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To Laurent and Hadrien

The scientist does not study nature because it is useful;

he studies it because he delights in it, and he delights in it because it is beautiful.
If nature were not beautiful, it would not be worth knowing,

and if nature were not worth knowing, life would not be worth living.

Henri Poincaré
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Abstract

Owing to their high specific stiffness and strength, Carbon Fiber Reinforced Composites (CFRP) are
ideal candidates for the development of lightweight high-performance structures. Within this fam-
ily, thin-ply composites allow for wider design freedom and present superior mechanical properties
as failure is reached at nearly the ultimate strain of the fiber, in contrast with regular composites,
due to the delay or suppression of transverse cracking, micro-cracking, and delamination. However,
this results in a very brittle failure, and a low translaminar toughness. As a result, thin-plies are
not tolerant to stress intensity concentrators, reducing their advantage, preventing a damage-tolerant

design approach, and thus restricting their wider use.

Fiber hybridization is a possible route to reach a trade-off between the translaminar toughness and
tensile properties in thin-ply composites. The present thesis work focuses on the combination of two
different types of carbon fibers, one with a high strain to failure and lower modulus, and the other
with a high modulus, and low strain to failure. Various types of fiber hybridization are explored, from

an interlayer configuration to interyarn and intrayarns architectures.

A thorough experimental analysis was conducted to evaluate the Energy Release Rate in Cross-ply
laminates, and the tensile properties in unnotched and open-hole tensile mode for Quasi-iso laminates,
and identify hybrid effects, as a function of the low-strain fiber volume fraction, ply-block thickness
and symmetry. A novel J-integral implementation to derive the experimental mode I translaminar
toughness from experimental displacement fields of Compact Tension (CT) specimens measured by

Digital Image Correlation (DIC) was proposed and benchmarked for three different formulations.

Results highlighted the large design space opened by hybridization, with a significant change in the
damage sequence. The interlayer hybridization yields a substantial positive hybrid effect with respect
to the ply-thickness effect. The positive hybrid effect observed for the best-performing arrangements
resulted from the presence of secondary damage in asymmetric ply-blocks. In contrast, symmetric ply-
blocks were found ineffective as a proper fragmentation of the low-strain plies could not be triggered,

due to a lower experimental strain to failure of the high-strain fiber, as compared to the datasheet.

Interyarn and intrayarn configurations were then explored as a means to increase fiber dispersion and

mitigate the ply-block thickness increase resulting from layer-by-layer hybridization. A similar exper-
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Abstract

imental test campaign was conducted, highlighting the possibility of obtaining a positive hybrid effect

through alternative mechanisms as compared to pull-out, such as crack bridging by low-strain tows.

A phenomenological study was then conducted to account for the change in translaminar toughness,
by quantification of the pull-out length in fracture surfaces, completed by a shear-lag model imple-
mented in a finite element model to propose a method for prediction of these changes as a function of
microstructure. Results showed that the pull-out bundle height and width distributions are strongly
impacted by the ply thickness in agreement with previous studies. More importantly, quantitative
data was gathered about the influence of fiber hybridization and its architecture on the pull-out bundle

distribution, leading to identify two distinct dissipative mechanisms.

Keywords:
Carbon fiber reinforced polymers, Thin-ply composites, Fiber-hybrids, Translaminar toughness, J-

integral, X-ray computed tomography, Multiscale FEmodelling, Cohesive elements.



Résumé

Grace a leur rigidité et a leur résistance spécifique élevées, les composites renforcés de fibres de car-
bone sont des matériaux idéaux pour la conception de structures légeres et performantes. Parmi eux,
les composites a plis fins offrent une plus grande liberté de conception et présentent des propriétés
mécaniques supérieures aux composites ordinaires, car la rupture du laminé est atteinte pratique-
ment a l'allongement ultime de la fibre. Cela s’explique par le décalage ou la suppression de la
fissuration transverse, de la microfissuration et de la délamination. Néanmoins, ’absence de ces mé-
canismes s’accompagne d’un mode de rupture tres fragile et d’une faible ténacité translaminaire. Par
conséquent, les composites a plis fins ne sont pas tolérants aux concentrateurs de contrainte. Cela im-
pacte significativement leur avantage, interdit 1'utilisation d’une approche de conception par tolérance

aux défauts et limite donc leur utilisation & grande échelle.

L’hybridation des fibres est une technique prometteuse pour optimiser la ténacité translaminaire et les
propriétés en traction des composites a plis fins. Le présent travail de these se concentre sur la combi-
naison de deux types différents de fibres de carbone, I'une avec une forte déformation a la rupture et
un faible module, et 'autre avec un module élevé et une faible déformation a la rupture. Différentes

approches d’hybridation sont explorées, incluant des hybrides inter-plis, inter-meches et intra-meches.

Une analyse expérimentale approfondie a été menée pour évaluer ’énergie critique de propagation
des fissures dans des laminés a plis croisés, ainsi que les propriétés en traction, avec ou sans défaut
circulaire, de laminés quasi-isotropique, afin d’identifier les effets hybrides, en fonction de la fraction
volumique des fibres a faible déformation, de I’épaisseur et de la symétrie des couches du laminé. Une
nouvelle implémentation de I'intégrale curviligne J est proposée pour dériver la ténacité translaminaire
en mode I a partir des champs de déplacement expérimentaux d’éprouvettes entaillées et mesurés par

corrélation d’image.

Les résultats mettent en évidence les nouveaux horizons de conception ouverts par I’hybridation, avec
un changement significatif dans la séquence d’endommagement. L’hybridation inter-plis produit un
effet positif significatif par rapport a l'effet de I'épaisseur du pli. L’effet positif observé pour les
arrangements les plus performants résulte de la présence d’endommagements secondaires dans les
couches asymétriques. En revanche, les couches symétriques se sont avérées inefficaces car une frag-

mentation appropriée des plis a faible contrainte n’a pas pu étre obtenue, en raison d’une contrainte
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Résumé

a la rupture expérimentale de la fibre a forte déformation significativement plus faible que la valeur

théorique atteignable, d’aprés la fiche technique.

Les configurations inter- et intra-meches ont ensuite été explorées comme moyen d’augmenter la dis-
persion des fibres et de réduire I’épaisseur des couches hybrides. Une campagne d’essais expérimen-
taux similaire a été menée, mettant en évidence la possibilité d’obtenir un effet hybride positif par des

mécanismes alternatifs a 'arrachement, tels que le pontage de fissures par les fibres a faible élongation.

Une étude phénoménologique a ensuite été menée pour rendre compte de la modification de la té-
nacité translaminaire, par la quantification de la longueur d’arrachement dans le sillage de la fissure,
complétée par un modele de cisaillement implémenté par éléments finis pour proposer une méthode de
prédiction de ces changements en fonction de la microstructure. Les résultats ont montré que les dis-
tributions de la hauteur et de la largeur des fibres arrachées sont fortement influencées par 1’épaisseur
de la couche, en accord avec les études précédentes, mais aussi par ’hybridation. Plus important
encore, des données quantitatives ont été recueillies sur 'influence de I'hybridation des fibres et de
leur architecture sur la distribution des fibres arrachées, ce qui a permis d’identifier deux mécanismes

dissipatifs distincts.

Mots clefs: Mécanique de la rupture, Ténacité translaminaire, Composites a plis fins, Intégrale J,

Hybridation
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Chapter 1

Introduction

1.1 Context and motivation

Passenger and freight transport is one of the most energy-intensive sectors of the post-industrial
economies. For instance, in the European Union (excluding the United Kingdom), domestic transport
accounts for roughly 30% of the energy consumption, totaling 12.1e3PJ in 2019, according to the
European Statistical Office (see Figure 1.1). To put this figure in perspective, it amounts to approxi-
mately 14 times the energy liberated by the 1883 eruption of Krakatoa!, an explosion so powerful that
the resulting pressure wave was recorded several times by barographs around the world and up to 121
hours after the eruption [2, 3]. Or, at a time when space travel is attracting much interest again, it

represents enough energy to deliver the Space Shuttle to low Earth orbit around one million times?.

From a greenhouse gas emission perspective, it represented 835 MtCOaqeq, i.e., almost 1.9tCOzeq per
capita®. This amount is above the global per capita yearly limit of 1.7tCOseq proposed in a 2015
report published by the Swiss Federal Office for the Environment [6], which has been calculated not
to exceed 2°C of global warming by 2100 (and which is even lower when considering anterior green-
house emissions of European countries, for instance, 0.6 tCOseq per capita and year in Switzerland).
Finally, the economic impact of this energy consumption is not negligible either, as it equates to the
combustion of at least 2.15 billion barrels of Brent. Its value is roughly US$ 2.2 billion in 2022%.
To conclude, the impact of transportation on European energy consumption is significant, and both

sustainability and costs are fundamental incentives for its reduction.

Transport vehicles mainly use energy to overcome motion resistance. For instance, power is required
for a vehicle to accelerate and acquire momentum or to overcome gravity and elevate itself. Most of
these resistive mechanisms, with the notable exception of drag, are directly or indirectly proportional

to vehicle mass [10]. Consequently, reducing vehicle mass is considered one of the most effective ways

'Estimated as 840PJ [1].

2 Assuming 1.16 TJ per launch as calculated in [4] and based on values from the third Space Shuttle mission of 1982.

3In 2019, the European population was 446.56 million people[5].

4 Assuming a Brent density of 835kg-m~3, a crude oil energy density of 41.868 MJ - kg™~
per barrel of Brent over Jan-Sep 2022[7].

! and an average price of $105
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Figure 1.1: Final energy (covers all energies supplied to consumers) consumption in Europe per sector. Data
aggregated from [8, 9].

to increase energy efficiency. In a 2009 study, Tolouei and Titheridge [11] reported that a 100kg
increase in the mass of automatic diesel cars on the British market at that time typically increased
urban and extra-urban fuel consumption by 4.8% and 6.2%, respectively. In 2020, Weiss et al. [12]
noted that each 100 kg saved on electric car mass may reduce energy consumption by approximately
0.4 to 1.3kW - h - 100km~!. In a 2017 technical report from the Zurich University of Applied Sci-
ences, R. Steinegger [13] estimated from empirical data that a 100kg increase in mass of planes
increases fuel consumption by 20kg - 1000 km ™!, to which is added a marginal fuel burn rate of 0.02
to 0.03kg - 1000 km ™" for every added kg. However, these individual outcomes are intended as illus-
trative examples as varying results were reported over the years, depending on the assumptions or
methodologies used. Moreover, lower energy consumption during the vehicle’s functional operation
does not guarantee a lower energy footprint over the whole life cycle of the vehicle. Nevertheless, it
is estimated that about 85% of the total life-cycle energy consumption occurs in the use phase [14]
and several publications, including harmonized reviews, reported that over an entire life-cycle, using

lightweight components may achieve significant energy savings [15-18].

Structural mass saving is also essential to ensure the functional properties of high-performance vehi-
cles such as spacecraft. For instance, the Tsiolkovsky rocket equation shows that a vehicle launcher
mass is limited as the ratio between the propellant mass and the dry launcher mass increases ex-
ponentially with the energy required to reach a given destination. Furthermore, with the currently
available chemical propulsion technology, about 90% of a launch vehicle mass is propellant [19]. Op-
timizing aerospace structural parts has, consequently, a significant effect on the allowable payload.
Aerospace is, therefore, one of the leading industries in developing high-performance materials such

as fiber-reinforced polymers, which constitute up to 80% of modern launch vehicles [14].
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Indeed, structural mass saving may be achieved through two complementary approaches: optimizing
the part geometry, for instance, by topology optimization, or using a material with an increased desired
property-to-mass ratio. As such, composites, especially Carbon Fiber Reinforced Polymers (CFRP),
have been extensively used in the aerospace industry since the mid-twentieth century, including com-
mercial aviation, for their high specific strength (see Figure 1.2a), high specific stiffness, and good
environmental resistance [20-22]. For instance, the specific strength of a Ti-6A1-4V alpha-beta tita-
nium alloy is around 200kN - m - kg_1[23], depending on the heat treatment. In contrast, a standard
thick-ply quasi-isotropic laminate of T800 carbon fibers reaches approximately 350kN - m - kg~1[24].
These figures represent a theoretical mass reduction of 43% and explain why CFRP use in aerospace
is likely to increase in the future, as shown by the ongoing development of PHOEBUS, a carbon
composite upper-stage demonstrator for Ariane 6 [25] or the growing need for lenticular deployable

composites [26, 27].

Composite materials also represent a valuable asset to achieve a sustainable transition in the au-
tomotive industry [28], with a theoretical mass saving of 50% to 60% when replacing conventional
stamped steel [29]. However, further manufacturing developments are ongoing to achieve automotive
production costs and cycle times standards [30, 31]. Moreover, a positive environmental impact of
CFRP parts is not granted in automotive applications [18]. Indeed, automotive vehicles are not as
energy-intensive as aircraft. Thus, the energy savings obtained in the use phase thanks to mass op-
timization are lower and may not compensate for the extra energy required to produce carbon fibers
and laminates [29], especially when efficient recyclability solutions are lacking, although significant

progress has been made to address this issue over the recent years, see for instance [32-35]).

Among CFRP, thin-ply composites have been thoroughly studied over the past decade and shown to
exhibit superior mechanical properties [24, 38, 42-45]. For instance, a thin-ply T800 quasi-isotropic
laminate fails in tension at a strain as close as 95% of the fiber ultimate strain, whereas a thick-ply
equivalent fails in the range of 41 to 66 % [24, 38]. Moreover, using thin-ply composites leads to

1 and a theoretical mass reduction of 68% compared to

a specific strength around 630kN - m - kg™
Ti-6Al-4V. As such, thin-ply composites have been a key material for developing innovative vehicle
concepts such as the Solar Impulse plane or the Swiss Solar Boat, depicted in Figure 1.3. Similarly,
the Aurora concept study reported that using thin-ply in space launchers would lead to mass savings
of approximately 20% compared to regular CFRP [46]. These outstanding properties are explained
by the in-situ effect [47, 48], which delays or even suppresses micro-cracking, transverse cracking, and
delamination in thin-ply laminates. Nevertheless, these mechanisms are dissipative and are required
for the initiation of secondary damage, such as crack splitting. Consequently, thin-ply composites
exhibit a translaminar toughness even lower than regular CFRP. As a result, thin-plies are not tol-
erant to stress intensity concentrators, and prone to quasi-brittle failure [38, 39, 49-51]. This lack of
translaminar toughness reduces the advantages or even prevent the use of thin-ply composites in a

damage tolerant design approach, and this restricts a wider use of thin-ply composites.
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Figure 1.3: The Dahu foiling over lake Geneva in 2022, picture by Swiss Solar Boat.

Consequently, significant efforts have been made to restore crack-shielding mechanisms or pseudo-
ductility in thin-ply laminates by engineering hierarchical microstructures, often following bio-inspired
approaches [52-57]. Among these solutions, carbon-carbon hybridization is seen as a promising
technique[52] to increase damage tolerance in high-performance thin-ply composites with a minimal
modification of the existing industrial processes, and without introducing detrimental defects in the

laminate.


https://swisssolarboat.ch/
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1.2 Objectives

As highlighted in Figure 1.4, this study takes place within a broader framework, HyFiSyn, funded by
the European Union’s Horizon 2020 research and innovation program under the Marie Sklodowska-
Curie grant agreement No 765881. The HyFiSyn framework aims to address challenges faced by
composites through fiber-hybridization. More specifically, it proposes to improve (i) the toughness of
composites, (ii) their cost competitiveness, (iii) their recyclability, and (iv) their functionality. Overall,
the HyfiSyn framework seeks to understand the synergistic microstructural effects obtained by fiber
hybridization in composite laminates and assess their impact on macroscale properties. Achieving
these objectives through simulation and experimental validation brings state-of-the-art composites to

industrial applications.

Based on these requirements, the present research work focuses on (i) designing tough and high-per-
formance thin-ply fiber-hybrid composites, (ii) establishing a methodology to assess the properties of
these materials and especially their translaminar toughness, (iii) providing an understanding of the
failure mechanisms in relation to the fiber-hybrid microstructure, and (iv) documenting guidelines to

reach a trade-off between these materials’ toughness and tensile properties.

Given the above objectives, the main research questions are therefore defined as follows:

e How does fiber hybridization affect the translaminar fracture toughness of and the ERR of

thin-ply composites?

e Which methodology can be applied to reliably measure translaminar toughness of Cross-Ply
(CP) fiber-hybrid composites?

e Which phenomenological mechanisms explain the fiber hybridization effect on the translaminar

toughness and how to model them?

o How much are the tensile properties of Quasi-Isotropic (QI) thin-ply composites affected by fiber
hybridization?

e« What is the trade-off between toughness and tensile properties, and what are the prospective

solutions to improve it?

These questions are answered through these research activities:

1. Extend the thin-ply design space by investigating different carbon-carbon hybridization in terms
of material and fiber dispersion. In addition, industrial viability must be considered, especially

regarding fiber choice and processability.

2. Assess the mode I translaminar toughness of these hybrids, implementing and validating a J-

integral data reduction method.
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3. Perform a load-bearing characterization of these hybrids through Un-Notched Tensile (UNT)
tests and Open-Hole Tensile (OHT) tests.

4. Carry out mechanistic investigations to identify the toughening mechanisms at play in carbon-
carbon hybrids based on an assessment of fiber pull-out and in-situ synchrotron experiments.
1.3 Structure and approach

Following this introduction, chapter 2 provides a comprehensive literature review clarifying the thin-

ply technology, its advantages but also its current limitations. The concepts behind fiber-hybridization
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are also introduced, explaining how it can address the toughness issue of thin-ply laminates. Finally,
it reviews the fundamental concepts of fracture mechanics and discusses the state-of-the-art method-

ologies for the translaminar toughness characterization of composites.

The detailed manufacturing and experimental testing methods are then presented in chapter 3, to-
gether with the methodology to select the materials used in this work.

A large part of this work is dedicated to developing and validating a novel J-integral implementation
to derive the experimental mode I translaminar toughness from experimental displacement fields of
Compact Tension (CT) specimens measured by Digital Image Correlation (DIC), which is exposed
in chapter 4. In particular, three different formulations are benchmarked over both synthetic data,
obtained from a Finite Element Model (FEM), and experimental data. Finally, the resulting imple-

mentation is proposed as a Python package.

Then, chapter 5 is dedicated to characterizing the mode I translaminar toughness and tensile proper-
ties of interlayer hybrids, which are discussed with respect to the ply-thickness effect and the observed
failure modes. Finally, the system potential for pseudo-ductility is discussed based on the experimen-

tal results.

The following chapter 6 follows the same approach but is applied to innovative hybrid microstructures,

namely interyarn and intrayarn hybrids.
The experimental findings are then discussed with respect to phenomenological observation, especially
the pull-out length and formation, in chapter 7. Moreover, a multi-scale FEM is proposed to account

for the translaminar toughness based on the pull-out length distribution.

Finally, the chapter 8 summarizes the findings and exposes future perspectives.






Chapter 2

State of the art

2.1 Composites: general considerations

A composite material typically contains two or more constituents sufficiently well distributed to form
a continuous medium whose properties can be homogenized at the appropriate scale [62]. Following
this definition, composite refers to a wide range of materials from concrete to filled polymers'. This
thesis focuses on a sub-category of filled polymers, Fiber Reinforced Polymers (FRP), which contain
technical fibers, such as carbon fibers, or natural fibers, such as hemp [64], embedded in a polymer

matrix, such as epoxy [22]. The fibers are generally long enough to be considered continuous.

FRPs’ mechanical performances are related not only to the individual fiber and matrix properties but
also to the interaction between these two constituents at the microstructural scale. Microstructural
features include properties such as fiber volume fraction, packing, or voids distribution, which gener-
ally depend on the manufacturing process [65]. A broad range of FRP manufacturing technologies are
available, including but not limited to, Resin Transfer Molding (RTM) [66], stamping of composite
sheets [67] or massive parts [68, 69], infusion [70], Liquid Composite Molding (LCM) [71], or autoclave
and Out of Autoclave (OoA) [72] prepreg processing.

Among them, autoclave processing, depicted in Figure 2.1, is considered the state-of-the-art method
to produce high-performance composite parts [73]. On the one hand, typical autoclave processing
uses woven fabrics or unidirectional (UD) plies of fibers impregnated with a catalyzed but uncured
thermoset resin (prepregs). The prepreg production and layup are highly suitable for automation [74],
which provides accuracy, uniformity, and consistency to the resulting microstructure in terms of fiber
arrangement or resin content. On the other hand, the heat and pressure applied in autoclave curing
promote voids dissolution or migration [65, 73, 75]. As a result, autoclaved parts typically exhibit
high volume fraction, low void contents, improved mechanical properties, and better reproducibility

compared to parts obtained by other means.

1Or even chocolate with nut inclusions [63].
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2.2 Thin-ply composites

2.2.1 Thin-ply development and manufacturing

In the 1980s, Bailey et al. [76], and Crossman and Wang [77], were among the first researchers to
report a positive ply-thickness effect on transverse cracking and delamination in both CP and QI
laminates. Two decades later, Sihn et al. [42] proposed a comprehensive experimental study where
improved mechanical properties were reported for thin-ply (40 pm) compared to thick-ply (200 pm)
composites. Since then, thin-ply composites have continued to attract growing interest, as evidenced

by two extensive reviews published independently in 2020 by Arteiro et al. [44] and Galos [45]%.

The nomenclature “thin-ply” refers to laminates whose ply thickness has been reduced below a limit
usually set between 100 pm and 150 pm [45, 78]. These high-performance laminates are typically ob-
tained by curing thin-ply prepregs, usually in an autoclave, although thermoplastic thin-plies have
also been proposed [79-83]. Depending on the tape resin content, the thin-to-thick limit corresponds
approximately to a Fiber Areal Weight (FAW) ranging from 100g-m~2 to 150 g - m~2. Commercial
thin-ply prepregs are available with FAW down to 15g - m~2 [84].

Several composites manufacturers have developed thin-ply technologies, namely, North thin Ply Tech-
nology (NTPT) UD (Thin Ply Prepregs, Switzerland), Oxeon (TeXtreme, Sweden), Chomarat (C-ply,
France), Hexcel (PrimeTex, United States), Sakai Ovex (Japan), Mitsuya (Japan) and Mitsubishi
Rayon (Japan), TPCM (Germany), or SK Chemicals (South-Korea), among others. Overall, a typical
thin-ply manufacturing line comprises a tow-spreading unit, a weaving unit (optional), and an impreg-
nation unit. However, spreading units were often developed under trade secrets, and few publications
are available about the state-of-the-art tow-spreading processes. Irfan et al. [85] reviewed the patent
literature. They identified mechanical, electrostatic, pneumatic-vacuum, and vibration-acoustic tow-
spreading technologies, which can be distinguished in passive and active methods [86]. As reported
in Table 2.1, the former take advantage of tension and movement to spread the fibers passively over
teeth, grooves, or special surface morphologies. The latter achieves tow-spreading by acting directly

on the fibers through airflow, ultrasonic waves, or mechanical vibrations. NTPT produced the thin-ply

2The reader is referred to these high-quality publications for a further review of thin-ply composites.
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prepregs used in this thesis.

Technology Method Description Patents References

Mechanical ~ Passive  Fibers are typically spread over 3 to 5 spreading [87-95] [79, 85, 96]
bars or any other apparatus favoring spreading,
heated up to 150 °C and a pre-tension is applied
up to 20N. Limited spreading capability and
tend to damage the fibers.

Pneumatic-  Active An airflow is used to separate and spread the [97-101]  [42, 80, 102—
vacuum tows. Increased spreading capability, but per- 105]
formances depend on fiber sizing. Fibers are
less likely to be damaged [42].

Electrostatic ~ Active Fibers are electrostatically charged to achieve [106-108]
spreading.

Vibrations Hybrid  Similar to the mechanical methods with the ad- [109, 110]
and acoustic dition of acoustic or mechanical vibrations im-
prove the spreading.

Table 2.1: Overview of the tow-spreading technologies, adapted from [85, 86, 111]. The patent list is restricted
to the last 30 years.

2.2.2 Benefits and drawbacks of thin-ply laminates

The most evident benefits of thin-ply composites are improved microstructural quality and enlarged
design space. Due to tow-spreading, the fiber packing in thin-ply laminates is usually more homoge-
neous than in conventional (thick) composites, as highlighted by the Scanning Electron Microscope
(SEM) observation reported in Figure 2.2a. As a result, the fiber tortuosity decreases, the fibers are
better aligned, and the local V} increases, as documented by Amacher et al. [38]. Moreover, analyzing
the microstructure of in-house produced thin-plies, Wu et al. [105] found that the proportion of large
resin-rich area was more substantial in thick-ply laminate, even though the V; was 54 % in thick plies
and only 45% in thin plies. This improved microstructure brings stability to the laminate, which
is especially noticeable in UD compression, where thin-ply laminates are less prone to fiber kinking
and instabilities than thick-ply laminates [38]. As shown in Figure 2.2b, the microstructure is also
significantly improved in thin-ply woven laminates, which exhibit a much more favorable crimp angle,
much smaller resin-rich areas, and no noticeable voids compared to a conventional woven composite.
Furthermore, tow-spreading brings more design freedom to the composite industry. Indeed, working
with smaller FAW allows for further stacking sequence optimization and is particularly useful for non-
critical monolithic and sandwich structures. For instance, these structures are often oversized in the
aerospace industry when using conventional plies [46], due to guidelines specifying a minimal number

of plies in the different loading directions [113]. Moreover, for a given target FAW, prepreg tapes
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a)Spread tow (12K)

(b)

Figure 2.2: (a) SEM image of a multidirectional thin-ply laminate (reproduced with permission from [112]),
and (b) comparison of micrographs of a thin-ply woven laminate and a conventional woven laminate comparing
the crimp angle, voids content (V) and resin rich area (RRA) (reproduced with permission from [80]).

can be produced from wider and cheaper tows using tow-spreading, allowing for cost optimizations
compared to using low Tex tows. Finally, at constant laminate thickness, the use of thin-plies allows
for a more progressive angle mismatch which reduces damage at the interface, improving impact resis-
tance (Bouligand structures) [55, 114] and more generally providing at the same time a higher onset

of damage and a more progressive failure [115-117].

Besides these geometrical improvements, outstanding mechanical properties of composites made from
thin-ply UD prepregs have been reported throughout the literature. In particular, composites fre-
quently used in real-life applications such as QI laminates benefit significantly from the ply-thickness
effect, as documented independently by several researchers [24, 38, 42, 43, 118-123] and summarized
in Table 2.2. Overall, thin-ply laminates exhibit a positive effect on UNT strength, UNT onset of dam-
age stress, fatigue, Open Hole Compressive (OHC) strength, and Compression After Impact (CAI)
strength. Both the material system and the thin-to-thick thickness contrast govern the extent to which
the properties increase. Some authors reported substantial gains, as Amacher et al. [38], with +42 %
UNT strength and +231% UNT onset of damage stress when going from a thick-ply (300g-m~2)
made of high modulus M40JB fibers and NTPT TP8OEP epoxy to a thin-ply (30g-m~2) (see Fig-
ure 2.3).

In their study, Cugnoni et al. [24] highlight the remarkable failure strength of thin-ply QI laminates.
Given a matrix that is ductile and tough enough (above 2 % ultimate strain), the strength approaches
or corresponds to the theoretical value calculated by laminate theory, based on the fiber ultimate
strain, as defined in the supplier certificates, although these values should be considered with care as
they are usually obtained with the impregnated fiber bundle test [124] and do not consider size effects
[125, 126]. Furthermore, the fiber strength o is probabilistic and, for instance, values ranging from

approximately 2 to 6.5 GPa have been reported for 34-700 carbon fibers using single fiber testing [127],
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Figure 2.3: Onset of damage and ultimate strength in UNT and QI specimens as a function of ply thickness.
Reproduced with permission from [38].

while the datasheet indicates a value of 4.8 GPa. In any case, this result indicates that the laminate
failure is dominated by fiber breakage and not by transverse cracking nor edge delamination, as usually
observed in conventional laminates [119]. Thus, thin-plies, unlike thick-plies, take advantage of more,

if not all, of the fiber strength potential.

As reported in Table 2.2, there is a slight decrease in UNT strength between UD thick-ply laminates
and UD thin-ply laminates, although the difference is within the reported standard deviation. The
apparent decrease was attributed to fibers broken by the tow-spreading process at the ply interface,
according to in-situ X-Ray computed tomography observations by Mesquita et al. [128]. Neverthe-
less, the absence of significant difference demonstrates that the observed ply-thickness effect is not
a material property due to the improved microstructure quality but rather an in-situ effect. Indeed,
in a laminate, the adjacent plies exert a constraining effect on the embedded ply. In thin-plies, this
constraint reduces the available elastic energy to a point where transverse cracks are delayed or even
suppressed [47, 48, 122, 129-134]. This in-situ effect, highlighted in Figure 2.4a, was conceptualized

as an analytical model by Camanho et al. [47].

Based on early works from Dvorak and Laws [136], Camanho et al. [47] derived a Linear Elastic Frac-
ture Mechanics (LEFM) scaling law in 1/4/¢ for the in-situ transverse tensile strength as a function
of the ply thickness t. As the transverse crack formation drives the CP and QI laminate failure, it
is expected that the laminate strength should follow approximately a 1/+/t relation. However, this is
not always the case. For instance, Figure 2.3 shows that the M40JB-TP80ep system does not follow a
1/+/t trend. To reach this conclusion, Amacher et al. [38] monitored the onset of damage by Accoustic

Emission (AE). They found that the onset of damage and ultimate strength increase linearly with the

13



Multi-scale characterization and modeling of notched strength and translaminar fracture in hybrid
thin-ply composites based on different carbon fiber grades

6.0
——Master curve 1/sqrt(t)

5.5 ~-M40JB/TP80ep

—+—T800/TP80ep
#-M40JB/TP120ep
©-T800/Aerol

5.0

450 - E transverse tension
S = = = in-plane shear

4.5

40 A-T800/Aero2 ILT1

8-AS4/8552
3.5

3.0

2.5

Reduced in-situ strength Yr=sqrt( 7 Y,.2/(4 E, G,,,))

0 T T T T T T T
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 10 ’ - ’ - -
0 50 100 150 200 250 300 350

ply thickness (mm) Ply thickness t [um]
(a) (b)

Figure 2.4: (a) Transverse tensile and in-plane shear strengths of an embedded inner or outer ply as a function
of ply thickness illustrating the in-situ effect proposed by Camanho et al. [47]. Reproduced with permission
from [44]; (b) In-situ transverse strength normalized by the apparent ply toughness. Reproduced from [135].

ply thickness decrease.

As shown in Figure 2.5b, Kohler et al. [48] subsequently reported a good correlation between the
free-edge crack nucleation and the in-situ scaling law proposed by [47] in M40JB-TP80ep samples.
However, they also demonstrated that these free-edge damage events are only precursors that do not
extend far into the laminate and thus are not representative of bulk material damage (see Figure 2.5a).
Thus, free-edge cracking and bulk transverse cracking are two different mechanisms. The latter is in-
duced by the former at a stress well correlated with the onset of damage identified by AE. The observed
discrepancy with the LEFM-based in-situ model was attributed to a decrease in apparent transverse
toughness for the thinnest plies. Indeed, thin-plies may reach such thinness that, when embedded in a
laminate, the COD is too small to develop a complete Fracture Process Zone (FPZ), especially when
the matrix is toughened. Following the works of Saito et al. [137] and [138], Kohler et al. [48] identified
a ply-thickness dependence of the transverse cracking ERR and proposed a numerical framework to
capture it. Simultaneously, Catalanotti [132] formulated an extended version of the analytical in-situ
effect to include this dependence. Therefore, the ply-thickness effect should be seen as a dual one. On
the one hand, it increases the transverse strength of embedded plies. On the other hand, it decreases
the transverse ply fracture toughness. This duality explains that not all systems follow a 1/+/ relation

as outlined in Figure 2.4b.

All in all, the ply-thickness effect drives the failure mechanisms in laminates [123, 135]. In thick-plies,
approximately above 150 g - m~2, free-edge damage and transverse cracking induce severe delamina-
tion (see Figure 2.5a), which is the preponderant failure mechanism. In intermediate plies, from about
150g - m~2 to 100 g - m~2, free-edge induced delamination is not present, while transverse cracking-

2

induced delamination is delayed and scaled down. Finally, in thin-plies below 100 g - m™*, minor or

no transverse cracking and delamination are observed before the sample failure.
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Figure 2.5: (a) X-ray tomography of typical 90° plies of M40JB-TP80ep samples of: a) t=150 pm tested at
500 MPa, b) t=100 nm tested at 650 MPa, ¢) t=150 nm tested at 700 MPa, d) t=100 nm tested at 700 MPa.
Reproduced from [135]; (b) Macro-scale results, showing the good agreement of the free edge cracks to a 1/ t
scaling, whereas the onset of damage defined by an acoustic emission threshold is in better agreement with a
linear scaling, and lightly loading-rate dependent. The corresponding numerical results are shown in dashed
line, showing good agreement with experimental results. Reproduced with permission from [48].

This change in failure sequence fundamentally explains why thin-ply composites exhibit outstand-
ing load-bearing properties. It also clarifies why thin-ply composites are particularly tolerant to
use-induced damage. For instance, Sihn et al. [42] and Amacher et al. [38] reported that thin-ply
laminates do not suffer from fatigue under significant cyclic stress. Likewise, thin-plies retain superior
load-carrying capacity after a low-velocity impact [24, 43]. The absence of micro-cracking propagation
into the bulk material has further practical applications, such as the reliable gas barrier layer for

cryogenic propellant tank reported by Hamori et al. [139].

Nevertheless, the thin-ply effect also comes with significant drawbacks. First, thin-ply laminates
require significantly more consumables (carrier paper or film), more stacking operations, and, therefore,
more lead time, although manufacturing optimization is possible using preforms stacked by Automated
Tape Laying (ATL). Second, the thin-ply effect can be described as a change from a damage-tolerant
failure to a quasi-brittle failure. Indeed, micro-cracking, transverse-cracking, and delamination are
dissipative mechanisms required to diffuse damage in the material. Therefore, thin-ply composites are
not tolerant to stress concentrators such as open-hole and are prone to brittle catastrophic failure, as

reported by Wisnom et al. [49], Arteiro et al. [140], or Amacher et al. [38].
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FAW Value
Property Unit Fiber Resin Layup Vs Thick Thin Thick Thin Change Ref.
UNT strength MPa M40JB  TPSOEP QI 55 % 30 300 595 4+ 27 847+ 18 +42% Amacher et al. [38]
UNT strength MPa T800 Aero2 - ILT1 QI 55 % 67 270 760 1087 £19 +43% Cugnoni et al. [24]
UNT strength MPa T800SC BT250E-1 QI 60 % 40 200 850 £ 41 940 + 48 +11% Sihn et al. [42]
UNT strength MPa MR50K  1063EX QI 60 % 75 145 812+5 974+ 3 +20% Yokozeki et al. [120]
UNT strength MPa M40JB  TPS8OEP UD 55 % 30 300 23604150 2250+ 139 —5% Amacher et al. [38]
UNT onset MPa M40JB  TPS8OEP QI 55 % 30 300 248 +18 8214+23 +231% Amacher et al. [3§]
UNT onset MPa T800 Aero2 - ILT1 QI 55 % 67 270 400 678 £ 240 +70% Cugnoni et al. [24]
OHT far field strength MPa M40JB  TP8OEP QI 55 % 30 300 545 380 —30% Amacher et al. [38]
OHT far field strength MPa T800SC BT250E-1 QI 60 % 40 200 547 492 —10% Sihn et al. [42]
OHT fatigue # cycles to ruin M40JB  TPS8OEP QI 55 % 30 300 <2¢t >1e° Amacher et al. [38]
OHC strength MPa M40JB  TP8OEP QI 55 % 30 300 216 £9 255 £ 10 +18% Amacher et al. [38]
OHC strength MPa MR50K  1063EX QI 60 % 75 145 296 +£4 323+5 +9% Yokozeki et al. [120]

Table 2.2: Partial summary of the thin-ply effects reported in the literature. Change is indicated with respect to the thick-ply laminate.
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2.2.3 The toughness issue

The absence of damage before the laminate failure in thin-ply composite indicates that there are no
mechanisms to redistribute stresses and mitigate stress concentrations. It results in a severe lack of
toughness, as reported by Frossard [39] and outlined in Figure 2.6a. They found that neither the in-
terlaminar nor the intralaminar mode I initiation values were ply-thickness dependent [141]. However,
the steady-state ERR decreases significantly in M40JB-TP80ep thin-ply laminates, by respectively
about 50 % and 23 % when using 30 g - m~2 plies instead of 150g - m~2 plies. The steady-state ERR
remained higher than the initiation value, indicating an R-curve effect. These observations were ex-
plained by the better microstructure of thin-ply laminates, introduced in subsection 2.2.2. Indeed, a
uniform microstructure reduces the extent of fiber bridging, which is known to drive the development
of a FPZ in the wake of the crack. On the other hand, the interlaminar mode II was found independent

of the ply thickness.
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Figure 2.6: (a) Normalized interlaminar, intralaminar, and translaminar fracture toughness as a function of
ply thickness. (* Values normalized by the steady-state ERR at t=0.150 mm of the corresponding fracture
orientation). Reproduced from [39]. (b) Histogram of the height of the top envelope profile as a function of ply
thickness and corresponding fitted normal distributions. Reproduced from [39].

Furthermore, the translaminar mode I ERR of CP and QI laminates decreased linearly with the ply
thickness at initiation and steady state. Frossard et al. [142] reported a substantial loss of translaminar
toughness, respectively about 70 % and 80 percent, when replacing 150 g - m~2 plies with 30g - m™2
plies. These results corroborate those reported by Teixeira et al. [51] for thin-plies and by Laffan
et al. [50] for intermediate ply thicknesses. These results were correlated with a decrease in pull-out
length for thin-ply laminates, as shown in Figure 2.6b and Figure 2.7. This confirms the key function
of debonding and pull-out to dissipate energy in brittle composites [143]. Moreover, Pimenta and
Pinho [144] have proposed a hierarchical analytical model that captures the translaminar toughness
of laminates by considering only the contribution of fiber-matrix debonding, matrix fracture, and the
friction during the pull-out. Thus, it indicates that pull-out length drives the thin-ply translaminar

toughness in the absence of secondary damage.
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Figure 2.7: SEM fracture surfaces of CP thin-ply laminates exhibiting bundles of fibers pulled out. The
pull-out height increases when blocking 0° plies together. Crack propagates from the bottom left corner to the
right top corner. Reproduced with permission from [51].

The loss of translaminar toughness is, arguably, the most critical one. On the one hand, the reported
interlaminar and intralaminar values remain acceptable. Moreover, strategies to improve composite
interlaminar and intralaminar toughness have been extensively studied. They range from optimizing
the fiber-epoxy system [24], introducing toughening interlayer [24, 59|, tailored defects [145] or bridg-
ing pins [146]. On the other hand, translaminar toughness is a key property to ensure that structural
parts retain strength while sustaining damage. The values reported for 30 g - m~2 thin-ply laminates,
about 20kJ - m~2 [39, 51], are in the low range of aerospace grade material (see the Ashby chart
reproduced in Figure 1.2b). Furthermore, and as noted by Frossard [39], the toughness reduction in
thin-ply composites is proportionally more important than the increase in strength. Therefore, the
gain of strength brought by thin-plies is canceled by the loss of translaminar toughness. This forces
a compromise on the ply thickness, virtually making ultra-thin-ply laminates nonpractical in applica-

tions where damage tolerance is the dominant requirement.

Consequently, significant efforts have been made to improve thin-ply translaminar toughness by restor-
ing crack-shielding mechanisms, often following bio-inspired approaches [57]. Among them, Rodriguez-
Garcia et al. [147] proposed “brick-and-mortar” specimens manufactured with an ATL process to
duplicate nacre-like weak interfaces. This approach has been reported to increase, for instance, the
energy dissipated in very brittle material like glass by a factor 700, at the cost of a substantial strength
loss [148]. A “brick-and-mortar” architecture achieves this result by promoting debonding and pull-

out, and introducing geometrical hardening. However, the brick-like pattern obtained by ATL can not
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leverage geometrical hardening and “only” 29 % improvement of translaminar toughness was reported
by Rodriguez-Garcia et al. [147], thanks to extensive ply pull-out. Moreover, the tensile properties of

the specimen were not reported.

Bullegas et al. [53] proposed a second approach inspired by biological composites. This approach ef-
fectively brings the hierarchical fracture accounted for by Pimenta and Pinho [144] to the ply scale by
introducing laser micro-cuts in the 0° plies of CP and QI laminates. These micro-cuts set a preferential
crack propagation path which is designed to maximize crack deflection according to a fracture mechan-
ics framework. Thanks to this approach, an impressive 460 % increase of translaminar toughness was
reported in CP laminates (TR50s-K51), reaching about 70kJ - m~2 with 20 g - m~2 plies (evaluated by
the area method). Furthermore, Bullegas et al. [149] demonstrated that considering only the energy
dissipated by debonding and friction during the pull-out process accurately captures the translami-
nar toughness, in the absence of secondary damage. Bullegas et al. [53] obtained significantly larger
pull-out, but they accounted only for about half of the fracture energy, which indicates that secondary

damage was triggered in the 90° ply, as highlighted by the SEM images reproduced in Figure 2.8.

Microstructure

CP-MS1

Baseline

Microstructure
CP-MS2

Microstructure

CP-MS3

(c) (d)

Figure 2.8: SEM fracture surfaces of four specimens: (a) baseline material without any micro-cut; (b), (c),
(d) laminates with a hierarchical microstructure promoting an increasing crack deflection. Reproduced with
permission from [53].

Despite the outstanding results reported by Bullegas et al. [53], the proposed approach comes with
a few drawbacks. First, the micro-cuts reduce the UNT strength by at least 12 % [149], canceling

the thin-ply positive effect on strength. Second, the micro-cut processing and necessary alignment
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induce a significant manufacturing overhead which is probably not compatible with industrial lead
time. Third, the reported results were obtained with a perfect alignment of the crack with respect to
the micro-cut pattern. The misalignment effect was not evaluated and is likely to reduce the maximal
achievable deflection, reducing the translaminar toughness improvement. Lastly, in real-life applica-
tions, the micro-cut density should cover adequately the whole laminate surface, leading to a further

reduction in UNT strength.

Therefore, there is a need for a “built-in” toughening method that will provide a good balance between
manufacturing complexity, translaminar toughness, and strength. In this regard, Cugnoni et al. [52]
proposed fiber hybridization as a third promising approach that does not require the introduction of

defects in the laminate.

2.3 Fiber-hybrid composites

Adopting the terminology proposed by Swolfs et al. [150] in their comprehensive review, fiber-hybridization
refers to the use of at least two different fiber grades in the same laminate. These fibers generally
exhibit contrasting properties and the resulting composite is expected to retain to some extent the
advantages of each. Figure 2.9 highlights three different fiber-hybrid microstructures that can be
processed with minimal impact on the existing manufacturing methods, ordered in increasing degree
of dispersion: interlayer, interyarn, and intrayarn. These configurations are also often referred to as
ply-by-ply, tow-by-tow, and fiber-by-fiber hybrids. Interlayer fiber-hybrids are the easiest to produce,
by interlaying a different grade of prepreg when stacking the laminate. Interyarn and intrayarn fiber
hybridization are achievable during prepreg production, for instance by spreading two different fiber
types at the same time, comingling, by calendering (as currently investigated within the HyFiSyn

project), or even by recycling discontinuous fibers [151].

(a) (b)

(c)

Figure 2.9: Fiber hybridization architectures: (a) intrayarn, (b) intralayer, and (c) interlayer. Reproduced
with permission from [150].

Phillips [152] reported that the concept of fiber-hybridization was already debated in the first Interna-
tional Conference on Composite Materials, organized in 1975 in Geneva, Switzerland. This discussion
followed a paper from Bunsell and Harris [153], where they reported the UNT behavior of carbon-glass
interlayer hybrids. They found that both modulus and strength followed a rule-of-mixtures up to the
failure of the carbon layer, then the carbon layer failed gradually as evidenced by AE, almost achieving
a pseudo-ductile behavior (which was demonstrated four decades later at the University of Bristol).

Therefore, Bunsell and Harris [153] concluded that there was no hybrid effect since a rule-of-mixtures
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could reasonably predict the material properties. In a 1978 review, Summerscales and Short [154]
reached a different conclusion. They highlighted that some carbon-glass hybrids exhibited mechanical
properties above the rule-of-mixture prediction, evidencing a synergistic effect. This discussion out-
lines a common pitfall when analyzing the mechanical properties of fiber-hybrids: a synergetic effect
is found when results are not aligned with expectations, thus the presence of a synergistic effect and
its magnitude both depend entirely on the definition of the expectations. The rule-of-mixtures defined
with respect to the volume fraction of each fiber is the most common one [150], but the baseline

properties should be measured to achieve a meaningful comparison.

Since the 1970s, the increasing state-of-the-art on fiber and matrix properties, and manufacturing
processes capabilities create new opportunities for fiber hybridization. Synergetic effects have there-
fore been reported for a broad range of properties by hybridizing low-modulus, high-strain fibers, e.g.,
glass fibers, with high-modulus, low-strain fibers, e.g., carbon fibers. For instance, Swolfs et al. [150]
reviewed studies on UNT strength [155, 156], OHT strength [157, 158], fatigue [159, 160], bending
[161], impact resistance [162] or translaminar fracture toughness, although this latter topic has re-

ceived comparatively little attention in the literature.

Two research groups, Swolfs et al. [162] and Ortega et al. [163], reported simultaneously a positive
synergetic effect on translaminar toughness in carbon-glass woven hybrids. However, Swolfs et al.
[162] attributed the synergetic effect to a greater pull-out length while Ortega et al. [163] attributed
it to more extensive secondary damage such as delamination and matrix cracking. These two dif-
ferent conclusions are in fact not incompatible. As highlighted by Bullegas et al. [53], an increased
pull-out length indeed leads to improved translaminar fracture toughness. However, as previously
mentioned, pull-out accounts only for a portion of the translaminar toughness for the longest pull-
outs, and Bullegas et al. [53] reported a substantial contribution of secondary failure mechanisms in
90° plies. Therefore, it is possible that increased pull-out length causes delamination initiating from
the debonding interface, as well as multiple transverse cracks in the 90° plies, promoting intralayer
bridging as evidenced by the SEM observations of post-mortem fracture surfaces. Furthermore, both
studies used thick-plies and reported the best synergetic effect when blocking together the plies. This
effectively increases the ply thickness and promotes delamination as well as transverse cracking (see
subsection 2.2.2). These studies outline a second pitfall: when characterizing the synergetic effect, it

should be compared to the concurrent ply-thickness effect.

None of these studies considered the use of thin-plies even though they could substantially improve
the potential of fiber hybridization. On the one hand, they can achieve better fiber dispersion which
has been proven to be beneficial to synergistic effects. Indeed, a better dispersion features smaller
clusters of low-strain fibers [151]. Furthermore, the low-strain fibers are more likely to fail close to
the low-strain-to-high-strain interface, as reported by Mesquita et al. [128] based on computed to-
mography observations of UD carbon-glass hybrids. As the failure occurs close to high-strain fibers,

the low-strain broken fibers are less likely to reach a critical cluster size which causes an unstable
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ply failure [155, 164, 165]. The material is therefore more tolerant to fiber breaks. The implication
of these observations is that given a better dispersion, the likelihood of obtaining a high density of
noncritical cluster of broken fibers before failure increases. As the carbon fiber strength follows a
Weibull distribution, the position of the fiber breaks along the fiber axis is partially randomized and
not coplanar with the crack [144], especially since strength variability increases by using two fiber
types. Therefore, the clusters of broken fibers could act at the microscale similarly to the micro-cuts

proposed by Bullegas et al. [53] and toughen thin-ply laminates.

On the other hand, the failure of thin-plies (or of fiber clusters) releases little energy, especially with
very brittle fibers. If the interface is tough enough [59, 166], delamination will not occur and the ply
will continue to carry the load through shear-lag, allowing for ply fragmentation. This effect has been
successfully used to develop pseudo-ductile fiber-hybrid thin-ply laminates [166—-172] and could be used
to induce a “brick-and-mortar” architecture in thin-ply fiber-hybrids just before the failure, leading to
a local accumulation of stable damage. For instance, Furtado et al. [173] obtained a pseudo-ductile-like
behavior by hybridizing carbon thin-plies with carbon thick-plies. They observed a notch sensitivity
reduction. Czél et al. [54] observed the same result by hybridizing low-strain and high-strain carbon
fibers, reporting an accumulation of damage around the notch. Wu et al. [158] also obtained notch
sensitivity reduction with thin-ply angle-ply carbon-carbon fiber-hybrids. They observed ply fragmen-
tation and dispersed delamination, noting that the ratio of geometrical pseudo-ductile strain (see [115]
for the definition) to yield strain drives the damage redistribution around the hole. However, the first
two reported studies used rather thick ply-blocks, raising the question of a concurrent ply-thickness

2 was used. However, no

effect. The last result is very encouraging as a ply thickness of about 30g - m™
baselines were included in the study and non-hybrid angle-ply laminates have already been reported
to induce pseudo-ductility [116] or even to reduce notch sensitivity [174] Furthermore, open-hole does
not formally account for a crack tip singularity and the load is shared across the net section, which

may promote the obtention of fragmentation.

Reaching the same conclusion that fiber-hybrids are promising to improve the translaminar tough-
ness in thin-ply laminates, Danzi et al. [56] proposed in 2021 carbon-carbon interlayer fiber-hybrids
designed to achieve pseudo-ductility. They characterized UNT strength and translaminar fracture
toughness (although a different terminology of intralaminar longitudinal toughness is used in their
paper) by means of Double Edge Notched Tensile (DENT) tests, following a procedure proposed by
Catalanotti et al. [175]. Overall, they reported a significant increase in fracture toughness but at-
tributed it to the ply-thickness effect. However, they observed distinctive failure modes, indicating

that fiber hybridization has an influence on damage diffusion.

In light of this review, it appears that the effect of fiber-hybridization in thin-plies is insufficiently
understood. Thus, clarifying its intrinsic mechanisms requires additional experimental and modeling
efforts. Cugnoni et al. [52] proposed two different fiber-hybridization strategies. The first one relies
on large-scale fiber bridging enabled by high strain and high toughness fibers such as Aramid. The
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second consists in promoting longer pull-out lengths by adding low-strain carbon fibers to high-strain
carbon fibers. Given the industrial interest in carbon-carbon hybrids, the latter is investigated in this

thesis.

2.4 Translaminar fracture testing

The fracture mechanics taxonomy usually considers three categories of cracks in a UD composite.
First, an interlaminar crack may propagate between the plies, as delamination. Second, a crack can
propagate inside a ply, in a direction parallel to the fibers. This is an intralaminar crack. Finally, a
crack can propagate inside the ply, through the fibers. This configuration is referred to as translami-
nar cracking, although some authors refer to it as longitudinal intralaminar crack propagation [175].
These three cracks may appear under three different loading conditions: mode I (opening), mode II
(shearing), and mode III (tearing). Each typology of crack comes with its own challenge, in terms
of effects on structural parts and testing. Among them, mode I translaminar crack propagation is of

primary importance as it leads to unstable failure in brittle composites such as thin-plies.

Overall, the translaminar crack growth in materials involves extrinsic and intrinsic dissipative mecha-
nisms [176]. These mechanisms act over a FPZ and are usually accounted for through a critical ERR
that may depend on COD (R-curve effect). In thick-plies composites, these mechanisms typically
include delamination, extensive fiber pull-out, or fiber bridging (see Figure 2.10) and affect a large
FPZ, but these are precisely reduced or even suppressed in thin-ply laminates. As aforementioned,
significant efforts have been made to restore these crack-shielding mechanisms in thin-ply laminates by
engineering hierarchical microstructures. Consequently, these hierarchical thin-ply composites exhibit

non-linear and large-scale FPZ.

CT is the prevailing test to grow stable cracks in composites and characterize their translaminar
toughness [178], although different geometries have been recently proposed to overcome its limitations
[56, 175]. However, there is no standard data reduction methodology associated with CT samples
to obtain the ERR. The most established ones rely on the LEFM theoretical framework to yield the
mode I critical ERR Gy, as a function of the crack increment Aa, commonly referred to as R-curve
[179]. Most of these methods are challenging to apply to hierarchical thin-plies. Methods based on
the stress intensity factor were found to be inaccurate for orthotropic materials [179, 180]. The com-
pliance calibration methods were shown to be more adapted to composites but raise specific issues
whether the compliance is derived from a closed-form formulated for orthotropic materials [181], an
experimental fitting, or a FEM [180, 182]. The first requires a negligible FPZ. The second offers
the benefit of accounting for the FPZ but is unreliable since thin-ply composites tend to follow a
saw-tooth behavior [39], meaning that too few propagation points are available for a robust fitting.
Alternatively, the compliance may be fitted from specimens with an increasing machined crack length

[179, 183], but this consumes too much material and does not allow for capturing the effect of the
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Intrinsic toughnening

Extrinsic toughnening

Ply pull-out and delamination (not shown)
Secondary crack, ply fragmentation

Crack branching

Bundle pull-out (not shown)

Fiber pull-out

Fiber bridging

Fiber/matrix debonding

Fiber failure

Matrix cracking

0. Local delamination (not shown)

e I

Figure 2.10: Typical multi-scale damage modes in thick-ply or hierarchical thin-ply composites. The FPZ
usually extends over several millimeters. Adapted from [176, 177].

FPZ in the wake of the crack, for instance, when extensive fiber pull-out occurs. Additionally, the
experimental compliance fitting requires the crack length measurement. With a large FPZ the crack
tip position is clearly ambiguous and subjective. Moreover, the crack tends to propagate differently in
the bulk [184] and optical observation of the sample surface is usually not representative of the crack
front. In-situ x-ray Computed Tomography scan (CT-scan) has been successfully used to characterize
the translaminar toughness [185] but this approach is cumbersome. The last approach, the Modified
Compliance Calibration (MCC), is based on FEM and does not require measuring the crack length.
The MCC has recently been extensively used [50, 51, 53, 186] but adds the overhead of a numerical
model. It involves the a priori knowledge of material properties, damage mechanisms, and constitutive
laws. Moreover, such a model does not account for the FPZ in the wake of the crack unless a cohesive

law is specifically developed.

Furthermore, all these methods were derived under LEFM assumptions, even if not explicitly, see,
for instance, the derivation of the Irwin-Kies equation [177]. Their validity is thus questionable in
CT specimens exhibiting a large FPZ length [ppz. Ortega et al. [187] and Maimi et al. [188] have
shown analytically and experimentally that R-curves obtained from LEFM-based methods are not
independent of the sample size. When the length [ppy increases, such as in the presence of extensive
pull-out, LEFM-based methods tend to overpredict the translaminar toughness. The later publica-
tion also reported that Over-height Compact Tension (OCT) specimens [189, 190] improve the ratio
of lppz to specimen size and thus better approximate LEFM conditions. However, this geometry
requires large quantities of material and is not guaranteed to be large enough to develop a self-similar
FPZ as reported by Xu et al. [191, 192].

When the material response is non-linear, it is commonly admitted that the non-linear J-curve is an

appropriate descriptor of the fracture process where crack stability is defined as J; < Jy.. The J-curve
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is more general than LEFM-based methods, accounts for material non-linearities such as plasticity as
well as large FPZ, and has been shown to better account for the translaminar fracture toughness of
composites [188]. When LEFM conditions are fulfilled, J. is, therefore, equal to G, as experimentally
verified by several authors [186, 193]. The J-curve has been derived by indirect and direct methods
[194]. The former, also known as inverse methods, rely on the identification of the suitable parame-
ters through an optimization procedure to match a FEM response with respect to experimental data,
as used, for instance, by Frossard to identify bridging traction [142]. Regarding the translaminar
toughness in CT specimens, Ortega et al. [163, 195] proposed a cohesive law identification based on
a generalized Dugdale-Barenblatt model. Based on J-integral approaches [196, 197], the latter can be
simplified to straightforward equations for selected geometries [198]. For the remaining geometries, in-
cluding the CT specimen, the J-integral requires a numerical evaluation along a contour using full-field
displacement data acquired, for instance, by DIC [39, 186, 199, 200]. This experimental step is often
criticized as cumbersome and subjected to scattering, leading to the preference for different methods.
Nevertheless, J-integral methods are of great interest as they rely on conservative assumptions, i.e.,
material homogeneity and the knowledge of stress and strain over the evaluated contour, regardless
of the constitutive equations used to derive them. They are, therefore, suitable for a wide range of
geometries and materials, including hierarchical thin-ply or thick-ply laminates, as long the FPZ is

included inside the J-integral contour.

One of the reasons behind the prevalence of the MCC compared to the J-integral to derive the translam-
inar toughness of composite CT specimens is probably the lack of published practical guidelines, re-
inforcing the notion that this approach is complex and challenging to master. Several publications
reported using J-integral methods [186, 193, 201, 202] but the details of the numerical derivation and
its sensitivity to noise or parameter variations are rarely discussed. One of the best efforts in this re-
gard is the JMAN routine proposed by Becker et al. [201] and reported as an efficient implementation
of the surface J-integral. However, too few details are given about its implementation, i.e, the code was
not distributed to the best of the authors’ knowledge. Indeed, many solutions with different pitfalls
may be implemented to derive the J-integral, which leads to costly development. Publication of the
code is therefore deemed necessary to further diffuse the J-integral method. More recently, Barhli et al.
[202] made available the Oxford University Reinjection-Optimized Meshing Add-on (OUR-OMA). It is
based on a FEM approach for solving the displacement field at the crack tip based on the displacement
field acquired by DIC, effectively dealing with noisy or partial data. However, this approach is be-

lieved to not be adequate for hierarchical thin-ply laminates as it requires an accurate FEM of the FPZ.
Finally, simultaneously with the final writing stage of this thesis, the German Aerospace Center (DLR)

released a Python toolbox to perform fracture mechanics analysis from DIC and simulation results

[203]. It contains, among other tools, a line J-integral implementation.
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Chapter 3
Experimental materials and methods

This chapter first introduces the material selection approach which was followed in this work to design
the fiber hybrids. Then, the material properties and the sample preparation methods are presented.

Finally, the experimental techniques used in this work are detailed.

The list of available data, codes, and publications generated for this work is available on Zenodo [204].

3.1 Material selection for carbon-carbon fiber hybridization

The choice of a suitable material system for a given application is a complex process that must satisfy
several objectives such as the expected toughness improvement, preservation of tensile properties (on-
set of damage and strength) of the thin-ply composites (onset of damage and strength), manufacturing,
as well as industrial relevance. Consideration of industrial interest and material availability eventually
drove the material selection in this work, as an industrial partner is involved in the Hyfisyn project.
In particular, the fiber cost and ease of spreading, as well as the loss of strength when hybridized were

considered.

Furthermore, thin-ply is a cost-intensive material and a significant part of the cost comes from the
prepreg line setup. Therefore, the material requirement should be rationalized as much as possible

and it is not possible to test a wide range of prepreg grades in a pre-design step.

The stiffness and strength properties of carbon fibers are of great importance for industrial applica-
tions, but despite a favorable influence on fracture properties, hybridization with tough fibers such as
glass [54] or aramid [52, 205, 206] tends to decrease the overall stiffness and strength performances of

the laminate.

Thus, the following sections discuss the parameters driving the composite properties when hybridizing
a low-strain material exhibiting a modulus Ef, a strength o, and an ultimate strain ey, with a high-
strain material exhibiting a modulus Ey, a strength oy and an ultimate strain ey. Note that these

values refer to the longitudinal properties of a non-hybrid UD laminate, i.e., Ej, o7, and ;. For the sake
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of conciseness, the lowercase subscript ; is dropped in this document when referring to the properties of
the low-strain material, denoted by a uppercase subscript r,, or to the ones of the high-strain material,
denoted by uppercase g. In practice, the longitudinal modulus E; and strength o; of a non-hybrid
UD laminate are, as a first order approximation, proportional to the fiber longitudinal values, E; and
oy, and the fiber volume fraction V, given that the matrix properties are significantly lower than the
ones of the fiber in this direction (see for instance Equation 3.1) [22]. Moreover, the hybrid properties,

denoted by the lowercase subscript ;, will often be reported as a function of the low-strain material

volume fraction . For instance, in an interlayer hybrid, v = thfrtL where t7, is the total thickness of

the low-strain material contained in one ply-block and ¢; the high-strain counterpart.

Ey~ EfV; and o= oV (3.1)

3.1.1 Maximizing the tensile properties
Tensile modulus

The UD tensile modulus of a hybrid laminate made of two linearly elastic fibers has been reported
to follow a linear rule-of-mixtures as in Equation 3.2 throughout the literature [152, 153, 207-211],
presuming that the relative fiber volume fraction Vy is accurately determined for each fiber. Con-
sequently, higher fiber-hybrid modulus can be achieved by increasing the moduli of high-strain and
low-strain materials, respectively Ep and FEp, which is the same as selecting higher modulus fibers
considering Equation 3.1. Alternatively, the relative volume fraction of low-strain fiber v may also be
increased, assuming that the low-strain fiber is stiffer than the high-strain fiber. The ply thickness is

not expected to have an effect on the tensile modulus, as observed by Amacher et al. [38].

En=Ey+(1-7)En (3:2)

Any deviation from a linear rule-of-mixtures will be interpreted as a hybrid effect, although they
are not expected. As reported by Swolfs et al. [212], the few ones that were accounted for in the
literature could be explained by extrinsic factors, such as fiber misalignment or errors in the relative

Vy estimations.

Tensile onset of damage

The broken fiber clustering and propagation are considered the main mechanism governing the failure

Y is expected to take place when the

of UD laminates. In an idealized laminate, the onset of damage o
fiber reaches its ultimate strain. However, the strength of fibers is probabilistic (and usually accounted
for by a Weibull distribution of modulus m and scale parameter og). This causes early fiber breaks in
the laminate, which induce stress concentrators on the neighboring fibers [213-215]. As a consequence,
fiber breaks tend to develop unstably into clusters [216] leading to laminate failure before reaching

the fiber’s ultimate strain in the average sense.
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In a hybrid laminate, the low-strain material strength thus follows a distribution of mean &p. The
onset of damage a}; is therefore expected to occur before the low-strain strength &r. However, us-
ing in-situ synchrotron computed tomography observations, Mesquita et al. [128] established that
fiber-hybrids are more tolerant to fiber breaks compared to a non-hybrid baseline. The presence of
high-strain fibers hinders the development of critical broken-fiber clusters, delays the onset of dam-
age, and leads to a positive hybrid effect on the failure strain of the low-strain fiber. Thus, with an

appropriate hybridization, the stress at the onset of damage is expected to follow Equation 3.3.

01, = Enybriaer (3.3)

The experimental works reviewed by Swolfs et al. [212] show that the hybrid effect increases with a
decrease in the low-strain relative volume fraction -y, highlighting that a negative hybrid effect can
be obtained if this fraction is too important. Swolfs et al. [217] proposed a parametric study based
on an analytical stress redistribution model coupled to a FEM of a hybrid fiber microstructure. The
model parameters were chosen to correspond to a typical glass-carbon hybrid with a volume fraction
of 50 %. By varying some of the parameters, they found that the strain at the onset of damage can

be maximized by:

e Decreasing the low-strain fiber Weibull modulus m. It means that the fiber exhibit a greater
strength variability, thus the fiber breaks are more gradual and less likely to reach a critical
cluster size. However, as pointed out by Swolfs et al. [212], researchers that used state-of-the-art
carbon fibers with a higher Weibull modulus did not report a decrease in the hybrid effect [218].
Furthermore, little reliable data are available in the literature about the Weibull parameters
of carbon fibers, and it is noteworthy that a low Weibull modulus fiber may be challenging to

spread at an industrial scale.
e Increasing the high-strain fiber stiffness E to relax stress concentrators on low-strain fibers.

o Aiming for a sufficiently large high-to-low strain ratio e /e to avoid high-strain fibers failure
following low-strain fiber breaks. A value of 2 was reported as suitable for the considered glass-
carbon hybrid and a higher one did not lead to further improvements as the failure propagation

was governed by the low-strain fiber break clustering.

The ply thickness can have a concurrent effect on the strain at the onset of damage observed in QI
laminates. Indeed, if the ply thickness is increased due to hybridization, the longitudinal failure of the

0° ply may occur after transverse cracking and delamination (see chapter 2).

The hybrid effect on the onset of damage is therefore defined as the relative change in the failure strain
of the low-strain fibers within the hybrid composite, with respect to the failure strain of a pure low-
strain laminate. Furthermore, in a QI laminate, where transverse cracking or free edge delamination
are usually the first damages to occur, the strain at the onset of damage should be scaled according

to the ply-block thickness. More details are given about this approach in section 5.2.
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3.1.2 Tensile strength

The tensile strength of fiber-hybrids UD laminates is expected to follow a bilinear Rule-of-Mixtures
(RoM) as in Equation 3.4 [212, 219]. The tensile strength is therefore either dominated by the high-
strain fiber tensile strength oy or by the low-strain fiber tensile strength o, depending on their
relative volume fraction. Thus, the tensile strength can be maximized by either reducing the volume
fraction of low-strain fibers v and increasing o or by increasing the volume fraction of low-strain
fibers v along with or. When the tensile strength is dominated by the low-strain fibers, it may be

improved by a positive hybrid effect for the same reasons exposed for the onset of damage.

op=o0n(1-7) for v < ¢
on=o0y+erEg(1—7) fory>( (3.4)

¢ = on—erLEn
ogtor—erEny

The hybrid effect is defined as the relative change of tensile strength with respect to the bilinear RoM.
As previously, the ply thickness has a concomitant effect on the ultimate strength of QI laminates and

should be evaluated accordingly.

3.1.3 Conclusion

For a given fiber dispersion, the tensile properties of a fiber-hybrid laminate can be optimized by us-
ing constituents exhibiting improved properties or by leveraging a hybrid effect. The hybrid laminate
modulus E}, increases with Egr, Ef, or v following a rule-of-mixtures. The onset of damage strain may
be increased by promoting the hybrid effect. Positive hybrid effects up to 50 % have been reported
in the literature when + is below approximately 40 % [212]. Above this value, a substantial negative
hybrid effect may be observed. However, as pointed out by Swolfs et al. [212], many of those measure-
ments where performed before the recent developments regarding the influence of sample geometry,
tabs, and hybridization on the stress concentration in tensile specimens [220-222]. Thus, the baseline

values are likely to be underestimated, potentially leading to an overestimated positive hybrid effect.

Furthermore, it has been shown by modeling that decreasing the low-strain fiber Weibull modulus, in-
creasing Fp, or ensuring a sufficient strain contrast between the fibers may improve the hybrid effect,
although these indications should be considered with care as the model was found by Mesquita et al.
[128] to underestimate significantly the hybrid effect. Indeed, it does not take into account the local
or dynamic stress intensities. Moreover, positive hybrid effects were reported even with high Weibull
modulus fibers and the industrial spreading of a low Weibull modulus fiber may be problematic. Pos-
itive hybrid effects may also improve the tensile strength when it is dominated by the low-strain fiber

failure, for the same reasons as for the onset of damage.
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To conclude, there is a clear interest in using intermediate-modulus carbon fibers as high-strain fibers
instead of the glass fibers usually reported in the literature as this would improve the hybrid effect
while preserving high specific properties of thin-plies. However, ensuring a sufficient strain ratio will
require using high-modulus carbon fibers with a low ultimate strain. For instance, the HR40-34-700
system exhibits a strain ratio of 1.82 (see Table 3.2). While this will bring further improvement to the
expected tensile properties, it may decrease the hybridization effect through a high Weibull modulus
[127].

3.1.4 Maximizing translaminar toughness

As aforementioned in chapter 2, the translaminar toughness of thin-ply composites is driven by the
pull-out lengths in the 0° plies, mainly dissipating energy through debonding and pull-out. Pimenta
and Pinho [144] proposed an analytical model to predict the translaminar toughness in UD laminates
exhibiting pull-out bundles of fibers. Even though the model was formulated for pure laminates,
it relies on sufficiently generic parameters to provide insight into possible toughening mechanisms
of fiber-hybrid laminates, if the assumed damage sequence remains unchanged. For instance, they

assumed two sequences of events:

e Stress concentrations lead to the translaminar failure of fiber bundles. The bundles are then

debonded. This sequence seems to mostly concern small-scale bundles.

e The bundles first debond and then break. This sequence seems to prevail for large-scale bundles.

The authors proposed a parametric study for their model, which suggests that:

e Increasing the fiber strength can improve significantly the translaminar toughness, both in
debonding and pull-out contributions, as it drives the debonding length. The debonding length
is an upper limit for the pull-out length.

o Fibers with a higher strength variability, hence with a lower Weibull modulus, are more likely

to break away from the crack tip and dissipate more energy during pull-out.

e The toughening is maximized for intermediate interfacial in-situ mode II toughness and pull-out
frictional stress. As an illustration, the model indicates that a macroscopic mode II interlaminar

2

toughness Gy, value of approximately 0.7kJ - m™* would lead to a good compromise between

debonding and pull-out dissipation for small bundles.

Thus, the hybridization of a high-strain fiber with a low-strain fiber may produce a very positive
hybrid effect on the translaminar toughness by increasing both the mean fiber strength and the fiber
strength variability. The results reported for instance by Swolfs et al. [162] could be interpreted in

this sense, as they reported a positive hybrid effect associated with a greater pull-out length.

However, the model also indicates that thin-ply layers are inherently too thin to develop large-scale

hierarchical pull-out bundles. Indeed, Teixeira et al. [51] and Frossard [39] have observed that thin-ply
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composites are characterized by an almost “flat” fracture surface. For instance, Frossard reported that
the pull-out length in a 0° plies of a 30g - m~2 FAW CP M40JB-80ep laminate follows a distribution
centered on 0.12mm, against 0.52mm for an intermediate laminate of 150 g - m~2 FAW. At the same
time, the aforesaid mechanisms’ magnitude grows geometrically with the pull-out length. Thus, fully
leveraging these mechanisms by fiber-hybridization would require to increase substantially the pull-out

length, which seems unrealistic when relying only on the fiber variability.

Finally, it is worth noting that the model relies on assumptions that are not always supported by ex-
perimental evidence. For instance, as shown in their Appendix C, Pimenta and Pinho [144] assume a
geometrical scaling of the experimental interlaminar fracture toughness that is challenging to validate

empirically. Thus, the model validity should be considered with caution.

Another approach consists in selecting the carbon fibers in such a way that their strength distribu-
tions are sufficiently contrasted to fail at two completely distinct strains. This approach, similar to
the one recently investigated by Danzi et al. [56], enables fragmentation and pseudo-ductility. Once
fragmented, the low-strain material may be pulled-out as large scale-bundles. Pseudo-ductility has
been well documented in the past years for glass-carbon hybrids [59, 156, 166, 167, 170, 171, 223]
and extrapolated to carbon-carbon hybrids [171, 224, 225]. Note that pseudo-ductile composites often

make use of thin-ply composites to achieve favorable low-strain material volume fraction ~.

The analytical failure map approach proposed by Jalalvand et al. [166] was used in the present work as
a guideline to design fiber-hybrids. This approach relies on the shear-lag model reported by Jalalvand
et al. [169] and designed for interlayer hybrids, assuming that the low-strain ply is embedded within
the high-strain material in the same ply-block (see Figure 3.1). It relates the stresses at which hybrid

failure modes occur, i.e., the low-strain fragmentation stress orp, the delamination stress og.;, and

the high-strain failure stress o p; to the low-strain material proportion v (for the record, v = tLt'fftH)
and laminate properties. Note that in the original paper, the thicknesses refer to half the effective
thicknesses as the analysis is carried out on a symmetric half-representative element. In this work, it
is preferred to use effective thicknesses for clarity. The relevant constitutive equations are reproduced

in Table 3.1 and scaled accordingly.

Most of the parameters required in Table 3.1 are available in the literature and are listed in Table 3.2
or Table 3.3. Similarly to Jalalvand et al. [169], the low-strain strength distribution average &1 was
considered equal to the strength o;. For NTPT materials, an approximate 1:1 relation can usually be
assumed between the ply thickness in pm and the prepreg FAW in g - m~2. As shown in Table 3.1, the
use of a tough resin is beneficial to delay delamination. Thus, the toughened TP415 from NTPT was
selected. Its mode II interlaminar toughness Gj. was characterized through Four-point End-Notched
Flexion (4ENF) tests [24, 198] carried out on 4 mm thick, 25 mm wide, and 200 mm long UD samples
made of 60g - m~2 34-700-TP415 plies. The results are reported in Figure 3.2. The nominal width
and gauge length of a UNT sample, respectively 25 mm and 150 mm, were used to determine the high
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Stress state in the low-strain ply

Stress state in the high-strain ply

Figure 3.1: Shear-lag model for interlayer hybrids. Reproduced with permission from [169].
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Table 3.1: Laminate stress for each damage mode. « is the low-to-high strain modulus ratio « = Er/Fy,
B is the low-to-high strain thickness ratio 8 = ¢1,/tg, Grrc is the interlaminar mode II toughness, K; is the
stress concentration factor caused in the high-strain material by the low-strain fragmentation, V' is the volume
of high-strain material implied in the fragmentation process and m is the Weibull modulus of the high-strain
material strength distribution.

strain material volume. The remaining values were assumed from the literature.

O.BW

0.5F B

04 .

Gy [kd.m?|

0.3 4

0.1 1

0 ! ! ! ! !
0 10 20 30 40 50 60

Crack increment [mm]

Figure 3.2: Gjj. characterized with 4ENF samples for the 34-700-TP415 system.

33



Multi-scale characterization and modeling of notched strength and translaminar fracture in hybrid
thin-ply composites based on different carbon fiber grades

Name Manufacturer FE [GPa] o [MPa] ¢ [%] pg-cm™3] o9 [MPa] m
HR40 Mitsubishi 375 4410 1.1 1.82
HS40 Mitsubishi 425 4610 1.1 1.85 6.544+0.25 5.40+0.78
M35J Toray 343 4700 1.4 1.75
T300 Toray 230 3530 1.5 1.76 3.79+0.16 4.75+0.63
34-600  Mitsubishi 234 4500 1.9 1.80
34-700  Mitsubishi 234 4830 2.0 1.80 4.66+0.14 5.244+0.57
T800S  Toray 294 5880 2 1.80
T1100S Toray 324 7000 2 1.79

Table 3.2: Commercial carbon fibers properties: longitudinal modulus E, strength o, ultimate strain ¢“*, and

density p according to the published datasheets; Weibull parameters oy and m according to [127]. Note that
the fiber properties differ from the laminate properties used is Table 3.1.

To achieve fragmentation, the material system must be chosen such that the fragmentation stress
is inferior to the delamination or failure stresses. At the same time, it is desirable to delay the
fragmentation as much as possible to not jeopardize the ply-thickness advantage with a low-strain
onset of damage. Furthermore, the pull-out length must be maximized to leverage the dissipation of
energy through pull-out. The pull-out length upper bound is defined by the maximal distance between
two successive fragmentation cracks. The aforementioned shear-lag model, which assumes an elastic-
perfectly plastic shear response for the matrix, associates this distance to the critical length [. over
which a broken layer recovers stress (see Figure 3.1). [, is related to the mean strength distribution

in the low-strain material, S L, and to the interface shear strength, 7, through Equation 3.5.

ortr
Ty

le =

(3.5)

Introducing 8 = %, the failure mode stresses, the predicted maximal pull-out length, and the tensile
properties were plotted as a function of v in Figure 3.3 and Figure 3.4 for different combinations of
carbon fibers available on the market. The predictions were done for a representative hybrid UD ply-
block that will serve as the building block for a multi-axis laminate, with a high-strain ply-thickness
of 100 pm. This choice allows for up to 50 pm of low-strain material before reaching the thin-to-thick

ply limit. In this case, v reaches 0.33.

For most of the considered materials, the high-strain material fails before fragmentation beyond these
a 7y value of 0.2. All the considered configurations fail before delamination between the two UD plies.
The pull-out length, which is directly linked to translaminar toughness [39], is mostly influenced by
the low-strain volume content. Indeed, the selected fibers must exhibit an adequate modulus ratio to

enable fragmentation. For instance, notice that the system 34-600-T800S reported Figure 3.3b will
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Parameter Description Value Ref.
m Laminate Weibull modulus 41 [126]
Grre Mode II critical ERR 550kJ - m™2 NA?
Ty Shear strength 73.6 MPa [84]

K, Stress intensity factor 1.08 [169]
L Sample length 150mm NA?
w Sample width 25mm NA?

& Measured

Table 3.3: Parameters used for the HR40-34-700 failure map.

fail before fragmentation. As a consequence, all the suitable low-strain fibers on the market exhibit a
similar strength. Thus, the most effective way of increasing the pull-out length to promote translam-
inar toughness is to increase the low-strain volume fraction 7 (see Equation 3.5). Thus, the most
favorable hybrid configuration appears to be the HR40/T1100S system. However, the T1100S is a
high-performance, expensive carbon fiber, and is not suitable for every application. Moreover, it is
noticed that hybridization leads to an important loss of predicted strength for the T1100S. Thus, it

is not necessarily the most optimal one in terms of toughness improvement and strength loss.

To select the optimal material system with respect to the maximizing of pull-out (and thus translam-
inar toughness) and tensile properties, it is proposed to use a figure of merit by normalizing the
pull-out length by the loss of strength in the hybrid material with respect to the strength of the pure
high-strain material (Figure 3.5a). In addition, the stress at the onset of damage, i.e., the stress at

the fragmentation, is normalized by the predicted laminate strength (Figure 3.5b).

Figure 3.5a and Figure 3.5b show that the HR40-34-700 system is the most optimal among those
considered based on those criteria. Indeed, compared to the HR40-T1100S system, it provides sub-
stantially more pull-out length for the same loss of strength and the onset of damage is closer to the
failure of the laminate. In this regard, the T300-T800S and M35J-T800S are also very promising,
but the delayed onset of damage comes at the cost of restricted design space to promote pull-out (as
shown by the highlighted “stable fragmentation” zones in Figure 3.3). Considering these elements,

the HR40-34-700 hybrid system was selected and has been characterized in this work.

3.1.5 Hybrid ply-block configuration

Equating any two equations from Table 3.1 for a given hybrid system defines boundary conditions

corresponding to the transition between the different failure modes (see Table 3.4). These equations
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Figure 3.3: Failure stresses in UD interlayer hybrids for different combinations of carbon fibers available on
the market (see Table 3.2), as a function of the low-strain volume fraction v and for a high-strain thickness ¢z
of 100 pm, predicted according to the equations reported in Table 3.1. For v = 0.33, the low-strain thickness ¢,
is 50 pm and the total ply-block thickness is 150 pm, the thin-ply upper bound. The first fibers are reported as
low/high strain fibers. Normalized for 50 % V.
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Figure 3.4: Tensile properties of UD interlayer hybrids for different combinations of carbon fibers available on
the market (see Table 3.2), as a function of the low-strain volume fraction « and for a high-strain thickness ¢ of
100 pum, predicted by RoM without accounting for the ply-thickness effect or the stress concentrator considered
by the fragmentation model. For v = 0.33, the low-strain thickness ¢, is 50 pm and the total ply-block thickness

is 150 pm, the thin-ply upper bound. The first fibers are reported as low/high strain fibers. Normalized for
50% V7.
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Figure 3.5: Hybrid system selection tools: (a) pull-out length achievable by fragmentation normalized by the
loss of strength compared to a pure high-strain laminate, and (a) stress at the onset of damage to strength
ratio. Incomplete lines indicate that the hybrid can not be fragmented beyond this low-strain volume fraction
5.

were implemented with a Python script to draw the failure map proposed by Jalalvand et al. [169].
The failure map for the HR40-34-700 system is reported in Figure 3.6.

Boundary Equation

t 2 E 1—
Fragmentation / Delamination L Grebn a(1—7)

2 S22 ay+1-—7v
Fragmentation / High strain failure % = 2V?/L (KS;Z'L o _al) T 1>

1 1

bt (2) . )
Delamination / High strain failure (%)(2 ) = (Ilj’y> 5% (2LW)% (2GIICEH)% (W)

Table 3.4: Failure map constitutive equations

Six different interlayer fiber-hybrid laminates were selected according to the failure map and are indi-
cated by symbols in Figure 3.6. The effect of fiber hybridization was assessed by varying the low-strain
volume fraction ~ from 14 to 33 %. To characterize the concurrent effect of ply-thickness, the same ~
is employed for different ply-block thicknesses. Finally, symmetric and asymmetric interlayer archi-
tectures are considered. Figure 3.7 outlines the differences between a symmetric ply-block where the
low-strain layer is embedded inside two layers of high-strain material and an asymmetric ply-block
where the low-strain layer is not embedded. Symmetric ply-blocks were used to promote fragmen-
tation. However, pseudo-ductility was not sought explicitly in this work as the difference between
the stress at fragmentation and the strength was kept as small as possible to maximize the onset of
damage. The asymmetric layup may promote secondary damage, such as delamination, thanks to the
increased modulus mismatch at the ply-block interfaces. It was therefore included in the test matrix.
Some hybrids are thick or unstable according to the failure map. They were included to identify

contrasting mechanisms. Additionally, to these interlayers hybrids, novel interyarn and intrayarn ar-
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Figure 3.6: Failure map for the HR40-34-700 TP415 system assuming a 1:1 relation between the FAW and
the ply thickness. The symbols depicted the interlayer hybrid configurations characterized in this work. The
pull-out length increases with the low-strain FAW and the stress at fragmentation increases with the low-strain
volume fraction -.

chitectures developed within the HyFiSyn project are characterized in chapter 6. They were designed

following the same principle.

To facilitate the interpretation of the results, a single nomenclature is adopted throughout this docu-
ment to identify the hybrid configurations. The latter is detailed in Figure 3.7. Its first letter denotes
the type of sample: “B” refers to baseline samples, “L” to interlayer hybrids, “Y” to interyarn hybrids,
and “C” to intrayarn hybrids. The following number indicates the configuration number. The com-
bination of these two characters forms a unique identifier. The last letter tells whether the ply-block
is symmetric or asymmetric (optional, for interlayer hybrids only). The following superscript is the
low-strain FAW, and the subscript is the high-strain FAW. Finally, the preceding superscript corre-
sponds to the low-strain volume fraction . Additionally to this terminology, the same color code and

symbols are used for each figure.
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Figure 3.7: General nomenclature.

3.2 Experimental methods

This section introduces the experimental methods used in this thesis. First, the sample manufacturing

is presented. Then the testing methods and material characterization techniques are discussed.

3.2.1 Manufacturing

Following the material selection exposed in section 3.1, UD Grafil HR40 and 34-700 thin-ply prepregs
were used. The fibers were spread and pre-impregnated with TP415 rubber toughened epoxy resin by
NTPT. The exact nominal FAW was 29 g - m~2 and 60 g - m~2, respectively. Note that in the case of
the HR40 fiber, it corresponds to the lightest commercially available tape. The prepreg resin content
by weight was 37 %.

In addition to these standard thin-ply tapes, interyarn and intrayarn prepreg developed in collabo-
ration with Alexios Argyropoulos (other PhD student funded by Hyfisyn, working at NTPT) were
received. The interyarns were produced by tow-by-tow spreading, aiming for a FAW of 90g - m—2.
Interyarns improve the fiber dispersion and the hybrid design space in terms of low-strain material
ratio v with respect to the ply FAW. The yarn dimensions are directly related to the FAW and tex
of the tows. Here, the yarn width ranges from approximately 5 to 20mm. It was not possible to
reduce further this width. The intrayarns were obtained by calendering two very thin-ply of HR40
(15g - m~2) and 34-700 (30g- m~2 or 60g - m~2). One key aspect of calendered thin-plies is that the
tow-spreading does not have to be uniform as the tape uniformity is achieved when combining the
two tapes (non-uniformity is actually even favorable to fiber dispersion). Therefore, the hybrid design

space can be further optimized with very-thin plies. All the prepregs were supplied as 300 mm width

rolls.
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A QI stacking sequence was selected to characterize the laminate tensile properties as it is represen-
tative of practical applications and is sensitive to the in-situ strength effect. However, the +45° and
—45° plies often trigger secondary dissipative damage in the laminate and are not suitable to study
the dissipative mechanisms involved in the translaminar fracture process. CP laminates were therefore
preferred for the CT tests. The 90° plies bring stability to the 0° plies', ensure a ply-confinement to
enable the in-situ effect and have little influence on the translaminar fracture toughness as reported

by Frossard [39]. Moreover, they avoid splitting when laid at the surface, which is beneficial for DIC.

Thus, QI laminates were produced with a [45/0/ — 45/90], . stacking sequence and the CP laminates
with a [90/0], , stacking sequence. In QI, n was varied in such a way as to reduce as much as possible
thickness variations between the samples. However, due to the different ply-block configurations, these
variations are unavoidable. In the QI laminates, the 90° symmetry ply-block was not doubled to not
introduce transverse dominated damage. In the case of an asymmetric ply-block architecture, the
low-strain plies were removed at the symmetry plane to not induce residual stresses in the laminate.
As the failure of a QI laminate is not dominated by 90° in the absence of transverse cracking, this
should not influence the failure behavior. In CP plies, the symmetry was performed on the 90° ply as

the translaminar toughness is dominated by the 0° ply.

5 bar pressure

Output valve Non-perforated High-temperature
(-1 bar) PTFE film Breather l l l Thermocouple K vaccum bag Monitoring valve

PTFE layer Caul plate Laminate High-temperature

T T T sealer

Figure 3.8: Autoclave curing procedure.

The laminates (300 x 300 mm) were stacked by hand-layup on an aluminum plate covered by a PTFE
tape. Every two plies, a debulking of at least 10 min was achieved to remove entrapped air and ensure a
flat stacking. For the thinner plies, the debulking was even performed for every ply as the compaction
helped with the paper removal. Once stacked, a non-perforated PTFE film was applied to avoid resin
leaking during the curing. A breather was then added with a high-temperature vacuum bag and sealer.

The laminate was then debulked for at least 10h. A 10min drop test was systematically performed

10° plies are always aligned with the load in this work.
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to check the vacuum bag sealing. Two thermocouples K were applied at the vacuum bag surface
to monitor the temperature during the curing. The complete setup is described in Figure 3.8. The

laminate was then cured in an autoclave adhering to NTPT recommendations as shown in Figure 3.9.
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Figure 3.9: Autoclave curing cycle.

As highlighted by the micrograph reported in Figure 3.10, the aforementioned procedure achieved
good quality laminates, without visible porosities at this scale. A fiber volume fraction V; of 50 %
was targeted. The effective volume fraction of each laminate was calculated according to its total
FAW, as in Equation 3.6 [38]. The different samples characterized throughout this study were milled
from the laminates by water-jet cutting. No significant cutting damage resulted from this procedure,

as evidenced by optical observations and the CT-scan observations reported for instance in Figure 5.27.

Yo, FAW

Vi = =
Prl
pr : fiber density

t; : laminate thickness

Composite laminates are subjected to residual stresses [226], especially when cured at high tempera-
ture in an autoclave. They were estimated using eLamX? software [227] for a gradient of temperature
of 125 °C, from the post-cure temperature to room temperature. In the absence of data for the thermal
coefficient of expansion regarding the materials used in this work, the default values proposed by the
software were assumed. Namely, it was set to —5e~7 °C~! for the fibers in the longitudinal direction,
le=5°C~! in the transverse direction, and 6e 2 °C~! for the TP415 epoxy. The elastic properties were
obtained by Classical Laminate Theory (CLT). Thus, the values reported in Table 3.5 and Table 3.6

are approximations and should only be analyzed qualitatively.
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Figure 3.10: 33LlAgg micrograph centered onto the symmetric central ply-block. The two different shades of
grey indicate the HR40 and the 34-700 fibers.

Overall, the residual stresses are predicted to be in the range of 20 to 50 MPa, which is similar to
the values reported for other composites [226]. They represent 5 to 10% of the expected laminate
strength. The 0° plies are loaded in tension in the longitudinal direction, thus the effect on laminate
strength is negative. Furthermore, it is worth noting that the mismatch of residual stress between the
0° ply-blocks and the 90° ply-blocks is much more important in asymmetric ply-block layups. Thus,
it may further promote delamination and secondary damage in these laminates, but also reduce the
onset of damage. Note that the results reported in the following chapters do not account for the

residual stresses.

Ply [MPa] Laminate [MPa]
Material Orientation FAW Longitudinal Transverse 0° direction 90° direction
34-700 0° 120g-m~2 25.3 —23.2 25.3 —23.2
HRA40 0° 60g-m 2 46.4 —23.2 46.4 —23.2
34-700 90° 120g-m > 16.9 —22.9 —22.9 16.9
HR40 90° 60g-m~? 32.3 —22.9 —22.9 32.3

Table 3.5: Residual stress predictions for 33L3A?go layup.
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Ply [MPa] Laminate [MPa]
Material Orientation FAW Longitudinal Transverse 0° direction 90° direction
34-700 0° 60g-m? 21.4 —23.2 21.4 —23.2
HRA40 0° 60g-m~2 39.9 —23.2 39.9 —23.2
34-700 0° 60g-m~? 21.4 —23.2 21.4 —23.2
34-700 90° 60g-m 2 18.2 —23.1 —23.1 18.2
HR40 90° 60g-m2 34.6 —23.0 —23.0 34.6
34-700 90° 60g-m~?2 18.2 —23.1 —23.1 18.2

Table 3.6: Residual stress predictions for 33L4S?go layup.

3.2.2 Translaminar toughness testing

The mode I translaminar toughness of the 0° plies G?c was characterized using the CT test described by
Frossard [39] on CP laminates. GY, was then calculated from the CP laminate translaminar toughness
using Equation 3.7 [51, 179, 228] where t/*™, t9 and t%° are the laminate thickness, the total thickness
of 0° and 90° plies, respectively. G2 corresponds to the mode I intralaminar toughness and was
not characterized in this study and was neglected due to its limited influence. Indeed, the intrinsic
mode I intralaminar toughness of 90° plies was shown to be at least one order of magnitude lower
than the mode I translaminar toughness of 0° plies in M40JB-TP80ep samples [39]. Neglecting it in
Equation 3.7 led to less than 2 % error. The same behavior is assumed in this work and the reported

toughness values are the ones of the CP laminate.

lam lam 90 90
t GIC - t GIC
tO

Gl = (3.7)

As previously mentioned, the CT specimens (60 x 65 mm) were produced by water-jet cutting accord-
ing to the geometry reported in Figure 3.11 from a CP laminates with a 4 mm nominal thickness. As
reported in section 2.4, alternative geometries may be more advantageous, but the possibility of direct
comparison with the previous work of Frossard [39] was privileged. The specific circular cut at the
beginning of the notch is used to mount a clip gauge. Initial cracks were machined in the specimens
using a diamond wire with a diameter of 0.125mm to achieve an initial length a¢ ranging from ap-
proximately 18 to 25 mm. This resulted in a ratio { (see Figure 4.1a) ranging from 3.5 to 4.9, which
is similar to the one adopted by many authors [39, 50, 51, 178, 186, 191]. The initial crack geometry
was verified after milling by optical geometry, as depicted in Figure 3.12, and the exact dimensions of

each sample are reported with the results.

Due to the laminate thinness (compared for instance to the 10 mm thick samples used by Frossard

[39]), a numerical buckling study was performed to verify that the crack could propagate without
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65 mm

w~
Al

60 mm

Figure 3.11: CT sample geometry.

risking buckling. In details, an eigenvalue buckling analysis was implemented in Abaqus to identify
the critical load as a function of the crack length. The obtained values were compared to experimental
ones measured during a preliminary testing. A safety margin of at least 50 % was achieved. This
avoided the need for an anti-buckling device proposed by several authors [186, 191]. Using such a

device would have complicated the full-field acquisition.

The displacement fields were monitored using a commercial stereo-DIC setup provided by Correlated
Solutions. Image correlation was performed with Vic-3D [229] version 8.6.3 software. Good practices
recommended by Correlated Solutions and in the literature [230] were adopted, but no further DIC
optimization was performed. Pictures were acquired by two 5Mpx Grasshopper3 GS3-U3-51S5M cam-
eras equipped with Schneider Tele-Xenar 2.2 70 mm focal lenses, placed at approximately 800 mm from
the specimen and with approximately 60 mm between the two cameras, defining a stereo-correlation
angle of 4°. The system calibration was achieved with the maximal aperture, and the aperture was
then reduced to increase the depth of field. The exposure time was set to 10 ms and the acquisition
rate to 2 Hz. The former allows for a loading rate up to 2mm-min-! without pixel blurring. While the
latter may seem slow compared to the crack propagation dynamics, the critical ERR is evaluated just

before the crack propagation. Therefore, no more than 500 ms elapses between the crack propagation
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[1]134pm

(a) (b)

Figure 3.12: Details of a CT specimen pre-crack with (a) the initial crack length ag and (b) the crack tip
diameter.

and the picture acquisition. Considering the loading rate of 0.5 mm-min™!, the error made on the
displacement at the pins is, at worst, 4.16¢™> mm. It represents 2.1e* % of the typical displacement

at which the crack starts to propagate (see Figure 4.10a).

A speckle was applied at the sample surface by spraying a thin layer of white matt acrylic paint fol-
lowed by rubber stamping of black ink. An example is shown in Figure 4.9a. The rubber stamp from
Correlated Solutions had a dot size of 0.18 mm and was applied several times with random orientations
until more than 50% coverage was obtained (hence the obtained dots are roughly two times larger
than the rubber stamp dot size). The DIC setup resulted in an average pixel size of about 33 pm.
It corresponds to approximately 10 pixels per dot. Uniform lighting was obtained with two Nanlite

LumiPad 25 panels.

A hybrid stereo calibration was performed within Vic-3D to reduce the uncertainty which was ul-
timately reported to be on average less or equal to 2.2¢* mm and 3¢ mm in and out of plane,
respectively. An area of interest of approximately 35x60 mm was defined over the visible surface,
excluding the loading fixtures but including the DIC. The visible crack path for which correlation is
not possible was then discarded based on the correlation error. A subset size of 47 pixels, suggested by
Vic-3D, was used with Gaussian weights, optimized 8-tap, normalized squared difference, and exhaus-
tive search. This resulted in a distance of approximately 0.3 mm between each data point, totaling
about 20000 points. Finally, displacement fields were post-processed to remove rigid-body motions

and project them over the sample coordinate system.
Based on the data reduction challenges reported in chapter 2, a novel J-integral data reduction was

implemented based on the J-integral approach. This data reduction method is described in detail in

chapter 4.
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3.2.3 Unnotched and open-hole tensile tests

QI laminates were used to characterize the UNT and OHT properties of the produced hybrids. The
UNT tests were carried out following ASTM D3039 guidelines and especially the parameters used
by Amacher et al. [38] and Cugnoni et al. [24] (at the difference of the stacking sequence which was
[45/90/ — 45/0], . in these works). The OHT tests were performed according to ASTM D5766-11

guidelines, but with a hole diameter to ratio of 5 instead of 6, due to manufacturing constraints.

S

The specimen dimensions were 250 x 25 x 2.5mm and are depicted in Figure 3.13. As for the CT
specimens, stacking constraints led to an actual thickness ranging from 2.3 to 3mm. 50 X 25 X 2mm
aluminum tabs (EN AW-5005) were glued under vacuum with Sicomin Isobond SR7100 mixed with
SD7105 hardener after a surface preparation by grinding, resulting in a gauge length of 150 x 25 mm.
Aluminum tabs were found to offer excellent performances in transmitting the load between the fix-
tures and the samples, and are more convenient to manufacture than the more traditional glass-epoxy

tabs.

250

a,

Figure 3.13: UNT and OHT sample geometries, including the aluminium tabs. The red lines depict the cut
view analyzed in CT-scan images.

The UNT tests were performed on a MTS 809 hydraulic tensile machine, under monotonic displace-
ment, at a loading rate of 2mm - min~!. The strain was monitored with HBM 1-LY-41-6/120 strain
gauges glued at the center of the sample with a cyanoacrylate adhesive (SCS Glue X2). The damage
development was monitored by AE acquisition performed with an AMSY-5 dual-channel from Vallen
Systeme equipped with two NANO-30 S/N749 probes. The probes were fixed at the two ends of the
gauge length. Thus, At filtering was performed to reject the acoustic events occurring outside of the

gauge length.

The OHT tests were carried out at the University of Bristol (United Kingdom) on a Instron 8801

hydraulic tensile machine, at a loading rate of 2mm - min~—!. The strain was monitored with a Strain
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Figure 3.14: Post-mortem fracture surface observations of **L4S%9,: (a) SEM observation and (b) optical
microscopy observation. See Figure 3.7 for interpretation of the specimen nomenclature.

Master DIC system (LaVision). Interrupted tests were also achieved by loading the samples to 95 %
of their strength, then unloaded and analyzed by CT-scan [192].

3.2.4 Fracture surface analysis

The pull-out length in CT specimens was investigated by analyzing the post-mortem fracture sur-
faces. SEM, confocal laser profilometry, and optical microscopy were explored. As highlighted in
Figure 3.14a, SEM provides high-resolution qualitative information about the fracture surface. How-
ever, it is not suitable for a systematic quantitative analysis. In this regard, optical microscopy
combined with stitching and depth composition features offers a better trade-off between scanning
speed, size of the scanned area, and ease to derive quantitative data (see Figure 3.14b).

Figure 3.15 explains the post-mortem analysis strategy implemented in this work. The upper and lower
fracture surfaces were observed under 200x magnification with a VHX-5000 Keyence optical micro-
scope. The stitching feature along with the depth-of-field algorithm was used to map in 3D the fracture

1

surfaces, resulting in approximately 20000 x 4000 pm surfaces, with a resolution of 1.055 pm - px~" in

the focus plane.

A typical crack profile is depicted in Figure 3.15 and illustrates the pull-out bundles observed at the
crack surface. The profile appears asymmetric with respect to the crack plane. This is due to the
failure of the optical microscope to resolve deep and narrow openings, due for instance to a lack of
light. To mitigate this issue, both lower and upper crack surfaces were observed. The positive bundles
observed at one surface are supplemented by the positive bundles observed at the other surface to

form the complete crack profile.

In practice, a crack plane was manually defined using the same 90° plies for both surfaces. Positive
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Figure 3.15: Typical fracture profile and simplified profile used to characterize pull-out bundles: (a) situation
on the CT sample, (b) optical microscopy observation and (c) top view od the surface.

pull-out bundles were then measured with respect to this crack plane. Due to misalignments and op-
tical artifacts, the profile matching from one surface to another is challenging. Each profile was thus
treated as an independent observation. The resulting statistical descriptor is in fact only accounting
for 50 % of the information. With this approach, matching the profiles is not required and the whole
procedure can be automated but the information may be lost about the small pull-out bundles close
to the crack plane, due to the incertitude regarding the crack position, and the distance between two

consecutive positive and negative bundles.

A Python algorithm was implemented to match simple steps with the profile as depicted in Figure 3.15.
Small features whose dimensions were below 50 pm were considered as noise and discarded. The
height, width, and probability of step occurrence were used as statistical descriptors to characterize
the pullout distribution for each material configuration. The developed lengths of the profiles were

similarly aggregated to characterize the overall crack dimension.

3.2.5 In-situ computed tomography

Time-resolved Synchrotron Radiation Computed Tomography (SRCT) were performed on two base-
lines, one interlayer, and one intrayarn configuration to clarify the failure mechanisms related to the
translaminar fracture of fiber-hybrid composites. The samples were produced based on the mini-
protruded CT specimen geometry proposed by Ahmadvashaghbash et al. [184]. The tests were carried
out by KU Leuven on their Deben CT500 in-situ rig equipped with a 500 N load-cell at the TOMCAT
beamline of the Swiss Light Source (Paul Scherrer Institut, Villigen, Switzerland).
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Chapter 4

J-integral data reduction methods

How to reduce the mode I translaminar toughness from Compact Tension
(CT) tests?

Publication: this chapter is adapted from the paper “Implementation and parametric study of J-
integral data reduction methods for the translaminar toughness of hierarchical thin-ply composites”

submitted to Engineering Fracture Mechanics.
The list of available data, codes, and publications generated for this work is available on Zenodo [204].

As exposed in chapter 2, the accurate derivation of the mode I translaminar toughness from experimen-
tal data is not straightforward. Most of the methods proposed in the literature rely on very restrictive
assumptions that are difficult to fulfill in composites or on indirect evaluation through FEM. In both

cases, many pitfalls may lead to an erroneous interpretation of the experimental data.

The most robust and reliable approach for quantifying a physical quantity is to measure it directly,
with as few assumptions as possible to not miss unexpected behaviors. In this sense, the experimen-
tal Compliance Calibration (CC) is ideal. Indeed, it directly uses the load, displacement, and crack
length values from the CT test. As such, it captures all the CT failure mechanisms, including the
non-linear ones. However, it requires a precise measurement of the crack length. This requirement is

very challenging to fulfill in composites, especially in the presence of a large FPZ.

The J-integral is another approach for the direct reduction of the translaminar toughness. It has al-
ready been well-documented in the literature and, thanks to its conservative assumptions, it is suitable
for a wide range of materials. However, behind the apparent simplicity of the J-integral equation, its
implementation is challenging and not well documented. Furthermore, many authors reported exper-

imental issues in measuring the displacement fields required by the J-integral.
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In this chapter, it is proposed to investigate three different J-integral formulations for deriving the
experimental translaminar toughness of composites from compact tension tests. An emphasis is placed
on materials exhibiting large-scale FPZ. The three methods improve the existing approaches by taking
advantage of stereo digital correlation to acquire full-field displacement fields. Noise issues reported
in previous studies are addressed by a field fitting procedure based on robust and efficient piecewise

cubic smooth splines.

Additionally, a novel crack tip extraction procedure is proposed to report the energy release rate as
a function of the crack increment, even if knowledge of the crack tip is not required for the proposed
J-integral method. The three methods are discussed in light of a parametric study conducted with
both synthetic and experimental data, including artificially noisy data. The study reveals that the
proposed J-integral methods are suitable for translaminar toughness evaluation of a wide range of
materials without the need for restrictive assumptions. However, variations in the propagation values
indicate that each formulation does not account for the fracture process zone in the same way. Finally,

guidelines are drawn to support the algorithms proposed as a Python package.

4.1 J-integral implementation

This section introduces the theoretical background and the parameters required to derive the J-integral
from a CT specimen whose displacement is monitored by DIC, regardless of the specific experimental
setup. It also provides a rationale behind some details of the J-integral implementation as a Python

script.

4.1.1 J-integral as a line integral formulation

The path-independent J-integral introduced independently by Cherepanov [196] and Rice [197] evalu-
ates the potential energy change seen by an arbitrary enclosed region, assuming a homogeneous solid
free of body forces and undergoing a 2D displacement field. When the enclosed region contains a crack,
the J-integral may be used to quantify the potential energy accumulated before the crack propagation.

It actually evaluates the energy required to propagate the crack, i.e., the material toughness.

The contour J-integral for a crack plane parallel to e; and perpendicular to ey (see Figure 4.1a) is
formulated as in Equation 4.1, using the Einstein summation convention. Note that the crack length

a is not required to derive the J-integral.

8’LL1'
J_,/Fwd€2_/ro-ijnj8€1ds (4.1)

where:
1,7 : planar cartesian indices
I" : enclosing contour

w : strain density energy
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o : planar stress tensor
: displacement field
n  : outward unit normal vector along I"

ds : infinitesimal arc length along '

Following Equation 4.1, no other assumption than material homogeneity is made. However, consti-
tutive laws should be assumed to derive the strain energy density and the stress tensor. Here the
J-integral is evaluated at the surface of a composite laminate. Therefore orthotropic properties and

plane stress conditions are assumed.

_ 3 -
W= ey ea 2e19 C €22 (4.2)
L 212 J
011 €11
o | =C | e (4.3)
| 012 | i 2e19 ]
_ F vo1 B4 0 _
C=1- ,,llzm visBy B 0 (4.4)
i 0 0 G2 (1 — viava1) |

DIC software usually provides the strain field €. It is, however, the result of calculations made on the
grounds of assumptions not always explicit and perhaps not adequate for this peculiar application.
Furthermore, should the displacement field not be perfect and subject to noise, proper pre-processing
is required before computing the strain. Therefore, in this work, it is preferred to directly derive the

strain field from the displacement field, which, under small strain assumption, gives:

1 8uz 8uj
EZ] - 5 (86]‘ + 8€1> (4'5)

While this formulation requires linearity over the evaluated contour I', the enclosed material may

exhibit non-linearity, including, for instance, delamination or crack splitting. Since the J-integral is
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Figure 4.1: (a) CT sample geometry and parametrization of the J-integral contours depicted as the shaded
area between dashed lines and the upper, lower, and post crack fitting area shown rectangles filled with different
colors; (b) illustration of the misalignment between the data points obtained from DIC and the regular grid
in sample’s referential over which the data are interpolated. The circle diameter scales with the normalized
distance to the first neighbor. The rightmost points are outside of the convex hull defined by the remaining
ones and are not interpolated.

path independent, any arbitrary contour may be used. The J-integral is, therefore, convenient to
characterize the toughness of composites that exhibit a complex FPZ, such as hierarchical thin-plies
or thick-plies with extensive pull-out. In the proposed approach, a rectangular contour is used by
convenience as depicted in Figure 4.1a. As the strain is formulated under the small displacement
assumption, the contour is evaluated over undeformed coordinates. Thus, the path definition is not
affected by the the specimen rotation, and the initial material orientation is used when deriving the
stress tensors. Importantly, different constitutive laws may be assumed according to the considered

material as, for instance, a quasi-isotropic laminate.

4.1.2 J-integral as a simplified line integral formulation

Frossard [39] proposed a simplified J-integral formulation valid when the contour is defined at the
edges of the sample, noticing that normal stresses at free edges are null. In this case, 011 and o9 are

null over segment CD and segment BC or DE, respectively, as illustrated in Figure 4.1a.

4.1.3 J-integral as a surface integral formulation

As proposed by Li et al. [231], the divergence theorem can be applied to Equation 4.1 to obtain a
surface formulation as in Equation 4.6. This formulation has been successfully implemented by Becker
et al. [201]. Here, ¢ is an arbitrary smooth function that translates the inner contour by the unit

length along the crack direction (i.e., e;) and vanishes on the outer contour. It may be interpreted as
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a virtual crack extension.

where:

1,7 : planar cartesian indices

: area defined by two enclosing contours
: strain energy density

: planar stress tensor

: displacement field

: Kronecker delta

: smooth unit translation function

R s 2 Qo8

dA : infinitesimal surface

As shown in Equation 4.1 and Equation 4.6, only the elastic constant and the planar displacement
field derivatives are required to apply the J-integral data reduction methods. The elastic constants are
obtained from usual laminate characterization procedures or assumed from datasheets, while DIC is
used to monitor the displacement fields at the sample surface. Implicitly, this approach assumes that
the specimen surface displacements represent the homogenized material behavior. This assumption
is reasonable as long the J-integral path does not include delaminated or damaged area. In prac-
tice, these conditions are met by using 90° outer plies the surface ply when the crack propagates,
and defining a path far enough from the FPZ. It is worth noting that for material prone to exten-
sive delamination, such as thick-ply composites, the delaminated area should be carefully monitored.
Looking for anomalies in the in-plane and out-of-plane displacement or strain fields may serve this

purpose.

4.1.4 Displacement derivatives calculation

Due to the derivative evaluation, the J-integral approach is very sensitive to displacement noise [201].
To overcome this shortcoming, the displacement fields are fitted by a piecewise cubic smoothing spline
as proposed by Frossard [39] and Cugnoni et al. [24]. It is achieved with the algorithm proposed by De
Boor [232] and implemented in the CSAPS Python package [233]. As cubic, it is twice continuously
differentiable and adequate to calculate derivatives. The natural property ensures that the second
derivative is null at the endpoint though this feature is not required for this peculiar application.
This algorithm was preferred to Scipy [234] spline fitting methods for computational performances
and for the ease of controlling the approximation made through the smoothing factor. This latter is
a parameter in the range [0,1], where 0 corresponds to the least-squares plane fit and 1 to the natural
cubic spline interpolant. Note that the smoothing parameter is normalized to ensure repeatability

between different datasets [233]. Finally, the displacement fields above the crack are fitted separately
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from those under the crack and those ahead of the crack to exclude the FPZ singularity as shown in

Figure 4.1a.

The CSAPS algorithm interpolates and smooths splines over regular gridded data. In practice, the
experimental displacement fields are usually not obtained over a suitable grid. For instance, Vic-3D
outputs the results in the camera basis defined by the pixel matrix, which differs from the sample
frame of reference as highlighted in Figure 4.1b. Moreover, once mapped over the sample frame of
reference, the displacement field is not regular anymore. A pre-fitting operation is therefore required
to interpolate the data over a regular grid. Here, it is achieved with the griddata method from Scipy
package [234]. The grid step size is chosen to minimize the distance between the DIC points and the
grid points. This approach effectively deals with missing data points as long they are inside the convex
hull defined by the set of input points. Otherwise, the missing points are not extrapolated to avoid

edge effects, and the grid size is reduced in order to be enclosed inside the convex hull.

4.1.5 Crack tip identification

As exposed in subsection 4.1.1 and chapter 2, the crack length a is not involved in the J-integral
derivation, and its measurement is not critical. The ERR is nonetheless traditionally reported in the
literature as a function of the crack increment Aa. Moreover, the crack tip position was used to define
the J-integral contour in the context of this study. The crack tip definition is ambiguous in the pres-
ence of a large FPZ, especially if based on manual optical observation interpretation. Thus, a bias-free
method is required to obtain an objective measure of the crack length. For instance, approaches based
on the strain field or local rotational field around the crack tip have been successfully used in the

literature [199].

Here, an effective crack length is defined based on the COD profile extracted from the displacement
fields. First, it is proposed that the upper and lower COD profile can be linearly fitted far enough from
the crack tip and that their intersection is a point that moves with the crack tip but is usually located
slightly farther. Thus, the position increment of this intersection can be seen as a good approximation
of the crack length increment Aa between two frames. This approximation is later corrected as in
Equation 4.7 to account for the non-linearity of the COD near the crack tip. This correction scales
the error committed on the crack length by the J. value. In practice, the correction term is evaluated

for the initial crack length ag, which is known.

corrected __ _ init _ ) \/Tc,z (4 7)
Qintersec — Qintersec — | Qintersec — @0 7, .
C

The COD profile should be extracted as close as possible to the crack plane while avoiding the noise
due to DIC edge effects and the zone affected by the crack tip. As a consequence, its extraction
implementation is iterative. A more straightforward approach involves identifying the inflexion point
introduced by the crack tip in a displacement profile evaluated parallel to the crack plane. The in-

flexion point position along e; is little affected by the position ey at which the displacement profile is
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evaluated and this method is therefore easier to implement. The displacement profile is extracted at
an arbitrary distance es from the crack plane and fitted with a piecewise cubic spline to evaluate its

second derivative.

These methods address the crack tip identification in the propagation direction referred to as e; in
this document. The identification in the eo direction is achieved by calculating the midpoint between
the CT upper and lower arm center of rotation, which are identified by querying the minimal ||ujus||
value. Note that the ERR may be reported more advantageously as a function of the COD 4 [186].
In this case, the COD is directly monitored with a clip gauge or by DIC measurement.

4.2 Numerical validation

4.2.1 Data generation

This section investigates the validation and robustness of the line, simplified, and surface J-integral
previously formulated. Synthetic DIC data were generated using a compact tension test FEM imple-
mented in Abaqus 6.19 (Dassault-Simulia)!. The analysis features a shell-element model of the 60x65
mm specimen used experimentally and whose geometry is reported in Figure 4.1a. A 2 mm symmetric

controlled displacement was imposed at the loading holes through kinematic coupling.

The singularity was introduced as quarter-point nodes (collapsed elements with a node parameter of
0.25) with a single crack-tip node, see Figure 4.2a. The model was meshed with CPS8R elements
using the free advancing front algorithm and a global size of 0.2 mm, resulting in an average distance
to the first neighboring node of approximately 0.1 mm. The material properties were defined as an
homogenized orthotropic CP laminate, representative of an experimental specimen (see for instance
Table 5.1). The displacement fields were extracted at each node, down-sampled with a 0.3 mm step
size to account for the experimental results presented in this work, and fed to the J-integral algorithm,
similarly to a DIC result. The 20, 30, and 40 mm crack lengths reported in Figure 4.2b exhibit a
FEM J-integral of 145.2, 65.1, and 34.6 kJ.m™, respectively. Note that these values correspond not

to actual crack propagation but to the J; values for a given applied displacement.

The displacement fields were additionally contaminated with additive white Gaussian noise to account
for more realistic data. For this purpose, error values were drawn from a zero-mean normal distribution
and added to each displacement component at each node. The distribution standard deviation was
set to the standard deviation of the correlation errors reported in experimental DIC setups. Namely,
2.2e* mm and le? mm standard deviations were used. The former is valid for the experimental setup
described in this work for which high-resolution cameras were used to monitor a regular CT specimen,

while the latter is an extrapolation to sub-optimal conditions such as an OCT sample with standard

I The Python script used to generate the model is available along with the Python package for reproducibility purposes
[235]. The figures presented in this thesis were obtained with version v1.0.0-alpha.1.
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Figure 4.2: (a) Details of the contours used to compute the FEM J-integral and (b) FEM J-integral results
that converge quickly when moving away from the crack tip.

resolution cameras.

Note that this noise generation suffers from a few shortcomings. First, the noise is generated for each
individual component, whereas the confidence interval is reported as an overall magnitude. Thus, the
generated noise is likely to be overestimated. Second, the noise is only applied to the displacement
fields. Finally, this procedure does not account for the spatial distribution of the noise, which is
likely with a DIC experimental setup, for instance when the lighting conditions are not truly uniform.

Nevertheless, it provides valuable insights into the robustness of the J-integral algorithm.

4.2.2 Results
Crack tip identification

The intersection and inflexion procedures were applied to the synthetic data to identify the crack
tip position as illustrated for the 30 mm crack length in Figure 4.3a, Figure 4.3b, and Figure 4.3d.
Specifically, both uy and ||ujusl| fields were used for the inflexion method. A Monte-Carlo approach
was used with 100 draws to account for the noise variability. The estimations reported in Figure 4.3c

were overall well-aligned with the true crack tip position.

Under optimal conditions, i.e, no noise or 2.2¢* mm standard deviation noise, the inflexion method
error was bounded by the grid data step size. Here, this error was less than 0.3 mm. As expected, the
intersection approach overestimated the crack tip position, here by approximately 2 mm. However,
the error on the crack length was reduced to less than 0.5 mm after correction according to the initial

offset and J; influence (see Equation 4.7).
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Figure 4.3: (a), (b) and (d) Crack tip identification for the 30 mm crack length case using intersection method
over ug, inflexion method over us and ujus, respectively; (c¢) Distribution of the error made on the crack tip
position for each method obtained with 100 Monte-Carlo draws, as a function of the artificial noise.

Under sub-optimal conditions, i.e, le?> mm standard deviation noise, the inflexion methods predictions
were heavily scattered over the whole range of data along e; direction. The high-level noise was the
source of sharp local variations in the displacement field which led to the presence of the maximal
second derivative at random locations. Thus, these methods still require further refinements, such
as noise filtering, to be suitable when working with noisy data. On the other hand, the intersection

method was very robust under sub-optimal conditions as the mean error remained below 0.5 mm with
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an interquartile range of 0.3 mm.

These findings result in recommending the inflexion methods as the best choice when ideal mea-
surement conditions are feasible. Indeed, they provide a fast and direct estimation of the crack tip
position and are convenient to implement. In comparison, the intersection method is implemented as
a more complex iterative procedure that identifies the proper COD profiles and converges toward an
intersection value. Furthermore, applying Equation 4.7 to calculate the correction term and obtain
an accurate crack tip position implies deriving the J-integral at least two times, the first time with
a guess value to approximate the crack length and the second time to evaluate J; with a contour
adequately defined. However, the corrected intersection method is more robust and more suitable in

practice, as shown in section 4.3.

Data fitting

Data fitting is arguably a crucial step when applying the J-integral reduction methods. The choice of
the smoothing value used by the CSAPS algorithm has a significant effect on the result as reported in
Figure 4.4. The error made on the Jr value, defined as error = W (here DIC refers to the
synthetic DIC data), was represented as boxplots function of the smoothing value for 2.2e* mm noise.
The remaining noise values produce similar results which are reported in Appendix A (see Figure A.1

and Figure A.2).

Overall, the three J-integral algorithms provided an accurate J estimation with less than 5% error
for any smoothing value between le? and 5e'. In detail, smoothing is beneficial in the presence of
noise, even under optimal conditions. Indeed, a smoothing value of 1 corresponds to the natural cubic
spline interpolant, which passes through each data point and fully captures both the noise and the
rough nature of the discrete displacement field. Thus significant errors are made when evaluating field
derivatives. However, the error increases when reducing the smoothing value too much (thus tending

towards a linear interpolation).

Qualitatively, a too-important smoothing effect fails to capture the local variations of the displacement
fields, especially at the symmetry line of the CT specimens. On the other hand, the local variations
are superseded by noise levels and smoothing is beneficial even if small field variations are lost (see
Figure A.2). Thus, a trade-off value of 1le! will be used. This value is only valid for this specific
dataset. A convenient method to control that the smoothing value is adequate is to plot the fitting
surface, as in Figure 4.9b, to evaluate overfitting or underfitting qualitatively. For a quantitative
validation, a convergence study of the J-integral value as a function of the smoothing parameter

should be performed as in Figure A.2.
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Figure 4.4: Boxplots of the error committed on the J-integral results evaluated at a safe distance from the
crack tip, as a function of the csaps smoothing value ranging from 0 to 1. Noise with 2.2¢* mm standard
deviation.

J-integral evaluation

A key property of the J-integral approach is path independence. Theoretically, J-integral evaluations
over any contour enclosing the FPZ yield the same result. However, in practice, the results are affected
for instance by edge effects, numerical singularities, and noise. Thus, a comprehensive numerical study

of the path parametrization (see Figure 4.1a) is proposed.

The three J-integral methods were evaluated over all the successive contour from the crack tip to the

sample edges by taking discrete values for offsets Aap, Apc, Acp, App, Apr and surface width
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(for line and simplified algorithm, the width is always null, see Figure 4.1a). The contours were kept
symmetric with respect to the crack, thus Aap is equal to Agpr and Apc is equal to Apg. This was
done for the 30 mm crack length case as the crack tip is approximately at the middle of the crack

propagation range.

Violin distributions [236] of the J-integral error as a function of these offsets are provided in Ap-
pendix A. Under no noise or 2.2¢”* mm noise conditions, the three approaches performed similarly
and provided distributions well centered around the true value for the majority of considered offsets
(see Figure A.3 to Figure A.8). The only caveat was to avoid contour close to the crack tip, and to
a lesser extent close to the sample edges, except for the simplified formulation that predicted correct
results only when segments BC and DE are close to the sample edge. Here, 5 mm from the crack tip

and 2 mm from the sample edges could be considered appropriate distances.

With high-level noise (see Figure A.9 to Figure A.11), the distributions were more scattered with
aggravated edge effects but remained centered within a few percent of the FEM value. The surface
algorithm was the most robust one. Increasing the width of the surface integral tended to reduce the
scattering at the cost of slightly underestimating the FEM value. The distributions also highlighted

that A¢p had minimal effect on the results and could safely be set to an arbitrary value.

The detailed effect of offsets A 4p and Apc was then investigated while Agp and surface width were
both fixed to 6 mm. The J-integral error as a function of offset AB and offset BC is reported as
contour maps for line, simplified, and surface algorithms under no noise, 2.2¢* mm noise and le™
mm noise (Figure 4.5, Figure 4.6 and Figure 4.7, respectively). The maps clearly highlight the crack
tip influence when offset A 4p was too close to the crack tip (close to 0 mm), as shown by the strong

gradient of J-integral values.

Interestingly, the offset BC value had almost no significant effect. An investigation of the J-integral
terms reveals that the main contribution for segment BC was by far traction forces —oao g—gdel. In
this numerical study, the variation of displacement us along e; direction was little impacted by the
crack tip. Thus, the position of segment BC was not significant. It also explains why Apc value
significantly affected the simplified formulation, as o9 is only null at the sample edges. Note that the
FEM did not account for the mechanisms such as fiber pull-out. Thus segment BC might require to

be evaluated further from the crack tip in an experimental setup.

Overall, the three methods were robust. They provided results within 10% error and path indepen-
dence when contour offsets were set to appropriate values as depicted in Figure 4.5 to Figure 4.7 by
shaded black rectangles. These results are aligned with the ones reported by Becker et al. [201] and
Bergan et al. [186] when comparing the surface and the line J-integral with FEM results, respectively.

Under sub-optimal conditions, the noise was found to aggravate the crack tip detrimental influence,
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Figure 4.5: Contours of the error incurred by the J-integral algorithm with respect to the FEM J-integral value,
as a function of offsets Ayp and Apc using (a) line, (b) simplified, and (d) surface methods, without noise.
(¢) Corresponding violin distributions obtained after constraining offsets Asp and Ap¢ to the recommended
range represented as a shaded black rectangle. The points stand for mean values and the error bars for the 99%
confidence intervals obtained by bootstrapping over 1e® iterations. The violin distributions are not normalized
by the number of points for better readability.

and J-integral results need to be evaluated further from it. The maps also reveal that the line J-
integral suffered from oscillations when the noise was significant, without clear indications that would
help identify the correct value (see Figure 4.7). The oscillations seemed to follow a spatial pattern
which may be related to the oscillations of the fitting splines. The surface algorithm was the most
robust one. However, the surface width limited the number of possible contours. In contrast, the line

method was evaluated over many more contours, leading to artificially thinner confidence intervals.

No correlation was found between the J-integral result and the cumulative nor the mean noise seen
along the integration contour. It suggests that noise has an indirect effect on the J-integral, for in-
stance, though derivative errors that would be affected both by the noise values and their spatial

distribution.

As the simplified formulation yielded correct results only when segment BC was defined at the specimen
edges, the same investigation was conducted with cropped data. Indeed, the displacement fields can
not be extracted at the edges with a DIC system and are, in practice, cropped. It is reported that
cropping the data by 2 mm had little effect on the simplified value, with at most 2% difference.
In this case, the most important source of error was the absence of data itself as the simplified J-
integral validity decreased with the distance to the sample edge. Therefore, according to Figure A.4,

Figure A.7c and Figure A.10, the DIC data may be cropped up to approximately 5 mm while still
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Figure 4.7: Contours of the error incurred by the J-integral algorithm with respect to the FEM J-integral
value, as a function of offsets A 45 and Apc using (a) line, (b) simplified, and (d) surface methods, with a le™2
mm standard deviation noise. (c¢) Corresponding violin distributions obtained after constraining offsets A4p
and Apc to the recommended range represented as a shaded black rectangle. The points stand for mean values
and the error bars for the 99% confidence intervals obtained by bootstrapping over le® iterations. The violin
distributions are not normalized by the number of points for better readability.
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providing results within 10% error.

4.2.3 Discussion

Using synthetic displacement fields generated by an Abaqus FEM, all three J-integral methods have
been shown to be reliable, even if the data are severely affected by noise. To achieve these results,
the J-integral should be evaluated far enough from the crack tip and use a suitable smoothing value.
In this numerical study, offsets A p an Apc of 5 mm and a smoothing value between le? and 5e!
were found to be a sound choice. However, these values may be affected by experimental parame-
ters like the FPZ size or the number of DIC points. They should therefore be checked for any given
application. To do so, plotting the J-integral results as a surface response function of contour offset

values is convenient for detecting steep gradients indicating the displacement field’s local perturbations.

The FEM does not account for an FPZ but only for an idealized crack tip. However, the overall path
independency of the J-integral indicates that it should remain valid if (i) the FPZ is encompassed by
the J-integral path and (ii) the J-integral can be evaluated far enough from the FPZ. This could be
verified numerically by further improving the FEM with, for instance, a cohesive law to account for
an FPZ.

The simplified J-integral and the surface J-integral perform better than the line J-integral in the sense
that they are less sensitive to noise under sub-optimal conditions. However, no physical criterion
was identified to identify the correct J-integral values when the algorithms oscillate between multiple
outputs. Sampling the results over a range of offsets far enough from the FPZ and the sample edges
addresses this issue, as the mean value was shown to be very well correlated with the FEM value. In
this way, the line J-integral sensitivity to noise is compensated by the possibility of evaluating it over a
great number of contours. On the other hand, the simplified formulation surface response exhibits very
steep gradients. This means that the results can only be evaluated on a few points, which increases

the risk of undetected errors.

Given these observations, it is proposed as good practice to systematically evaluate the J-integral over
all available contour offset combinations and report the mean and the confidence interval. When using
the simplified method, the segment BC should be evaluated as close as possible to the data edges (and
thus the sample edges). In this study, an offset Apc was found suitable from 2 mm before the maxi-
mal value to the maximal value. Using these guidelines, results were found to be in good agreement
with the FEM values obtained for each crack length as depicted in Figure 4.8. In the event that the
three algorithms do not agree, the surface formulation can be considered the most robust. However,
surface integration incurs by far the highest computational cost. As it is shown in section 4.3, the
line J-integral averaged over several contours provides very similar results and offers the best trade-off

between toughness evaluation performances and computational cost.
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Figure 4.8: J-integral results obtained for the 20, 30, and 40 mm crack-lengths implemented in Abaqus with
(a) 2.2¢* (b) and le? mm standard deviation noise. The crack tip position was estimated with the inflexion
method for the former and the corrected interception method for the latter. Notice that with the corrected
interception method, errors made on the J value for the initial crack length are propagated when estimating
the crack length of the subsequent points.

4.3 Experimental validation

4.3.1 Experimental methods

This section discusses the application of the J-integral data reduction methods described in section 4.1
and validated against synthetic data in section 4.2 to an experimental dataset. The following account
is based on the experimental results reported in chapter 5. Baseline B4%, has been chosen to illus-
trate the methodology. Indeed, this laminate is in the intermediate to thick-ply range. As such, it
exhibits a large FPZ, but without non-linearities or secondary damage that would make the interpre-
tation of the results more controversial. Notwithstanding, every specimen tested in this work could be
discussed in the same way. A typical CT sample with its speckle is reported in Figure 4.9, along with
an illustration of the fitted displacement field for °B4%,. For the record, the sample and laminate

properties are listed in Table 5.2 and Table 5.1, respectively.

4.3.2 Results

In the following subsections, the detailed results are reported for sample C (ap = 24.5mm). Similar
findings were observed for the remaining samples. Sample C exhibited a typical CT load-displacement
curve reported in Figure 4.10a. The load drops were used to identify the frames just before the crack
propagation. Due to the frame acquisition rate, it was often required to rather analyze the previous

frame, either because the crack was visually already propagated or the picture was blurred by the
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(a) (b)

Figure 4.9: (a) Illustration of a typical CT specimen with its speckle obtained by rubber stamping; (b) Sample
C experimental fitting surfaces obtained with a smoothing value of le™.

crack propagation dynamic. As previously discussed, this has little impact on the result.

Crack tip identification

The crack tip position estimations computed for each critical frame are shown as a function of the
applied load in Figure 4.11a. The crack lengths obtained by optical observation of the crack surface
are also reported. Overall, the load decreased with both the crack length and sample compliance
increase, as expected [51]. On the other hand, the three first propagation points exhibited a different
behavior where the load increased with the crack length (see Figure 4.10a). This behavior, which was
not observed for every sample, may be caused by an inappropriate initial crack tip radius. However,
the crack propagation was reported to be notch independent as long the radius is less than 250 pm for
cross-ply IM7/8552 CT specimens [178]. The apparent stiffness increase may thus be related to the

development of the FPZ in association with an R-curve effect.

Regardless of this finding, the intersection and inflexion methods are in relatively good agreement
with optical observation, as shown in Figure 4.11b, except when using ||ugp]|| field. The latter was
found to be more affected by sharp gradients when inspecting the second derivative. Especially, the
corrected intersection method values were particularly close to the optical ones with less than 1 mm
difference. Thanks to the use of 90° plies at the sample surface, the crack front position at the sample
surface could be identified without introducing too much bias. Thus, one may consider the corrected
intersection method as a proper indicator of the surface crack position for this material. Furthermore,

the COD profile taken far enough from the crack tip is the same at the sample surface and in the bulk
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Figure 4.10: (a) Typical load-displacement curve (sample C), a black marker indicates that a given point is
used for the J-integral analysis and the corresponding DIC frame number is reported; (b) Compliance calibration.

material. Therefore, this method provides an estimation of the average crack front position, which is
a better crack tip descriptor than the surface crack tip. X-ray computed tomography could be used
to confirm this assumption as in [192]. Consequently, the corrected intersection method was used to

estimate the crack tip position in the following results.

J-integral evaluation

A satisfying fitting of the experimental data was achieved with a smoothing value of le’! (see Fig-
ure 4.9b). As highlighted by Figure 4.12a, experimental samples may undergo a slight out-of-plane
displacement. This out-of-plane displacement, which may reach up to 10% of the planar displacement
(Figure 4.12b) was not interpreted as buckling but rather as the consequence of slight fixtures mis-
alignment. Indeed, they may induce torsion due to the thinness of the sample. As the out-of-plane
displacements remained confined at the free corners of the sample, the test was considered to still be

valid.

However, J-integral results were severely affected if the evaluation contour, especially segment AB
or EF encompassed an area with out-of-plane displacements. For instance, notice in Figure 4.13a
that there was a strong Jj. gradient when A p spanned from 9 to 16 mm with respect to the crack
tip. This range corresponded specifically to the sample area undergoing out-of-plane displacements.
Therefore, the guidelines expressed in section 4.2 were supplemented to restrain, if possible, the J-
integral evaluation to contours with less than 0.1 mm out-of-plane displacement, as represented by
the shaded black rectangle in Figure 4.12a and Figure 4.13. Additional ill-behaved cases have been

observed and reported in the supplementary information (Figure A.12 and Figure A.13), the same
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Figure 4.11: (a) Crack length measured by different methods as a function of the applied load for sample C,
and (b) comparison of these methods with respect to optical observations.

approach of defining a contour that did not pass by the problematic area was applied.

Applying these guidelines to frame 630 of sample C, the line and surface J-integral methods yielded
results in good agreement, slightly lower for the surface J-integral (see Figure 4.13c). The surface
J-integral formulation was the most robust one. The line J-integral produced more scattered results,
but this was compensated by the fact that it could be evaluated over a broader range of offsets and
averaged. Comparatively to these two methods, the simplified J-integral predicted roughly 5% larger
results. These results were in good agreement with the numerical study (see section 4.2). The same
procedure was then carried out for each sample.

Additionally, a comparative compliance calibration (CC) was carried out as in [51]. The equation
C=(M -a+ MQ)MS + Cy was fitted over the experimental compliance corrected by the setup com-
pliance as reported in Figure 4.10b, as a function of the crack length a obtained by the corrected
intersection method. The resulting ERR are presented in Figure 4.14. They confirmed that the line
and surface J-integral yield almost identical results for both initiation and steady-state Jj.. As high-
lighted in the figure, the steady state ERR Jr. s seemed to be affected by the initial crack length. For
instance, it was observed that according to the line J-integral, Jy s5 increased by 31.2% from ag = 24.6
mm to ap = 20.4 mm. The initiation J.; also increased by 19.7%, but too few experimental points

are available to conclude.
It was also observed that both the simplified algorithm and CC accounted for the same behavior, but

with an increase of respectively about 10% for the initiation value and about 30% for the steady state

value compared to the line or surface J-integral. This contrast was found for all the samples presented
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Figure 4.12: (a) Out-of-plane displacement and (b) in-plane displacement norm monitored by DIC for frame
630 of sample C.
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in this work.

Assuming that the FPZ is primarily the result of pull-out in the crack wake, an ERR plateau is reached
when the FPZ grows to its maximum potential length. As such, plausible [ppyz were reported in Fig-
ure 4.14. Due to the limited number of points before the plateau, the true lppy; might be different,
especially for the line and surface J-integral, which are affected by an outlier value at a Aa value of
approximately 3mm. Nevertheless, the FPZ size extrapolated from the J-integral R-curve is of the

same order of magnitude as the observed size of the zone affected by pull-out in Figure 4.15.

The toughness values reported in this work are for a CP laminate. For the sake of completeness,
it should be mentioned that the translaminar toughness of 0° plies can be calculated a posteriori
applying the RoM already defined in section 3.2 and recalled in Equation 4.8 [51, 179, 228], where
tlam 10 and t%0 are the laminate thickness, the total thickness of 0°, and 90° plies, respectively. J?g
corresponds to the intrinsic mode I intralaminar toughness of 90° plies. In M40JB-TP80ep samples,
it was shown by Frossard to be one order of magnitude lower than the mode I translaminar toughness
of 0° plies [39]. Neglecting it in Equation 4.8 led to less than 2% error. Following the same logic, the
translaminar toughness obtained with the line J-integral is approximately 129 kJ.m™? at initiation and

171 kJ.m™ at propagation.

tlamJlam _ t90J90
0
JIC = Lc to Le (48)

4.3.3 Discussion

Four CT specimens have been tested to characterize the translaminar toughness of a laminate that
exhibits a large FPZ through extensive pull-out. The three J-integral methods have been successfully
applied to derive the ERR. Among them, the line and surface yielded very close results and revealed
an effect of the initial crack length ag on the steady-state ERR J. 4. Even if the few replicas call for
caution, the contrast is significant and suggests that it is possible to reach a longer FPZ associated
with a greater Jr. ss when ag decreases. Therefore, the observed plateau can be interpreted as a virtual
upper limit, corresponding to a stop in the development of the FPZ due to the sample size rather than

as a true material property.

Interestingly, the simplified J-integral values were overestimated, similar to those obtained by compli-
ance calibration. Maimi et al. [188, 194] previously reported the same contrast between R-curve and
J-curve for high toughness samples. Then the same conclusion may be reached, that the compliance
calibration tends to overestimate the ERR when the sample is too small compared to the FPZ size,
but more data are required to confirm it. The compliance calibration relies on the LEFM theoretical
frame, and while its validity is questionable when working with large FPZ, the compliance was ob-

tained experimentally in this work and should capture the FPZ contribution.
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Figure 4.14: Experimental ERR Jj. for which a linear piecewise function has been fitted. The error bars
stand for the confidence interval of each individual point while the bands stand for the confidence interval of
the fitting, determined assuming a Student law.
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Figure 4.15: Detailed view of fiber pull-out in the wake of the crack.

On the other hand, the J-integral methods have been shown to be reliable in section 4.2, and the
displacement fields are of satisfactory quality. Only elastic constant values used in this work could
explain the contrast as they were derived by classical laminate theory. However, applying the same
calculation to a quasi-isotropic laminate yielded a modulus of 43.9 GPa, in excellent agreement with
the experimental value measured as 44.7+ 1.7 GPa. Following these arguments, the last possible cause
is the crack length a measurement required to derive the compliance. The challenge of defining and
measuring a, which increases as the FPZ gets larger, may very well explain the observed contrasts.
Moreover, inaccurate measurement of ¢ has a more significant impact on smaller samples as the change

of compliance is proportionally more important for a given crack increment.

It is worth noting that the simplified J-integral values were found to be close to those calculated by
compliance calibration, although no causal link has been established. The experimental results gath-
ered in this investigation do not permit conclusions to be drawn about the most accurate J-integral
method. However, the line and surface formulations provide similar results, although their formulation
and implementation are significantly different. This observation indicates that they are more suitable
than the simplified formulation. The latter adds the traction-free assumption, which overestimates
the J-integral results compared to line and surface approaches, possibly due to edge effects, especially
in an experimental setup where the sample edges are likely to undergo out-of-plane displacements.
These considerations suggest that the displacement field perturbations or fitting errors close to the

edge of the specimens are important factors that affect the J-integral calculation methods.

A FEM representative of the experiment, capturing the material toughness through cohesive ele-
ments, was implemented as detailed in section 7.3 to provide perspective on these results. Note
that the traction-separation laws were formulated to capture a Jr.; and a Jr.ss of approximately
60 kJ.m? and 80 kJ.m™2, respectively. Simulation increments were analyzed with the line and sim-
plified J-integral from the first load drop to simulate the discrete nature of the experimental crack
propagation. In addition, the compliance calibration method was applied based on the crack lengths
measured with the corrected intersection method. As shown in Figure 4.16a, the line J-integral and
the compliance calibration correctly captured the laminate toughness. However, the simplified formu-

lation significantly overestimated the values. Intriguingly, the J-integral did not capture the R-curve
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Figure 4.16: (a) ERR J;. obtained by applying the J-integral and compliance calibration methods with the
results of a FEM which captures the crack propagation with cohesive elements; (b) Corresponding compliance
calibration. The error bars stand for the confidence interval of each individual point obtained with the J-integral
approach.

effect, contrasting with the reported experimental results. Moreover, the choice of the csaps smoothing
value and the offset Apc values significantly influenced the J-integral result. These three observa-
tions are possibly due to the presence of the cohesive elements along the crack path, which disrupt
the displacement field, and should be investigated in future studies. Overall, they highlight that the
proposed J-integral approach requires a convergence study of its parameters for each new application.
Future works should investigate more systematic approaches to identify the adequate parameters.
Furthermore, each method should be used within their respective recommended contour parameters,

as defined in subsection 4.2.3 and section 4.3.2.

From Figure 4.16a, the compliance calibration may appear as more practical than the J-integral. How-
ever, its accuracy is the result of the excellent quality of the FEM data and the use of the corrected
intersection method to measure the crack length, as highlighted by the fitting in Figure 4.16b. Lastly,
if the crack length is perturbed with a random noise of £ 1 mm, the compliance calibration fails in
capturing the material toughness (see Figure 4.16a), although the compliance fitting is not strongly
affected (see Figure 4.16b). This confirms the interest of crack-length agnostic methods, such as the

J-integral, over the compliance calibration.

Finally, as mentioned in section 4.2, the computational cost of the surface J-integral is significant,
by far the highest one. This cost is negligible when evaluating the J-integral value over one contour.
However, the overhead becomes significant when evaluating several hundreds of contours per frame,

as in this work. For instance, analyzing the nine frames of sample C on a workstation equipped with
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an AMD Ryzen 9 3900X processor required about 160 s for both line and simplified J-integral (which
are evaluated simultaneously) while using the surface J-integral required roughly 1300s. While the
Python code could be optimized to address this issue, it demonstrates that the line and simplified

formulations are more suitable for live data reduction of the translaminar toughness.
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Chapter 5

Interlayer thin-ply fiber-hybrids

What is the impact of interlayer fiber-hybridization on thin-ply laminate

properties?

The list of available data, codes, and publications generated for this work is available on Zenodo [204].

This chapter reports the experimental assessment of interlayer fiber-hybridization as a strategy to
balance translaminar toughness and tensile properties in high-performance thin-ply laminates. The
reader is referred to chapter 3 for a detailed discussion of the material and testing methodology
choices. Here, the experimental results are shown first for the translaminar toughness characteriza-
tion in CP laminates and then for the UNT and OHT properties in QI laminates. The results are
discussed by emphasizing the competitive effect between the ply-thickness and the fiber-hybridization.

Investigated in this chapter

Baseline high-strain Baseline low-strain

00000090 00000090 Low-strain volume
0000000 00000000 - _ i 2
e00o0o0000 ecoco0o000 fraction [%) 20 LZS:];_gO I;I?“;Sttralfl ii\i\;[ﬁm 1]
igh-strain g.m"

Interlayer, symmetric

Interlayer, asymmetric ‘ ’

0000 ()
(J 00000 0000000
% ............ .......... ..... Conlf S A
idization: onfiguration: mmetric or Asymmetric
° 0000 000000060 Hybridization: g # Y Y

- B: baseline
- L: interlayer

00000000 00000000 .
00000000 00000000 - Y:interyarn
OO0 OO0 - C: intrayarn
(calendred)
Interyarn Intrayarn
e0000O0O0CO o0000O0O0OO0 Meaning: interlayer configuration 2 with a symmetric ply-block stacking made of
0000000 00000000 aver . Cers _ o .
000000060 00000000 one layer of HR40 (30 gsm) embedded between two layers of 34-700 (120 gsm) for

a low-strain volume fraction of 20%.

Figure 5.1: Interlayer hybrid nomenclature.
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Designa- Stacking Eq E-> G2 Viz Vi
tion [GPa] [GPa] [GPa] [%]
100B13° [(90"/0")_ /90"] 104.44  103.05 288 0.017  51.2
B28, [(0% /907, /07] 64.38 62.49 2.86 0.027  50.9
B3%50 [(903"/03") . /905"] 61.46 65.17 285 0.026  50.8
"B49g, [(90?/05)10 /905{]S 60.35 65.80 2.84 0.026  50.6
BLIAY [(907 /90 /0" j0) /90 /90F] 73.70 78.93 2.85 0.021  50.8
20,2899, [(907 /90" /90" /0™ J0F j0™) | /90H/90L]S 72.72 77.85 2.80 0.022  50.1
331,3A99, [(905’/905/05’/05)5 /905/90§]S 70.65 77.15 2.74 0.022  49.2
3314899, [(90H/90f5/90H/oH/oé/oH)5 /905’/905}3 66.99 72.09 2.78 0.023  49.7
HL5A3Y, [ (904" /90" /05 /0™, /905/905]5 61.78 74.27 2.82 0.023 504
201,655%, [(905" /905 /905 /03 /05 /05"),, /905‘/905/905/05/05]5 64.24 75.92 2.80 0.022  50.1

Table 5.1: Elastic constants for hybrids CT specimen laminates obtained by CLT [227] assuming the datasheet
properties published by Grafil.

As detailed in chapter 3, laminates were designed to optimize toughness, the onset of damage, and
manufacturability. High-strength 34-700 and high modulus HR40 continuous PAN-based carbon fibers
from Grafil were selected as high-strain and low-strain materials, respectively. They were spread to

60g - m~2 and 30 gsm, and pre-impregnated with TP415 toughened epoxy by NTPT.

For the record, six different interlayer fiber-hybrid laminates were selected according to the failure
map and tested. Their properties are summarized in Table 5.1. The effect of fiber hybridization was
assessed by varying the low-strain volume fraction v from 14 to 33 %. To characterize the concurrent
effect of ply-thickness, the same v is employed for different ply-block thicknesses. Finally, symmetric
and asymmetric interlayer architectures are considered. Figure 5.1 outlines the differences between a
symmetric ply-block where the low-strain layer is embedded inside two layers of high-strain material
and an asymmetric ply-block where the low-strain layer is not embedded. Thus, the interface between
two ply-blocks of different orientations is also an interface between the low-strain material and the

high-strain material.

Symmetric ply-blocks were used previously to achieve a stable pseudo-ductility [169]. However, pseudo-
ductility was not sought in this work. The asymmetric layup was used previously by Cugnoni et al.
[52] and may promote secondary damage, such as delamination, thanks to the increased modulus
mismatch at the ply-block interfaces. The investigation of an asymmetric layup is a key difference

from the work of Danzi et al. [56].
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5.1 Translaminar toughness

The CT test was retained to characterize the CP laminate mode I translaminar fracture toughness,
following the same procedure as Frossard [39] and fully described in chapter 3. The sample properties
are listed in Table 5.2. As the objective of this experimental study is to assess the influence of fiber
hybridization, the dimensions of the specimen were kept constant as much as possible to avoid size
effects. However, the requirement for a symmetric layup, as well as the constraint of batch man-
ufacturing for the prepregs, led to laminate thicknesses ranging from 3.6 to 4.4mm. Despite this

variability, all samples exhibit a fiber volume fraction Vy £50 %.

CT specimens (60 x 55 mm) were produced by water-jet cutting according to the geometry reported
in Figure 4.1 from 4mm thick CP laminate made by stacking 34-700 carbon fiber thin-ply prepregs
provided by North ThinPly Technology. 90° plies were laid at the sample surface to avoid splitting.
Initial cracks were machined in the four samples using a diamond wire with a diameter of 0.125 mm
to achieve an initial length ag ranging from 18 mm to 25 mm, as reported in Table 5.2.

Cracks were grown under monotonic displacement-controlled tests at a loading rate of 0.5 mm - min—!
on an MTS 809 hydraulic testing machine equipped with a 100kN cell force. The stiffness of the
loading chain was reported to be 20.8 kN - mm~! [39], approximately seven times greater than the
stiffest reported specimen (3.1kN - mm~!). This ratio ensures stable crack propagation. The cell
force reading was zeroed after installing the fixtures but before mounting the samples (their weight is
negligible). The samples were then manually aligned with the fixtures and slightly preloaded to a few

tens of N to ensure proper alignment.

5.1.1 Result overview

Figure 5.2 and Figure 5.3 present typical loading curves and typical R-curves, respectively. The re-
ported displacement was measured by the machine Linear Variable Differential Transformer (LVDT).
As the samples exhibit different low-strain volume fractions and laminate thicknesses, their apparent
compliance differs significantly. The loading curves are not linear before the first significant crack

propagation. Frossard [39] attributed this behavior to local in-plane shear plasticity around the crack

tip.

The propagation points are shown by a symbol in Figure 5.2. To be considered as crack propagation,
a load drop had to be accompanied by a significant change in the displacement fields monitored by
DIC, indicating a change in compliance and therefore a significant crack growth. The reported curves
for 33L3A%9, and 33L4S%Y, correspond to the respective sample C in Table 5.2. Tt is worth noting
that both sample exhibit the same low strain fraction v and a similar initial crack length. Therefore,
the significant change in the propagation loads shown in Figure 5.2b highlights qualitatively that an

asymmetric ply-block architecture dissipates much more energy than a symmetric architecture.
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Designation Sample ag [mm)] b [mm] Mass [g] Vy [%] S [kN- mm™1]
A 17.93 4.39 £ 0.03 23.0 51.2 3.12
IOOBlgO B 18.99 4.39 4+ 0.02 23.0 51.2 3.02
C 24.22 4.42 4+ 0.03 23.0 50.7 2.02
D 24.36 4.36 + 0.03 22.9 51.5 2.08
C 24.78 4.02 4+ 0.03 NA 50.6 1.92
OB20
60
D 25.02 3.97 £ 0.02 NA 51.2 1.93
A 18.38 4.02 4+ 0.01 21.3 51.4 2.71
B 18.37 4.07 £ 0.01 21.5 50.8 2.64
0Rq0
B3120
C 24.30 4.07 £ 0.02 21.4 50.8 1.64
D 24.33 4.02 + 0.02 21.3 51.4 1.76
A 20.33  4.14 £+ 0.02 21.9 50.7 2.32
B 20.38 4.09 + 0.01 21.8 51.3 2.16
0R 40
Bdiso
C 24.58 4.13 + 0.02 21.9 50.8 1.75
D 24.58 4.10 + 0.02 21.8 51.2 1.63
. . C 25.31 4.02 + 0.03 NA 51.0 1.80
33L1A30
D 25.46  4.04 £ 0.02 NA 50.9 1.68
A 18.23 4.15 + 0.01 21.9 49.8 2.69
20 30 B 18.19 4.16 + 0.01 22.0 49.7 2.53
L2S75,
C 24.17 4.10 £ 0.02 21.8 50.3 1.82
D 24.07 4.10 £ 0.01 21.8 50.3 1.87
A 17.90 4.26 + 0.03 22.5 50.2 2.67
B 17.91 4.25 4+ 0.02 22.5 50.3 2.64
Laag,
C 23.74 4.29 £ 0.02 22.6 49.8 1.99
D 23.89 4.20 £ 0.02 22.3 50.1 1.91
A 18.23 4.20 +£ 0.01 22.0 49.3 2.61
33 60 B 18.19 4.17 £ 0.02 21.9 49.6 2.80
L4ST5q
C 23.09 4.13+0.01 21.8 50.0 1.98
D 23.18 4.28 + 0.03 22.4 48.3 2.00
A 19.05 4.02 + 0.02 21.4 51.5 2.09
B 19.05 4.09 + 0.02 21.6 50.7 2.18
A%,
C 22.89 4.10 £ 0.03 21.6 50.6 1.79
D 23.04 4.04 £0.02 21.4 51.3 1.85
A 19.07 3.68 + 0.02 19.3 49.4 1.97
20 60 B 18.93 3.61 4+ 0.02 19.0 50.4 2.00
L6S540
C 25.05 3.58 + 0.01 19.0 50.7 1.39
D 24.83 3.62 4 0.02 19.1 50.2 1.35

Table 5.2: Interlayer hybrids CT specimens properties, measured according to the methods described in
chapter 3. S is the sample stiffness at the first crack propagation.
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Figure 5.2: Typical loading curves for CT tests: (a) baselines and (b) interlayer hybrids. The compliance
variation between samples before the first damage is due to differences in thicknesses (see Table 5.2).

Overall, crack propagation is not smooth and follows a “saw-tooth” behavior. Few propagation points
are available and make the result interpretation challenging. However, the samples never fail unstably.
Some hybrid samples (see for instance 33L4S%9, or 2°L6SSY,) exhibit a strong non-linearity after the
first propagation points. This behavior could indicate a failure by backend compression or buckling,

which were visually observed for most of the samples affected by this phenomenon.

In the case of backend compression, it was observed that the crack propagated suddenly to more
than 20 mm increment. In this case, the crack tip is at less than 10 mm from the backend edge. The
same behavior is also observed in samples exhibiting a more stable crack propagation. For instance,
Figure 5.3 shows that after approximately 16 mm of crack propagation, the configuration OBS?QO un-
dergoes a severe loss of its apparent toughness. In the case of buckling, the load increases up to the
triggering of the non-linearity without proper crack propagation. It is worth noting that buckling
concerns essentially 2°L6S5],. This hybrid ply-block FAW totalizes 300 g - m~2. Tt is established that
such a ply-block thickness is prone to transverse cracking and delamination in non-hybrid laminates
[38]. In both cases, this leads to the belief that the true propagation (or steady-state) ERR was not

systematically achieved.

Figure 5.3 confirms the trend already reported in chapter 4. The steady-state ERR increases with the
initial crack length ag, no matter the employed data reduction method, and this contrast increases
with the material translaminar toughness. In some cases, this apparent increase was attributed to the

clear apparition of secondary damage as analyzed is subsection 5.1.3. However, even configurations
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exhibiting a relatively low translaminar toughness and no secondary damage, as the baseline “B3%,,
show the same trend. A working assumption is that a smaller initial crack allows for developing a
larger FPZ. Consequently, the CT specimen may be large enough to generate a more developed FPZ
[192, 237].

An overview of the averaged initiation and steady-state ERR values measured in this work is presented
in Figure 5.4. Notably, it shows a clear linear and detrimental ply-thickness effect on the mode I
translaminar toughness for the 34-700-TP415 system which had never been characterized yet in the
literature (baselines °B23, to “B4Yy,). This scaling is aligned with those reported in chapter 2 and

especially the linear scaling law observed by Frossard [39] for M40JB-80ep specimens.

(a) Line (b) Surface

MWr—T—T—T—TT T T T 1T T T T T T T T T T L L L L L L L L L L L L L L L L LA

120 : - :

a;=18.4mm:J,; = 33.6 kJ-m'z_ ap=184mm:J;; = 32.1kJ-m”

100 Joss = 53.1 kJ:m? Joss = 50.6 kJ-m?

Uepz trpz
— —

60 i 4

. ® + nx
w0l + x & % - = T x o
p: H x % %X ' x X%

20 ~tepz E N Ra
— —

ERR [kJ-m?]

ag=24.3mm: J,; = 34.8 kJ'm? ap =243 mm: J,; = 33.7 kJ-m?
Joss = 45.7 kd-m? Joss = 44.4kJm?
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
(c) Simplified (d) cc
140 T T T T T T T T T T T T T T T T7T — T T T T T T T T T T T T T T T T 17T
120 s - s
100k ap=18.4mm:J;; = 38.2kJm? | B ag=18.4mm:J;; = 44.6 kJ'm? |
Joss = 61.0 kd'm? Joss = 59.1kd'm?
“.‘E 80 ez ez
) - _— -
% '
x 1
* L ©
E 60 % o L + ° .
w 2 A
x % »:d
» &E&E/ i *
40 . - ES x A x|
H x
%
®
201 frpz N ~trpz % * N
ap=24.3mm: J,; = 40.2 kd'm? — ap=243mm:J,; = &2k0m?
Joss = 55.6 kd-m? Joss = 51.6 kd'm?
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
01234567 8 9101 1213141516 17 18 19 20 01234567 8 9101 1213141516 17 18 19 20
Aa [mm] Aa [mm]

° Sample B3-A, a,=18.38 mm A Sample B3-B, a,=18.37 mm -4 Sample B3-C, a;=24.3 mm 4 Sample B3-D, a,=24.33 mm ® Not valid

Figure 5.3: Typical R-curves obtained with baseline configuration baseline configuration "B3%,, using (a) line
J-integral, (b) surface J-integral, (¢) simplified J-integral, and (d) compliance calibration. Note that the marker
symbols do not correspond to the symbol used elsewhere to represent OB3(1)20-

5.1.2 Hybridization effect

The R-curve graphs such as those presented in Figure 5.3 report initiation, growth, and steady-state

values as an approximate bilinear function. This representation gives a clearer picture of the effects
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Figure 5.4: Baseline and interlayer hybrid ERR at initiation (dark colors) and steady-sate (light colors),
reduced with the line J-integral method.

but assumes a steady-state plateau and tends to hide outliers. A proper steady-state plateau was not
always reached in this work, and outliers are significant. It is hypothesized that some of the large
outliers correspond to secondary damage. Therefore, apart from the R-curve graphs, the initiation
ERR is defined here as the average of the values reported at the first propagation point for the differ-
ent samples. The steady-sate ERR is defined as the average of the values reported for a crack length

greater than the determined [ppy (see Figure 5.3).

These average values are reported as box plots for the baselines in Figure 5.5 and Table 5.3. First,
both initiation and steady-state ERR scale linearly with the ply-thickness as in Equation 5.1. The
OB3(1)20 sample is slightly off from the linear scaling but was only tested for large initial cracks with
two samples. The low-strain baseline 100Blg0 exhibits as expected the lowest translaminar toughness
as its fibers are more brittle and it is made of the thinnest plies. The initiation values obtained for the
34-700-TP415 baseline were 143 % higher for a ply-block FAW of 180 g - m~2 compared to a ply-block
FAW of 60g-m~2 (56kJ - m~2 against 23kJ - m~2). The propagation values followed a similar trend
with an average increase of 160 % (73kJ - m~2 against 28 kJ - m~2).

Ji = MEREty + CERE (5.1)

Figure 5.6 summarizes the results obtained for the interlayer hybrids, as a function of the ply-block
thickness. It reports the CP laminate translaminar toughness, which is representative of the 0° ply
translaminar toughness since G?g can be neglected in Equation 3.7. Overall, the interlayer hybrids

were found to scale with the ply-block FAW, indicating a predominant ply-thickness effect.

Nevertheless, the hybrid configurations diverge notably from the linear scaling of the baselines, some
being tougher while most of them appear weaker. This indicates different types of hybrid effects.

Qualitatively, this hybrid effect seems to be positive for two configurations: 33L3A?go and 14L5A:1J’g0.
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Figure 5.5: Baseline and interlayer hybrid laminate ERR box plots at initiation (dark colors) and steady-sate
(light colors), reduced with the line J-integral method.

Interestingly, these two configurations feature an asymmetric ply-block architecture. The figure also
highlights the high scattering of the results. This scattering is the consequence of testing two different

initial crack lengths which produce different results. This effect will be discussed in detail in subsec-

tion 5.1.3.
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Figure 5.6: Baseline and interlayer hybrid ERR box plots at initiation (dark colors) and steady-state (light
colors), reduced with the line J-integral method, as a function of ply-block FAW. * jittered for readability

However, the interpretation of these results is not straightforward as the introduction of low-strain
fibers in the high-strain laminate alters the expected properties. As exposed in chapter 3, the hybrid
effect is defined with respect to this expectation. For the translaminar toughness, both initiations and
propagation ERR are supposed to follow a linear RoM as in Equation 5.2 where each ply contributes
additively to the total laminate fracture toughness. This model was proposed by Pinho et al. [180]
and validated by Teixeira et al. [238]. However, it assumes that each ply behaves independently from

the other. This may be true in a CP laminate where the 90° plies isolate the 0° plies from each other,
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Line J-integral [kJ - m—2] Compliance calibration [kJ - m~2]
Designation Jrc,i Jie,ss  max (Jre,ss)” Jre,i Jre,ss  max (Jre,ss)”
19B13° 6.8+£2.2 7.6+£1.5 82415 11.1£16 106427 94426
B2, 229401  283+5.3 NA 312403  29.0+£7.7 NA
“B320 34.3+£08  484+5.1 531429 467409  52.6+8.0 59.145.0
"B4fso 56.1+£109 7324134  825+11.0 71.9+127 89.1+156 102.0+10.2
PL1AZ 206+1.1  246+£35 NA  260+1.3  31.4£56 NA
L2515, 30.9+104 351474 35.6+84 38.0+54  43.0+94 42.5+3.8
PL3AT, 429+11.8 679+155  70.84+19.1 51.0+52  73.1+£6.2 711453
PL4S%9, 26.0£9.2  31.6+7.0 32.6£8.2 355+55  40.3+9.1 422474
ML5ATR, 68.9+24.7 12944296 141.9+282 858+14.7 10944198 121.5+18.6
L6540 602+86 81.0+123  865+21.7 56.9+£1.8  839+34 88.5+1.8

Table 5.3: Interlayer hybrid ERR results. Values for a CP laminate. The reported uncertainties correspond
to the standard deviation. * maximal value obtained with a small initial crack, see subsection 5.1.3.

but it is not granted when the plies are part of the same ply-block. Therefore, deviations from a linear

RoM are expected and will indicate that the plies interact with each other, highlighting a hybrid effect.

Ihybria = vJL + (1 =) Ju (5.2)

To be meaningful, the RoM should incorporate the ply-thickness effect. Therefore, it is proposed to
modify the RoM formulated in Equation 5.2 by introducing the linear ply-thickness scaling defined
in Equation 5.1. On the one hand, the scaling may be achieved assuming that the whole ply-block
behaves as one ply. In this case, the toughness is scaled according to the whole ply-block thickness,
as formulated in Equation 5.3. On the other hand, the interface between the low-strain and the
high-strain material may be considered as isolating both sub-plies from each other. In this case, the
sub-plies behave in parallel and the toughness is scaled according to their individual thickness, as in

Equation 5.4.

Ihybria = VI + (1 =) Ju
Jr, = MLERR (tH + tL) + CERR (5.3)

Jg = MERR (tH + tL) + CIEIRR
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Ihybria = VI + (1 =) Ju
J, = MPEE (1) + CERR (5.4)

Ju = MR (ty) + CHRR

The linear scaling law for the HR40-TP415 system was not characterized. The values reported by
Frossard [39] for a similar system, the M40JB-80ep, could be used. However, they were found higher
than those measured here for the 34-700-TP415 system. Frossard used the simplified J-integral for-
mulation, which tends to overestimate the J value as compared to the line J-integral, and the fiber
and matrix system remains sufficiently different to explain the change. Thus, to apply the RoM above
and without the experimental scaling for the HR40 translaminar toughness, some assumptions need

to be made.

The HRA4O0 is a high-modulus fiber and is unlikely to exhibit a translaminar toughness superior to the
34-700 fibers when used in combination with the same epoxy resin. The 34-700-TP415 scaling law
can therefore be used as an upper bound for the HR40-TP415 system. Another possibility would have
been to estimate a linear scaling for the HR40 translaminar toughness, for example by considering it
as a ratio of the toughness of the HR40 but this could lead to large extrapolation errors for large ply
thickness as the only experimental point for HR40 is for the thinnest 30 g - m~2 plies. By comparing
the measured values of HR40 at 30 gsm versus the extrapolated values of 34-700 at the same ply
thickness, the HR40 to 34-700 translaminar toughness ratio would correspond to approximately 50 %.
However, this option was left aside as it was considered too approximative to support the following
discussion. Moreover, using the upper bound calculated by the 34-700-TP415 is a conservative as-

sumption to evaluate the hybrid effect.

As an illustration, the construction of the RoM is proposed for 1L5A3Y, in Figure 5.7a and for 33L3A%Y,
and 33L4S(1580 in Figure 5.7b. 33L4S?80 features a symmetric ply-block layup, thus the high-strain thick-
ness ty must be scaled accordingly in Equation 5.4. Indeed, the embedded plies of low-strain fibers
isolate the two plies of high-strain fibers and the high-strain material thickness is only half the total
high-strain thickness used in the ply-block in the case of a sub-ply scaling.

Figure 5.7a also reports the RoM obtained when assuming a 50 % scaling for the HR40 as afore-
mentioned. The hybrid effect is greater with respect to this scaling, thus the lower bound obtained
assuming the 34-700 scaling is reported in this work.

Figure 5.7b shows that the RoM with a sub-ply scaling successfully predicts the propagation ERR of
the 33L4S?80 hybrid configuration. This suggests that a symmetric ply-block layup does not provide
a quantifiable hybrid effect. This result must be nuanced as assuming a less favorable scaling law
for the HR40-TP415 system would lead to lower predictions. Moreover, this hybrid contains 33 % of
low-strain material. Consequently, the failure map does not predict a stable fragmentation for this

configuration (Figure 3.6). Therefore, the symmetric layup is not expected to have a positive effect on
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Figure 5.7: Graphical representations of Equation 5.3 and Equation 5.4 evaluated for (a) sample 14L5A:fgo and
(b) samples 33L3A?30 and 33L4S(1530 to predict steady-state ERR values. The individual symbols are outliers.

fragmentation. On the contrary, the asymmetric configuration 3*L3A%), shows a significant positive
hybrid effect compared to the sub-ply scaling RoM, but a negative effect compared to the ply-block

scaling RoM, except for few outliers.

This change is only due to the difference in ply-block architecture. CT-scans performed on OHT sam-
ples have shown that the asymmetric scaling can be related to more diffuse damage, as in Figure 5.27.
This could be explained by the increased mismatch in modulus caused by the hybridization at the

ply-block interface which may promote delamination. More details are discussed section 5.3.

As the RoM proposed in Equation 5.3 and Equation 5.4 depend on ply thicknesses, they output
predictions as a function of the low strain volume fraction v which are different for almost every
hybrid configuration. A plot compiling all these results would not be readable. Therefore, Figure 5.8
and Figure 5.9 respectively report the steady-state and the initiation ERR normalized by both types
of RoM predictions. They show that sub-ply scaling RoM is a lower bound for the J values while the
ply-block scaling RoM is an upper bound. Moreover, the ply-block scaling RoM is a better overall
predictor. For instance, it commits an average error of 21 % on the reported propagation values while
the sub-ply scaling RoM average error is 49 %. According to these results, only 14L5A°;’g0 provides a

positive hybrid effect with respect to ply-block scaling RoM for initiation and steady-state ERR.

5.1.3 Influence of the initial crack length

As highlighted for instance in Figure 5.6, the ERR distribution of several hybrid configurations is

highly scattered, with outliers exhibiting a significantly improved translaminar toughness. This vari-
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ability is explained by the length of the initial crack. As reported in Figure 5.10a and Figure 5.10b, an
initial crack length around to 18 mm (in blue) in 3*L3A%Y, and ML5A3Y, leads to a substantial ERR
increase. This improvement is directly correlated to the apparition of dissipative secondary damage.
As shown in Figure 5.10c and Figure 5.10e 33L3A%, exhibits crack branching. As the baseline B4y,
of equivalent ply-block thickness does not show crack branching, this mechanism could be attributed

to the fiber hybridization. Similarly, *L5A3, exhibits significant crack splitting as in Figure 5.10d
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and Figure 5.10f. There is no baseline 34-700 with a ply-block FAW of 210g - m~2, but a 30g - m~—?2
increase from the “B4%, baseline is unlikely to cause such a contrast in failure mechanisms. In such
case, the crack splitting could therefore also be attributed to an effect of fiber hybridization. It is

worth noting that both 33L3A%, and “L5A30, exhibit an asymmetric layup.

Furthermore, Figure 5.10a and Figure 5.10b show that the ERR for short initial cracks (in blue)
increased to a maximum before dropping catastrophically, corresponding to a failure in backend com-
pression or buckling. It means that the ERR plateau was never reached and further toughness im-
provements are likely to be achievable. Normalizing the maximal ERR values obtained during the
R-curve growth by the RoM predictions leads to positive hybrid effects up to more than 100 % as
reported in Figure 5.11.

Three working assumptions may explain the observed contrast between small and large ag. First, a
smaller crack length brings the crack tip closer to the loading axis, leading to a more uniform loading.
To investigate this hypothesis, a 3D FEM of the CT 14L5A:{’go samples was performed with Abaqus
6.19. A first model was defined with a short crack length of 18 mm and loaded with the force corre-
sponding to the first crack propagation (4.45kN). A second model featured a long crack of 23 mm and
was loaded to 3.28 kN. The resulting strain fields are reported in Figure 5.12 with an outer contour of
0.6 %. While the low-strain fiber ultimate strain is 1.1 %, the onset of damage was identified by AE

to be around 0.6 % in some hybrid QI laminates (see section 5.2).

The reported results show that the loading state is very different between a short initial crack length
and a large initial crack length. In the short crack configuration, it could happen that some distributed
damage may be generated around the initial crack tip location before the crack propagates. It could
lead to secondary intralaminar and translaminar crack nucleation. This difference may explain why
secondary damage is triggered in the first case. The distributed stresses around the crack in the short
configuration could be due to the 6mm cut-out (used to mount clip gages) that is becoming too close
to the crack starter. Thus a modification of the specimen geometry might help mitigate this effect.
Nevertheless, none of the baseline samples show evidence of secondary damage in short configuration,

highlighting a hybrid effect.

A second hypothesis is the existence of an interaction between the sample free-edges. Indeed, the crack
tip is very close to the pre-crack edges when the initial crack is short. As shown by the numerical
results (Figure 5.12), these edges interact with the strain field. Furthermore, cracks are known to
propagate from free-edge cracking [135]. However, the crack branching does not seem to be caused
by free-edge damage propagation and the crack splitting reported in Figure 5.10f appears at almost
ten millimeters from the free-edge. Furthermore, the CT specimens were milled by water-jet cutting.
The CT-scans performed on OHT samples obtained by the same process show that water-jet cutting

induces almost no damage at the sample edges (see Figure 5.27).
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Figure 5.10: R-curves obtained by line J-integral for interlayer hybrid (a) **L3ASY) and (b) L5A%S,; signif-
icant crack branching in (c) and (e) short initial crack **L3A%), specimens (note how the paint layer remains
intact otherwise); crack splitting in (d) and (f) short initial crack "*L5A%S, specimens; and (g) a crack branching
in a large initial crack 33L3A?80 specimen leading to immediate backend failure.

Finally, it should be noted that some samples did exhibit secondary damage with large initial cracks

as in Figure 5.10. However, the secondary damage apparition was immediately followed by a backend
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Figure 5.11: Maximal ERR corresponding to secondary damage normalized by RoM for interlayer hybrids.*
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or bucking failure and no related ERR increase was reported. The observed contrast may therefore
be explained by the sample size. With a large ag, the sample is not large enough to fully develop the

FPZ or fails instantly when secondary damage is triggered.
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(c) (d)

Figure 5.12: Longitudinal strain field predicted by FEM for (a) a short and (b) a large initial crack length;
absolute shear strain field for (c¢) a short and (d) a large initial crack length.

5.2 Unnotched Tensile (UNT) properties

Typical stress-strain curves are shown in Figure 5.13. No hybrids exhibit a stable and noticeable
pseudo-ductility. This either means that no fragmentation occurs or that it takes place at a stress
level that is very close to the material’s ultimate strength such that no load redistribution is possible.
The baselines exhibit slightly different moduli from each other. This is due to the symmetric stacking
sequence on the 90° ply without doubling it. In the 180g- m~2 ply-block baseline 0B4(1)80, there is in
proportion 25 % more fibers in the 0° direction than in the 90° direction. In the '°B13°, this ratio is

only 11 %.
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Figure 5.13: Typical stress-strain curves for QI UNT tests: (a) baselines and (b) interlayer hybrids.

5.2.1 Strength

An overview of the corresponding ultimate strength and stress at the onset of damage normalized to
a fiber volume fraction Vy of 50 % is provided in Figure 5.14. The onset of damage was obtained by
analyzing AE results as detailed in Appendix B. The 34-700-TP415 system offers a mild ply-thickness
effect as compared to the literature. For instance, the strength contrast when going from a FAW of
120g -m~2 (“B3Yy,) to a FAW of 60g-m~2 (°B2Y,) is only 5.8% while it was reported to be about
14 % for the T800-80ep over a similar range [24]. The toughened TP415 epoxy exhibits 4.89 % of
ultimate strain, far more than the 2% identified as suitable to enable the thin-ply effect by Cugnoni
et al. [24]. The observed mild size-effect could therefore be attributed to the fiber type or to the

fiber-matrix interface.

Normalized stress [MPa]

100g330 °B2g, B3y B4y, BL1AY 21,283, BL3A%, 31.48%,
Baseline Interlayer hybrid

Ply-block FAW [gsm]

Figure 5.14: Baseline and interlayer hybrid onset of damage (dark colors) and strength (light colors).
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Qualitatively, it is noticed that the onset of damage is triggered at lower stresses for the interlayer
hybrids. Indeed, the onset of damage corresponds either to low-strain fiber failures, delamination, or
transverse cracking which are likely to occur at a much lower strain than the ultimate strain of the
high-strain fibers. However, note that the ultimate strength to the onset of damage ratio is much
greater for interlayer hybrids. For instance, it is 1.1 for the baseline 0B4(1)80 but 1.5 for the interlayer
hybrid 3314899, with the same ply-block FAW. This indicates that while damage appears earlier in
interlayer hybrids, it is not critical and does not propagate unstably, allowing the laminate to carry

the load up to a stress value slightly inferior to the baseline.

The reduced scatter in strength for the interlayer hybrids are an additional indication that damage
occurs in the laminate before reaching its ultimate strength. When it does so, it fails in a more deter-
ministic fashion. This is coherent with the supposed apparition of broken low-strain fiber clusters or

fragmented plies acting as stress concentrators.

One noteworthy exception to these observations is the interlayer hybrid 33L3A(1580 whose results are
more scattered. Interestingly, this hybrid is one of the configurations reported to exhibit an increased
translaminar toughness in section 5.1 (along with L5A3Y, which was not tested in tension). This
improvement was associated with the triggering of secondary damage, such as crack branching. These
mechanisms are likely to be more stochastic than fiber failure and diffuse the damage in the laminate.

This interpretation may explain the observed lower and more scattered strength results.

In detail, the 34-700-TP415 strength was found to follow a linear scaling function of the ply-block
thickness as depicted in Figure 5.15. This observation agrees with observations reported by Cugnoni
et al. [24] for other systems. The stress at the onset of damage was found to be better described by
a 1/4/t scaling law. Again, this is aligned with the results reported in the literature, as the stress
evolution at the onset of damage with the ply thickness was shown to be described either by a linear
scaling or a 1//t scaling depending on the considered system or the onset of the damage monitoring
method. However, linear interpolation could also be suitable considering the scattering and the number

of points. These scaling laws are formulated in Equation 5.5 and Equation 5.6.

off' = —Mil'ty + Cif' (5.5)
onset __ _MI(ZInSEt 4 O?}Lset (56)

Vig
Figure 5.16 summarizes the strength results obtained for the interlayer hybrids. Unlike for the
translaminar ERR, clear deviations from the ply-thickness scaling are visible for both the onset of
damage and ultimate strength. This result indicates that the hybridization effect is the driving mech-

anism. As detailed in chapter 3, the RoM for strength is expected to follow the bilinear law expressed
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Figure 5.15: Baseline strength scaling.

in Equation 3.4 under displacement-controlled loading. In an idealized hybrid laminate without a hy-
brid effect, the low-strain fibers are expected to fail first. After their failure, the laminate either fails
catastrophically if the low-strain volume fraction = is too important or the high-strain fibers continue

carrying the load up to their ultimate strain.
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Figure 5.16: Baseline and interlayer hybrid QI onset of damage (dark colors) and ultimate strength (light
colors), as a function of ply-block FAW. * jittered for readability

As for the translaminar toughness analysis, an enhanced RoM is proposed to integrate the ply-block
thickness scaling (Equation 5.7) or a sub-ply block scaling (Equation 5.8). The construction of these
“bilinear” RoM is proposed in Figure 5.17 for interlayer hybrids 33L3A%Y, and 331.4S99,. The HR40-
TP415 system was assumed to follow the same scaling law as that reported by [24] for the M40JB
high modulus carbon fibers and 120ep toughened epoxy system. Note that even if assuming a con-
stant scaling for the HR40-TP415 (i.e., no strength degradation as the ply thickness increases), the

predictions are similar for the low content of low-strain material (7 < 0.4) due to the predominant
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effect of the high-strain fibers.
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Figure 5.17: Graphical representation of Equation 5.7 and Equation 5.8 evaluated for samples
33L4S?(2)0 to predict strength values. * jittered for readability

BL3A%, and

As shown in Figure 5.18, the interlayer hybrid strength was found to be from 10 to 40 % higher than

the RoM predictions, highlighting a positive hybrid effect even if it may be overestimated due to the

assumption made on the HR40-TP415 scaling law. The hybrid effect is observed to increase with

the low-strain volume fraction v and for the same =, the hybrid effect is stronger when the ply-block

architecture is symmetric rather than asymmetric.

The reported apparent positive hybrid effect is explained by two mechanisms. First, the interaction

between the low-strain fibers and the high-strain fibers prevents the former from forming unstable
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Figure 5.18: Strength normalized by RoM for interlayer hybrids.* jittered for readability

clusters of broken fibers[128]. This delays the low-strain material failure to a strain higher than the
one it would have reached alone. Consequently, it improves the laminate strength compared to the

RoM predictions.

This effect is clearly visible for hybrid 33L1A%8 in Figure 5.19 where the onset of damage is delayed to
a value higher than the one recorded for the low-strain material alone, and very close to the ultimate
failure strain of the HR40. Up to this strain value, there was thus no significant contribution to the
cumulative acoustic energy. Therefore, the broken low-strain fibers did not propagate into significant
damage. Reaching the same conclusion for 2’12839, 33L3A%Y, and 331.4S%, is less straightforward.

Indeed, the onset of damage occurs at a strain substantially lower compared to the HR40 alone.

However, these hybrids exhibit extensive delamination. In-situ free-edge observations reported in Fig-
ure 5.21 reveal that delamination was triggered at strain values in good agreement with the onset of
damage recorded by AE for 2°L2S3), and 3*L3A%,. In contrast, delamination appears much later
in "B4%, and is much less extensive. The delamination is therefore attributed to the presence of
HRAO0 fibers. Indeed, when scaling down the strain at the onset of damage for the HR40 plies, as in
Figure 5.20, it is found to be close to the strain at the onset of damage of the hybrid laminate. Note
that extensive free-edge delamination was also observed in *3L4S%),. Some free-edge delamination was

also observed in *L1AJY, but it remained confined to the outer skin.

Furthermore, Figure 5.19 indicates that 33L3A%, fails at the ultimate strain of the HR40 fiber. On
the one hand, this is remarkable considering its high content of low-strain material and the extent

of delamination reported in Figure 5.21. On the other hand, it suggests that critical damage in the
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Figure 5.19: Baseline and interlayer hybrid strain at the onset of damage monitored by AE (dark colors) and
failure (light colors), acquired with strain gauges, and compared to the HR40 ultimate strain (1.1 %) and 34-700
ultimate strain (2 %).
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Figure 5.20: Interlayer hybrid strain at the onset of damage monitored by AE, acquired with strain gauges
and normalized with respect to the scaled HR40 strain at the onset of damage. * jittered for readability

low-strain material was delayed up to the ultimate failure of the low-strain fibers. Therefore, fiber
hybridization can be seen as having the same effect as reducing the ply thickness on the low-strain
material strength. As the low-strain volume fraction increases, the laminate modulus increases. For
the same failure strain, it leads to higher strength and explains the reported increase of the apparent
hybrid effect with V;. Note that there should exist a low-strain volume fraction limit beyond which a

positive hybrid effect is not possible, but it was not reached in this work.

A second mechanism is at play. When the low-strain fraction is such that its failure does not lead to
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Figure 5.21: In-situ monitoring of free-edge delamination. The symbols on the load curves highlight the load
state of the sample when the pictures were acquired. For each sample, the first picture corresponds to the
first visible delamination. For 2°L2S%5, and **L3A%, the second picture corresponds to the laminate state few
moments before failure and highlights extensive but not catastrophic delamination in the outer plies.

the catastrophic failure of the hybrid laminate nor delamination [169], the high-strain fibers continue
to carry the load. This effect is reinforced by a higher dispersion that leads to a more gradual failure
of the low-strain material [150], as in symmetric ply-block architecture. For instance, 2°L2S39, is
reported to fail at a strain 10 % higher than that of the HR40 fibers. Similarly, >*L1A3) and 3314599,
fail at a strain slightly higher than the HR40. As the RoM predicts that their failure is dominated by

the low-strain material, it explains the apparent positive hybrid effect.
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The absence of load drops or change in modulus in the stress-strain curves (Figure 5.2b) shows that
the observed delamination was not catastrophic. Moreover, it indicates that no pseudo-ductility was
achieved. Nevertheless, the failure of 2°L2S3), well above the HR40 ultimate strain suggests that

fragmentation may have happened despite the extensive delamination.

From a practical point of view, a linear RoM on the laminate strength is more informative as it in-
dicates to designers if hybridizing two fibers provides better properties. As indicated by Figure 5.18,
this approach leads to a negative hybrid effect of a few percent. More interestingly, the scaled linear

RoM provides strength predictions within roughly 10 % of the reported values.
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Figure 5.22: Failure maps: (a) original failure map assuming 2% of ultimate strain for the 34-700 fiber as
specified by the datasheet and (b) updated failure map assuming 1.6 % of ultimate strain for the 34-700 fiber
as measured in QI UNT samples. * jittered for readability

Finally, Figure 5.19 indicate that the low-strain baselines reach at best 1.6 % of ultimate strain 7. This
represents a 20 % decrease with the value of 2% reported by the manufacturer’s datasheet, although
no extensive damage diffusion was observed for the 60 g - m~?2 baseline, indicating that the failure is
close to the one of the 0° ply. In comparison, the M40JB-80ep system reached an ultimate strain only
8 % lower than the fiber strain for a FAW of 75g-m~2, and 3 % lower for a FAW of 30g - m~2. This
is a key observation that implies that the failure map was designed with a significantly overestimated
strain value. An updated failure map for a strain of 1.6 % is shown in Figure 5.22. In this case, all
the configurations are expected to fail by low-strain failure, in good agreement with the experimental

observations.

100



Chapter 5. Interlayer thin-ply fiber-hybrids

5.2.2 Modulus

Figure 5.23 shows that the QI interlayer hybrid laminates follow a perfect linear RoM for their moduli,
as expected. The absence of deviations highlights the good quality achieved when manufacturing
the laminates, especially in terms of FAW uniformity and fiber orientation. It also indicates that
calculating the fiber volume fraction as in Equation 3.6 is a valid method. Moreover, the relative
volume fraction of low-strain and high-strain fibers can be confidently evaluated according to the
prepreg FAW for interlayer hybrids. Finally, it implies that modulus values can be used as an indirect

measurement of v for interyarn and intrayarn microstructures where the FAW value can not be used.
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Figure 5.23: Baseline and interlayer hybrid ERR at initiation (dark colors) and steady-state (light colors),
reduced with the line J-integral method, as a function of ply-block FAW. * jittered for readability

5.3 Open Hole Tensile (OHT) properties

The tests reported in this section were performed by the author at the University of Bristol (United
Kingdom) as part of his secondment here, except for the CT-scan that the University of Bristol per-
formed and reconstructed but were analyzed by the author. The author gratefully acknowledges Prof.
Michael Wisnom, Dr. Xiaodong Xu, and Xiaoyang Sun for their assistance with the experimental

work and analysis, and for making available their CT-scan resources.

The typical loading curves for the OHT specimens are shown in Figure 5.24. The samples were ob-
tained from the same laminates as for the UNT ones. Qualitatively, the load-displacement curves
are very similar for all configurations. This observation is confirmed by the OHT far-field strength
and notch sensitivity, which is defined as the ratio of OHT strength over the UNT strength, as re-
ported in Figure 5.25. The notch strength is almost the same for every configuration, including the
baselines. This result goes against the expectations and previous observations found in the literature.
Indeed, thin-plies are brittle and expected to be more sensitive to notch than thick-plies. For instance,

Amacher et al. [38] reported a 22 % decrease in far field strength when reducing the ply-block FAW
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from 150 g - m~2 (510 + 40 MPa) to 75g - m~2 (399 & 10 MPa) in M40JB-80ep samples.
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Figure 5.24: Typical load-displacement curves for QI OHT tests: (a) baselines and (b) interlayer hybrids.

Two different possible causes may explain this result. First, a sample width to hole diameter ratio of
5 (W/D = 5) was used while ASTM D5766-11 guidelines recommend a ratio of 6 as used by Amacher
et al. [38]. However, the rest of the dimensions are in accordance with the standard. Furthermore, if
the fracture process was purely driven by the circular hole, the failure would be purely brittle and the
notch strength reduction would theoretically reach a value of 3. The maximal value of 1.7 obtained for
the baseline B2, as shown in Figure 5.25 indicate that this is not the case. Finally, the post-mortem
observations of OHT specimens reported in Figure 5.26 clearly show a transition from a brittle-like
failure in samples exhibiting a low ply-block FAW and a low ~ towards a more diffuse failure in samples

exhibiting a larger ply-block FAW or a larger ~.

A second hypothesis is that as exposed in section 5.2, the ply-thickness effect is mild for the 34-700-
TP415 system. Thus, the contrast between intermediate ply-block thicknesses and thin-plies is not
as sharp as for the M40JB-80ep system, for instance. Indeed, the notch strength reduction of 1.5
reported for “B4Yy, is slightly inferior to the notch reduction of 1.7 reported for °B23,. In this case,

testing thicker ply-block laminates would highlight improved contrasts.

All in all, the fiber hybridization brings an apparent notch strength reduction improvement compared
to the baselines. While this outcome may appear as positive, it is only the consequence of two si-
multaneous effects that may be purely fortuitous. Firstly, the far-field OHT strength remains almost
constant, against all expectations. Secondly, the UNT strength of interlayer hybrids is lower than the

baseline one. Thus, the notch strength reduction decreases with the hybridization, but this does not
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Figure 5.25: Baseline and interlayer hybrid OHT far-field strength (filled symbols) and notch strength reduc-
tion (open symbols). Values normalized for 50 % V. * jittered for readability

correspond to an absolute increase of the OHT tensile strength.

To investigate the failure mechanisms at play, OHT specimens were loaded to 95 % of the ultimate
OHT load, then unloaded and analyzed with CT-scan. The results, reported in Figure 5.27, show a
clear suppression of damage in very-thin ply before the failure (100B130). As the ply-block thickness
increases, transverse cracking appears in the 90° and 45° plies (°B2J, to “B4%,), but no delamination
or debonding. It is interesting to note that a small longitudinal split of the 0° plies can be observed
near the hole, which has been found in the literature to cause a reduction of the stress concentration.
On the contrary, the formation of diffuse delamination and significant ply-block debonding and ply
pull-out (few mm) is observed in all interlayer hybrids, and to a greater extent in the asymmetric
ply-block architecture (33L3A%Y, and “L5A33,) which develop a FPZ up to 3mm in the 0° direction
before failure. This is confirmed by the post-mortem observations (Figure 5.26), where 0° pull-out is

visible for 33L3A%), and ML5A%Y,.

Nevertheless, these observed changes in failure mechanisms did not lead to a change in OHT strength
while it led to a change in propagation ERR in CP laminates (see section 5.1). In contrast to OHT
specimens, CT specimens allow for the development of a stable FPZ. The experimental results col-
lected in this work tend to indicate that the development of a large FPZ is required for interlayer
hybrids to exhibit damage resistance. Indeed, the initiation ERR values were found not significantly
improved by interlayer hybridization. This is aligned with the observations of [56] who reported no
positive hybridization effect in T800-HR40 interlayer hybrids. They used DENT specimens to char-
acterize the translaminar toughness. This specimen geometry is also not suitable to grow stable crack

propagation, thus a fully developed FPZ can not be established, which limits the R-curve effect.

Finally, the obtained results contrast for instance with those reported by Sapozhnikov et al. [225] for

pseudo-ductile carbon-carbon hybrids. It confirms that no significant pseudo-ductility took place, at
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(a) 100B180 (b) 0B220

(C) 0B3(1)20 (d) 0B4(1)80
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Figure 5.26: Post-mortem failure of OHT specimens.
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Figure 5.27: CT-scan of OHT samples after loading to 95 % of the OHT strength. The loading direction is
aligned with the vertical direction of the document.
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least for the baseline and symmetric hybrid specimens. For the asymmetric hybrids, the fact that a
large FPZ is observed could be considered as a sign of local pseudo ductility, but as pseudo-ductility
was not observed at the macroscale in UNT tests, it may be wiser to consider it as a large FPZ that
can develop stably thanks to R-curve effect. It is worth noting that all hybrid and thick-ply laminates
exhibit a longitudinal crack split at the apex of the hole (see Figure 5.27). This longitudinal split
cancels the stress singularity introduced by the hole. Thus, it makes sense that the OHT strength is

similar for hybrids and thick baselines.

5.4 Conclusion
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Figure 5.28: Ashby plot of the QI UNT strength with respect to the CP translaminar toughness of the
interlayer hybrids. The strength of 14L5A‘;’go was predicted according to the scaled RoM. M40JB-80ep reference
values: ERR from [39], strength from [38]. T800-80ep reference values: ERR from DENT tests [56] and [175]
assuming a similar behavior for the IM21 system, strength scaled from [24].

This chapter reported the results of the extensive experimental characterization carried out on in-
terlayer hybrids produced with 34-700 and HR40 carbon thin-plies, pre-impregnated with the TP415
epoxy. Overall, interlayer hybridization is an approach highly compatible with the existing manufac-
turing processes and was used to produce high-quality laminates with an autoclave. The reported

results highlight several key points:

o It is noticed that the thin-ply systems reported in the literature, notably by Danzi et al. [56]
and [24], follow a linear relationship between the QI UNT strength and the CP steady-state
ERR as depicted in Figure 5.28. The 34-700-TP415 system follows the same trend. Then, the
performance of fiber hybridization can be evaluated against this linear relationship. Most of the
interlayer hybrids are below the 34-700-TP415, indicating that the loss of strength caused by the
hybridization is not compensated by the gain of translaminar toughness. Only the specimens
exhibiting secondary damage for short initial crack have shown a large enough improvement
in ERR to improve this ratio. Note that the propagation plateau was never reached for these

specimens and that they may exhibit an even higher steady-state translaminar toughness.
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e Interlayer hybrids increase the design space for thin-ply composites, as the QI laminate modulus
follows a perfect linear RoM and can be tuned without varying the fiber volume fraction of

laminates.

« When the ply-block FAW is below 100g - m~2, the onset of damage of the laminate is delayed
up to almost the ultimate strain of the low-strain fibers, even for high + and asymmetric archi-
tectures (*L1AZY).

o Interlayer hybridization changes significantly the damage sequence as reported in Figure 5.29.
For the same ply-block thickness, the interlayer hybrids **L3A%), and 331.4S%, are reported to
trigger extensive delamination while “B4lg, does not. This effect is reinforced in **L3A%), that
exhibits an asymmetric interlayer. Consequently, these hybrids exhibit a substantial negative
hybrid effect on the onset of damage. The promoted delamination is attributed to an increased

mismatch of moduli at the ply-block interfaces.

e The reported hybrid configurations all fail for a strain superior or equal to the ultimate strain

of the low-strain fiber.

e The interlayer hybridization yields a substantial positive hybrid effect with respect to the scaled
bilinear RoM, even in thick ply-blocks and in the presence of extensive delamination. This is
attributed to the protective action of the high-strain fibers on the low-strain fibers, allowing
them to reach their ultimate stain while they would fail earlier in a non-hybrid laminate. This
is possible because, at the considered ply-block FAW, the HR40 ultimate strain remained below

the strain of the onset of damage in the high-strain plies.

e However the hybrid laminate ultimate strain always remained below the strain of the onset of
damage of the high-strain plies. This indicates that it was not possible to trigger proper frag-
mentation of the low-strain plies, in contrast to the prediction of the failure map (Figure 5.22a).
Note that the ultimate failure strain of the 34-700 laminates reached at best 1.6 % with 60 g - m~2
ply-block, far from the 2% value proposed by the datasheet. This indicates that this particular
material system can not achieve a full thin-ply effect as discussed in section 7.4. In any case,

the high-strain material never reaches the strain for which the failure map was designed.

e Consequently, the positive hybrid effect in the steady-state ERR reported for 33L3A?80 is cor-
related to the presence of delamination in the QI laminate and secondary damage in the CP
laminate Figure 5.29, but not to ply fragmentation. This effect is promoted by an asymmetric

ply-block architecture.

e The OHT tensile strength was reported almost unaffected by the ply-block FAW or hybridization,
although different failure mechanisms where observed by CT-scan. This finding is against the
state-of-the-art literature and suggests that another mechanism is at play. Further studies should

investigate it.
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Finally, interlayer hybridization comes with two major drawbacks. First, the fiber dispersion is limited.
Second, the hybridization increases the ply-block thickness and this is all the more true when low ~
is required. As a consequence, even in the presence of a positive hybrid effect, the interlayer hybrids
do not reach the outstanding properties of thin-ply composites, as highlighted in Figure 5.28. Thus,

interyarn and intrayarn fiber-hybridization will be investigated in the following chapter.
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Figure 5.29: Overview of experimental hybrid effects observed in this work. * jittered for readability
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Chapter 6

Interyarn and intrayarn hybrids

What is the influence of a more dispersed microstructure on the fiber-

hybrid composites?

The list of available data, codes, and publications generated for this work is available on Zenodo [204].

This chapter summarizes the experimental results for the translaminar toughness characterization in
CP laminates and for the UNT and OHT properties in QI laminates made of interyarn and intrayarn
fiber-hybrid thin-plies. Overall, the same chapter structure, as well as methods, are employed for di-
rect comparison. As such, not all the details are repeated twice and the reader is referred to chapter 5

and chapter 3 for a detailed discussion of the material and testing methodology choices.
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Figure 6.1: Interlayer hybrid nomenclature.
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Designation Stacking E, [GPa] E. [GPa] Gi2 [GPa] viz Vi [%]
19B13° [(90%/0%),, /90"] 104.44 103.05 288 0017 512
'B2g, [(0%/90™), /07] 64.38 62.49 2.86 0.027  50.9
°B3%,, [(905’/05’)15/905]S 61.46 65.17 2.85 0.026 50.8
B4y, [(907/057) ,, /905" 60.35 65.80 284 0.026 506
2y1%0 [(90/0), /90] 71.04 74.30 2.82  0.023 50
25y20%° [(90/0), /90] | 71.04 74.30 2.82  0.023 50
3y gts [(90/0),, /90] | 74.22 75.83 2.82  0.022 50
2001 [(90/0),, /90] _ 69.38 72.02 2.82  0.023 50
330215 [(90/0),, /90] _ 75.25 76.53 2.82  0.022 50

Table 6.1: Elastic constants for for interyarn and intrayarn hybrids CT specimen laminates obtained by CLT
[227] assuming the datasheet properties published by Grafil.

As aforementioned, laminates were designed to optimize toughness, the onset of damage, and manu-
facturability. High-strength 34-700 and high modulus HR40 continuous PAN-based carbon fibers from
Grafil were selected as high-strain and low-strain materials, respectively. In this chapter, they were
spread as interyarn and intrayarn tapes (see Figure 6.1) according to a manufacturing technique de-
veloped by Argyropoulos (NTPT). The main advantages of interyarn and intrayarn tapes are, besides
the improved fiber dispersion that may enable new effects, the possibility to achieve lower low-strain
volume fraction v compared to interlayer hybrids of similar FAW. Moreover, these novel materials
bring competitive advantages in terms of manufacturability as they are ready-to-process and do not
require complex stacking sequences, as reported in Table 6.1. It is worth noting that the manufactur-
ing parameters and fiber dispersion performances are not discussed in this thesis, instead, the reader

is referred to the work of Argyropoulos.

Three different interyarn and two different intrayarn fiber-hybrid laminates were characterized. They
are listed in Table 6.1. One current limitation of the interyarn process is the impossibility to divide
the tows. As a result, the low-strain volume fraction can not be reduced without spacing too much
the low-strain tows. For instance, the distance between two consecutive low-strain tows in 2°Y20% is
about 40 mm. This means that there is on average approximately one low-strain tow per ply in the
FPZ of a CT specimen.

Two different stacking strategies depicted in Figure 6.2 were investigated for the interyarn hybrids. In
25y1% all the plies along the same direction were overlayed at the same position. Therefore, all the
low-strain tows are aligned and the CT specimens were milled in a way that the overlayed tows are

approximately at the center of the crack propagation path. In 2°Y20%, the plies were stacked with
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an offset of approximately half the low-strain tow width. The latter approach is intended as a crack
deflection strategy, assuming that the neighboring 0° plies may interact with each other is the plies
are thin enough.

Besides these different stacking approaches, 2°Y1% and 2°Y20% are strictly identical (same ply-block
FAW, same stacking sequence and same number of plies). Finally, Figure 6.3 shows a micrograph of
the intrayarn 33C2%. It shows that the resulting microstructure is not a fiber-by-fiber one. However,

the fiber dispersion is better than in interlayer hybrids.
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Figure 6.2: (a) Overlayed and(b) offset schematic view of a CP laminate and the approximate position of the
yarns with respect to a CT sample. Yarns are not represented in the 90° direction. Note that in the offset case,
there is at least one yarn along the thickness of the laminate at any point due to the number of plies. Not at
scale.
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Figure 6.3: 3*C2% micrograph (by Argyropoulos).

6.1 Translaminar toughness

The CT test method was strictly identical to that employed for the interlayer hybrids (see chapter 5),
except that all the initial cracks were machined at a length of 18 to 19 mm, comparable to the smallest
lengths achieved in interlayer hybrids. Indeed, the translaminar toughness was shown to depend on
the initial crack length for interlayer hybrids and the short initial crack specimens exhibited secondary
damage while the long ones did not. Thus, the short geometry was deemed the most interesting to

characterize. As for interlayer hybrids, all samples exhibit a fiber volume fraction Vy of £50 %.

6.1.1 Result overview

Figure 6.4 shows typical loading curves for interyarn and intrayarn hybrids, and the propagation points
are indicated by a symbol. The reported displacement was measured by the machine LVDT. The load-
ing curves are not linear before the first significant crack propagation, similar to the CP interlayer
hybrids. The samples all exhibit similar apparent compliance and, thus the significant difference in
load at the first crack propagation qualitatively indicates a strong contrast in ERR. Compared to the
interlayer hybrids and baselines displayed in Figure 4.10a, the crack propagation is smoother, and
much more propagation points are available, especially for the interyarn hybrids. All in all, these
observations suggest that the hybrids presented in this chapter are more suitable to develop a stable

crack resistance.
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Designation ap [mm)] b [mm)]
25y 190 19.1240.06 4.20 £ 0.05
25y20% 19.87 4+ 0.27 4.16 £ 0.10
3ly3ts 19.23+0.34 3.8840.04
20017 19.2904+0.24 3.82+0.04
330015 19.344+0.25 4.03 4+ 0.04

Table 6.2: Interyarn and intrayarn hybrids CT specimens properties, measured according to the methods
described in chapter 3.

35 —@— 330y
—@— 200,75
sl —fe— 254,90
=88 wyy0%
—- s1yghs

25

Load [kN]

0 0.5 1 1.5 2 25 3
Displacement [mm]

Figure 6.4: Typical loading curves for CT tests on interyarn and intrayarn hybrids.

An overview of the averaged initiation and steady-state ERR values measured for the proposed hybrid
configurations is shown in Figure 6.5. Notably, it reveals that the interyarn hybrid results are com-
petitive in terms of translaminar toughness with respect to the baselines. Especially, it is remarkable
that the 90 g - m~2 ply-block 2°Y1%0 exhibit a better initiation ERR and a similar propagation ERR
than the baseline 0B3?20 whose ply-blocks are 30 g - m~2 thicker and do not contain HR40. The only
potential issue is the reduced difference between the initiation and propagation ERR.

It must be outlined that the J-integral data reduction methods rely on the material compliance tensor,
which is assumed homogeneous in chapter 4. This assumption is disputable for the interyarn laminates
that exhibit overlayed low-strain tows, especially for 2°Y1%° where they are separated by almost
40mm. Moreover, the elastic properties were homogenized at the laminate level, thus the elastic
properties of the samples are not guaranteed to be correct. However, the line J-integral measure
is sufficiently repeatable as shown in Figure 6.6a and Figure 6.6c. Furthermore, the CC method
reported in Figure 6.6b or in Figure 6.6d is not more repeatable and highlights a similar contrast

between 2°Y1% and 2°Y20%°. Therefore, the following analysis conducted with the line J-integral is
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Figure 6.5: Baseline, interyarn, and intrayarn hybrid ERR at initiation (dark colors) and steady-sate (light
colors), reduced with the line J-integral method.

considered as valid.

6.1.2 Hybridization effect

The R~curve shown in Figure 6.6 highlights the apparent lack of R-curve growth in interyarn speci-
mens. This is due to the important scattering of the propagation values with respect to the initiation
value. It is worth noting that the compliance calibration method seems to show a growing R-curve.

But due to the large scatter of the ERR data obtained with CC, this trend is difficult to interpret.

These average values are reported as box plots in Figure 6.7 and Table 6.3. This figure clearly high-
lights the deviation of 2°Y1% from the linear scaling of the 34-700-TP415 system. This indicates a
substantial positive hybrid effect. The remaining interyarn hybrids are also found to perform slightly
better than the linear scaling while the intrayarn specimens 2°C17° and 33C2% are mostly aligned

with it.

As for the interlayer hybrids, the ERR results were compared to the modified RoM formulations pro-
posed in Equation 5.3, with the difference that a sub-ply scaling is not appropriate for interyarn in
intrayarn hybrids (even if in this case, the intrayarn microstructure is closer to an interlayer hybrid
than a fiber-by-fiber hybrid). The construction of the RoM is shown in Figure 6.8 for 2°Y1%, following
the same procedure as exposed in chapter 5. Then, the ERR values were normalized by the RoM pre-

dictions and reported in Figure 6.10 for the initiation ERR and in Figure 6.11 for the propagation ERR.

Overall, a significant positive hybrid effect is observed for all the interyarn and intrayarn configurations
with respect to the scaled RoM for the initiation. The reported results do not highlight any trend with
respect to the low-strain volume fraction v. However, it is noticed that the overlayed stacking strategy

yields a slightly better hybrid effect than the equivalent offset stacking strategy. This suggests that
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Figure 6.6: Compared R-curves between line J-integral and CC.

the crack deflection approach produces a less contrasting effect. Nevertheless, it is worth noting that

both interyarn 2°Y1%° and 2°Y20% exhibit an initiation ERR at least two times higher than 3?’LlAgg,

the interlayer hybrid with the same ply-block FAW and the same low-strain volume fraction . Thus,

it can be concluded that the interyarn hybridization strategy is significantly more effective to improve

the translaminar toughness. The same conclusion can be reached for the intrayarn configuration as

the ERR is relatively well aligned with the 34-700 baseline, contrasting with the interlayer hybrids.

The toughening effect in the overlayed specimens is attributed to a massive bridging of the low-strain
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Figure 6.8: Graphical representations of Equation 5.3 evaluated for the interyarn hybrid 2Y1%° to predict
steady-state ERR values.

tows. This bridging is particularly visible during the crack propagation in Y3 specimens. Indeed,
the 45g - m~2 ply-block exhibit almost no fiber pull-out, thus the bridging low strain tow can be
distinguished easily as highlighted in Figure 6.9a. Moreover, the post-mortem observation of the
fracture surface of the same sample reported in Figure 6.9b shows no sign of extensive fiber bridging.
This indicates that either the HR40 tows were broken in the crack plane during the final opening of
the sample or that they were only deformed elastically.

The low-strain tow bridging accounts for the smooth loading curves shown in Figure 6.4 since it bridges
the crack up to the end of the propagation. It also explains the scattering of the reported ERR values,

depending on its exact location with respect to the initial crack-tip position.

Regarding the steady-state ERR, a negative effect with respect to the scaled RoM is reported for

3ly34 20017 and 33C2%. However, a positive effect is reported for 2Y1%° and 2°Y20%, with
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Line J-integral Compliance calibration

Designation Jr.; [kJ-m™] Jress [kJ-m™3] Jreq [kJ-mT?]  Jress [kJ-m™T?)

10030 6.8 +2.2 7.6+15 11.1+1.6 10.6 +£2.7
'B2J, 22.9+0.1 28.3+5.3 31.2+0.3 29.0+ 7.7
"B3%5 34.3+£0.8 48.4+5.1 46.7+0.9 52.6 + 8.0
B4y, 56.1 +10.9 73.2+13.4 71.9+12.7 89.1+15.6
y1%° 48.145.2 49.146.0 43.6 4+ 5.2 90.7 4+ 75.4
2y20% 39.1+£5.5 43.7+5.8 35.84+3.8 4894 7.8
3lygts 22.0+2.7 19.74+2.9 18.942.0 304477
20¢1™ 32.6 4 1.7 304449 30.0+£0.7 420479
330215 18.84+0.2 17.3+2.6 17.8+0.3 23.246.3

Table 6.3: Interyarn and intrayarn hybrid ERR results. Values for a CP laminate. The reported uncertainties
correspond to the standard deviation.
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Figure 6.9: (a) bridging and corresponding fracture surface(b) in a *'Y3* specimen.
respectively 27 % and 13 %. The negative effect is aligned with the results obtained for the interlayer

hybrids, as the relative low-strain volume fraction v combined with the ply-block thinness has a

detrimental effect on the propagation ERR in the absence of pseudo-ductility.
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ability

6.2 Unnotched Tensile (UNT) properties

The QI specimens reported in this section were manufactured by NTPT and tested in collaboration
with Argyropoulos. The manufacturing methods employed by NTPT differed slightly from those ex-
posed in chapter 3. Notably, NTPT used preforms, and the symmetrical 90° ply was doubled. This

is unfortunate since it promotes transverse cracking and delamination in the specimens. Thus, the
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reported initiation value should be considered with care. Additionally, the tabs were made of carbon
composite instead of aluminum. This point had no noticeable consequence on the tests. Finally, the
interyarn hybrids were produced with a random position stacking for the tows, and the specimens
were milled with a circular saw instead of water-jet cutting. Thus, the reported configuration is closer
to the 25Y20% architecture than the 2°Y1%,

Typical stress-strain curves are shown in Figure 6.12. It can be observed that some of the 2°C17
specimens exhibit a slight non-linearity before the failure. As this configuration is the closest to the

fragmentation zone of the updated failure map, this may be due to fragmentation (Figure 5.22b).
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Figure 6.12: Typical stress-strain curves for QI UNT tests on interyarn and intrayarn hybrids.

6.2.1 Strength

An overview of the corresponding ultimate strength and stress at the onset of damage normalized to
a fiber volume fraction Vy of 50 % is provided in Figure 6.13. The onset of damage was obtained by
analyzing AE results as detailed in Appendix B. Qualitatively, it is noticed that the onset of damage
is triggered at lower stresses for the interyarn and intrayarn hybrids. As aforementioned, this result
is difficult to interpret due to the doubled 90° ply. For instance, the central ply delamination was
observed in a 2°C17 specimen as shown in Figure 6.14, however, this visible event took place at a
strain much higher that the stress at the onset of damage reported by AE. The AE may have picked
up early transverse cracking of the double 90° ply. Furthermore, the apparition of the delamination
at the free edge correlates with the aforementioned loss of linearity, indicating that the non-linearity
can not be attributed to pseudo-ductility. Overall, the hybrid strength is found comparable to most

of the baselines. Especially, 2°Y20% and 2°C17 strengths are very similar to “B3{,.

Figure 6.15 summarizes the strength results obtained for the intrayarn and interyarn hybrids. The

loss of stress at the onset of damage is clearly highlighted for the interyarn hybrids. For instance,
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Figure 6.13: Baseline, interyarn, and intrayarn hybrid onset of damage (dark colors) and strength (light
colors).
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Figure 6.14: In-situ monitoring of free-edge delamination in an intrayarn 001 specimen. The symbols on
the load curves (a) highlight the load state of the sample when the pictures were acquired. In (b), the doubled
central ply just delaminated. This led to a non-linearity and to the failure of the laminate in (c).

the onset of damage is triggered at an average value of 438 MPa for 2°Y20% while the a/+/t scaling
law for the 34-700 predicts 600 MPa for this ply-block FAW (27 % decrease). Interestingly, this value
is comparable to the average stress at the onset of damage of 384 MPa reported for 33L4S(1580, an
interlayer hybrid with a ply-block FAW of 180g - m~2, thus similar to the FAW of the doubled 90°
ply. However, the average strength of 646 MPa is close to the linear scaling prediction for the 34-700
(673 MPa), indicating that the hybridization is only slightly detrimental to the strength.

The reported hybrid effects are summarized in Figure 6.16, normalized with respect to the bilinear
RoM scaled for the ply thickness (Equation 5.7). Overall, the positive hybrid effect magnitude is at
least +15 %. However, as noted for interlayer hybrids, there is no positive hybrid effect with respect to
a linear scaled RoM. Note that these values are comparable to those reported for interlayer hybrid in
Figure 5.18. This indicates that there is no significant contrasting effect on the strength of the differ-
ent hybridization strategies, although the fiber dispersion is a priori better in interyarn and intrayarn
hybrids.
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Figure 6.15: Baseline, interyarn, and intrayarn hybrid QI onset of damage (dark colors) and ultimate strength
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Figure 6.16: Strength normalized by RoM for interyarn and intrayarn hybrids.

As for the interlayer hybrids, all the interyarn and intrayarn hybrids reach an ultimate strain at least
equal to the ultimate strain of the HR40 fiber (1.1 %, as depicted in Figure 6.17). It indicates that in
most cases, the HR40 failure is not critical. Furthermore, the overall linearity of the loading curves

shows that no substantial damage takes place before the laminate failure.

Finally, the strain at the onset of damage in hybrid specimen was normalized by the strain at the onset
of damage of the HR40 material, scaled to the ply-block FAW. The results are shown in Figure 6.18.
The intrayarn hybrid strain at the onset of damage is approximately 20% higher than the strain
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Figure 6.17: Baseline, interyarn and intrayarn hybrid strain at the onset of damage monitored by AE (dark
colors) and failure (light colors), acquired with strain gauges, and compared to the HR40 ultimate strain (1.1 %)
and 34-700 ultimate strain (2 %).

predicted for a ply block of the same thickness. As a result, the total ply-thickness of the intrayarn
hybrid does not drive the strain at the onset of damage. On the other hand, the predictions are close
to the strain at the onset of damage for 3Y3%. This observation may be explained by the fact that
in interyarn hybrids, the low-strain tow spans the whole ply-thickness. Furthermore, in 3'Y3% the
45g - m~2 FAW implies that the low-strain tows are spread over a larger width, thus the tow is more

likely to behave as an individual ply of HR40 locally.
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Figure 6.18: Baseline and interlayer hybrid strain at the onset of damage monitored by AE (dark colors) and
failure (light colors), acquired with strain gauges. * jittered for readability
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6.2.2 Modulus

Figure 6.19 shows that the QI interyarn and intrayarn hybrid laminates are also well aligned with a

liner RoM for their moduli, as expected.
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Figure 6.19: Baseline, interyarn and intrayarn tensile modulus as a function of the low-strain volume fraction
. * jittered for readability

6.3 Open Hole Tensile (OHT) properties

OHT tests were performed on the intrayarn laminates at the University of Bristol. At the time of the
testing campaign, the interyarn hybrids were not yet available and were consequently not character-

ized in OHT tension.

The typical loading curves for the OHT specimens are shown in Figure 6.20. As for the interlayer
hybrids, the OHT far-field strength and notch sensitivity (defined as the ratio of OHT strength over
the UNT strength) reported in Figure 6.21 shows that the notch strength is almost the same for both
intrayarn configurations. Considering the discussion developed for interlayer hybrids, the intrayarn

hybrids were expected to follow the same behavior.

The CT-scan reported in Figure 6.22 highlights that in contrast to the baselines, the intrayarn hybrids
develop some damage at the stress concentration. This explains the positive hybrid effect noted for
the initiation ERR, although the effect remains limited due to the size of the observed damage.

As for the interlayer hybrids, the fiber hybridization brings an apparent notch strength reduction
improvement in the intrayarn hybrid compared to the baselines. Again, this is explained by the lower
UNT strength of hybrids. Thus, for a constant OHT far-field stress, the notch strength reduction

decreases.

To investigate the failure mechanisms at play, OHT specimens were loaded to 95 % of the ultimate
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Figure 6.20: Typical load-displacement curves for QI OHT tests carried out on intrayarn specimens.
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Figure 6.22: Post-mortem failure of intrayarn OHT specimens.

OHT load, then unloaded and analyzed with CT-scan. The results, reported in Figure 6.23, show that

even the thinnest intrayarn hybrid develops more damage than the baselines of equivalent ply-block
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thickness. These observations support the positive hybrid effect on the initiation ERR reported for
intrayarn hybrids. Compared to the inerlayer hybrids, the intrayarn hybrids did not develop a longi-
tudinal split at the apex oh the hole. Thus, it did not cancel the stress singularity and it may explain
the reduced OHT strength.

(a) 200175 (b) 33c245

Figure 6.23: CT-scan of OHT samples after loading to 95 % of the OHT strength.

6.4 Conclusion

Interyarn and intrayarn fiber-hybridization have been shown to bring effective toughening mechanisms
for thin-ply composites. Notably, these approaches do not require to stack plies of different materials
but are achieved during prepreg production. Thus, their processing is closer to the usual process, and,

more importantly, very thin-ply hybrids can be produced at an industrial scale.

The interyarn overlayed architecture has been demonstrated to substantially improve the translami-
nar toughness of the thin-ply composites, both with respect to a scaled RoM and to the ply-thickness
effect. This observation was attributed to a substantial bridging effect of the low-strain overlayed tows
during the crack propagation. The absence of extensive pull-out bundles after the crack propagation
in these specimens indicates that the low-strain fibers may not have reached their ultimate strain
during the bridging process. Further investigations, for instance with CT-scan, are required to clarify

this mechanism.

Conversely, the overlayed interyarn specimens did not exhibit significant damage before their ultimate
failure. Thus, they achieved higher strength than for instance the interlayer hybrids and are therefore

more suitable for simultaneous optimization of the strength and the translaminar toughness.
Nevertheless, the slight loss of ultimate strength for the interyarn hybrids still places them behind or

at the same level as the 34-700-TP415 system in terms of strength-to-translaminar-toughness ratio,

as depicted in Figure 6.24. However, it is worth noting that the QI 2°Y1% laminate exhibited a
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modulus of 54.7 GPa, a value approximately 23 % higher than that obtained for a pure QI 34-700

laminate “B3%s,. At the same time, 2Y1% fails at a similar strength (assuming 2°Y20% strength as

an approximation) and with a similar translaminar toughness. Therefore, this work highlights a clear

interest in further investigating the interyarn and intrayarn hybrids.
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Figure 6.24: Ashby plot of the QI UNT strength with respect to the CP translaminar toughness of the
interyarn and intrayarn hybrids. Assumes the same strength for 2y1% and Y20%°. M40JB-80ep reference
values: ERR from [39], strength from [38]. T800-80ep reference values: ERR from DENT tests [56] and [175]

assuming a similar behavior for the IM21 system, strength scaled from [24].

126



Chapter 7

Phenomenological study

How to explain the observed results?

The list of available data, codes, and publications generated for this work is available on Zenodo [204].

The previous chapters have experimentally demonstrated the positive impact of fiber-hybridization
on the translaminar toughness of thin-ply composites independently of the ply-thickness effect. With
this in mind, two questions arise: (i) how to account for the change in translaminar toughness by
phenomenological mechanisms and (ii) is it possible to predict these phenomenological mechanisms to

engineer microstructural features that will promote them?

Two different mechanisms have been identified in this work. First, the overlayed interyarn hybrids have
been shown to improve substantially the translaminar toughness through a substantial crack bridging
applied by the low-strain tows. However, this bridging does not result in a substantial pull-out length

at the fracture surface, indicating that energy may not be dissipated by pull-out.

Second, the intrayarn and interlayer hybrids are susceptible to promote the pull-out length. For in-
stance, the use of asymmetric ply-blocks in interlayer hybrids promoted the nucleation of secondary
damage. These diffuse damage locations may be correlated with an increased pull-out length that
would account for the increased dissipated energy. In this chapter, the latter is addressed by analyz-

ing the fracture surfaces of CP specimens.
First, a methodology is developed based on optical microscopy to systematically characterize the

pull-out distributions. Then, a dual-scale model is proposed to formulate a macroscopic cohesive law

representative of the fracture process, and validated against experimental data.
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7.1 Optical microscopy observations

Figure 7.1 shows the post-mortem observations of two 14L5A:fg0 specimens, acquired with a VHX-5000
Keyence optical microscope, using the stitching feature along with the depth-of-field reconstruction.
The depth-of-field algorithm detects the focus point of any pixel in a picture while translating the
microscope stage in the height direction. When a pixel is in focus (or more specifically, a small subset
around it), it is possible to deduce its height value by knowing the position of the stage. Additional

fracture surfaces are reported in Appendix C.

The stitching technique combines successive observations at different locations to perform continu-
ous data acquisition over a surface larger than the field of view of the microscope. Typically, the
VHX-5000 Keyence software is able to stitch a surface up to 20 mm in each direction. Consequently,
the observations performed in this work represent approximately half the crack length, including the

initial crack.

Figure 7.1a is the post-mortem fracture surface of a short initial crack specimen while Figure 7.1b
exhibits a large initial crack. The specimen in Figure 7.1a was affected by crack splitting as shown
in Figure 5.10d. Qualitatively, a contrast is observed in Figure 7.1: the pull-out bundles are more
numerous and longer in the short initial crack specimen compared to the long one. The following

section exposes the procedure employed to extract quantitative information from these observations.

Crack propagation direction

Initial crack milled with a diamond wire

(a) (b)

Figure 7.1: Post-mortem failure of interlayer CT fracture surfaces: (a) 14L5Ai’go with a short initial crack and
(b) ML5AYS, with a large initial crack.

7.2 Profile analysis

First, the 3D data were simplified by extracting one-pixel-thick 2D fracture surface profiles in the
transverse direction, i.e. along the direction perpendicular to the crack propagation. This profile
extraction was carried out every 10px along the crack profile direction. As the VHX-5000 Keyence
resolution in the focus plane is 1.055 pm-px ', it corresponds to a resolution of approximately 10 pm in

the crack propagation direction. Initial crack and bridging areas were manually discarded by defining
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areas of exclusion in the processing algorithm, which was implemented as a Python script. A typical

resulting profile is shown in Figure 7.2.
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Figure 7.2: Typical post-mortem pull-out profile.

The post-mortem profile appears asymmetric with respect to the crack plane. This is due to the
failure of the optical microscope to resolve deep and narrow openings. To mitigate this issue, both
lower and upper crack surfaces were observed to obtain a complete profile. In practice, a crack plane
was manually defined using the same 90° plies for both surfaces. Positive pull-out bundles were then
measured with respect to this crack plane. Due to misalignment and optical artifacts, the profile

matching from one surface to another is challenging.

Each profile was thus treated as an independent observation. The resulting statistical descriptor is in
fact only accounting for 50 % of the information, in terms of density. Thus, it was scaled accordingly
by a factor two. With this approach, matching the profiles is not required and the whole procedure
can be automated but data are lost about the small pull-out bundles close to the crack plane, due
to the incertitude regarding the crack position, and the unknown distance between two consecutive

positive and negative bundles.

A Python step detection algorithm was implemented to simplify the profiles by idealizing the pull-out
bundle edges as rectilinear. Small features whose dimensions were below 50 pm were considered noise
and discarded, i.e., they were merged with larger features as deleting them would bias the results.
The height, width, and probability of step occurrence, including the 90° plies, were used as statistical
descriptors to characterize the pullout distribution for each material configuration. The developed
lengths of the profiles were similarly aggregated to characterize the overall crack dimension. For
instance, Figure 7.3 shows that the mean pull-out length is larger in the short initial crack length
specimen than in the large one and may therefore explain why it dissipates more energy in translam-

inar fracture.
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Figure 7.3: Mean pull-out length along the crack direction for CT fracture surfaces: (a) **L5A33, with a short
initial crack and (b) L5A3%%, with a large initial crack.

The pull-out length distribution reported in Figure 7.4 further highlights the contrast between the
two specimens. For instance, the specimen without secondary damage exhibits pull-out bundles no
greater than approximately 2500 pm while the specimen with a crack splitting exhibits pull-out length
up to more than 3500 pm. This difference demonstrates a significant change in fracture behavior that
interactions between the main crack path and secondary damage could cause. More importantly, it
provides input data to model the translaminar toughness associated with each pull-out bundle and
to build a phenomenological cohesive law capturing the crack propagation energy according to the

pull-out bundle distribution.

This procedure was applied to all the baseline and interlayer samples, for the short initial cracks if
available. Note that only large initial crack data were available for °B2%, and **L1A2). As interyarn
and intrayarn specimens did not exhibit significant pull-out, they were not included in the analysis.

The resulting distributions are shown in Figure 7.5 and summarized in Table 7.1.

The distribution can be analyzed in a twofold way. On the one hand, the pull-out bundles as usually
defined, i.e., for the 0° ply, are long and their width is limited to the ply-block width. This is for
instance clearly visible for °B4%,. On the other hand, the samples exhibit very large but short bun-
dles. This corresponds to the variation of the crack plane with respect to the 90° ply. These bundles
are predominant in non-hybrid thin-ply materials, while the long pull-out bundles become more pre-
dominant with ply-block thickness increase and hybridization. For ML5A3%, and 2°L6SS},, bundles

between these two categories are observed. These bundles are typically pull-out of several adjacent
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Figure 7.4: Pull-out length distribution for CT fracture surfaces: (a) “*L5A%S, with a short initial crack and
(b) ML5AY, with a large initial crack.

0° plies at the same time, sometimes with 90° bridging in between, as observable in Figure 7.1a. It

highlights a change in the failure mode and may be correlated to the observed delamination in these

specimens.

The maximal pull-out length was found to be well correlated with the ply-block FAW, as shown in
Figure 7.6. Remarkably, the 34-700 baselines are perfectly aligned. However, there is a clear hybrid
effect which is most of the time negative. The interlayer hybrids, whose maximal pull-out length
is reduced, are also those for which a negative hybrid effect has been reported on ERR. A similar
conclusion is reached with the mean values reported in Figure 7.7. The mean pull-out width seems to
decrease as the mean length increases. However, this should not be interpreted as an absence of crack
plane variation in the 90° plies. It only indicates that the step-fitting algorithm treats the variations
at these scales additively. If the low-frequency component was of interest, it could be obtained by

wavelet decomposition.

Another metric of importance is the number of pull-out bundles by unit of crack surface. These values
are also found to increase with the ply-block FAW and fiber hybridization, as shown in Figure 7.9.
Thus, it is noticed that the maximal pull-out length, the mean pull-out length, and the density of
pull-out bundles increase with the ply-thickness, and eventually with the ply hybridization, as shown
by the divergences from the scaling defined by the 34-700 baselines. In this regard, Figure 7.8 reports
that the maximal pull-out length appears to be a function of the low-strain volume fraction ~. How-
ever, the lowest ~ is achieved for the highest ply-block FAW, thus a great part of the apparent effect
is due to the ply-block effect. This observation is all the more valid as the pull-out length in low
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Figure 7.5: Pull-out distributions (width and length) for each interlayer and baseline configuration. The color
scale is normalized with respect to the maximal bin over every distribution. Thus, a variation of color from one
distribution to the other indicates a different count between the distributions and a variation of color inside a
distribution indicates the relative distribution of the bins for this distribution. Note that the algorithm may
be biased towards short distributions as in the presence of large bundles, the small ones tend to be aggregated
with it. The nomenclature is used in this figure, for instance B4 is “B4g,.

intrayarn with a FAW of 75g - m~2 was observed to remain limited (Figure 7.10).

Nevertheless, there is a clear hybridization effect on the pull-out length. For instance, 33L3A?30 and
33L4S(1580 show the same contrast in maximal pull-out length and propagation ERR. Furthermore, for
the symmetric ply-blocks exhibiting a FAW below 240 g - m~2, the maximal pull-out length is in rela-
tively good agreement with the predictions obtained with the shear-lag model (Equation 3.5 applied
with values assumed from Table 3.3), as reported in Figure 7.11. This suggests that the pseudo-
ductility framework is valid to predict the pull-out length in intermediate to thin-ply hybrid laminates
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Width [pm)] Length [pm]

Configuration Bundle count Mean Median IQR* Max Mean Median IQR" Max

100R130 43¢3 595 230 653 4255 64 0 114 954
'B2Y 26e 571 250 491 3722 54 0 99 915
60
9B3Y,, 543 464 197 514 3804 112 0 151 2381
B49%4, 64e3 360 193 320 3831 210 0 212 4028
33L,1A39 33¢° 477 210 592 3901 77 0 139 1030
201,28%9, 743 376 205 398 3940 89 0 150 1383
33L3A99, 75¢° 326 181 271 3949 191 0 226 3920
331.458%9, 763 338 191 299 3910 105 0 165 1364
H5A39, 66e3 356 210 305 3793 372 0 400 4551
201,685%, 35e3 401 247 359 3570 403 0 431 5524

Table 7.1: Pull-out length analysis results. The bundle count metric stands for the number of analyzed pull-out
bundles. Two samples were analyzed per configuration, resulting in four fracture surfaces, with the exception
of 20L68§20 for which only one sample was considered due to early out-of-plane failure in the others one. Only
large initial crack data were available for "B2§, and **L1A2). Thus, the number of analyzed bundles is lower
for these three configurations. The pull-out length median is close to O pm for all configurations. It indicates
that most of the features, including the 90° plies, have a pull-out length close to 0 pm. * interquartile range
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Figure 7.6: Maximal pull-out length as a function of ply-block FAW for interlayer hybrids.

designed for fragmentation. Moreover, this is an additional evidence that local pseudo-ductility was
achieved, even if it was not observed at the macroscale. However, for thick laminates or asymmetric
ply-blocks, the shear-lag model significantly underestimates the pull-out length. This confirms that
the fragmentation is not the driving mechanism in these cases. Instead, the ply-thickness effect on

the one hand, and the mismatch of moduli on the other, promote delimitation and then pull-out length.
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interlayer hybrids.
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In addition to the results obtained in this work, the pull-out lengths for the DENT specimens tested by
Danzi et al. [56], and exhibiting stable fragmentation, were also analyzed. To do so, a rough estimate
was obtained from CT-scan observations as detailed in Appendix C. As shown in Figure 7.11, these

first-order measurements correlate well with the model predictions.

Both initiation and propagation ERR scale very well with the maximal pull-out length, as reported
in Figure 7.12. It implies that the pull-out length is a valid descriptor for the translaminar toughness.
It is therefore legitimate to develop strategies for promoting the pull-out length. Furthermore, it
is remarkable that a simple linear regression with respect to the pull-out length provides a suitable

first-order predictor for the translaminar toughness. Specifically, the three 34-700 baselines are almost
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Figure 7.10: Post-mortem observation of **C2%° CT fracture surface.

perfectly aligned. Such a model assumes that the total ERR is driven by the total crack lateral surface,
proportional to the pull-out length, through delamination, debonding and pull-out. The same result
was obtained by Frossard [39] with M40JB-80ep specimens as shown in Figure 7.13a. It is worth

2 and

noting that the linear fits do not pass through zero. The intercept value lies between 10kJ - m™
20kJ-m~2. With more datapoints and a standardized measure of the pull-out length, it could be used
to evaluate the toughness of the mode I translaminar toughness of the fibers and matrix. The results

reported by Danzi et al. [56] also follow a similar linear trend shown in Figure 7.13b. However, its
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Figure 7.11: Correlation between maximal pull-out length and shear-lag model predictions. The pull-out
lengths for the T800-HR40 were estimated from Danzi et al. [56] as detailed in Appendix C.

extrapolation lead to negative values for small pull-out lengths. This is likely to be due to the small
number of points, the approximate method used to estimate the pull-out length (see Appendix C) and

the test setup which was a DENT.

Material tw [g-m™3] tr[g-m™? Pull-out length [nm] Ji.; [kJ-m™2] Jiss [kJ - m~2]
T800-HR40/80ep 100 20 600 NA 118.8
T800-HR40/80ep 200 20 900 NA 168.7
T800-HR40/80ep 300 40 1270 NA 322.0
M40JB/80ep 30 NA 160 17.9 21.6
M40JB/80ep 75 NA 660 38.6 51.7
M40JB/80ep 100 NA 550 41.7 67.2
M40JB/80ep 150 NA 1100 60.3 109.1

Table 7.2: Pull-out lengths and translaminar toughness reported in the literature for CP laminates: Danzi
et al. [56] for the T800-HR40 and Frossard [39] for the M40JB. Note that the T800-HR40 pull-out length is
only an estimate obtained as detailed in Appendix C.

Finally, the deviations form the linear trend for the hybrid configurations demonstrate that the pull-
out length cannot be the only metric considered to provide accurate predictions. In the following

section, a more detailed approach based on the complete pull-out length distribution is proposed.
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Figure 7.13: ERR as a function of maximal pull-out length for specimens reported in the literature: (a) M40JB
samples [39] (open symbols for initiation and filled symbols for ptopagation), and (b) T800-HR40 samples [56].

7.3 Translaminar toughness modeling

7.3.1 Mechanistic assumptions

The fracture process in a unidirectional ply of an interlayer laminate under longitudinal tensile loading
is assumed to follow three sequential steps shown in Figure 7.14. First, the 0° pull-out bundle failure
occurs. The low-strain fibers inside the process zone — around the crack tip — are the first to fail. When
a low-strain fiber fails, it stops carrying the load around the breakpoint. This load is redistributed
to neighboring fibers, increasing their stress and eventually leading to their own failure, creating a

cluster of broken fibers. This process is well understood as reported in chapter 3.
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Figure 7.14: Modeled failure steps.

When a cluster of broken fibers reaches a critical size, a translaminar crack propagates inside the
low-strain ply leading to its fragmentation. This transverse crack is confined to the low-strain ply by
the thin-ply effect and high-strain plies keep carrying the load, preventing a catastrophic failure of the
laminate. Pseudo-ductility may occur at this stage. However, as aforementioned, macro-scale pseudo
ductility was not obtained with the chosen materials and laminates, as evidenced by the experimental
results. Finally, as the laminate strain keeps increasing, the transverse crack is extended to the high-

strain plies within a ply block — this is supported by observations of fracture surfaces.

4 Tractions

Oc |-

Figure 7.15: Schematic representation of the considered macroscopic cohesive law with (a) bundle fragmen-
tation, (b) debonding, and (c) friction during pull-out.

COD§

Fragmentation (or more specifically bundle nucleation) happens at nearly zero COD (few microme-
ters) but at high stresses. This is the first part of the translaminar fracture process, thus the first
part of the macroscopic cohesive law as depicted Figure 7.15. It corresponds to the initiation fracture

toughness as measured in a CT test for example.

As the crack progresses, consecutive mode II delamination between ply-blocks and intralaminar cracks
along 0° plies are followed by rough friction when the fragmented fiber bundles are pulled-out. These
processes involve much lower stresses but are acting on a large COD (over several millimeters) and large

developed surfaces. They are thus potentially very dissipative. They can be respectively represented
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as a second and third part of the macroscopic cohesive law similar to bridging traction [142].

7.3.2 Modeling choices
Pull-out bundle failure

Investigating the full history of the pull-out bundle failure process would require a coupled micro-
mesoscale approach as implemented by Mesquita et al. [165]. However, only the final state of failure
is required by the present model, i.e., the pull-out length distribution and the associated toughness.
Several methods may be implemented to estimate the pull-out length distribution: (i) a numerical
model as implemented by Mesquita et al. [165], (ii) an analytical shear-lag model (see Equation 3.5),
(iii) a stochastic approach as implemented by Bullegas et al. [149] and based on the analytical model
proposed by Pimenta and Pinho [144], or (iv) an analysis based on a fracture surface assessment by

optical microscopy as previously proposed.

To capture the fragmentation process as a cohesive law, the stress at the onset of damage can be
estimated from the fragmentation equation reported in Table 3.1. The fracture energy associated with
this first fracture process is determined from the experimental ERR at the initiation Gj.. A linear
decay of cohesive traction is assumed for this first part of the process so that the critical COD §; at

the end of the first process zone can be estimated from Equation 7.1.

1
G[c = §ULF51 (7.1)

Bundle debonding and pull-out

The second and third process zones involve two possibly interacting and geometry-dependent mecha-
nisms: mode II delamination and friction during debonding and pull-out, respectively. An analytical
model such as the one proposed by Bullegas et al. [149] would not be able to capture these potential
interactions. Therefore, in this work, a FEM was implemented at the ply-scale to represent those
two interacting mechanisms for different pull-out bundle geometries (width and length) and interface
properties (toughness and rough friction shear stress). This approach is more versatile as it could be
further refined in the future. The FEM purpose is to predict the energy dissipated by debonding and
bundle pull-out as a function of the COD §. This was done for a thin representative layer, defined
in the transverse plane, perpendicularly to the crack propagation, and for a given ply geometry and

pull-out length distribution.

Traction-separation law identification

The energy dissipated by the previously described mechanisms can be considered to correspond to the

work of traction forces o applied over the COD 4. ¢ is then obtained by numerical derivation of the
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energy € with respect to J, as noted in Equation 7.2.

€= /0d5 (7.2)

Evaluating the tractions for the successive value of COD 4¢;, a discrete and macroscopic cohesive
traction separation law was identified similarly to the approach proposed by Frossard et al. [142]. To
achieve a dual-scale modeling framework and providing that the discretization of 9 is fine enough, the
identified macroscopic law can be implemented in a FEM software such as Abaqus using a tabular

form for the cohesive damage parameter D defined in Equation 7.3.

0 (0:) /6
D; (6;) =1 - T ou/0e (7.3)

7.3.3 Microscale model
Implementation

The FEM implementation consists of a Representative Volume Element (RVE) of a cross-ply laminate
obtained with ply blocks in the 0-degree orientation and in the 90-degree orientation. The ply block is
composed of low-strain HR-40 and high-strain 34-700 plies. They are modeled as homogenized solids
according to the fiber datasheets (see Table 3.2). Typical homogenized elastic properties are reported
in Table 7.3.

Ei1 Eg2 =FE33 vi2 =113 23 Gi2 =G13 Gas3 0

146 GPa 6 GPa 0.02 0.3 1.82GPa 2.4GPa 0.33

Table 7.3: Homogenized engineering constants for a 34-700-HR40 interlayer UD hybrids.

The initial configuration of the model is considered to be just after the ply block fragmentation. A
median crack plane was defined in the laminate, as highlighted in Figure 7.16. The crack is assumed
to remain, on average, in this plane while propagating in 90° ply blocks. Indeed, it is commonly
observed that 90° transverse ply cracking occurs before fiber failure (see chapter 2). Thus those cracks

are mostly aligned with the global crack propagation plane.

Translaminar crack planes in the 0-degree ply blocks were shifted from the median crack plane to a
length corresponding to the local pull-out length 1. The local pull-out length was randomly assigned,
based on an experimentally measured or computer-generated pull-out length distribution. Finally, the
direction of the shift (either positive or negative with respect to the median crack plane) was also
randomly assigned. The RVE generation was implemented as a Python script for the CAE module of
Abaqus 6.14 software.
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Figure 7.16: Schematic of (a) crack propagation in a cross-ply, (b) detailed view of the fracture surface, and
(c) RVE.

C3D20R. elements were used to model the ply blocks. The model is simplified to represent a single
layer of 1nm in-depth and includes N ply blocks of length L. A sensitivity study was carried out on
the mesh size, the number of plies N, and the length L to ensure mesh independence and the repre-
sentative volume size. Plane strain conditions are applied on its boundaries, and the crack opening
displacement is imposed as a ramp loading via two reference points and kinematic couplings linked to

the two extremities of the model, as shown in Figure 7.17a.

AP

()

Figure 7.17: Abaqus FEM illustrations: (a) FEM with N = 5 and (b) and loading state during the model
resolution.

Cohesive surfaces were used to capture ply block debonding. They are formulated in such a way that
they can only fail in shear-mode II. The interfacial stiffness was defined following Turon et al. [239].
The mode II interlaminar toughness with the cohesive law was adapted from experimental characteri-
zations performed for the material selection with 4ENF samples (see Figure 3.2) and is close to values
reported by Frossard [39] for the M40JB-80ep system. The interlaminar shear strength was assumed
from the TP415 datasheet. The model properties are listed in Table 7.4.
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Table 7.4: Cohesive and frictional properties. Note that the 2 value is only used to avoid mode I failure and
does not have a physical meaning.

The cohesive surface model is combined with a Coulomb frictional behavior, active after cohesive
failure, to account for the friction caused by the bundle pull-out consecutive to the debonding. Due
to the rough surfaces created during debonding (see section 7.4), it is assumed that the friction effects

are mostly related to geometric interference of surface roughness.

The frictional shear stress is thus limited at a value 7,4, corresponding to the failure of the interacting
roughness, mostly matrix. To model such behavior, using the available “capped” Coulomb model in
Abaqus, artificial overclosures are implemented to generate sufficient normal stresses and a friction
coefficient p of 1 is used. It ensures that the friction effect reaches the maximum shear stress defined
in the model. Friction only becomes active after the failure of the cohesive interface and thus both

mechanisms interact. For instance, friction can slow down crack growth.

Overclosures are resolved during the first implicit and static step to not interfere with the debonding
and pull-out. Then, in a second implicit and dynamic step, the laminate is loaded under displacement
control up to the COD 6. A small viscosity regularization coefficient of le™* is used to achieve the
convergence of cohesive elements. As a first step towards the model validation, this parametric model
has been used to generate a database of damage and friction energies corresponding to several pull-out
length, interlaminar toughness Gyj., and frictional shear stress 7,,4, values, assuming no interactions
between the plies (i.e., N=1). In this case, the database is valid for all hybrid configurations as the

ply-block thickness has no influence.

Results and discussion

As shown by Figure 7.18, the total frictional energy and debonding energy dissipated by a pull-out
bundle is a function of its length, as expected. More specifically, the debonding energy can be fitted
and modeled by a linear function of the pull-out length while the frictional energy follows a second
order power law. The apparent conciseness of this model is probably due to the absence of inter-
plies interactions. The contribution of frictional energy is overall much more important than that of
the debonding. For instance, with a pull-out length of 1000 pm, the debonding energy reported in
Figure 7.18 represents approximately 5% of the frictional energy. Furthermore, these results clearly
indicate that promoting longer pull-out bundles is beneficial. Indeed, the frictional dissipation scales

with both the pull-out length and the maximal COD, which is related to the pull-out length, hence
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the quadratic effect of pull-out length.
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Figure 7.18: Total frictional and debonding energy for a pull-out bundle as a function of its length, for Gy,
= 500kJ - m~2 and 7,0, = 20 MPa.

For a given pull-out length, the debonding energy and the frictional energy are respectively driven
by the interlaminar toughness G, and the frictional shear stress 7,4z, through a linear relationship,
as reported in Figure 7.19. As expected, the dissipated energy increases with the increase of these

parameters.
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Figure 7.19: (a) Total debonding energy as a function of interlaminar toughness; (b) Total frictional energy
as a function of frictional shear stress.

However, the total energy dissipated is necessary but not sufficient to identify a traction-separation
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law. Instead, the energy history, i.e., the energy as a function of the COD §, is required. Note that the
total energy corresponds to the energy dissipated when the COD reached its maximal value, i.e. when
the bundle is completely pulled-out. In this regard, the debonding energy is reported to saturate at
small COD values in Figure 7.20. Indeed, the delamination occurs at small displacements, before the
friction, and no more energy is dissipated once the bundle is debonded. If interplies interaction were
considered, further delamitation may have happen due to local stress redistribution. Nevertheless, as
the pull-out length increase, the debonding energy contribution quickly become limited compared to
friction (for instance, above 200 pm with the parameters considered in Figure 7.18). Thus, considering
additional delamination will not significantly alter the results. As highlighted in Figure 7.21, the rising
part of the debonding energy and the frictional energy, as a function of the COD, may be fitted by

power functions and second-order polynomial functions, respectively.
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Figure 7.20: Debonding energy saturation.

Consequently, these analytical laws were used to predict the energy dissipated by a given pull-our bun-
dles and speed-up the simulation pipeline. Indeed, a detailed and expansive database correlating the
dissipated energy with the pull-out length and model parameters would have been required otherwise.
Thus, the debonding energy is modeled as Equation 7.4, and the frictional energy as Equation 7.5,
where ¢ is the COD. The parameters A, B, C, A’, B’, C’, C", and N are identified from the results

previously presented and reported in Table 7.5.

¢q = min (46 + C, BV + ') (7.4)
ef=As+DBs*+C" (7.5)
Specifically, the interlaminar toughness is known from Figure 3.2 and fixed to this value. Then, one
analytical relation is identified for the debonding energy. However, the frictional shear stress is as-

sumed and there it must be possible to change its value in order to tune the model. Thus, a relation

between parameters A/, B/, C1 and the frictional shear stress T, is required. Plotting these coeffi-
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Figure 7.21: (a) Debonding energy as a function of COD for several pull-out bundle lengths; (b) Frictional
energy as a function of COD for several pull-out bundle lengths.

cients as a function of 7,4, and the pull-out bundle length A, as in Figure 7.22, one may notice that
A" (Figure 7.22a) and B’ (Figure 7.22b) may be approximated by direct functions of 7,,4., while the

intercepts are negligible.

A = 27 (7.6)
B' = —Tu (7.7)
A C B N C’ A’ B C”

1010 2342 2.86e 8X\653 4+ 452 282.7507°%0 0 27,00\ —Tomaw O

Table 7.5: Identified analytical parameters.

7.3.4 Macroscale model
Implementation

The CT test is modeled in 2D following the same approach as Frossard [39] with Abaqus 6.19. 8-nodes
shell quadratic elements (CPS8R) and plane stress conditions are used. The translaminar fracture
process is captured with two overlapping layers of cohesive elements (20 pm, COH2D4). The first one
corresponds to the pull-our bundle failure and the second one to the debonding and pull-out, identified

from the microscale model. The traction-separation laws are tabulated with at least 300 entries. The
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Figure 7.22: Frictional energy parameters identification for several frictional shear stress 7,4, values: (a) A’
and (b) B’.

displacement is enforced through reference points and kinematic coupling to the loading holes. The

viscosity regularization coefficient is tuned until convergence of the model.

To generate the traction-separation law corresponding to debonding and pull-out, During this pro-
cedure, a representative RVE is generated based on the experimental pull-out distributions. Then,
the energy contribution for each pull-out bundle is calculated according to the analytical relations
previously identified (Equation 7.4 and Equation 7.5). The total energy as a function of the COD
is recorded and used to generate a damage law shown in Figure 7.23, applying Equation 7.3. The
CT FEM experiment is then simulated and the numerical displacement curve is compared with the
experimental one. The microscale model parameters are then updated until (here only 7,4, varies)
until the numerical predictions converge with the experimental results. Thus, an inverse identification

of Tinaz is performed, as described in Figure 7.24.

In this work, a 5mm long and 4 mm wide RVE was considered. The width was chosen as the average
width of the specimens. The length is a reasonable FPZ length considering the experimental observa-
tions previously reported. The number of pull-out bundles per unit of projected crack area is known
from the profile analysis (section 7.2). Thus, a representative sample was drawn randomly from the
pull-out bundle distributions, resulting in population size from 5000 to 15000 bundles. Arguably, the
RVE is large enough to be representative of the mean response. As a consequence, the dissipated
energy is averaged and only one traction-separation law is used for all the cohesive elements modeling
the debonding and pull-out. A more detailed analysis should investigate the stochastic nature of the

distributions with RVE corresponding, for instance, to the size of the cohesive elements. In this case,
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each cohesive elements would be implemented with a different traction-separation law. This may cap-

ture the discrete nature of crack propagation observed in this work, but could lead to numerical issues.
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Results and discussion

Instead, the proposed approach captures a continuous crack propagation, illustrated in Figure 7.25.
Otherwise, it captures well the compliance of the sample as the crack propagates. Note that neither
the interlaminar shear nor the non-linear in-plane shear deformation were implemented. Thus, the CT
FEM did not capture the non-linearity of CP specimens correctly [39]. The laminate elastic constants
were therefore tuned to achieve an elastic state close to the experimental one when the first crack

propagation occurs. The optimization approach resulted in identifying the value of 20 MPa for 7,44

3.5F 4
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----- Experiment 2

3 Model

251 i

Load [kN]

0.5

0 1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 35 4

Displacement [mm]

Figure 7.25: CT experimental and numerical load-displacement curves for 0B4(1)80 interlayer hybrid specimens.
Tmaz = 20 MPa was used.

This 74 value was then used to predict the contribution of debonding and friction to translaminar
toughness for the configurations tested in this work. These predictions are compared to the experi-
mental results in Figure 7.26. More detailed results are provided in Appendix C. Overall, a very good
correlation is found between the model and the experiment. It is worth noting that only 33L4S%9,
was used to calibrate the model. Thus, these results demonstrate the model’s predictive capability,
with the exception of 20L68§20. This deviation is explained by the early failure of 20L6S§20 specimens
due to buckling and back end compression (see chapter 5). Consequently, the FPZ could not develop
and the Jj. s value was never reached. However, the pull-out length distribution obtained for these

specimens can be used to predict the Jr. 4 value.

Figure 7.27 highlights the effect of pull-out distribution for the interlayer hybrids 33L3A?go and
33L4S(1580, compared to their baseline OB4980. According to the model, long pull-out bundles at the
crack surface are key to improved translaminar toughness. As shown in Figure 7.27a and Figure 7.27b,
few large bundles with a pull-out length greater than 500 pm account for the greater part of the dis-
sipated energy. Thus, the difference in translaminar toughness between 331.4S%), and 33L3A%Y, is
explained by the difference in bundle counts in the range 500 to 4000 pm. This observation supports

the experimental finding that secondary damage that promote longer pull-out bundles are beneficial
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Figure 7.27: (a) Cumulative count of pull-out bundles as a function of their length for three configurations; (b)
Predicted cumulative energy dissipated by pull-out bundles as a function of their length for three configurations.

7.4 Scanning electron microscope phenomenological observations

This section reports phenomenological observations achieved with a SEM to support the results shown
in this work. The specimens were coated with approximately 5nm of gold, or gold and palladium,
applied by sputtering. They were observed with a Zeiss GeminiSEM 300. Figure 7.28 highlights the

different fractures surfaces exhibited by different configuration.
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Specifically, Figure 7.28a illustrates the larger and longer bundles of *L3A%), compared to 31459,
(note the difference of scale). It is worth noting that some bundles span across the complete ply-
block thickness in Figure 7.28b, indicating that the ply-block behaved as an homogeneous material,
although the majority of them contain a fracture surface at the low-to-high strain material interface.
In 33L3A?80 (Figure 7.28a), the low-strain material, located on the side towards the central symmetry,
have failed almost systematically at the average crack plane, while the high-strain material formed
pull-out bundles. These observations correlate the finding that the translaminar toughness was in-

between the ply-block scaling and the sub-ply scaling RoM (see chapter 5).

The interyarn specimens (Figure 7.28c¢ and Figure 7.28d) exhibit a very specific fracture surface,
without significant pull-out bundles, but with short individual pull-out fibers. Very interestingly, the
majority of the fibers in the low-strain tow area (Figure 7.28¢) seems to have failed in the same plane,
which is not the average crack plane. Assuming that these fibers were bridging the crack as shown in
chapter 6, it may indicate post crack propagation failure in a plane equidistant from the both crack

surfaces.

Figure 7.29 highlights several details of the fracture surface that indicate a surface roughness compat-

ible with the contribution of friction to the dissipated energy, as postulated in section 7.3.

Finally, Figure 7.30 shows the clustering of the toughening rubber particles in the matrix, or more
exactly the micro-voids that result from cavitation under hydrostatic stress [240, 241]. Although the
cavitation is intended as a beneficial effect, as it brings plasticity, and therefore toughness to the
otherwise brittle epoxy matrix, the observed clustering of the rubber particles may lead to an early
coalescence of the micro-voids. Such a coalescence could lead to matrix cracking and explain the
moderate thin-ply effect observed in this work. Indeed, the tests conducted by NTPT on the TP415
epoxy system with T800S carbon fibers confirm that the thin-ply effect is much less significant in
TP415 epoxy compared, for instance, to the TP190 (see Figure 7.31)'. Further research conducted
with different matrix-toughener systems exhibiting a better thin-ply effect are required to investigate

this point.

I'Note that these tests were reported after the material selection for this study.
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Figure 7.28: SEM fracture surface observations: (a) **L3ASY,, (b) **L4S%,, (c) *'Y3* in the low-strain tow,
and (d) an interyarn hybrid with a FAW of 90 g - m~2 whose properties were not reported in this work.
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Figure 7.29: SEM fracture surface detailed observations: (a) and (b) roughness at the surface of pull-out
bundles (**L48%3,), (c) and (d) various details (**L4S%3, and *'Y3% | respectively).
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Figure 7.30: SEM observations of toughening particle clusters in different samples.
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Figure 7.31: QI ultimate strain achieved with T800S carbon fibers and a plt FAW of 60g - m~2 for NTPT
epoxy systems TP415, TP315 and TP190, according to their datasheet. An higher ultimate strain indicates a
better thin-ply effect. For reference, the T800S ultimate strain reported by its datasheet is 2 %.
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7.5 In-situ phenomenological observations

Time-resolved SRCT was performed as part of the author’s secondment at KULeuven. The author
produced the samples following the mini-protruded CT specimen geometry proposed by Ahmad-
vashaghbash et al. [184], following the same processing route as for the regular CT specimen reported
in this work. The laminate stacking was a symmetrical CP, with one layer in the 0° direction and two
layers in the 90° direction to bring stability. The laminates typically exhibit a FAW of approximately
500 g - m~2. Therefore, the laminate was debulked at least 10 min for each ply during the stacking to
ensure proper compaction of the plies and a flat surface. The initial crack was milled with a diamond
wire of 125 pm diameter. However, the specimens were found sensitive to the resulting crack tip di-

ameter, and the crack tip was further sharpened by Sina Ahmadvashaghbash using a thin steel foil.

Dr. Christian Breite and his colleagues performed the experiments at the TOMCAT beamline of
the Swiss Light Source (Paul Scherrer Institut, Villigen, Switzerland) as access was restricted due to
COVID-19-related regulations.

The volumes were reconstructed at KU Leuven and analyzed at EPFL by the author and Abdullah
Aydemir in collaboration with Sina Ahmadvashaghbash. The author gratefully acknowledges Prof.
Yentl Swolfs, Dr. Christian Breite, Dr. Mahoor Mehdikhani, Sina Ahmadvashaghbash, and Camilo

Rojas for assisting with this experiment.

The SRCT results reveal the in-situ phenomenological mechanisms related to the pull-out of fiber
bundles. Figure 7.32 depicted what is either a bridging or a pull-out bundle. Indeed, the field of view
is too narrow to conclude regarding the presence of a translaminar crack. Nevertheless, a pull-out
bundle of this size is fully compatible with the post-mortem analysis of fracture surfaces. For instance,

pull-out lengths up to 4000 pm were reported in Figure 7.1 or in Figure C.4.

As shown in the side view, the bundle is fully bridging the COD. The top view highlights that the
bundle is fully debonded. The minimum intensity projection of the ply is reported in Figure 7.33 and

provides further shreds of evidence of the bundle debonding.

Two baselines and two hybrid configurations were investigated. While the damage sequence leading
to the formation of the bundle still requires substantial further work and clarification, it is interesting
that the bundle is bent quite significantly and thus appears loaded with a bending moment. A pro-
cedure is thus proposed to evaluate the forces at play. First, the curvature angle of the bundle was
evaluated by implementing an image processing script to identify local fiber angles. Indeed, it is seen
from the main view in Figure 7.32 that the fibers are locally aligned overall in the same direction,
sufficiently in focus and contrasted to allow for edge extraction. Thus, the bundle was discretized with
elements of approximately 400 x 400 pm and the OpenCV library was used to extract the image edges
(mostly fibers here). A normal distribution was then fitted on the edge angles and the distribution
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Figure 7.32: SRCT of a 34-700 60 g - m—2 FAW specimen showing a pull-out bundle.

mean was considered a first-order approximation descriptor of the fiber’s local orientation. Doing so,

a curvature angle 6 of approximately 3.6° was reported for the aforementioned bundle.

The parameterization of a beam (representing the bundle) undergoing bending is represented in Fig-

ure 7.34. The bending moment was evaluated as in Equation 7.8.

M, = Einl., (7.8)
p
where:
M, : the bending moment
I,. : the inertia moment
p : the curvature
Introducing I,, = % and p = %, and estimating from the scan 1.36 mm for Ly, 0.34 mm for h
and 0.06 mm for b, M, was evaluated to 0.12N - m. Further assuming that the beam (or bundle) is

pinned at both ends and loaded with a uniform pressure P, then P = % is roughly evaluated as
0

10 MPa. Such a pressure would be sufficient to cause for instance mechanical interlocking. Thus, it
could contribute to the apparent frictional stress of 20 MPa identified with the FEM, even though the

geometry (and thickness) of the samples were different in this particular case.
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Figure 7.33: Minimum intensity projection for the SRCT of a 34-700 60g - m~2 FAW specimen showing a
pull-out bundle.

This observation highlights that a more detailed bundle contact model considering bending and rough-
ness interlocking is a promising research axis to further understand pull-out dissipation, especially

when the crack surfaces are subjected to both a COD and a rotation.
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Ib

Figure 7.34: Bundle parametrization.

7.6 Conclusion

The pull-out length distributions of the samples tested in this work have been characterized. It has
been shown that secondary damage in the samples is correlated with the presence of longer bundles.
Furthermore, the longer pull-out bundles have been shown to be a satisfactory cause for the reported
increased translaminar toughness, assuming a simple frictional model. Indeed, the energy dissipated
by friction evolves geometrically with the pull-out length. These results are aligned with those ob-

tained for instance by Pimenta and Pinho [144].

However, debonding and friction alone seem to not account for the total dissipated energy, as shown
by the large apparent frictional strength required by the model. Similarly, the model of Pimenta and
Pinho [144] could not account for the total energy dissipated in very long bundles as observed by
Bullegas et al. [149]. The SRCT results shown in this chapter suggest an additional source of energy
dissipation, through bundle bending and mechanical interlocking. Moreover, the bending effect is
expected to increase with the length of the bundle, as a larger COD will be required to pull-out
completely the larger bundles.
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Chapter 8

Conclusion and outlook

8.1 Summary and Conclusion

In this work, carbon-carbon hybridization in thin-ply composites was investigated experimentally to
analyze its effect on several key structural properties: the initiation and propagation mode I translam-
inar toughness, the unnotched tensile stress at the onset of damage, the unnotched tensile strength,
and the notched strength through open-hole tension. From a practical point of view, the objective was
to demonstrate the potential of fiber-hybridization as a toughening strategy for thin-ply composites.
Indeed, state-of-the-art commercial thin-ply composites exhibit outstanding mechanical performance,
especially in terms of stress at the onset of damage and strength in tensile applications, but critically
lack translaminar toughness. Therefore, a large variety of fiber-hybrids were designed following three

different hybridization architectures: interlayers, interyarns, and intrayarns.

Interlayer hybrids with a symmetric ply-block layup were chosen based on the shear-lag model devel-
oped for the pseudo-ductility framework by Jalalvand et al. [169]. Unlike previous studies, the focus
was not towards a pseudo-ductility effect, but rather on triggering a low-strain fiber fragmentation
before the laminate failure. This approach was considered suitable to increase the pull-out length and
therefore improve the translaminar toughness. However, the thin-ply properties must not be too much
impaired by the hybridization strategy. On the one hand, this implies that the fragmentation should
occur as close as possible to the laminate failure. On the other hand, the material system should be
selected so as to maximize the toughness improvement to tensile properties loss ratio. These consid-
erations led to the choice of the 34-700-HR40 hybrid system. In parallel, the effect of an asymmetric
interlayer hybrid layup was also considered. Here, the objective was to induce secondary damage

through delamination at the hybrid interfaces.

Finally, interyarn and intrayarn hybrids were developed based on novel prepreg materials produced by
NTPT. These hybrids were also designed according to the pseudo-ductile failure map. in these mate-
rials, the improved fiber dispersion offers an increased design space that was exploited to investigate

different toughening mechanisms such as crack deflection or crack bridging.
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The experimental characterization was performed based on Compact Tension tests, Un-Notched Ten-
sile tests, and Open-Hole Tensile tests. The failure mechanisms were monitored through Digital
Image Correlation, Accoustic Emission, optical microscopy of post-mortem fracture surfaces, CT-scan
observations of interrupted Open-Hole Tensile tests, and in-situ Synchrotron Radiation Computed
Tomography in mini-protruded Compact Tension specimens. Regarding the data reduction method
for Compact Tension tests, a novel J-integral implementation was released as a Python code [235]
and used to investigate three different formulations, reported in chapter 4. The parametric study
demonstrated the suitability of the line J-integral algorithm to analyze results obtained with hybrid

thin-ply laminates.

Overall, all hybrid specimens exhibited a change of damage behavior with respect to fiber-hybridization,
either positive or negative. In interlayer hybrids, reported in chapter 5, the configurations intended to
promote fragmentation were shown to have a negative hybrid effect on the translaminar toughness as
compared to a scaled Rule-of-Mixtures. This was attributed to the impossibility of the 34-700 to reach
more than 1.6 % of ultimate strain, instead of the 2 % indicated by the manufacturer’s datasheet. This
result was correlated to the observation of a mild ply-thickness effect for the 34-700-TP415 system
whose causes remain unclear. In any case, the failure map updated for 1.6 % ultimate strain showed

that the specimens were not able to achieve fragmentation, accounting for the reported results.

In contrast, the asymmetric interlayer structures were found as a suitable strategy to increase the
translaminar toughness, with up to more than 100 % increase reported when secondary damage was
achieved. The toughness improvement was correlated with an increase in pull-out length. These results
were obtained in specific conditions, when the initial crack length was short, possibly due to a different
initial loading state or to secondary damage too large with respect to the specimen size for a longer
crack length. In any case, the plateau propagation of the Energy Release Rate was never reached in
the presence of secondary damage, indicating that further improvements are possible. Under tension,
the Quasi-Isotropic interlayer hybrids were found to exhibit an early onset of damage with extensive
delamination. However, the reported delamination was not critical and a positive hybrid effect was

reported on the strength.

To conclude, this work demonstrates that the 34-700-TP415 system is not suitable for interlayer
hybridization with HR40 since its mild thin-ply effect does not sufficiently improve the admissible
ultimate strain of 34-700 plies. The lack of ply-thickness effect may be attributed to fiber-matrix
specific interaction, to fiber properties under the datasheet expectations or to damage induced by the
tow-spreading. In any case, a stable fiber fragmentation was not achieved, in contrast with the results
obtained by Frossard [39] or Danzi et al. [56] with T800-HR40 hybrids. Therefore, it was not possible
to verify if fragmentation was actually beneficial to the pull-out length and translaminar toughness.
In the case of asymmetric ply-block hybrids, the presence of secondary damage and its possible inter-

action with the crack has a positive influence on the pull-out length and compensates for the lack of
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fragmentation.

Moreover, as shown in Figure 8.1, the asymmetric interlayer hybrids tested in this study and the
T800-HR40 hybrids tested by Frossard [39] achieved a significant improvement with respect to their
respective baselines. The T800-HR40 hybrids achieved stable fragmentation but also featured an
asymmetric ply-block layup which may have been more beneficial. The experimental evidence ac-
quired throughout this work tends to indicate that the effect of fragmentation is limited since the
available carbon fibers do not allow to reach more than 2 to 3mm of fragmentation length, while
asymmetric interlayer hybrids tend to show a pull-out length larger than the one predicted by the
shear-lag model. This assumption is further supported by the absence of a positive hybrid effect re-
ported by Danzi et al. [56] for symmetric T800-HR40 interlayer hybrids. Thus, the two approaches
should be tested for a system exhibiting fragmentation to conclude. Finally, when comparing the
obtained translaminar toughness with a scaled Rule-of-Mixtures, the asymmetry was found more fa-

vorable in the sample configuration with the lowest volume fraction of low-strain material.

1000

800

T
o
=
£ 60
(=)
c
£
n
E 400l N
g% e
<5
200 - —_— - -700- 30 2 30 680 1
—=— M40J8-80ep ®— T800-80ep 34700415 B 33L1AY * 012839, ’ 3313080,
¢ s+ A SLs® A uppan A vl Y ey H* wy®
8 2Wyyo gk Siygss @ g7 ® 3306 Y T800-HR40
0 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350

CP ERR [kJ'm?]

Figure 8.1: Ashby plot of the QI UNT strength with respect to the CP translaminar toughness of the interyarn
and intrayarn hybrids. Assumes the same strength for 2>Y1% and 2*Y20%. M40JB-80ep reference values: ERR
from [39], strength from [38]. T800-80ep reference values: ERR from DENT tests [56] and [175] assuming a
similar behavior for the IM21 system, strength scaled from [24]. * maximal ERR reported for short initial crack
length.

The main drawback associated with interlayer hybrids is the thickness of the resulting ply-block. Thus,
even when there is a positive hybrid effect, the laminate strength remains consequently lower than the
thin-ply ones, as highlighted in Figure 8.1. With this respect, interyarn and intrayarn widen consid-
erably the design space as thin-ply hybrid can be obtained with a low-volume fraction of low-strain
material as reported in chapter 6. However, the toughness improvement obtained in intrayarn hybrids
was consequently inferior to the one obtained in asymmetric interlayer hybrids, possibly because of

the absence of fragmentation.

Nevertheless, crack bridging by the low-strain tows in overlayed interlayer hybrids was observed.
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This mechanism is different from those previously reported, and its toughness improvement was not
associated with the presence of an increased pull-out length in the post-mortem fracture surface. A
shown in Figure 8.1, this approach is also very promising to balance the translaminar toughness and

strength in thin-ply composites.

8.2 Future outlook

Further experimental work ought to be carried out with a system exhibiting stable fragmentation to
compare the effect of a symmetric and an asymmetric ply-block in interlayer hybrids.

However, the most promising hybridization strategy demonstrated in this work is, from a practical
point of view, the overlayed interyarn one. Indeed, it enables crack bridging by the low-strain tows for
a ply-block FAW remaining below 100g - m~2. Thus, a complete characterization of its effect would
be of great interest. Especially, developing a tow-by-tow approach with smaller and more regular tows

may enable geometrical interactions to finely tune the translaminar crack bridging.

Regarding the fragmentation of fiber-hybrids, a key property is the strain ratio between the two fibers
that should be sufficiently contrasted. In carbon-carbon hybrid, this reduces significantly the design
space and restricts it to the use of high-modulus carbon fibers as low-strain material. Furthermore,
the natural fragmentation of these fibers does not enable as long pull-out bundles as in laminates with
engineered defects [53]. Consequently, an improvement of the fragmentation approach that would
address these two points consists in achieving a hybridization with two similar carbon fibers. To
achieve fragmentation, one of the two fibers should be made more brittle in order to artificially reduce
its strength, for instance by ultra-short pulse laser treatment, or a slightly different processing route

that treats the fibers more or less harshly depending on the position on the prepreg.
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Figure A.1: Boxplots of the error committed on the J-integral results evaluated at a safe distance from the
crack tip, as a function of the csaps smoothing value ranging from 0 to 1. No noise.
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Figure A.2: Boxplots of the error committed on the J-integral results evaluated at a safe distance from the
crack tip, as a function of the csaps smoothing value ranging from 0 to 1. Noise with le”? mm standard deviation.
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Figure A.3: Violin distributions of the J-integral results obtained with the line formulation as a function of
offset values ranging from the crack tip (0 mm) to the sample edge (maximal value). No noise. Only a subset
of the offsets is reported for readability. The values close to the crack tip are significantly off and not reported.
The FEM J-integral value is reported as a dashed line.
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Figure A.4: Violin distributions of the J-integral results obtained with the simplified formulation as a function
of offset values ranging from the crack tip (0 mm) to the sample edge (maximal value). No noise. Only a subset
of the offsets is reported for readability. The values close to the crack tip are significantly off and not reported.
The FEM J-integral value is reported as a dashed line.
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Figure A.5: Violin distributions of the J-integral results obtained with the surface formulation as a function
of offset values ranging from the crack tip (0 mm) to the sample edge (maximal value). No noise. Only a subset
of the offsets is reported for readability. he values close to the crack tip are significantly off and not reported.
The FEM J-integral value is reported as a dashed line.
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Figure A.6: Violin distributions of the J-integral results obtained with the line formulation as a function of
offset values ranging from the crack tip (0 mm) to the sample edge (maximal value). Noise with 2.2e-4 mm
standard deviation. Only a subset of the offsets is reported for readability. The values close to the crack tip are
significantly off and not reported. The FEM J-integral value is reported as a dashed line.
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Figure A.7: Violin distributions of the J-integral results obtained with the simplified formulation as a function
of offset values ranging from the crack tip (0 mm) to the sample edge (maximal value). Noise with 2.2e-4 mm
standard deviation. Only a subset of the offsets is reported for readability. The values close to the crack tip are
significantly off and not reported. The FEM J-integral value is reported as a dashed line.
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Figure A.8: Violin distributions of the J-integral results obtained with the surface formulation as a function
of offset values ranging from the crack tip (0 mm) to the sample edge (maximal value). Noise with 2.2e-4 mm
standard deviation. Only a subset of the offsets is reported for readability. The values close to the crack tip are
significantly off and not reported. The FEM J-integral value is reported as a dashed line.
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Figure A.9: Violin distributions of the J-integral results obtained with the line formulation as a function of
offset values ranging from the crack tip (0 mm) to the sample edge (maximal value). Noise with le-2 mm
standard deviation. Only a subset of the offsets is reported for readability. The values close to the crack tip are
significantly off and not reported. The FEM J-integral value is reported as a dashed line.
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Figure A.10: Violin distributions of the J-integral results obtained with the simplified formulation as a function
of offset values ranging from the crack tip (0 mm) to the sample edge (maximal value). Noise with le-2 mm
standard deviation. Only a subset of the offsets is reported for readability. The values close to the crack tip are
significantly off and not reported. The FEM J-integral value is reported as a dashed line.
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Figure A.11: Violin distributions of the J-integral results obtained with the surface formulation as a function
of offset values ranging from the crack tip (0 mm) to the sample edge (maximal value). Noise with le-2 mm
standard deviation. Only a subset of the offsets is reported for readability. The values close to the crack tip are
significantly off and not reported. The FEM J-integral value is reported as a dashed line.
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Figure A.12: Out of plane displacement monitored by DIC for frame 753 of sample C.

187



Multi-scale characterization and modeling of notched strength and translaminar fracture in hybrid
thin-ply composites based on different carbon fiber grades

(b) Simplified

(a) Contour

20 20
— — -2
£ £ J [kJ.m™]
E E
0 14}
< < 80
3 3
E E
o o
10 20 10 20
Offset BC [mm] Offset BC [mm]
(c) Distribution (d) Surface
T T
i l F
e % E
€ 14}
2 6ol . <
> @
£
(e]
40} E
1 1 1
Line Simplified Surface 5 10 15 20

Offset BC [mm]

Figure A.13: Contours of the J-integral values for frame 753 of sample C as a function of offsets A 45 and
Apc using (a) line, (b) simplified and (b) surface methods. (c) Corresponding violin distributions obtained
after constraining offsets A p and Apc to the recommended range represented as a shaded black rectangle.
The points stand for mean values and the error bars for the 99% confidence intervals obtained by bootstrapping
over le° iterations. The violin distributions are not normalized by the number of points for better readability.
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Acoustic Emission (AE) monitoring procedure for onset of damage

characterization

The AE acquisition performed with an AMSY-5 dual-channel from Vallen Systeme equipped with
two NANO-30 S/N749 probes. The probes were fixed at the two ends of the gauge length, as close
as possible to the tabs, as depicted in Figure B.1. The contact between the probes and the samples
was ensured with dielectric grease. The probes were secured with elastic insulating tape. Knowing
the sound velocity v in the laminate composite, the event that generated an AE can be localized in
the sample length by analyzing the difference between the acquisition times of both probes. This
procedure, called At filtering, is used to reject the AE occurring outside of the gauge length.

To check the probe mounting and calibrate the At filtering, a graphite pencil lead is broken outside of
the probes, for instance in the grips. Assuming that the acoustic frequencies thus obtained are close
to the ones generated by composite damage, the velocity v can be calculated thanks to the acquisition
times registered by the two probes. If the precise localization of the AE event is not required, the

calibration can be relative, i.e., the distance between the probes can be set to an arbitrary value.

At.v

\
\ Probe

Figure B.1: AE setup.

The event energy and peak frequencies were recorder, but only the former was analyzed. A dual
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channel acquisition can not localize the events outside of the probes, in contrast with a four-channel
setup. As a consequence, the acquisition may be sensible to edge effects or reflections. Thus, the AE
event were manually post-processed to reject outliers, namely high energy events localized immediately
next to the probes. Furthermore, high energy events occurring for very small strains were considered
as sample and fixture alignment events, and discarded. However, it should be highlighted that this
procedure introduce several biases, from the choice of the outliers to the energy rate identification,
especially considering that different samples from the same material may exhibit different cumulative
energy curves, possibly due to probe wear or when damage occurred at the probe location. Neverthe-

less, a good repeatability of the AE analysis was achieved.

The cumulative energy was used to analyze AE. As shown in Figure B.2, it was assumed that AE
events account for the cumulative energy at different rates depending on whether they correspond to
background noise, delamination, or fiber breakage and other damage. Thus, an steep increase in this

rate was considered as the onset of damage. Examples of analyses are provided in Figure B.3.

>
o0
5 Damage events
=1
= Damage events Damage events
Delamination?
Noise
Noise Noise 3 Noise :
No events* No events* ; No events* |
Onset Strain Onset Onset

Figure B.2: Typical cumulative AE energy shapes. From left to right: in the first case, the knee point is
clearly identifiable; in the second case, a first knee point is present but the rate of energy increase is similar to
the initial background noise, thus it was not considered as the apparition of damage; in the third case the rate
of energy increase after the first knee point is significantly more important than for the background noise and
is possibly due to delamination. * scarse events with no significant energy contribution
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Figure B.3: AE events for (a) **L3A%, and (b) **L4S%, where red dots indicate outliers manually removed
from the analysis; and corresponding AE analysis for (c) **L3A%), and (d) **L4S55,,.
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UNT failure modes

Figure B.4: Failure modes observed for, from left to right, 1OOBISO7 0B28O, 0B3(1)207 0B4(1)80, 33L1A28,
31,4895, 212835, #L3ASY,, 2°C1™, and *3C2%.
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Additional fracture surface observations
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Figure C.1: Fracture surface observations acquired with a VHX-5000 Keyence optical microscope.
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Pull-out length estimations from Danzi et al. [56]

(a) (b)

(d)

Outlier

Figure C.2: T800-HR40 hybrids CT-scan observations. The pull-out lengths were approximately estimated
as indicated by the red annotations for H1 (b), H2 (c), and H3 (d). For H3, the pull-out length was estimated
from the top area that seems to exhibit a saturated fragmentation. Adapted from Danzi et al. [56].
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Detailed model predictions
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Figure C.3: Detailed model predictions. See section 7.3 for implementation details.
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Figure C.3: Detailed model predictions. See section 7.3 for implementation details.
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Figure C.4: (a) Close-up on the bundle length distribution over the range 500 to 4000 pm for baseline OB4(1)80,
interlayer hybrids **L3A%9, (H2) and **L4S$5, (H3), all with a FAW of 180g - m~2; (b) corresponding energy
dissipated by the bundles in debonding and friction, predicted by the dual scale model. Counts and energies
were normalized by the crack area projected onto the crack plane. Distributions are overlayed.

199



200



Guillaume BROGGI

Y% guillaume@broggi.fr

PhD candidate, MSCA Early Stage Researcher

1336.33.28.69 41 ECOLE POLYTECHNIQUE FEDERALE DE LAUSANNE

in linkedin.com/in/GuillaumeBroggi

Education
2018 - Ecole Polytechnique Fédérale de Lausanne Lausanne, Switzerland
Present MSCA Early Stage Researcher

cPrL

2016 - 2017

Georgia
Toch

2014 - 2017

ET METIERS
V' A\

- Multi-scale characterization and modelling of translaminar fracture and notched strength in thin-ply
fiber-hybrid laminates

- Supervisors: Prof. Véronique Michaud and Prof. Joél Cugnoni

- Funded by the Marie Sklodowska-Curie grant agreement No 765881 (HyFiSyn H2020-MSCA-ITN-
2017)

- Teaching activities

Curriculum: Deep Learning (EE-559); Fracture Mechanics (ME-432); SEM Techniques (MSE-636);
Methods of Modelling and Simulation of Materials Science (MSE-641); Modelling of Advanced
Composites: Processing and Mechanicals Properties (MSE-710); Design of Experiments (ENG-606)

Georgia Institute of Technology Atlanta, USA
Master of Science in Mechanical Engineering

- Double degree with Arts et Métiers Paristech
- GPA: 4.0 out of 4.0

Curriculum: Micromechanics of Materials; Elastic and Inelastic Deformation of Solids; Numerical
Methods; Data and Visual Analytic; Mechatronics; Manufacturing Processes and Systems;
Management for Engineers

Arts et Métiers ParisTech Metz, France
Diplome d'Ingénieur, Mechanical and Industrial Engineering

Curriculum: Mechanical and Industrial Engineering; Mechanical Design; Process; Materials; Project
Management; Industrial Automation; Mechanics of Solids; Numerical Methods; Fluid Mechanics;
Thermodynamics

Research Projects

2018
(8 months)

A M
VA \

AMVALOR, Arts et Métiers Technology Development and Transfer Institute Metz, France
Research engineer

- Contribution to the EPITHER technology: development of an innovative large series process for
industrial grade composite parts made of continuous carbon fibers and thermoplastic

- Numerical FEM and prototyping

- Industrial exhibition (JEC World)

Peer-reviewed publications

[1] B. Caglar, G. Broggi, M. A. Ali, L. Orgéas, V. Michaud. Deep learning accelerated prediction of the
permeability of fibrous microstructures. Composites Part A: Applied Science and Manufacturing, 158:
106973, 2022

doi: 10.1016/j.compositesa.2022.106973

Presentations in Conferences

- 20t European Conference on Composite Materials, Lausanne, Switzerland, June 26-30t 2022
- HyFiSyn School and Conference, Leuven, Belgium, Sept 13-161 2021
- CompTest 2021, virtual, May 18-20t 2021



Technical Projects

2016

2016

2015

Mathematical forecast of consumption and supply optimization - Laboratory LCFC
Two-people team, application to a practical case, implementation of the model through a web
application (Python — Django)

Contribution to the Vulcain platform - Laboratory LCFC
Project leader, five-people team, conception of a robotic mechanical gripper adapted to thixoforming

Investigation of fast and repeatable quenching in molten salt — Laboratory LEM3
Project leader, five-people team, design and building of a quenching robotic arm

Associative and Outreach Activities

2019 - 2021

2015 - 2016

2015 - 2016

PolyDoc, Committee member
Developing the PhD community at EPFL by organizing regular events and by offering an interface
between the EPFL governing bodies and the PhD students

I-RESAM, Secretary
Supply of an affordable and qualitative Internet access in the student's hall; technical, legal and
administrative management

AE-ENSAM, Responsible for public outreach
Organization of information days and career guidance events for prospective students and young
audience

Selected Technical Skills

- Composite manufacturing: prepreg lamination, curing in and out of autoclave, infusion,
consolidation of thermoplastic laminates

- Composite characterization: tensile properties (UNT, OHT), toughness properties (DCB, 4ENF,
CT), shear properties (ILSS), SEM, in-situ synchrotron X-ray tomography

- Finite Element Analysis: ABAQUS (e.g. mechanical behavior of composites, crack propagation),
OpenFoam (CFD)

- Coding: Python, C/C++ for microcontrollers, Unix environment, Git, LaTeX

- Deep learning: PyTorch, limited experience with JAX

- Languages: English (C1/C2), Spanish (B2/C1), French (native)



	Acknowledgment
	Abstract
	Résumé
	Contents
	List of Figures
	List of Tables
	List of acronyms
	List of symbols
	Introduction
	Context and motivation
	Objectives
	Structure and approach

	State of the art
	Composites: general considerations
	Thin-ply composites
	Thin-ply development and manufacturing
	Benefits and drawbacks of thin-ply laminates
	The toughness issue

	Fiber-hybrid composites
	Translaminar fracture testing

	Experimental materials and methods
	Material selection for carbon-carbon fiber hybridization
	Maximizing the tensile properties
	Tensile strength
	Conclusion
	Maximizing translaminar toughness
	Hybrid ply-block configuration

	Experimental methods
	Manufacturing
	Translaminar toughness testing
	Unnotched and open-hole tensile tests
	Fracture surface analysis
	In-situ computed tomography


	J-integral data reduction methods
	J-integral implementation
	J-integral as a line integral formulation
	J-integral as a simplified line integral formulation
	J-integral as a surface integral formulation
	Displacement derivatives calculation
	Crack tip identification

	Numerical validation
	Data generation
	Results
	Discussion

	Experimental validation
	Experimental methods
	Results
	Discussion


	Interlayer thin-ply fiber-hybrids
	Translaminar toughness
	Result overview
	Hybridization effect
	Influence of the initial crack length

	Unnotched Tensile (UNT) properties
	Strength
	Modulus

	Open Hole Tensile (OHT) properties
	Conclusion

	Interyarn and intrayarn hybrids
	Translaminar toughness
	Result overview
	Hybridization effect

	Unnotched Tensile (UNT) properties
	Strength
	Modulus

	Open Hole Tensile (OHT) properties
	Conclusion

	Phenomenological study
	Optical microscopy observations
	Profile analysis
	Translaminar toughness modeling
	Mechanistic assumptions
	Modeling choices
	Microscale model
	Macroscale model

	Scanning electron microscope phenomenological observations
	In-situ phenomenological observations
	Conclusion

	Conclusion and outlook
	Summary and Conclusion
	Future outlook

	Bibliography
	Supporting information for chapter 4
	Supporting information for chapter 5 and chapter 6
	Supporting information for chapter 7



