcement pres-
ence significantly, while it is degraded with the increase in printing speed and layer thickness

[201].

2.1.4. In-situ composites

In contrast to the discontinuous fiber reinforcement technology where the composite material
is mixed prior to the manufacturing process, the in-situ process has the continuous fibers usually
embedded within the extrusion head before the composite material is deposited [51]. In most
cases, the matrix feedstock is delivered into the extruder as a filament, while the continuous
reinforcement is fed as a fiber bundle. The constituents are mixed within the extruder’s hot zone
where the adjustments to fiber/matrix volume ratio can be achieved by calibrating the feed speed
[51]. Regrettably, due to the fiber bundle brittleness and lack of process control, the resulting
composite quality may be compromised due to defects arising from dust, air or humidity inclu-

sions, low coefficient of embedding, or nozzle clogging [51,154].

a) Polymerfilament

Fiber bundle

Heatingblock

Figure 2.3 a) Continuous fiber composite mixing within the printing head [154], b) FFF print-
ing head according to [51]

To account for the defects, authors studied the additive manufacturing process of continuous
fiber fabrication (CFF), offering significant contributions [51]. The development of an extrusion
nozzle with the capability of combining fiber and matrix constituents has also been presented

in [52]. The adopted extruder geometry had a distinctively curved side channel developed for
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the passing polymer matrix; this pulls the fiber bundle with a consistent feed rate, avoiding both
the need for fiber feeding mechanisms and the defects caused by the bundle brittle fracture
during mixing. The developed extruder was manufactured using selective laser melting (SLM)
process and tested on 3K fiber in polyurethane thermoplastic elastomer showing good cohesion
during the preliminary inspections [51,52]. A similar process, integrated into a three-sided ex-
truder head shown on Figure 2.3, has also been proposed by [154]. In this example, polymer
matrix is delivered through two of the side ports, while the fiber bundle is fed through the ver-
tical port and mixed with the polymer within the central chamber, allowing a more uniform
material impregnation. In addition, a similar process, without the additional feeding mechanism,
has also been studied in [17], indicating the benefits of a modified commercial extruder. Despite
achieving better control of the impregnation process, the authors reported the significance of
processing parameter calibration on the resulting composite material. The study was conducted
on PLA reinforced with carbon, glass, and aramid fibers, with only aramid bundles being the
most applicable for the developed process, while the brittleness of carbon and glass caused
frequent nozzle clogging. Nevertheless, the successfully printed materials showed an increase
in tensile modulus up to six times in comparison to the unreinforced PLA counterparts [17,51].
Additional extruder design was also investigated in [102]. The study was performed on PLA
reinforced with 1K continuous carbon fiber using a process analogous to [154] and [17]. Both
constituents were supplied from a common extrusion head, using a conical nozzle, as shown on
Figure 2.4 a), to improve the composite material homogeneity.
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Figure 2.4 a) Extruder schematics [102], b) Composite deposition [102], ¢) Printed parts [102]
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Hence, a performance comparison between the fiber/matrix, prepreg/matrix and unrein-
forced matrix has been conducted on unidirectional and on hollow profile specimens, as shown
on Figure 2.4 ¢) and d), respectively [102]. In conclusion, the authors reported an increase of
13.8% and 164% for tensile and flexural strength in prepreg/matrix versus fiber/matrix compo-
sites. That indicates the importance of adhesion, as also confirmed with SEM imaging [51,102],

for the improvement of flexural properties. The influence of processing temperature and thermal
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bonding on the mechanical properties of AM parts was investigated in [129], highlighting the

direct ties between the interfacial adhesion and the resulting part strength.
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Figure 2.5 a) Process parameters for 3D printing of CFR-PLA composite [186] b) 3D printer
setup [186]

The overall printing parameter influence on the mechanical properties of AM materials has
been comprehensively studied in [186]. The authors were able to confirm a quasi-linear relation
between the temperature and the mechanical properties in the range 180°C - 240°C, reporting a
40% and 150% increase in flexural strength and modulus between the minimal and maximal
studied temperature, respectively. The flexural properties were also inspected for layer height
between 0.3 to 0.8mm. The results confirmed the influence of the layer height on fiber content,
with the layer height of 0.3mm confirmed as optimal [51]. The authors reported an increase of
161% and 204% in flexural strength and stiffness respectively, over the properties acquired for
the 0.8mm value. These results accorded with the in-situ effects found in composite laminates
[8,10] and other AM composites structures [79]. The authors also confirmed that the optimal
properties are acquired with a feed rate of 80mm/min, and a hatching space of 0.4mm. Despite
feed rate only having a limited effect on flexural properties, the hatching space of 0.4mm re-
sulted in 162% and 383% strength and stiffness enhancement over the values acquired for

1.8mm [186], confirming the importance of pattern strategy.

2.1.5. Post extrusion composite

The post extrusion approach is based on embedding the fiber prepreg within the matrix on
the printing bed, thus avoiding the problems of simultaneous extrusion but unfortunately creat-
ing interfacial adhesion problems due to temperature discrepancies during the polymer and fiber

deposition phases [51]. Despite these problems, the approach was promising and underwent
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further development. The first commercially available automated process of printing polymer
matrix composites reinforced with continuous fibers was developed by Markforged® Inc. (Mas-
sachusetts, USA) in 2015. These machines were based on a post-extrusion approach, enabling
the additive manufacturing of composites reinforced with continuous Carbon (C), Aramid (K)
and Glass (G) fiber bundles delivered as filament with 400um in diameter and combined with
1.75mm in diameter PA filament, resulting in a significant increase in mechanical properties.
Similar to FFF extrusion of polymers, Markforged® Inc. also delivered a double-extrusion head
system; one head is used for deploying the polymer matrix, and the other is used for the rein-
forced prepreg. Since continuous fiber deposition in AM requires frequent pausing and extruder
repositioning, a fiber-cutting tool is essential as it enables the bottom-up build. This approach
facilitates a multidirectional component reinforcement, while presenting minimal fiber/matrix
adhesion problems due to the implementation of prepreg material. A similar approach has been
developed by Anisoprint LLC; this utilizes two printing heads for matrix deposition and com-
posite filament co-extrusion (CFC), respectively [6]. In contrast to other approaches, Anisoprint
LLC uses a thermoset coating in the fiber bundles, thus ensuring superior fiber adhesion while
significantly expanding the bonding capabilities with various matrix materials [7]. Furthermore,
a multiphase approach has been studied in [129]. The printing has been done with the interrup-
tion for manual fiber placement, while the thermal bonding has been achieved using a micro-
wave oven, as presented in Figure 2.6 ¢). The method was enhanced in [136]. The fibers were
inserted in the middle of the extrusion process, as shown in Figure 2.6 a), and embedded in ABS
during the transition from the heating block to extruder nozzle [51], achieving the thermal bond-

ing and layer compression with a heated pin, as shown in Figure 2.6 d).
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Figure 2.6 a) Extruder schematics [136], b) Carbon fiber inclusions in ABS [136], ¢) Thermal
bonding using heated pin [136], d) Thermal bonding using microwave [136], €) Thermal treat-
ment comparison [136]

By comparing the experimental results, the authors [129] and [136] reported that values of

tensile strength for thermally treated specimens reached 30MPa, as presented in Figure 2.6 e),
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outperforming both the unreinforced and untreated specimens, as shown in Figure 2.7 a). This

confirms the bonding influence on the failure mode in Figure 2.7 b) and c), respectively.
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Figure 2.7 a) Comparison between thermally treated, untreated and unreinforced specimens
[136], b) Untreated specimen failure mode, ¢) Thermally treated specimen failure mode

Since experimental data analysis shows only fiber detachment instead of rupture as the dom-
inant failure mode, it can be concluded that these composites did not benefit significantly from
the embedded fiber reinforcements due to their inferior bonding quality, despite having the ad-
vantage of a simplified manufacturing process. Despite its inferior mechanical response, the
multiphase approach was utilized in structural health monitoring [196]; besides providing the
structural integrity, fibers were also implemented as sensor components, measuring the changes
in the fiber electric resistance during deformation. In this manufacturing process, the PAN 3K,
6K and 12K fibers were added manually in multiple ratios, while PLA was used as the matrix.
The authors reported a 70% and 18.7% increase in tensile and flexural strengths, respectively.
Moreover, analyzing the fiber fraction in unidirectionally reinforced laminates [96], it is clear
that reinforcement content definition in AM materials is also crucial for a better result compar-
ison with conventionally manufactured counterparts. The influence of the reinforcement content
has been investigated in [96] by varying the number of reinforced layers. Three sets of concen-
trically reinforced specimens were designed according to the JIS K7073 standard, additively
manufactured using a commercial Marforged® Inc. Mark One 3D printer and tested in tension,
while maintaining the quasistatic conditions. The first set was reinforced with six carbon fiber
layers and returned a tensile strength of 464 MPa at strain of 1.65%; for the second set rein-
forced with only two carbon layers, the tensile strength of 149 MPa at 1.05% strain was re-
ported, while the unreinforced PA specimens reached values around 17 MPa at 5% strain, thus
confirming significant fiber content contribution to the printed parts. The fiber content influence
on the mechanical properties of AM composite materials was further studied in [122], where

four sets of aramid reinforced PA composite specimens were designed according to the ASTM
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D638-14 standard with 10% infill. The studied specimens included unreinforced and reinforced
sets with two, four and five concentric rings, respectively. Upon confirming the positive effects
of fiber content on specimen strength and stiffness, the authors developed a mathematical model
to simulate the acquired behaviour, with good correlation for higher fiber contents. A more
comprehensive study on mechanical and fracture behaviour of AM continuous fiber reinforced
composites produced using the Markforged® MarkOne has been conducted in [61], encom-
passing microstructural inspections as well as experimental procedures on tensile, flexural and
impact behaviour. The microstructural images were acquired using both SEM and micro-CT,
highlighting the void formation between the adjacent deposited filament and pore size distribu-
tion, respectively. In addition, a density analysis has been conducted according to the ASTM
D3171-15 standard, confirming 41% and 35% of reinforcement content in carbon and glass
FRPs, respectively. Furthermore, the tensile specimens were designed according to the ASTM
D3039 standard with 23 unidirectionally reinforced layers and tested statically in the direction
of fiber orientation. The results showed lower values of tensile strength in comparison with the
reported manufacturer’s claims, but with higher values than the conventional UD composites
[61]. Additionally, the flexural specimens were designed according to the ASTM D790 stand-
ard, reaching a significantly lower flexural strength in comparison with both manufacturer’s
claims and the conventionally manufactured counterparts [61]. Moreover, the indentation tests
were performed in accordance with the ASTM D6264 standard, reporting slightly inferior re-
sults in comparison with traditionally manufactured FRPs. In conclusion, the authors agreed on
the promising applications of AM technology for FRP manufacturing, but they stressed the
necessity for a faster deposition rate. The mechanical behaviour of fully reinforced AM contin-
uous carbon and glass-fiber-reinforced composites was studied in [88]. To acquire tensile, com-
pressive and shear properties, the specimens were designed and additively manufactured using
Markforged® Mark One, then tested according to ASTM D3039, ASTM D695, and ASTM
D3518 standards, respectively. The experimental results acquired from the AM specimens were
compared with the traditionally manufactured AS4 CF/Epoxy and E-glass/Epoxy prepregs with
69% and 65% fiber ratios, respectively. Based on the comparison, the authors concluded that
the inferior behaviour of AM specimens versus traditionally manufactured counterparts could
be mainly caused by the lower fiber content of 23% and 43% in AM carbon and glass fiber
composites, respectively. These results were also influenced by the epoxy resin’s cohesion su-
periority over the thermoplastic PA matrix, duly confirmed by the void content acquired from

the microscopic inspections. In conclusion the authors proposed increasing the fiber content
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and swapping the PA matrix to a more resilient one, like PEEK; the authors also implied the
layer deposition should include a compaction stage to reduce the void content [88]. Further
investigation on interlaminar bonding performance in AM continuous fiber reinforced compo-
sites has been conducted in [24]. Three sets of short-beam specimens reinforced with carbon,
glass and aramid fibers, respectively, were designed according to the ISO 14130 standard and
additively manufactured using Markforged® MarkTwo, varying the layer thickens and fiber
content. The specimens were tested for acquiring the interlaminar shear strength using the 3-
point bending technique and then compared to the data acquired for the unreinforced specimens.
According to [24] the carbon-fiber-reinforced specimens showed the most significant enhance-
ment from the reinforcement in comparison with the unreinforced PA, tripling its interlaminar
shear strength; this was followed by the aramid composite with a 100% increase, whereas glass
only showed 40% increase. Upon testing the specimens with lower fiber content, the authors
[24] concluded that carbon fiber retained the best performance, reaching the double strength
values, while the interlaminar shear strength of both glass and aramid composites increased by
only 33%. The authors also confirmed the layer thickness did not influence the interlaminar
shear strength significantly. This study was followed by [25], which investigated the impact
performance influenced by the printing orientation, layer thickness and fiber content. The spec-
imens were designed and tested following the ASTM D6110 standard, while keeping the com-
ponent and printing parameters selection in accordance with [24]. In unreinforced specimens
printed flat in the x-y plane, the authors reported improved impact resistance with the increase
in layer thickness; the opposite was found for specimens printed on the edge. Moreover, all
types of reinforced specimens benefited significantly from the increased fiber content, while
edge printing resulted in an 11% and 80% increase for carbon and glass-reinforced composites,
respectively. Meanwhile, aramid fiber composite surpassed the other variations with an order
of magnitude, while having the impact strength increased for only 3% due to the edge printing.
The authors concluded that the AM technology is still in development and, despite promising
applications, it still delivers inferior components in comparison with conventional manufactur-

ing when impact strength is considered.

2.1.6. Pre-impregnated composites

Traditionally, pre-impregnated (pre-preg) composite is a fiber-reinforced material where the

fiber-embedding is prepared ahead of time or prior to molding, while the resin is kept partially
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cured or thickened [10]. For pre-pregs, the fiber reinforcements can be arranged in a unidirec-
tional tape, a woven fabric, or random chopped fiber sheets; there are additional costs due to
the increased labour needs [10]. Pre-preg enables a high fiber ratio, but it also requires addi-
tional machinery, such as autoclave, to maintain the required quality [10]. In additive manufac-
turing, pre-pregs are specialized filaments with embedded continuous fibers, while their imple-
mentation requires specialized extruders, nozzles and fiber-cutting tools [51,137]. Analogous
to the pre-preg approach, the authors in [188] proposed a pultrusion system to manufacture
commingled filament using E-Glass reinforces PP matrix. The process is based on pulling the
fiber yarn through a heated brass nozzle using a pull wheel and a servomotor, while being inte-
grated with a FDM system with a cutting tool triggered by the movement without extrusion.
Based on the material microstructure, the authors reported interlaminar void alignments, thus
indicating insufficient material consolidation. Moreover, flexural test specimens were designed
and tested according to the ISO 14125 standard, showing a flexural modulus of 12.37GPa using
the reported printing parameters [188]. Furthermore, by discarding both in-situ and extrusion
mixture approaches, the authors in [80] described the development of a prepreg AM feedstock
which ensured a better fiber/matrix bonding during the extrusion. As presented in Figure 2.8,
filament production is based on a single screw extruder and a coaxial extrusion mold, where the
necessary pressure for fiber/matrix impregnation is achieved. The impregnated filament is sub-
merged in water in order to achieve a proper solidification and subsequently dried at a constant
rate [80].

a) Single screw extruder b) CCF prepreg filament
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Figure 2.8 a) Pre-preg filament production process [80], b) Pre-preg extruder [80]

Material deposition was conducted using a simplified extruder, where pre-preg was delivered
through a PTFE tube and extruded using a wider nozzle to avoid potential clogging and the
fracture of filament during printing. In this process, the cutting tool is omitted.

DoE has been adopted for optimization of the printing parameters based on twelve sets of
flexural specimens, and the authors confirmed there was a significant influence on flexural

strength and stiffness.
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2.1.7. Inherent defect in additive manufacturing

According to multiple studies, weak interlaminar and intralaminar bonds are inherent to the
FDM process and are assumed to be major limiting factors in its engineering application. This
has been reported in [26,144,161,182], where the authors investigated the effects of printing
directions and confirmed the interlaminar and intralaminar void patterns’ influence on the ma-
terial behaviour. Furthermore, voids formation at inter-raster material deposition contact have
also been reported in [73,84,111,144,181]. The authors agree on the origins of degraded me-
chanical properties in AM materials, however the authors in [180] also proposed a representa-
tive volume element (RVE) based mesoscale model for FDM polymers to account for these
defects. Many researchers reported the potential difficulties arising from the additive manufac-
turing approach [122,126]. After analyzing the experimental data, researchers
[4,19,195,197,69,86,95,102,144,150,161,173] agreed on the behavioural characteristics of AM
fiber-reinforced composites, however, there are significant discrepancies between their studies.
Moreover, the comparison between additively [84], and the conventionally [113] manufactured
continuous fiber-reinforced composites shows superior mechanical properties in the conven-
tional manufacturing of similar fiber/matrix compositions and fiber ratios. The processibility
and performance ratio of short and continuous fiber-reinforced composites has been studied in
[19]. The authors identified the negative effect of additional void formation during continuous
fiber deposition, and they proposed the adoption of highly aligned short fibers instead. Similar
to all laminated composites, AM components inherently suffer from low interlaminar shear
strength (ILSS), which was studied in [84], while the experimental evaluation on the effects of
layer thickness on ILSS was conducted in [24], emphasizing the necessity for further research.
Although the technology of additive manufacturing is still under development and produces
components with inferior mechanical properties due to a large number of factors, the application
of additive manufacturing has significant potential through the tailoring of material properties

for specific design requirements in a fully automated manufacturing process.

2.2. Material behaviour modelling

Together with the advancements in manufacturing processes, the development of novel ma-
trix and fiber materials has resulted in novel composite systems which, supported by new design
and analysis procedures, have expanded the industrial application of polymer composites [65].

These technological advancements have also been followed by the analytical and numerical
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models, expanding the capabilities of commercial Finite Element Analysis (FEA) packages
[8,9]. Most of the modelling approaches implemented in the analyses of composite material
behaviour are phenomenological in nature, and could be based on: constitutive models devel-
oped for homogeneous materials, composition of isotropic or orthotropic phenomenological
models, single- or multi-scale homogenization, isotropic/orthotropic phenomenological mod-
els, or kinematic formulations [65]. Moreover, to solve problems using computational mechan-
ics, the understanding of the virtual domain is crucial, hence its separation into sub- and super-

divisions is often necessary [141], as shown in Figure 2.9.
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Figure 2.9 Multiscale simulation strategy for computational engineering of FRPs [107]

Considering the computational mechanics of fiber-reinforced composite materials, the most
common division is between micro mechanics at the constituent’s level, and continuum or dis-
crete damage mechanics at the meso- and macro-scale [10,141]. In this section the state of the

art involving the most commonly applied models will be briefly discussed.

2.2.1. Micro-scale mechanics

Micro-scale models are mathematical tools developed for analysis and differentiation of the
constituents influence on the material behaviour at a measurement scale in the range of 10 m.
Considering the material response, the analysis of material mechanical behaviour on the mi-
croscale is often referred as micromechanics. Depending on the material type, it can vary from

the crystallographic and granular levels present in metallic materials, to the distinction between
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the matrix and reinforcement in composite materials [10]. The micromechanical response of
unidirectionally reinforced fiber composites is often computed based on two basic microscale
models. The Voigt model, also referred as the Rule of Mixtures (RoM), is based on the iso-
strain assumption, meaning that fiber and matrix strains are equal to the strain of the effective
medium in longitudinally loaded composite, hence determining the upper bound of the effective
elastic modulus [166], while the inter-phase boundaries are not in the equilibrium. In contrast,
the Reuss model, also referred to as the inverse RoM, is based on iso-stress assumption trans-
verse loading, meaning the stress in fiber is transferred to the matrix and is equal to that of the
stress in the effective representative volume element, which is in conflict with the matrix/inclu-
sion bonding and compatibility; better shear predictions could be achieved using higher-order
shear stress distribution [166]. Voigt and Reuss models are simple tools for the determination
of the upper and lower bounds of the effective material stiffnesses [1]. An improved method
has been developed in [71,72] based on the concept of minimum potential energy, variational
principle, and polarization. This model considers the strain energy of a homogeneous isotropic
material as reference, for which the change in strain energy is calculated by the addition of
inclusions with different elastic properties and then maximized with respect to the stress polar-
ization tensor to obtain the bounds [166]. In contrast to Voigt and Reuss, the bounds in the
Hashin-Shtrikman model are formulated based on the constituents’ effective elastic properties,
where the matrix is treated as the reference for the lower bounds, and the fiber for the upper
bounds; instead of averaging stresses and strains, the strain energy is minimized [166]. A mod-
ification of the Voigt model for computing transverse and shear stiffness based on the distinc-
tive fiber and matrix subregions has been developed by Hopkins and Chamis [78], assuming a
rectangular fiber cross-section and utilizing the effect of fiber packing geometry [166]. The
model has been validated in various fiber packing geometries in [85], showing consistent re-
sults. An additional approach has been proposed in [54], where the transverse stiffness in fiber-
reinforced composites is calculated based on dividing the unit cell square packing into subre-
gions. The results are consistent with the experimentally acquired data for fiber volume fraction
less than 0.5 in [53]. Despite the geometrical similarities, the model [54] is based on continuum
mechanics methods in contrast to the Chamis formulations which are based exclusively on ge-
ometrical parameters and fiber volume fraction. The model [54] is able to capture the effects of
fiber geometric parameters, including fiber diameter, aspect ratio and inter-fiber spacing, there-
fore allowing more accurate stiffness predictions in comparison with the others shown in Figure

2.10 [166].
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Figure 2.10 Micromechanical model comparison [166]

An empirically augmented generalized model has been developed in [66,67] based on the
approximations of the effective properties in terms of matrix and fiber phases. Within the model
framework, the geometry of the inclusions is quantified by the empirical parameter, which is
calibrated on the experimental data as reported in [58,147]. The model was modified for in-
plane shear predictions in [75], validated for higher volume fractions in [2,3], and implemented
in the analyses of 3D woven composites with void inclusions [81]. All thing considered, the
model gives an improved estimate of effective transverse and shear stiffnesses, however the
empirical part is highlighted as a drawback due to the necessity for calibration [166]. Research
on the application of eigenstrain theory for determination of internal stress in a matrix with
inclusion has been conducted in [130], enabling the calculation of effective mechanical proper-
ties in composite materials [14,166]. The model was initially developed for ellipsoidal inclu-
sions, while the analytical solutions for the composites containing spheroidal shapes, disks,
needles, or penny shaped cracks were derived in later studies [16,50,194]. Moreover, the influ-
ence of aligned and randomly oriented cylindrical fibers has been studied in [38], as has the
two-step homogenization of short fiber reinforced composites in [185]; there is agreement on
the valid physical representation of the material constituents. In contrast, the study conducted
on multi-phase composites has shown an inaccurate prediction for Mori-Tanaka based models
[131]; inaccuracies arising from the dilute dispersion assumption were also confirmed in the
analysis of particulate composites with higher volume fraction [103]. Therefore, the self-con-
sistent model was developed in [20,76] to overcome the limitations of the existing models. It
assumes there is equality between the matrix properties and the effective properties of the com-
posite prior to the introduction of the single inclusion. The effective matrix properties simulate

the multiple inclusion effect [166]. If a dilute dispersion equivalent to a single inclusion within
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the infinite matrix medium is assumed, the method returns adequate predictions only for the
low fiber fraction composites [166]. Additionally, the effective matrix properties simulate the
interactions between the multiple inclusions hence the extended model discussed in [166] is
applicable for the analysis of multi-phase composites. In this model extension, the calculation
of the multi-phase composite materials’ effective properties is based on volume fraction and the
concept of iterative increase in inclusions. Within this framework, adopting a variable volume
instead of the physically inconsistent fixed volume approach, the effective properties are calcu-
lated on every iteration until the desired volume fraction has been achieved. In contrast to the
self-consistent models, the differential scheme enables a distinctive phase recognition, expand-
ing the model applicability [121]. Similar to the attempt of modifying the rule of mixtures in
[105], a revised model based on the Mori-Tanaka dilute dispersion approach has been discussed
in [166]. The model is based on a differential scheme for obtaining the effective stiffness tensor
for the desired volume fraction of inclusions, also enabling a multi-phase distinction. Within
this framework, the information on the matrix background is applied to the new composite by
rearranging the inclusions in the background mixture that follows the deformation state, thus
only the volume fraction effect connects the state of inclusions between the background and the
new state [166]. The authors also emphasize that the geometric arrangement of the inclusions
causes a difficult nonlinear and process dependent problem, especially for the anisotropic cases,
which still remains unsolved [166]. Following the increase of computational power, the finite
element model is often used to capture the distributions of stresses and strains based on which
a more accurate determination of effective properties can be made. Hence, a comparison be-
tween the theoretical, FEA, and experimentally acquired results has been conducted in [166],
as shown in Figure 2.11 Model comparison for: a) Longitudinal response [166], b) Transversal
response [ 166], ¢) Shear response [166]. It is concluded that, among theoretically based models,
the predictions from the non-dilute self-consistent model and the revised Mori-Tanaka model
are the closest to the numerically and experimentally acquired data.
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Since the FEA became more applicable in engineering practice, a finite element based virtual
framework for computing the full-field elastic response in unidirectionally reinforced compo-
site materials, based on the 3D RVE domain, has been proposed in [5,142]. Using the case of
through-the-thickness angle interlocked textile composite, the authors analysed the application
of interpolation techniques for imposing periodic boundary conditions to arbitrary finite ele-
ment meshes, computing the holistic range of effective mechanical and thermal properties of
continuous fibre reinforced composite materials. The proposed boundary conditions are imple-
mented within the commercial FEA software and validated on benchmark virtual tests, giving
a comparison between the conventional techniques and experimentally acquired data. The au-
thors demonstrate that predictions from the virtual framework compare closely with experi-
mental data as well as with other numerical and analytical predictions in the literature. The
authors state that the presented framework is suitable for holistic elastic properties acquisition
based on virtual experiments with FRP composites, avoiding the necessity for assumptions on
the macroscale behaviour.

Since only elastic behaviour is considered, the authors suggested further research on material
plasticity and damage mechanics at the macro scale using a similar virtual framework. Subse-
quently, an Abaqus plug-in tool for periodic boundary conditions (PBC) placement and RVE
homogenization of user customizable geometries has been developed in [143]. The concepts of
a periodic RVE are automatically applied on the user-created geometry within the Abaqus CAE
environment, followed by the homogenization concept by imposing uniform strains on the RVE
in order to compute the effective elastic properties. The model has been validated on the exper-
imental data from the literature showing consistent results, despite being limited to elastic be-
haviour. A method for numerical evaluation of material property degradation in composite
RVEs due to fiber/matrix debonding and matrix cracking has been proposed in [135]. The au-
thors studied the initiation and propagation of damage modes in various RVEs by implementing
the cohesive zone model (CZM) to simulate fiber/matrix debonding. They used the extended
finite element method (XFEM) to model matrix cracking while simultaneously studying its in-
fluence on the stiffness degradation. The method has been validated on the available data from
the literature, upon which the authors concluded that the approach is applicable for macroscopic
constitutive behaviour calculation, as well as for obtaining the required damage parameters of
RVEs CDM analyses. A novel scheme for micromechanical simulation of fracture processes in
composite materials has been developed in [74]. The author proposed a simulation based on

linear elastic fracture mechanics (LEFM) of the displacement field around a crack tip acquired
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during the mode I fracture tests and its application in virtual analysis of the interlaminar crack
propagation in tension. He reported accurate characterization on interlaminar fracture energy
and damage resistance. The resulting fracture response has been derived into softening laws
applicable in higher scale modelling. A multiscale modelling approach has been proposed in
[132], where authors investigated the micro- and meso-mechanical response of thermoplastic
composites by computing the homogenized yarn behaviour at a microscale to allow the formu-
lation of the representative constitutive model for predicting ply properties on the mesoscale.
The RVE input properties have been acquired through in-situ constituent’s micromechanical
characterization and implemented in numerical analysis. The authors reported results consistent
with the experimental data from the literature, documenting non-linear behaviour in transverse
and shear directions prior to failure. All things considered, the FEA approach is unmatched by
the analytical methods and has become a standardized methodology for calculation of material
properties in heterogenous and orthotropic materials. Therefore, the FEA based virtual frame-

work approach for holistic material properties acquisition has also been adopted in this thesis.

2.2.2. Continuum damage mechanics

Continuum damage mechanics represents the failure modes by the effect they have on the
mesoscale behaviour of the material, calculating the degraded stiffness of the laminas in terms
of continuum damage variables to predict the damage initiation based on the strength or fracture
mechanics failure criteria [8]. The failure criteria often encountered in FEA packages [8,9] for
fiber reinforced composites are based on linear elastic analysis and assume the lamina as an
orthotropic continuum while calculating the failure index as a stress/strength ratio. Based on
the stress interaction, these models can be characterized as noninteractive, partially interactive,
and fully interactive; they don’t account for the damage evolution process due to their phenom-
enological principles. Most commonly used are the Tsai-Hill [10] and the Tsai-Wu [187] failure
criteria, developed to account for the stress interaction, but stresses in different directions are
not decoupled and affect the lamina failure simultaneously. These criteria are independent of
the failure mode and cannot be used to predict the mode of failure within the laminate accu-
rately. Hence, the criteria with a more significant physical basis have been developed, including
the Hashin [70], the Puck-Schurmann [157], and the Cuntze [44], with many more

[31,46,115,153], which observe the stress interaction independence of the failure modes and
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are consequently more applicable [21]. Physically-based, but simple enough for usage in engi-
neering practice, the Puck failure criterion [48,49,156,157], distinguishes between fiber failure
(FF) and matrix failure (MF) within multiple failure modes. Since damage in FRP composites
can be manifested in multiple modes (including fiber breakage, matrix cracking, fiber-matrix
debonding, and delamination) substantial effort had been invested in quantifying each of these
damage modes and their evolution versus load, strain, time, and number of cycles, as well as
the damage influence on the residual stiffness [8]. One comprehensive modelling approach is
the stress-based CDM which represents all the failure modes by the effect they have on the
lamina behaviour by calculating the degraded stiffness of the laminas in terms of continuum
damage variables [8]. The damage is therefore detected using strength or fracture mechanics
failure criteria, followed by an empirical damage evolution law controlled by calibration pa-

rameters.

2.2.3. Stress-based continuum damage mechanics

The stress-based CDM formulations have been in continuous development since the early
works of [89,165], with improvements to their approach proposed in [34-37,65]. Based on
[34], a mesoscale model for damage modelling in woven fabric-reinforced composites under
compressive loads had been developed in [106], experimentally validating their results on load
peak and crack propagation across fibers. Studying the elastic-brittle behaviour of fiber-rein-
forced composites, a constitutive model based on a homogenized continuum has been proposed
in [119]. The model was developed for anisotropic damage analysis in fiber-reinforced compo-
sites and was later modified in [99]. Adopting the proposed framework in the LS-DYNA sub-
routine, the authors in [101] developed a numerical model for blast and fragmentation analysis
in glass/epoxy composites. Furthermore, the authors in [134] proposed the stress tensor formu-
lation and defined the theoretical foundations for anisotropic damage modelling, upon which
the later work on 3D multi-directionally braided composites has been based [64]. The dynamic
response of cross-ply laminates under low velocity impact has been studied in [200] by com-
bining a CDM based FEA model with a damage-friction interface constitutive relation and the
Hashin failure criteria within the Abaqus/Explicit environment. Another implementation of fail-
ure criteria within the CDM model has been proposed in [22] and experimentally validated in
[23]. The model assumes four possible fracture planes in relation to tensile fracture, fiber

kinking, matrix cracking within the range from 0° to 53°, versus lamina thickness direction.
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The intralaminar failure mechanism is predicted by the LaRCO04 failure criteria developed in
[46,151]. The model has been developed with the ability of retaining tension-compression load
histories, while also accounting for the ply thickness influence on the onset of matrix cracking
by replacing the unidirectional strengths with the in-situ values in the failure criteria. The ap-
plication of the model was also confirmed in the following studies on composite laminates [62],
and variable-stiffness composite panels [112]. A comprehensive study on the composite mate-
rials was presented through a bottom-up multiscale approach in [107]. Within its framework,
the authors distinguished between nano-, micro-, meso- and macro-mechanics, highlighting the
advantages and disadvantages for each approach, respectively. Additionally, a three-dimen-
sional continuum damage model applicable for the prediction of multiple failure mechanisms
in laminated composites has been proposed in [116]; it also lays out a constitutive response, in
accord with the formalism of the thermodynamics of irreversible processes, to ensure mesh-
independent prediction of energy dissipation by crack band model implementation [116]. The
prediction of delamination and matrix cracking without the implementation of cohesive ele-
ments has been validated on the experimental data and implemented in simulations conducted
in [123], while further development on transverse and shear damage utilizing Gibbs energy has
been proposed in [172]. A more accurate prediction of composite material behaviour has been
achieved using fourth-order damage tensor in [36], which was extended in [124] by developing
a parametrically homogenized CDM based progressive damage model, overcoming the exces-
sive computational costs of homogenization methods. Additionally, a modified Puck’s theory
for 3D application was proposed in [48], where the authors developed a 3D degradation rule
and implemented it into the FEA software Abaqus. According to Puck’s theory, the model dis-
tinguishes between fiber and inter-fiber damage in both tension and compression, while tracing
the fiber damage to its micromechanical origins. Model verification has also been conducted in
[48] while also being confirmed in further studies [92,98,100]. The stress-based CDM approach
has also been adopted in medical applications for composite-bone FEA in [45], by implement-
ing the Hashin failure criterion for predicting microdamage initiation that triggers the nonlinear
behaviour, thus accounting for the effect of physiological or non-physiological stress concen-
trators. Additionally a discrete crack-informed model for prediction of crack initiation and evo-
lution, using failure criteria in a continuum element, has been proposed and validated in [149],
showing consistency with the experimental data. The authors highlight the reduction in compu-
tational time in comparison with [116]. All things considered, the CDM phenomenological pa-

rameters need an experimental calibration based on a measurable effect of damage on the
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macro-scale. Hence, most stress-based CDM models adopt stiffness reduction as the representa-
tive state variable of damage [8,65]. Therefore, the main disadvantage of the stress-based CDM
approach is the necessity for additional experimental data to determine the calibration parame-
ters; notwithstanding, the stress-based CDM is widely used in engineering design due to its

calibration versatility [48,92,100,156].

2.2.4. Synergistic damage mechanics

While CDM homogenizes the damage and treats it phenomenologically [8,10], the alterna-
tive methods attempt to represent the actual geometry and discrete characteristics of damage
[8]. Initially developed for the microscale, the Micro-Mechanic Damage model (MMD) is based
on approximating an elastic solution for a laminate containing one or more discrete cracks
[168,198], with the assumption of the kinematic laws [8]. The advantage of MMD over CDM
is that the laminate stiffness reduction as a function of crack density is calculated without any
empirical parameters [8]. The main disadvantage of MMD is that most of the available solutions
are limited to symmetric laminates under membrane loads with only one or two laminas crack-
ing [8,68,120,127,145]. On the other hand, the Synergistic Damage Mechanics (SDM) approach
overcomes these restrictions since it combines the physics of discrete matrix cracking from
MMD with the CDM modelling approach [8,11,12,41,189]. With that in mind, Discrete Dam-
age Mechanics (DDM) is an approach based on discrete cracks in the matrix which grow par-
allel to fiber orientation, as shown in Figure 2.12, influencing laminate stiffness when accumu-
lated [8,21]; its formulation is based on fracture mechanics invariants. As a result, many re-
searchers recognized the prospects of DDM, proposing novel solutions. Among synergistic
models, a versatile approach for material properties and damage evolution prediction in sym-
metric laminates with arbitrary LSS has been developed in [11,41]. Within the model frame-
work, the elastic properties are predicted as a function of crack density, while the prediction of
damage evolution is based on critical values of strain energy release rate (ERR) for modes I and
II (Gic and Giic), without the necessity for postulation and calibration of empirical parameters.
The model validation shows significant computational efficiency, mesh independence and con-
sistency with the experimental results. The model has also been extended for fatigue damage

prediction, expanding its application [13].
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Figure 2.12 RVE in discrete damage mechanics [8]: a)Top view, b) Side view

The problem of the stiffness degradation in a cracked symmetric laminate with arbitrary LSS
has also been studied in [28]. To compute the initial elastic properties in multidirectional sym-
metric laminate containing off-axis cracks in one layer, a bi-dimensional shear-lag analytical
model has been developed in [28], calculating in-plane stresses, strains and displacements av-
eraged over the thickness of each layer. Based on the proposed formulations, a compliance
matrix of the damaged laminate is estimated as a function of the crack density. The model also
accounts for the mutual crack interactions within and between layers by estimating the compli-
ance matrix of a generic multidirectional symmetric laminate with cracks in multiple layers,
using only elastic and geometric ply properties, the LSS and crack density. The model valida-
tion shows good computational efficiency and consistency with experimental data, while also
confirming the effects of crack interactions on stiffness degradation through a parametric study,
highlighting its importance in laminates with cracks in thick and neighbouring plies. In contrast
to CDM, the advantages of synergistic methods reside in strain-based formulations governed
by discrete fracture mechanics without the necessity for additional empirical parameters. In
addition to the basic invariants of critical ERR values, elastic, and geometrical properties, the
model requires the crack density master curves for each material; these are difficult to obtain
experimentally [27,28].

Substantial research regarding the state-of-the-art methods of additive manufacturing and con-
stitutive properties acquisition of continuous fiber composite materials has been presented in
this chapter. Additionally, a comprehensive review of the most significant approaches in mate-
rial modelling and damage analysis in composite materials has also been conducted. Subse-
quently, no reports have been found on constitutive response and damage modelling in multi-
directionally reinforced AM composites, while the studies on micromechanics have been lim-
ited in scope. Therefore, a comprehensive multiscale bottom-up approach has been proposed in

this thesis, including experimental and numerical analysis through multiple length scales.
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The state-of-the-art in additive manufacturing has been presented in this chapter, which high-
lighted the characteristics of available AM technologies regarding the positive and negative
aspects of a particular manufacturing method. Due to its simplicity, the FDM method has proven
to be the most versatile approach. However significant deficiencies in AM polymer componets
also confirmed that the introduction of fiber reinforcement is essential for this particular
method. Therefore, various types of AM composites have been discussed, among which the
continuous fiber reinforced polymers have been selected for further analysis due to their pref-
erable mechanical properties. Having selected this material, distinctive methods of analysis
have also been presented; these indicate the necessity for a multiscale protocol to account for
the heterogeneity and orthotropy of the fiber reinforced composites. Focusing on the recent
development of such analytical solutions, a review of micromechanical modelling techniques
has been presented first. A comparison between the applicable models has been discussed and,
due to its versatility, the FEA approach has been selected in this thesis. The macroscale model-
ling approach has also been presented in this chapter, and the application of continuum damage
mechanics has been discussed accordingly. The phenomenological nature of stress-based dam-
age models has been compared with the discrete concepts in synergistic damage models. This
comparison led to a conclusion that, despite the numerical advantage, the synergistic damage
models reacquire the crack density master curves, which are difficult to obtain experimentally
using the available technology, hence the phenomenological models have been adopted instead.
Based on this survey, the focus on the theoretical basics of the selected multiscale modelling
techniques will be presented in the following chapter, starting with basic laminate mechanics,
followed by the mathematical proofs of the micromechanical homogenisation of the representa-
tive volume elements, and concluding with a detailed summary of the Puck’s failure theory

within the framework of continuum damage mechanics.
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3. THEORETICAL BACKGROUND

Based on the comprehensive review of the state-of-the-art in material behaviour modelling,
a multiscale approach has been proposed in this thesis. The micromechanical analysis will pro-
vide specific insight into AM composite microstructural composition, upon which the RVE will
be designed and numerically homogenized using FEA software. The acquired holistic homog-
enization results will be compared to experimental data and implemented in a user-defined
CDM model where failure is identified using Puck failure criteria. The model will be calibrated
according to the experimentally acquired data and validated on distinctive LSS cases. Hence-
forth, the theoretical concepts of constitutive and damage modelling will be summarized in this
chapter, starting with the essential concepts in classical laminate theory (CLT), microstructural
homogenization based on the representative volume element, and the proposed Puck failure

theory in continuum damage mechanics.

3.1. Constitutive modelling of laminated structures

A constitutive model is a mathematical simplification of a complex material behaviour for-
mulated in respect of physical concepts and experimental evidence. The constitutive behaviour
of fiber reinforced composites is highly influenced by the distinctive constitutive behaviour of
its constituents, hence it is often inspected, and modelled through multiple length scales. There-
fore, this chapter will be focused on the theoretical background of constitutive modelling in
laminated composites. The analytical solutions will be synthesized through linear elastic clas-
sical laminate theory, with highlighting of the proposed assumptions upon which the constitu-

tive model of the laminate is built.

3.1.1. Classical laminate theory

Since composite laminates in engineering practice are often applied as thin-shelled structures
like beams, plates and cylinders, where thickness is kept in an order of magnitude that is less
than the others’ dimensions, the fundamental assumption of in-plane stress state is valid
[178,192]. Regarding the material orthotropy, the redefinition of a coordinate system within the
lamina is also necessary. Following the conventional definition, the 1-2-3 coordinate system is

often adopted, where 1- is for the direction in which the reinforcements are laid, 2- is for the
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direction perpendicular to the reinforcement placement, while 3- is for the lamina stacking di-
rection, as shown in Figure 3.1. The 1-2-3 axes are often referred as fiber, matrix and thickness
direction, respectively, together forming the principal material coordinate system according to

which all stresses and strains on a lamina level are computed [10,87,192].

a)

b) 43

\n
Figure 3.1 Coordinate system of a lamina and its homogenized RVE [192]

From the macro-mechanical point of view, the distinctive stresses and strains of the constit-
uents are neglected, assuming the lamina as a homogenized continuum with anisotropic prop-
erties. Since the materials with distinctive properties in mutually perpendicular directions are
referred as orthotropic, the layers within the laminate are also orthotropic [10,87,192]. The
stresses on the infinitely small segment showed in Figure 3.1 are divided into distinctive normal
stresses o1, 02, 03 and shear stresses 71, 72, 73. in connection with normal strains ¢1, &2, €3, and
shear strains y12, y23, y13, respectively [10,87,192]. Following these assumptions, the constitutive
matrix of the classical laminate theory is defined, where (E11, E22, G2, V12, ¥21) are the adopted
homogenized lamina properties, while the constitutive relations are assumed linear elastic, as

shown in Eq. 3.1.
e} =[5]{o} (3.1)
According to the CLT formulation,{c} and {e} represent the 6x1 stress and strain tensor
respectively, while [S] is referred as the compliance matrix [10,87,192]. The expression can be
expanded using the elastic constants, as shown in Eq. 3.2, where E1, E», E3 represent the stiff-

nesses in directions of the principal coordinate system 1-2-3, respectively; the v; (i, j =1, 2, 3)

represent the Poisson ratio values, G2, G23 and G13 represent the values of shear moduli. More-

.. . , vV, V .
over, the tensor symmetricity Sj= S; is assumed, leading to —= = —2L, as shown in Eq. 3.2.

1 2
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&) [ YE  —v,JE2 -v,/JE3 0
& i/ E, I/E, vy, [ E, 0
& _ Vi [E, vy /E, E, 0
V23 0 0 0 1/G23
713 0 0 0 0
7o) L O 0 0 0

0
0
0
0

1/ Gl 3

0

S O o o O

l/GIZ _

Furthermore, the expression can be simplified as shown in Eq. 3.3.

& _Sn S, S; 0 0
& S, Sy» Sy 0

V2 0 0 0 S,
713 0 0 0 0 S
Vi o o0 o0 o0 o0

0

oS O O O

Ses_

(3.2)

(3.3)

Furthermore, the stiffness matrix [C] is acquired by inverting the compliance matrix [S],

upon which the expression shown in Eq. 3.4 is acquired.

to)=clle)

(3.4)

Since the compliance and stiffness tensors are symmetric [10,87,192], the expression is fur-

ther simplified by assuming Cz1 = C12, Co3 = C32, C13 = C31, leading to the formulations pre-

sented in Eq. 3.5.- 3.11.
1
C11 = E(S22S33 - S23S23 )

1
C12 = E(S13S23 - S12S33)

1
sz = E(SBSII - SI3S13)

C. - %(512523 = 8,,5,,)

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)

3.11)
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Since not all material constants within the compliance matrix are mutually independent it is
necessary to introduce the reciprocity relations, as shown in Eq. 3.12, leaving nine independent

constants for an orthotropic material [10,87,192].

V12 _ V21 . V13

£ EE 22 (3.12)

Var.
E,~ E
3.1.2. Plane stress state

Assuming the plane stress state that is often attributed to the laminated structures due to the
nature of their practical applications, the principal axes 1-2 are often defined within the lamina.
Therefore the stress components o1, o2 and 712 manifest within the lamina plane, while the per-
pendicular g3, 723 1 713 components can be ignored [10,87,192]. By adopting this assumption,
the constitutive equation can be additionally simplified as shown in Eq. 3.13.

g _SB 0 0 0]fe
&l |6y 6y S 0 0 0 ||o

S; S, S 0 0 01|0
| 0 0 o S, 0 (0)|]o (3.13)
sl |0 0 0o o s, (0)f0
vo) Lo 0 0o (0)(0) 6ylle

Furthermore, based on the plane stress assumption, the following expressions shown in Eq.

3.14 can also be adopted.
75 =0, 7,=0, &=38,0+S5,0,#0 (3.14)
Implementing the assumptions, a simplified constitutive relation for plane stress state can be
adopted, as shown in Eq. 3.15.
& S, S, 0]q
0 |Jo, (3.15)
Vi 0 0 Sgll7p,

& (= Pn Szz

The reduced 3x3 compliance matrix, shown in Eq. 3.15, can be inverted to acquire the re-

duced stiffness matrix as shown in Eq. 3.16, where the matrix components are given by Eq.

3.17 to Eq. 3.20.
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O-l Ql 1 Q12 O 81

Oy (= le sz 0 & (3.16)
T 0 0 Oyl
S E;
0, = 2 —-= » 3.17
! 81185 _Si (B, +Vvi,E,,) ( )
S v, E E
0, = 12 __ Vbl 318
v S1185, — Si (E\, —viEy) ( )
S E E
0, = 11 _ 11t 319
” S1185, — Si (E\, —viEy) ( )
1
Oss =5 " Gy, (3.20)
66

3.1.3. Laminate coordinate systems

To analyse the mechanical behaviour of a composite laminate, it is also necessary to study
the contribution of each lamina. This is achieved by transforming the local 1-2-3 into global
coordinate system x-y-z, while using standard stress-strain formulations adopted for the plane
stress state [10,87,192]. Hence, if an infinitesimally small element within the 1-2-3 coordinate
system is transformed to the global x-y-z coordinate system, its fiber direction will be closing
at angle 9 with the x-axis direction; the 1-2 plane will remain parallel with the x-y plane, and
the 3-direction will remain equal to the z axis, as presented in Figure 3.2. The orientation angle
9 is assumed positive if the fiber layup is arranged counter-clockwise or observed from the x-

axis versus y axis direction, while negative otherwise [10,87,178,192].

z
) z,3 2 b)

Figure 3.2 Coordinate systems of a lamina reinforced in an arbitrary direction [192]
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The acquired stress and strain component can be defined as ox, gy, 07, Tyz, Txz, Txy, and &x, &y,
€2, Vyz, Vxz» Pxy r€Spectively; while applying the plane stress assumption the out-of-plane compo-

nents o, Tyz, 7xz could be reduced to zero, as shown in Eq. 3.21.

2 2

o, m- n 2mn ||o,

o,r=| n© m 2mn |Jo (3.21)
2 2

7 -mn mn m-—-n" ||t

With m=cos(6) and n=sin(6), and the expression can be simplified as shown in Eq. 3.22.

O-l O-x
o, =[T]5 o, (3.22)
le Z-xy

Where [T] is the transformation matrix, with [7]"! being its inverted counterpart, as shown

in Eq. 3.23:

2 2 2 2
m n 2mn m n —2mn
[T]=| »* m* -2mn |; [T]'=| * m*  2mn (3.23)
—mn mn m’—n’ mn —-mn m*—n’

The inverted transformation matrix [7]" is therefore adopted for conducting stress and strain

component transformations, as shown in Eq. 3.24 and Eq. 3.25.

O-x O-1
o, =[] {0, (3.24)
z-xy T12
6‘1 gx 8x 81
. -1
g =[T] & ¢ g 1=[T] 3 & (3.25)
1 1 1 1
57/12 nyy nyy 57/12

Accounting for the shear factor of 2, from the strain tensor in Eq. 3.25, the resulting stress
and strain tensor expressions for plane stress assumption can be rewritten as shown in Eq. 3.26,

respectively [192].

& Sy S, 0 O, O, O, 0O, 0 &

& =S, Sy 0 O,¢5 10,70=0n On 0 &, (3.26)
1 1 T T 0 0o 2 1
57/12 0 0 =S . . Que 57/12

Furthermore, the strain tensor equation Eq.3.27 is acquired by substituting Eq. 3.22 and the
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first expression of Eq. 3.25 into the first expression in Eq. 3.26, and multiplying the third row

by the factor of two where [5 J stands for the reduced compliance matrix given by the Eq. 3.28

[192].
g, Su S Sis o,
g = S Sn S o, (3.27)

N

Vxy Sie S Ses Xy

511 Elz §16 S, S, O

— S —-1

[S] =S S»n Sx» =|:T] S, S, 0 [T] (3.28)
Sie S Ses 0 0 S

Similarly, the substitution of Eq. 3.22 and the first expression of Eq. 3.25 into the second
expression of Eq. 3.26 while multiplying the third row by the factor of two, results in Eq. 3.29

where [Q] represents the reduced stiffness matrix given by the expression on Eq. 3.30 [192].

X X

o, r=10n On Ox|ié (3.29)
Ty O Ou Qoo | U

O éll élz ém &

0, 0. 0O 1 0, 0, O
[0]=|0. 0n 0u|[T] |0, 0. O[] (3.30)
ém éz() é()é 0 0 Q“

The expressions in Eq. 3.25 and Eq. 3.27 describe the behaviour of fiber-reinforced compo-
sites in the state of plane stress when subjected to off-axis loads, with the consequent appear-
ance of shear-extension coupling; in this case, normal stresses also cause shear strains, while
shear stresses cause external strains [87,192]. As a result, the reciprocity relation between the

reduced compliance and reduced stiffness tensors is conserved, as shown by expressions in Eq.
3.31.

_ I — —-1
[0]-[5T":  [5]-[0] 63D
Furthermore, the material properties acquired with respect to the 1-2-3 coordinate system of

the lamina can be redefined according to the global x-y-z coordinate system directly from its

definitions as shown on expressions from Eq. 3.32 to Eq. 3.36 [192].
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E = £,
G12 E2
Vi, (n4 +m4)—(1+?—Eljn2m2
Vig = — (3.33)
E E
m* +(1—2V12jn2m2 +—tn
G12 2
E, = £
G12 E]
V) (n4 +m4)—(1+?—Ezjn2m2
Vig = — (3.35)
E E, ,
m* ‘{2_2"21]”2’"2 +—2n
12 1
Gx}’ = 2 G12 2
e mt 42| 292 (1120 )+ 2921 |2 (3.36)
E, E,

Additional parameters also need to be acquired for the in-plane behaviour analysis of fiber-
reinforced composites. Besides the Poisson ratio, acquired as the relation between the transver-
sal and longitudinal strains, it is also necessary to define the coefficient of mutual influence of
the first and second kind, as shown in Eq. 3.37 and Eq. 3.38 respectively, where the first ex-
pression in both equations is valid for ox # 0, oy = 0, and o, = 0, while the second expression is

supported for, ox=0, oy # 0, and g, = 0 [192].

E &

Moxy =5 My == (3.37)
yxy Xy
Vs Yy

Myx = 8: My = gyy (3.38)

These coefficients can be rewritten in terms of compliance tensor components as shown in

Eq. 3.39 and Eq. 3.40 [192], simplifying the computational process.

S Sy
==, vx = = 3 39
an,X Sll 77 Ys 522 ( )
"§16 §26
nX,XY S“ 77}’, Yy S22 ( )
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3.1.4. Geometrical characteristics of the composite laminate

Following the previous theoretical summary on the mechanical properties of a lamina, a
generic laminate is usually manufactured as a layered structure composed of N layers generating
a finite laminate thickness equal to H, as a sum of all the lamina thicknesses 4. Since the generic
laminate definition assumes equal lamina thicknesses, the thickness of the A" layer is often
referred as Ak [87,192]. The origin of the laminate coordinate system is usually placed in its
geometric midplane, either within a particular layer or at the interface between the two middle
layers. By convention, the z axis is referred as positive from -H/2 to +H/2, with the first layer
having the most negative value; the laminate is built until the most positive N layer is reached
[87,192]. An arbitrary layer position is therefore defined as layer £ bounded by its interfaces zi-
1 and z, starting from the first layer with zo and zi, until the final layer with zx.1 and zn is

reached, as shown in Figure 3.3 a) [87,192].

Q) on b) A,
Zy ) —_—
7, ) Layer 1 ( =
221( Layer 2 \ T ] {
H/2 1 )
H 8 PO S
I\ Taverk & ; x JZ *
A T H/2 P
ZN1 z & A =
N [Layer N \ A !

Figure 3.3 a) Laminate cross-section [192], b) Laminate in rotation [192]

Furthermore, the deformation of laminate x-z cross-section can be analysed by measuring
the displacement of the point P placed at an arbitrary distance z from the point P° on a reference
plane forming a AA' distance on which both points are situated, while the superscript value “0”
represents the kinematics applied on the point P°. The displacement in the x and y directions is
defined with 1° and w° respectively. The rotation of the reference surface about y axis as Ow/0x,
is also valid for the AA ' distance due to the Kirchhoff hypothesis of perpendicularity, assuming
ow’/ox <1 [192].
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Based on this assumption, the sines and tangents values of these angles can be replaced with
the exact values of rotations, while the cosines are equal to one. This approximation causes the
translation of P° by the value of z = ow®/0x due to rotation, as shown in Figure 3.3 b) [192].
Therefore, the axial translation of the point P (x,y,z) is given by the expressions in Eq. 3.41, Eq.
3.42, Eq. 3.43, respectively.

u(x,y,z)zuo(x,y)—zw (3.41)
v(x,y,z)=v"(x y)—z—aw0 () (3.42)
» s ) o .

w(x,y,z) = (x, y) (3.43)

According to the Kirchhoff hypothesis, strains within the laminate can also be computed

based on the acquired displacements, as shown in Eq. 3.44 to Eq.3.49 [192],
Gu(x, y,z) B

& (nyz)=——=—=6(xy) -2k (x.y) (3.44)
ov(x,, (3.45)
o (0:2)= 225 )2 )
0 (3.46)
Ez(x,y,z)zéw(i;’yjz)zéw (x,y,z):O
z 0z
ow(x,y,z) ov(x,y,z) ow'(x,y) ow'(x,y (3.47)
J’yz(xay,z)f (8 )+ (8 ): Eg )_ a( ):
Y zZ Y y
0 0 (3.48)
7xz(x,y,z)zaw(2’y’z)+8u(x’y’z) _ow (x.y) o' (xy) »
X aZ ax ax
3.49
yxy(xayaz)zaV(x’y,Z)—i_au(x’y,Z):7£y+Zk£y ( )

ox oy

where specific variables are introduced as abbreviations of the expressions, as shown in Eq.

3.50 to Eq. 3.56 [192], where . is referred to as the extensional strain of the reference surface
in the x direction, f° as the curvature of the reference surface in the x direction, 83 as the
reference surface extensional strain in the y direction, k;) as the reference surface curvature in

. . 0 . . 0
the y direction, & as the reference surface in-plane shear strain, and kxy as reference surface

twisting curvature [192].
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gf(x,y)=%; (3.50)
kf(x,y):% (3.51)
& (x,y)= %;’y) (3.52)
& (x,y)= %;’y) (3.53)
ky (%) =% (3.54)
75 (x.y) = a”gjj’y ), & ;;y ) (3.55)
K (x,y) :—2%(8;”) (3.56)

Furthermore, according to the plane stress state assumption, the strains and curvatures of the
reference surface are used to calculate the stress-strain relations, as shown in Eq. 3.57 [192].
Oy O, On O f + Zko
Y Y Y 0 0
o, 1= On O y 2k, (3.57)
Xy O O G 7/ w T Zk)(()y

Consequently, resulting forces and moments are calculated based on the adopted stresses, as

N

shown in expressions from Eq. 3.58 to Eq. 3.63 [192].

H/2
N, = j_m o dz (3.58)
H/2
N=[ o 0, (3.59)
H)2
W= 7 T (3.60)
HJ2
M, = Luz o zdz (3.61)
HJ2
M, = j_m o, zdz (3.62)
H/2
M, = j_H/z 7, 2dz (3.63)
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Similarly, knowing the laminate stiffness matrix and the applied forces Nx, Ny i Nxy and mo-

ments Mx, My 1 Mxy shown on Figure 3.4, both cross-thickness and referent surface strains can

be computed according to the strains and curvatures of the reference surface based on Eq. 3.64

and Eq. 3.65 respectively [192].

a)

b)

> —
~ " N, x X
—Ny M, My
4 bl [
// /y
AN, | s
,/y z »/y lz
Figure 3.4 a) Forces on laminate [192], b) Moments on laminate [192]
N, 4, A4, A 53 _Bn B, B Kf
N, r=14, Ay Ay ‘93 B, B,, B K;) (3.64)
ny A Ay A 7>?y | Bis By B K)?y
M, B, B, B 5: _Dll D, D Kf
My =|B, By, By g; D, D, D, K;) (3.65)
M, B By By 7/>?y | Dis Dy Dy K}?y

The stiffness matrix components Ajj, Bij, D (i,j = 1,2,6) shown in Eq. 3.64 1 3.65 are calcu-
lated according to the expressions given in Eq. 3.66, Eq. 3.67, and Eq. 3.68 respectively.

N
4= ;Qﬁk (z—2) (3.66)
1S~
5=30, (-2 367
k=1
1S~
D, :gkz;Qﬂk (z2-2.) (3.68)

To calculate the laminate constitutive response, the adopted stiffness constituents are merged
into a 6x6 laminate stiffness matrix, as shown in Eq. 3.69, while its inverted expression shown

in Eq. 3.70 provides the laminate compliance matrix [10,87,192].
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Ny 4, 4, Ag B, B, Byg||é«
Ny, A, Ay A B, By, By ||é,
N,y _ Ag Ay Ay By By By || €y (3.69)
M,, B, B, B, D, D, Dg||k '
M, B, B, By D, D, Dy||k,
M | |Bs By By Dy Dy Dy ||ky
&y | (a4, a, a, b, b, b N, ]
&y Ay Gy Gy by, by by Ny,
Eyy _|%e 926 Yo b by b | | Ny (3.70)
ko by, b, by d, d, dg||M, '
Ky b, by by d, dy dy||M,
_kxy_ Lbis by by dig dyy dig | _Mxy_

3.1.5. Stacking sequence effects

According to the CLT, a laminate is considered symmetric when for each distinctive layer a
counterpart with equal geometrical and mechanical properties exists at an equal distance on the
opposite side of the laminate’s reference surface [10,87,192]. From the mechanical perspective,
the laminate symmetricity causes the stiffness components Bjj to be ignored, hence the laminate

stiffness matrix is reduced to 4jj and Djj only, as shown in Eq. 3.71, 3.72 and 3.73 [10,87,192].
N, 4, A, A ‘93

X

Nyr=|4, Ay Ay 5;) (3.71)
ny A Ay Ag 7>(:y
B, = 0 (3.72)
M, D, D, D K;?
M, t=|D, D, Dyl|x, (3.73)
M., Dy D,y Dg K)(()y

Furthermore, the laminate is considered balanced if for every distinctive layer a counterpart
with equal geometrical and mechanical properties, but an opposite fiber orientation, exists at
any distance on the opposite side of the laminate’s reference surface [10,87,192]. This conse-
quently ignores the influence of both A and Ai1s components. The laminate is therefore con-
sidered symmetric and balanced if both conditions are present, which breaks down the ABD
matrix to a more simplified constitutive response, as defined with expressions Eq. 3.74, Eq.

3.75, Eq. 3.76 [87,192].
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{NXHA“ s -
N, 4, A4, ||s '

Ny =4, (3.75)
M, D, D, Dg Kp(:
My =D, D, D Kg (3.76)

M D16 D26 D66 Ky

Xy

Another frequently adopted LSS is in the cross-ply laminates where fiber orientation is al-
ternated between 0° and 90° at each subsequent layer, leading to a configuration where the
stiffness components A1¢, A26, Bis, B26, D16 1 D26 are ignored [87,192]. The layer stacking se-
quence has a direct influence on the laminate’s stiffness matrix, affecting the constitutive re-

sponse significantly.

3.1.6. Laminate effective properties

In the engineering application of composite laminates, it is often necessary to analyse the
laminates’ properties in reference to the global coordinate system. Such properties are referred

as effective material properties which include [192]:

Effective elastic modulus in x axis direction Ey
Effective elastic modulus in y axis direction Ey,

Effective shear modulus in x-y plane G_Xy

Effective Poisson’s ratios vy, and vyy

The effective mechanical properties are usually defined by considering the in-plane loading
of a symmetric and balanced, or a cross-ply laminate. These LSS cases are also considered in

the expressions for average stress calculations, as shown in Eq. 3.77, Eq. 3.78, and Eq. 3.79
[192].

HJ2

=—j X (3.77)
H/2

=—jH/2 y (3.78)
H/2

=— j T (3.79)

Furthermore, the expressions proposed in Eq. 3.77, Eq. 3.78, and Eq. 3.79 are comparable
with the average stress values acquired through principal loads over zero-width laminate thick-

ness, as shown Eq. 3.80, Eq. 3.81, and Eq. 3.82 [192].
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1
o, =ENX (3.80)
_ 1
Gy :ENY (381)
_ 1
Ty = ngy (3.82)

By solving the Eq. 3.80, Eq. 3.81, and Eq. 3.82 for Nx, Ny, and Ny, and substituting the
results into Eq. 3.74, and Eq. 3.75, the expression in Eq. 3.83 is acquired. In this expression,
the 3x3 matrix represents the stiffness matrix of a symmetric and balanced laminate, based on
which the effective material properties can be extracted according to the expressions from Eq.

3.84 to Eq. 3.89 [192].

g;? ayH a,H 0 O,
& t=|a,H a,H 0 |15, (3.83)
7>?y 0 0 axH](7,
— 1 A A, — A
E — — 11 22 12 3_84
* a, H A, H ( )
— 1 4,4, — A
E — — 11 2 12 3‘85
Y a,,H AH ( )
_ 1 A6
O i aso
66
_ a 4
o Z—a—”:f (3.87)
11 2
— a, 4,
=== (3.88)
a a, A4,
V. V.
E"y =E—y" (3.89)
X y

All things considered, the CLT is a comprehensive tool for the accurate calculation of com-
posite laminate material properties under the assumptions of plane stress and linear elastic re-
sponse. Moreover, most damage and failure theories are developed as extensions of the capa-
bilities of the CLT. Additionally, the initial assumptions are also a limiting factor in CLT ap-
plication, especially when linear behaviour is compromised. Analogous to CLT, the first-order
shear deformation theory (FSDT) also supports the assumptions of in-plane cross-section and

ignores the transverse normal deformation. It accounts for the transverse shear deformability
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by introducing an additional rotational degree of freedom based on the application of constant
shear deformation, which induces interlaminar and discontinuous shear stresses through the
laminate thickness [48]. In contrast, the higher-order shear deformation theory (HSDT) aban-
dons the assumption of the in-plane cross section by introducing additional degrees of freedom
to represent the distribution of in-plane displacements through the laminate’s thickness. There-
fore, a parabolic distribution of shear strains through the laminate’s thickness has been proposed
in [56,179], leading to a parabolic layer-wise distribution of shear stresses [48]. The ignoring
of the interlaminar strains is addressed in theories which include transverse normal deformation.
Such approaches are still based on HSDT, but also consider a holistic 3D constitutive law. They
assume a quadratic displacement distribution through the laminate’s thickness, leading to a lin-
ear strain distribution [48,108,109]. All things considered, the discussed constitutive models
either ignore or simplify the through-thickness behaviour in laminated composites, hence their
application is restricted to the analysis of global laminate response, while shear predictions can

only be acquired in post-processing [30,48,110,140,169,193].

3.2. Micromechanical homogenization

The increasing need for fuel economy encourages the development of lightweight designs
through topology optimization. This leads to the necessity for high performance engineering
materials. Among the solutions, the adoption of heterogenic materials has been proven promis-
ing for tailoring the necessary material properties according to specific industrial demands.
They are widely used, from cementitious materials and fiber reinforced laminates to nanocom-
posites and metallic foams. The applications of heterogenic materials have been increasing even
more with the ready availability of additive manufacturing, where material heterogeneity is also
a consequence of the manufacturing process. Since tailoring the properties for these novel ma-
terials often results from trial and error instead of an optimization process, virtual material test-
ing is crucial. Therefore, computational homogenization theories have been developed that cal-
culate the macroscopic properties based on the microscopic properties of the material’s constit-
uents. This avoids the necessity for an explicit definition of heterogeneity, and simplifies the
numerical evaluations of heterogenic materials in engineering structures. Within this frame-
work, the macroscopic/effective properties of solid structures are expressed by material param-
eters involved in the relations between stress and strain tensors [82]. The acquired relations are

then adopted as local constitutive laws for structural calculations assuming homogeneity of the
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studied material [82]. This satisfies the condition of statistical uniformity. To comply with these
requirements, the studied domain volume has to represent the material constitution. It must be
large enough to represent the constituent’s heterogeneity, yet small enough in comparison to
the targeted component in industrial application, hence the RVE size has to be appropriately
determined. Moreover, it is also necessary to ensure independent relations between the aver-
aged variables and the RVE position, while assuming the ergodicity of all statistical information
contained in a single RVE. Therefore, the theoretical background of the proposed approach will
be presented in this section. The basic assumptions of the mechanics in heterogenic media will
be considered, focusing on the representation of strain and stress localization problems and their
appropriate boundary conditions. Furthermore, the fundamentals of periodic boundary condi-
tions will be investigated, focusing on the numerical procedure for their imposition in linear

elasticity problems following the guidelines presented in [82] and [199].

3.2.1. Localization Problem for Elasticity

The basic concept of a representative volume element can be derived from a generic hetero-
genous domain Q c R? containing N phases, as shown in Figure 3.5, where space dimensions
are denoted as D = 2 and D = 3, while domain and phase boundaries are denoted as 02 and I',

respectively [199].

a)
Ql Cl

00
I

Q

¢ L

Figure 3.5 a) RVE of the heterogenic structure under consideration, b) Heterogenic domain,
¢) Equivalent homogenized domain; after [199]

Within this framework, the fourth-order elasticity tensor C' is assumed constant in each con-
sidered material phase i. An ideal interface between the constituents is adopted which leads to
continuous displacement values and traction stresses on across the interface [199]. For the case
of linear elasticity, the effective elastic tensor C of the equivalent homogeneous structure can

be expressed as shown in Eq. 3.90 [199].
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N
C(x) = Z YiE)C (3.90)
i=1

The expression shown in 3.91 represents the first localization problem based on the assump-

tion that the RVE is subjected to a homogeneous strain field € [82,125,199].

V- ofu(x)] = 0 vxe (3.91)
Where:
olu()] = C):elu()] 3.92)
efu()] = 5 [Vu() + V'u ()] G99
(e) = & (3.94)

While an alternative localization problem, as shown in Eq. 3.95, is based on the assumption

that that the RVE is subjected to a homogeneous stress field g [125,199]:

V-olux)|=0vxe (3.95)

Where:
olu(x)] = C(x): g[u(x)] (3.96)
(6) =3 (3.97)

Furthermore, the strain condition presented in Eq. 3.94 is satisfied when the first localization
problem is solved by enforcing the appropriate boundary conditions, assuming that the constant
macroscopic strain field € and the local microscopic fluctuation € are superpositioned into local
strain field €, as shown in Eq. 3.98, leading to Eq. 3.99 after averaging [199].

ex) =+ &Xx) (3.98)
(ex)) =+ (EX)) =€+ %f E(x)dn

g (3.99)

(€00) =+ 37, [ 17100 + TGO

In the Eq. 3.99, the tensor U represents the fluctuating displacement, given by Eq. 3.100,
while the average value for the local strain field is acquired by applying the divergence theorem,

as shown in Eq. 3.101 [199].

i=ux) —&x (3.100)
(ex))=¢+ i [U(xX)®n + n@n(x)]dl (3.101)
2V Ja0

According to the homogeneous strain definition shown in Eq. 3.91 to 3.94, the condition

() = € is satisfied if the value of the integral in Eq. 3.101 is equal to zero, which leads to t(x)
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being equal to zero on the domain boundary 942, while being periodic on the domain 2. Inte-
gration of the expression in Eq. 3.99 results in “kinematically uniform” or “periodic” boundary
conditions, referred to as KUBC or PBC, shown in Eq. 3.102 and Eq. 3.103 respectively
[82,199].

u(x) = ex V xe o (3.102)

u(x) =ex+ u(x) Vxedn (3.103)

In KUBC the displacement u(x) is imposed at a distinctive point X € 02, while in PBC it is
given over the domain boundary d(2. The fluctuation W (x) is periodic, taking the same values
of two homologous points on the opposite faces of the domain parallelepiped 2 [199].
Moreover, the traction vector on is antiperiodic. According to the macroscopic stress approach
presented in Eq.3.98 to Eq.3.100, the statistically uniform boundary conditions (SUBC) are
satisfied [82]. The traction vector is prescribed at the domain boundary, as shown in Eq. 3.104
[199].

on = 6x V xedf? (3.102)

3.2.2. Averaged strain and stress approach

When a simple case of two-phase composite RVE is analysed, the displacement fields in the
first 2 and the second domain 22 are referred to as u® and u? respectively. In this case, the
spatial average of the strain can be expressed as Eq. 3.103. which, using the divergence theo-

rem, leads to Eq. 3.104 [199].

1 1
— LdQ) = — . ) drlr 3.103
V,];) 51] ZV_L (ul.] + u],l) ( )

%j{m(uilnj +u'n;)dl + % ; {[[ui]]n]- + [[u]]] ni} dr G109

Using the kinematic uniform boundary conditions (KUBC) presented in in Eq. 3.102 leads
to the expression in Eq. 3.105, and applying the divergence theorem in Eq. 3.106, results in the
final expression presented in Eq. 3.107, which is for the perfect interface reduced to Eq. 3.108
[82,199].

1 1 ) ) 1

VL gijdﬂ = ﬁfan(eikxknj + sjkxknj) ar + ﬁ‘fl; {[[ul]]n] + [[u]]] Tli} ar (3.105)
1 1 axk 1 1
— c. . = — P — = — c. . = — c.. = &.. 3‘106
Vfan Exxyn;dl Vfﬂ Eix 7% an an &A1 an §d0 =& ( )
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_ 1 1
£= an edn _ﬁfr {[[u]]®n + n®|[u]]} ar
. ) (3.107)
= ﬁfan(ug)n +n®u) dl' — ﬁfr {[[u]]®n + n®|[u]]}dr
= edn=o[ @en+nowadr (3.108)

Additionally, in cases when the presence of voids leads to an undefined strain in the second
domain, the expression in Eq. 3.108 is valid. For the cases of cohesive relation between normal
traction and displacement, the correction in Eq. 3.109 is applied, where K is referred as the
interface stiffness tensor, resulting in Eq. 3.110 [199].

[[wi]] = Kikoipn, (3.109)

1 (3.110)

_ 1
&j = V,[ &;d) = ﬁj (Kilkakpnpn]- + K]-Ikakpnpni) ar
Q r
The averaging theorem from the stress perspective can be determined based on the homog-
enous strain field expression for ¢;; = 0, resulting in Eq. 3.111.
9]
a_xj(aijxk) = 0jjXk T 0ij0k; = Ok (3.111)
Implementing the spatial average and the divergence theorem, the expression can be rewritten
as Eq. 3.112. Moreover, by adopting a'and o2 for the stress tensors in domains 2 and 02

respectively, the expression presented in Eq. 3.113 is acquired [199].

1 1 d 1 0 (3.112)
VIQ O'ijd.Q = V_[Q a—xj(O'ijxk) an =VLQa—xjai]-n]-xde
1 1 1
VIQ O'ikd.Q = VLl O'ﬁ(dﬂ + VLZ Oﬁ(dﬂ
(3.113)

—1f 1 dI‘+1f 1 dr lf 2 dr
=7V aﬂai]-n]xk v 03 NjXk v 03§ Nj Xk

By applying the statically uniform boundary conditions (SUBC), Eq. 3.114 is obtained, leading
to the expressions presented in Eq. 3.115 and Eq. 3.116. For perfect interfaces and continuous
values of normal traction across I', the expression is reduced to Eq. 3.117 [199].

1 1 1 (3.114)
1 _ =1 _ =1 _ =
Vj;ﬂai]-n]-xkdl‘ = Vjaﬂai]-n]-xkdf‘ = Vj;z (ai]-xk),]_ df) = o

1 (3.115)

. 1
= VL.Q od(Q) _Vfr [[Gn]]®xdF
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1 3.116
o= —j on®xdrl’ — Vf [[on]]®xdr (3.116)
20 r
1 (3.117)
c = —f od() = ——f on®xdl’
V Jaa a0

Similar to the strain theorem, the perfectly rigid inclusions lead to undefined stress within the
inclusion domain, but they do not undermine the validity of Eq. 3.117.
For both approaches, the equivalence between microscopic and macroscopic energy can be ex-
pressed by Hill-Mandel auxiliary axiom Eq. 3.118. The validation of the axiom, assuming both
linear-elastic response and the idealistic constituent’s interfaces, is given in the expression Eq.
3.119. by multiplying the Eq. 3.90 with the displacement vector u and integrating over the
domain 0 [125,199].

(0(x):e(x)) =0: € (3.118)

(3.119)
f ojuid2 =0
0

The expression in Eq. 3.119 can be reframed, as shown in Eq. 3.120, which leads to Eq. 3.121

after implementing the divergence theorem [199].

1 1 1 (3.120)
an ai]-,juid.() = VJ;) (ai]-ui)’]_dﬂ —VIQ ai]-,]-ui']-d.() =0

1 1 (3.121)
V Lﬂai]-'juinjdl" — VJ;) O'i]'c‘:'i]'d.Q =0

Applying the KUBC boundary conditions, the final formulation Eq. 3.122, and the proof of the
Hill-Mandel axiom are acquired [125,199].

1 1 _ Eik
Vf ai]-']-uin]-dl" = Vf ail-sikxknjdl" = Vf (ai]-uk) ]d.Q
0 0 0] ’
] ] (3.122)

= Vj (03K + 030k )2 = Vf Oikdf) = & ik
0 Q

3.2.3. Effective tensor of elasticity

Confirming the linearity of the first localization problem enables its solution superposition
by linear combination of six distinctive components of a 3D stress tensor, as shown in Eq. 3.123
[125,199].

u(x) = u )&, + u??(%)&,, +uB3 (x) &, (3.123)
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+2u?(x) &, + 2u (x) &5 + 2u (%) &5
From the strain perspective, the first localization problem solution can be denoted by uW (x),
where &; represents the component of the strain € applied on the macro scale, as shown in Eq.
3.124, with e; being the unitary basis vectors [125,199].

1
€= E (ei®e]‘ + e]-®ei) (3124)

Each of the vectors u?, u®? u®3 and u(? w3 u@3 is acquired by solving the first

localization problem for a distinctive value of €, shown in Eq. (3.125), leading to the expression

in Eq. 3.127 based on the relation defined in Eq.3.126 [199].

(1 0 O 0 0 O 0 0 O
€=10 0 O, =0 1 O0],e=|0 0 Of,
0 0 O 0 0 O 0 0 1
[0 05 0 0 0 05 0 0 0 (3.125)
€=105 0 O|,g=|0 O OJ)],g=[0 O 05
L 0 0 O 05 0 0O 0 05 0
£l (x) = g(ulx) (3.126)
e(x) = e (x)g;; + £22(X)E,, + €33 (X)E55 (3.127)

+2&2(x)g;, + 2e3(X)E;3 + 223 (X)E,5
The expression in Eq. 3.127 can be abbreviated, as shown in Eq. 3.128, where the resulting
fourth-order localization tensor relating micro- and macro-strains are expressed as Ajjy (X) =
el (x) [199].
e(x) = A(x):EVx el (3.128)
Applying Hooke’s law, the Eq. 3.129 is acquired. By considering the space averaging, the mac-
roscopic constitutive relationship is acquired, as shown in Eq. 3.130 [199].
Opg(X) = Cpqij () Ajjra (X (3.129)
6 = CKUBC/PBC. g (3.130)
The superscript notations “KUBC/PBC” are consistent with the adopted boundary conditions,
denoting the elasticity tensor as CXUBC or CPBC respectively, while the expression remains
unaffected. The alternative definition of the effective elasticity tenor is acquired by using the
Hill-Mandel axiom on micro- and macro-mechanical energy equivalence, leading to the expres-
sion Eq. 3.131 [199].
CSUBC/PBC — (AT (x): C(x): A(X)) (3.131)
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Within the framework of computing the first localization based on the stress approach, the so-
lution can be expanded as the linear combination of the macroscopic stress components, as
shown in Eq. 3.132 [199].
6(x) = 6"V (%)5,, + 6?2 (x)5,, + 633 (x)533 (3.132)
+0612(x)5,, + 613 (x)5,3 + 6% (x)5,3

The first localization problem solution can be denoted by 6V (x). Each of the vectors ¢(*1,
6?2 6B and 612, 623, 6(23) i acquired by solving the first localization problem for the
distinctive value of @, as shown in Eq. (3.133). This leads to the expression in Eq. 3.134, where

stress localization tensor B (X) relates the macroscopic to microscopic stress [199].

[1 0 O] [0 0 O] [0 0 O]
6=|0 0 Of,o=|0 1 0,6=(0 0 O
0 0 Ol 0 0 Ol 0 0 1l
_ ) _ _ _ ) (3.133)
0 1 O 0 0 1 0O 0 O
6=|1 0 0O[,e=|0 0 O0|,6=(0 0 1
0 0 Ol 1 0 Ol 0 1 Ol
0;i(x) = Gi(]-kl) (X)Ox = Bjjia (X)) (3.134)

Furthermore, by multiplying the expression from Eq. 3.130 with the compliance matrix C™1(x),
the expression shown in Eq. 3.135 is acquired. This gives the macroscopic constitutive law Eq.
3.136, after taking the spatial average over the domain {2 and applying the boundary conditions
for the stress case approach CSUBC = (C™1(x): B(x)) [82,199].
e(x) =C'x):B(x): 6 (3.135)
o = CUBC: g (3.136)
The alternative boundary condition definition is acquired using the Hill-Mandel axiom [125],
from Eq. 3.137.
CSUBC = (BT(x): C'(x): B(x))~* (3.137)
However, the authors in [125] confirmed that the effective properties acquired through the
stress approach depend on the applied boundary condition, resulting in CSYBC < CPBC¢ <

CKUBC . This is caused by the positive eigenvalues acquired as CPB¢ — CSYBC and CKVBC —

CPBC, and not by the € components. Therefore, if the domain (2 is an RVE, the effective elas-

ticity tensor is unaffected CSUBC = CPBC = CKUBC [199].

3.2.4. In-plane transverse effective properties

To compute the effective normal transverse and shear properties using the FEA procedure, a
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practical approach according to [199] is to assume the FRP is reinforced in the z axis direction,
hence the in-plane properties are analysed in the x-y plane, while the out-of-plane properties
along the z axis. Considering the strain approach, the displacement solution in normal transverse
in-plane case can be acquired as shown in Eq. 3.138, where u (x) represents the FEA solution
of the first localization problem for the macroscopic strain &;, applied through PBC or KUBC
on the external nodes of the studied RVE mesh [199].
u(x) = ult® (x)é1 + “(22)()()5_22 + “(12)(X)512 (3.138)

An example of three elementary problems in a 3-node plane element is presented in Figure 3.6,

where each node displacement is defined as u and v with a corresponding node index 1, 2 or 3

respectively.
(a) (b) (©
(22) (12)
(11) u u
U 1 22y
2 ) (220 1 (12)
V2 V2
ugll) vgll) ugzz) uglz)
22
vgn) Vg ) Vgu)

Figure 3.6 Illustrations of three elementary problems in a plane 3-node element [199]: a) € =
é116,®eq,b) €= &e,8e;,¢) € = %512(e1®92 +e,Qe;)

Furthermore, the nodal solution for each of the elementary problems can be defined as a row
within the combined matrix, resulting in the expression shown in Eq. 3.139 [199].
1, (1D, (22) (12)
U Uy
LD, (22) (12)
Vi Vq
(11),,(22) (12)
u, u, u
ue=|2 "2 "2 (3.139)
1/2(11)1/2(22)1/2(12)
u(ll)u(ZZ)u(lz)

(1D, (22) (12)
- 3 3 .

Furthermore, the vector for 2D plane strain is defined for each element according to Eq. 3.140
[199].
(11) (22) (12)

€11 €11
[ex)] =] el 22 (12) [ (3.140)
26D o (22) 2 (12) 2812
12

The expression can be rewritten to represent the localization tensor ek (x) as Ajjx (x), where
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the relation A(x) = B(x)U¥€ is valid, therefore the expression in Eq. 3.141 is acquired [199].

[e(x)] = B(x)U® -

11
€22 (3.141)
The Eq. 3.142 is acquired by applying the matrix form of the Hooke’s law for the plane strain

case, which leads to the spatial averaged expression shown in Eq. 3.143 [199].

[e(x)] = C(x)B(x)U®[&] (3.142)
[e(x)] = (%f C(x)B(x)U*® d!)) [£] (3.143)
0

The two expressions for the effective elasticity tensor CKUBC/PBC jp the plane strain case are
presented in Eq. 3.144, and Eq. 3.145 respectively, where the KUBC/PBC index describes the
prescribed boundary condition and C°€ is the stiffness related to the element “e” [199].

~KUBC/PBC _ l e (3.144)
C =7 C(x)B(x)Ucdn
0

_ 1 (3.145)
Cruse/ee — | [U]"BT(ICOBOU d2
4 0

In the case of a three-node element, the expression can be reduced to Eq. 3.146 [199].

)
=—— ) C°B(x)U°A°
VYA

Considering the stress approach, the solution of the first localization problem can be rewritten

CKUBC/PBC — (3146)

based on the superposition principle [125], leading to the expression shown in Eq. 3.147, where
u (x) represents the FEA solution of the first localization problem for the macroscopic stress
component g;;, applied through the SUBC of the domain boundary 92 [199].
u(x) = u )G, + u?? (%), + 11?2 ()7, (3.147)

Furthermore, for each of the elements the expression presented in Eq. 3.148 is acquired. Eq.
3.149 is acquired after applying the spatial average over the domain (2, based on which the
elasticity matrix is defined in Eq. 3.150 [199].

[e®)] = [V ®)]511 + [P ®)]a,, + [P ()6, = B®US[5]  (3.148)

3.149
[§]=(% j B(x)Ued!2>[5] (3.149)
0

-1
_ 1 (3.150)
CSUBC = (V fn B(x)U d!))

If a three-node element is considered, the above expression can be simplified as shown in Eq.
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3.151, [199].
(3.151)

CsVEC = <—Z a3 B(X)UeAe)

3.2.5. Out-of-plane effective properties

Based on the previously studied concept of FRP composite reinforced in the z axis direction,
the out-of-plane analysis along z axis requires the 33-component to be accounted for. By intro-
ducing the relation between the micro- and macro- strains as €33 = &3, the vectors for strain
and stress are formulated as shown in Eq. 3.152, while the elastic tensor is extended to a 4x4

matrix as shown in Eq. 3.153 [199].

£11(%) 011(X) (3.152)
€22(X) 022(X)
e@)] = , o(x)] =
[e(x)] 26, (%) [o(x)] 61 (%)
€33(X) = &33 033(%)
C1111C1122€1112C1133 (3.153)
C= C1122072222C2212C7233
C111202212C1212C1233
C113302233C1233(3333

Due to the constant value of the component £33, the strain vector of the RVE can be defined

according to the Eq. 3.154 [199].

£11(%) 0 0 (3.154)
e0] = | 209 +] § | = (€691 + & |G
0 €33 1

Furthermore, the modified matrix of the shape function derivatives is introduced according to

Eq. 3.155, where B%(x) is defined as Eq. 3.156 [199].

[e°(x)] = B°(x)u®, [6€°(x)] = B%(x)8u® (3.155)
(0N N, oNs ] (3.156)
0x 0x 0x

ON, dN, dN,

0 0 —= == ==

B°(x) = dy dy dy

ON;, 0N, 0N, 0N, ON; ON;

dy O0x Jdy Jdx 0dy Ox

L0 0 0 0 0 0

The expressions in Eq.3.152 and Eq. 3.153 can be rewritten in a weak form as explained in
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[199], Chapter 2.2 Linear Elasticity. The introduction of the boundary condition leads to the
expression Eq. 3.157 where the body forces f and traction F* are ignored [199].
0 (3.157)
f [£°(5u)]TC(x) | €2(u) + &5 8 dn =0
! 1
Furthermore, the implementation of FEA discretization enables the expression to be reformu-
lated as Eq. 3.158. After the introduction of boundary conditions and the adoption of expres-
sions presented in Eq. 3.159 and Eq. 3.160, the equation can be reformulated as a linear system

as shown in Eq. 3.161 [199].

0 (3.158)
f [Bo(x)5ue]TC(x)[Bo(x)ue]dﬂ=—e‘33f [B(x)6u®]TC(x) 8 dn
n n 1
K:f [B®(x)]TC(x) B®(x)dn (.139)
n
0 (3.160)
- j BOG0]TC(0) (9] a0
n
1
Ku = &,F (3.161)

Using the Eq. 3.160, the first localization problem can be solved for €53 = 1, with all the other
strain components being equal to zero, acquiring u3® [199]. Furthermore, the matrix of the
nodal unknowns is defined for each of the elements within the FE mesh; the four elementary
problems are formulated as shown in Eq. 3.162 [199].
-uill)u§22)u§12)u§33)-
(11) (22) (12) (33)
ugll)ugzz)uglz)u(%)

U® = LD, (22), (12) (33)
2 2 2

(3.162)

40,2, (12),, (33)
3 3 3

(D, (22) (12) ) (33)
3 3 3 -

The strain vector in each element can be expressed as Eq. 3.165, assuming that both [€] and the
relation between [€] and &3 are acquired according to Eq. 3.164 and assembled into the strain

vector expression, as presented in Eq. 3.163 [199].
[e(x)] = B°(x)U®[g] (3.163)
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€11 ] 0 0 0 0 O
1 _ | €22 0Ol _10 0 O O}r=
[S] - 2@12 ) 0 €33 = 0 0 0 O [8] (3164)
Ea3 | 1 00 0 1
0 0 0 O 0
— [0 0 0 0 Ofrz1_|no e Ollr=
[e00] =[O +{9 o o of[E1=[BGUe+[(|[[€] (3.165)
0 0 0 1 1

The acquired expression can be abbreviated according to Eq. 3.166, from which the elastic
tensor with the addition of € ;3 component can be expressed as Eq. 3.167 [199]:
[6] = C[z] (3.166)

_ 1
CKUBC :Vf cx)|B°xUe + |Y|dn (3.167)
0

= oo O

3.2.6. Periodic Boundary Conditions

One of the methods of prescribing the PBCs on the unit cell is by using Lagrange multipliers.
For a 2D case of linear elasticity, the corresponding expressions Eq. 3.168 and Eq. 3.169 can
be formulated by considering the node pairs (a and 3) located on the opposite faces of the unit
cell [199].
u(x*) = gxj* + 4;(x%) (3.168)
ui(xB) = s'i]-x].B + ﬁi(xB) (3.169)
Since the periodic boundary conditions, presented in Eq. 3.103, define the equality of displace-
ments at the domain boundary, Eq. 3.170 and Eq. 3.103 can be reformulated as Eq. 3.171 [199].
i (x*) = @;(xP) (3.170)

w(x9) — u;(xP) = § (x]-“ _ x].B) (3.171)

Furthermore, discretization is achieved by prescribing the constraints equations using the La-

grange multiplier method, as shown in Eq. 3.172 [199].

o _ XB) — R(xﬁzo (3172)
]

ap
C i

—a B_ =
i =U —u Ei]'(x

P
In the equation, the notations o and 3 indicate the node couples located on the opposite side of

the unit cell [199], as illustrated in Figure 3.7.
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cr 3 C2
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O L @ @ @ O
C3 9 C4

Figure 3.7 Example of node pairs in PBC, [199]

Each nodal couple is prescribed with two constraint equations formulated as Eq. 3.173, where
matrix P relates the coupled nodes indices {1,7}, {2,8}, {3,9}, ... to the whole set of i-node indi-
ces [199].

¢ = Py — R¥P=0 (3.173)
Furthermore, the constraint minimization can be formulated according to the Eq. 3.174, where
u represents the global vector of displacement unknowns, and n. is the number of constraint
equations [199].

Inf 1uT -Ku (3.174)
Ciz0it, . ne 2

If a Lagrange multiplier A associated with the periodic constraints is introduced, the equation
is reformulated as Eq. 3.175. This leads to a saddle-point problem for the unconstrained mini-

mization Eq. 3.176, with the stationary of £ acquired according to Eq. 3.177, where Dg, and

Dgsp stand for Gateaux directional derivative [199].

1 1
L=Zu'-A (Pu—R) (3.175)
{u,A} = Inf Sup £ (3.176)
u oA
{Dauﬁ =0 (3.177)
DspL =0

The expression presented in Eq. 3.178 is obtained when the stationary of L is acquired, but
before the Dirichlet boundary conditions are introduced [199], where K represents the elasticity

matrix after discretization.
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{Su-Ku+A-P5u =0 (3.178)
6A-Pu=46A-R

Utilizing the random nature of du and §A, the acquired set of equations can be reformulated

as a linear system, as shown in Eq. 3.179 [199].

[I; [:)T] [X] _ [0] (3.179)

Considering the illustration presented in Figure 3.7, the unknowns can be assumed to be ordered
in a vector form, as shown in Eq. 3.180, where u!, and v' represent the displacements as point
“i” in x and y directions, respectively [199].

q=1[ut vt u? vZ u® v3 ut vt ud VS ub Vo w7 v ud vE u® V9 (3.180)
Therefore, the components in each line of P matrix acquire values of “-1”, “0”, or “1”, where
the degrees of freedom associated with the node couples in the global vector of unknowns are
represented as i" and /" rows, which acquire values “1” and “-1” respectively for each of matrix
lines [199]. Consequently, if a simple case of two node couples, for example {1,7} and {3,9},
is considered, the P matrix can be formulated as Eq. 3.181, with the vector R as Eq. 3.182.

100 000O0UO0OUOOGOGOS-1000T020 (3.181)

p_[0 100000000000 -10000
0000100000 0OOGO0GO0TO0 -10
00000100000 OOO0GO0GO0O0 -1

g (x!t = x7) + 22 (y' = 7) (3.182)
R= E1(xt = x7) + & (¥t = y7)

g (=) +E2(y° — %)

g1 (= %) + (¥’ — %)
Additionally, it is also necessary to sort and include the corner nodes into their associated pairs.
However, if all the associated pairs of corner nodes are included into the minimization equation
3.174, the resulting system becomes over-constrained [199]. Therefore, it is recommended to
reduce the number of corner node couples. In a 2D case presented in Figure 3.7 it leads to:
{C1,C2}, {C1,C3}, {€2,C3} [199]. Even so, to avoid the possibility of poor system condition-
ing, due to the potential order equality between the P and K caused by the unitary terms in P,
the system in Eq. 3.179 is reformulated as 3.183, where &0y, 1S @ normalization parameter

acquired according to Eq. 3.184 [199].

K anormPT] [T]:[ 0 ] (3.183)
anormP 0 A anOFmR

Anorm = mi:];\X{Ki]-} (3.184)

The mathematical foundation of heterogenic material homogenization has been summarized
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according to [199] and presented in this subsection. Positive and negative effects of the process
are highlighted. According to the authors’ guidelines [141,143,199], a homogenization proce-
dure with periodic domain boundaries and strains applied through Dirichlet’s boundary has
been adopted in this thesis. These assumptions have been implemented in the FEA framework

with the addition of cohesive contact interfaces between the constituents.

3.3. Puck’s failure theory

Fracture in fiber-reinforced polymer composites typically occurs suddenly without major
plastic strains. This brittle failure can be observed on the lamina scale; the fracture mechanisms
initiate at the microscale and progress over laminar to interlaminar delamination, leading to the
final macroscale fracture. Hence, a fracture hypothesis predicting multiple fracture states based
on the few known parameters is necessary [48]. Due to the orthotropic nature of the FRP lamina,
fracture theories tend to treat the fiber and matrix fractures with different criteria based on the-
oretical assumptions and measurable experimental data [156]. Hence, this section will be dedi-
cated to the theoretical fundamentals of Puck’s stress-based fracture theory, beginning with a
brief introduction to failure hypothesis, while also addressing the distinctions between the fiber
and inter-fiber criteria, and elaborating the fracture plane definition. In conclusion, the applica-

tion and validation of Puck’s theory will be addressed.

3.3.1. Failure theory fundamentals

In order to determine if an arbitrary applied load leads to lamina failure, the resulting stress
is checked against the adopted hypotheses which encompass all the possible states of fracture.
These hypotheses, also referred to as fracture criteria, give the statements on multiple fracture
states based on a small number of experimentally determinable states referred to as basic
strengths or basic strains, depending on which the failure theory is based. Analyzing the UD
FRP composites, four distinctive basic strengths, based on the loads applied longitudinally (II)
and perpendicularly (L) to the fiber direction in tension (t) and compression (c), could be ex-
tracted as Rﬁ, RY, R|, and R§, while two more are acquired based on the applied in-plane and
out-of-plane shear loads as R and R |, respectively [48]. Therefore, a fracture criterion de-
fines a closed surface within the six-dimensional stress space (o3, 02,03, T12,T13,T23), and

should contain all the experimentally acquired basic stresses, while predicting the other stress
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combinations with reasonable accuracy [48]. Considering these requirements, a fracture crite-
rion is fundamentally hypothetical, hence it could be based on pure mathematical surface defi-
nition, or on physical foundations of fracture mechanics, and consequently validated or dis-
proven by further experimental investigations. Regarding the analysis of fiber-reinforced com-
posites, Puck’s theory is the first among the physically-based fracture theories to have ad-
vantages over mathematically-based that are being confirmed through multiple studies
[48,49,92,183]. The visualization of fracture criteria for plane stress load cases is presented in
Figure 3.8, where a) shows the global stress-based criteria proposed by Tsai-Hill and Tsai-Wu
in the (01, 03, T12) stress space, while b) shows the result of an action plane-related criteria pro-
posed by Puck. This consists of two sub-surfaces defining the fiber and the inter-fiber fracture
criteria, represented as end faces and the lateral surface, respectively [48]. This division is the
key feature of Puck’s fracture theory since it enables a distinctive response to the significant

mechanical differences between both fracture types [48,190].

Ztb{0,<0, 7,,}

g,

Figure 3.8 Facture criteria visualization: a) Tsai-Hill, Tsai-Wu global stress-based fracture cri-
teria, b) Puck’s action plane-related criteria [48]

3.3.2. Fiber fracture criteria

According to the material behaviour mechanics, the fiber fracture is caused by stressing o
parallel to the fiber direction, hence for in-plane stress state (0;, g,, T12) the maximum stress
formulation is valid [97,190]. Therefore, a physically based hypothesis (3.100) has been pro-
posed in [155,193], postulating that fiber fracture under multiaxial stresses in unidirectional
lamina occurs when stress parallel to the fiber direction is equal or greater than the stress nec-

essary to achieve fracture under uniaxial stress oy, as shown in Eq. 3.85. and Eq. 3.86.
01

R_ﬁ =1 ifigy; >0 (3.85)
01 .

—c = if:o; <0 (3.86)
R,
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In these expressions, a; is the tensile stress, while the material tensile and compressive
strengths are referred as Rﬁ and —R| respectively, depending on the nature of the applied load.
Consequently, if g; reaches the material strength, the failure criterion is fulfilled [97]. These
failure conditions are reformulated to a fracture criterion by expressing the variable of stress

exposure fi rr , as shown in Eq. 3.87 and Eq. 3.88, resulting in the formulation for preliminary

analyses [97,190].

%

ferr = R_ﬁ if:oy >0 (3.87)
o1 .

ferp=—¢ ifiop <0 (3.88)

However, a more accurate analysis is required to account for the secondary increase of mi-
cro-mechanical strain &; in fiber direction due to the influence of uniaxial stresses o,, and o3
[97]. Moreover, the stress within the matrix is not homogenously distributed, leading to local
extrema and effectively larger stress values than g, or o3 on a lamina level. Analogous to a
model with serially connected springs, a transversely stressed thin UD lamina experiences a
load transfer through the matrix or fiber material alone. Consequently, the stress o5 is equal in
both the fiber and the matrix material, while the micro-mechanical strain differs due to the
variant material stiffness. Since the interface load is carried by the fibers alone, a biaxial strain
is generated near the fiber/matrix interface. This additional effect is accounted for by the stress
magnification factor mg ¢, adopting the proposed values as 1.1 and 1.3 for carbon and glass
reinforced polymers respectively; its distinction originates from the difference in the transverse
Young’s modulus of the fiber [155]. All things considered, a more sophisticated fiber fracture
(FF) hypothesis had been proposed in [155,159,160]. According to this hypothesis, if a UD
lamina is subjected to combined stresses, the fiber fracture (FF) will occur when the value of
stress oy¢ equals the stress in fibers achieved through the applied uniaxial tensile oy, or com-
pressive o stress, respectively [97,190]. The initial step is the calculation of the strain of the

fibers &;¢, caused by the combined stresses a,,05, 03, is shown in Eq. 3.189.

o1t Vit
E1f = — — == Myg (0, + 03) (3.189)
Ey  Eif

Assuming vy,¢/E ¢ = v ¢/Ef and €15 = &, the stress equation can be rewritten as shown in
Eq. 3.190.
o1f = Eys - & + vy Mgt * (02 + 03) (3.190)

Furthermore, if the strain &; and the stress oy are replaced with the elastic law and the fracture
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resistance R of the UD-lamina respectively, the expression can be reformulated as shown in

Eq. 3.191 and Eq. 3.192, where ¢ is the fracture strain from the uniaxial o, of both fiber and

UD lamina.
01 V"J_
& =5 R (0; + 03) (3.191)
Rye=Ey-¢€; Ry =Ej g (3.192)

The acquired expressions lead to the development of fiber-fracture criteria for the UD lamina,
as shown in Eq. 3.193, where Rﬁ and —Rj are implemented for tensile and compressive cases

respectively.

1

E,
RS [01 - (Vlu —VjLf- maf_> (o; + 03)] =1 (3.193)
Ty

Ey

The acquired homogenous fracture criteria can be rewritten to formulate a stress exposure ex-
pression fg g, as presented in Eq. 3.194 [97,190].

1

ferr = iTﬁc

[01 - (VII_L —Vjif maf%) (07 + Us)l (3.194)
In the above equation, v;; and v, ¢ are referred to as Poisson’s ratios of UD lamina and fiber
respectively. Similarly, the longitudinal moduli for UD lamina and fiber are defined as E| and
E\¢ respectively, while the stress magnification factor is given by m¢. The influence of shear
stress on fiber fracture in compressive cases has been discussed in [152,175], concluding that
the shear stressing reduces compressive strength of the UD lamina. Additional research has
been conducted in [158], confirming that shear stress causes the reduction in fracture strength
due to microstructural damage after a critical threshold is reached. No further influences of fiber
fracture are considered in the maximum stress criteria. However, in the inter-fiber fracture (IFF)

hypothesis, the influence of the adjacent lamina on the FF is accounted for, leading to a more

complex process of failure analysis [97,190].

3.3.3. Inter-fiber fracture criteria

The fracture limits of transverse and shear stress (03, T,;1) combinations shown in Figure 3.9,

were studied in [43].
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Figure 3.9 Simultaneous fracture limits of transverse and shear stress (g, 721) [97]

The simultaneous interaction between stresses g+ and 7,; has been experimentally proven by
observing the failures occurring before of = RY or t,; = R, is reached respectively [97].
Moreover, the compressive stress has a beneficial effect on shear-fracture strength, hence a
higher limit of shear stress could be reached if a shear-loaded component is simultaneously
subjected to an additional moderate amount of compressive stress. It was also observed that
when stress ratio |05 /7,1 | in a component under simultaneous compressive transverse and shear
loads reaches a certain value, the fracture occurs under a fracture angle 6, that is different than
zero. If the ratio o5 /T,4| is increased, the fracture angle grows until the value of +54° is
reached in the case of pure transverse compression [97,190]. As shown in Figure 3.10, the fail-
ure envelope consists of three distinctive failure modes and, due to its unsymmetrical shape,

can’t be modelled using the global failure criteria.

- RJ_C

Figure 3.10 Fracture envelope for combined loads [97]

Therefore, a more applicable fracture hypothesis based on the stresses acting on the action
plane, instead of being based on the lamina stresses (a5, g3, T23, T31, T21), has been proposed in

[97,190]. The different types of failure observed under the combined loading can be described
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by three distinctive IFF-fracture modes, referred to as A, B, and C respectively. Mode A de-
scribes the fracture caused by transverse tensile stressing o , or by longitudinal shear stressing
7, alone or in combination [97,190]. For in-plane stress case, such failure is characterized by
cracks running in the thickness direction, hence in the action plane containing both o, and 7,4,
as shown in Figure 3.10. In this case, the tensile stressing causes the fracture surface separation,
leading to the macroscopic degradation of the transverse elastic and the shear modulus referred
to as E1 and G respectively [97,190]. Mode B defines a fracture occurring on the action plane
of the external shear stress 7, caused by shear stressing 7, ;, and simultaneously applied normal
compressive stressing a|. The presence of compressive stress prevents the crack opening pro-
cess, hence the impact on the stiffness degradation is reduced in comparison with the Mode A
[97]. This mode of failure is achieved if the ratio between the compressive stress at fracture and
the transverse compressive strength |0} /RS | is smaller than 0.4 [97]. By exceeding the value
of |6{/R{| ratio, the fracture is not generated in the 7,; plane anymore, leading to a fracture
angle Og, # 0°, which increases until the threshold value of +54° is reached for the case of
pure compression. This implies the risk of delamination between the failed and the adjected
layers [97,190]. Furthermore, an additional mode A" may occur for the cases of 3D stress state,

where a combination of a7, 7, and 7, is acting on the fracture plane [97,190].

3.3.4. Puck’s fracture hypotheses

Due to the brittle behaviour of FRP composites, the adoption of yielding hypothesis often
encountered in global strength criteria such as Von Misses or Tasi-Wu does not consider the
material behaviour appropriately. Therefore, the authors [97] propose that failure analysis for
brittle materials should be based on the Coulomb and Mohr hypothesis, which determines the
fracture limit of a material by the stress on the fracture plane. With a reasonable understanding
of the brittle fracture in FRP composites, a physically-based fracture hypothesis has been pro-
posed by Puck; it considers normal g, and shear stresses 7, and 7, or their combination Tyy,,
acting on a mutual action plane parallel to the fiber direction within the UD lamina [97,190].
The first hypothesis states that stresses o, and 7y, acting on the fracture plane parallel to the
fiber direction, cause the inter-fiber fracture [97]. In the second hypothesis, Puck postulates that
tensile stress promotes the fracture alone, 7y, = 0, or by acting with shear stress 7y, simulta-
neously. But the increase of the compressive normal stress impedes the fracture development

by enhancing the shear fracture resistance [97,190]. Furthermore, based on the experimentally
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observed fractures developed in the principal stress action plane under the stresses equal to the
induced transverse shear stressing 7, ;, a law has been formulated for the case of combined
stresses 0y, 03, To3 O 0y, Oyyp, respectively [97,190]. Therefore, if the UD-lamina is subjected
only to g,, 03, T,3 stresses, the tensile fracture will occur based on the highest normal stress g,
and the compressively reduced shear stress 7,,;, depending on the ratio between the applied
stresses ag,, 03, T3 [97]. It has to be emphasized that the additional rule to Puck’s IFF hypothesis
is valid for R /RY < 2, which is often encountered in thermoset and thermoplastic composites,
while in cases where this criterion is not fulfilled, the stressing 7, , would manifest a mixed
mode fracture of combined o} and 7, stressing [97]. To calibrate the stress-based fracture
criterion of UD composites, it is necessary to acquire the values of maximal sustainable stresses
under uniaxial tensile, compressive, and pure shear load, Rﬁ, le, Ri, R{,R,,, R . These mate-
rial properties are also referred as basic strengths and correspond to oy,0,,7,,, T, stressing,
as shown in Figure 3.11 respectively. Each property should be acquired experimentally in the

absence of any other type of stressing, regardless of the type of the occurred failure [97,190].

Figure 3.11 Representations of the UD lamina stressings and the corresponding IFF fracture
planes [97]

Since Puck’s IFF criteria are formulated using the stresses (g, Tpt, Tn1) present in the action
plane, instead of the coordinate system (x;, x5, X3), the basic strength values need to be cor-

rected accordingly, leading to the reformulation of the IFF condition, as shown in Eq. 3.195

and 3.196.
F(Ul, 0,,03,733,7T31,T21, Rﬁ, R|(|:‘ RE_, R_CL, RJ_J_, R.L") =1 (3195)

Flon(6gp), Tnt(05p), Tn1 (0sp ), RES RE L RY | = 1 (3.196)
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The variables o, (0), 7,:(0), and 7, (0), described by the “n” in the stress index, stand for the
stresses which usually act simultaneously on the same action plane, as shown on Figure 3.12.

Fulfilling the condition of the inclination 6 = 8, the action plane becomes the fracture plane

due to the highest calculated risk of fracture [97,190].

Figure 3.12 a) Stresses on UD-lamina, b) Stresses on IFF-fracture plane parallel to the fibers,
[97]

Moreover, such criteria can only be calibrated using uniaxial and pure shear experimental tests
where the isolated stressing such as o, 7, ;, 7, can be applied. Therefore, each of the fracture
resistances of the action plane R4 is defined as an action plane’s resistance to fracture as a
consequence of single stressing 0,7, ,, or 7, [97,190]. While some R“ remain equal to basic
strengths, it is necessary to identify the relevant stressing that provokes the fracture on its action
plane, and not on just any action plane. The remaining fracture resistances R1'%, R, and Rf"
can be distinctively defined as action plane fracture resistances due to transverse tensile stress-
ing o}, transverse shear stressing 7, |, and longitudinal shear stressing 7, respectively. In pro-
cessing data it is essential that Rt is equal to R% for a UD material in normal temperature and

humidity, the R?, is not equal to R, |, with the RLAH and R, remaining equal [97,190].

3.3.5. Action plane IFF criteria formulation

Based on the Puck hypothesis, the action plane related to IFF criteria is formulated with
stresses 0,(0), Tp(6), 741 (6) calculated based on 0, 03, T23, T31, T21, and contingent on their
action plane angle 8 [97,190]. When stresses within the UD lamina pass the fracture limit the
IFF is triggered on the action plane 6 = 6g,, after the stresses 0y, (8), Tn¢(0), Tn1(6) reach the
fracture limit [97,190]. The risk of fracture is acquired by computing the stress exposure fz(6)
on the action plane, based on which the maximal value of the fracture plane is defined, as shown

in Eq. 3.197.
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fe(0) = [fe(&)]max = felo=ey, (3.197)
Moreover, by multiplying the stresses by a stretch factor fgmin = 1/[f&(0)]max the IFF will
manifest on the fracture surface only [97,190]. For an arbitrary stress state, the fracture plane is
acquired through numerical iteration by calculating the fz(6) for action planes in the range
from —90° < 6 < 90° with a 1° step, as shown in Figure 3.13, while the action plane with the

highest stress exposure is adopted as the fracture plane [97].

Figure 3.13 Illustration of the fracture plane iteration procedure [97]
3.3.6.IFF condition in tension

The fracture condition for tensile stress g, is based on the experimentally acquired longitu-
dinal section of the master fracture body (MFB) characterized by 7,,; = 0 and ¥ = 90°, where
the angle ¥ can be expressed according to the Eq. 3.198.

Tnl(e)
Tnt(6)

Since the fracture occurs on the action plane common to both o, and t,;, the values of

¥ = tan~? < (3.198)

an(pr) and Tnl(pr) are equal to g, and 7,; respectively. For the region of tensile stress on
the fracture plane, the fracture curve is fitted using an elliptical function with a negative incli-
nation at o, = 0, T,; = Ry, which perpendicularly intersects the o, axis at o, = R{, 7, = 0
[97,190]. With that in mind, similar curves are applied to the other longitudinal sections.
According to Puck’s hypothesis, the resultant shear stress 7,,,(8) based on 7,;(6) and
Tt () is calculated as shown in Eq. 3.199. The fracture resistance of the action plane against

it is defined as Rﬁp, while the formulation of the fracture condition is based on an elliptical
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equation, as presented in Eq. 3.200. For simplicity, the shear and normal stresses are abbrevi-

ated from this point forward as 7,y,(8) = Tyy;, and 0,(6) = 0y, respectively [97]. The identi-

fication of the fracture angle will be explained separately.

Ty (0) = \/T%t(e) +12,(0) (3.199)

(3.200)

2 2
T o o
IXU +cq Xt+c2- n2=1; ifto, >0
R R (R

1y
The constants ¢; and c, are determined from the boundary conditions fulfilling the expres-

sion o, = Rt for Tny = 0, leading to the sum of ¢; and ¢, being equal to one. The fracture
curve acquires the value of wa at the intersection with the 7, axis, while the inclination is

computed according to the expression in Eq. 3.201.

(=piy) = <60 ) (3.201)
N/ 6n=0

Acquiring the implicit differentiation of Eq. 3.200 for o, = 0 and 7, = Rﬁp, the expres-

sion shown in Eq. 3.202 is acquired, leading to a refined version of the IFF condition for ¢, >

0 in Eq. 3.203.

2 aanJ) Cq
i e ) trm=0 3.202
Rt ( 0o, ) _, Rt ( )
Ty, Ply on ply RAY g2 (3.203)
) 2 (1 -2 e ) s =1
Riy 1 Riy (RJ_

3.3.7.IFF condition in compression

Based on both the Mohr hypothesis and the observed experimental data, up to the stress
magnitude of |o5| = 0.4R{, Puck proposed a parabolic formulation for the fracture condition
under compressive stress, as shown in Eq. 3.204, where the inclination for o, = 0 is acquired

as shown in Eq. 3.205.

Tny 2 (3.204)
(RA ) +c-op=1 ifio, <0
1y
ot (3.205)
¥
(-piy) = ( 3o )
opn=0

Consistent with the case of tension, the differentiation of Eq. 3.200 for ,, = 0 and 7,,y, = 0,
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returns the Eq. 3.206, which eventually leads to the fracture condition for compression on the

fracture plan, as shown in Eq. 3.207.

(3.206)

(Tmp)z . ch__qJ . _ (3207)

Furthermore, the unknown values for fracture resistance wa and the inclination parameters
'Piq; and p{used in tensile and compressive cases need to be acquired separately. The fracture

resistance wa can be visualized as the distance from the o, = 0 point to the MFB surface
origin depending on the value of angle 1, defined in Eq. 3.198, which characterizes the longi-
tudinal section. In the case of angle Y being equal to zero, the shear stress on the action plane
Tny 18 equal to Ty, and 7y, is ignored, leading to the fracture resistance being equal to R%,.0n
the other hand, if 1 reaches 90°, shear stress on the action plane is equal to 7,,;, while 7 is
equal to zero, hence the fracture resistance is equal to Rf" [97]. Since the difference between
the fracture resistances is significant yet still small enough, the adopted elliptical approach for
the intermediate values of Rﬁb is valid, as shown in Eq. 3.208, where the additional index “0”

states the stresses are taken at o, = 0 [97].

Tny, ? _ Tnt, ? Tn1, ’ _ (3'208)
rr ) = \ga,) T\ga ) =1
1y 11 Ll

Moreover, if the additional correlations Tpe, = Tpy, c0s(¥) and 7,1, = Tpy, Sin(y) are added

to the elliptical equation Eq. 3.208, the following expression Eq. 3.209 is acquired.

(L)Z _ <C05(¢)>2 N (Sin(t/J))Z . (3.209)
Riy REL RY

Additionally, since the normal stress a,, doesn’t influence the value of angle v, the following

expressions shown in Eq. 3.210, and Eq. 3. 211 can be adopted for all the values of o,. This
leads to a general term, shown in Eq. 3. 212, which defines the transverse section g,, = 0, with

an infinite number of longitudinal sections i = constant [97].

cos() = % (3.110)
sin(y) = % (3.111)
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2 2 2

Toy Tot Toe (3.112)
A | =\pa ) T\za
Riy Ry, Ry

However, in the case of pure transverse compression when t,; = 7,1 = 0, and g, < 0, the
fracture condition is not defined, and the value of the piw /RﬁlJ coefficient is insignificant.

Instead, on the plane of pure compression the fracture develops on another action plane [97].

3.3.8. Fracture plane and inclination parameters

As previously described, the fracture plane is acquired based on the maximal local stress expo-
sure fE(pr) with 6 in range from -90° to 90°. Since the action planes without stress return the
value of a stress exposure fg equal to zero and the stretch factor fg equal to "oo", numerical
approach in fracture-plane identification favors the former to avoid the numerical inconsisten-
cies [97]. Therefore, the stresses 0,,(6) and 7,,y,(6) need to be divided with fz(8) to generate
a fracture in the action plane on angle 8, and so fulfil the fracture conditions. Since the fracture
conditions presented in Eq. 3.203 and Eq. 3.207 are quadratic equations, their explicit solutions
for fz(8) are homogeneous of the first order. The values grow linearly with the increase in
stress, directly indicating the risk of fracture [97]. Therefore, the IFF stress exposure in tensile
and compressive conditions can be expressed according to Eq. 3.213, and Eq. 3.214 respec-

tively, while implementing the expressions from Eq. 3.215 to 3.218, as derived in [97].

(3.213)
1 pr) l (m(@))z (rmw)) ply
0= ||(=c-=) 0u(@)] + +=Y. (0
fe®) j (& wy) O e ) Trey ) T, @
) ) z (3.214)
Tnt(9)> <Tn1(9)> pJ_lIJ pJ_lIJ pup
9) = + + 0,(0) | +=L 6,00
fal) < Rﬁ Rfu Pup Pup %{(6) Pup %)
te A 3.215
20 = B cosy) + RL" sin? () G2
Ly 11 L
on RS (3.216)
2 (1 +p8)
O The (3.217)
R
2,
sin?(y) = —2 =1—cos?(y) (3:218)
nt+
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Furthermore, since the fracture angle 6, is equal to zero in both transverse tensile and com-
pressive cases, the inclination parameters p' and p{, at = 90° can be derived from the frac-
ture curve, while adopting the normal ¢,, and shear 7,); stress values on the fracture plane as o,
and 1, respectively. The fracture curve is calibrated to fit the experimental data, while the best
results are acquired when the values of the inclination parameters are adopted within the range
from 0.25 to 0.35 while keeping the p{, value slightly higher [157]. In contrast, the fracture
curve data can’t be determined when the value of normal stress is close to zero, hence the in-
clination parameters p%, and p$, at ¥ = 0° can’t be experimentally validated [97]; neither
their acquisition from transverse fracture tests, nor the equality with the tensile parameters can
be supported [97]. Hence, the recommended inclination parameters for an arbitrary FRP mate-
rial has been proposed in [157], and presented in Table 3.1.

Table 3.1 Proposed inclination parameters

Piu PJc.ll PE_J_ piL
GFRP/Epoxy 03 0.25 0.2-0.25 0.2-0.25
CFRP/Epoxy 0.35 0.3 0.25-0.30 0.25-0.30

The proposed values presented in Table 3.1 are based RS /R ratio which for CFRP and GFRP
holds R /RY = 3 and R$ /R > 2.8 respectively. These proposed values are reported for com-
posites with a thermosetting matrix [97], while approximate values have also been acquired for
thermoplastic PEEK and PA12 matrix composites [97]. Considering the theoretical back-
ground, Puck’s FF and IFF criteria are applicable to most FRPs, therefore the presented theory
can be applied to the analysis of additively manufactured fiber-reinforced thermoplastic mate-
rials. Since the theory is not readily available in commercial FEA software, a user-defined ma-
terial model has to be prepared using a Fortran script. Therefore, the code will be prepared
according to the guidelines presented in [8,48,92,93,98], executed in Abaqus FEA software,
and experimentally validated for tensile and shear cases. The tensile and shear lamina properties
will be identified experimentally, while the compressive and fracture properties and parameters

will be adopted from the literature.

In this chapter the Classical laminate theory, with basic assumptions for the in-plane stress
state, has been summarized. The multiscale nature of the laminate geometry has been revised,

focusing on local and global coordinate systems, stacking sequence effects, and the assembly
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of the laminate stiffness matrix for calculating the effective load-bearing capabilities of an ar-
bitrary reinforced laminate.

Following the concept of multiscale analysis, the theoretical background of the microme-
chanical homogenization has also been presented in this chapter. The localization problem for
elasticity, and the theoretical validation of a representative volume element have been discussed
using stress- and strain-based approaches. The calculations of in-plane and out-of-plane effec-
tive properties have been derived for three types of elementary problems regarding the longitu-
dinal, transversal, and shear loads introduced on a three-node element respectively. This was
followed by a theoretical summary on boundary conditions, based on which an example for
imposing periodic boundary conditions on a simple mesh has been presented and adopted for
further analysis. Following the presented concepts of unified periodic homogenisation, the rep-
resentative volume elements have been designed in the Abaqus CAE environment; periodic
boundary conditions have been imposed by linking the nodal degrees of freedom using linear
constraints equations, while introducing the loads as displacements through Dirichlet boundary
conditions. Cohesive fiber/matrix contacts have also been adopted and prepared for calibration
according to the experimental results.

Furthermore, the theoretical basis of continuum damage mechanics and Puck’s fracture the-
ory have been presented in the last part of this section. The key distinctions between fiber and
inter-fiber failure criteria have been discussed, and solutions for tensile and compressive cases
of fiber fracture have been derived for both cases respectively. Despite the simplicity of the
fiber criterion, the Puck’s inter-fiber fracture criterion is based on Coulomb and Mohr action-
plane hypothesis. That resulted in a more complex definition and the necessity for iterative
identification of the fracture plane, in accordance with the brittle fracture in FRP composites.
This had a negative impact on the calculation efforts. Following the presented theory and the
available models in the literature, the Puck’s theory was implemented in Abaqus usinga UMAT
subroutine. The model was tested on readily available data showing consistent results, and
therefore it was adopted for further analyses.

The theoretical concepts for micro- and macro-mechanical approaches were summarized in
this section. The models were prepared for implementation in the Abaqus CAE environment
and tested on readily available data. However, due to the distinctive manufacturing process
leading to material inconsistencies, the properties of additively manufactured materials are of-

ten inferior to those of their conventionally manufactured counterparts. Therefore, an experi-
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mental campaign including microstructural analysis, and macroscale destructive test is pro-
posed. Three distinctive experimental protocols will be conducted: microscopic constituents’
inspections, lamina properties acquisition through longitudinal and transverse tensile and shear
tests, concluding with damage monitoring in multidirectionally reinforced laminates. The mi-
crostructural images will be analysed using machine learning algorithms, statistically evaluated,
based on which the representative volume elements will be modelled, homogenized, and exper-
imentally validated for longitudinal and transverse tensile, and shear cases. The results will be
implemented in the continuum damage model, the model parameters will be calibrated and
validated by comparison with multidirectionally reinforced laminates and similar readily avail-

able damage models.
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4. EXPERIMENTAL PROCEDURES

The presented theoretical concepts of the laminate mechanics, micromechanical homogeni-
zation, and Puck’s fracture theory have been derived for application in Abaqus CAE environ-
ment. The models have been tested on readily available data will be prepared for calibration
and experimental validation. In this section, a multiscale experimental approach will be pre-
sented. The section will be divided into two distinctive subsections, featuring experimental pro-
tocols and results respectively. Firstly, a microscopic inspection using SEM imaging will be
proposed to identify the microscale geometrical properties of the studied composites. Upon the
microscopic evaluation, carbon-reinforced composite will be adopted for the procedure of lam-
ina properties identification according to ASTM D3039 and ASTM D3518, followed by the
inspection of multidirectionally reinforced composite, designed in accordance with ASTM
D5766, with LSS enforcing multiaxial stress states [28,162]. The results of the conducted ex-
perimental protocols will be presented in subsection 4.2, starting with the image analysis using
machine-learning algorithms and statistical evaluation of the acquired data, followed by the
calculation of UD and shear lamina properties and concluded with critical discussion on the
behaviour of multidirectionally reinforced CFRP composites by evaluation of the off-axis in-
fluence on the overall laminate behaviour. This section will cover in detail the methods and
models used in this thesis, along with a comprehensive overview of the developed experimental

setups.

4.1. Specimen design and test protocols

This subsection synthesizes the multiscale experimental protocol starting with sample prep-
aration for the microscopic inspection and SEM parameter calibration, followed by UD speci-
men preparation, testing and full-field strain monitoring, while concluding with the preparation,

and experimental study of multidirectionally reinforced composites.

! Part of the work described in this section was published by the author of the thesis and his collaborators in two
peer-reviewed scientific papers ([59] and [60]), which were produced and published as part of the obligations
foreseen in the curriculum of the doctoral study of the Faculty of Engineering of the University of Rijeka, Cro-
atia, hence this section is based, partly directly derived and cited from this work.
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4.1.1. Samples for microscopic inspection

In order to inspect the heterogenic structure of the AM composites, a microscale approach
based on SEM imaging has been proposed based on three cases of composite laminates rein-
forced with carbon (C), glass (G), and aramid (K) fiber respectively. The specimens have been
modelled as 25%25 mm square laminates and manufactured using an industrial grade 3D printer
Markforged-X7 utilizing the FFF approach. The thickness of the specimens was adjusted to
attain an equal number of layers within a cross-ply [0/902/0/90,]s configuration for each of the

studied cases, as shown in Figure 4.1.
25

25
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Figure 4.1 Geometry and LSS of the cross-ply specimens for microscopic analysis

The specimens were cut with a sectioning machine into distinctive x-y, x-z, and y-z cross-
sections, where the printing direction was assumed as the x axis, perpendicular to the printing
direction as y axis, leaving the thickness direction as the z axis. Each of the extracted cross-
section was embedded in polymer resin, and ground using multiple grades of granulation then
polished with 3um suspension using an automatic polishing machine STRUERS-LABOPOL.
The prepared specimens were scanned using the FEI-QUANTA-250-FEG microscope utilizing
the Low-vacuum Secondary Electron (LFD) and the Solid-state Diode Backscatter Electron
(BSED) detectors, adopting configurations presented in Table 4.1.

Table 4.1 SEM configuration

Accelerating voltage, kV  Pressure, Pa Distance, mm Spot Magnification

20.00 100 9.1-10.5 4.0 100x —1600x

After comparing the captured images, a better surface morphology representation was
achieved when LFD detectors were used, Figure 4.2, a) and c¢), while BSED presented a better
contrast in chemical composition based on density, therefore displaying heavier materials in

lighter shades of grey, Figure 4.2, b) and d).
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Figure 4.2 a) Fiber side-view acquired using LFD detector, b) Fiber side-view acquired using
BSED detector, c¢) Fiber cross-sections acquired using LFD detector, d) Fiber cross-sections
acquired using BSED detector

Therefore, both detectors were utilized in image acquisition, adopting LFD for accurate
measurements, while BSED was used for further image analysis. The microscopic constituent’s
properties (including fiber diameter and misalignment, layer height, and material deposition
width) were evaluated using an open-source image analysis software Image-J (FIJI) [174],
based on ten randomly selected images within each of the cross-sections presented in Figure

4.3.

SR 100 pm

Figure 4.3 Cross-section images for carbon, glass, and aramid fiber reinforced sample respec-
tively: a) C-x-y section, b) G-x-y section, c) K-x-y section, d) C-y-z section, ¢) G-y-z section,
f) K-y-z section g) C-x-z section, h) G-x-z section, 1) K-x-z section

Most of the measurements were conducted through multiple magnifications (200%, 400x,

800%, and 1600%) and their corresponding image sizes (1500x1380um, 747x688um,
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375%345um, and 186x171um) respectively. The fiber diameters and misalignments were ac-
quired from y-z and x-y cross-sections images respectively, with magnification in the range
from 800x to 1600 times. The measurements were statistically analysed, and the results were

presented in subsection 4.2.

4.1.2. Unidirectional and shear CFRP composite specimens

Having the microscale properties evaluated for the designated numerical homogenization
protocol, the corresponding lamina longitudinal, transverse and in-plane shear properties also
had to be acquired for validation. Therefore, adopting carbon fiber as the reinforcement, three
distinctive sets of specimens (UD-0, UD-90, and SH-45) were designed according to ASTM-
D3039 [204] and ASTM-D3518 [203], as shown in Figure 4.4 a) — c), then manufactured using
a Markforged-X7 3D, while the adopted LSS-es shown in Figure 4.4 d) — f), were achieved by
configuring the raster paths in the slicer software, where the usage of polymeric contour edges
was also disabled.
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Figure 4.4 Unidirectional and shear specimens: a) UD-0 geometry, b) UD-90 geometry, c¢)
SH-45 geometry, d) UD-0 LSS, e) UD-90 LSS, f) SH-45 LSS
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The issue of stress concentration within the gripping area was also addressed by introducing
the reinforcing tabs during the AM process while implementing a fiber striping reinforcement
technique to achieve a steady rise of thickness in the gripping region and reduce the manufac-
turing costs. Since the AM tab bonding resulted in the necessity for a support material, a support
jig has been implemented instead. Width and thickness have been measured across multiple
sections within the gauge length for each of the produced specimens using a digital micrometer.
These statistics have been calculated and summarized in the Table 4.2. Comparing the meas-
urements with the CAE dimensions, discrepancies reaching up to 21%. have been detected.
Nevertheless, removing both the excess support structure and the polymer top coating returned
more consistent results.

Table 4.2 Dimensions of UD and SH specimens

Spec. LSS Lizlgnt h, Width, mm Thickness, mm
cap Merw P cap Mew ERn g o

removed
UD-0 [0] 20 205 9VSF a5 a5 sy 0T 3l
UD-90  [90] 220 255 2%?&1* 26 125 1()%81;: 20.9 1)303; 1.7
SH4S  [45/45L, 220 255 C0B0F 390 225 TR s 2T 22

With their geometrical properties evaluated, the specimens have been prepared for DIC
measurement by applying a stochastically random high contrast pattern on the specimens’ sur-
face according to the GOM documentation and guidelines presented in [18]. The first coating
consisted of a polymer primer which was sprayed over by a thin matte white coating, followed
by a matte black speckled pattern after drying. The surface quality has been evaluated within
GOM Aramis software, as shown in Figure 4.5, which was also used in image processing and
measurements. The images have been acquired using a GOM Aramis 5SM (GigE) adjustable
base 800 system with 35mm lenses, resulting in image resolution of 24482050 pixels. The
cameras have been positioned at 560 mm from the specimen, with the distance between the
cameras equal to 265 mm, closing the angle of 26°. The sensor calibration has been achieved
using software-guided protocol at 22.5°C resulting in average deviation of 0.048 pixels in a

measuring volume of 130x110%90 mm.
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With full-field strain data acquired, two virtual extensometers have been adopted to extract
the strain data within gauge length in the longitudinal and the transverse directions respectively.
Furthermore, the real-time data from the load cell has been acquired using an auxiliary input to
the DIC system from the tensile machine controller. The load-voltage calibration has been con-
ducted at a lower force up to 250N in a preliminary test protocol. The experiments have been
conducted using an Instron servo-hydraulic testing system under quasistatic conditions at the
speed of 0.01 mm/s. The strains were measured using both the DIC and the contact extensom-

eter as separate systems, as shown in Figure 4.6.
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Figure 4.6 a) Specimen during the experiment, b) Measurement method comparison for speci-
men SH45

To address the anticipated material behaviour for each of the studied cases, the test protocols
had to be designed accordingly. Since the UD-0 case represents a unidirectionally reinforced
laminate loaded in the direction of the fiber reinforcements [204], the anticipated failure mode
is brittle and instantaneous. Therefore, to capture the damage initiation, the experiment had
been additionally monitored using a high frame rate thermal camera due to the slow frame rate
of the available DIC system. Both monitoring methods confirmed a fiber tow failure outside
the gauge length, followed by a rapid failure cascade which developed into a long splitting
failure within the gauge mid-region (SGM) [204], as shown in Figure 4.7 a) - d).
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Figure 4.7 UD-0 full-field strain measurements: a) Initial, b) Pre-failure, ¢) Failure, d) Ther-
mal imaging of an additional specimen

In contrast, the UD-90 case, shown in shown in Figure 4.8, represents transversely reinforced
laminate loaded perpendicularly to the direction of the fiber reinforcements. Therefore, ASTM-
D3039 [204] refers to this case for the determination of the transverse tensile properties in the

laminate based on the uniaxial tensile test results.
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Figure 4.8 UD-90 full-field strain measurements: a) Initial, b) Yield point, ¢) Pre-failure, d)
Failure

The transverse tensile behaviour of FRPs is highly influenced by the matrix response, and is
often assumed to be equal to the matrix behaviour. However, the implementation of full-field
strain measurements confirms the assumed inter-raster cohesive contact influence on the overall

elastic-plastic response, supporting the FFF approach influence for significantly lower yield
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and ultimate tensile stress in comparison with the injection-molded counterparts. While this
behaviour could be easily modelled using plasticity, the UD-90 case behaviour is more influ-
enced by the cohesive interfaces, leading to multiple local yielding zones divided by the mate-
rial deposition width, as shown in Figure 4.8.

In addition, the SH-45 specimens, shown in Figure 4.9, represent a specific case where the
LSS is tailored to enforce a multiaxial stress state in uniaxial tension. To that end, the specimens
are prepared according to ASTM-D3039 [204], and ASTM-D3518 [203] guidelines, with LSS
equal to [45/-45]4s. That resolves the uniaxially introduced loads into the in-plane shear stress
state. The anticipated ductile failure in SH-45 cases is followed by the fiber rearrangement
phenomenon reaching up to 25% strain at failure. Since these large strains are uncommon in
composite laminates, the ASTM-D3518 standard [203] recommends truncating the experi-

mental results at 5% of shear strain if the failure doesn’t occur before that.
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Figure 4.9 SH-45 full-field strain measurements: a) Initial, b) 5% shear strain, ¢) 5% axial
strain, d) Termination

Figure 4.9 also shows local inter-raster yielding zones divided by the material deposition
width, reinforcing the assumption of a major cohesive influence on overall AM CFRP compo-
site behaviour. Therefore, this assumption will be considered in the numerical representation of

the RVE behaviour.

4.1.3. Multidirectional CFRP composite specimens

Since fiber reinforced composites are seldom used as unidirectional, studying the behaviour
of multidirectionally reinforced CFRP composites is essential. Therefore, to inspect the damage

initiation and propagation in engineering applications, an experimental investigation of LSS-
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induced multiaxial stress states in AM CFRP composites has been proposed according to
[28,162]. Therefore, three distinctive open-hole (OH) specimen designs have been adopted ac-
cording to the ASTM D5766 guidelines, with an internal architecture equal to [0/902/0/902]s,
[0/45,/0/-45,]s, and [0/602/0/-602]s. These internal architectures resulted in coefficients of bi-
axiality 412 equal to 0, 1.61, and 0.57 respectively. The specimens have been designed and ad-
ditively manufactured using the same parameters as the UD cases, while the hole within the
gauge length was drilled subsequently. The geometrical characteristics of the manufactured
specimens have been evaluated in the same way as the UD cases and reported in Table 4.3. In
comparison to the CAE data, Table 4.3 shows the measured dimensions varied from 1.65% to
2.96% in width and from 12.59% to 16%. in thickness. Since OH specimens were also manu-
factured with end-tabs in the same way as the UD cases, more consistent measurements with
an error from 0.11% to 4.55% were achieved by removing the support and top polymer layers.
Eventually, a ratio between the width and the hole diameter was also calculated for each of the

OH cases and reported in Table 4.3, showing consistency with the ASTM D5766 guidelines.

Table 4.3 Dimensions of OH specimens

Width Thickness
CAE, Meas- Error, . CAE, Meas-  Error, Top and Error,
Width/
LSS mm ured, % @ mm ured, % support re- %
HOLE
mm mm moved,
mm
26.99 + 2.02 + 1.752 £
[0/90,/0/90,]s  26.2 0.064 2.96 6.67 1.75 0.045 12.59 0.045 0.11
26.64 + 2.02+ 1.77 £
[0/45,/0/-45,]s  26.2 0.017 1.65 6.66 1.75 0.025 13.51 0025 1.32
26.67+ 2.08 £ 1.833 £
[0/60,/0/-602]s  26.2 0015 1.75 6.67 1.75 0.025 16.00 0.025 4.55

As in UD cases, the specimen preparation has been conducted according to the GOM documen-
tation and guidelines presented in [18]. The stochastic pattern has also been applied using pri-
mer and white/black contrast, evaluated in the GOM-Aramis software, and tested quasistatically
in tension using the same machine as in the UD cases. In these experiments, the full-field strain
measurements were focused on the gauge-length area where the stress concentration effects
were most significant. The full field strain output was divided into x and y direction strains, as
shown in Figure 4.10 - 4.10 respectively, capturing the strains at damage initiation and before
final failure. Ultimately, DIC imaging also captured the final failure, confirming the fracture
direction consistency with the off-axis fiber orientation, as presented in Figure 4.10 d) - 4.10

d.
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Figure 4.10 DIC results of OH-90 spcimen: a) Longitudinal strains at damage initiation, b)
Longitudinal pre-failure strains, c) Transverse pre-failure strains, d) Failure
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Figure 4.11 DIC results of OH-60 specimen: a) First localization, b) Longitudinal pre-failure
strains, ¢) Transverse pre-failure strains, d) Failure
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Figure 4.12 DIC results of OH-45 specimen: a) Longitudinal strains at damage initiation, b)
Longitudinal pre-failure strains, c) Transverse pre-failure strains, d) Failure

The acquired experimental results were analysed according to the ASTM D5766 guidelines,
and reported in subsection 4.2, covering biaxiality ratio, tensile modulus, tensile strength, and
the strain at failure for each tested case. The influence of the off-axis layers on the overall
laminate response for each of the studied cases was also discussed. In this subsection, a mul-

tiscale experimental procedure has been presented, starting with SEM imaging and the inspec-

87



Ve

tion of the constituents, followed by the destructive testing of unidirectional and shear speci-
mens, and concluding with damage monitoring using DIC. Each step in the procedure is briefly
explained, focusing on the technical aspects of conducting these experiments, while the ac-

quired results are presented in subsection 4.2.

4.2. Experimental results

This subsection is dedicated to the presentation of the acquired experimental results through
multiscale analysis, starting with the application of machine-learning algorithms in microscopic
image analysis and the statistical evaluation of the acquired data, followed by the experimental
evaluations of composite lamina properties and the behaviour of multidirectionally reinforced

AM composites.

4.2.1. Microstructural evaluations

The geometrical values of the constituents for each of the test cases, presented in Section
4.1.1, have been measured based on the microstructural images from each cross-section. The
images have been recalibrated and analysed using the open-source software FIJI, acquiring a
statistically significant number of measurements for fiber diameter and misalignment, material

deposition width, and layer height. The values are statistically analysed and summarized in

Figure 4.13.
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Figure 4.13 Measured data histogram compared with normal distribution: a) Fiber diameter,
um; b) Fiber misalignment, °; ¢) Raster width, um, d) Layer height
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As shown in the graphical representation, the fiber diameters, alignments, and material dep-
osition widths follow a normal data distribution, with the Anderson-Darling values in the range
from 0.052 to 0.390, and are therefore acceptable for parametric ANOVA. However, fitting the
measured layer heights with normal distribution results in an Anderson-Darling value lower
than 0.005, thus a non-parametric statistical approach must be assumed instead. The acquired
statistics have also been analysed using the Games-Howell pairwise comparison and the simul-
taneous tests for differences of means, and summarized in Table 4.4 and Table 4.5, confirming
the statistical distinction between the fiber diameters, and significant dissimilarities in fiber
misalignment. The comparison between glass and aramid layer height yielded a Mann-Whitney
significance of 0.878, confirming the data reported by the material manufacturer.

Table 4.4 Fiber diameter and alignment statistics

Fiber diameter Fiber misalignment

Material Carbon Glass Aramid minymaj Material Carbon Glass Aramid
Mean, pm 7.00 £ 9.11+ 14.68/24.22 Mean. © 0.61 + -0.68 + -1.87+

’ 0.41 0.64 +1.06/1.5 ’ 3.37 4.88 2.96
Median, yum  7.00 9.12 14.67/24.05  Median,°®  0.55 -0.52 -1.84
Skewness 0.171 -0.032 0.085 Skewness  -0.113 0.046 -0.057
Kurtosis -0.449 -0.111 -0.375 Kurtosis -0.170 -0.258 -0.105
Count 523 993 1177/402 Count 800 596 800
PP value 0.111 0.117 0.100 pAPvalue  0.109 0.390 0.112

Table 4.5 Material deposition width and layer height statistics

Deposition width Layer height

Material Carbon Glass Aramid Material Carbon Glass Aramid
Mean, um 82932+  783.61 % 859.83 Mean, um 13822+  113.75+ 114.86 £

’ 75.65 45.55 73.79 i 5.11 5.40 12.36
Median, pum  826.50 779.27 864.55 Median, um  138.79 114.32 112.51
Skewness 0.025 0.207 -0.016 Skewness -0.225 -0.226 0.607
Kurtosis -0.406 -0.312 -0.214 Kurtosis -0.361 -0.108 -0.326
Count 590 356 299 Count 829 400 837
p"P value 0.089 0.052 0.141 pP value <0.005 <0.005 <0.005

The measurements of fiber diameters have been conducted on y-z cross-sections, summa-
rized in Figure 4.13 a), and compared to the data acquired through pyrolytic and digestive
chemical procedures in Table 4.6, showing consistent results for diameter values of carbon and
glass fibers. Additionally, both the minor and major diameters of the assumed ellipsoidal cross-
section shape of aramid fibers were measured, showing significant deviation for both values in

comparison with the available data.
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Table 4.6 Fiber diameter comparison

Fiber diameter, df, pm

Material Carbon Glass Aramid*

SEM 70+040 9.1+0.60 14.7+1.05(24.22+1.5)*
Pyrolysis, [146] 7.2+0.30 9.1 +0.30 11.7+£0.3
Digestion, [146] 7.0+£0.20 10.6+0.70 /

* Minor and major diameter of the assumed elliptical cross-section

Moreover, due to the problematic definition of the reference axis, as well as the identification
of the exact printing direction based on 2D SEM images, the value of fiber misalignment was
adopted as the deviation between the mean and median value from the raw data summary pre-
sented in Figure 4.13. Despite the similar deposition width for CFRP and KFRP samples, Figure
4.13 c) shows a distinctive difference for the deposition width in GFRP samples, which should
be investigated in further studies. Furthermore, the summary presented in Figure 4.13 d) also
highlights the most probable layer height values in both CFRP and GFRP samples, while the
representation of data for KFRP is scattered in the range from 100 to 130 pm. Since the material
deposition is influenced by its thermal and adhesive properties, the influence of aramid fibers
on material cooling and deposition should also be studied for a better understanding of both
deposition width and layer height discrepancies, as presented in Figure 4.13 ¢) and Figure 4.13
d) respectively. Although most of the constituent’s measurements can be acquired from the
SEM images directly, see Figure 4.14 a), the identification of the volume fraction of the con-
stituents requires further image processing based on thresholding and segmentation. However,
despite BSED providing an enhanced image contrast, the ununiform image background led to
a high standard deviation during thresholding, making the approach inapplicable. Therefore, by
using the “Trainable WEKA segmentation” machine-learning algorithms available in FIJI, the
constituents were distinguished by the pixel colour, and the images were segmented into four
areas of interest including fiber, matrix, debris, voids and cracks. The segmentation process has
been retrained several times to achieve the necessary refinement, resulting in the probability
maps shown in Figure 4.14 b), ¢) and d). These were additionally processed using threshold
methods to acquire the constituents’ ratios. Since fragments from grinding and polishing were
filling some of the initially present voids, the debris fraction has been included in the void
fraction and reported as a single variable. The calculated constituents’ ratios have also been
compared to the measurements in Markforged filament acquired through pyrolysis, matrix di-

gestion and TGA provided in the literature [146].
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Figure 4.14 Processing image example: a) SEM image of CFRP cross-section, b) Fiber frac-
tion probability map, ¢) Matrix fraction probability map, d) Voids cracks and debris fraction
probability map

The comparison has been summarized in Table 4.7, showing 35%, 31%, and 37% variance
between the fiber volume fraction in filaments and the samples for carbon, glass, and aramid
cases respectively. The contradictions grow even more significant in localized inspections. The
authors [146] selected, analysed and reported few isolated zones with denser fiber placement,
while measurements on multiple randomly selected 100100 pum fiber rich areas within each
layer of each cross-section were considered in this study. Consequently, such areas of measure-
ment caused a higher matrix presence in each of the analysed cases, while isolating the fiber
dense agglomerations according to [146] led to the fiber fractions reaching 0.9 for KFRP case.

Table 4.7 Constituent volume fraction comparison

Volume frac- Carbon rein- Carbon fila- Glass Glass fila- Aramid rein- Aramid fila-
tion forced sample ment, [146] Reinforced sam- ment, [146] forced sample ment, [146]
ple

. 0.34 + 0.002 0.32 + 0.002 0.38+0.03

Fiber 0.536 +£0.026 0.36 = 0.004 0.508 +£0.043 0.38 = 0.002 0.621 £0.048 0.40 < 0.004
. 0.66 + 0.002 0.68 £+ 0.002 0.62+0.03

Matrix 0.41+£0.02 0.64 = 0.004 0.492 £0.011 0.62 = 0.002 0.357£0.011 0.60 < 0.004
Fiber local* 0568 +0.028  0.90 0.539 £ 0.012 0.68 0.869+0.026  0.55
Fiber local** 0243+ 0.012 0.1 0.222 +0.005 0.32 0.45+0.013 0.45
Void 0.04 + 0.002 / 0.0767 £0.002  / 0.003 £0.0001  /

* Fiber local fraction measured within a layer in fiber rich zones; Area [100X100um]
** Fiber local fraction measured within a layer in matrix rich zones; Area [100X100pm]
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4.2.2. Lamina properties acquisition

Due to the necessity for experimental evaluation of the CFRP lamina properties, a study of
unidirectional and shear behaviour was conducted. Three sets of test specimens reinforced with
continuous carbon fibers were designed and additively manufactured using Markforged-X7 3D
printer. Two of the sets (UD-0 and UD-90) were designed according to the ASTM-D3039
guidelines [204] as unidirectionally reinforced laminates to allow the examination of longitu-
dinal and transversal tensile behaviour. In contrast, the third set was designed according to
ASTM-D3518 [203] as multidirectionally reinforced laminate (SH-45) in order to study the
LSS induced in-plane shear behaviour. The acquired experimental results have been analysed
and presented in Figure 4.15, with the values for strength and stiffness in UD cases determined
according to the ASTM D3093 guidelines. The calculation of shear strength, marked as red
“x”sign in Figure 4.15 ¢), has been calculated according to the ASTM D3518 [203] as the
intersection between the shear stress-shear strain (z-y) curve and the 0.2% offset of the shear
modulus G1a.
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Figure 4.15 Experimental results: a) UD-0, b) UD-90, c) SH-45

The acquired experimental results were compared with the data obtained from the literature and
summarized in Table 4.8, highlighting the significant discrepancies in comparison to [117] and
[146].

Table 4.8 Comparison between the experimental results

) En, c1, E»n, oo, Gn, 11, .

Material GPa MPa GPa MPa GPa MPa Composite  Ref.

HM-CF-UD 175 1000 8 40 5 60 C/Epoxy [148]

STD-CF-UD 135 1500 10 50 5 70 C/Epoxy [148]

TorayCetex®TC910/CF 100 1900 / / / / C/PA-6 [206]

TorayCARBOSTAMP®UD 115 2200 / / 2.5 123 C/PA-6 [206]
60 800 / / / [117]

CFRP-AM 69.4 905 35 17.9 1.9 43 4% C/PA-6-3T [146]
57.35 700 234 18.1 1.89 43.21%* **

* Shear stress at 5% shear strain
**Experimentally acquired data
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An additional comparison with conventionally manufactured UD composites using either
thermoplastic or thermoset matrices has also been included in Table 4.8. However, despite the
advantages of an industrial-grade 3D printer, the conventionally manufactured UD composites
exceeded their AM counterparts by 45-68% for longitudinal elastic modulus and 16-68% in
ultimate tensile strength. The distinction is also observed perpendicular to the fiber direction,
reaching a 65-72% difference in transverse elastic modulus, with a 36-50% lower ultimate
transversal strength. Similar conclusions were drawn for shear cases with a 54% difference for
shear modulus and a 58-64% difference for shear strength.

An experimental study was conducted on three distinctive sets of carbon-fiber-reinforced
specimens designed according to ASTM-D3039 and ASTM-D3515, additively manufactured
using a Markforged-X7 3D printer, and tested while utilizing DIC measurement. The full-field
strain monitoring confirmed local inter-raster debonding zones typical for failure in AM com-
ponents. These debondings were detected as local high strain zones in UD-90 and SH-45 cases,
corresponding to the material deposition paths while being absent from the UD-0 cases. The
acquired experimental results have been analysed and summarized, then compared with both
the equivalent AM and the conventionally manufactured composite laminates from the litera-
ture. The comparison with the equivalent AM studies shows consistent results, while severely
diverging from the data acquired for the conventionally manufactured counterparts. Since the
implementation of unidirectional composites is limited in practical applications, further study

focused on the behaviour of multidirectionally reinforced laminates.

4.2.3. Damage monitoring in multidirectional CFRP composites

The behaviour of multidirectionally reinforced AM composites was studied in three distinc-
tive cases of open-hole specimens manufactured and tested according to the ASTM D5766
standard. The specimens were designed with alternating longitudinal axial and double support-
ing off-axis layers [0/62/0/f-]s, following the guidelines from [28,162] to achieve a steady dam-
age growth and in-plane biaxial stress state during uniaxial test conditions enforced by the LSS
equivalent to [0/902/0/902]s, [0/452/0/-45,]s, and [0/602/0/-602]s. The experimental results have
been summarized in Table 4.9, presenting the biaxiality ratio, tensile modulus, tensile strength,

and strain at failure for each of the tested cases.
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Table 4.9 Experimental results

) . Tensile Tensile Strain at
. Layer stacking  Biaxiality ra- .
Specimen . modulus, strength, failure,
sequence tio, 412 GPa MPa o
0
OH90-1 19.523 156.4 0.80
OH90-2 20.061 166.6 0.83
0/90,/0/90 0
OH903  LVP0/0P0Is 18.451 144.1 0.78
OH90-4 19.816 160.0 0.86
OH60-1 19.672 181.24 0.9
OH60-2 19.377 199.15 1.1
0/60,/0/-60 0.57
OH60.3  10/002/07602]s 19.014 187.14 1.0
OH60-4 19.400 186.38 0.97
OH45-1 21.552 216.25 1.0
OH45-2 22.060 213.75 1.0
4 -4 1.61

OH4s.3  L/452/074520s 6 22.846 211.9 0.9
OH45-4 22.006 187.37 0.0089

According to the synthesis reported in Table 4.9, the elastic modulus for the OH-90 case can
be adopted between 18.4 GPa and 20.06 GPa, the tensile strength from 144.1 MPa to 166.6
MPa, and the strain at failure within the range of 0.78 % and 0.83 %. Similar values of the
elastic moduli in range from 19.014 GPa to 19.672 GPa were also identified for the OH-60
cases, where the ultimate tensile strength and strain reached higher values of 154.76 MPa to
199.15 MPa and 0.86 % and 1.1 % respectively. As predicted, the highest values of the elastic
moduli between 21.552 GPa and 22.846 GPa and the tensile strength between 187.37 MPa and
216.25MPa have been found in the OH-45 case, where the ultimate strains fell between 0.86 %
and 1.1 % and did not diverge from the results acquired in the OH-60 case. The post-failure
images and the acquired load-strain responses are presented in Figure 4.16 — 4.16 for each of
the tested case. Comparing the acquired results with the estimates based on UD lamina data
only, the influence of the supporting layers’ orientation on both strength and stiffness values
was observed. The case of OH-90, which did not demonstrate any characteristic biaxial behav-
iour, was analysed first. The study confirmed the negligible influence of perpendicularly ori-
ented supporting layers, which consequently led to the anticipated failure mode with cracks

growing perpendicular to the load direction, as shown in Figure 4.16.
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Figure 4.16 a) Failed OH-90 specimens, b) Load-strain diagram

The behaviour of OH-60 specimens is also highly influenced by the presence of UD-0 layers.
Since in this case the off-axis layers carry a larger proportion of the axial load, an average
increase of 6.2% and 7% has been measured for the ultimate strength and strain values, in com-
parison with the OH-90 case. Additionally, the damage growth in OH-60 cases shows an in-
creased dependence on the orientation of the supporting layers, leading to an equivalent crack

inclination, as shown in Figure 4.17.
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Figure 4.17 a) Failed OH-60 specimens, b) Load-strain diagram

In contrast, the supporting layers in OH-45 cases carry a larger percentage of the axial load,
which, in comparison with the OH-90 case, leads to an increase in the average values of ultimate
strength and strain by 18% and 3.8% respectively. Furthermore, the damage progression fol-
lows the direction of the supporting layers’ orientation as in the OH-60 case, leading to an
anticipated failure mode, as shown in Figure 4.18.

Overall, the experimental investigations have shown a reasonable degree of scatter and re-
sults consistent with the available data in the literature. In microstructural evaluation, signifi-
cant distinctions have been detected for the fiber fractions of unidirectionally reinforced layers
in comparison with the published data for the single filament. This was followed by even larger

discrepancies after analysing fiber or matrix dominant local distributions.
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Figure 4.18 a) Failed OH-45 specimens, b) Load-strain diagram

Furthermore, the UD and shear tests yielded results consistent with the available dataset, while
some deviations have been detected when comparing the ultimate tensile strength in UDO cases.
Since the experimental studies of additively manufactured multidirectionally reinforced open-
hole specimens with LSS induced multiaxial in-plane stress state are not available in the litera-
ture for comparison, the conducted experiments have only been validated with small data scatter

and crack growth following the estimated path guided by the supporting layers.

The initial part of this section has been intended for presentation of the proposed multiscale
experimental procedure, including the design and manufacturing features during the processes,
to summarize the acquired results in the micro-, meso- and macro-level. The microstructural
inspection was presented first, describing the procedures in SEM image acquisition. The guide-
lines for the design and preparation of tensile and shear specimens were presented subsequently,
focusing on the description of the DIC system application. This was followed by the summary
on LSS configuration in multidirectionally reinforced laminates, and the damage monitoring
using full field strain measurements. The results have been presented in the second subsection,
following the sequence of the conducted experimental procedures. The results of the statistical
evaluations have been summarized in this subsection, enabling the comparison of the micro-
structural data with relevant sources. Furthermore, the results of tensile and shear test were also
analysed, and results were consistent with the data from the literature. The section ends with
the presentation of the results acquired for multidirectionally reinforced laminates with open-
hole stress concentrators, highlighting the influence of the supporting layers on the overall load-
bearing capacity of the tested cases. Based on these experimental results, an appropriate micro-
mechanical and a continuum damage model will be determined, calibrated, and validated as

presented in the following section.
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S. MATERIAL MODELLING

In order to demonstrate the material behaviour simulation through multiple length scales,
this section? is divided into two subsections: micromechanical modelling and macromechanical
damage analysis. The analysis presented in the first subsection is based on strain-controlled
numerical homogenization of a heterogenic material system, while the second subsection is
focused on the damage modelling in multidirectional reinforced laminates based on unidirec-

tional inputs using Fortran-Abaqus subroutines.

5.1. Micromechanical modelling

While the behaviour of unidirectional reinforced AM CFRP composites has been compre-
hensively studied, it has rarely been supported by a micromechanical analysis. Therefore, a
strain-controlled numerical homogenization of a heterogenic material system has been proposed
to acquire the material properties in tensile and shear loading conditions. The representative
volume element has been designed based on the results from the microscopic analyses for car-
bon, glass, and aramid fiber-reinforced composites respectively. Additionally, the carbon-fiber-
reinforced RVE has been calibrated according to the results from the tensile and shear experi-
ments, assuming the cohesive nature instead of an ideal bond for the fiber/matrix interface. The
same assumption has been applied on other types of RVEs, confirming the validity of cohesive

interphase implementation to account for bonding defects in AM materials.

5.1.1.RVE design

For the purpose of unifying the various constitutive models within a single homogenized
response, a representative element was modelled according to the data from the statistically
evaluated material’s microstructure. The basic RVE conventions have been adopted according
to [8,32,40,133,141,143], with the assumption of hexahedral fiber arrangement. The RVE size

was kept small enough to save on computational time, while the RVEs included more than one

2 Part of the work described in this section was published by the author of the thesis and his collaborators in two
peer-reviewed scientific papers [59] and [60], which were produced and published as part of the obligations
foreseen in the curriculum of the doctoral study of the Faculty of Engineering of the University of Rijeka, Cro-
atia, hence this section is based, partly directly derived and cited from this work.
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fiber for more accurate results in yielding and plasticity [5,141]. To comply with these require-
ments, and to respect the measured ratio of fibers for each of the studied cases, the length of the
RVEs’ equilateral base was defined as double the value of the inter-fiber distance in a hexagonal
arrangement. A cubic RVE designed according to these assumptions included one fiber in the
centre and four fiber quarters placed along the RVE edges in the longitudinal direction. The
implementation of such an arrangement enables the fibers to geometrically complete each other
upon virtual assembly, ensuring geometrical, material, and mesh periodicity, while enforcing
periodic boundary conditions. Therefore, to determine the necessary RVE size, the inter-fiber
length was varied for each of the studied composites, returning the calculated volume fractions

as shown in Figure 5.1.
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Figure 5.1 Calculated relation between the inter-fiber distance and the volume fraction for car-
bon, glass, and aramid-fiber-reinforced UD composite, respectively

Respecting the measured fiber fraction and following the results from Figure 5.1, the inter-
fiber distance was determined for each of the studied cases, and presented in Table 5.1.
Table 5.1 RVE size determination

Inter-fiber

Fiber Fiber diameter, Fiber RVE size : Fiber diameter
Material fraction distance RVE length
pm L, pm W, um H, ym pum 8
Carbon 7.00 0.533 9.13 9.13 15.81 9.13 0.767
Glass 9.11 0.508 12.17 12.17 21.08 12.17 0.748
Aramid 14.68%*/24 22** 0.621 22.81 22.81 39.51 22.82 0.64*/1.06**

Inter-fiber distance is expressed as a distance between fiber cross-section origins
* Minor diameter of the assumed elliptical cross-section
** Major diameter of the assumed elliptical cross-section
As shown in Figure 5.2, the resulting RVE models have been designed in the Abaqus CAE

environment as equi-lateral base hexahedrons with fibers arranged in the x axis direction. Fol-
lowing the guidelines presented in [143] the fibers were modelled as parts of the original do-
main, while preserving the internal boundaries. Since the SEM inspections of x-y and x-z cross-

sections revealed fiber/matrix bonding deficiencies, voids and inter-fiber cracks, the influence
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of these defects on mechanical behaviour was anticipated. These defects caused discrepancies
between the experimental and numerical results. These have therefore been compensated for by
introducing zero-thickness cohesive interphases modelled as mesh offset from fiber internal
boundaries, as shown in Figure 5.2 d). Following the guidelines presented in [133], similar
interphases have also been introduced as fiber-breaking planes on edge fibers in order to simu-

late the pulled and broken fibers as opposed to the ideally bonded central fiber.

Figure 5.2 RVE models: a) C-RVE (V¢ = 0.533); b) G-RVE (V¢ = 0.508); ¢) K-RVE (Vg =
0.621), d) Cohesive interface

5.1.2. Material model of the constituents

After achieving geometrical consistency with the microstructural measurements, the RVE-s
were updated with the appropriate constituents' material models in order to represent the com-
posite material behaviour more accurately. Due to the absence of data on the exact filament
composition, the mechanical characteristics of the fibers, given in Table 5.2, were adapted from
[146]. Additionally, the fiber elastic moduli were modified to account for the measured fiber
misalignment.

Table 5.2. Fiber material properties acquired through pyrolytic analysis [146]

Type of fiber  p, g/em?® Er, GPa o1, GPa

Carbon fiber 0.74+0.05 191+6 2.6+0.2
Aramid fiber 1.60+0.10 117+7 1.1+04
Glass fiber 1.59+0.12 80+3 24+0.5

p = linear density; Er = elastic modulus; or = tensile strength

Based on DSC thermographic analysis conducted in [146], and the comparison of its thermal
behaviour to that of the injection-molded counterparts [191], the matrix material used in Mark-
forged carbon fiber composites was identified as amorphic polyamide PA6-3-T, while the prop-
erties of fiber reinforcements were also adopted from [146]. The same process has also been

adopted for other filaments, identifying the PA6 as matrix in glass and aramid fiber reinforced
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composites. Since the linear-elastic law is not applicable for modelling of the matrix behaviour
at the microlevel, the experimental data for the elastic-plastic and Ramberg-Osgood plasticity
models have been adopted based on experimental data for injection-moulded PA6-3T at the
temperature of 20°C [191]. The Ramberg Osgood coefficients have been calculated by fitting
the Eq. 5.1 to experimental data while minimizing the error using the least square method.

gzzw[iy_ .1)

E o,

Based on the expression presented in Eq. (5.1), a Fortran script has been developed to cal-
culate the stress values o; for an arbitrary strain value &;, while minimizing the errors in Eq. 5.2
using the Newton-Raphson method, where i is the approximation of the stress value, oy is the
yield strength, and E is modulus of elasticity. The Newton-Raphson algorithm is repeated until

the accuracy of 10°® has been acquired.
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The resulting parameters and the calculated stress-strain relations have been compared with
the experimental data [191], and presented in Figure 5.3 for both PA-6 and PA-6-3T with yield
strengths of 20MPa and 30 MPa respectively.
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Figure 5.3 Experimental data [191], Ramberg-Osgood model, and plasticity data for polyam-
ides PA-6-3T and PA-6

5.1.3. Homogenization

The numerical homogenization of the RVE model has been conducted following the guide-

lines presented in [141] and [143]. The process initiates with RVE boundary nodes being sorted
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into surfaces, edges, and corners respectively. Analysing the node coordinates on the RVE
boundary, each node is paired with its matching node from the opposite side of the RVE model
based on the required mapping accuracy. Subsequently, these nodes are appended within the
same set in the same order, then the sets are linearly constrained to link the degrees of freedom
(DOF) of the associated pairs. Therefore, this process synthesizes the boundary conversion to
single node sets with matching node and location labels to previously associated sets. The link-
ing is achieved through linear constraint equations and compensation for the rigid body motions
based on DOF-s and reference points (RF) [143]. Since the calculation for each of the material
properties requires specific loads and constraints enforced through boundary conditions, the
homogenization is performed through multiple stages, where each of the properties is analysed
separately. Therefore, following the guidelines presented in [ 143], the homogenized mechanical

properties can be calculated as shown in Eq. 5.3 and Eq. 5.4.
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In these expressions, the number of nodes on the surface is defined by N, while the RVE
lengths in x, y and z axis directions are represented by /, w, and A, respectively. The homoge-
nized properties acquired through Eq. 5.3 and Eq. 5.4 are accurate only for small strains or in
cases where linear elastic behaviour of the constituents is assumed. In cases with constituents’
nonlinearity or high strain values, damage and plasticity models should be considered for brittle
and ductile constituents [133,141].

The meshing procedure has been conducted in the Abaqus CAE environment with tetrahe-
dral C3D6 elements, using the sweeping algorithm as suggested in [141,143]. The mesh sensi-
tivity analysis has been initially conducted on single fiber RVE, confirming that if the required
periodic mapping accuracy is achieved, the mesh size has no significant influence on the ho-

mogenization results for low strains [5,133,143]. According to these results, and following the
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methodology presented in [33], three multi-fiber RVEs with cohesive fiber/matrix interfaces
have been designed, adopting 54588, 56952 and 51934 elements for carbon, glass, and aramid
reinforced composite respectively. To account for the cohesive effects, a nonlinear analysis has
been carried out in the Abaqus CAE environment through a time-period of 100s with an initial
increment size of 0.1 within the interval from 0.001 to 1.0. The study has been conducted for
each of the cases in order to acquire the homogenized tensile and shear properties. However,
only carbon fiber composites have been experimentally validated. The homogenized parameters
for glass- and aramid-fiber-reinforced composites have only been proposed in this phase of

research.

5.1.4. Calibration and validation

Analyzing the initial RVE homogenization assuming the ideal fiber/matrix interface, signif-
icant discrepancies in comparison with the experimentally acquired data have been observed.
This is assumed to be caused by fiber/matrix cohesion weaknesses and material deposition
bonding manifested as matrix rich contact-zones and inter-fiber voids on the microscale, which
was observed using SEM. It was also confirmed on the macroscale as localized high strains
using DIC and thermal imaging. Based on these observations, a weaker cohesive contact has
been assumed for the fiber/matrix contact and embedded into the homogenization procedure as
a cohesive zone interphase to account for the constituents debonding. However, the cohesive
contact between the deposited filaments has been ignored due to the absence of clear contact
distinctions in microstructural observations. Given that the properties of the cohesive interface
have not been acquired experimentally, the cohesive zone model (CZM) has been adopted for
a similar thermoplastic/fiber interface [170], and calibrated according to the experimentally ac-
quired CFRP response, as shown in Table 5.3. The effects of cracked and pulled fibres have
also been accounted for by longitudinally fracturing half of the embedded fibers and introducing
cohesive contacts on the breaking planes to simulate the fiber damage due to low bonding.

These CZM parameters have also been calibrated according to the experimental results.

Table 5.3 Adopted CZM properties used in the analysis

Parameter C/PA6-3T  G/PA6 K/PA6 Caxial Gaxial Kaxial
E/Enm 4-10° 7-105 3-10°
Traction Gi/Es 19-10°5 0.7-105 1.17-10°
- 1.05-10° 0.65-10°
Go/Ex
Quads damage Normal-only mode 10 12 15 520 480 220
nominal stress First direction 11 5 7
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Second direction

Type Energy
Damage evolution Softening Linear
Degradation Maximum
Mix mode behaviour = BK 0.63
Normal mode 0.949
Mode mix ratio )
fracture energy Shear mode 1% dir. 1.35
Shear mode 2" dir. 1.35

Experimental and numerical results for longitudinal, transverse and shear behaviour in car-
bon-fiber-reinforced cases have been compared and presented in Figure 5.4 a), b), and c) re-
spectively. The comparison of the results for longitudinally loaded composites, shown in Figure
5.4 a), validates the effects caused by cracked and pulled fibres, and it is consistent with the
experimental results. Therefore, further studies should concentrate on experimentally acquiring
fiber-pullout data. As anticipated for the transverse tests in FRPs [8], significant discrepancies
in the plastic region surpassing 0.6% strain have been observed in experimental results and
presented in Figure 5.4 b). Even so, the implementation of the ideal fiber/matrix bond diverged
significantly from the already scattered experimental data, thus a weaker cohesive interface has
been necessary in this case. Furthermore, by observing in-plane shear response, presented in
Figure 5.4 ¢), little scatter between the experimental results could be found before reaching the
shear strength. The shear strength was determined according to ASTM D3518 [203], as the
intersection between the shear stress-shear strain (z-y) curve and the 0.2% offset of the shear
modulus G12. At higher values of shear strain the interlaminar effects on the laminate behaviour
grow significantly, hence divergence of RVE predictions from the experimentally acquired data
is expected. However, by introducing a weaker fiber/matrix cohesive interphase, the RVE re-
sults are consistent with the experimental results up to 3% of shear strain, while the deviation

shifts approaching 5% of shear strain.
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Figure 5.4 Comparison between RVE and experimental results for CF specimens: a) UD-0, b)
UD-90, c) SH-45
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All things considered, the proposed cohesive interface has also been adopted in glass and
aramid reinforced RVEs. However, without experimental comparison, the CZM properties for
transverse and shear have been calibrated according to carbon fiber composite and the experi-
mental results of the conventionally manufactured counterparts [84]. For these cases, only the
proof of the concept is proposed, emphasizing the necessity for further experimental studies.
The comparison between RVE responses of the studied carbon (Crve), Glass (Grve), and Ara-
mid (Krvg) cases has been given in Figure 5.5 a), b), and c), showing longitudinal, transverse

and in-plane shear behaviour respectively.

a) —Crve 7 . b) 20 Cou . -/ c) 404 Crve ;o
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Figure 5.5 RVE result comparison: a) Longitudinal uniaxial, b) Transverse uniaxial, c¢) In-
plane shear

The difference in longitudinal response between the studied cases is consistent with the me-
chanical properties of the embedded fibres, and the response follows the trends of the available
data. However, lacking the experimental data, the transverse and in-plane shear response of
glass and aramid reinforced RVEs is calibrated according to CFRP response, keeping the
strength relations analogous to the conventionally manufactured composite counterparts, hence
the necessity for proper experimental validation is again emphasized. A summary of the exper-
imental and numerical results for each of the studied cases has also been presented in Table 5.4.
where a comparison with similar AM and conventionally manufactured composites has also
been conducted, correlating fiber content, stiffnesses, and strengths.

Table 5.4 Composite material properties comparison

Ej, G, E», G2, G2, 112,

Material Vie GPa MPa GPa MPa GPa  MPa Composite Ref
HM-CF-UD 0.60 175 1000 8 40 5 60  Carbon//Epoxy [148]
STD-CF-UD 0.60 135 1500 10 50 5 70  Carbon//Epoxy [148]
Toray Cetex® [206]
TC910/CF 0.60 100 1900 / / / / Carbon//PA-6

Toray [206]
CARBOSTAMP®UD 0.50 115 2200 / / 2.5 123 Carbon//PA-6
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/ 60 800 / / / / [117]
CFRP - AM 053 543 700 234 181 189 21  Carbon/PA-6-3T *
053 55 750 24 1665 183 233 o

E-Glass-UD 060 40 1000 8 30 4 40  Glass /Epoxy [148]
Toray Cetex® [206]
TOOT0/GE 060 30 900 / / / /  Glass /PA-6

/ 21 590 / / / / [117]
GFRP - AM 051 224 314 217 1725 18 187 OlassPA6 o
Kevlar-UD 0.60 75 1300 6 30 2 60  Kevlar/Epoxy [148]

/ 27 610 / / / / [117]
KFRP - AM 060 39.8 525 183 159 17 200 Kevlar/PA-6 o

* Experimental results: uniaxial ASTM-D3039; shear ASTM-D3518
** Homogenized RVE results utilizing CZM at fiber/matrix interphase: indices (1) and (2) at 1.4% strain, (12) at
0.2% shear modulus offset according to ASTM-D3518

According to the summary presented in Table 5.4, the RVE results for carbon-fiber-reinforced
composites are consistent with the available data, while glass and aramid-fiber-reinforced RVEs
follow the transversal and in-plane shear trends observed in conventionally manufactured com-
posites. However, the longitudinal RVE case for aramid-fiber-reinforced RVE overpredicts the
composite modulus by 12.8 GPa in comparison to the available data. Further research on the
micromechanical response is necessary. Despite these inconsistencies, the RVE calculations
can still be used as guidelines in preliminary design due to the absence of other readily available
data. In the research of novel material compositions, the presented protocol can be replicated
for conducting virtual experiments with similar fiber/matrix systems. In addition, a comparison
between the AM and similar conventionally manufactured thermoset and thermoplastic UD
composites is presented in Table 5.4. While the experimentally acquired strength and stiffness
for AM composites differ from the manufacturers’ data by only 5% and 12.5% respectively, the
conventionally manufactured composites manifest 45-68% higher stiffness and 16-68% higher
ultimate tensile strength values in comparison, despite the AM counterparts being produced
using an industrial grade 3D printer. Furthermore, the measured transverse modulus of the AM
carbon-fiber-reinforced composite is 65-72% lower in comparison to its conventionally manu-
factured counterpart, followed by a 36-50% lower value for its ultimate tensile strength in the
transverse direction. Similar distinctions can be observed in the shear case, where the AM car-
bon-fiber-reinforced composite reaches 54% lower value for the shear modulus, followed by
58-64% lower value for the shear strength. Analogous results can also be acquired by comparing
the Grve and Krve results with their conventionally manufactured counterparts. The presented
study leads to a conclusion that AM technology still struggles to deliver components with the
necessary mechanical properties. However, by analysing the UD experimental data, the influ-

ence of the additive manufacturing method on material properties can be determined.
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5.2. Macro-scale damage and failure analysis

Based on the conducted numerical and experimental analyses, the unidirectional and shear
lamina properties have been determined. However, as composites are seldom used as unidirec-
tional in engineering applications, this subsection is focused on the behaviour of multidirection-
ally reinforced AM composite laminates, their constitutive relations, and modelling of damage

initiation and propagation based on Puck’s failure theory within CDM framework.

5.2.1. Damage modelling

Since the micromechanical response of fiber-reinforced polymer composites is influenced
by the interactions between the constituents on the microlevel, and the layers on the mesolevel,
the modelling strategies for their behaviour often include multiple length scales. While the mi-
croscale analysis is based on the microstructural inspections of the constituents, and focuses on
modelling their interactions which are difficult to acquire experimentally [133,135], the
mesoscale analysis is based on lamina orthotropy, and is usually acquired through standardized
destructive tests. To analyse the macromechanical behaviour of the multidirectionally rein-
forced composite laminates based on experimentally and numerically acquired lamina proper-
ties, a progressive damage analysis protocol has been proposed based on [28,29,164]. Following
these guidelines, the steady damage progression was realized by adopting a specific LSS
[0/62/0/f2]s including alternating laminas reinforced in the loading direction (UD-0), and the
double off-axis laminas (UD-f). Furthermore, this LSS configuration also constrains the off-
axis laminas between the UD-0 ones, which leads to a linear elastic laminate behaviour within
1.3% of longitudinal axial strain, which UD-0 can withstand, hence the implementation of linear
elastic transversely orthotropic constitutive model is valid [190]. To comply with the CDM
framework, each lamina has been assumed as an homogeneous orthotropic continuum, relating
the strength criteria to the lamina itself as the homogenized calculation element [48]. A distinc-
tion between the fiber fracture (FF) and the inter-fiber fracture (IFF) is enforced in order to
ensure the physical representation of the strength criteria. Based on the comprehensive studies
presented in [98,156,190], the distinctive criteria for fiber fracture fgg in tension (¢) and com-
pression (c) have been adopted. Based on the initial comparison between calculated and exper-
imentally acquired data, the AM inherited susceptibility to shear damage caused by weaker
interlaminar cohesion was accounted for in the tensile fracture criteria, hence the shear stress

influence has been added to the original expression, as shown in Eq. 5.5.
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£ 2
Je. = R I Vi T Ve Mg I (022 + 633) T (712 + 2'13) (5.5)

IIf

To distinguish between tension and compression the ultimate strength variable iRﬁ’fC pre-
sented in Eq. 5.5. is differentiated between tensile +R}¢ and compressive —R[¢ values. Further-
more, the effective stress in fiber direction is calculated as a relation between fiber and lamina
load-bearing capabilities, as shown in Eq. 5.6. The coefficient ¢ has also been introduced for
more accurate calibration.

t Ey
+Ryp =& Rip - { E J (5.6)

Additionally, the inter-fiber fracture criteria have been adopted according to the study pre-

sented in [48] for tensile and compressive cases, as shown in Eq. 5.7 and Eq. 5.8 respectively.

fin (6)= HRIN —i—%‘*’}oy(@)} +(r}£e)] +(T';e(f)} +§ o,(0) (5.7)
L Ly 1L 1) Ly

oo (e R [ e

In these expressions, variables R and R% 1 represent the tensile strength perpendicular to

fiber direction and to the in-plane shear strength respectively. The R%, represents the fracture

resistance to transverse shear stressing and is calculated according to Eq. 5.9. Furthermore, the
ratio p¥ v / Py 1s acquired according to Eq. 5.10, where y signifies the resultant shear direction

within the fracture plane [48], as shown in Eq. 5.11.

RC
R — 1
1L 2(1+PL) (5.9
Pifu pﬁ 2 iﬁ
=Y = P cos? () + —Lsin’ (w 5.10
pf\y pﬁ ( ) pu\ ( ) ( )
2
COS2(W):% (5.11)
7'-nt—"_z-nl

Additionally, both inert-fiber fracture conditions are dependent on the fracture plane incli-
nation 6, which is calculated based on the inclination parameters proposed in [48,190]. Accord-
ing to the summary on Puck failure criteria presented in [98,156,190], the fracture plane orien-
tation is determined by calculating the inter-fiber fracture stress exposure in each of the poten-

tial planes within -90° to 90° interval with the 1° increment. The plane generating the maximal
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value of stress exposure is adopted as the fracture plane. If the stress exposure reaches a thresh-
old value equal to 1, a failure on the fracture plane within the continuum is assumed and the
damage variable is set to 0.99, reducing the material properties within the damaged element.
This damage is therefore represented using a smeared crack approach, showing areas of material
stiffness degradation in contrast to discrete local material discontinuities. The material property
degradation laws have been adopted from [98,156,190] and the stiffness deterioration is calcu-
lated according to Eq. 5.12 - 5.15. In order to increase the significance of shear stresses, two
additional parameters xprc and npeg have been introduced, modifying the expressions in Eq.

5.14 and 5.15 and leading to a nonlinear degradation law.

E; = (1 = Dg)(1 — D) E{ial (5.12)
E, = (1 — Dg)(1 — Dy, ) Ednitial (5.13)
G1o = (1 — D) (1 — Dy - kppg)™PEG - Gioital 4 0,05 - gloitial. p (5.14)
Gy3 = (1 — Dg)(1 — Dpyc ~ Kppg)™PEG - GI4iHal 4 0,05 - glnidal. p (5.15)

Within these degradation laws, the distinction between compressive and tensile damage is
shown by subscripted indices (c¢) and (t), while (f) and (m) stand for fiber and matrix respec-
tively. Since the stress exposure depends only on the post-failure load redistribution, this ap-

proach returns unrealistically smooth degradation [157].

5.2.2. Finite Element Analysis setup

Since the range of the readily available damage models for FRP materials in commercial
FEA software is limited, it is often necessary to implement a user-defined material model to
account for specific material behaviour. Therefore commercial FEM software, such as Abaqus
and Ansys, has the ability to implement such models as customized subroutines [8]. However,
none of the present models have been developed for additively manufactured composites
[40,92]. Therefore, a progressive damage model based on Puck-Schurmann failure criteria
[156] has been prepared for the Simulia-Abaqus FEA environment as a Fortran subroutine
(UMAT), following the guidelines presented in [98,190] and modified according to [48], while
the software and compiler connections has been achieved according to [8]. The required input
properties have been summarized in Table 5.5, including stiffnesses, stresses and Poisson ratios.
Each of these values is treated as average between the experimentally acquired data, RVE out-
put and available data from the literature [117,118,146]. Furthermore, the stress exposure coef-
ficient is adopted from [98], and fracture plane parameters are accepted according to the guide-

lines in [190].
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Table 5.5 Adopted lamina properties

Value Unit Description Ref.

E 58675 MPa Homogenized lamina modulus of elasticity in direction (1) *, [117]

E; 2340 MPa Homogenized lamina modulus of elasticity in direction (2) *

G2 1890 MPa Homogenized lamina shear modulus in 12 plane *

Vi2 0.30 / Poisson ratio in 12 plane *

V23 0.28 / Poisson ratio in 23 plane [146]

Eyt 191000 MPa Longitudinal fiber modulus [146]
T 0.2 / The Poisson ratio of fiber [84]

o4 750 MPa Tensile strength in the fiber direction * [117]

0°1 426.70 MPa Compressive strength in the fiber direction [84]

oY 14.10 MPa Tensile strength perpendicular to the fiber direction *

) 66 MPa Compressive strength perpendicular to the fiber direction [84]

T2 21 MPa In-plane shear strength *

Pl 0.35 Fracture plane inclination parameter in tension [48]
P 0.3 Fracture plane inclination parameter in compression (48]
P 0.25-03 Fracture plane inclination parameter in shear (48]

Mot 1.1 Stress magnification factor [48]

*  Values acquired experimentally

Following the ASTM D3039 guidelines, which were also adopted in specimen manufactur-
ing, numerical twins have been designed in the Abaqus CAE environment as 220 mm long,
26.2 mm wide, and 1.75 mm thick rectangular plates with 50 mm gauge length, and a 4 mm
diameter hole in its centre, as shown in Figure 5.6, while the layer thickness of 145.85um has

been adopted based on the microstructural results.
Length = 220mm

Gauge length = 50mm
E [ [ | \ ' 1 % )
Q
o | |
N Bw‘ =23 f e e,
L | ‘ 3 T
Sy . - . | | -
B L & 1 “ & 3

Figure 5.6 Specimen top-view outline

Since the laminate is loaded unidirectionally in tension, and its thickness is significantly
lower than both its length and width by at least an order of magnitude, the stresses developed

in the thickness direction can be ignored, hence conventional shell elements (S4R) can be
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adopted. Therefore, three cases of 12-layered specimens, as shown in Figure 5.7, were designed
in the Abaqus CAE environment using a “Composite Layup” approach adopting the LSS-es
proposed in [28,29,164] as [0/452/0/-45>]s, [0/902/0/90:]s and [0/602/0/-602]s respectively.

Angle= 45—_

Angle=45 -
Angle= 0! -
Angle=—45 |
Angle= 45’ ,

Angle= 45
Angle= 45
Angle=0

Angle= 45

Figure 5.7 Proposed LSS cases: a) [0/452/0/-452]s, b) [0/902/0/902]s, ¢) [0/602/0/-602]s

However, since laminates contain constrained stacks of equally oriented off-axis layers
which are susceptible to damage initiation, a correction of the in-situ effects must be accounted
for [29]. Following the guidelines given in [10], the transverse strength ¢% and in-plane shear
strength 712 corrections for both thin and thick laminas have been presented in Eq. 5.16 - 5.19,

while the fracture parameter values Gic and Grc are adopted from [84].

Fji~thin = R (5.16)
. 8G
R = =5 (5.17)
k44
_thi 2G1c
FR3—thick = —0 (5.18)
04322

. 2G
FJs—thick — Hg (5.19)
,’ maghy,

In expressions Eq. 5.16 - 5.19, « indicates the value of lamina thickness, where the values

of A%, and AY, are acquired in relation to the material orthotropic properties, as shown in Eq.

5.20 and Eq. 5.21.
A0 — (i_é) (5.20)
22 —
(5.21)

Since the stacks of equally oriented laminas behave like a single thick lamina, allowing the
formation of larger cracks, the parameter ao is calculated as # multiplied by the number of

equally oriented laminas within the stack constrained between two adjacent layer interfaces.
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The modified material properties accounting for the in-situ effects are summarized in Table 5.6.

Table 5.6 In-situ lamina properties

Layer Variable Value Unit Description
231011 o}!s 143.2 MPa In-situtensile strength perpendicular to the fiber direction
T 5 162 MPa In-situ in-plane shear strength
49 o}!s 202.5 MPa In-situtensile strength perpendicular to the fiber direction
’ 5 230.1 MPa In-situ in-plane shear strength
o}!s 101.25 MPa In-situ tensile strength perpendicular to the fiber direction
> i5 114.53 MPa In-situ in-plane shear strength

The implemented UMAT subroutine has been set to append the FEA result for each ply and

to categorize the damage variables into (1-4) solution dependent variables (SDV), achieving a

distinction between fiber and inter-fiber damage for tensile and compressive conditions sepa-

rately. Subsequently, if one of the SDVs (1-4) reaches the value of 1.0, it triggers a degradation

law according to the adopted damage criteria and is appended to the SDV (6-9) matrix. The list

with the description for each SDV is presented in Table 5.7.

Table 5.7 Solution dependent variables

Variable Description

SDV1 fiber failure under tensile loads in the range [0 - 1]

SDV2 fiber failure under compressive loads in the range [0 - 1]
SDV3 inter-fiber failure under tensile loads in the range [0 - 1]

SDV4 inter-fiber failure under compressive loads in the range [0 - 1]
SDV5 element fracture plane angle to thickness direction in the range [-90° to 90°]
SDV6 element failure for fiber failure in tension

SDV7 element failure for fiber failure in compression

SDVS element failure for inter-fiber failure in tension

SDV9 element failure for inter-fiber failure in compression

SDV10 total damage in the material not depending on the failure mode

5.2.3. Mesh sensitivity analysis

The accuracy of FEA is significantly influenced by the type and the size of the finite elements,

as well as the mesh quality. Therefore, by reducing the element size, the mesh density increases,

which tends also to increase the result accuracy. However, the number of finite elements is

proportional to the number of equations which need to be numerically solved, hence an increase

in mesh density reacquires more computational effort, so a mesh sensitivity analysis is per-

formed in order to find a balance between the requirements. Since the shell elements have been

adopted according to the mechanics of the thin laminates, the mesh sensitivity has been per-

formed by a gradual variation of the element size within the interval from 0.25 to 1.75 mm as
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shown in Figure 5.8. While both coarse and fine meshes returned an equivalent response in the
linear elastic region, the scatter between the calculated ultimate strengths was more consistent

for higher mesh densities, as presented in Figure 5.8 a), achieving superior accuracy.
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Figure 5.8. a) Load-strain diagram for tested meshes: b) Element size 0.25 mm, c) Element
size 0.5 mm, d) Element size 0.75 mm, e¢) Element size 1.0 mm, f) Element size 1.5 mm, g)
Element size 1.75 mm

Due to a small difference in accuracy with just a fraction of the computational effort, the
element size of 0.5 mm has been adopted for each of the studied cases, leading to a final model

with 17723 linear quadrilateral elements, 8219 of which are within the gauge region.

5.2.4. Damage model calibration and validation

Along with material properties, the damage model also required additional parameters, most
of which were initially adopted from [98], which led to an overestimation of laminates’ bearing
capability. In order to acquire more accurate results, the model parameters have been calibrated
according to the experimentally acquired data for OH-45 case and validated on OH-60 and OH-
90 cases. The calibration has been carried out using the response-surface algorithms based on
central composite design of experiments (DoE), analysing the interaction between four contin-
uous factors, including shear stress multiplier m.f, effective fiber strength coefficient £, and the
moduli degradation parameters xpec and npec. The optimized parameter values have been ob-
tained by targeting the minimal deviation between numerically and experimentally acquired
loads at failure. According to this criterion, the response-surface algorithms returned a fit with
the R-square value of 96.41%, while for better visualization the results have been presented in

Figure 5.9 as six 2D plots, each having two of the factors constrained.
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Figure 5.9 Response-surface solutions

The constrained factors were adopted by solving the response-surface equation from the op-
timization results. The solution was acquired using the MS excel solver to minimize the error
between the numerical and experimental results in the OH-45 case, and shown in Table 5.8.

Table 5.8 Response-surface results

Value Description
xpec  0.795  Shear degradation coefficient
npeg  2.773  Shear degradation exponent
é 0.372  Effective fiber strength coefficient
m:  2.156  Shear stress multiplier

By conducting the parametric analysis, the most significant effect on accuracy have been

found for the effective fiber strength coefficient &, which is also consistent with the discrepan-
cies observed between ideal and cohesive fiber/matrix bonds in microstructural analysis. Fur-
thermore, the shear stress multiplier m.r has been identified as the second in significance, yet it
is essential for minimizing the overprediction of load-bearing capabilities in OH-45 case. The
moduli degradation parameters xpeg and npec influenced the results up to 10%. In addition, the
response-surface for xpeg and npeg revealed two distinctive intervals in which the parameters
can be adopted for a minimized error. The first interval is regarded as the linear degradation
where npec equals one and the error is minimized by adopting the xpeg value as 0.2, while the
second interval is nonlinear where npeg can be acquired in the range from 2.5 to 3.5, and xpeg
from 0.5 to 0.9 respectively. With experimental results acquired and the numerical model cali-
brated, the application could be evaluated on other AM CFRP cases. The model was initially

tested without the response-surface results, returning a significant overestimation in laminate
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bearing capability. By adopting the acquired parameters, the results were consistent for each of
the tested cases, based on load-strain behaviour. Furthermore, by analysing the experimental
and numerical results of the OH cases, the linear-elastic laminate response dependence on UD-
0 layers reinforced in the load direction has been determined, while the influence of the sup-
porting layers’ orientations on both damage progression and laminate’s ultimate load-bearing
capabilities has also been established.

The initial analysis was conducted on the OH-90 case, where the absence of biaxial behav-
iour in supporting layers returned an insignificant influence on both damage progression and
laminate’s ultimate strength. The analysis also confirmed that crack growth direction follows
the supporting layers’ orientation in both numerical and experimental analysis, as shown in
Figure 5.10 a), and Figure 5.10 c) respectively. The numerical analysis returned a rather con-
servative estimate of load-bearing capability in comparison with the experimentally acquired

data Figure 5.10 b).
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Figure 5.10. a) Failed OH90 specimens, b) Load-strain diagram, c¢) Fiber failure in tension at
maximal load value
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Similar to the OH-90 case, the UD-0 layers also have a dominant influence on the behaviour
of OH-60 specimens. However, the orientation of these supporting layers enables the axial load-
bearing function of the embedded fibers, increasing the average strength and strain by 7%, and
6.2% respectively. The evaluation of experimental results, given in Figure 5.11 a), shows how
crack direction should follow the orientation of the supporting layers. However, the results of
the numerical model, presented on Figure 5.11 c), do not capture the fracture behaviour accu-
rately. They return the crack growth perpendicular to the load direction at maximal load. De-
spite this discrepancy, the comparison between numerical and experimental results, presented
in Figure 5.11 b), is mainly consistent, while conservatively estimating the ultimate load-bear-

ing capabilities of the OH-60 laminate.
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Figure 5.11. a) Failed OH60 specimens, b) Load-strain diagram, c) Fiber failure in tension at
maximal load value
In contrast to the previous cases, the supporting layers in OH-45 carry a more significant

amount of the axial loads, manifesting a greater in-plane biaxiality ratio. In comparison with
the OH-90 case, the OH-45 reaches 18% higher limits for the ultimate strength, followed by a
3.8% increased ultimate strain at failure. Analogous to OH-60 cases, the damage in OH-45
specimens follows the orientation of the supporting layers, as shown experimentally in Figure
5.12 a), and is accurately captured by the damage model, as shown in Figure 5.12 ¢). The con-
sistency between the experimental and numerical results is presented in Figure 5.12 b).
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Figure 5.12.a) Failed OH45 specimens, b) Load-strain diagram, c) Fiber failure in tension at
maximal load value
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Considering the lack of comparable research in the literature, the results have been evaluated
according to similar existing damage models, as reported in Table 5.9. According to the com-
parison, a damage model based on Hashin failure criteria exhibits a load-bearing overprediction
in the range from 2.93% in OH-90, 18.73% in OH-60, and 30.67% in OH-45 cases. There is an
underestimation of 6.20% in the OH-90 case, but an overestimation of 3.67% and 28.65% in
the OH-60 and OH-45 cases respectively for a damage model based on Puck’s failure criteria,
adopted from [98] and modified to account for lower longitudinal strength in AM UD CFRP-s.
To increase the compliance with the experimental investigation, Puck’s fiber failure criteria

have been modified to include shear stresses, which account for the influence of the intralaminar
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weaknesses on the behaviour of AM composites. Consequently, the proposed model underesti-
mates the ultimate strength in the OH-90 and OH-60 cases by 13.75% and 8.34% respectively,
followed by 0.08% underestimation in the OH-45 case, according to which it has also been
calibrated.

Table 5.9. Damage model comparison

Load at failure, kKN Error, %
Model OH90  OH60 OH45 OH90 OH60 OH45
Hashin 7.81 10.88 12.79 2.93 18.73 30.67
Puck* 7.12 9.50 12.59 -6.20 3.67 28.65
Puck** 6.55 8.40 9.78 -13.75 -8.34 -0.08
Experiment | 7.59 9.16 9.79 / / /
* Based on [98] with calibrated effective fiber strength
ok Proposed in the current work

As the proposed model estimates the load-bearing capability of the studied laminates most
accurately, while the underestimation error is shifted in the safe zone, its application describing
the damage behaviour of AM CFRP composite laminates can be considered. However, as the
introduction of fiber failure criteria modification to include shear stresses led to the increase in
model accuracy for each of the studied cases, the proposed model does not accurately represent
the failure at the complete loss of bearing capability. This is especially evident in the OH90 and
OHO60 cases, as presented in Figure 5.13, and therefore an appropriate damage evolution law

should be investigated in further research.
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Figure 5.13. Fiber failure at complete loss of bearing capability: a) OH90, b) OH60, c) OH45
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The procedure of material modelling through multiple length scales has been shown in this
section. The development of RVE models has been described, presenting the methods used in
geometrical modelling based on constituents’ statistics. The RVEs were updated with the read-
ily available constituents’ properties, and the fiber/matrix contacts were realized using cohesive

interfaces. In order to simulate the deformation of the environment around an RVE, the periodic

116



Ve

boundary conditions have been imposed by linking the nodal degrees of freedom using linear
constraints equations, while the loads on the RVE have been introduced as displacements
through Dirichlet boundary conditions. Numerical homogenization has been conducted and the
results have been compared with the experimentally acquired data for UD-0, UD-90, and SH-
45 specimens subjected to tensile and in-plane shear loads respectively. The cohesive zone
model parameters were calibrated according to the experimentally acquired material response,
with consistent results between the numerical calculations and experimental data for each of the
tested cases.

The identified lamina properties were updated with additional data from the literature and
adopted in the continuum damage model based on Puck’s failure theory in order to analyse the
behaviour of multidirectionally reinforced laminates. Despite being validated using readily
available data obtained for similar composites, the model did not return consistent results with
the experimentally acquired data. Since the most significant discrepancies were found in cases
subjected to shear loads, the shear stress was included in fiber fracture criterion. Additionally,
a nonlinear shear degradation laws has been adopted instead of the linear model in order to
account for the material susceptibility to shear damage. The modified model has shown results
consistent with the experimentally acquired data, especially for the OH-45 case, but it underes-
timates the ultimate strength in the OH-90 and OH-60 cases. In comparison with the unmodified
Puck model and also the Hashin model readily available in Abaqus, the proposed model esti-
mates the load-bearing capability of the studied laminates most accurately, while the underes-
timation is moved to the safe zone. However, as the modification led to the increase in model
accuracy, the proposed model does not accurately represent the failure at the complete loss of

bearing capability
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6. RESULTS AND DISCUSSION

A comprehensive description of additive manufacturing and its role in the bottom-up ap-
proach to composite material design has been presented in the initial part of this thesis. Novel
methods of design and manufacturing have been debated, following the latest trends in engi-
neering applications. The basic principles of additive manufacturing technology have been pre-
sented, focusing mainly on fused filament fabrication and its compatibility with various poly-
meric matrix materials. Its capability to embed particulate and continuous reinforcements nec-
essary for achieving multifunctional and lightweight designs encountered in aeronautic, auto-
motive, and space industries wearable technologies, medical applications has also been pre-
sented. The necessity for accurate identification of the material properties, material constitutive
relations and damage initiation, propagation and failure mechanisms has been discussed in or-
der to define the potential of the specific strength and tailoring of multifunctional capabilities
in AM CFRP composite structures. Additionally, the difficulty of delivering reliable compo-
nents for engineering applications, using additive manufacturing in comparison to conventional
manufacturing methods, has been observed in multiple studies throughout the literature, hence
further research fields of both manufacturing and damage mechanics has been proposed.

Following these findings, a multiscale modelling approach has been proposed in this thesis
as a scientific contribution. Initially, the microstructural inspections upon which micromechan-
ical homogenization with cohesive constituent interfaces has been carried out and experimen-
tally validated in longitudinal, transversal and shear test cases. Furthermore, a continuum dam-
age mechanics based on Puck’s fracture theory has been proposed for failure analysis in multi-
directinally reinforced composite laminates and implemented in Abaqus as a user-defined ma-
terial model (UMAT) subroutine written in Fortran. Failure criteria modification has been pro-
posed for a better description of shear damage in AM composites, followed by the experimental
calibration of the model parameters on specimens with LSS induced in-plane multiaxial stress
state. Following the main aims for the scientific contribution, the presented work has been or-
ganized in sections, each dedicated to a specific part of the research. Therefore, a comprehen-
sive review of the state-of-the-art in additive manufacturing has been presented in the following
section, briefly describing the early developments of AM technology, basic AM principles, and
the currently available technologies, while mainly focusing on the FDM manufacturing method

and its compatibility with particulate, short and continuous fiber reinforcements. Furthermore,
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a review of the applicable modelling methods has also been presented within this section, de-
scribing the available micromechanical, mesomechanical and macromechanical models, high-
lighting the assumptions, issues and result significance related to each of the modelling ap-
proaches.

Based on the conducted review, a multiscale approach using numerical RVE homogeniza-
tion and continuum damage modelling with Puck’s failure criteria has been adopted in this
thesis. The theoretical background for each step of the adopted approach has been given in the
following section. The initial part presents the concept of classical laminate theory, summariz-
ing the essential assumptions, and presenting the basics of laminate mechanics. Furthermore,
the concept of microstructural homogenization in heterogenic materials has also been reviewed
within this section, presenting the mathematical formulation for strength- and strain-based RVE
schemes. Critical assumptions in the homogenization approach have been discussed, followed
by an example for each boundary condition’s implementation and its limitations. Subsequently,
the section concludes with a comprehensive summary of the Puck-Schurmann failure theory,
where basic assumptions for the proposed fiber and matrix fracture criteria are also discussed.
The fundamental action plane theory and its role within Puck’s fracture hypothesis has been
presented, followed by the classification of inter-fiber fracture criteria in tension and compres-
sion. Finally, the presented theory has been adopted for failure analysis in AM composites and
implemented in the Abaqus CAE environment as a user-defined material model (UMAT) sub-
routine prepared in Fortran.

A summary of the conducted experimental studies has been divided between experimental
procedures and the acquired results for each of the length-scales and presented in the fourth
section. Specimen design and manufacturing methods have been discussed for microstructural,
lamina, and laminate cases, where cross-ply LSS-es have been adopted for microscopic inspec-
tions of carbon, glass, and aramid reinforced composites. Rectangular specimens were adopted
according to ASTM D3039 and ASTM D3518 for UD and shear cases of continuous fiber re-
inforced composites. The multidirectional laminates have been designed with circular stress
concentrators according to ASTM D5766, while adopting the LSS-es of [0/902/0/90:]s,
[0/452/0/-45,]s, and [0/602/0/-602]s, which transform the uniaxial loads into in-plane biaxial
stress states in ratios equal to 0, 1.61, and 0.57 respectively. This enables a multiaxial experi-
mental evaluation with uniaxial tensile tests. The section also includes the preparation of cross-
ply samples for the microscopic inspection of longitudinal and transversal cross-sections. The

results have been reported for multiple magnifications in the range from 200% to 1600%, with
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the corresponding image sizes from 1500%1380um to 186x171um respectively, using LFD for
better measurement accuracy, and BSED for better compatibility with image analysis tools.
Furthermore, the geometrical comparison between the CAE and the measurement of AM uni-
directional, shear, and OH specimens has also been reported in this section, where the expected
repeatability issues of the adopted AM technology have been confirmed and elaborated. There-
fore, to detect the effects of these local inconsistencies, full-field strain measurement using DIC
technology has been proposed. The measured surfaces have been prepared using high contract
stochastically random patterns, while the achieved surface quality has been evaluated with
GOM-Aramis software. The 2448%2050-pixel images have been captured using a GOM Aramis
5M (GigE) adjustable base 800 system with 35 mm lenses positioned at 560 mm from the spec-
imen, with the distance between the cameras equal to 265 mm, closing the angle of 26°. Uni-
axial tensile tests have been conducted using an Instron servo-hydraulic testing system under
quasistatic conditions at the speed of 0.01 mm/s, reporting and comparing the measurements
acquired using both DIC and the contact extensometer.

The experimental results were divided according to the length scales, starting with the train-
able WEKA segmentation algorithms and the resultant probability maps, upon which the mi-
croscale constituent ratio was evaluated. These segmented images have been statistically ana-
lysed for each case of embedded reinforcement, reporting the fiber diameter, misalignment,
material deposition width, and layer height, consistent with the data in the relevant literature.
The results of the microscopic analysis have been summarized and adopted in the RVE devel-
opment. The experimental evaluation of lamina mechanical properties has also been covered
within this section, describing the specimen LSS design and measurement techniques. Longi-
tudinal and transversal tensile properties have been acquired based on the UD-0 and UD-90
specimen uniaxial behaviour, while the LSS-induced shear behaviour has been studied and re-
ported for SH-45 cases. All three test cases have been compared with the readily available data
in the literature, showing consistent results after comparing them with other AM composites,
while showing significant deviation from the behaviour of the conventionally manufactured
counterparts. In this comparison, the conventionally manufactured UD composites exceeded
their AM counterparts by 45-68% for longitudinal elastic modulus and by 16-68% in ultimate
tensile strength. Stiffness reduction, up to 65-72%, with a 36-50% lower ultimate transversal
strength, has been acquired in the transverse direction. Similar conclusions have also been
drawn for shear behaviour, reaching 54% difference in shear modulus and a 58-64% difference

in shear strength.
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The experimental results of multidirectionally reinforced AM CFRP-s have been presented
in the final part of this section, focusing on the damage initiation and propagation in three cases
of open-hole specimens with specific LSS-induced in-plane biaxial stress states in uniaxial load
conditions. The experimental results have been acquired for both specimen surfaces, using a
contact extensometer and DIC system respectively, showing consistent results. Subsequently,
these results have been summarized, comparing biaxiality ratio, tensile modulus, tensile
strength, and strain at failure for each of the tested OH cases, while the load-bearing distinctions
have also been critically discussed. Lacking readily available comparable data from the litera-
ture, the OH-90 case has been adopted as a reference against which the remaining cases have
been compared. Without exhibiting any biaxial behaviour, the OH-90 specimens achieved lon-
gitudinal stiffness between 18.4 GPa and 20.06 GPa, and a tensile strength between 144.1 and
166.6 MPa, while the specimen failure occurred at 0.78% and 0.83 % of the longitudinal strain.
Similar values of the elastic moduli, in the range from 19.014 GPa to 19.672 GPa, have been
acquired for the OH-60 cases, with higher values of tensile strength and strain between 154.76
MPa to 199.15 MPa and 0.86 % and 1.1 % respectively. The highest stiffness values were rec-
orded between 21.552 GPa and 22.846 GPa, with tensile strength measurements recorded be-
tween 187.37 MPa and 216.25 MPa in the OH-45 case. The strains at failure were in a range
from 0.86 % to 1.1% and did not diverge from the OH-60 case significantly. Subsequently, the
influence of the supporting layers’ orientation on both strength and stiffness values has been
compared, confirming the negligible influence of perpendicularly oriented supporting layers in
the OH-90 case, leading to transversal damage growth. Similar behaviour has also been ob-
served in the OH-60 case, where off-axis layers carried a larger proportion of the axial load,
leading to an increase of strength and strain values up to 6.2% and 7% respectively, and damage
growth followed the orientation of supporting layers. The increased load-bearing capability of
the supporting layers enhanced both strength and strain at failure by 18% and 3.8% respectively.
Damage propagation in the direction of the supporting layers’ orientation led to an equivalent
failure mode.

Based on the comprehensive state-of-the-art review and the presented multiscale experi-
mental results, a numerical representation including each of the test cases was adopted. To rep-
resent a unified response of multiple micromechanical constitutive models found within each
of the cases of heterogenic materials, a numerical homogenization based on statistical evalua-
tion of microscopic inspection has also been adopted. Distinctive RVE models of carbon, glass

and aramid-fiber-reinforced composites have been designed in the Abaqus CAE environment.

121



Ve

Respecting the measured constituents’ ratio for each of the studied cases, a hexagonal fiber
arrangement within an equilateral base cubic RVE has been adopted, assuming one fiber in the
centre and four fiber quarters placed along the RVE edges in the longitudinal direction, thus
enabling the fibers to geometrically complete one another, achieving both geometrical and ma-
terial periodicity. This was essential for generating a periodic FE mesh, and consequently for
adopting the periodic boundary conditions. Subsequently, the necessary RVE size for achieving
the measured fiber fraction was iteratively determined for each of the studied cases, leading to
three distinctive RVE sizes. After achieving geometrical compatibility with the microscopic
measurements, the appropriate material models of the embedded constituents were imple-
mented within each of the RVE-s, while cohesive contacts were introduced as fiber/matrix in-
terfaces to represent the AM composite material behaviour more accurately. The constituents’
material models have been adopted from the literature, while the CZM has been calibrated ac-
cording to the experimentally acquired response of carbon-fiber-reinforced composite, achiev-
ing consistency between the numerical and experimental results for longitudinal transverse and
in-plane shear behaviour. However, lacking the readily available experimental data for the glass
and aramid fiber-reinforced counterparts, the transverse and in-plane shear responses were cal-
ibrated according to carbon fiber-reinforced specimens, while keeping the strength relations
comparable to the traditionally manufactured composites. This confirms the necessity for addi-
tional experimental validation. All things considered, the numerical microscale homogenization
approach based on RVE models designed according to microscopic imaging returned adequate
results in comparison to the macroscale experimental studies, validating the initial hypothesis,
and confirming the necessity for further experimental studies on constituents’ interface behav-
iour. Proving the consistency between the experimental analyses and numerical RVE simula-
tions of unidirectional and shear behaviour, the orthotropic lamina properties were determined
and adopted in macroscale modelling of the multidirectionally reinforced laminates.
Analysing the experimental observations of the material behaviour, the assumption of the
orthotropic continuum was validated, and the CDM framework utilizing Puck’s failure criteria
was adopted. The model was written in Fortran and implemented in the Abaqus CAE environ-
ment as a user-defined material model subroutine. Numerical twins have been designed in the
Abaqus CAE environment for each of the OH cases and analysed using this UMAT subroutine.
In comparison with the experimental results, the original model overpredicted the material’s
response, especially in the OH-45 case where significant values of shear stresses occurred. In

order to compensate for the AM material susceptibility to shear damage, the shear stresses were
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introduced into the fiber fracture criteria, while the shear modulus degradation due to damage
was nonlinearly modified. The model parameters were calibrated using the response-surface
algorithms of the central composite design of experiments (DOE), analysing the interactions
between four continuous factors, including: shear stress multiplier ms, effective fiber strength
coefficient &, and the moduli degradation parameters xpec and npeg. Subsequently, the response-
surface equation was optimized for minimal deviation between numerically and experimentally
acquired results for the OH-45 case, reaching an R-square value of 96.41%. Finally, the model
accuracy was evaluated on the three OH cases and compared with the Puck model which uses
the original parameters and also with the Hashin damage model readily available in Abaqus.
Analysing the results, an overprediction of 2.93% in OH-90, 18.73% in OH-60, and 30.67% in
OH-45 was observed in the Hashin case. Observing the result from the damage model based
on Puck’s failure criteria, adopted from the literature and modified to account for lower longi-
tudinal strength in AM UD CFRP-s, an underestimation of 6.20% in the OH-90 case, and an
overestimation of 3.67% and 28.65% in the OH-60 and OH-45 cases has been recorded respec-
tively. After introducing shear strength in fiber failure criteria, the proposed model underesti-
mated the load-bearing capabilities in OH-90 and OH-60 cases by 13.75% and 8.34% respec-
tively, followed by an underestimation of 0.08% in the OH-45 case. According to the presented
comparison, the proposed model returns the most accurate results without dangerous overpre-
dictions of the material properties, therefore its application in damage modelling of AM CFRP

composite laminates should be considered
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7. CONCLUSION

Recognizing the growth of AM technology and its significance to modern manufacturing,
the main motivation of this study was to identify the behaviour of AM materials applicable in
engineering practice. Based on the conducted state-of-the-art, the additive manufacturing of
polymers was identified as the most cost-effective among the readily available AM methods,
with FDM confirmed as most versatile due to the material compatibility, availability, and man-
ufacturing scalability. However, as deficiencies in polymer components manufactured using
FDM are common, the load-bearing capabilities of these materials are consequently lower in
comparison with their conventionally manufactured counterparts. Therefore, various methods
of reinforcing the basic polymer matrix have been considered in a comprehensive literature
review, concluding that AM methods implementing continuous fiber composites are the most
suitable for engineering application.

While multiple studies confirmed the specific load-bearing capability of AM CFRP compo-
sites, their behaviour is still not determined by constitutive models, and the damage resistance
to both uniaxial and multi-axial loads remains unknown. In order to identify the material be-
haviour and to expand its potential industrial application, a better understanding of constitutive
relations, damage initiation, propagation, and failure mechanisms was necessary. As the micro-
structural deficiencies within the AM materials have been identified on various length-scales,
this work was focused on multiscale analysis of AM composites by developing a representative
volume element of unidirectionally reinforced composites in order to update the lamina prop-
erties in a continuum damage model.

In this work, comparison of the applicable micromechanical models was conducted and the
numerical homogenization using FEA proved to be most suitable for identifying the microme-
chanical response in AM composites. Thus, a representative volume element had to be devel-
oped based on the material microstructure. Therefore, a microscopic analysis was conducted on
three types of AM composites identifying the fiber size, volume ratio, and misalignment, layer
height, and material deposition width for carbon, glass, and aramid fiber-reinforced composites
respectively; this also showed inter-fiber cracks, voids, and bonding inconsistencies. Repre-
sentative volume elements were developed for each of the studied cases and updated with the
readily available data on the constituents’ behaviours. Because they are seldom available in the

literature, these findings provide an opportunity for further material research, and subsequent
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development of novel micromechanical modes, hence contributing to advancements in additive
manufacturing technology. However, to account for the material inconsistencies in matrix/fiber
interactions, the cohesive contact has been adopted as the most suitable option. In this thesis,
the case of carbon fiber-reinforced composites was selected for further analysis: standardized
test specimens were designed, and the lamina properties were identified in unidirectional tensile
and shear tests, according to which the RVE models were calibrated and validated. The study
proved that this protocol can be adopted for the identification of lamina properties in similar
AM materials. However, the results may be inconsistent if the fiber/matrix interface properties
are not acquired experimentally. Therefore, an experimental campaign focused on the identifi-
cation of the fiber/matrix contact is proposed for further study.

Since fiber-reinforced composites are rarely applied as unidirectional, the need to model the
behaviour of multidirectionally reinforced laminates has proven to be essential. Since commer-
cial FEA software includes a limited selection of readily available damage models applicable
to fiber reinforced composites, the model had to be specifically prepared. Based on the con-
ducted literature review, continuum damage mechanics was adopted in this study and the dam-
age modelling was based on Puck’s failure theory. Following the available cases in the litera-
ture, the damage model was prepared as a Fortran UMAT subroutine and implemented in the
Abaqus CAE environment, then validated with readily available data. The experimentally ac-
quired data on lamina behaviour was subsequently used as the model input, while the missing
data were updated based on the conducted literature survey. In order to validate the proposed
model, an experimental campaign focusing on multidirectionally reinforced composites sub-
jected to LSS induced in-plane biaxial stresses was proposed. Three cases of specimens were
designed and additively manufactured, circular stress concentrators were introduced in the mid-
gauge length, and the specimens’ surfaces were prepared for monitoring using digital image
correlation. Since the adopted LSS-es caused three specific ratios of in-plane biaxiality, which
is seldom investigated in the literature, the results were published to provide a deeper insight
into the multiaxial behavior of additively manufactured composites. Digital counterparts were
also designed and analyzed using the proposed model, then compared with the experimentally
acquired results. However, the inconsistencies arisen from the comparison led to the introduc-
tion of certain modifications to the failure criteria. Since the experimental study confirmed the
significant susceptibility of AM composites to shear damage, the shear stresses were introduced
to the fiber failure criterion, while the shear effect on the moduli degradation was nonlinearly

enhanced. The parameters were calibrated and validated experimentally, showing consistency
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with the OH-45 case, but underestimating the ultimate strength in the OH-90 and OH-60 cases
to some extent. In comparison with the unmodified Puck and the Hashin model, the implemen-
tation of the proposed model provided the most accurate estimation of the load-bearing capa-
bility, while avoiding the overestimations present in the compared models. However, as the
modification led to the increase in model accuracy, the proposed model does not accurately
represent the failure at the complete loss of bearing capability. These comparisons provide
guidelines for the safer application of unidirectionally and multidirectionally reinforced AM
composites and improve the prospects of modelling their behavior and avoiding damage of
components in engineering applications

In this work, the behavior of AM materials was investigated in multiple length scales and
some assumptions had to be adopted; subsequent work to improve these sections is proposed
in future research. In further microscale studies, the experimental investigations will be con-
ducted on constituents’ contact zones to acquire a more accurate microstructural response. To
avoid most of the geometrical assumptions, the microscopic investigation will be conducted
using WCT and the 3D imaging will be imported into FEA to produce a genuine RVE model.
Furthermore, fracture toughness, interlaminar delamination, and intralaminar cohesive weak-
nesses will be experimentally evaluated in static and cyclic conditions in order to be integrated
into the proposed damage model. This application of the model will then be extended for fatigue
damage analysis based on the strength and stiffness degradations determined from the unified
cyclic response of unidirectional and shear composite specimens. The modelling will also be
re-evaluated by comparing the continuum with the phase-field approach, and further evaluated
through multiple length scales in order to enable the safe implementation of the AM composites
in the functional design of lightweight components in the transport industries, in wearable tech-

nologies, and in medical and aerospace applications
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