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Preamble

Preamble

The present thesis was done within the framework of the SSUCHY project
(Sustainable structural and multifunctional bio-composites from hybrid natural
fibres and bio-based polymers), a project which has received funding from the Bio-
Based Industries Joint Undertaking Initiative (BBI JU) under European Union’s
Horizon 2020 research and innovation program under grant agreement No. 744349.

SSUCHY PROJECT

The project SSUCHY falls within the framework of the development and op-
timization of innovative and eco-efficient processes and constituents for structural
and multifunctional bio-based composites. SSUCHY aims at exploiting the in-
trinsic and differentiating properties of plant fibres and biopolymers derived from
lignocellulosic feedstock to develop fully bio-based composites with improved func-
tionalities. The main driver behind this project is not only to substitute conventio-
nal fossil-based materials with more sustainable bio-based ones but also to achieve
improved functionalities that surpasses those of fossil-based ones. Enhanced func-
tionalities are, in addition to load-bearing resistance and weight reduction of struc-
tures, enhanced durability, vibration damping, vibro-acoustic control and fire re-
tardancy while retaining an essentially recyclable and, for certain applications,
biodegradable character. The project partners and their positioning over the value
chain are shown in Figure 1.

e Université de Franche-Comté — UFC (Coordinator), University, France
e Centre National de la Recherche Scientifique - CNRS, National Center for
Scientific Research, France
EADCO GmbH, SME, Germany
Ecole Nationale Supérieure Arts & Industries Textiles - ENSAIT, France
IAR, the French Bioeconomy Cluster, Non-profit organisation, France
Ecole Nationale d’Ingénieurs de Tarbes, France
Katholieke Universiteit Leuven, University, Belgium
Linificio e Canapificio Nazionale Srl (LCN), SME, Ttaly
NOURYON, Industry, The Netherlands
NPSP BV, SME, The Netherlands
University of Stockholm, University, Sweden
Treves, Industry, France
Université de Bourgogne — ICMUB, University, France
University of Bristol, University, United Kingdom
Universita cattolica del Sacro Cuore, University, [taly
Wilson Benesch, SME, United Kingdom
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As an international project in the frame of European Union’s Horizon 2020 re-
search and innovation program, many partners are working on the different aspects
related to raw material supply (Universita cattolica del Sacro Cuore, University
of Stockholm) and transformation (CNRS, ENSAIT, Ecole Nationale d’Ingénieurs
de Tarbes, Linificio e Canapificio Nazionale Srl, Université de Bourgogne), test
on bio-based composites and sandwich materials (Université de Franche-Comté,
KU Leuven, NOURYON, NPSP, University of Bristol), and industry application
(EADCO GmbH, Treves, Wilson Benesch, University of Derby).

Biomass

Plant fiber Biopolymer
processing processing
|

Fire retardancy
Biodegradability, recyclability Durability enhancement

|

scooter automotive aerospace acoustics

FIGURE 2 — Technology roadmap of SSUCHY project
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Figure 2 shows the technology roadmap of SSUCHY project. The SSUCHY pro-
ject intends to contribute to the development of bio-based composite products with
advanced functionalities and high structural properties for transportation sectors
and in high value market applications for bio-based composites to semi-structural
and functional applications in the transportation area (ground transportation and
aerospace) and create new opportunities in high value market niches such as the
acoustic and electronic sectors. The core objectives are shown in Figure 3.

Hybrid fiber reinforced
composites

Hemp-based
competitive @
reinforcement

Multifunctional bio- @
based composites

Bio-based functionalized
and optimized polymers
for PFCs

Tailored lignin derived
e monomers for high-

grade polymer

FIGURE 3 — Five core objectives in SSUCHY project

Among them, one of the SSUCHY objectives is to develop a Hemp-based com-
petitive reinforcement for composite applications in order to complement the com-
petitive flax-based reinforcements already on the market. The advantage of the
availability and low cost of hemp fibers will be taken, along with their technical
and environmental-friendly characteristics to market a high-performance plant fi-
ber reinforcement for composite application at a competitive price. In this work,
the performance of the newly developed hemp fabrics composites is compared to
marketed flax-based reinforcements.

TASKS AS PART OF SSUCHY PROJECT

The tasks in this thesis aim at understanding the behavior of bio-based com-
posite materials in terms of vibration damping in order to design and manufacture
efficient structures with increased damping properties without deterioration of
functional properties (static, creep, temperature, fire behavior).

Considering the requirements for the product demonstrators in the field of
ground transportation and aerospace, reductions in vibration and noise are expec-
ted with bio-based floor and trim panels. In addition, higher damping materials
are welcome to reduce the impact of resonance on sound quality in the acoustic
industry.
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The first task is related to a macro analysis of bio-based composite, focused
on the dynamic characterization of components and composite plates in order to
qualify the mechanical properties with a specific focus on damping properties.
Meanwhile, temperature and moisture effects will be investigated as they are ex-
pected to play a major role in the damping properties. However, other functional
properties will be addressed in relationship to the other work packages of the
project (static behavior, creep, inflammability).

Then, a novel micro-approach for the estimation of damping properties of bio-
based composite will be developed. Finally, the link between geometrical, mechani-
cal properties of interest at the micro scale and dynamical properties at the macro
scale will be described by a suitable combination of experimental characterization
results using various setups, numerical simulations.
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(zeneral introduction

Petro-based materials have made an irreplaceable promotion effect on the pro-
gress of science and technology and the improvement of life. However, nowadays,
people pay more and more attention to the effect of human activities on the en-
vironment since global warming and pollution problems are severe. Composite
materials with plant fibers as reinforcement are attractive materials to contribute
to the lowering of environmental impact of engineering thanks to their lightweight,
high specific stiffness and also due to the recyclable and degradable character of the
fibers. Thus, plant fiber composites are promising solutions to develop lightweight
sustainable structures.

CHALLENGE : UNDERSTAND AND CONTROL THE DAM-
PING PROPERTIES OF PLANT FIBER COMPOSITES TO
OPTIMIZE THE VIBRATORY AND VIBRO-ACOUSTIC BE-
HAVIOUR OF SUSTAINABLE STRUCTURES AND PRO-
DUCTS

These materials, named Plant Fiber Composites (PFCs) in this manuscript, are
then becoming more and more popular in many application fields. When compared
to synthetic fibers, such as glass fibers, it has been observed that they seem to be
good candidates to improve the damping behavior of composite materials and
structures.

Indeed, classical glass or carbon fibers based composites have been developed
for years for providing the highest possible stiffness/strength-to-mass ratio. High
performance materials are now available on the market and their use in almost all
industrial fields is now effective. However, the base materials combined through
efficient manufacturing strategies, result in composite structures with poor vibro-
acoustic properties. In particular, the damping properties are very low, resulting
in high vibration and noise levels in operational conditions. Reducing noise and
vibration levels requires curative solutions, some of them being bio-based, which
finally results in an increase in the mass of the structure and in the complexity for
manufacturing. Using plant fibers in composite materials constitutes a promising
strategy to provide a breakthrough in the damping properties of composite struc-
tures. Indeed, most of the results presented in open literature based on experimen-
tal characterization of composite materials and structures embedding plant fibers
show that high damping values can be obtained [Pinto 20, Assarar 15, Duc 14b].
In particular, in the fiber direction with continuous reinforcement, the composites

Ut
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exhibit very interesting specific Young’s modulus, higher than for glass fibers, while
damping is in the order of 2% (with conventional thermoset resins like epoxy, poly-
ester or acrylic), which is 10 times better than glass or carbon fibers [Shah 14]. The
reasons for these good damping properties of natural fibers remain largely unex-
plained. One of the objectives of this thesis is to contribute to the understanding
of the damping capacity of bio-based composites.

Plant fibers are complex materials. Their heterogeneous and hierarchical mi-
crostructure, complex morphology and hygroscopicity lead to specific static, dyna-
mic and fatigue behavior, including nonlinearities and moisture activation of some
mechanisms. This complex structure, involving an heterogeneous polymeric com-
position, various cell wall layers and their interfaces as well as a central void (called
lumen) could also be at the origin of additional energy dissipation mechanisms in
plant fiber composites. It makes the damping sources more complex to compre-
hend since these ones are associated to the ones commonly observed in synthetic
fiber composites and related to the viscoelastic nature of the matrix, friction at
the interface between fibers and matrix, inelastic and irreversible behaviors such
as damage and/or plasticity. All these specificities of plant fibers and their compo-
sites can be perceived as weak spots. However, they offer also a great opportunity
to implement new functionalities and thus to design a new family of advanced and
multifunctional materials which are renewable. In particular, there are still not
valued opportunities in vibroacoustic control by employing plant fibres’ damping
capacity within a composite to mitigate resonance.

Plant fiber

Plant fiber refers to fiber extracted from plants grown in nature, such as cotton,
flax, bamboo, etc. Since the dawn of civilization, mankind has benefited from plants
not only in food and oil but also in clothes, ropes and tools [Navin 94]. There are
many types of plant fibers, and they are usually divided into different families
based on the parts obtained from plants such as stems, leaf, seeds, and fruits, etc.

Figure 4 shows the series of some common fibers and the classification method
comes from [Jawaid 11]. It is important to consider the stiffness and strength when
they are using in engineering fields. Their absolute tensile properties are shown in
Figure 5 (a). As shown, bast fibers such as flax, hemp and jute fiber should be the
best solution when considering both tensile stiffness and strength.

In addition, the source of materials should take into account the factors such as
easy access and localization. Moreover, the development of high-performance and
low-cost hemp fiber is one of the core goals of the SSUCHY project. Therefore,
this research will focus on the damping performance of flax and hemp fiber rein-
forced composites. Flax is the most developed and characterized plant fibre and is
abundant in Europe. It will be considered as a reference for benchmark purpose.

The schematic representation of the flax and hemp fiber structure is shown in
Figure 5 (b). It is composed of primary and secondary walls [Bourmaud 12a][Li 17a).
From the perspective of biochemistry and structure, plant fibers can be divided
into two categories [Bourmaud 18]. The first type is xylan type, such as jute and
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FIGURE 4 — Classification of plant fibers

kenaf fiber. These walls are characterized by high microfibrillar angle (MFA) and
high lignin and xylan content. The second type is gelatinous fibers, such as flax
and hemp. They are rich in galactose-based polymer and have a cellulose content
of up to 85% [Gorshkova 10].

However, their MFA is small and the lignin content is very low. In particular,
the distribution of cellulose in the secondary wall is generally distributed at a
microhelix angle (the cellulose microfibril angle relative to the longitudinal axis of
the fibre (MFA)). The main factors affecting the mechanical properties of plant
fibers are cellulose content and MFA [Bourmaud 18]. High cellulose content and
small MFA lead to high modulus. In addition, plant fibers are also susceptible to

(a) 1000 (b)
E-glass is at point (78.5, 1956) L
L ) umen
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FIGURE 5 — (a) Absolute tensile properties of different series of fiber [Shah 14]
(b) The schematic representation of the flax and hemp fiber structure




General introduction

humidity due to the hydrophilic nature of the carbohydrates constituting the cell
wall, which in turn affects the mechanical properties and the dimensions of the
fibers.

Plant fiber composites

The plant fiber composites are composed of reinforcement and matrix. This is
similar to other kinds of fiber-reinforced composites. The matrix mainly uses two
types of polymer families : thermoset and thermoplastic. Typical thermoset ma-
trix materials include epoxy resin, phenolic resin, saturated polyester, unsaturated
polyester, etc. and typical thermoplastic matrix materials include polypropylene
(PP), polylactic acid (PLA), nylon, ABS resin, polyetherimide, etc. Currently, the
widely used reinforcements can be divided into short fibres, non-crimp, non-woven
and woven reinforcements.

(@)

FIGURE 6 — Different reinforcements and micro-structures of (a) short fiber
[Datta 17] (b) non-crimp [Schrank 17, Liang 14](c) non-woven
[Reinders , Martin 16] and (d) woven fabric [Song 12, Corbin 20b]

Generally, short fibers are produced during the scutching and hackling of flax
and hemp stems or using all-fibers lines. Some examples of short fibers are shown in
Figure 6 (a). It can also be further processed into yarn and non-woven fabrics. Non-
crimped fabric is composed of multiple layers of unidirectional fiber tapes placed in
different directions, as shown in Figure 6 (b). These layers are then usually stitched
into a fabric and they have obvious hierarchical micro-structure on the cross-section
[Lomov 11, Liang 14]. Non-woven fabric is one kind of sheet or web-like structure
made by bonding fibers together mechanically, thermally or chemically, as shown in
Figure 6 (c). Their micro-structure and the difference in splitting of the bundles,
shape and orientation depends largely on the manufacturing route [Martin 16].
Figure 6 (d) shows the twill woven fabric and the woven fabrics reinforcements
are produced on a loom. The number, size and arrangement of the warp and weft
yarns determine the weave pattern, such as plain, satin, twill, etc.
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MOTIVATION AND OBJECTIVE OF THE THESIS

The damping properties of plant fiber composites are considered to have a good
application prospect. However, the damping mechanisms of plant fiber composites
are complex and requires more research to be fully controlled and exploited in
sustainable structures and products.

Up to now, researches regarding damping properties of PFCs have been focused
on their damping performances at the macro scale and no clear understanding of
the physical mechanisms responsible for the damping performances are available
at this time. It is then also necessary to investigate the damping performance of
PFCs at the microscale to provide ways and means to understand and possibly
tailor the damping of these materials.

Therefore, the main objective of this thesis is to provide a better characte-
rization and understanding of the damping behavior of several PFCs made of
high-grade flax and hemp reinforcements and organic matrices. Investigations will
be performed at different scales using different experimental methods to evaluate
the role of the different constituents in the damping properties of PFCs and also
identify the main sources of energy dissipation. Several microstructural and ma-
terial parameters (including matrix types, fiber types, weave pattern) and loa-
ding/environmental parameters (temperature, frequency and moisture content)
will be studied in details to evaluate their influence on damping properties based
on DMA and modal analysis. One of the objective of this work is to provide an
accurate description of the evolution of damping properties as a function of tem-
perature, moisture content and frequency. The damping behavior of plant fiber
composites is also expected to be known on a wide temperature and frequency
ranges which can cover most of the engineering applications. One of the objectives
of this thesis is also to put the focus at the microscale by measuring the in situ
damping properties of the PFCs’ constituents.

THESIS OUTLINE

The thesis outline is schematically presented in Figure 7. This manuscript is
divided into four chapters and more details are given in the following paragraphs.

Chapter I introduces the background of the damping behavior of some common
materials such as polymer, metal and composites. Then, the influence of meso and
micro scale parameters as well as surrounding conditions on the damping of PFCs
is reviewed. Some key points like variability, hierarchical aspects and sensitivity of
the mechanical properties are thus discussed. The review provides a first reference
for the factors that affect damping properties in PFCs to be used in engineering
applications in various fields including automotive, aerospace, music devices. It
also highlights the current shortcomings on knowledge on damping of PFCs. The
Ashby diagram built from the data available in literature constitutes a first tool to
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select materials considering the compromise between loss factor and stiffness that
can be used for engineering design considerations, and provides a starting point
for the work presented here.

+ State of the art — Factors that affect damping properties of plant
fiber composites
» Ashby diagram for damping v.s. stiffness

Literature
review

Existing questions

* Influence of matrix type, weave pattern and moisture content
+  Evolution of damping as a function of frequency identified using
Time-temperature superposition principle

Dynamic mechanical
analysis

To be compared with the experimental results
on a wide frequency range

«  Optimized specimen shape to minimize the effect of

boundary condition on measurement

+  Experimental modal analysis for plant fiber composites

»  Comparison of loss factor obtained from DMA and modal
analysis

* Influence of moisture content on damping

Modal analysis

What is the damping behavior of plant fiber
composites at microscale?

»  Grid dynamic nanoindentation using typical constant stiffness
method

+ Development of a constant amplitude method to provide a better
deconvolution between elastic, viscoelatic and viscoplastic

Nanoindentation contributions

* In-situ damping measurement on cross section of plant fiber
composites

»  Comparison of loss factor obtained from DMA, modal analysis
and nanoindentation

Conclusion and Perspectives
FIGURE 7 — Schematic diagram of the thesis

Chapter II states the dynamic mechanical properties of plant fiber composites
at different temperatures and frequencies based on Dynamic Mechanical Analy-
sis (DMA) tests. At first, the details of materials, which include unidirectional
composites, thermoset, thermoplastic-based composites and woven fabric reinfor-
ced composites, used in this thesis are described. Relevant information, such as
loss factor and storage modulus of PFCs are characterized with different matrices
and fiber reinforcements. The influence of matrix type, fiber architecture, woven
pattern, temperature and frequency are investigated. Also, the damping proper-
ties of flax fiber reinforced green epoxy composites under different humidity and
temperature conditions are also studied considering the sensitivity of plant fibers
to moisture.
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Chapter III investigates the damping properties around natural frequencies
of plant fiber composites using modal analysis. Optimization of the experimen-
tal setup is processed at first to minimize the influence from boundary conditions
on the estimation of the damping properties according to numerical model. The
damping properties of three different composites (unidirectional thermoset and
thermoplastic-based composites, and woven fabric reinforced composites) are in-
vestigated. Then, the damping properties obtained by DMA and modal analysis
are compared. Besides, flax fiber reinforced green epoxy composites with different
moisture contents is studied by modal tests.

Chapter IV presents the dynamic properties of plant fiber composites at micros-
cale by means of nanoindentation. An alternative technique to identify damping
properties with Constant Amplitude Method (CAM) is developed and compared
to the traditional Continuous Stiffness Measurement method (CSM). The verifica-
tion in damping identification using CAM method is first used on neat GreenPoxy.
Results are compared to that obtained from DMA method. Then, the experiments
are done with CSM and CAM method on flax/GreenPoxy composites. Results
point out the contribution of each component to the damping of composite ma-
terials. Furthermore, a comparison of the measured properties (storage modulus
and loss factor) obtained from CAM and CSM method is proposed. Finally, the
damping properties of flax fiber composites obtained using DMA, modal analysis
and nanoindentation are compared.

Some parts of the chapters in this manuscript have been or will be submitted
in the form of scientific articles in international peer-reviewed journals. Among
them, the section on factors that affect the damping characteristics of PFCs in
Chapter I was submitted in Composites Structures journal and is currently under
review. Other parts of the manuscript were also extracted and compiled in other
manuscripts, currently in a draft form.
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RESUME

Ce chapitre passe en revue les caractéristiques d’amortissement des composites
a base de fibres végétales (PFC) en accordant une attention particuliere a leurs
performances par rapport aux composites a base de fibres synthétiques (SFC). En
effet, les PFC sont de plus en plus populaires dans de nombreux domaines d’appli-
cation. Leurs spécificités par rapport aux fibres synthétiques, telles que les fibres de
verre, en font de bons candidats pour améliorer le comportement d’amortissement
des matériaux et structures composites. L’'influence des parameétres a différentes
échelles ainsi que les conditions environnantes sont examinées. Des rapports contra-
dictoires sont parfois trouvés et les connaissances existantes sur le comportement
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d’amortissement des PFC sont parfois déficientes ou ambigués. Certains points
clés comme la variabilité, les aspects hiérarchiques et la sensibilité des propriétés
mécaniques sont ainsi discutés. Cette étude fournit une premiere référence pour les
facteurs qui affectent les propriétés d’amortissement des PFC utilisés dans les ap-
plications d’ingénierie dans divers domaines, y compris ’automobile, ’aérospatiale,
les appareils de musique. Elle met également en évidence les lacunes actuelles dans
les connaissances sur 'amortissement des PFC. Le diagramme Ashby, construit a
partir des données disponibles dans la littérature, constitue un premier outil pour
sélectionner les matériaux en tenant compte du compromis entre le facteur de
perte et la rigidité qui peuvent étre utilisés pour des considérations de conception
technique.

ABSTRACT

This chapter reviews the damping characteristics of plant fiber composites
(PFCs) with particular attention regarding their performances with respect to
synthetic fiber composites (SFCs). Indeed, PFCs become more and more popular
in many application fields. Their specificities when compared to synthetic fibers,
such as glass fibers, make them a good candidate to improve the damping behavior
of composite materials and structures. The influence of meso and microscale para-
meters as well as surrounding conditions are reviewed. Contradictory reports are
sometimes found and the existing knowledge on the damping behavior of PFCs is
sometimes deficient or ambiguous. Some key points like variability, hierarchical as-
pects, and sensitivity of the mechanical properties are thus discussed. This review
provides a first reference for the factors that affect damping properties in PFCs to
be used in engineering applications in various fields including automotive, aeros-
pace, music devices. It also highlights the current shortcomings in knowledge on
the damping of PFCs. The Ashby diagram built from the data available in litera-
ture constitutes a first tool to select materials considering the compromise between
loss factor and stiffness that can be used for engineering design considerations.
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I.1 INTRODUCTION

Vibration and noise problems caused by mechanical equipment or vehicles have
become more and more prominent. Meanwhile, the demand for modern industrial
products has become more versatile, lightweight, durable, and comfortable. People
have to find some effective methods, such as changing the structure or using dam-
ping materials to mitigate the impact of vibration [Chung 03, Buravalla 01]. The
use of damping materials improves people’s living and working conditions and
creates quiet and comfortable surroundings. With the development of the petro-
chemical industry, the oil began to expand from the original fuel source to the
use of by-products [Viisinen 17, Le Duigou 14, Zhang 05]. Resins, asphalt, and
rubber began to enter the industrial field of large-scale applications, especially for
reducing vibration [Zeng 01]. However, they cannot be used alone due to their low
stiffness. In most cases, they are used together with wood or metal sheets in sand-
wich structures to make up for the shortcomings of each other. A sandwich struc-
ture has characteristics of sound insulation and vibration damping, which cannot
be provided by a single material in addition to the strength properties compared
with pure wood board or metal plate [Butaud 16, Li 05, Wang 00, Aratjo 09].

With the development of high-strength fibers such as glass fibers and carbon
fibers, attempts have been made to mix fibers and polymers in a specific ratio to
manufacture fiber-reinforced composites [Mallick 07]. It has been found that this
type of material has outstanding performances in specific strength, specific mo-
dulus, fatigue strength, impact resistance, damping and devisable characteristics
than pure metal material or polymers [Chandra 99]. In particular, people currently
want to reduce energy consumption by using some lightweight materials, and the
advantages of composite materials in this respect make it a significant trend to
replace traditional materials, especially in the fields of aerospace, transportation,
wind power, etc. [Hine 19, Grunenfelder 17, Liu 18]. Many studies have focused on
increasing strength, modulus, and enhanced crashworthiness as structural compo-
nents when composite materials began to be of interest [Nguyen 16]. At present,
composite materials are also intended to improve the damping performances of the
structures while retaining the other primary structural functions.

However, the large-scale application of petroleum-based compounds has also
brought about some adverse effects. Engineers should now consider environmen-
tal impact at each stage of the life cycle during the implementation of damping
materials since petroleum-based products are difficult to be degraded by nature
[Joshi 04]. Plant fibers become more and more concerned because of abundant
reserves, while being renewable, low cost, quickly obtained and processed, degra-
dable, lightweight, possess relatively high specific modulus, and other advantages
[Véisdanen 17, Joshi 04, Hardiman 17, Yan 14]. The properties of many plant fi-
bers coming from hemp, flax, jute, ramie, kenaf, banana, agave, doum palm, pine
cone, etc. are investigated [Thiruchitrambalam 12, Shah 14, Ramesh 19]. Compo-
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sites with different types of reinforcement exhibit different mechanical properties
due to the biochemical composition and structure of the cell wall, especially their
cellulose content and their microfiber angle [Bourmaud 18].

The currently widely used plant fibers have a short growth cycle, are easy
to survive, have low dependence with pesticides and fertilizers, and low energy
consumption and chemicals during fiber extraction. Plant fibers become a sus-
tainable material of choice for sound-insulation and damping in automotive, ae-
rospace, musical instruments, and other applications due to their unique internal
structure [Saba 16]. In particular, their role in automotive parts includes ceilings,
coat racks, seatbacks, instrument panels, and some structural components such as
luggage compartments, bottom guards, etc., is increasing due to weight and cost
advantages [Khalfallah 14, Hagnell 19].

The development of the transportation industry is increasingly moving toward
environmental impact minimization, energy use limitation and mass reduction.
Plant fiber-reinforced composites (PFCs) have been mainly used, up to now, for
mass saving as a low-cost and sustainable solution. As essential lightweight ma-
terials, PFCs can also overcome the mechanical and physico-chemical properties
of conventional materials to a certain extent, and they could solve some critical
problems that cannot be addressed by traditional materials in engineering struc-
tures. Some of their intrinsic properties, for instance their natural damping, can
be exploited to implement new and advanced functionalities in structures. Howe-
ver, several issues, such as moisture absorption, creep, and durability, are urgently
needed to be solved to support the development of these solutions for engineering
structures on a large scale.

In the stiffness-loss map proposed by Lakes et al. for different material families,
it can be seen that composite materials are good compromises between stiffness
and loss factor [Brodt 95, Lakes 98]. A similar plot is proposed here for another
set of materials: a few metals, polymers, and several PFCs and SFCs. Loss factor
and storage modulus or Young’s modulus at ambient temperature are collected
from literatures and plotted in Figure [.1. It clearly points out that the loss factor
of PFCs is generally much higher than SFCs. PFCs have reported values of loss
factors comprised between 0.7% and 14%, while values are typically comprised
between 0.24% and 2.5% for SFCs.

Due to their multiple components and intricate manufacturing process, com-
posite materials exhibit different damping mechanisms when compared to conven-
tional materials such as metals. The sources of energy dissipation in synthetic
fiber reinforced polymer composites are quite well described and documented in
literature [Chandra 99, Gibson 92, Gibson 91, Nelson 78]. They are mainly: (1)
viscoelastic nature of the matrix and/or fiber materials, (2) damping due to in-
terphase, (3) damping due to inelastic and irreversible behaviors such as damage
and/or plasticity. By contrast, the damping behavior of PFCs, even if already do-
cumented [Duc 14b, Duc 14a] is not fully covered. Furthermore, the various effects
on damping are observed when plant fibers are introduced in polymer matrices
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depending on the nature of the polymer, stiffness, textile architecture and yarn
lengths [Duc 14b]. The physics underlying their particular behavior is not yet fully
understood and require additional research efforts.

Plant fiber composites differentiate from the conventional ones in terms of
composition, and microstructure. These particularities lead to specific static and
fatigue behavior, including nonlinearities [Jeannin 19a, Jeannin 19b], stiffening ef-
fects [Haggui 19] and moisture activation of some mechanisms [Launay 13, Zai 09,
Berthelot 08]. These microstructural particularities could also be at the origin of
additional energy dissipation mechanisms. Indeed, unlike most synthetic fibers
such as glass and carbon fibers, plant fibers often have unique microstructures and
morphologies, notably different cell wall layers and a complex cross-sectional area
which varies along the fiber length [le Duigou 17, Bourmaud 16, Baley 19]. In ad-
dition to this complex morphology, plant fibers have also a very hierarchical organi-
zation with different layers and sublayers made of a mixture of carbohydrates and
polyphenols [Hosseinaei 11, Goubet 02]. This polymer-based composition impart
them viscoelastic properties [Keryvin 15a, Cisse 15, Van Hazendonk 96, Biagiotti 04,
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Bismarck 02]. Plant fibers are also sensitive to moisture and temperature due to
the hydrophilicity of some of their wall constituents and also due to their hollow
morphology [Zhang 01, Péron 19, Senthilrajan 19a].
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FIGURE 1.2 — Energy dissipation in PFCs

In general, the energy dissipation in PFCs can be summarized in Figure [.2.
PFCs are made of single individual fibers but also bundle of fibers. Friction at
the interface between individual fibers within the fiber bundle, internal friction
within fiber wall (between the heterogeneous polymers constituting the wall and
particularly between the rigid cellulose microfibrils and the amorphous polymers in
which they are embedded) [Duc 14b, Duc 14a, Duc 14c] are also potential sources
of damping. Additionally, plant fibers have a finite length when compared with
synthetic fibers. The effect of such discontinuities, even for continuous reinforce-
ment, on the damping behavior of PFCs can be questioned and deserves to be
investigated. It is proved that the mechanical and damping properties of PFCs de-
pend on many factors, such as the chemical composition of the reinforcing fibers,
fiber length and diameter, fiber orientation, sequence, and fiber/matrix interface
[Sathishkumar 17]. It was previously reported that the incorporation of stiff fibers
affects the damping behavior of matrices by changing the movement of polymer
chains [Datta 02, Harris 93, Wingard 90, Otaighe 91]. With certain thermoset sys-
tems, the proximity of the stiff fibers and preferential adsorption and/or absorption
of diffusible constituents, in particular low molecular weight curatives, on the fiber
surface or in the fiber wall may impose a relatively high crosslink density, decrea-
sing locally the damping behavior of the resin. At the same time, this may lead
to some softening of the matrix in the zone next to the interface because of the
depletion of the curative [Datta 02]. This is particularly conceivable with plant
fibers, which have a certain affinity and/or absorption ability with the curatives.
Plant fiber reinforcements are also generally made up of yarns of elementary fibers.
The friction mechanisms between fibers (intra-yarn friction) as well as the friction
between the yarns (inter-yarn friction) could increase the intrinsic damping with
respect to that obtained with synthetic fibers [Duc 14b]. Therefore, it is necessary
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to review the current knowledge on the damping behavior of PFCs in order to draw
the needs for the future research activities, and to evaluate their potentialities to
improve the damping behavior of composite structures.

This chapter will start with a short description of the experimental techniques
classically used for the characterization of damping, then many studies on PFCs
regarding damping properties are summarized to show the root reasons from va-
rious parameters. The first section outlines the choice of the experimental method
used for damping characterization. The second section introduces some mesos-
cale parameters including reinforcement type, stacking sequence and PFCs skins
or core used in sandwich, and microscale parameters such as fiber, matrix, inter-
face/interphase, and porosities. In addition, some issues regarding moisture effect
and temperature are also discussed.

[.2 EXPERIMENTAL TECHNIQUES FOR THE CHARAC-
TERIZATION OF DAMPING

Damping, as an important physical phenomenon, is mainly used to limit or
prevent the vibration of the system through the dissipation of energy. Several fre-
quency ranges can be investigated according to the targeted application. Meanw-
hile, a large number of alternative approaches have been developed to characte-
rize the damping. In this section, the most widely used damping characterization
techniques (non-resonance and resonance methods) are briefly described, at first.
Meanwhile, their significance and the importance of the scale regarding PFCs is
discussed. At last, a comparison of the damping properties measured by the dif-
ferent techniques for the PFCs is proposed and discussed.

I[.2.1 Quasi-static and low frequency characterization:
dynamic mechanical analysis

One of the most widely used non-resonance techniques for damping characteri-
zation is Dynamic Mechanical Analysis (DMA). It is usually used to characterize
viscoelastic materials with low stiffness such as polymers, or organic composite ma-
terials, and is widely used for the rheological analysis of polymers and elastomers,
especially in the fields of chemistry and materials science [Menard 08]. In parti-
cular, their glass transition temperatures can be identified through temperature
sweep curves at different frequencies.

The storage modulus (£’), loss modulus (E”) and loss factor (tan (§)) are
usually identified from DMA tests to describe the viscoelastic properties of mate-
rials for various temperatures [Margem 10, Mylsamy 11, Menard 08, Butaud 15a,
Martinez-Hernandez 07, Singh 08]. The temperature range of interest is generally
investigated either through temperature ramps or temperatures steps. In the latter
case, isothermal conditions are used often with a temperature stabilized stage of
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several minutes to make sure that the sample has reached a homogeneous tem-
perature distribution [Butaud 15a, Martinez-Hernandez 07, Kuzak 99]. Harmonic
excitation is usually set between 0.01 Hz and 100 Hz in most existing studies since
DMA apparatus always exhibit mechanical resonances in the higher frequency
range, that affect the measurement [Suresh Kumar 14, Placet 10a, Bhudolia 17,
Wielage 03]. Indeed, Placet and Foltéte achieved a straightforward model and they
recommend that the experimenter should pay attention to avoiding the frequency
range of the system resonance [Placet 10a]. In addition, another essential factor
that needs to be considered in DMA is the ratio of the stiffness of the sample to
that of the apparatus: the stiffness of the sample should be much smaller than the
stiffness of the system to obtain accurate test results, especially for storage modu-
lus [Butaud 15a]. Furthermore, the deformation of the sample should be kept in
the linear viscoelastic range to meet the theoretical requirements [Menard 08]. Des-
pite of these limitations in terms of frequency, DMA remains a popular technique
for the characterization of damping, in particular because the Time-Temperature
Superposition (TTS) principle, which is verified for a large set of polymers and
composites, can be used to estimate their damping and stiffness properties in the
higher frequency range [Menard 08, Butaud 15a].

I[.2.2 Low to mid-frequency characterization: modal ana-
lysis

Modal analysis is another common method for damping identification. Na-
tural frequencies, damping ratios, and modal shapes of composite structures are
estimated at resonances by using an external excitation source within a specific fre-
quency range [Araijo 09, Theotokoglou 15, Gibson 00]. Several excitation signals
and boundary conditions can be used for resonance testing. Existing techniques
on the damping measurement method with logarithmic decrement, free vibration
of vibration beam are reported [Rueppel 17, Gibson 00, Mishra 12, Ouisse 19,
Matter 09, Alexander 16]. The test configuration is also important. Several as-
pects are discussed in the literature, such as the location of the excitation, boun-
dary conditions, adhesion of the accelerometers, and interference of the measure-
ment [Butaud 15a, Theotokoglou 15, Gibson 00, Lépez-Aenlle 19, Rao 97]. Speci-
fic techniques for composite structures are proposed for beams on complex shapes
[AST 17, Oberst 52, Koruk 12, Viala 18].

Since there is usually no heating or cooling device used in the modal analysis
tests, the samples are sometimes placed in a constant temperature oven to maintain
the required test temperature [Butaud 16, Butaud 18]. However, these settings can
generally not be used to reach high temperatures because most instruments cannot
tolerate excessive temperatures.
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I.2.3 High frequency characterization: wave number-based
approaches

Marchetti et al. review several wave number based approaches used for the
characterization of the dynamic properties of composite structures in frequency
ranges where modal analysis approaches become unpractical as the increased mo-
dal density is too large [Ege 09, Marchetti 20]. The loss factor and storage modulus
can be computed from the natural wave number obtained from the high frequency
analysis.

However, this type of characterization has not been widely applied for PFCs at
this time, so this frequency range is not addressed in this review paper. The works
by Zhang et al. and Duval et al. can be mentioned as first inputs to be completed
in future researches with additional data related to damping properties of PFCs
in high frequencies [Zhang 19, Duval 15].

1.3 REVIEW OF STUDIES ON THE DAMPING BEHA-
VIOR OF PF(Cs

I.3.1 Meso scale parameters

This section discusses the effect of reinforcement features on damping, given
the issues of fiber length and stacking sequence. Composite sandwich structures
with PFCs skins are also within the scope of discussion.

[.3.1.a Reinforcement type

Plant fibers can be processed into many kinds of reinforcements such as short
fibers, nonwoven, non-crimp fabrics, and woven fabrics. It leads to composite meso
structures with significant differences. This part summarizes the effect of different
kinds of reinforcement types on damping performances.

The fiber length effect of banana fiber-reinforced composites and sisal fiber-
reinforced composites are summarized in [Senthil Kumar 14]. These two types of
composites are significantly affected by the ratio of fiber length to diameter of the
plant fibers. Thicker interfaces may occur with a smaller diameter of plant fiber,
resulting in higher damping [Mukherjee 84, Saravana Bavan 10]. As the ratio of
fiber length to diameter is relatively low, the larger is the surface contact area of
the sisal fiber, the stronger is the interface [Joseph 92, Joseph 93, Geethamma 95].
The difference in inherent morphology of the fiber surface results in different trends
of damping properties [Gassan 99].

In contrast, the loss factor of discontinuous synthetic fiber based composites
are found to decrease as the fiber length increases, due to the long fibers that limit
the movement of polymer molecules [Harris 93, Subramanian 11, Rezaei 09]. The
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fiber-matrix interface is considered as a significant source of energy dissipation of
discontinuous synthetic fiber based composites since short fiber increase more fiber
ends and fiber-matrix interfaces [Subramanian 11].

When woven reinforcements are considered, most of the authors report a re-
duction of damping level compared to unidirectional (UD) reinforcements such as
tapes [Duc 14b, Cihan 19, Audibert 18, Rouf 17, Alkbir 16]. Among the different
weave patterns investigated, the loss factor in huckaback-type woven composites
is found to be higher than that of plain, satin, twill, and basket because their per-
formances depend on the interlace between the warp and weft directions, which
increases the interaction between fiber and matrix [Rajesh 16a]. Also, twisted yarns
decrease Young’s modulus because of the induced crimp but increase the damping
through enhanced inter-yarn friction [Duc 14c].

However, the existing reports have not found any significant effect of long
fibers on damping when compared to short fibers and continuous reinforcements
[Saha 99, Zhang 19]. A comparison of the effects of three types of reinforcement
on damping performance is suggested in future work.

[.3.1.b Stacking sequence

The effect on damping of different stacking sequences, using some common ar-
rangements such as 0°, 45°, and 90° are investigated by several authors. When it
comes to symmetric layups, composites often show lower damping level in longi-
tudinal direction when 90° at the outer layer and the highest for that when 0° at
the outer layer [Senthilkumar 17]. The authors indicate that this is related to the
flexural properties of the composite structure. In particular, the shearing effect is
found to enhance resistance to fiber mobility and increase the effective load trans-
fer between fiber and matrix in turn [Pothan 08]. The damping ratio will be higher
if the layer 0° is located close to the outer layer [Karaduman 14, Zai 09].

Stacking sequences with long UD fibers and randomly oriented short fibers
are also studied. Results show the stacking sequence does not influence the dy-
namic mechanical properties (including storage modulus, loss factor) of the PFCs
[Fiore 15].

Some research on hybrid fibers (flax and E-glass fibers) show that the best
damping performance are obtained when flax fibers are distributed in the outer
layer [Cihan 19]. Y. Li et al. find the damping properties in hybrid composites
(flax and carbon fiber) are greatly influenced by the position of the flax fiber layers
because of the slip of some microfiber layers in the S2 layer relative to adjacent

microfiber layers in flax fiber, which dissipate more energy than synthetic fiber
[Li 17c].
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[.3.1.c Sandwich with PFCs skin or core

The source of damping in sandwich structures is complicated due to the di-
versity of components, including skin, core, adhesive, matrix, and diversity of
behaviors regarding the frequency ranges of interest. Several hypotheses are re-
ported from the point of view of resin, plant fiber in the skin, interfaces, and core
[Monti 17, Sargianis 13, Assarar 13]. The main conclusions are as follows

a) Resin. Part of the energy dissipation is powered through friction mecha-
nisms between long polymer chains as it represents most of the total volume
fraction [Chandra 99].

b) Plant fiber. Plant fiber contains many natural polymers which show vis-
coelastic behavior [Yan 16]. Besides, fiber/fiber friction is also an important
issue [Duc 14b].

c) Defects. Micro porosities, weak glue, and weak fiber/matrix interfaces in-
crease the friction between components [Monti 16].

d) Core. Viscoelastic behavior of core made from plant and resin that are
trapped in the core positively contributes to global damping [Monti 17,
Sargianis 13, Assarar 13].

TABLE 1.1 — Main features in mesoscale parameters

Parameters Damping root
Fiber length The ratio of fiber length to diameter, surface contact area
Weave patterns Interlace between the warp and weft directions

Stacking sequence Shearing effect, effective load transfer

Sandwich Resin, plant fiber in the skin, interfaces, and core

The contribution of each component to the global damping of the sandwich
structure is also discussed by several authors. Loss factors of sandwich structures
(flax skin and balsa core) are also observed to increase with balsa core thickness
increase [Monti 17]. Skins’ contribution to damping becomes smaller as frequency
increases due to the enhanced effect of the transverse shear in the core. On the
other hand, the higher is the shear modulus of the core, the lower is the damping
of the sandwich structure [Monti 17, Sargianis 13, Assarar 13]. Fiber orientations
in the skin do not have a significant effect on the global damping of bending modes
in sandwich structure [Monti 17, Sargianis 13, Assarar 13].

The skins in PFCs make their damping performance different from SFCs when
compared to more conventional sandwich materials [Yan 16]. Finally, as for SFCs,
the damping performances of sandwich structures with PFCs as core or skin are
dependent on the various parameters discussed above. A hierarchy of contribution
of each component on damping properties is proposed: shear modulus of the core,
thickness of the core, skins, reinforcement, and thickness of the skins [Assarar 13].
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In this section, the effect from reinforcement type, stacking sequence and sand-
wich skin have been discussed. The main features in meso scale parameters are
summarized in Table I.1.

1.3.2 Microscale parameters
[.3.2.a Fiber

I.3.2.a.1 Fiber type This section summarizes the damping characteristics of
composites with different types of plant fibers. Figure 1.3 proposes a synthesis of
the loss factor and Young’s modulus values collected in literature for epoxy matrix
with different unidirectional reinforcements made from different types of plant and
synthetic fibers.
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FIGURE 1.3 — Mechanical properties of unidirectional (UD) fiber reinforced epoxy
composites in the longitudinal direction (measured by DMA tests at 1 Hz and
ambient temperature), summarized from refs. [Duc 14b, Mylsamy 11, Towo 08|

The presented results are collected using DMA tests at 1 Hz and ambient
temperature. It can be observed that the fiber type does have a significant ef-
fect on the damping properties (fiber volume fraction can also be a factor, but
most authors have not stated it in the literature). The addition of synthetic fi-
bers into epoxy induces a decrease of the damping due to stress transfers from
the matrix to the fibers. In addition, the presence of stiff fibers limits the chain
mobility in the matrix, which implies that the friction of the intermolecular chain
is reduced[Essabir 13, Pan 08, Hwang 92|. Conversely, the addition of plant fibers
increases damping due to the friction at the interface but also may be due to the
intrinsic damping capacity of the fibers themselves [Duc 14b, Duc 14a, Duc 14c].

In addition, some authors also show that the incorporation of ramie fiber in
epoxy tends to increase the damping due to weak adhesion which indicates low
interfacial shear stress [Margem 10]. Another reason that may explain the diverse
damping with these plant fibers is the difference in inherent morphology of fiber
surface [Senthil Kumar 14]. Besides, damping performances are strongly related
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to glass transition temperature (7}). The incorporation of plant fibers in the ma-
trix generally induces a shift of T, toward higher temperatures and a reduction of
the loss factor peak due to the restriction of the movements of the matrix chains.
This suggests an increase in stiffness of the fiber-matrix interfacial zone, however,
contradictory effects have sometimes been observed [Saha 99, Ray 02, Pothan 03,
Huda 06, Montazeri 12, Chua 87]. It strongly depends on the matrix type, its affi-
nity with plant fiber and the resulting stiffness properties at the interface between
fibers and matrices.

Hybrid plant fiber composites are also reported regarding with damping per-
formance. Results show hybrid plant fiber composites, such as banana/coconut
sheath, kenaf/bamboo possess higher loss factors compared to single fiber compo-
sites [Ismail 19]. Hybrid fibers combine the advantages of their components and
achieve superior performances that cannot be obtained from only one type and
authors also claim damping values are higher for all hybrid composites possibly
due to greater energy dissipation and restricted molecular mobility at the interface
[Machado 16, Senthil Kumar 16, Sathishkumar 14].

I.3.2.a.2 Fiber micro structure Plant fibers differentiate from the conven-
tional ones in terms of composition, and micro structure. Indeed, plant fibers of-
ten have unique micro structures and morphologies, notably different cell wall
layers and a complex cross-sectional area which varies along the fiber length
[le Duigou 17, Bourmaud 16, Baley 19, Li 18] . In additional to this complex mor-
phology, plant fibers have also a polymer-based composition and a very hierarchical
organization with different layers and sublayers made of a mixture of carbohydrates
and polyphenols [Hosseinaei 11, Goubet 02]. It imparts them viscoelastic proper-
ties [Keryvin 15a, Cisse 15, Van Hazendonk 96, Biagiotti 04, Bismarck 02]. These
particularities lead also to specific static and fatigue behavior which were quite
widely studied in literature, including nonlinearities [Jeannin 19a, Jeannin 19b],
stiffening effects [Haggui 19] and moisture activation of some mechanisms [Zai 09,
Launay 13, Berthelot 07].

It could also be at the origin of specific energy dissipation mechanisms and
particular damping behavior. Only few studies investigate the viscoelastic behavior
of plant fibers [Placet 09, Perrier 16, Khelfa 15] and, unfortunately, the influence
of the fiber microstructure on the damping of the PFCs themselves has not been
studied so far.

PFCs are made of single individual fibers but also bundle of fibers. Friction
at the interface between individual fibers within the fiber bundle, internal friction
within fiber wall (between the heterogeneous polymers constituting the wall and
particularly between the rigid cellulose microfibrils and the amorphous polymers
in which they are embedded) [Duc 14c¢, Duc 14b] are also potential sources of dam-
ping. Additionally, plant fibers have a finite length when compared with synthetic
fibers. The effect of such discontinuities, even for continuous reinforcement, on the
damping behavior of PFCs can be questioned and deserves to be investigated in
the future.
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I.3.2.a.3 Treatments Several investigations on the effect of pre-treatments
on the plant fibers to achieve better mechanical performances in PFCs have been
reported. This section summarizes the treatment methods and their effects on com-
posite damping, including functionalization using nanotubes, chemical treatments,
etc. which may change the interface state.

Carbon nanotubes (CNTs) are proposed to enhance the damping property of
PFCs and SFCs [Tahan Latibari 13]. Damping is further enhanced by the stick-
slip action of CNTs that takes place at the CNTs/matrix interfaces. Besides, the
penetrated CN'Ts interact with microfibrils in the S2 cell wall of plant fibers, lea-
ding to effective stress transfer from matrix to microfibrils, which contributes to
energy dissipation and enhancement of damping property [Li 17c|. In contrast,
some authors also claim the presence of stiff fibers limits the chain mobility in
the matrix, which implies that the friction of the intermolecular chain is reduced
[Essabir 13, Pan 08, Hwang 92].

Other results report the effect of microfibers. The addition of macro/microfibers
decreases the damping characteristics of PFCs and increased storage modulus,
as the added fibers act as barriers to the free movement of the macromolecular
chains. As a contrast, the unfilled matrix has the highest damping ratio, indicating
a significant degree of mobility [Joseph 10].

It demonstrated that the improved interaction exerted by the chemical treat-
ments makes the PFCs and SFCs more compatible and with better adhesion than
the untreated fiber composites [J. George 96, Zhao 19]. Moreover, some authors
claim that a high-quality interface tends to lower energy dissipation, showing a lo-
wer value of the damping peak [Fay 91, Yu 10]. The effect of chemical treatments
such as acid, alkali, ethanol, and silane agents are studied. Chemical modifications
cause the hemicellulose removal, which increases the number of hydrogen bonds
between the modified fibers and the matrix [Zierdt 15]. The alkali and potas-
sium permanganate treatment of PFCs leads to higher damping when compared
to other earlier reports [Mohanty 06, Gassan 99]. The authors explain that the
damping characteristics of heterogeneous systems is not only based on interfacial
bonding but also depends on different parameters like change in interfacial thick-
ness, bending of fibers, broken fibers, matrix cracking and formation of cavities
due to the fiber pullout [Cihan 19].

Different chemical reaction times show not much difference in the height of
the loss factor’s peak [Saha 99]. Some authors claim that the reduction of the
amplitude of the loss factor’s peaks means well-combined load capacity, due to
a good stress transfer between interface [Jawaid 13, Pothan 03]. Silane-treated
fiber composites lead to better fiber/matrix interactions than other treatments
[Berthelot 04a, Gao 11a]. Alkali and silane treated surfaces are rough, which are
formed by the elimination of lignin and hemicellulose compounds. A rough surface
enhances fiber/matrix adhesion and increases both the glass transition tempera-
ture and loss factor during glassy state [Dayo 18, Li 07]. This can be also explained
as the combination of the shear stress concentration at the fiber end and the ad-
ditional viscoelastic energy dissipated in the matrix material [Atiqah 19, Zhou 14,
Zahari 15].
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Besides, Yadav & Gupta find fiber coating (PLA) followed by chemical treat-
ments can improve the damping at ambient temperature, and could also be consi-
dered as a practical approach to improve the performance of composite materials
for advanced applications [Yadav 19].

I.3.2.a.4 Fiber volume fraction PFCs with a single type of reinforcement
are also studied to investigate the influence of the fiber volume fraction on dam-
ping properties. The mechanical strength and damping in free vibration proper-
ties increase with the sisal fiber content (up to 50 wt%), due to the changes
in inter-laminar shear at the fiber end [Senthil Kumar 14]. Sathishkumar et al.
[Sathishkumar 18] report that an increase in sisal fiber content (for the specific
considered range) induces an increase in the loss factors of PFCs. Nevertheless,
banana fiber composites show the opposite behavior. This is attributed to the
difference in inherent morphology of fiber surface [Senthil Kumar 14].

Regarding short fiber composites, it is concluded that the composite with 30
wt% mnoil hemp fiber shows the highest damping capacity among all investigated
composites [Etaati 14]. The presence of higher fiber contents has considerably redu-
ced damping, indicating that the composite material is more elastic at higher fiber
contents [Tajvidi 10]. The interface area increases with the number of incorporated
fibers, which leads to stronger interactions. Therefore, the molecular mobility of
the polymer decreases and the mechanical loss that overcome intermolecular chain
friction is reduced [Salleh 14]. Other reports show the dynamic characteristics are
significantly influenced by the increase in fiber length and fiber loading by the
changes of interface but not in a geometric progression [Sreenivasan 15].

Increasing the fraction of synthetic fibers in hybrid fiber composites (flax and
carbon fiber) reduces damping [Le Guen 16], but there are also reports of increase
damping [Sathishkumar 18], without clear physical explanation of this observation.

I.3.2.a.5 Fiber orientation Different fiber orientations can be used during
the design of composite laminates and structures. Damping performance of PFCs
with different fiber orientations has been studied in the past decades.

The loss factor of flax/GreenPoxy 56 (GP56) composites are tested from 0° to
90° fiber orientation using a modal method [Daoud 16]. Results show that the loss
factor decreases as the frequency increases. This is attributed to the high internal
friction between cellulose and hemicellulose caused by the flax fibers microstruc-
ture, especially at low frequency [Duc 14b, El-Hafidi 17, Assarar 15, Daoud 16].
A maximum loss factor is always found at 70° -75° fiber orientation for different
frequencies. In other reports, the loss factor is found to increase at first, and then
to decrease with the increasing fiber angles in flax fiber-reinforced polypropylene
(PP) [Rahman 17b]. Some authors show that the maximum loss factor is obtai-
ned around 45° fiber orientation, which is similar to glass fiber composites and
carbon fiber composites [Berthelot 04b, Gao 11b, Adams 03]. This phenomenon
is attributed to the in-plane shear strain energy of fiber-reinforced composites
which is the maximum at this fiber orientation [Hwang 92]. However, the glo-
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bal trend is that the loss factor of the fiber orientation in 90° is higher than
that of 0°, as shown in Figure 1.4, in which (a) and (b) are measured around
500 Hz, (c) is obtained around 300-400 Hz and (d) is measured around 300 Hz
[Rueppel 17, Daoud 16, Rahman 17b, Berthelot 04b].
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FI1GURE 1.4 — Variation of loss factor as function of fiber orientation in UD
composites in longitudinal direction using modal tests (a) Flax/GP56, (b)
Flax/PP, (c¢) Flax/Epoxy, (d) Glass/Epoxy
[Daoud 17, Rueppel 17, Rahman 17b, Gao 11b]

The maximum damping value may also depend on the interface characteristics
between different components of the composite. This performance needs to be
further studied to determine the highest value of damping and it will be useful to
understand why the orientation impacts the damping ratio.

1.3.2.b Matrix

Organic matrix-based PFCs and SFCs generally show a higher damping ca-
pacity due to the viscoelasticity of the polymeric matrix compared to metals
[Chung 03, Treviso 15]. This section summarizes some research results on the dy-
namic mechanical properties of conventional polymers.

Figure [.5 summaries some dynamic mechanical properties of pure matrices,
which are widely used in industrial production. Thermoset polymers, such as epoxy,
are the most widely used matrix for PFCs and SFCs due to the excellent adhe-
sion of resin and the long lifecycle. However, thermoset polymers tend to be more
brittle and less tough than thermoplastics [Chung 03]. The reason is that high
loss factor values are associated with ease of movement of side chains, functional
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F1GURE 1.5 — Loss factor and modulus of different polymers at 1 Hz and ambient
temperature summarized from [Duc 14b, Margem 10, Ray 02, Shinoj 11,
Madera-Santana 09, Martinez-Herndndez 07, dos Santos Silva 19] (Polylactic
acid 2, 4 (PLA 2, 4), and Polypropylene (PP), Polybutylene
adipate-co-terephthalate (PBAT), Polymethyl methacrylate (PMMA))

groups, segments, pendant groups, and even entire molecules in the polymer. Mo-
reover, the loss factor is reduced by the presence of negatively charged atoms (such
as oxygen and nitrogen) in the molecules, which reduces the motion of hydrogen
bonding [Fu 01]. This phenomenon is also interpreted as a mechanism for damping
in polymer blends provided by network and interfaces [Tung 92]. Although ther-
moplastic polymers exhibit higher energy dissipation than thermosets, thermosets
are often preferred due to their higher stiffness and better adhesion properties
[Chung 03, Treviso 15].

Besides, results with particle additions are also reported. The mixture of agar
particles restricts the mobility of the chains, and this performance reduces the
sharpness and the maximum value of loss factor. The viscosity is substantially
enhanced by fillers at a low shear rate, and in this case, the rheological behavior
is utterly dependent on the composition of the polymer in the interfacial region
[Liang 10]. It is also reported that the incorporation of solid fillers into the polymer
matrix could increase or decrease the damping of the polymer, depending on the
quality of fiber-matrix bonding [Saha 99, Wielage 03, Jonoobi 10, Landel 93]. Also,
it can be observed that the damping factor decreases with the increase in bio-filler
contents because the rigid particles restrain the mobility of the polymer molecules,
raise the storage modulus, and reduce the loss factor [Essabir 15].

The Young’s modulus and loss factor of the more widespread thermoset (epoxy),
thermoplastic (Polylactic acid 4 (PLA 4), and Polypropylene (PP)) polymers used
for flax composites are reported in Figure 1.6 [Duc 14b], for both pure resin and
UD flax composites. Although the reinforcement is the same, their global dam-
ping is quite different. The addition of plant fiber in epoxy, PLA4, and PP show a
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FI1GURE 1.6 — Young’s modulus and loss factor of flax composites in the
longitudinal direction and pure matrix measured by DMA at 1 Hz and ambient
temperature (summarized from ref. [Duc 14b])

distinctly different trend in loss factor, but a total increase in modulus. This is be-
cause of the interactions between fiber and matrix, depending on the contribution
of the internal friction in the fibers to the overall damping response [Duc 14b].

[.3.2.c Interface / interphase

As abovementioned, interfaces play a critical role in the damping properties of
composites. Their properties depend not only on the manufacturing process but
also on the treatments, which have been discussed in the fiber treatment section,
as shown in Figure 1.7. This section focuses on the original interface.

matrix
interface / interphase } treatments

/

type ‘ ‘sur‘face characteristics‘ ‘ fiber ends ‘

FI1GURE .7 — Parameters related to the interface properties

It is reported that a composite with weak interface bonding tends to dissipate
more energy than that with good interface bonding [Essabir 13, Geethamma 05].
However, other reports show that an increased damping can be obtained often
by improvement of fiber/matrix adhesion, which may activate the damping phe-
nomena such as intra-cell wall friction between the cellulose microfibrils and the
hemicellulose/lignin matrix in each cell wall and inter-cell wall friction between
the cell walls [Duc 14c].

Some studies show that the loss factor and stiffness of interleaf films play an

essential role in the loss factor of the interleaved laminates at the test temperature
[Kishi 04].
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In most cases, higher resin contents for most organic-based composites should
lead to higher damping due to its viscoelastic properties. However, in some cases,
the reduction of the matrix fraction increases the damping. This is due to the
interface thickness and interface stiffness that also play an essential role in the
damping mechanisms [Chandra 99].

[.3.2.d Porosities

Porosity is inevitable during the manufacture of composite materials. To the
best of the authors’ knowledge, there is no study in the open literature on the
influence of porosity on the damping behavior of PFCs. A report on hybrid fiber
composites (SFCs+PFCs) describes the effect of the existence of voids on damping
characteristics. The damping is found to be not sensitive to the void content. This
might be due to the small void content in the samples reducing the contribution
[Cihan 19].

Additional research on this topic regarding different types of PFCs, such as
woven pattern, matrix (thermoset or thermoplastic), etc., is necessary since not
enough conclusions have been reached at this time.

As a conclusion of this sub-section, the main features in microscale parameters
are summarized in Table [.2.

TABLE 1.2 — Main features in micro scale parameters

Parameters Damping root
Fiber type Stress transfers, intrinsic damping capacity of plant fiber
Fiber orientation In-plane shear strain energy

Fiber volume fraction Increase interface or restrict the mobility of matrix

Treatments Stress transfer, quality of interface

Matrix Molecular structure, interactions at the interfaces
Interface Fiber /matrix adhesion

Porosities Not enough study in porosities

I.3.3 Testing and surrounding conditions

[.3.3.a Testing technique

The testing techniques may have an influence on the determined values of the
loss factors [Butaud 18]. So, the damping results from DMA tests and modal ana-
lysis tests are compared in some studies [Rueppel 17, Butaud 15a, Butaud 18].
Regarding PFCs, Rueppel et al. describe damping measurement tests with three
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different strategies: DMA, logarithmic decrement measurement method (LDM)
and vibration beam measurements (VBM) [Rueppel 17]. The values obtained from
DMA and VBM have a significant difference, which is attributed to air resis-
tance effects as the amplitude of vibration is larger during VBM [Rueppel 17,
Zoghaib 15]. LDM provides non-linear decay for the materials and the authors
recommend to carefully consider initial parts of the displacement curve during
tests, especially for high damping materials. Besides, other methods such as ultra-
sonic testing, nano-indentation, and scanning micro-deformation microscopy have
been investigated for the damping characterization of polymer but not PFCs. Al-
though they are also limited by frequency and temperature, they can complement
the limitations of other experiments in multi-scale [Bhudolia 17, Butaud 18]. It is
then essential to take into account the experimental techniques when comparing
damping properties of different materials.

As mentioned before, the effect of unique microscopic characteristics of plant
fibers, which are different from synthetic fibers on damping, should be studied.
For the characterization of damping, a large number of reports focus on macro-
and meso- scales, while studies on microscale are currently rarely seen. At last, the
comparison of different test methods for specific PFCs under the same conditions
to know their influential would constitute valuable analysis for future research
since many other influential parameters vary from one study to another.

1.3.3.b  Environmental conditions

Researchers have also paid attention to the influence of some external factors
in addition to the inherent factors of PFCs components. In this section, the effects
of external environment such as water aging or moisture content, temperature and
various coupling conditions is summarized.

1.3.3.b.1 Moisture The environment in which PFC materials are serviced is
sometimes harsh, and in most cases, the environment is accompanied by changes
in moisture content.

Plant fibers are sensitive to moisture content due to their microstructure and
biochemical composition [Rong 01]. Therefore, their hygroscopic properties and
effects need to be studied if plant fiber composite materials are to be used in
engineering fields. Many factors affect water absorption characteristics in PFCs.
External factors such as temperature, manufacturing features such as fiber frac-
tion, fiber orientation, size and percentage of voids, interface factors such as ex-
posed area, surface treatment, component hydrophilicity, and bonding quality
of interfaces between fiber-matrix are proved to be critical influencing factors
[Lu 19, Saxena 11, Machado 16].

Generally, the absorption of water in PFCs is started by water entering the
plant fiber through capillary transport. Materials with micro-crack defects also
accelerate the diffusion of water. Plant fibers absorb water and cause the fibers to
swell, leading to micro-cracks in the fiber-matrix interface area [Senthilrajan 19a,
Rong 01]. Moreover, this diffusion is enhanced by the aging of the material it-
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self [Machado 16], which causes the deformation and mechanical properties of the
PFCs to decline [Gerald Arul Selvan 16, Hamid 12]. Many studies have shown that
good interfacial properties between fiber reinforcement and matrix or better mois-

ture absorption resistance can reduce the effect of moisture absorption on plant
fiber [Gerald Arul Selvan 16].

(a) T T T T T T T T T 10 (b) T T T T T T T T T
2r oy |]
- 48 I Voisture
S S20Ff .
< 2=
r 16 5 8
5 g1 ]
T 8
- -4 4 o %))
5 Bop -
(@) -
-
1 1 1 1 0_ ’_.’_.

0
0 20 40 60 80 100 Wood Flax0° Flax90° Glass Carbon
Relative humidity (%) PLA Epoxy Epoxy Polyester Epoxy

Fi1GURE 1.8 — Different kinds of composites

FIGURE 1.9 — Young’s modulus and loss factor of (a) wood fiber composites and
(b) different kinds of composites based on DMA tests at 1 Hz and ambient
temperature with respect to relative humidity and after water absorption

(summarized from ref. [Bogren 06, Gu 09, Cheour 16|

Damping is generally observed increasing with the increasing relative humidity
in PFCs at the expense of Young’s modulus. Damping of wood fiber composite is
more sensitive to relative humidity than Young’s modulus, changing by 26% and -
13% from dry to humid conditions, respectively, as shown in Figure 1.9 [Bogren 06].
M. Berges et al. indicate a 50% increasing of damping ratio after water vapor sa-
turation with 20% decreasing of dynamic elastic modulus [Berges 16]. Reports on
synthetic fiber composites are also available, but the effect of relative humidity
on stiffness is not significant [Launay 13, Zai 09]. In addition, the matrix of a
composite material usually exhibits plasticization and swelling when exposed to
moisture. Damping is very sensitive to changes in stiffness of the outer layer due
to the plasticization of macromolecular networks, which exacerbates energy dissi-
pation [Fraga 03]. In addition, the moisture present in the areas at the interfaces
increases friction losses [Menrad 08]. Longitudinal stiffness in UD composites is
highly dependent on the strength of the fiber. In contrast, the storage modulus
of synthetic fiber composites changes little because the reinforcement is hardly
affected by moisture.

PFCs are not only affected by the matrix when dealing with wet environment
compared to SFCs, but the changes in fiber molecules also need to be understood.
The dynamic F'T-IR technique can be used since the traditional macro-mechanical
tests cannot provide information about the stress transfer between the fiber and
the matrix [Almgren 08]. As moisture is transported from the plant fibers to the
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interface between fiber and matrix, the ability to transfer stress between the fi-
bers and the matrix is reduced [Almgren 08]. The matrix bears more loads, and
the in-phase contribution of the matrix increases relatively to that of cellulose
[Almgren 08]. The energy dissipation is related to the strain energy of the fiber
and the friction between the different components is increased as water absorption
[Berthelot 08].

The effect of fiber orientation changes has also been studied in UD compo-
sites. The sensitivity of damping in different fiber orientations to the moisture
decreases gradually from 0°, 90° to 45° [Cheour 16]. The PFCs laminates with
90° outer layers are profoundly affected by moisture meaning more sensitive effect
on damping [Zai 09]. Therefore, this situation should be avoided in the design of
composite materials if it is intended to be used in high humidity environments.
However, another reason to explain the effect of stacking sequences, is that dif-
ferent fiber orientations have a different amount of water absorption before the
specimen reaches saturation, which are not taken into account when discussing
the effect on damping. Similar research is also reported in synthetic fiber com-
posites [Zai 09]. In this work, a dehydrated flax composites specimen after water
absorption is compared with the original specimen. Although a 15% decrease in
the bending modulus is observed, the author claim that the damping performance
is reversible because the damping in PFCs was mainly driven by the water content
in the fiber and fiber friction. The effects of cracks and interface failures are found
to be negligible [Cheour 16]. Several authors claim that this behavior appears to
be unrecoverable in glass fiber reinforced polymer composites because the dam-
ping of SFCs is mainly determined by the damping of the matrix and the interface
[Chandra 99, Gu 09].

Damping performance under seawater or strong acids are also studied in addi-
tion to freshwater or pure water environments [Mazuki 11]. Research shows that
plant fibers are more susceptible to acids than synthetic fibers [Ghasemzadeh 09].
Besides, a silane agent is proved to decrease the water absorption, which is caused
by reducing the chance of hydrogen bonding between free -OH groups in cellulose
and water molecules [Dayo 18]. V. Fiore et al. also claim that NaHCOj3 treatment
show beneficial effect on damping properties of flax composites but not jute com-
posites during exposition to salt-fog environments which is strictly related to the
fiber’s chemical composition [Fiore 20].

In general, many reports on the effects of moisture on SFCs behavior are avai-
lable, while researches related to PFCs have focused more on monotonic mechanical
behavior. The effect of water-heat coupling on the damping using different types
of PFCs needs more research.

1.3.3.b.2 Temperature The dynamic mechanical properties of organic-based
composites are sensitive to temperature because of the rheological properties. Tem-
perature is the first factor that affects damping properties in various external en-
vironments [Hiroshi Mizumachi 70].
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Below the glass transition temperature, the loss factor increases with tempera-
ture attributed to matrix softening [Subramanian 11]. The free volume and space
of the molecule’s internal movement increase when the temperature rises, which
causes the storage modulus and loss modulus to decrease. An ideal damping mate-
rial should have a wider transition region and higher peaks in loss factor. However,
as the matrix of composite materials, the stiffness decreases significantly in the
transition zone, which requires engineers to find a suitable compromise between
stiffness and damping.

Besides, some results report the damping properties of flax/epoxy composites
during thermal shock cycling conditions from -40 °C to 28 °C [Kollia 19]. The
maximum decrease in the loss factor observed is 8%. In addition, it is reduced
by about 50% for storage modulus, and dynamic mechanical properties reach an
equilibrium state due to micro damage saturation after 100 thermal shock cycles.
The glass transition temperature (7)) is not affected by the thermal shock cycling
conditions.

However, most of the results available up to now provide a combine effect,
temperature increase and specimen drying since it is really difficult using traditio-
nal experimental methods (such as DMA tests) to maintain the moisture content
equilibrium within PFCs samples while changing the temperature. Hence, more
researches are suggested in the future efforts to decorrelate the effect of tempera-
ture and moisture content. At last, the main features in environmental conditions
are summarized in Table 1.3.

TABLE 1.3 — Main features in surrounding conditions

Parameters Damping root
Moisture Friction losses caused by interface damage
Temperature Internal movement of molecule chain, changes in

micro structure of plant fiber

I.3.4 Limitations of existing PFC damping studies

Composite materials face fatigue issues during long-term service. Some effects
of fatigue on damping performance are also reported. The loss factor shows a sub-
stantial drop in the first cycles then it slightly decreases, then it stabilizes before
the final failure [Haggui 19]. The author claims this refer to stiffness degradation
in the state of the composite [Su 09]. The effect of various coupling conditions
such as fatigue, moisture, temperature, etc. on the damping properties of PFCs
should be studied in the future. Besides, different parameter configurations du-
ring the composite manufacturing process also have an impact on the damping
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performance. A study finds that higher pressures appear to reduce the damping
ratio due to alterations in the fiber-matrix bond [Ashworth 16]. The influence of
parameters in the manufacturing process can be considered in the future.

(1) Porosity - The influence of porosity level has been recently investigated
for PFCs made of non-woven fabrics and thermoplastic polymer [Hadiji 20].
However, results remain poor in literature in particular for short fibre com-
posites as well as woven fabric based composites. Additional research on
this topic regarding different type of PFCs with different matrices (ther-
moset or thermoplastic) is necessary since not enough conclusion has been
reached at this time. In addition to the porosity level, the influence of the
size and distribution of porosities should be investigated.

(2) Environmental conditions - The effect of hygrothermal coupling on the
damping using different types of PFCs needs more research. At present
time, the influence of environmental conditions is generally investigated
using DMA tests, involving moisture content variation when sweeping tem-
perature. The use of vibration tests is also recommended in the future to
obtain direct measurements in a mid-frequency range.

(3) Characterization at the microscale and multi-scale approach - For
the characterization of damping, a large number of reports focus on macro-
and meso- scales, while studies on microscale are currently rarely seen.
However, this is required to map the damping in the different constituents:
plant fiber wall, surrounding matrix and its interface, to better understand
the influence of microscale parameters on the damping at the macroscale.

(4) Wideband frequency and experimental technique effects — Evolu-
tion with frequency — Most of the results obtained for non-woven compo-
sites as well as non-crimp and woven composites show that the loss factor
varies slightly with the frequency [Amenini 19, Hadiji 20]. Based on these
results, it is however sometimes difficult to derive a trend. The combination
of data collected using different experimental techniques on a same PFCs
is suggested to observe the trend of the loss factor over a wide range of
frequencies. Comparison of experimental techniques - The comparison of
different test methods for specific PFCs under the same conditions to know
their influential would also constitute valuable analysis for future research
since many other influential parameters vary from one study to another.
Use of additional techniques — In parallel to the classical DMA and vibra-
tion techniques, other methods such as ultrasonic testing, nano-indentation,
and scanning micro-deformation microscopy have been investigated for the
damping characterization of polymer [Ismail 19]. These techniques could
also be used for PFCs. Although they are also limited by frequency and
temperature, they can complement the limitations of other experiments in
multi-scale [Butaud 15a, Butaud 18]. Wave number-based approaches can
be an optional method to deal with high frequency range issues.

(5) Fiber length and microstructure - Even if the influence of fiber length
on the damping properties has been already investigated for short-fiber
composites, a more in-depth study is necessary to better comprehend the
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influence of fiber length, fiber ends and discontinuities on the damping
behavior, in particular in non-crimp fabric composites. For such composites,
the influence of fiber type and fiber microstructural features should also be
studied.

(6) Stress level effect - Since most of the PFCs exhibit a nonlinear static
behavior as a function of the stress level, it would be also interesting to
verify the linearity of the damping behavior as a function of the stress level.

(7) Other factors - Composite materials face fatigue issues during long-term
service. Some effects of fatigue on damping performance are already repor-
ted. The loss factor is shown to decrease substantially in the first cycles, then
it slightly decreases, then it stabilizes before the final failure [Haggui 19].
This deserves to be explained since one may expect an increase of the dam-
ping capacity with the damage creation and propagation. The effect of
various coupling conditions such as fatigue, moisture, temperature, etc. on
the damping properties of PFCs should be studied in the future. Besides,
different parameter configurations during the composite manufacturing pro-
cess also have an impact on the damping performance. A study finds that
higher pressures appear to reduce the damping ratio due to alterations in
the fiber-matrix bond [Ashworth 16]. The influence of parameters in the
manufacturing process can be considered in the future.

1.4 CONCLUSIONS

This chapter introduces some experimental methods to determine damping
and many reviews factors that affect the damping properties of PFCs in mesoscale
parameters, microscale parameters, surrounding conditions, etc. based on recent
research reports.

Literatures show that PFCs have values of loss factor comprised between 0.7%
and 14%, while values are comprised between 0.24% and 2.5% for SFCs, as shown
in Figure [.10. The damping capacity of PFCs is generally much higher than SFCs
but PFCs have also a more complex behavior. The literature review points out also
sometimes contradictory results. This is attributed to the wide variety of plant fiber
composites studied, involving various types of plant fibers organized in different
reinforcement architectures embedded in a very broad set of polymer matrices.
This variety prevents sometimes from reaching a consensus and establishing generic
conclusion.

The main conclusions are the following:

(a) The damping characteristics of PFCs are unique because of their micro-
structural and morphological properties, linked to their polymeric nature,
moisture sensitivity, complex interface, finite length when compared to
SFCs. Quantitative analysis of the influence of microstructure on damping
performance is rarely seen, although there have been many studies on static
mechanical properties.
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[Shah 13, Aratijo 09, Duc 14b, Margem 10, Joseph 10, Jawaid 13, Towo 08,
Saha 99, Mylsamy 11, Suresh Kumar 14, Sreenivasan 15, Ray 02, Pothan 03,
Daoud 17, Shinoj 11, Karaduman 14, Mohanty 06, Etaati 14, Amenini 19,
Mahmoudi 19, Li 17¢, Ashworth 16, Cihan 19, Zhang 19, Essabir 13, El-Hafidi 17,
Liang 10, Le Guen 16, Assarar 15, Rueppel 17, Madera-Santana 09, Mazuki 11])

(b) The diameter-length ratio of plant fiber has a significant effect on the dam-
ping of PFCs and different reinforcement types have different trends. The
outer layer in the stacking sequence has a considerable effect on damping.

(c) Interface properties between fibers and matrices have a significant effect on
damping performance with sometimes contradictory interpretations. Addi-
tional studies and knowledge are necessary to shield light of this complex
issue.

(d) The effect of plant fibers on the enhancement of damping is mainly due
to intra-cell and inter-cell wall friction, intra-yarn, and inter-yarn friction,
and fiber /matrix sliding. The effect of treatments on composite damping is
caused by the change of interfacial properties between fiber and matrix.

(e) Plant fiber composites are more sensitive to moisture content than syn-
thetic fiber composites because of the mismatch of the moisture expansion
coefficients between the matrix and the fiber, which would induce a modi-
fication of the interfacial properties.
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(f) Future work can expand on these issues regarding the effect on damping
properties such as comparison of multiscale experimental method, different
reinforcement type, surrounding conditions, parameters in the manufactu-

ring process, etc.
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RESUME
Ce chapitre est dédié a I’étude des propriétés d’amortissement des PFCs a 1’échelle
mésoscopique. Une méthode expérimentale classique, I'analyse mécanique dyna-
mique (DMA), est utilisée pour mesurer les propriétés viscoélastiques sur une
large gamme de fréquences (0,01 - 100 Hz) et de températures (-100 - 160 °C).

Tout d’abord, linfluence de différents types de matrices sur les propriétés
d’amortissement est étudiée en comparant les données mesurées sur des compo-
sites renforcés de fibres de lin unidirectionnelles (UD) a matrices thermodurcis-
sable et thermoplastique (Flax fiber reinforced composites, FFRC). Par ailleurs,
I'effet de I'ajout de fibres de lin dans la matrice pure sur les propriétés mécaniques
dynamiques est introduit. Les résultats montrent que le comportement en amor-
tissement des composites UD est principalement piloté par celui des fibres dans
la direction longitudinale et celui de la matrice dans la direction transversale, a
température ambiante comme a la température de transition vitreuse. Ce premier
volet de I'étude a également permis d’identifier par méthode inverse le facteur de
perte de la fibre de lin. Il est d’environ 2 % dans le sens longitudinal et de 4 %
dans le sens transversal.

Dans un deuxieme temps, le facteur de perte des composites renforcés de tissus
de chanvre (Hemp fabric reinforced composites, HFRC) avec différents types de
motifs tissés est déterminé. Les résultats montrent des facteurs de perte compa-
rables (environ 2 %) pour les composites a base de GreenPoxy fabriqués a partir de
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tissus de chanvre a ceux mesurés pour des stratifiés croisés de lin. L’amortissement
est légerement supérieur pour les tissés de chanvre, ceci est attribué a 'ondulation
des fibres dans le renfort tissé.

Dans un troisieme temps, les propriétés mécaniques dynamiques des compo-
sites FFRC et HFRC sont estimées dans une large plage de fréquences en utilisant
I’equivalene temps-température. Les propriétés d’amortissement du unidirectional
flax/GreenPoxy composites (FGUD) et du HFRC sont non constantes sur la plage
de fréquences étudiée. Leur évolution est non linéaire sur la plage de fréquences
mesurées (0,01 - 100 Hz) et également sur la plage de fréquences réduites asso-
ciée. Ce constat est valide tant pour les composites a base thermodurcissable que
thermoplastique. Cette tendance est expliquée par la présence de la transition vi-
treuse a basse température pour les thermoplastiques et la présence de transitions
secondaires et de la transition vitreuse dans la plage d’intérét pour les thermodur-
cissables.

Enfin, l'effet de la teneur en humidité sur les propriétés d’amortissement du
FFRC est étudié dans les deux directions matérielles principales des a une tempé-
rature et une fréquence données, UD lin/époxy. Le facteur de perte des composites
vieillis en immersion est significativement plus élevé que pour le matériau non vieilli
en équilibre avec les conditions ambiantes. L’humidité apparait clairement comme
le parametre le plus influent parmi ceux étudiés dans ce chapitre (type de matrice,
type de fibre, architecture de renfort, nappage).

ABSTRACT

This chapter is dedicated to the investigation of the damping properties of PFCs at
meso-scale. A typical experimental method, dynamic mechanical analysis (DMA),
is used to measure the visco-elastic properties in low frequency range (0.01 -
100 Hz) and wide temperature range (-100 - 160 °C).

First, the influence of different matrices on the damping properties are studied
by comparing the results of thermoset and thermoplastic based flax fiber reinforced
composites (FFRC). Meanwhile, the effect of the addition of flax fiber into pure
matrix on dynamic mechanical properties is discussed. The results show that the
damping behavior of UD composites is mainly driven by that of fiber in longitu-
dinal direction and matrix in transverse direction. This is valid both at ambient
temperature and 7. The loss factor of flax fiber is also back-calculated using these
measurements at the scale of the UD laminates. Values of approximately 2 % in
longitudinal direction and 4 % in transverse direction are determined for flax fibers.

Then, the loss factor of hemp fabrics reinforced composites (HFRC) with dif-
ferent kinds of woven patterns are considered. Results show that GreenPoxy based
composites made from hemp woven fabrics and cross-ply flaxtape laminates have
comparable loss factors (around 2%). The slightly higher value for woven hemp
composites can be attributed to the fiber waviness induced by crimp in woven
fabrics.
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Third, the dynamic mechanical properties of FFRC and HFRC under wide
frequency range are obtained using Time-Temperature Superposition Principle
(TTSP). The damping properties of unidirectional flax/GreenPoxy composites
(FGUD) and HFRC are non-constant and non-linear on a the measured frequency
range (0.01 - 100 Hz) as well as on the corresponding reduced frequency range. For
both thermoset and thermoplastic based composites considered in this work, this
is due to the presence of glass transitions at low temperature for thermoplastics
and secondary transitions and glass transitions for thermosets.

At last, the effect of moisture content on the damping properties of FFRC are
investigated in both material directions for UD flaxtape laminates. The loss factor
of aged sample is significantly higher than for unaged sample, equilibriated with
ambient conditions. For a given frequency and temperature, , moisture is clearly
the most influential parameter among the ones studied in this chapter (matrix
type, fiber type, reinforcement architecture, lay-up).
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II.1. Introduction

II.1 INTRODUCTION

For the organic matrix-based PFCs, several parameters, such as matrix type,
reinforcement type and moisture content, are proved to have a significant in-
fluence on damping properties. This was reviewed in details in the previous chap-
ter (Sections 1.3.1-1.3.2). For instance, the loss factor of different pure matrices
was measured between 1 - 8 % [Margem 10, Shinoj 11, Madera-Santana 09]. Mo-
reover, the energy dissipation of thermoplastic- and thermoset-based PFCs at 1
Hz and ambient temperature was compared in literature [Chung 03, Duc 14b].
Another important parameter is the reinforcement type. It was sometimes in-
vestigated to evaluate the effect of weave patterns on the damping and mono-
tonic mechanical properties [Rajesh 16b]. In addition, the influence of moisture
content has also been paid attention since plant fibers are sensitive to humidity
[Berthelot 08, Mazuki 11]. However, the comparison in the existing literature is
usually mixed with multiple parameters such as fiber type, reinforcement type,
and matrix and it is difficult to clearly understand which component plays the
main role in damping performance.

Therefore, the main objective of this chapter is to get a better insight into this
issue. The study in this chapter mainly focuses on four parameters: matrix type,
reinforcement type and lay-up, frequency and moisture content. Different matrices
in unidirectional flax fiber composites are studied to evaluate the contribution of
fiber and matrix in damping properties both in fiber and transverse directions.
Then, different weave patterns in hemp-fibre reinforced composites with balanced
or unbalanced yarn densities in warp and weft directions are investigated. Further-
more, visco-elastic properties under specific frequency and temperature ranges are
obtained at meso scale. In addition, the coupling effect on dynamic mechanical
properties from moisture and temperature is also investigated.

This chapter gives, at first, a brief introduction for the theory of DMA method.
The configuration of the experiments are then detailed as well as the precautions
to make sure that all the tests are processed in a linear visco-elastic range. To
make sure that the manufacturing process is reliable, the curing status of PFCs
after manufacture with thermoset resins are also verified. Then, the DMA tests are
carried out on specific temperature and frequency ranges using a piece of sample
from the whole composite plate. Damping properties at low frequency (0.01 - 100
Hz) at ambient temperature in different kinds of flax or hemp composites are
compared. Subsequently, the master curve of storage modulus and loss factor are
built using the results at different temperature stages based on Time—Temperature
Superposition Principle. Therefore, the visco-elastic properties on a wide frequency
range and the reference temperature (T,.f) is obtained. This serves as a supplement
to the multi-scale (including frequency and temperature scale) properties and will
be further compared with the macro-scale and micro-scale results obtained in the
following chapters. At last, the changes in damping properties after water aging
are discussed for UD flax/epoxy laminates.
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11.2 MATERIALS AND METHODS

The brief description and state of the art for DMA method has been detailed
in the previous chapter. This section will focus on the mechanism of DMA method
including the theoretical basis of visco-elastic mechanics and the principle of expe-
rimental measurement. The advantages and application of DMA method and the
dynamic mechanical parameters collected by this method will be also discussed.
Moreover, the details of the DMA tests as well as selected raw materials, composite
production process and experimental setup will be described in this section.

I1.2.1 Generalities on DMA

DMA, which is one of the non-resonance methods for damping identification,
is usually used to study the viscoelastic materials in low stiffness such as polymer,
organic composite materials, etc. It was widely used in the early years for the
rheological analysis of polymers, especially in the fields of chemistry and materials
science [Menrad 08]. Currently, many researchers use it to determine the dynamic
mechanical properties of the materials in a certain range of temperatures and fre-
quencies under periodically changing stress (or strain) [Margem 10, Mylsamy 11,
Menard 08, Butaud 15a].

The mechanical response of an elastic material is instantaneous. The response
of stress and strain, under the action of dynamic alternating stress, has the same
frequency and phase without any difference. As one kind of viscoelastic materials,
the mechanical response of flax or hemp reinforced polymer based composites is
time-dependent, and the response of strain lags behind that of stress as shown in
Figure I1.1 (a). The hysteresis curve of the strain lags behind the stress in the
viscoelastic material is shown in Figure I1.1 (b). The area converted by the curve
represents the energy dissipated within a vibration period.

(a) (b)

IAAVAY )
VAV G

FIGURE II.1 — Mechanics of viscoelastic material under alternating stress: (a)
Stress and strain curve, (b) Hysteresis loop

v

Generally, the mechanism of hysteresis is due to the internal frictional resistance
of the intra-molecular and inter-molecular interactions when the chain segments
of the molecular chain move, so that the segment movement cannot keep up with
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the change of external force and the strain lags behind the stress. The greater is

the internal frictional resistance, the more difficult is the movement of the chain

segment, and the greater is the lag phase angle. Hysteresis strongly depends on

external conditions, such as the frequency, external forces, and temperature.
Stress and strain can be expressed as,

o(t) = Re(ae™?), (I1.1)
e(t) = Re(ée™"), (I1.2)

where 7 = 0, € = gpe ™, i = \/—1, 0y and e, refers to amplitude of stress and
strain, w means angular speed, t is the time and ¢ is the phase difference between
stress and strain.

The phase angle ¢ is equal to 0° for elastic materials. An ideal viscous materials
have a large lag between stress and strain, and the phase angle is close to 90°
[Chang 19]. The ratio of stress (o) to strain (¢) under dynamic load is defined as
the complex Young’s modulus of the material (E*), which can be expressed as:

=Nt — ' 4B (IL3)
€0

E* =

o | QI

Three important parameters in DMA tests, storage modulus (E'), loss modulus
(E") and loss factor (tan §), are usually used to describe the viscoelastic proper-
ties of polymer or organic-based composite materials. Other dynamic mechanical
parameters can be also expressed as shown in Table I1.1.

TABLE II.1 — Dynamic mechanical parameters in DMA tests

Parameters Equation
Stress o(t) = ogsin(wt)
Strain e(t) = epsin(wt + 0)

Complex modulus FE* = % —E + E"
Modulus value |E*| = %8

Storage modulus  E' = 20 cos 0

Loss modulus B = g—g sin &
Loss factor n=tand = %,/

The dynamic mechanical properties of organic-based composites are sensitive
to temperature and frequency. Temperature is one of the most important fac-
tors that affects damping properties among the various external environments
[Mizumachi 70]. DMA testing is one of the techniques for measuring the damping
properties that change with temperature.
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F1GURE I1.2 — Typical dynamic mechanical properties of epoxy based composites

It is well known that the storage modulus (E’) is usually related to the stiffness
of the material, which represents the ability of the material to store the applied
energy. The loss modulus (£”) is proportional to the energy dissipated in a loading
cycle. The loss factor indicates the ability of a material to dissipate energy.

A typical dynamic mechanical curve of epoxy based composites is shown in
Figure I1.2. It can be observed that the loss factor increases from ambient tem-
perature to Tj. This is attributed to the matrix softening, and the associated
increase in molecular mobility [Subramanian 11]. The storage modulus shows a
decrease from glassy state to rubbery state. After that, the movement of the mole-
cular chain begins to be active, and the polymer exhibits viscous behavior. At glass
transition, the internal loss reaches its maximum value. The loss factor usually va-
ries by orders of magnitude in the glass transition zone. An ideal damping material
for the application of vibration absorption should have a wide transition region
and high peak in loss factor. However, the stiffness decrease in the transition zone
generally requires engineers to find a suitable compromise between stiffness and
damping. In addition, many meaningful dynamic mechanical information can be
obtained in the glass transition zone. The temperature corresponding to the peak
of the loss factor curve is considered as the T, for the specified frequency in this
thesis but other definitions may be used [Ehrenstein 12].

The above content regarding rheology forms the basis of DMA for characteriza-
tion of the damping mechanisms. The analysis of subsequent experimental results
in this chapter will analyze the time delay characteristics especially damping pro-
perties of the materials of interest of this thesis, including pure epoxy, flax and
hemp fiber composites based on these principles.
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11.2.2 Experimental setup

I1.2.2.a DMA test system

One piece test frame

. ‘ for high stiffness

‘ .
c|

Control and
commands

FIGURE I1.3 — Main assets in Metravib® DMA+300

The apparatus used to process DMA tests in this work was METRAVIB®
DMA+ 300 as shown in Figure I1.3. It can be used for typical DMA tests under
tensile, bending, or shear mode using different kinds of clamps. The sinusoidal
stress was generated by the electro dynamic shaker and applied to the specimen.
Specimens were solicited under tensile and bending modes. Many parameters such
as storage modulus, loss modulus and loss factor are directly calculated by the
software "Multitest’.

(@) (b)

Piezoelectric force
transducer (0.6Hz-1kHz)

—
I4—— Specimen
i

Force measured
from shaker’s current
(static to 0.6 Hz)

Specimen

Accelerometer
(90Hz-1 kHz)

Capacitive
displacement
transducer
(static to 90 Hz)

FIGURE I1.4 — (a) Force measurement and (b) displacement measurement
technologies in the used device
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Figure 11.4 shows that the measurement sensors used to record force and dis-
placement depend on the frequency range in the experimental setup. The force
transducer is fixed between the high stiffness frame and the upper clamp to mea-
sure the sinusoidal force. The stiffness of each component in the system should
be much greater than the stiffness of the specimen. Using the DMA+300, it is
recommended to test specimens with a stiffness comprised between 1 N/m to 107
N/m. 10° N/m at a maximum is finally recommended according to my experience.
The maximum displacement which can be applied is 12 mm from peak to peak,
respectively. The frequency and temperature ranges in which it can operate is 107°
Hz to 200 Hz and -150°C to 500°C. These limits in terms of stiffness, loading, dis-
placements and frequencies may be different from those reported in the apparatus
data-sheet. Practically speaking, the measurement below 0.01 Hz always meets
the problem of sinus distortion due to creep or relaxation and studies at high
frequency (beyond 200 Hz) in DMA tests have not been reported due to limita-
tions in instrument technology [Assarar 15], and also due to resonance problems
[Placet 10a]. Furthermore, the deformation of the sample should be kept in the
linear viscoelastic range to meet the theoretical requirements.

Another essential factor that needs to be considered in DMA is the ratio of
the stiffness of the sample to that of the apparatus. The stiffness of the sample
should be much smaller than the stiffness of the system to obtain accurate test
results, especially for storage modulus. For composite specimens, in particular for
UD composites tested in the fiber direction, it is sometimes difficult to ensure that
the specimen stiffness is substantially lower than the frame stiffness. Indeed, when
defining the size of the specimen to be tested, a compromise has to be reached
between a representative elementary volume and a low stiffness. The specimen
size has to be large enough to guarantee that the tested specimen is representative
of the material and the section has to be the small to ensure low specimen stiffness.
It is recommended by the DMA provider that the specimen stiffness is at least ten
times lower than the frame stiffness. For some of the tested specimens, this could
not be respected. In this case, the absolute value of the rigidity which was measured
is erroneous. The parameters with this problem will marked with a symbol % on
the right top of the value. Only its relative evolution using normalized values as a
function of temperature and frequency can be considered reliably.

[1.2.2.b Experimental configurations

Complex modulus was measured during the experimental procedure to obtain
the dynamic mechanical properties of the sample. The experiments using DMA
method in this work were based on non-resonance method take reference of ISO
and ASTM standard [ISO 01, D5026 13]. The tests in this study are expected to
be processed in the linear elastic range of the material. The dynamic force is used
as feedback with a static force to avoid the compression during the test, as shown
in Figure I1.5. Figure I1.6 (a) shows the response of the flax/Petro based epoxy
composites in transverse direction under different static and dynamic forces. As
shown, the curve fitting between static stress and static strain was quite linear.
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(a) 35x10° (b) 80 T T T T 25
—— Storage modulus
3.0x10° —o— Loss factor
78+ 420
<
2.5%10° - a T i T T
: : A e
& >
£ s 9 7.6 15 <
= 2.0x10° 4 2 et
£ 3 IS
2 2 &
5
8 1500 © 7.4 10 @
(7] o) <1
o T = =
5 | f——
1.0x10 g = Eﬂﬂ\z\z
7.2+ 405
5.0x10* = Measured data|
—— Linear fitting
0.0 T T T T T 7.0 T T T T 0.0
0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10* 1.2x10* 2 4 6 8 10
Strain Static force (N)

FIGURE II.6 — Verification of the excitation setup in DMA tests (a) Response of
stress-strain under quasi-static tension (b) Storage modulus and loss factor with
different static and dynamic forces under tension mode

The results of storage modulus and loss factor under different setups can be
seen in Figure I1.6 (b). The coefficient of variation for storage modulus and loss
factor is less than 1 % and 10 %, respectively. It shows a stable dynamic mechanical
response in the range of 5-10 N for static force.

Hence, the static force and dynamic force were selected as 6 N and 3 N, respec-
tively. The verification for other kinds of composites and material directions was
processed in the same way and will not be detailed here. The control of tempera-
ture and frequency in DMA tests can be divided into two situations: one keeping
a constant temperature while the frequency is scanned, and the dynamic proper-
ties of different frequencies are measured at the specified temperature. The other
one consists in keeping a constant frequency while the temperature changes and
the dynamic properties under different temperatures are measured at the specified
frequency. For the temperature sweep, the setup of the temperature pathway is
configured with a monotonic ramp of with dwells (which allow measurement in iso-
thermal condition) according to the researcher’s intention and the characteristics
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of the tested specimen. In our case, each step included a dwell at temperature for
several minutes to make sure the sample has reached a homogeneous temperature
distribution.

A
Measurement
=T, e=5 °C/min

Temperature (°C)

Thog=2 min
 C

Time (min)'

F1GURE I1.7 — Protocol changes during temperature sweep in DMA tests

Figure 1.7 shows the typical temperature pathway used in the DMA tests.
Tyiare and T4 refer to the first and the last measured temperature values, respec-
tively. The heating rate (T,q.) was set to 5 °C/min with a 2 minutes hold (Tju4)
for each ramp to make sure a homogeneous temperature in the sample. Meanwhile,
the relative humidity was not controlled during the tests since it was not within
the function of the Metravib device.

TABLE I1.2 — Configrations for each materials in DMA tests (Dpys4: Dimension,
Fq: Static force, Fgy,,: Dynamic force, Tpasa: temperature range, fpara:
frequency range, FGUD: UD Flax/GreePoxy composites, FPGE:
Flax/Petro-based epoxy composites, FPPC: Flax/Polypropylene composites,
HFRC: Hemp fabric composites, H4: Hemp4/GreenPoxy composites, L and T
refer to longitudinal and transverse direction)

Material Dpaya (mm?) Fgo (N) Fayn (N) Tpaa (°C)  fouma (Hz)
FGUD 65%10*3.6 6 3 30 - 160 1-50
FPGE 65*10*3.5 6 3 30 - 160 1-50
FPPC 65*10*1.8 6 3 30 - 160 1-50
HFRC 65%10*2.0 6 3 30 - 160 1-50
Pure matrix 65*10%2.4 6 3 30 - 160 1-50
FGUD-L, H4-L. - 20 10 -20 - 160 0.7 - 50
FGUD-T, H4-T - 10 5 -20 - 160 0.7 - 50
Pure epoxy 65%10*2.4 10 5 -85 - 160 0.7 - 50
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The frequency and temperature ranges used for all the tested materials are
detailed in Table I1.2. Five values were inserted into the tested frequency range
at logarithmic intervals. The dynamic mechanical properties were measured every
5 °C. All the tests were performed using a load feedback under tension mode. A
static force of 20 N and 10 N for FGUD in longitudinal direction and pure epoxy,
respectively, was set considering a low strain when the test was processing below
0 °C. At least three samples were tested for each material type following ASTM
standard D5026.

I1.2.3 Composite materials

In this work, three types of plant fiber reinforcements, made of flax and hemp
fibers, were used to manufacture composites as shown in Figure I1.8, namely non-
crimp fabrics, woven fabrics and commingled fabrics. They are described in this
Chapter which is focused on DMA testing, however, they will also be used in the
next Chapters.

The first non-crimp fabric is a fully unidirectional flax fiber tape (FlaxTape™
110 supplied by LINEO®, France), as shown in Figure I1.8 (a). The number "110’
stands for its areal mass was 110 g/m?. A density of 1.45 g/cm? for flax fiber was
measured using Archimedes’ principle [Cadu 18].

The hemp reinforcements used in this study were woven fabrics produced in
the frame of the SSUCHY project. They were manufactured by ENSAIT using
hemp rovings supplied by Linificio e Canapificio Nazionale™, Italy. The rovings
were fully made of hemp fibers [Corbin 20b]. The woven structure in satin (Hemp4
and 5) and twill (Hemp6 and 7) types are shown in Figure I1.8 (b), respectively.
The density of the rovings in weft and warp directions are shown in Table II.3.
Among them, Hemp4 and 6 were balanced woven fabric in both directions with a
density of 6.5 yarns/cm. Hemp 5 and 7 were unbalanced fabric with 9.5 yarns/cm
in weft direction and 6.5 yarns/cm in warp direction.

TABLE I1.3 — Hemp fabric with different woven patterns

Name Woven pattern Density in weft and warp (yarns/cm)

Hemp4 Satin 6.5 x 6.5
Hempb) Satin 9.5 x 6.5
Hemp6 Twill 6.5 x 6.5
Hemp7 Twill 9.5 x 6.5
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A woven commingled fabric was also used. It is labelled H4/PA12 and is made
of Hemp4 and PA12 using commingled method detailed in Ref. [Corbin 20a] as
shown in Figure I1.8 (c). The woven fabric reinforced composites had a obvious
different micro structure compared to UD or quasi-UD PFCs. The warp and weft
yarn can be seen clearly on the cross-sectionnal views from Figure I1.8 (b).

UD Flax fiber Composites plate Microstructure

yarn o 44 5 "Z.*JID['-!‘K
awhiten By
H4/PA12 $4 b ;""° "T"‘,u,
s bl 04 0 bhy
PA12 ""'11'7““'
(Ll dedddd

Stitching
yarn

Non-crimp prepreg

Flax fiber

FIGURE I1.8 — Reinforcements used in this work: (a) Unidirectional flax tape, (b)
Hemp4 - Satin fabric and Hemp6 - Twill fabric [Corbin 20b], (¢) non-crimp
flax/PP prepreg, (d) H4/PA12 prepreg (H4/PA12 refers to Hemp4 reinforced
Polyamide 12 composites)

The last reinforcement, a non-crimp flax/PP prepreg, was provided by "Terre
de 1lin®’. It is a quasi-unidirectional reinforcement, which includes stitched yarns
in the transverse direction, as shown in Figure I1.8 (d). The areal weight of flax
fiber was around 200 g/cm? in the prepreg.

o4



I1.2. Materials and methods

TABLE I1.4 — Components in each product

Product Reinforcement Matrix Hardener Fabrication

Pure GreenPoxy (GE) - SR Green- SD 7561 11.9 (a)(1)
poxy H6

Pure Polypropylene - Molpen - [Duc 14b]

(PP) [Duc 14b] HP500V

Pure petro-based epoxy - SR 8500 S7 8525  11.9 (a)(2)

(PE)

Flax/GreenPoxy compo- UD FlaxTape™ SR Green- SD 7561 11.9 (a)(1)

sites (FGUD) 110 ([0]20) poxy 56

Cross-ply UD FlaxTape™ SR Green- SD 7561 11.9 (a)(1)

flax/GreenPoxy compo- 110 ([0/90]10) poxy 56
sites (FGCR)

Hemp/GreenPoxy com- Woven  Hemp SR Green- SD 7561 I1.9 (a)(1)

posites (HGEC) Fabric (4 plies)  poxy 56

Flax/Petro based epoxy UD FlaxTape™ SR 8500  SZ 8525 11.9 (a)(2)
composites (FPEC) 110 (20 plies)

Flax/Polypropylene Prepreg (6 plies) Polypropylene - I1.9 (b)
composites (FPPC)

Hemp4/Polyamide 12 Prepreg (2 plies) Polyamide - I1.9 (b)
composites (H4PA12) 12

The constituents for each composite manufactured and characterised in this
work are detailed in Table 1.4 and Figure I1.9. The thermoset based composites
and FPPC were manufactured by myself, and H4PA12 was made by the partner
from ENSAIT in the frame of SSUCHY project. For the matrices, all the thermoset
prepolymers and the hardeners are provided by Sicomin®, in France. The weight
ratio of SR 8500 (density 1.17 g/cm?®) and SZ 8525 (density 0.94 g/cm?) was 4:1,
and that of SR Greenpoxy 56 (density 1.198 g/cm?) and SD 7561 (density 0.971
g/cm?) was 3:1. The curing parameters in this work were set using the data-sheet
provided by the supplier. Pure matrix, also sometimes called neat matrix or pristine
matrix in this work, describes the polymer without the reinforcement.

All the composite materials were manufactured by thermo-compression using
the plant fiber reinforcements and the matrices, as detailed in Table I1.4. This table
also report the acronyms used all over the manuscript to refer to the materials in
the text.

The thermoset-based composites were manufactured using hand impregnation
and lay-up. The process starts with the preparation of the mold.

ot
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FIGURE I1.9 — Temperature and pressure during fabrication of (a) (1) pure
GreenPoxy and plant fiber/GreenPoxy composites (2) Pure petro-based epoxy
and plant fiber /petro-based epoxy composites, (b) Hemp/PA12 composites

First, the rectangle mold (Length 300 mm, width 200 mm) is cleaned to en-
sure that its surface is flat without protrusions, so that a high-flatness composite
material can be obtained. A little resin was scattered on the Teflon film. The rein-
forcement was placed in the specified direction, and then small amount of resin
was scattered on the surface of the reinforcement again. This step was repeated
until the predetermined number of plies was reached.

For unidirectional flax fibers, the resin can be placed directly in the center of the
mold and it will diffuse and flow along the fiber direction under pressure by thermo-
compression. The FGCR was manufactured following the sequence of [0/90] (0, 90
refers to longitudinal and transverse direction, respectively) and repeated 10 times.
However, for hemp fiber woven fabrics, the resin was recommended to be evenly
distributed on the surface of the reinforcement using a roller since the network-like
fibers may restrict its flow compared with unidirectional fibers.

The control of temperature and pressure for the composites was guided by Ref.
[Cadu 18]. The composite laminates were cured in a ‘Fontjine Grotnes TPC 321’
hot press device after the hand lay-up process. The pressure was applied when the
temperature reaches 40 °C and the temperature was maintained for 15 minutes to
optimize the impregnation of the matrix to the reinforcement as much as possible.
The GreenPoxy 56 based composites were cured at 60 °C under a pressure of 3
bar for 1 hour, and then it was post-cured at 130 °C for 1 hour (130 °C, 1 h). This
is a compromise choice considering the curing condition and time, and it will be
discussed in the later section. The Petro-based epoxy based composites were cured
at 80 °C under a pressure of 3 bar for 1 hour, and then post-cured at 80 °C for 2
hours. For the thermoplastic based prepreg, flax/Polypropylene composites were
manufactured at 190 °C under a pressure of 5 bar for 0.5 hour. The hemp4/PA12
composites were produced by a SSUCHY partner (ENSAIT) using the temperature
and pressure setup in Figure I1.9 (b).
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The pure matrix plates were made by pouring epoxy and hardener into the
mold and then started the thermo-compression without pressure. Subsequently,
post-curing was carried out for the thermoset matrix in the oven at the specified
temperature and time to make sure they are fully cured.

The pure matrix and plant fiber reinforced composite plates were finally formed
and then cut into rectangular shape specimens with a size of 65 mm x 10 mm for
length and width using laser cutting, respectively. The thickness was dependent
on the layers of reinforcement and the pressure, and its value were detailed in the
section of experimental setup. All the samples were stored in a climate chamber
with 234+1°C and 50+1 % RH for at least 4 weeks after cutting to ensure that
they reached their moisture content equilibrium.

The calculation for the volume fraction of fiber, matrix and porosity was re-
fereed from ASTM 3171 [ASTM-D3171 09]. The mass of each product was deter-
mined by a balance with 0.1 g precision. The length (L.) and width (W) of the
specimens are measured using a scaled ruler and the thickness (t.) was measured
using a vernier caliper with a precision of 0.01 mm. At last, the following equations
are used to calculate the volume fraction of fiber, matrix and porosity:

Vol. = L. x W x t,, (I1.4)
M
Ve = —L % 100%, (11.6)
pf
My,
V= X 100%, (I11.7)
V, = 100% — Vj — Vp, (11.8)

where, Vol. was the volume of the composite plate; M., My and M, are the
mass of composite plates, fiber and matrix, respectively; py, p,, was the density
of fiber (1.45 g/cm?) and matrix (1.19 g/cm?), respectively; V¢, V;, and V, are
the volume fraction of fiber, matrix and porosity, respectively. The average fiber
volume fraction of FPEC, FGUD, FGCR and Hemp4/GreenPoxy composites (H4)
were finally determined to be around 48 %, 47 %, 44 % and 48 %, respectively.

Table I1.5 shows the static mechanical properties of flax and hemp reinforced
composites obtained by quasi-static tensile test, where E and o refer to Young’s
modulus and stress at failure, respectively . H4PA12 was manufactured at ENSAIT
by Anne-Clémence Corbin and the characterization was part of another PhD thesis
performed by Benjamin SALA in the frame of the SSUCHY project [Sala 20]. The
Young’s modulus do not show significant difference in flax reinforced composites
with two different types of matrix and the values are around 30 GPa and 4 GPa
for longitudinal and transverse direction, respectively. Hemp4 reinforced composite
was balanced in the two main directions. Static properties are comparable to the
ones obtained in flaxtape cross-ply laminates.
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TABLE IL.5 — Static mechanical properties of different type PFCs (mean value +
standard deviation)

Material Direction Vy (%) V, (%) E (GPa) o (MPa)

L 31.4£0.6 320 +32
FPEC 48+1 2.51+0.7

T 4.3£0.3 2145

L 30.1+£0.6 310 £20
FGUD 47+1.3 3.2+£0.9

T 4.6+£0.38 19 £3
FGCR L 44+1 2+2 17+£1 177 £17
H4 T 48+2 0.3£0.1 1941 176 +3
H4PA12 T 54+1 - 11+£1 10449
FPPC L 4442 - 24.243.3 15548

I1.2.4 Water aging tests

Figure 11.10 shows the whole process of the water aging test. The flax/GreenPoxy
56 composites was selected in this study to investigate the influence of water aging

time on dynamic properties of PFCs.

Width
——
—;Thickness
———
s |
> == — ) —
ERl— e
§| 0
== ~
Measure size Water aging
and mass

FiGUre I1.10 — Water aging test process

Measure size DMA tests Measure size

and mass

and mass

Three samples in fiber direction and three samples in transverse direction were
tested in DMA tests for each ageing time. 5 N and 1.25 N were set to the sta-
tic and dynamic force, respectively. The samples were tested in 3-point-bending
mode in longitudinal direction and tension mode in transverse direction, respecti-
vely.Bending mode is preferred for longitudinal direction to know the changes of
storage modulus and this is discussed in the section II.3.1. The temperature range
for DMA was distributed from 30 °C to 160 °C and the heating rate (T,q.) was

set for each steps.
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The flax/GreenPoxy composite samples with a size of 65x13x3.5 mm? were

used and the samples were weighted and their dimensions in the three main direc-
tions measured after being removed from the climate chamber (23 °C and 50 %
RH). Then, the samples were dropped into tap water and maintained for 1 to 5

days at ambient temperature. The sizes and mass were then measured before and
after the DMA tests.

11.3 RESULTS AND DISCUSSION

In this section, the test mode and the dynamic mechanical properties of Green-
Poxy are introduced at first. Then, the damping properties of FFRC and HFRC
are described at ambient temperature. Meanwhile, the influence of fiber architec-
ture and matrix type on damping is studied. The dynamic mechanical properties
of FGUD and H4 as well as GE are obtained at wide frequency according to TTSP
based on DMA tests at wide temperature range.

I1.3.1 Comparision of DMA results from bending mode
and tension mode

DMA tests in 3-point-bending and tension mode were processed for FGUD-L
to evaluate the influence of the loading mode on the measured viscoelastic proper-
ties. Hereinafter, 3-point-bending mode will be referred to as bending mode. The
configuration in bending mode are the same as in tension mode except the value
of excited force: 5 N and 1.25 N were set to the static force and dynamic force,
respectively.

(a) : (b) s
304 [ DMA-Bending mode,

Il DMA-Tension mode

Il Vonotonic test

[ DMA-Bending mode
Il DMA-Tension mode

n 1 N

E'-Bending E'-Tension E-Static n-Bending n-Tension

n

a
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L

N
=}

Storage modulus (GPa)
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) 1
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L

F1cure II.11 — (a) Storage modulus and (b) loss factor of FGUD-L obtained
from DMA test in bending and tension mode at 1 Hz (E-Static refers to
monotonic test in tension)

Figure I1.11 shows the results of storage modulus and loss factor for FGUD-
L at 1 Hz. The storage modulus obtained in bending mode (storage modulus:
23.6 GPa, stiffness: 5.3x10% N/m) is significantly higher than the one determined
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in tension mode (storage modulus: 6.6 GPa, stiffness: 5.4x10% N/m). This is due
to the stiffness frame limitation in tension mode. It can be seen that the value
of E/ determined in bending mode have less difference than that in tension mode
compared with the value from monotonic test. The loss factor obtained in bending
mode (2.9 %) is higher than that obtained in tension mode (1.59 %). This was
already observed in literature [Duc 14b] and is attributed to the friction between
the sample and clamp in bending mode. Based on these results, it was decided to
prefer the tension mode in the following experiments. Indeed, the main focus of
this PhD thesis is to investigate the damping behavior, the static behavior of these
materials being investigated accurately in other works. An exception is made in
the last section of this chapter (influence of moisture) where the bending mode
was preferred to minimize the problems related to clamping in tension mode for
specimens which shrinked when temperature sweep is applied.

I1.3.2 Dynamic mechanical properties of GreenPoxy
I1.3.2.a Verification of the curing conditions

The curing process is one of the important parameters during the manufacture
of thermoset based PFCs. GreenPoxy 56 works as a new type of epoxy family com-
pared to traditional DGEBA-based epoxy. Some curing protocols are proposed by
the provider for the neat resin and some others can be found in the existing litera-
ture for composites [Perrier 16, Perrier 17, Pertegas 16]. The curing time generally
varies between 8 and 48 hours depending on the temperature conditions. This is
time-consuming in particular for industrial production. Therefore, it was decided
to verify the curing condition of GreenPoxy based composites after manufacturing
in order to try to minimize the curing time.

160

Temperature (°C)

w
o
A

Cycle order in DMA tests

FIGURE II.12 — Temperature cycle during DMA test

Samples cut from FGUD in transverse direction were then tested in DMA after
curing and post-curing steps. 8 loops with increasing and decreasing temperature
ramps, as shown in Figure I1.12 were applied to study the changes in Tj, of FGUD.
Different post-curing conditions (95 °C 1h, 95 °C 8h, 130 °C 1h, 130 °C 8h) were
compared after curing at 60 °C during 1h. Table I1.6 shows the evolution of T}, over
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the heating/cooling cycles for the different post-curing protocols. The difference
in T, is decreasing obviously as the increase of curing temperature and time. A
stable value, which means a fully cured condition, is obtained using 130 °C.

TABLE I1.6 — T, of FGUD-T as a funtion of temperature cycle in DMA tests (7},
1: T, in the first loop, T}, 8: T} in the last loop, difference=T, 8 - T}, 1)

Post-curing 95 °C 1h  95°C 8h 130 °C 1h 130 °C 8h

T, 1 79
T, 2 87
Ty 3 90
T, 4 91
T, 5 94
T, 6 94
T, 7 95
T, 8 95
Difference 16

89
89
92
92
95
94
96
96
7

93
94
96
95
98
95
98
96
3

99
97
99
97
100
98
100
98
-1

The dynamic mechanical properties at 1 Hz of FGUD using post-curing proto-
col of 130 °C and 1h are shown in Figure I11.13.
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F1GURE I1.13 — (a) Storage modulus and (b) loss factor of FGUD (post-curing at
130 °C and 1h) in transverse direction for each temperature cycles at 1 Hz

Figure I1.13 (a) shows the evolution of the storage modulus as a function of
temperature for each heating/cooling cycle. The difference of E’ observed at 30 °C
between the different cycles is attributed to the moisture loss due to the successive
heating phases. The loss factor curves do not show significant difference for the
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different cycles and show regular trend. A difference of 3 °C from the first to the
last loop is observed when the T}, is determined from the curve of loss factor. This
difference is low and shows that the post-curing protocol was well adapted. As the
best compromise between curing level and time, 130 °C and 1h is selected as the
final setup in the post-curing process.
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F1GURE I1.14 — Comparison of storage modulus and loss factor of pure
GreenPoxy at 1 Hz and ambient temperature using the optimized curing time
and the datasheet from Sicomin® (C60-1h refers to sample curing at 60 °C and 1
hour with post-curing at 130 °C and 1 hour, C60-16h refers to sample curing at
60 °C and 16 hour with post-curing at 100 °C and 1 hour)

Based on the optimized curing condition, the GreenPoxy curing at 60 °C and
1 hour with post-curing at 130 °C and 1 hour is compared with that curing at
60 °C and 16 hour with post-curing at 100 °C and 1 hour using DMA tests. The
storage modulus and loss factor at 1 Hz and ambient temperature are presented
in Figure [1.14. As it can be observed, there is no significant difference on storage
modulus between our optimized curing condition (C60-1h) and that suggested by
Sicomin® (C60-16h). However, the loss factor of optimized curing condition (C60-
1h) is around 37 % lower than that the one measured with the curing protocol
suggested by Sicomin® (C60-16h). This attributed to the different cross-linking
state.

I1.3.2.b Glass and secondary transitions

The dynamic mechanical properties of traditional epoxy family were widely
studied and it has been observed that the secondary transition usually occurred
below 0 °C except the glass transition (around 110 - 135 °C ) [Hassan 16]. DMA
tests between -100 °C and 160 °C were processed at 5 Hz on the pure GreenPoxy
specimens. The storage modulus, loss modulus and loss factor were measured every
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5 °C as shown in Figure I1.15. The curve of loss factor shows two peaks, corres-
ponding to the glass transition and secondary transition. The main transition, the
glass transition, is found around 86 °C. A secondary transition is seen -50 °C.

10* . . . . .
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F1GURE II.15 — Dynamic mechanical properties of GreenPoxy from -100 to
160 °C at 5 Hz

I1.3.3 Damping properties of composite materials at am-
bient temperature

In this section, experimental results from DMA tests at ambient temperature
and 1 Hz on FFRC and hemp fabric reinforced composites (HFRC) are first des-
cribed. The effect from different reinforcements and matrix will then be discussed
to show their influence on damping properties.

[1.3.3.a Damping properties of FFRC at 1 Hz

In this section, pure PE, GE, PP matrices and associated flax fiber based
composites (FPEC, FGUD, FPPC). For FPEC, the two types of laminates (uni-
directional and cross-ply) were considered. The dynamic mechanical properties of
all these materials were measured using DMA tests. Results are shown in Figure
I1.16, where 'L’ and "T” means 'Longitudinal direction” and "Transverse direction’
of the UD composite materials, respectively. The error bar refers to the standard
deviation measured from at least 3 samples for each material.

The behaviour of the UD composites is analyzed at first. The value of the sto-
rage modulus of the neat epoxy matrices and flax reinforced composites determined
experimentally are given in Figure I1.16 (a). The values for pure polypropylene were
collected from Ref. [Duc 14b]. As shown, the highest values of storage modulus for
FPPC are obtained in longitudinal direction. Table I1.7 shows the comparison of
storage modulus at 1 Hz from DMA tests and Young’s modulus from monotonic
mechanical tests.
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FIGURE I1.16 — (a) Storage modulus and (b) loss factor of pure matrix and Flax
reinforced composites measured by DMA tests at 1 Hz and ambient temperature
(value of Pure PP is refer to [Duc 14b))

A large difference can be observed for most of the tested specimens, in par-
ticular in the fiber direction of the UD composites. Although the difference in
manufacturing process and the measurement method needs to be considered, the
main influencing factor here is that the stiffness of FPEC and FGUD in longitudi-
nal direction is close to the limit value of the test system. The strain measurement
of the specimen is overestimated due to the frame contribution and then the sto-
rage modulus is under-estimated. This is a well-known effect in DMA experiments,
even if a better behavior was expected with this apparatus.

Indeed, the new DMA+ series instruments from Metravib are dynamic tes-
ting machines based on a one-piece high rigidity test frame. Given the relatively
low stiffness of the pure matrix and FFRC in transverse direction, the difference
between the storage modulus and Young’s modulus is lower but still significant.
Additional measurements have shown that this difference is due to the strain de-
termination. Indeed, when strain in DMA tests is measured with contact extenso-
meters (instead of determined from the displacement of the actuator), the values
of the storage modulus are similar to the ones determined using monotonic tests.
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TABLE I1.7 — Values of storage modulus (E’) determined at 1 Hz using DMA
tests and Young’s modulus determined using monotonic tests (Egaic) (FGCR
refers to cross-ply flax/GreenPoxy composites)

FPEC-L FPEC-T FGUD-L FGUD-T FGCR FPPC-L

E' (GPa) 6.4" 2.6 6.6" 2.7 74" 15.2
Egtatic (GPa) 31 4.3 30 4.6 17 24

* The value is not accurate due to the stiffness of the sample which is closed to the one of
the frame of the test system

Based on these measurements, it is recommended not to consider the absolute
value of the storage modulus determined at the composite scale in the fiber direc-
tion. Only their relative variation as a function of frequency and temperature will
be considered in the next sections.

However, as expected, it is observed that the addition of flax fiber into pure
matrix cause an increase in storage modulus and these results are similar to those
reported by F. Duc [Duc 14b].

The damping properties of pure matrix and FFRC measured by DMA tests at
1 Hz and ambient temperature are shown in Figure I1.16 (b). This allows quan-
titative comparison and description the influence of different kinds of matrices
including thermosets and thermoplastics on the damping properties of FFRC.

Longitudinal direction

In longitudinal direction, it can be observed that the loss factor of the flax/epoxy
composites in the fiber direction is of the same order of magnitude than the neat
epoxy matrices. The mean values are approximately 1.4 % for the FPEC and 1.5 %
for the FGUD, when 2 % are measured for the neat resins, respectively. For the
PP, it can be observed that the addition of high-strength fibers induces a strong
decrease in loss factor (from 4% for the pure PP to 2.3 % for the composite). The
integration of fibers probably restricts the movement of the matrix so that the
energy cannot be dissipated by the matrix [Senthil Kumar 16].

As for the traditional glass and carbon fiber composites, it can be hypothesized
that for PFCs, in the fiber direction, the damping behavior is also mainly driven
by the damping of the fiber themselves. However, and to the best of the author’s
knowledge, no damping values were measured using direct method on flax fibers. A
value of 4 to 4.5 % was reported recently for cellulose fibers (viscose and bleached
softwood kraft) by Elsayad et al. [Elsayad 20] using Brillouin spectroscopy. Values
comprised between 1 and 10 %, depending on the loading frequency and path,
for hemp fibers, in the longitudinal direction using DMA on single fibre were also
reported by Placet [Placet 10b].
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It is proposed here to estimate the value of the loss factors of the fiber using
inverse method and a homogenization model with several assumptions as follows:

(1) Total energy is dissipated in the fibers and matrix.

(2) Fiber and matrix are linear viscoelastic elements.

(3) No porosity in the composites.

The loss factor can be calculated based on the model developed by Ungar and
Kerwin[Ungar 62],

i1 (niW3)
n= WL (I1.9)

where 7); is the loss factor for ¢th element, W; is the strain energy stored in zth
element, n is the total number of elements. The flax fiber composites can be divided
into two components of fiber and matrix, then

Wfl + W ’

L (I1.10)

where 1, nf1, N is the loss factor of the composites, fiber in longitudinal direction

and matrix, respectively, Wy;, W,, is the strain energy stored in fiber in longitudinal
direction, matrix. The W, can be calculated based on their strain energy,

|
W, = f/ oieidV, (IL11)
2 Jv

where V; is the volume fraction of ¢th components and among them,

1

Wfl = iEﬂé“ﬂe’fﬂVfl, (11.12)
1
W, = iEmsmsme, (I1.13)

Therefore, the damping properties of the fiber in longitudinal direction can be

estimated using the following model:
_ pEpVi & i B Vi
E flVf + Eme '

L (IL.14)

where 1z, 01, N refer to loss factor of the composites and the fiber in longitudinal
direction, and matrix. Ey, E,, is the Young’s modulus of the fiber in longitudinal
direction and matrix, respectively.

The estimated values of the loss factor in the fiber direction for the flax fibers
are approximately 1.6 % and 2.2 % when back-calculated from FGUD and FPPC
results, respectively. The effect of yarn in the transverse direction of FPPC as well
as the crimp of the fiber bundles in the longitudinal direction should be taken into
account.

The values identified in this work by inverse method are consistent with the
ones reported in literature. It can be concluded also that more effort should be put
in the future on the determination of the damping properties of plant fibers by di-
rect method to evaluate the relevance of the values determined by back-calculation.
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In particular, such investigations could help to understand the role of the inter-
face between the matrix and the fibers in the damping profermances. This will
be discussed later in the manuscript. Whatever their physical origin, the values
measured for PFCs are still higher than that of composites reinforced by synthetic
fibers such as carbon fiber and glass fiber (around 0.5 - 0.9 %) [Duc 14b], which
shows wide potential of plant fibers in application where damping plays a major
role.

Transverse direction

In transverse direction, results show an increase in the damping by approximately
20-28 % when flax fiber are added into the thermoset matrices. This phenomena
can be caused by the damping potential of flax fibers in the transverse direction,
as well as energy dissipation at the interface between matrix and fibers. Again,
damping properties of flax fibers in the transverse direction are also lacking sorely.

The damping properties of PP based flax fiber composites are radically different
from that of PE and GE. A higher range of loss factor (3.8%) is obtained in FPPC
in transverse direction and this is similar to the existing literature, which shows a
higher damping capability than thermoset based PFCs [Chung 03].

Similarly, the damping properties of the fibers in transverse direction can be
estimated using the following model:

Efth + Eme ’

nr (IL.15)

where 17, ny; refer to loss factor of the composites and the fiber in transverse direc-
tion, and matrix. Ey; is the Young’s modulus of the fiber in transverse direction.
For transverse direction, 3.4 % and 4 % are identified for the loss factor of flax fiber
in transvserse direction from FGUD and FPPC, respectively. The differences can
be explained by the fact that the FPPC is made with a quasi-UD fabric (including
stitching yarns in the transverse direction) while FGUD is made from a pure UD
composite. The damping properties of this composite in the transverse direction
are very similar to the ones of the pure matrix. So, it can be underlined that the
behavior is mainly driven by the matrix in this material direction. It could be also
an effect from weaker interactions between flax fiber and PP compared to flax
fiber and PE or GE, which lead to a lower stress transfer to flax fibers. In this
case (weak interface), a higher energy dissipation at the interface could also be
expected. The large uncertainty in FPPC-T values is attributed to the presence of
yarns in the transverse direction. Indeed, as mentioned just above, this composite
material is made of a non-crimp fabric including stitching yarns.

Regarding the cross-ply laminates (FGCR), a loss factor equal to approximately
1.89 % is measured in the two main directions. It is comprised between the values
measured in the fiber and transverse directions of the UD laminates, FGUD-L and
FGUD-T (1.6 and 2.4 %, respectively).
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Chapitre II. Meso scale: dynamic mechanical analysis

I1.3.3.b  Damping properties of HFRC at 1 Hz

Woven hemp fabrics with different weave patterns including satin and twill
and different matrices were also tested. The dynamic mechanical properties of
hemp/GE composites and H4/PA 12 composites measured by DMA tests at 1
Hz and ambient temperature are shown in Figure [1.17, where the ’longitudinal
direction (L)" and "transverse direction (T)’ of the composite materials correspond
to 'warp direction’ and 'weft direction’ of the reinforcement, respectively. The error
bar refers to the standard deviation measured from at least 3 samples for each tests.
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F1GURE II.17 — Loss factor of hemp fiber reinforced composites measured by
DMA tests at 1 Hz and ambient temperature

Figure I1.17 (a) shows the storage modulus of the HFRC with different weave
patterns. It can be seen that the storage modulus among H4-H7 including thermo-
set (epoxy) and thermoplastic (Polyamide 12, PA12) based hemp fabric composites
do not show a large difference. Indeed, the fiber density of the hemp fabric rein-
forcement in longitudinal and transverse direction used in this section has a closed
value. This is in contrast with the unidirectional reinforcements described in the
previous section. For the balanced fabrics (satin (H4) and twill (H6)), the sto-
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rage modulus of GreenPoxy based H4 and H6 composites in both directions is
approximately equal to 8.5 GPa. This is close to the storage modulus (9 GPa) of
the thermoplastic based composites (H4/PA12). H5 and H7 are unbalanced hemp
fabric reinforced composites. The density of yarn in transverse direction is higher
than longitudinal direction. This caused the storage modulus to be around 15
% higher in transverse direction. Again, the storage modulus (8-9 GPa) of HFRC
measured using DMA tests is far from that in monotonic tests (around 11-18 GPa)
due to the higher stiffness of the sample (around 3.3x10° N/m).

The loss factors of thermoset and thermoplastic-based HFRC are shown in
Figure I1.17 (b). For the thermoset-based composites, no significant differences can
be observed among the tested materials, whatever the woven pattern and material
directions are. All the values are around 2 %. For these woven fabric composites,
the damping is indeed mainly driven by the fiber damping in both main directions.
This result would be consistent with a loss factor of hemp fibers of approximately 2
%. The values of approximately 2 % measured at the hemp composite scale are also
comparable to that of cross-ply flax/GE composites (FGCR, mean value of 1.85 %,
Figure 11.18). The slight difference, if significant when considering measurement
uncertainties, could be attributed to the fiber waviness induced by crimp in the
woven fabric. This slight disorientation of the fiber when compared to loading axis
could provide additional energy dissipation.
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F1GURE I1.18 — Comparison between balanced hemp fabric/GreenPoxy
composites and FGCR in (a) storage modulus and (b) loss factor at 1 Hz and
ambient temperature

At last, the damping properties in H4/PA12 composites are higher with a loss
factor equal to approximately 3 %. This value can be explained by the meso struc-
ture of the composite, as shown in Figure I1.19. Indeed, in this composite made
from a commingled fabric, it can be observed that the yarns are not well impre-
gnated by the polymer. They were highly compacted when the hydrid wrapped
spun yarns were manufactured. Under tensile loading in the wrap and weft direc-
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Macro porosity Matrix rich area Lack of matrix inside the yarn Lack of matrix at the interface with the yarn

FIGURE I1.19 — Mesostructure of H4/PA12

tions, friction can occur between the fibers within the rovings. This is an additional
source of energy dissipation that could explain, at least partly, the higher damping
loss factor measured when compared to the epoxy-based composites.

11.3.4 Damping properties of composite materials in a
wide temperatures range

The damping properties regarding matrix type and fiber architecture have been
investigated at ambient temperature. This section will focus on their damping
properties in a wide temperature range.

[1.3.4.a UD Flax reinforced composites

The dynamic mechanical analysis of FFRC was carried out with specific fre-
quency and temperature ranges using DMA tests. The researches in this section
regarding the dynamic mechanical properties of FFRC materials are mainly ai-
med at three objectives. The first is to study the dynamic mechanical response as
a function of frequency and temperature. Then the influence from reinforcement
will be studied. At last, the master curve will be built to obtain the damping
properties on a wide frequency range.

The results of the storage modulus, loss modulus and loss factor sweep with
temperature at 1 Hz are shown in Figure [1.20. The curves of storage modulus are
normalized using the measured value divided by the value measured at 30 °C.

In the glassy state, the molecular structure in the polymer is almost frozen. As
the temperature increases, the molecular chain starts to relax, which is manifested
in a slight decrease in the storage modulus.

(1) For GreenPoxy (GE)-based composites, the storage modulus of FGUD-L
decreases by approximately 45 % from ambient temperature to T,. The
behavior of E' in FGUD-T is similar to that of Pure GE and their value
decrease by about 77 % -96 % from ambient temperature to 7.

(2) For Petro(PE)-based composites, their T, is around 115 °C so the decrease
of E/ occurs at higher temperature than for GE-based composites and the
value of decrease (about 24 % for FPEC-L) is also smaller than that of
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FIGURE I1.20 — (a) Normalized storage modulus, (b) loss modulus, (c) loss factor
of FFRC and pure matrix at 1 Hz and 30 - 160 °C

FGUD-L. However, the performance of E' in FPEC-T and PE (with a de-
crease of 70 % to 96 %) is similar to that of FGUD-T and GE from ambient
temperature to 7.

(3) For PP-based composites, the decrease of FPPC-L and FPPC-T is around

11 % and 40 %, respectively, and that value of PP is about 72 % from
ambient temperature to the T, at secondary transition (75 °C), which is
close to the value reported by Ref. [Mofokeng 12].

During the heating before T}, the internal friction of the matrix increases while
the loss factor and loss modulus begin to rise gradually. the increase of E” is around
3.1 to 4 times and 3.5 to 4 times for FGUD and FPGE, respectively, from ambient
temperature to T,. For FPPC, that value at secondary transition temperature is
around 0.8 to 1.7 times of that at ambient temperature. An order of magnitude
increase is observed for the loss factor of thermoset based composites (FGUD and
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FPEC): the value at the peak is around 7.2 times and 12 times of that at ambient
temperature for longitudinal and transverse direction, respectively. In addition,
the peak value of loss factor in thermoset-based composites is about 0.1 and 0.4
times of that of pure matrix in fiber and transverse direction, respectively. For PP
based composites, an increase of 40 % - 56 % are found from ambient temperature
to the T, at secondary transition for FPPC and Pure PP, respectively.

When it comes to glass transition zone, a large decrease in storage modulus
with the increasing temperature will be seen. This is due to long range cooperative
mobility in amorphous regions at 7, zone [Pothan 03]. The movement of macro-
molecules is beginning to increase and the space of molecules are also becoming
larger in this temperature range and it triggers the movement of the chain segment.
Damping is produced due to this form of movement in polymer materials. Since
the internal frictional damping of the molecules is still relatively large, the external
mechanical energy is dissipated in the form of thermal energy through the internal
friction of the molecules. This part of the converted energy cannot be returned,
which is manifested as a sharp increase in loss modulus and loss factor. Considering
the addition of flax fiber into matrix, the visco properties inside flax fiber and shear
stress caused by the fiber ends will also produce additional energy dissipation in
the composite material.

In this process, the stiffness of the tested composites decrease the fastest with
temperature, and the loss factor reaches a maximum value. When the temperature
exceeds T}, the movement of the molecular chain is more free and its shape begins
to change, resulting in a gradually decreasing loss modulus. Finally, the composites
enter the rubbery state and exhibit higher elasticity and their storage moduli, loss
moduli and loss factor will not change significantly. In addition, the loss factors
of FPPC shows a continuous increasing trend since the 7j of PP is below 0 °C as
shown in I1.24 (b). Therefore, a peak value of loss factor is not observed between
30 and 160 °C.

It can be clearly seen that the pure matrix has higher peaks than FFRC. It is
also found that incorporating plant fibers into the matrix slightly changes the T}.
This means that the interaction between the fiber and the matrix in the composite
is different. Moreover, the addition of fibers increases the load-bearing capacity
in the high-temperature region and reduces the molecular mobility in the poly-
mer chain resulting in a low damping peak. In the longitudinal direction, FPEC
has a higher damping peak than FGUD due to the relatively poor fiber/matrix
adhesion, which results in higher inter-link movement in the glass transition zone
[Rajesh 16a].

I1.3.4.b  Hemp fabric reinforced composites

Figure I1.21 shows the results of the storage modulus, loss modulus and loss
factor of HFRC sweep with temperature at 1 Hz. It can be seen that the dynamic
mechanical behavior of thermoset based HFRC is similar with that of thermoset
based FFRC shown in I1.20 (a-c). Hence, the physical mechanisms associated to
the behavious shown in these figures are similar to those presented for in FFRC.
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In addition, the value of changes in this kind of curve at ambient temperature and
T, is also similar with FFRC and it can be found in Table I1.8 so they will not be

detailed here.
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FIGURrE I1.21 — (a) Normalized storage modulus, (b) loss modulus, (c) loss factor
of HFRC at 1 Hz and 30 - 160 °C (PA12 is collected from Ref. [Liao 18])

In figure 11.21 (c), the influence of weave pattern on the damping properties of
hemp fabrics reinforced composites can also be analyzed. The T} of hemp reinforced
GE composites (HGEC) is around 8343 °C and there is no significant difference
in the peaks. It is also found that incorporating hemp fabrics induces a decrease
in the loss factor peaks due to the limitation of the molecular mobility in GE. It
can also be observed that the weave pattern has no significant effect on damping
properties of HGEC. No significant peak is found in the loss factor of H4/PA12
from 30 °C to 160 °C, which is similar to the behavior of FPPC.
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Chapitre II. Meso scale: dynamic mechanical analysis

I1.3.4.c Comparison of dynamic properties between FFRC and HFRC on a
wide temperature range

Table 1.8 shows the dynamic properties of all types of material in longitudinal
and transverse directions. It can be seen clearly that a decrease in orders of magni-
tude of the storage modulus of thermoset based composites occurs when increasing
the temperature from 30 °C to Tj,.

TABLE I1.8 — Dynamic mechanical properties at 1 Hz, 30 °C and 7, (E’ and loss
factor are measured at 30 °C, E' T, and loss factor-7, are measured at 7})

B (GPa) F_T, (GPa) T, (°C) n (%) n-T, (%)

GE 2.55 0.03 85 2 100
FGUD-L & 4 87 1.7 12.2
FGUD-T 2.7 0.6 84 2.5 31.1
FGCR 74" 5 88 1.9 15
FPPC-L 11.8" 5 - 2 -
FPPC-T 2 0.5 - 35 -
H4-L 7.9 5.2 88 1.9 13.8
H4-T 9" 4.9 90 1.9 13
H5-L 74" 5 80 2 14.4
H5-T 8.3 5 80 2 14.3
H6-L 8.3 5.1 86 1.8 12.5
H6-T 7.7 4.9 87 1.8 13.4
H7-L 717 4.6 80 2 16
H7-T 7.8" 4.4 82 1.9 14.7

* The value is not accuracte due to the stiffness of the sample which is closed
to the one of the frame of the test system

For the UD thermoset based composites, the peak value of loss factor is around
12 % and 31 % in fiber and transverse directions, respectively. Although the ad-
dition of the fiber into matrix enhanced the damping in transverse direction at
ambient temperature, it also restrict the chain mobility of the polymer. It can be
seen the peak loss factor for FGUD-L (12 %) and FGUD-T (31 %) at T, is smaller
than GE (100 %). For woven fabric composites, the peak value of loss factor is
always close to that of FGUD-L. This indicates that the peak of loss factor in fiber
direction is mainly driven by the presence of fibers into matrix.
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I1.3.5 Evolution of damping properties as a function of
frequency

I1.3.5.a Direct measurements on the 0.01-100 Hz frequency range at ambient
temperature

As mentioned before, DMA tests have the advantage of operation at low fre-
quency (less than 100 Hz) and on a wide range of temperatures. Therefore, FGUD,
FPPC and H4 were selected to study their damping properties on a frequency range
from 0.01 to 50 Hz. Among them, FGUD and FPPC are thermoset and thermoplas-
tic based composites, respectively. H4 was also selected on behalf of the thermoset
based HFRC since previous measurements have shown that all HFRC have similar
damping properties at ambient temperature.
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FIGURE I1.22 — (a) Storage modulus, (b) loss modulus, (c) loss factor of
FGUD-T at 1-50 Hz and 30 - 160 °C, (e) Storage modulus, (f) loss modulus, (g)
loss factor of H4-T at 1-50 Hz and 30 - 160 °C

It can be seen from Figure 11.22 that the storage modulus, loss modulus and loss
factor are all highly frequency-dependent in both FFRC and HFRC. The storage
modulus increases with the increasing frequency. When the frequency is low, the
time required for the material to complete a cycle of vibration is longer, which
exceeds the relaxation time of the macro-molecule, and the movement time of the
chain segments is sufficient to make adjustments to keep up with the changes in
excitation. Therefore, the movement of the chain segments can be kept consistent
with the vibration force at all times. This means the material will try to minimize
the localized stresses by rearrangement of molecular chain [Pothan 03].
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Chapitre II. Meso scale: dynamic mechanical analysis

Figure 11.22 (c) shows the loss factor of FGUD in transverse direction on the
1-50 Hz. Similarly, the loss factor will first rise slightly in the extremely low fre-
quency range (equivalent to extremely high temperature), and it will enter a peak
area as the frequency increases. As the frequency continues to increase (equivalent
to decrease the temperature), the damping of the thermoset based FFRC starts to
decrease. With the increase of frequency, the T, will move to the high temperature
direction because the relaxation of the molecular chains needs a higher tempera-
ture. The behavior of other types of composites will not further be described since
they have similar performance and they will be detailed in the section of "Master
curve’.
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F1GURE I1.23 — Loss factor of FGUD, FPPC and Hemp4 at 0.01-100 Hz and
ambient temperature

Figure 11.23 shows the loss factor of the three different materials in both mate-
rial directions. As shown previoulsy, it can be observed that the damping level is
highly dependent on the material and the direction for this whole frequency range.
It is confirmed here that the PP matrix provides higher damping than the Green-
Poxy one on the whole frequency range studied here. For all the materials, the
loss factor show the same evolution as a function of frequency. A slight decrease
trend from 0.01 Hz to 1 Hz is observed, at first. This is due to the motion of the
chain segments of the matrix which decrease as the frequency increases. The slight
perturbation in trend near 1 Hz is due to the change of sensor in the DMA device
used, as indicated in Section 11.2.2.

For all the tested materials and material directions, the maximum value of loss
factor over temperature tends to increase from this level of frequency up to the last
tested frequency. It is well known that, in this frequency range, measurements are
sometimes disturbed by resonances of the whole system and that the measurement
of the phase difference could not be reliable.
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However, many precautions in the design of the set-up have been taken to avoid
it. If DMA results beyond this frequency range may be questionable, modal tests
is an interesting alternative method that will be used in the next chapter. Another
reason to explain this evolution as a function of frequency is the temperature
transitions of the considered polymers.
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FIGURE I1.24 — Master curve of loss factor for pure GE (reference temperature =

25 °C)

The secondary transition of GE is shown in Figure I1.24. It will close to the
second peak of loss factor near the secondary transition range when the frequency
is higher than 10 Hz. On the other hand, the Tj of pure PP is lower than GE so
the glass transition peak in master curve for pure PP will shift to higher frequency
than that of GE. This can explain the different slop of FPPC and FGUD from
0.01 Hz to 1 Hz in Figure I1.23.

The damping properties of these materials will be also further investigated at
higher frequency range with modal analysis in the next chapter.

I1.3.5.b  Evolution on a broader frequency range using TTSP

The dynamic properties of PFCs are expected to be known in a wide frequency
range. This range depends directly of the targeted application. However, it will
be difficult to perform a frequency sweep beyond 100 Hz using DMA directly due
to the limitation of the instrument. Thanks to Time—temperature superposition
principle described by JD. Ferry [Ferry 80], the dynamic properties of visco-elastic
material under lower and higher frequencies can be obtained by plotting the master
curve from experimental data collected in a restricted frequency range but on wide
range of temperature. [Menrad 08]. According to this principle, the changes in
material properties when lowing (or increasing) the temperature are the same as
those obtained when increasing (or lowing) the frequency.

Master curves are produced using the curves of dynamic properties under dif-
ferent temperature stages on a specific frequency range.
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Chapitre II. Meso scale: dynamic mechanical analysis

To illustrate this, the shift factor o obtained by the T'TS principle can convert
the single curve of dynamic mechanical properties (storage modulus and loss factor)
at different temperatures into the single curves of the dynamic mechanical function
at a reference temperature, so that the storage modulus or loss factor in a wider
frequency range can be obtained.

Typically, logarithmic coordinates are used to describe the time-temperature
conversion algorithm for viscoelastic mechanical behavior. The curves of viscoelas-
tic properties at different temperatures are built according to shift the experimen-
tal curve in a certain shift factor in the horizontal direction under the reference
temperature. The shift factor is only related to temperature and two calculation
methods are often used namely WLF (Williams, Landel & Ferry) and Arrhenius
formula in order to describe the evolution of the shift factor over temperature. The
calculation of shift factor in this work is based on the principle of least squares
inspired by Ref. [Butaud 15a].
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F1Gure I1.25 — Master curves of storage modulus and loss factor for GE, FGUD
and H4 with T, = 25 °C

Figure 11.25 shows the master curves of storage modulus and loss factor for
the FGUD and H4. As shown, the frequency range has been extended to [1071°,
10°] Hz for the reference temperature 25 °C. This can make up for the shortcomings
of DMA test in ultra-low frequency (less than 1072 Hz) and high frequency (higher
than 10? Hz) ranges. These results also provide a basis for comparison with data
obtained using other experimental techniques. It will be further analyzed in the
following chapters. The master curves of other materials can also be obtained using
the same method and will not be described in detail here.
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The Cole-Cole plots are shown in Figure 11.26 by plotting loss modulus against
storage modulus. It is clear that the composites show approximately two semi-
circles related to the glass transition and the secondary transition as mentioned
before. This provides the information about the validity of TTS and T'TS is usually
observed for neat polymers but it seems also work on composite materials.
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I1.3.6 Influence of moisture content on UD flax reinfor-
ced composites

Although plant fiber composites have many advantages as described above,
existing studies have shown that humidity coupling with hot environments have a
great influence on the stiffness and damping properties of PFCs [Li 16]. Plant fiber
is a hydrophilic material due to its hollow shape and chemical properties, and its
moisture absorption is higher than that of resin matrix and synthetic fiber. This
section will study in details the influence of aging time in water-immersed condi-
tions on the dynamic mechanical properties of flax fiber reinforced composites.

I1.3.6.a Influence of aging time on mass change
The changes of mass (D,,) are calculated as follows,

D,, = o, (1L.16)
mo
where m; refers to the mass after water aging ¢ days. myg is the original value of
the above mass before aged.

Figure 11.27 shows the changes in mass of specimens cut in longitudinal and
transverse directions. The error bar refers to the standard deviation measured from
at least 3 samples for each tests. As shown, the mass of samples increases from 5 %
to 10 % as the increasing of water aging days from 1 to 5 days for longitudinal
specimens and of 15 % for transverse specimens at the end of aging day. This
difference in moisture absorption after 5 days between the two material directions
can be explained by the difference in the sorption kinetic, directly dependent on
the quantity of fibers exposed on the lateral faces of the specimens.
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F1GURE I1.27 — Mass gained versus water aging time in longitudinal and
transverse direction
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I1.3.6.b Influence of aging time on damping properties
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F1GURE I1.28 — Mean curve of storage modulus and loss factor versus water
aging time in (a) longitudinal direction(L) and in (b) transverse direction(T)
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cooling process in DMA tests, respectively

Figure 11.28 shows the storage modulus and loss factor of FGUD, i the two
main material directions, as a function of their water aging time. For each heating
and cooling cycle, it can be observed that the viscoleastic properties as a function
of temperature do not follow exactly the same path in the cooling phase than
in the heating phase. During the heating phase, the classical behaviour described
in the previous section is observed. When cooling, the same path is followed until
100 °C. Below this temperature, the storage modulus is observed to be higher than
in the heating phase. This is attributed to the drying of the specimen during the
test. It is well known that water has a plasticizing effect. So, the removal of water
during drying induced an increase in stiffness.
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It can also be noticed obviously that the storage modulus of FGUD in the glassy
region drops significantly during exposure to water by comparing the dynamic
mechanical properties before and after water aging. The storage modulus decreases
from 20 GPa to 6.2 GPa and 3.3 GPa to 1 GPa in fiber and transverse directions,
respectively after the water aging. This is again directlty linked to the plasticizing
effect of water. The irregular change of the storage modulus on the 4th day may

be caused by the internal defects of the samples so it also has a larger uncertainty
in Figure I1.29.
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F1GURE I1.29 — Changes in storage modulus and loss factor versus water aging
time at 1 Hz and 30 °C in (a) longitudinal direction(L) and in (b) transverse
direction(T)

For the loss factor, a significant increase is seen at ambient temperature and the
width of the peak of loss factor is increasing as the water aging time increases. For
each heating and cooling phase, a shift of the T, toward the higher temperatures
is observed during cooling. A more acute and tightened peak of loss factor is also
observed. This is again consistent with the plasticizing effect of water. For all these
measurements, it is also important to mention that tests are done in a transient
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regime since most of the specimens are not at the equilibrium moisture content
before DMA test. Therefore, moisture content is certainly heterogeneous within
the sample. Heating during DMA tests also induces a drying which causes also an
inconstant moisture content during the test.

When considering the values of storage modulus at the end of the cooling phase,
a decrease can be observed as a function of the ageing time. This can be due to the
damage of the composites and the damage level is increasing with the aging time.
In addition, it can be seen from the peak value of damping that the sample after
water absorption always shows a lower peak value, which indicates the damage
effect of water aging caused by the plasticizing effect. The water aged sample has
a lower T, and wider damping peak than the unaged sample due to the softening
of the fiber and matrix and the microfiber of flax obtains local fluidity, which is
beneficial to the transition to a lower temperature. [Wang 19].

Figure I1.29 shows the trends of storage modulus and loss factor compared with
unaged sample (day 0). The error bar refers to the standard deviation measured
from at least 3 samples for each tests. Moisture has a significant effect on the
storage modulus measured by FGUD at 30 °C. As the water content in the com-
posite material increases, the dynamic stiffness decreases significantly. The storage
modulus in longitudinal and transverse direction are reduced by about 70 % and
57 %, respectively on the 5th water aging day during heating. The mechanical pro-
perties in the longitudinal direction are more susceptible to moisture due to the
reinforcing fiber working as the main load-bearing component compared to the
transverse direction. Although part of moisture inside the samples is lost during
the DMA tests, the storage modulus at the 5th aging day in both directions is
still reduced by about 40 %. This can indicate that water aging will irreversibly
damage the mechanical properties of FGUD.

The loss factor gradually increases by around 2.1 and 2.5 times in longitudinal
(from 3 % to 8.4 %) and transverse direction (from 2.2 % to 7.8 %) from unaged
to 5th aging day, respectively. The slight increase in loss factor determined at
ambient temperature at the end of the cooling phases as a function of aging time
reflects the damage increase induce by drying. This section shows a most influential
parameter on the damping properties at ambient temperature among the whole
studied parameters in this chapter. Furthermore, a long time water aging test will
be described in the chapter III.

[1.4 CONCLUSIONS

The researches for damping performance of PFCs at meso-scale using DMA
tests are divided into four parts, matrix type, woven pattern, frequency range and
water aging, which can cover most working conditions for engineering applications
and the gap in current literature.
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F1GURE I1.30 — Ashby diagram using loss factor and Young’s modulus measured
at 1 Hz in this thesis (black, red and blue points are thermoset, thermoplastic
based composites and water aged FGUD, respectively)

Regarding the behaviour of flax-based composites at ambient temperature, the
loss factor in thermoplastic based PFCs (2.3 %-3.8 %) have a better capacity
than that in thermoset based PFCs (1.4 %-2.6 %) in both directions, as shown in
Figure I11.30. The addition of flax fiber into matrix has a significant influence on
damping performance in longitudinal and transverse directions. It is proved that
the damping properties in longitudinal direction are mainly driven by the fiber
and the matrix plays a major role in the loss factor in the transverse direction
whatever the damping properties of the matrices. Moreover, the loss factor of flax
fiber in longitudinal (1.6 - 2.2 %) and transverse direction (3.4 - 4 %) is obtained
using back calculation.

Regarding the behaviour of hemp-based composites at ambient temperature,
results have shown that the weave pattern is not influential on the damping pro-
perties. The loss factor of HGEC is always around 2 % in both directions even if
the yarn density is different. In addition, HGEC and FGCR have comparable loss
factors. The slightly higher value for woven hemp can be attributed to the fiber
waviness induced by crimp. For the wide temperature range, FPEC, FGUD and
HGEC have shown similar trend in dynamic mechanical behavior with their ma-
trix. In general, the loss factors of FFRC and HGEC in this study are higher than
that of SFCs, which indicates a bright application prospect of SSUCHY materials.
The master curve of neat resin, FGUD and H4 are built to obtain the storage
modulus and loss factor in a wide frequency range and they will be compared with
the results measured with other experimental techniques in the next chapters.

Regarding the damping properties in a specific reduced frequency range, a non-
constant and non-linear evolution is found for both thermosets and thermoplastic
based composites owing to the presence of T, at low temperature for thermoplastics
and secondary transition (around -50 °C) and T, at higher temperature.
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At last, the effect from water aging is studied using FGUD. Storage modulus
decreases of more than 50 % after 5 days of water-immersed aging and it can not
recover to that in unaged condition even after drying the moisture. Loss factor
increases of about 4 times after 5 days aging. It can be seen clearly from Figure
I1.30 that moisture content is the most influential parameter at ambient tempe-
rature among all the parameters studied in this chapter (matrix type, fiber type,
reinforcement architecture, lay-up, frequency) .
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GRAPHICAL ABSTRACT

(a)* (b) 10 ;

Color  Materialtype || gpape ~ BOundary | Full, — Material O FGUD-L: Modal free-free.
35H - ouo condition empty  direction ) A FGUD-L: Modal free-clamped
ue Free- GreenPoxy: DMA O FGUD-T: Modal free-free
Green FPPC I camped | W L A FGUD-T: Modal free-clamped
3 Red  ha M Freefree | <0 T
S5t S
<} =
£ o B10'F |
o 2f S
2 g
g < 3 FGUD-L: DMA ™ an
5151 g o ez
e e < FGUD-T: DMA ]
1 o & <« 4
[} < o
4" u 0
051 10°F E
0 | | | | |
100 200 300 400 500 600 700 800 900 1000 102 1071 10710 10 10° 10° 1010
Frequency (Hz) Reduced frequency (Hz)

* An optimized specimen shape is designed using numerical simulation to minimize the effect of clamping
on material damping identification in free-clamped configuration.

» Loss factors in L and T directions identified from modal tests in free-free and free-clamped conditions at
ambient temperature for FGUD, FFPC and H4 materials are in good agreement with the ones determined
with DMA tests

» The storage moduli identified by inverse method from modal tests are similar to the E-modulus
determined using quasi-static tests

* The loss factors identified from modal tests in the two main directions of FGUD over the frequency range
are well superimposed to the master curve built by TTSP from DMA data

» The damping behavior of FGUD material is significantly affected by water ageing

RESUME
Dans ce chapitre, les matériaux composites renforcés de fibres de lin et composites
renforcés de tissus de chanvre sont caractérisés sur une large bande de fréquences
(de 50 Hz a 1 kHz) en utilisant I’analyse modale afin d’identifier leurs proprié-
tés dynamiques a 1’échelle macroscopique. L’analyse modale est effectuée dans
deux configurations, libre-libre et encastré-libre. La géométrie et la configuration
expérimentale des essais encastré-libre sont préalablement optimisées par simula-
tion numérique de maniére & minimiser I'effet de I’encastrement sur la mesure de
I’amortissement des composites. Les mesures expérimentales réalisées dans les deux
configurations montrent que le facteur d’amortissement mesuré en encastré-libre
reste légerement supérieur a celui mesuré en libre-libre. Les valeurs d’amortisse-
ment mesurées dans les deux configurations pour les trois matériaux sont similaires
a celles déterminées en DMA, et ce pour les deux directions matérielles principales.
Les modules de stockage identifiés par méthode inverse a partir des essais modaux
sont également comparables aux modules d’élasticité mesurés sous chargement
quasi-statique. Les valeurs de facteur de perte identifiées a partir des essais mo-
daux pour les unidirectionnels lin/GreenPoxy sont également en bon accord avec
les courbes maitresses construites par équivalence temps-température a partir des
données DMA. Le comportement dynamique en libre-libre est fortement influencé
par la teneur en eau des composites lin/GreenPoxy. Les mesures sont néanmoins

88



parfois altérées par les déformations de la plaque provoquées par la sorption d’eau
et les relaxations de contrainte induites.

ASTRACT

In this chapter, FFRC and HFRC are characterized on a wide frequencies band (50
Hz to 1 kHz) using modal analysis to identify their dynamic properties at the ma-
croscale. Modal analyses are carried out under two different boundary conditions,
namely free-free and free-clamped conditions. An optimized specimen shape and
experimental configuration is determined for the free-clamped configuration using
numerical simulation to minimize the influence of the boundary conditions on the
measurement, of the damping of the tested materials. Damping ratio obtained in
free-free and free-clamped boundary conditions for the three selected materials
are compared. The results show that the values of damping ratio identified from
the free-clamped configuration is slightly higher than the one from the free-free
configuration. The loss factors identified from the modal tests for the three types
of composites and in the two main directions are of the same order of magnitude
than the one determined using DMA tests. Storage moduli identified by inverse
method from the modal tests are also comparable to the one obtained under quasi-
static loading. The loss factor values determined from the modal tests on the UD
flax/Greenpoxy composite over the frequency range are also in good agreement
with the master curve built using time—-temperature superposition principle from
DMA data. The dynamic behavior of the FGUD plates characterized under free-
free conditions is also strongly influenced by the moisture content. Measurements
are however disturbed by the plate distortion induced by moisture sorption and
the associated internal stress relaxation.
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III.1 INTRODUCTION

The previous chapter has investigated the viscoelastic behavior of different
PFCs selected or developed in the frame of the SSUCHY project using DMA at
the scale of small coupons. The results have shown the advantages of this method
but also some limitations, in particular regarding the frequency range. The objec-
tive of this chapter is to characterize some of these materials using modal tests, a
usual technique dedicated to the analyis of structures. In the literature, several in-
vestigations on the damping properties of thermoset and thermoplastic-based plant
fiber composites using modal analysis are available [Rajeshkumar 14, Rahman 17a,
Gopalan 19, Della 07]. Although this technique is quite widely used for damping
identification of plant fiber composites, the results of damping properties from li-
terature are mixed under different mode shapes including flexural and torsional.
It is difficult to classify the longitudinal and transverse damping ratios clearly
since the organic based fiber reinforced composites are anisotropic materials. It is
also sometimes difficult to compare it accurately with the results from DMA tests.
Therefore, this chapter is dedicated to the investigation of the damping properties
of UD and woven fabric composites on a wide frequency range (50 - 1000 Hz).
The modal response is analyzed through the mode shapes to identify the damping
properties under the different loading modes and then in the different material
directions. This gives an opportunity to compare the damping properties at ma-
croscale from modal analyses from the one collected at the mesoscale using DMA
tests, in particular using the master curves obtained by time—temperature superpo-
sition principle. In addition, free-clamped boundary conditions are commonly used
in experimental modal analysis in many studies [Munde 19, Gopalan 19]. Howe-
ver, the study of effect of boundary conditions on damping identification is rarely
reported. Hence, this work also proposes to investigate the influence of boundary
conditions on the identified damping properties using numerical model. The final
objective is to optimize the experimental configuration to minimize the effect of
boundary conditions on the damping.

Moisture content is also one of the influential parameters on the damping pro-
perties, as pointed out at the mesoscale in chapter II. Several results regarding
the influence of water aging on the damping of plant fiber composites, charac-
terized using modal tests, are also found in the existing literature [Berges 16,
Senthilrajan 19b, Cheour 16]. In these works, composite beams, which are cut
from a whole plate, are always used as testing samples. In this work, the effect
of water aging on the damping is also studied using plates to provide a better
understanding of these properties at the macroscale.

This chapter follows a plan similar to the one proposed in the previous chapter.
At first, the materials and methods are described. Some generalities on modal
testing are also presented as well as the model and methodology used to analyze
the influence of boundary conditions on damping. After this, a second part is
dedicated to results and discussion. The optimized shape of specimens to minimize
the effect of boundary conditions is described. Then, the damping properties of
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FGUD, FPPC and H4 are investigated under free-free and free-clamped conditions.
A comparison between the loss factors determined from DMA tests and those
determined by modal tests under free-free and free-clamped conditions is proposed
to highlight the influence of frequency and matrix types on damping properties at
macroscale. At last, the influence of moisture content on damping properties on
wide frequency range is investigated. A conclusion summarizes the main outcomes
of this chapter.

111.2 MATERIALS AND METHODS

II1.2.1 Generalities on experimental modal analysis

Modal analysis consists in vibration testing of an object in which the natural
frequencies, modal damping ratios and mode shapes of the object under test are
determined. There are several ways to do modal tests. In forced vibration tests,
energy is supplied to the system with a known frequency content. Modal analysis
involves the acquisition of vibration excitation and response signals from a mea-
surement point or a grid of measurements points on the surface of a structure
and the subsequent analysis of the measurement data. The structural behaviour
is characterized through a set of transfer functions between excitation and mea-
surement points. The transfer functions (or frequency response functions (FRFs))
are often fitted to identify the modal parameters. There are many methods of mo-
dal parameter estimation. In this work the PolyMAX frequency-domain method
has been used [Peeters Bart 04]. This section provides a short description on the
experimental configurations generally used for modal analysis.

[T1.2.1.a  Boundary conditions, excitation and measurement

Boundary conditions

There are two types of boundary conditions which are commonly used in the
experimental setups of modal analysis of simple composite structure. The first one
is free-free boundary conditions, which means that all the boundaries are fully free,
or more exactly almost free since most of the time the specimen or structure is
supported by elastic strings. The second one is free-clamped boundary conditions
which means that one side of the sample is fixed in a clamp and the other side is
free.

Excitation
The excitation in the experimental modal analysis can be various depending on

the type of instruments and the signal applied on the excitation apparatus. Several
commonly used methods are as follows.
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e Free response. A static displacement is imposed on the structure, and

released instantaneously. The time response of the structure is then a com-
bination of decreasing oscillatory movements corresponding to the modes of
the structure. This technique may be useful to measure the eigenfrequency
and modal damping of the first mode, however it is very difficult, even
impossible, to operate for the other modes.

Shaker. A shaker is connected with the tested sample directly using a
rigid rod to transfer the specific excitation signal. Ideally, a sensor is used
between the connector of the shaker and the tested sample to measure the
response of force or acceleration. However, the effect of the shaker on the
sample behavior can be important due the rigid connection.

Acoustic source. It is one kind of non-contact excitation method. The
excitation can be applied using a loudspeaker by the acoustic wave acting
on the tested sample. As this excitation is contact-less, there is no impact of
the excitation device on the structure. However, as the force is distributed
on the structure, and since no measurement of the input force is possible,
the comparisons with numerical FRFs is impossible. A reference signal is-
sued from the loudspeaker may be used for transfer identification, but its
comparison with numerical results is tricky.

Electromagnetic magnets. Excitation can also be performed with a ma-
gnet and a coil. The excitation is applied by the movement of the magnet
caused by electromagnetic force. The effect of excitation device on the mea-
surement is weaker than with a shaker as this is a contract-less technique,
however an additional mass need to be considered on the structure (ma-
gnet or coil). The input force can be measured, but fine positioning of the
excitation device and levels to avoid nonlinearities is required.

Impact method. Impacts can also be used. They are applied with an im-
pact hammer or other impact devices. A transient excitation is then applied
on the tested sample resulting on a wide frequency bandwidth excitation.
The advantage of the impact method is that the instrument is simple and
will not affect the dynamic characteristics of the specimen without additio-
nal mass. However, it is easy to cause nonlinear problems since its energy
is concentrated in a short period of time. The measurements are also more
difficult to operate because of the rigid body movements.

Measurement

The dynamic response can be measured in the following ways.

e Accelerometers. Accelerometers are electromechanical devices used to

measure acceleration. They convert the acceleration into electrical changes.
The accelerometer needs to be connected with the tested sample so the ef-
fect of its presence on the measurement must be considered during modal
analysis.
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e Laser vibrometer. It is a non-contact method of measurement based on
Doppler effect. It measures the velocity of the surface using 1D or 3D mea-
surement systems. Due to the cost of the corresponding setup, most of the
time the measurements on the structure are obtained by scanning a mesh,
meaning that it is not straightforward to deal with transient responses as
soon as they are not fully repeatable.

e Full-field techniques High-speed cameras are used for measuring vibra-
tion fields of displacement and strain combining the resulting images with
Digital Image Correlation techniques for modal analysis and dynamic pro-
perties identification. Compared with traditional accelerometers, this me-
thod avoids the problems of the debonding or damage of the sensor during
the experiment, the influence of the mass of the sensor on the specimen.
Compared with 1D vibrometer, full field strain and deformation are au-
tomatically generated along with frequency. Compared with scanning laser
vibrometer, the amplitude does not affect the acquisition time even on large
structures with large amplitudes. However, these techniques can only be ap-
plied to visible parts of the structures, and are limited to relatively low fre-
quency analysis, due to the sampling frequency of cameras and decreasing
vibration displacement when the frequency increase.

[I1.2.1.b  Calculation of the damping ratio

Damping ratio is one of the important parameters in modal analysis. It can be
calculated by various ways.

Logarithmic decrement method
In the case of a free response, the damping ratio can be calculated in the time

domain using logarithmic decrement method based on the measured amplitude as
shown in Figure III.1 (a). The logarithmic decrement (1)) can be expressed as:

¢=1-1n< a ) (ITL.1)

n Tn+1

where n is the number of selected periods, z; and z,,; are the amplitude of the
first and n + 1 period, T, is one period of vibration. The damping ratio (¢) is
obtained using the following equation:

v

Half-power bandwidth method

(I11.2)

For simple forced case where resonance are well separated in frequency, the
modal damping ratio can be calculated in the frequency domain with half-power
bandwidth method (-3dB method). Its processes are as follows:
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FIGURE III.1 — Method of damping calculation using (a) logarithmic decrement
(b) half-power bandwidth

e the amplitude of the frequency response function curve of the sample is
plotted as a function of frequency,

e the peak value () of the corresponding resonance frequency (fy) is localised
as shown in Figure I11.1 (b),

e the value of 3/4/2 and the two corresponding frequencies (f1, f2) are calcu-
lated,

e the damping ratio can be obtained using the following equation by

h-h
=T

(111.3)

Complex method

For complex structures, the identification of the eigen frequencies requires
the use of advanced techniques like the PolyMAX approach [Pecters Bart 04]. It
consists in finding the stable poles of models when the model order increases. These
pole provide the values of the complex eigen frequencies \;, (\f=-Gw;+j4/1 — Cw;)
from which the modal damping ratio can be deduced. In the case of low damping
(I¢| < 1) the relation writes:

_ real(\)

g0’ (I11.4)

Relationships

In order to compare the value of damping ratio with loss factor from DMA
test, the relationship of parameters related to damping, based on the assumption
of a linear behaviour and isotropic material, is: [Carfagni 98],

"

n= tan & = @ = 2(, (1115)
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where 7 is the loss factor, tan ¢ is the tangent value of the phase § between the
stress and strain, E” and E’ are the loss and the storage modulus, respectively,
is the damping ratio.

I11.2.2 Materials

Damping properties of different kinds of PFCs selected within the SSUCHY
project have been studied using DMA tests at the mesoscale in the previous chap-
ter. Some representative materials were selected for experimental modal analysis in
this chapter according to the results from chapter II. Unidirectional flax/GreenPoxy
based composites and flax/Polypropylene composites as representatives of ther-
moset and thermoplastic based composites, respectively, were selected at first. H4
was also selected as one of the hemp fabric/GreenPoxy composites. Indeed, it was
previously shown that the weave pattern has no significant effect on damping pro-
perties. So, only one pattern was chosen for further investigation. Therefore, three
types of plant fiber composites (FGUD, FPPC and H4) were tested in this chap-
ter and the details of manufacturing have been described in chapter I1.2. At least
three samples of each kind of composite, and each aging time, were prepared for
modal analyses. The composite plates were cut into rectangular shapes and the
dimensions for modal tests in free-free condition and free-clamped condition are
shown in Figure I11.2.
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FIGURE III.2 — The shape of the sample for modal test in (a) free-free and (b)

free-clamped boundary conditions (unit: mm) (Values are given in the Table
[I1.3.2.a)

For modal tests in free-free boundary conditions, a rectangular composite plate
is used with two holes (diameter: 1.8 mm) near the corner of the plate to support
it on the frame with nylon strings. The dimensions of length (Ly), width (W) and
thickness (t.) for each material are shown in Table I11.3.2.a. For modal tests in free-
clamped boundary condition, an optimized shape is used to minimize the effect of
clamp on the damping as shown in Figure I11.2 (b). The details for optimization of
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the sample shape in free-clamped condition are described in the section I11.3.1. The
small differences in dimensions of FGUD plates are due to difficulties encountered
during the laser-cutting of the sample.

TABLE III.1 — Dimensions of the different plates and specimens used for modal
tests in free-free and free-clamped configurations (Unit: mm)

Materials Ly, W t. la b lec 1d

FGUD-1 286 185 39 4 40 50 168
FGUD-2 283 192 34 4 40 50 168
FGUD-3 279 179 35 4 40 50 168
FPPC 237 92 19 4 40 50 169
H4 277 177 2 4 40 50 163

I11.2.3 Experimental setup and post-processing

The experimental modal analysis was carried out at ambient temperature. The
two kinds of experimental setups, involving free-free and free-clamped boundary
conditions, are shown in Figure I11.3 (a). For the free-free configuration, the com-
posite plate was hung on the frame using two nylon strings and the frame was
fixed on the desk. The experiment was repeated several times using the same com-
posite plate. For free-clamped configuration, the sample was fixed using a clamp
as shown in Figure I11.3 (b), and the experiment was repeated with different com-
posite beams. The measurement point on the surface of the sample was covered
with a reflecting patch to enhance the vibrometer response.

The schematic diagram of modal analysis tests in free-free and free-clamped
boundary conditions are shown in Figure [I1.4. First, modal analysis started with
a sweep sine signal produced by MATLAB software at a specific frequency range
(50 - 1000 Hz). Then, the signal was amplified by an amplifier after sent by NI ac-
quisition system (Data Acquisition (DAQ)-NT). The sample was excited through a
non-contact acoustic excitation method by a loudspeaker (supplier MONACOR®).
The velocity of the sample was measured by a 1D laser vibrometer (Polytec OFV-
505). After that, the data was sent back to computer to do the post-processing.
All the steps mentioned above were repeated at least 3 times and the mean value
was used as final data.

The Frequency Response Function (FRF) was obtained using the output mea-
sured by 1D vibrometer as the reference of input on the loudspeaker. The eigenfre-
quency and damping ratio were analyzed by the PolyMAX method [Peeters Bart 04]
using the Modan software (developed by Department of Applied Mechanics, FEMTO-
ST [Piranda 94]).
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(@) 1D Vibrometer : strings (b) 1D Vibrometer

i

FIGURE II1.3 — Experimental setup in (a) free-free and (b) free-clamped
boundary condition

Loudspeaker > Composite plate » 1D vibrometer
Amplifier [« NI acquisition system |«

A

Excitation signal
Y

Computer

F1GURE II1.4 — Schematic diagram of the experimental system

When a specific mode mainly involves a particular direction, the correspon-
ding material parameter may be easily identified using simple model updating
procedures [Butaud 15b]:

2
B = By % (J{_p> | (ITL.6)

where the E,,,, is the Young modulus set in the numerical model, f.,, and f.m are
the eigenfrequencies of the modes identified from experiment and numerical model.
For more complex situations where the various components of the constitutive law
are inolved in the response, advanced techniques are required [Viala 18]. The values
provided in this chapter are identified on specific mode where the contribution of
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the modulus of interest plays the major role in the response. The finite element
models is used to identify the storage modulus by equation II1.6 and associated
text.

1I1.2.4 Water aging

The samples used for water aging tests were cut into 279 x 178.5 x 3.34 mm?
plates from FGUD material (manufacturing process is similar to the one detailed
in chapter 2). The plates were then stored in a climatic chamber with 50 % RH and
23 °C for at least 4 weeks to reach the moisture equilibrium. Its dimensions and
mass were measured using a ruler and mass balance. The first state was labeled
water aging 0 days (unaged sample).

Ficure II1.5 — Water aging test at ambient temperature

Plates were then immersed in a box with tap water at ambient temperature as
shown in Figure [11.5. Experimental modal analysis was carried out on each aging
days under free-free boundary condition at 50 - 1000 Hz and ambient temperature
after measuring the mass gained (M) using the following equation:

M, = 2T 100%, I1L.7
g
mo

where m; is the mass measured on water aging after ¢ days. mg is the mass of
unaged sample. The tests were stopped when the plates reached the saturation
state.
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III.3 RESULTS AND DISCUSSION

II1.3.1 Optimization of the setup in free-clamped boun-
dary conditions

Experimental modal analysis using free-free boundary conditions has several
advantages when compared to free-clamped ones. The effect of the surroundings
is as low as possible since only elastic strings touch the plate when non-contact
excitation and measurement systems are used. Hence, it can minimize the dissipa-
tion which is not directly due to the structure itself. Free-clamped configuration
has also many advantages (no rigid body movements and higher amplitude can be
used) and can be used reliably if the influence of the clamping on the damping
identification is minimized. In addition, experimental modal analysis is expected
to be carried out in the linear viscoelastic range of the samples. The excitation am-
plitude and measurement point have to be calibrated and well selected to respect
this hypothesis. These details are shown in Annex A.2 since they are prelimilar to
the experiment. This section will focus on the effect of boundary conditions.

Boundary conditions can have a strong impact on the identification of the
damping, in particular for clamped beams or plates, as the coupling between the
structure and the hosting system cannot be perfect. Some dissipation occurs in
the clamp due to non-perfect geometry and mounting. However, a clamped confi-
guration allows precise measurement of the input force, which provides additional
confidence in the values obtained from the measurement. An optimization of the
clamping configuration has been performed numerically, in order to minimize the
effect of the dissipation inside the clamp. The experimental modal analyses in free-
clamped boundary conditions were then realized in the configuration numerically
optimized to reduce the influence of the clamp on the damping measurement.

As dissipation occurs in the clamp, the value of the damping properties iden-
tified in the modal analysis process results from a combination of the losses in
the material to be measured and the losses in the clamp which are unknown. The
proposed methodology aims at defining the geometry of the sample and the clamp
so that the dissipation at the junction has the minimum impact on the identified
value of the damping. To that end, the numerical model uses a virtual material
made of the same material as the clamp but with a very large loss factor. The geo-
metry is then optimized so that the global loss factor of the model including the
clamp is close to the one of the material. After optimization, a check on the effect
of uncertainties on geometry and material parameters will qualify the robustness
of the design.

In the free-clamped configuration, the beam is fixed by the clamp at one side
and the other side is free. For the numerical simulations, isotropic and orthotropic
constitutive behavior’s laws were considered for the clamp and composite mate-
rials, respectively. The coupling between the clamp and the part of the sample
which is inside the clamp was described using a virtual material as shown in Fi-
gure II1.6. The loss factor of the sample (9sampic), virtual material (9yirpuq) and
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clamp (7aamp) are respectively set to 2 %, 200 % and 200 %, which is expected to
minimize the impact of boundary conditions as much as possible based on a higher
damping ratio of clamp with a factor of 100 than the sample.

(@) (b) © a

Sample

Sample
Fixed clamp

Virtual material
(inside clamp)

g - - y
y‘\I/X ] L——x "

FIGURE II1.6 — Geometry of the sample for clamped boundary conditions (Unit:
mm)

The effect of the boundary conditions on the measurement of damping was
studied using COMSOL®, which is a cross-platform finite element analysis, solver
and multiphysics simulation software [Multiphysics 98]. The structure including
the sample and the clamp in the numerical model is shown Figure I11.6 (a) and
(b). Details of numerical modeling are expounded in the following steps.

(1) The first step consists in building the geometry for each specimen shape.
The considered dimensions are named la, Ib and Ic, as shown in Figure I11.6 (c).
The total length (lc+1d=200 mm) is fixed by the dimension of the mold
during the manufacturing process. The width of the clamp is changed ac-
cordingly.

(2) Isotropic and orthotropic constitutive laws are set up to represent the me-
chanical behavior of the clamps and composites. The values of composite
material, such as elastic modulus, are wrote as {E,, E,, E,} for the three
different directions and are representative of the materials of interest. Their
basic mechanical parameters are shown in Table I11.2.

TABLE III.2 — Mechanical properties of different materials

Density (kg/m?) Young’s modulus (Pa) Poisson’s ratio

Clamp 2700 69e9 0.33
Composites 1200—1500 {E.,E,, E.} {0.04,0.32,0.04}

(3) All deformations are supposed in a linear elastic stage.
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(4) The excitation is done by imposing a the pressure (p) on one of the sample

sides with
eikR
p="p (i=V~D) (I11.8)
with k = — (¢ = 340 m/s), (I11.9)
&
and R = \/(a: —20)%+ (y — yo)?> + (2 — 20)?, (I11.10)

where x, y, z is the three-dimensional coordinates on the sample and g, 4o, 2o
is the three-dimensional coordinates of the excitation (location of the trans-
ducer). This model is not representative of the real excitation, as the real
acoustic field is not spherical and has a frequency-dependent amplitude,
and the interaction occurs on the whole surface of the sample, however, it
provides a distributed force corresponding to an acoustic excitation that can
be used to verify the values of the stiffness and damping of the materials.

(5) Complex eigenvalue analysis is selected to investigate its modal frequency
and damping characteristics. Loss factor of the structure (7,.) is obtained
using equation [I1.11:

imag(solid.freq)
abs(solid.freq)

str = 2 X I1I1.11
n

where imag(solid.freq) refers to imaginary part of the complex frequency,
abs(solid.freq) refers to the real part of the complex frequency.
(6) The difference (err) between the computed loss factor of the structure (in-

cluding the composite and the clamp) and the input value (2 %) is calculated
using the following equation,

- nstr - 2%
2%

and the err is expected below 10 % to be considered as acceptable, taking
into account all the other sources of uncertainties.
The value ranges of the investigated parameters are shown in Table I11.3.

err x 100%, (IT1.12)

TABLE III.3 — Mechanical properties of different materials

Parameters Range (mm)

la [4, 24]
Ib 130, 90]
le [0, 60]

To provide a clear representation of the results, 2D plots are used. The objective
is to select the best set of parameters (la, 1b and Ic).
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F1GUre II1.7 — The influence of 1b and lc on modes 1-6 when la=4 (Different
curve refers to different value of 1b)

Figure I11.7 shows the influence of Ib and lc values on the loss factor for modes
1 to 6 when la is equal to 4 mm. It can be seen that the difference (err) is
mainly driven by lc and the changes in 1b has less effect on the difference in loss
factor compared with lc. The optimized values of lc are summarized in Table I11.4
considering that the difference between numerical results and input value of loss

factor are expected less than 10 %.

TABLE I11.4 — Selected lc for modes 1-6 when la=4

Mode 1 2 3 4 5 6

le-selected  20-40 10-60 20" 10-50 20 10: 30

* The value of difference is around 16 % when le=20 mm and
it can not be optimized more.

TABLE III.5 — Selected la for modes 1-6
when 1b=40

Mode 1 2 3 4 ) 6
la-selected 4 4;8 4 4-18 4;8 4

Figure I11.8 shows the influence of la and lc on the loss factor for modes 1 to 6
when 1b is equal to 40 mm. The difference within 10 % in loss factor can be found
when lc is in the range of 10 - 30 mm whatever the values of la and in this case
the optimized values of la are summarized in Table I11.5.
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F1GURE II1.8 — The influence of la and lc on mode 1-6 when 1b=40 (Different
curve refers to different value of la)
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FIGURE II1.9 — The influence of la and 1b on modes 1-6 when le=20 (Different
curve refers to different value of la)

Figure I11.9 shows the influence of la and 1b on the loss factor in modes 1 to 6
when lc is set equal to 20 mm.

It can be clearly seen that the difference loss factor will not have a significant
changes when Ib is larger than 30 with a specific value of la. However, the difference
in loss factor is beyond 12 % in mode 3 even the 1b changes from 30 to 90. The
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influence of la is similar with previous description. Based on this, the optimized

values of la are summarized in Table [11.6, and 1b is suggested a vlalue larger than
30.

TABLE II1.6 — Selected range of la for
modes 1-6 when lc=20

Mode 1 2 3 4 5 6
la-selected 4 4;8 4" 4-18 4;8 18

" The value of difference is around 17 % when
la=4 mm and it can not be optimized more.

Although the 2D plots are convenient to observe the influence of the parameters
individually, they do not constitute a relevant tool to select the optimized set of
parameters since we need to fix one of the parameters. Another way to plot the
difference is using a color marker in 3D plot to show the difference of loss factor
using different colors as shown in Figure [11.10.
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Fi1GURE II1.10 — Difference of loss factor under various values of la, Ib and lc in
modes 1-6 ((a)-(g)) (the blue points refer to difference (err) is less than 10 %, B
refers to the final selected value)

However, it is difficult to find a set of values of la, Ib and lc which can meet the
expected difference for all the modes. In this case, we try to make the maximum
number of modes meet this condition (at least 5 modes less than 10 %) and a
compromise was found for a set of la, Ib and lc parameters equal to 4, 40 and 20,
respectively, considering both the optimized shape and the constraints related to
the manufacturing of the plate.
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Using this selected set of values, the influence of slight variations (5 %) in
dimensional and mechanical parameter on the damping of the modes 1-6 was
studied. Results are shown in Figure [11.11 and the maximum value is around 0.27
% which means these slight changes representing potential uncertainties do not
have a significant influence on the identified value of loss factor.
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F1GURE II1.11 — Standard deviation on loss factor obtained 5 % variation around
the nominal value of the parameters in experimental setup (tick: thickness of the
sample, p: density of the composites, E; and E;: Young’s modulus in transverse
and longitudinal direction, v; and v;: Possion’s ratio in transverse and
longitudinal direction, G: shear modulus)

The dimensions considered later for free-clamped boundary condition always
use this optimal configuration.

I11.3.2 Modal analysis in free-free configuration

II1.3.2.a  Damping identification of FGUD

The modal response of FGUD is shown in Figure II1.12. Different curves
(FGUD-1, FGUD-2, FGUD-3) corresponding to repeated measurements on 3 dif-
ferent plates are presented. It allows the quantification of uncertainties related to
the experimental set-up, in particular related to the mounting and unmounting of
the plate, as well as to the material itself to be characterized. The different na-
tural frequencies observed in the experimental results are due to the difference in
dimensions between the three tested plates (see Table ). Despite these differences,
the flexural mode always appeared in second position for the transverse direction
and in third position for the longitudinal direction. These modes (flexure in L and
T directions) will be used in this work to determine the damping ratio in L and T
directions, respectively.

105



Chapitre I1I. Macro scale: modal analysis

The geometric dimension of the sample used in numerical model have been
mentioned in section II1.2 and mechanical parameters are refer to the value in-
troduced in chapter II. As already mentioned, the modal of the excitation does
not aim to be representative of the acoustic pressure radiated by the loudspeaker.
The FRFs are shown to illustrate the resonaces and qualitatively check the dam-
ping levels. The amplitudes of the numerical and experimental FRFs can not be
compared.

—FGUD-1
—FGUD-2

50 100 150 200 250 300 350 400 450 500 550
Frequency (Hz)

“ Mode 4 * *l Mode 5

F1Gure II1.12 — (a) FRF results of numerical model and experiment, and (b)
modal shape simulated by numerical model for FGUD in free-free conditions

The damping ratios and natural frequencies measured for the 3 different FGUD
plates at each natural frequency are summarized in Table I11.7. The minimum value
of damping ratio (0.67 %) is found at 250 Hz with a flexural mode in L direction
and the maximum value of damping ratio (1.33 %) is found at 225 Hz with a
flexural mode in T direction. The damping ratio determined from torsion mode
varies between 0.74 % and 1.2 % . These values are between that of flexural modes
in L and T direction.
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TABLE II1.7 — Results of modal analysis of FGUD in free-free conditions ( fes,
and f,., refers to natural frequency from experiment and numerical model,
respectively, "Tor” and 'Fle’ refer to torsion and flexural mode, L and T refer to
longitudinal and transverse direction, respectively)

Mode 1 2 3 4 5 6
foap — 1 (Hz) 111 225 250 311 329 531
Jezp — 2 (Hz) 83 173 230 244 281 445

fexp — 3 (Hz) 98 209 250 202 313 514
frum-mean (Hz) 93 208 235 283 208 494

¢ (%) 092 1.33 0.67 1.2 0.74  1.09
FE’-mean (GPa) - 4.65 34.6 - - -
Mode shape Tor 1 Fle 1-T Fle2-L Tor 2 Tor 3 Tor 4

The average values of the loss factor in the two main material directions were
then calculated from the measurements made on the three plates. Results are syn-
thetized in figure I11.13. It can be observed that the scattering is quite low with
a coefficient of variation less than 1 % for the longitudinal direction and about
9.9 % for the transverse direction. The higher uncertainty in the transverse direc-
tion compared to the longitudinal direction is attributed to the natural frequency
variation from 173 to 225 Hz for the different tested plates. The mean loss factor
is equal to 1.31 % in the longitudinal direction and 2.64 % in the transverse direc-
tion. These values are comparable to the one determined in DMA tests (1.59 %
and 2.42 % in the respective directions).

i

Loss factor (%)

0

DMA-L DMA-T Modal-L(244 Hz) Modal-T(204 Hz)

FiGure II1.13 — Comparison of the loss factor values determined for FUGD
material in DMA and modal tests. (The resutls from DMA test is at 1 Hz and
modal tests are obtained from the flexual modes in longitudinal direction
(around 244 Hz) and transverse direction (204 Hz))

107



Chapitre I1I. Macro scale: modal analysis

The storage modulus was also identified by inverse method from these experi-
mental results. A value of 4.65 GPa and 34.6 GPa (with standard deviation: 0.15
and 2.1) were obtained in the transverse and longitudinal directions, respectively.
These values are close to the ones determined using quasi-static tests (4.5 and 30
GPa, respectively). As explained in chapter II, the comparison with the storage
modulus determined using DMA tests is not relevant since it is under-estimated
due to the frame stiffness limitation in DMA instrument.

[11.3.2.b  Damping identification of FPPC

The modal response of the FPPC plate is shown in Figure I11.14. The different
curves presented correspond to repeated measurements on a single plate. The first
mode, a torsion mode, is around 100 Hz. Mode 2 and mode 4 are flexural modes
in L and T directions, respectively. Their natural frequencies are around 153 Hz
and 358 Hz, respectively.
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Ficure I11.14 — (a) FRF from numerical model and experiment, and (b) modal
shape in numerical model for FPPC in free-free conditions
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The average damping ratio values are reported in Table I11.8. The minimum
value of damping ratio (0.7 %) is found at 145 Hz with a flexural mode in L
direction and the maximum value of damping ratio (2.3 %) is found at 378 Hz
with a flexural mode in T direction. These values of loss factor in L (1.4 %)
and T (4.6 %) direction from modal analysis are around 18 - 67 % difference
compared with those of DMA at 1 Hz in L (2.3 %) and T (3.8 %) direction at 1
Hz since the difference of frequency is quite large. The damping ratio determined
from torsion mode is between 1.4 % and 1.7 %. The storage modulus value back-
calculated in longitudinal and transverse directions are equal to 20 GPa and 5.4
GPa, respectively. The storage modulus of FPPC in longitudinal direction by back
calculation is also closed to the Young’s modulus from static measurements (24

GPa).

TABLE II1.8 — Results of modal analysis of FPPC in free-free conditions ( fe.,
and f,.m, refers to natural frequency from experiment and numerical model,
respectively)

Mode  fesp (Hz)  frum (Hz) ¢ (%) E’' (GPa) Mode shape

1 100 100 1.54 - Torsion 1
2 152.8 145 0.7 20 Flexure 1 L
3 259.3 250 1.6 - Torsion 2
4 358.4 378 2.3 5.4 Flexure 2 T
5 399.4 396 1.68 - Torsion 3
6 438.7 431 1.46 - Torsion 4

I11.3.2.c Damping identification of H4

The modal response of H4 is shown in Figure II1.15. Results are given for
repeated tests on a single plate. The first mode is still a torsion mode at a frequency
of approximately 85 Hz. The flexural modes in a single material direction are used
to determine the damping ratio values in L or T directions. It can be seen from
the numerical simulations that mode 1 and mode 3 are flexural modes in T and L
directions. Their natural frequencies are around 85 Hz and 232 Hz, respectively.
The mode at around 258 Hz observed experimentally is a mix of two modes, the
one obtained at the two natural frequencies 247 and 253 Hz with the numerical
model.

The average values of the damping ratio from the repeated measurements on
the same plate at each natural frequencies are summarized in Table II1.9. The
minimum value of damping ratio (0.78 %) is found at 85 Hz with a flexural mode
in T direction and the maximum value of damping ratio (0.96 %) is found at 232
Hz with a flexural mode in L direction. These values of loss factor (1.6 - 1.9 %) are
comparable to the loss factor (2 %) measured using DMA at 1 Hz. The damping
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F1Gure II1.15 — (a) FRF from numerical model and experiment, and (b) modal
shape in numerical model for H4 in free-free condition

TABLE II1.9 — Results of modal analysis of H4 in free-free conditions ( f.,, and
fnum refers to natural frequency from experiment and numerical model,

respectively)
Mode  ferp (Hz)  foum (Hz) ¢ (%) E’ (GPa) Mode shape
1 85 90 0.78 14.3 Flexure 1 T
2 135 134 1 - Torsion 1
3 232 230 0.96 15.3 Flexure 2 L
4 - 247 - - Torsion 2
5 258 253 0.87 - Torsion 3
6 283 289 1.04 - Torsion 4
7 352 316 1 - Torsion 5
8 467 451 1 - Torsion 6

ratio determined from torsion mode is between 0.8 % and 1.04%. The storage
modulus are around 14.3 GPa and 15.3 GPa in the longitudinal and transverse
directions, and they are close to the value from static tests (around 18 GPa).
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I11.3.3 Modal analysis in free-clamped configuration
II1.3.3.a Damping identification of FGUD

The modal response of FGUD in longitudinal and transverse directions under
free-clamped boundary conditions is shown in Figure I11.16. The different experi-
mental curves were measured on different samples. Figure 111.16 (a) shows the first
and second modes of FGUD-L. All of them are flexural modes in L direction. They
are at frequencies around 107 and 637 Hz. The natural frequencies determined by
experiment are close to that obtained by numerical simulation. Figure I11.16 (b)
shows the first and second modes of FGUD-T and both of them are again flexural
mode in T direction, with frequencies around 65 and 404 Hz. The natural fre-
quencies in transverse direction determined by experiment are also close to that of
the numerical model. The modal shapes in the experiment under free-clamped are
all corresponding to flexural modes, from 50 to 1000 Hz. In addition, a resonance
frequency is found at around 280 Hz in both directions with a damping ratio of 10
%. This may be the damping from the support of clamp or the vibrometer.
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F1GUre II1.16 — Modal response of FGUD in (a) longitudinal direction, and (b)
transverse direction

The average values of the damping ratio under free-clamped boundary condi-
tions at each natural frequency are summarized in Table I11.10. The value of dam-
ping ratio in longitudinal direction increases from 0.68 % to 0.77 % as the frequency
increases from 107 Hz to 656 Hz and the value of damping ratio in transverse direc-
tion increases from 1.47 % to 1.67 % as the frequency increases from 65 Hz to 400
Hz. The storage modulus is around 32 GPa and 4.6 GPa with standard deviation
of 1.2 and 0.8 in the longitudinal and transverse directions on the frequency range
60-700 Hz.
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TABLE II1.10 — Results of modal analysis of FGUD in free-clamped conditions
(fewp and frum refers to natural frequency from experiment and numerical model,
respectively) (The results from experiment are using the average values of three

samples, std refer to their standard deviation)

FGUD-L

feep (Hz)  foum (Hz) ¢ (%) std E’' (GPa) Modal shape

107 107 0.68 0.03 32 Flexure 1 L
637 656 0.77  0.06 30.2 Flexure 2 L
FGUD-T

66 65 1.47 0.05 4.6 Flexure 1 T
404 399 1.67 0.09 4.6 Flexure 2 T

[11.3.3.b  Damping identification of FPPC

Figure I11.17 shows the results of FRF for FPPC in longitudinal direction. One
curve from experiment corresponds to one sample. The modal response of FPPC
in transverse direction is missing because of the limitation in the dimensions of the
plate. The modal shapes obtained from numerical model around 278 and 758 Hz
are flexural modes in longitudinal direction.
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F1GUre II1.17 — Modal response of FPPC in longitudinal direction
The results including natural frequency, damping ratio, storage modulus and

mode shapes of FPPC-L from modal test under free-clamped boundary conditions
are summarized in Table I11.10. A slight increasing trend of damping ratio (from
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0.89 % to 1.03 %) in the longitudinal direction is found with the frequency increa-
sing from 278 Hz to 758 Hz. The storage modulus is around 20 GPa with standard
deviation of 0.92 in the longitudinal direction at 271 and 745 Hz.

TABLE III.11 — Results of modal analysis of FPPC in free-clamped conditions
(fewp and frum refers to natural frequency from experiment and numerical model,
respectively). (The results from experiment are using the average values of three

samples, std refer to their standard deviation).

fezp Hz)  fouwm (Hz) ¢ (%) std E’ (GPa) Modal shape

278 271 0.89 0.02 20 Flexure 1_L
758 745 1.03  0.06 19.7 Flexure 2L

I11.3.3.c Damping identification of H4

The results of experimental modal response and the FRF from numerical model
of H4 in longitudinal and transverse directions are shown in Figure II1.18. As
previous, one experimental curve corresponds to one sample. Figure II1.18 (a)
shows the mode shapes for the first (around 288 Hz) and second mode (around
784 Hz) and it can be seen that they are both flexural modes in longitudinal
direction. Figure II1.18 (b) shows the modal shape of H4-T from numerical model
at around 312 and 839 Hz and they are flexural mode in T direction. This allows
to calculate the storage modulus and loss factor in L and T directions.
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F1Gure I11.18 — Modal response of H4 in (a) longitudinal direction, and (b)
transverse direction

Table I11.12 summarizes the dynamic properties of H4 such as the natural fre-
quency from both numerical model and experiment, damping ratio and storage
modulus. For the longitudinal direction, the damping ratio shows a slight increase
from 0.94 % to 1.02 % as the frequency increasing from 288 Hz to 784 Hz. For
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Chapitre I1I. Macro scale: modal analysis

transverse direction, the damping ratio increases by around 20 % (from 1.03 % to
1.25 %) as the frequency increases from 312 Hz to 839 Hz. Although the density of
the yarn in longitudinal and transverse direction is the same, the damping proper-
ties show an effect from the frequency range. In addition, the storage modulus is
identified at approximately 16 GPa and 18 GPa in the longitudinal and transverse
directions using back calculation from 280-900 Hz, it is close to the value obtained
in static measurements.

TABLE II1.12 — Results of modal analysis of H4 in free-clamped conditions (fe.,
and f,.m, refers to natural frequency from experiment and numerical model,
respectively) (The results from experiment are using the average values of three
samples, std refer to their standard deviation)

H4-L

feep (Hz)  foum (Hz) ¢ (%) std E' (GPa) Modal shape
288 288 0.94 0.03 16 Flexure 1 L
784 793 1.02 16 Flexure 2 L

H4-T

312 288 1.03 0.04 19 Flexure 1 T
839 793 1.25 18 Flexure 2. T

This section shows the results of modal analysis for three representative plant
fiber composites (FGUD, FPPC and H4) independently, and their damping pro-
perties are investigated at around 50 - 1000 Hz. Furthermore, the length of the
beam can be shorter to achieve damping measurement in higher frequency range
and this work is in progress. In addition, it is better to do the comparison of
damping properties between these three materials measured from modal analysis
under free-free and free-clamped boundary condition as well as the results from
DMA tests.

I11.3.4 Comparison of damping properties in modal ana-
lysis and DMA tests

Figure I11.19 shows the damping ratio of the three types of plant fiber compo-
sites tested in this study, both in longitudinal and transverse directions and under
free-free conditions as well as free-clamped boundary conditions. The reported
values of the damping ratio were all determined from flexural mode shapes.

For longitudinal direction (full symbol «, W), the damping ratios of the dif-
ferent types of plant fiber composites are comparable, with values comprised bet-
ween 0.7 % and 1 %. It indicates that the damping properties in the longitudinal
direction is also mainly driven by the fiber behavior at the macroscale. For trans-
verse direction (empty symbol <1, [J), the maximum value of the damping ratio
is obtained for the FPPC-T (2.3 %) and then followed by the thermoset based
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F1GURrE II1.19 — Damping ratios measured under free-free and free-clamped
boundary conditions.

composites (FGUD: 1.67 %, H4: 1.25 %). It leads to the same conclusions that
the one drawn from DMA results. At the macroscale, the damping properties in
the transverse direction of unidirectional plant fiber composites are also mainly
driven by the matrix” behavior. The damping ratio of H4-T is lower than FGUD-T
because H4 in transverse direction is also reinforced by fibers in this woven fabric
composite.

In addition, it can be seen that the damping ratio measured under free-free
boundary conditions (square symbol) are lower than the ones determined un-
der free-clamped boundary conditions (triangle symbol), which indicates that the
influence from boundary conditions can not be ignored even if using optimized
sample shapes.

Figure I11.20 compiles the loss factors determined from DMA and modal tests
as a function of frequency. The damping ratios from modal tests are converted
to loss factor using a factor of 2 since the damping ratios are determined by the
flexural mode in longitudinal and transverse directions of the composites. The
difference in loss factor between DMA and modal tests at 40 - 100 Hz is attributed
to the uncertainty of measurements in this frequency range in DMA tests.

In addition, the damping ratios of thermoset based composites from modal
tests also show a slight increasing trend for the frequency beyond 200 Hz. This
can be explained by the secondary transition of the GreenPoxy as shown in Figure
[IT.21. Tt clearly shows the obvious increase in loss factor from 100 Hz to 10 kHz in
the master curve. This figure also shows a good agreement between the damping
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F1GURE II1.21 — Superimposition of the loss factor master curves identified from
DMA tests and loss factor values identified from modal tests for FUGD

values measured at the mesoscale using DMA and the one obtained using modal
analysis at the macroscale. For instance, a difference of approximately 19 % in loss
factors is obtained between the two techniques in FGUD-L.

Regarding the ability of the modal approach, experiment under free-free boun-
dary conditions seem to provide more confident values of loss factors compared
to those under optimized free-clamped boundary conditions. The modal approach
shows slight lower values of loss factors when compared to DMA, which leads to
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conclude that the modal approach is providing more precise results. However, we
have to be very careful when doing the experiment as any dissipation in the setup
will result in increased estimation of the loss factor.

I11.3.5 Influence of water aging in free-free boundary
conditions

As mentioned in chapter 2, the moisture content is one of the most influential
parameters among the studied ones using DMA tests for a given temperature and
frequency. The damping properties of FGUD were also studied at the macroscale
and ambient temperature using modal tests in this section.

Mass gained [%]

0 400 800 1200 1600
Square root (Time) [s2]

F1GURE II1.22 — Results of water aging tests for gained mass as a function of
square root of time

Figure I11.22 shows the water absorption as a function of the water aging time.
The mass gained at saturation is around 14.2 %. This value is closed to that from
existed literature (11.9 %, 13.5 %) [Jeannin 19a, Chilali 17]. The small difference
observed between this work and literature may be due to the different types of
material produced, fiber volume fraction etc.
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FIGURE I11.23 — Results of water aging tests for (a) normalized storage modulus
and (b) loss factor as a function of gained mass in L and T direction
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The changes in normalized storage modulus (as a reference of unaged state)
identified by inverse method from modal tests as a function of mass gained of
water is plotted in Figure I11.23 (a). The storage modulus is obviously decreasing
as the moisture content increases. A decrease of around 68 % in both direction is
found in storage modulus at the equilibrium moisture content state compared to
unaged state. The decreasing value in modal tests (mass gained around 14 %) is
slight higher than that from DMA tests (60 %, 65 % in transverse and longitudinal
direction) due to the not enough aging time in DMA tests (mass gained around

10 - 15 %).

F1GURE II1.24 — The deformation of the tested plate during water aging

The evolution of the damping ratio as a function of mass gained is presented in
Figure I11.23 (b). Between the dry state and 6.5 % of mass gain, the damping ratio
is increasing almost monotonically from 0.68 % to 2.1 % and from 1.4 % to 2.7 % in
longitudinal and transverse directions of the FUGD, respectively and the changes
in transverse direction from modal test is closed to that obtained in DMA tests
with an increases of damping ratio from 1.2 % to 2.75 %. The measurements are
varying quite significantly at around 6.5 % of mass gain. This was attributed to the
deformation of the FGUD plate as shown in Figure [11.24. This deformation are
certainly due the internal stress relaxation induced by the activation of viscoelastic
properties (plasticizing effect of water). As shown, an obvious warpage (around 1
cm of height) is found at the corner of the plate. It may have an effect on the modal
shape of FGUD. Therefore, the damping ratio determined after the appearance of
this deformation of the plate is certainly not reliable, and the apparent stabilization
of the damping properties with the increasing moisture content in the second part
of the curve should be confirmed by additional measurements. At last, the damping
ratio comes to around 0.5 - 2 times in longitudinal and transverse directions at
the saturated state compared to unaged samples. This can be compared to the
results from literature on quasi-UD flax composites in longitudinal and transverse
direction (0.8 - 1.25 times [Cheour 16]). The difference can be attributed to the
pattern of the flax reinforcement (pure UD versus qusi-UD). This needs to be
further studied with more samples and under free-clamped boundary conditions.

II1.4 CONCLUSIONS

In this chapter, researches related to the identification of damping properties
at the macroscale were proposed. The damping properties of SSUCHY materials
(FGUD, FPPC, H4) have been studied using modal analysis under free-free and
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free-clamped boundary conditions. Their resonance responses were compared to
those obtained using numerical simulations, allowing identification of the mode
shapes. An optimized shape is designed using the numerical model to minimize
the influence of clamping in the free-clamped configuration on the damping identi-
fication. The damping properties of these materials for the first 6 modes are given.
The longitudinal and transverse properties are identified from the shapes of the
eigenmodes. The loss factors of FGUD and FPPC composites are comprised bet-
ween 1.3 % - 3.3 % and 1.4 % - 4.6 % on the frequency range of 40 Hz — 1000 Hz,
respectively. These results show better damping capacities of unidirectional flax
composites with thermoplastic matrix (PP) than the thermoset matrix (Green-
poxy) in transverse direction.The loss factor of H4 is between 1.5 %-2.5 % on
the frequency range of 40 Hz — 900 Hz. There is no significant difference between
warp (L) and weft (T) directions. Although the shape of sample is optimized, the
damping ratio determined from free-clamped boundary conditions is still higher
(maximum 20 %) than that from free-free boundary conditions.

Loss factors from DMA and modal tests were also compared using the plot
of master curve. A good corresponding is found in FGUD-T and a maximum 19
% difference is obtained in FGUD-L when compared to loss factor using master
curve. The damping ratio of aged FGUD is around 2 % in both longitudinal and
transverse direction at the saturated mass (14.2 %). Influence of moisture has to
be more thoroughly studied in the future, in particular at different temperatures.
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GRAPHICAL ABSTRACT

» Development of a new method (CAM: Constant Amplitude Method) with constant mean and dynamic amplitude
after unloading to provide a better deconvolution between elastic, viscoelatic and plastic contributions.

* Good consistency between DMA and Dynamic Nanolndentation (DNI) measurements for the loss factor of neat
GreenPoxy on the 30-65 °C and 1-40 Hz ranges.

» Values of loss factor identified at the microscale are strongly dependent on the DNI method

* Using CAM method, a loss factor of 4% is measured in the flax fiber wall. This is consistent with the values back-
calculated from DMA tests on composites.
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Dans les chapitres précédents de cette these de doctorat, 'identification des pro-
priétés d’amortissement est réalisée a 1’échelle macroscopique. Compte tenu de
I’'organisation complexe et hiérarchique des composites de fibres végétales, il est
nécessaire d’étudier leur comportement viscoélastique a 1’échelle microscopique. De
plus, il est important de connaitre les spécificités des mécanismes de dissipation
dans les composites de fibres végétales a 1’échelle microscopique afin de comprendre
et de prévoir les propriétés d’amortissement a ’échelle macroscopique. Ainsi, le but
de ce chapitre est d’identifier ’amortissement a I’échelle microscopique a I’aide de
mesures de champs des propriétés viscoélastiques par nanoindentation dynamique
(DNI). Une amélioration de la technique de nanoindentation dynamique et son
utilisation pour la caractérisation des composites de fibres végétales a 1’échelle
microscopique sont proposées. Cette méthode vise a mesurer les propriétés visco-
élastiques des parois de fibres végétales, de la matrice et de leurs interfaces dans
le matériau composite en utilisant la nanoindentation dynamique dans des condi-
tions environnementales contrdlées, grace a des mesures de champs. La valeur du
facteur de perte de la résine époxy pure mesurée grace a cette méthode montre une
bonne adéquation avec celle obtenue en DMA sur des plages de fréquences et de
températures comprises entre 1 et 40 Hz, et 30 et 65 °C. Les valeurs de facteur de
perte mesurées dans la section transverse des composites UD lin/GreenPoxy sont
étroitement dépendantes de la méthode de nanoindentation dynamique utilisée.
En utilisant la méthode d’amplitude constante, une valeur moyenne de 4 % est
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mesurée dans la paroi des fibres de lin. Cette valeur est similaire a celle identifiée
dans la direction transverse des fibres par méthode inverse a l'aide des essais DMA
sur composites. La méthode proposée permet également d’accéder a la mesure du
champ des propriétés viscoélastiques dans la section transverse du composite, ceci
permet d’évaluer la contribution respective des différents constituants a ’amortis-
sement global du composite. Enfin, les mesures réalises a 1’échelle microscopique
en nanoindentation dynamique sont comparées aux résultats obtenus par DMA et
analyses modales.

ABSTRACT

In the previous sections of this PhD thesis, the identification of damping pro-
perties has been carried out at the macro scale. Considering the complex and
hierarchical organization of plant fiber composites, it is also necessary to study
their viscoelastic behavior at the micro scale. Furthermore, it is important to find
out the specificities of dissipation mechanisms in plant fiber composites at micro
scale in order to understand and to predict damping properties at the macro scale.
So, the purpose of this chapter is to identify the damping at the microscopic scale
using dynamic grid nanoindentation. The dynamic nanoindentation (DNI) tech-
nique with constant mean and harmonic amplitudes after partial unloading and its
use for characterization of plant fiber composites at the microscale are proposed.
This method provides the viscoelastic properties of plant fiber walls, matrix and
their interfaces in composite using environment-controlled dynamic nanoinden-
tation, through full-field measurements. The loss factor of neat resin shows good
consistency using the improved dynamic nanoindentation technique with that from
DMA tests on a frequency range from 1 to 40 Hz and a temperature range from
30 to 65 °C. The loss factors identified on the cross-section of UD flax/GreenPoxy
laminates are highly dependent on the DNI method. Using the constant amplitude
method, a mean value of 4 % is measured in the fiber wall. This is consistent with
the value back-calculated in the transverse direction from DMA tests on compo-
sites. Grid dynamic nanoindentation provides also a very interesting map of the
viscoelastic properties at the microscale in the cross-section of the composite. It
clearly shows the damping contribution of the various components such as fibers,
matrix and their interfaces. At last, these measurements at the microscale are
compared to results from DMA and modal analysis at the macroscale.
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IV.1 INTRODUCTION

Currently, the hierarchical organization and complex micro-structure of plant
fibers and their composites drive many researchers to study their morphology, me-
chanics, biological characteristics in order to better establish the structure-behavior
links. When it comes to micro- and nano-scale, nanoindentation appears as a very
powerfull and commonly used method. If the application of nanoindentation in the
characterization of traditionnal polymer composite materials and their constituents
has been a particularly fast growing research area since the early 2000s, it can be
underlined that it has been relatively little experienced with PFCs. The review of
literature shows that the existing studies were realized mainly using quasi-static
loading such as the traditional loading-unloading curves. As an example, the re-
duced modulus and hardness of flax fiber walls and PFCs have been measured by
Arnould et al. and Bourmaud et al. [Arnould 17, Melelli 19, Bourmaud 12b]. Simi-
larly, in-situ measurement of the static mechanical properties of the PFCs consti-
tuents has also be done using nanoindentation by Perrier et al. [Perrier 16, Li 17b].
To the best of the author’s knowledge, the existing literature working on the dy-
namic nanoindentation measurement with plant fibers and their composites are
rarely seen. However, dynamic nanoindentation testing, generally realized through
continuous stiffness measurement (CSM), is a really powerful method to measure
simultaneously the elastic properties of the tested material as well as its damping.

So, the main objective of this Chapter is to use dynamic nanoindentation to
map the damping properties of PFCs in controlled environments. First, a dynamic
nanoindentation with constant amplitude method is proposed. When compared to
CSM, which involves the superposition of a small high frequency oscillatory load on
the larger monotonically increasing indenter load during the loading portion of the
indentation test, it is proposed here to apply a protocol similar to the one classically
used in DMA at macroscale. It consists in applying a steady state harmonic loading
with constant mean amplitude after loading and partial unloading to provide a
better deconvolution of the elastic, viscous and plastic contributions (Section 3.1).
The verification of the proposed CAM method is made on neat resin. Then, the
damping properties in FGUD are measured and mapped with both the CAM
method and the typical CSM method to provide a comparison (Section 3.2, 3.3).
The results showing damping contribution from fibers and matrix zone are then
compared with the ones measured and/or back-calculated from DMA tests. At
last, all the results from DMA, modal and nanoindentation tests are compared
(section 3.3).
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IV.2 MATERIALS AND METHODS

IV.2.1 Theory of nanoindentation and its applications

Nanoindentation technology, also called depth-sensitive indentation technology,
is one of the usual methods to test the micro mechanical properties of materials.
With the development of modern microelectronic and material sciences, the size of
specimens is becoming more and more miniaturized, and the traditional indenta-
tion measurement method has gradually exposed its limitations. Nanoindentation
instrumented technology has solved some drawbacks of traditional measurements.
It controls the load which increases monotonically through a computer program,
and measures the indentation depth in real time. Because of the ultra-low load
applied, the monitoring sensor has a displacement resolution lower than 1 nm. It
is also suitable for measuring the mechanical properties of thin materials such as
films and coatings. The mechanical properties of materials that can be measured
from the loading-unloading curves are the elastic modulus and hardness. Fracture
toughness, strain hardening effect, viscoelasticity etc. can also be investigated.

The advantage of nanoindentation technology is that it can characterize the
mechanical properties of materials at very small scale. It has the characteristics
of convenient instrument operation, non-destructive experiments, high positioning
accuracy and has become an important tool for testing materials at nanoscale. Ho-
wever, nanoindentation technology is affected by several factors during the measu-
rement process, related to the instrument (indenter defect, contact point), sample
surface (roughness), material properties (dents, bumps, plastic range), measure-
ment environment (temperature, vibration). These parameters have to be taken
into account when designing and exploiting such experiments.

The typical mechanical properties (elastic modulus and hardness) of the tested
material can be obtained from the loading-unloading curve of force as a function
of penetration depth (IV.1 (a)). The sample generally undergoes both elastic de-
formation and plastic deformations during the loading process, resulting in the
nonlinearity of the loading curve. Then, the unloading curve reflects the elastic
recovery process of the sample. Figure IV.1 (b) is a schematic diagram of indenta-
tion profile by an indenter during loading and unloading. As shown, the indenter
press into the sample resulting in an indentation depth A and a contact depth h..

Oliver and Pharr et al. [Oliver 92] proposed an indentation experiment analysis
method based on the elastic contact theory that can effectively characterize the
reduced modulus of materials. This technique requires the evaluation of the contact
stiffness. To this end, the unloading part of the nanoindentation curve is selected
to fit the following equation:

P =By(h—hy)™, (IV.1)

where, P is the load acting on the sample, B; and m are the fitting parameters,
h is the penetration depth. The elastic contact stiffness (S) can be calculated as:
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FIGURE IV.1 - (a) Typical loading-unloading curves (P4, is the maximum load
during nanoindentation, hy is the depth of the residual indentation, hy,q, is the
depth from the original sample surface at load P,,..) (b) Profile change after
indentation (hy is the distance from the edge of the contact to the surface,
hs + he = Rz, he is the contact depth measured from maximum depth A,u,.)

S = (dp> = am (huax — hy)" " (IV.2)
dh ), _,

Most of the time, the error obtained by fitting the entire unloading curve is
relatively large, so only 25% to 50% of the curve from the top is generally used.
The projected area of the contact surface under the action of P must be known in
order to calculate the hardness and modulus of the sample.

The projected area of the contact surface (A) can be calculated according to
an empirical formula A = f(h.). For an ideal Berkovich indenter, this can be
expressed by:

A = 24.56Rh?, (IV.3)

where h. is the contact depth.
Oliver and Pharr obtained the relationship between the contact depth (h.) of
the indenter and the total indentation depth (h):

Pmax
S
where, B, is a constant value related to the shape of the indenter (for a spherical

or pyramidal (Berkovich) indenter the value is 0.75).
The hardness (H) and reduced modulus (F,) can finally be defined as:

he =h — By (IV.4)

(IV.5)
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g VTS

r 2/8 \/Z?

where, P4, is the maximum load at any indentation depth, A is the projected

area of the contact surface under the action of P,,.., (3 is a constant value related

to the shape of the indenter (f=1.034 for Berkovich indenter). The elastic modulus

of the tested sample can be obtained from the following formula based on isotropic
considerations:

(IV.6)

2 2
i:(l_yl)_‘_(l_VS) (IV?)
E, Er Eyg

where E; and vy are Young’s modulus and Poisson’s ratio of the indenter, Eg
and vg are the Young’s modulus and Poisson’s ratio of the sample, respectively.
It should be noted that FE, is not sensitive to the value of r; for most mate-
rials and it will only produce an error of 5% on E, when v; is equal to 0.2540.1
[Fischer-Cripps 11].

Nanoindentation has been widely used to characterize mechanical properties
at microscale during the past few decades [Li 02, Gibson 14], in particular to in-
vestigate the linear elastic properties of thin films, modified surfaces, individual
phases in alloys or carbon and glass fiber composites. Attempts to characterize
viscoelastic solids have been far fewer. Most have focused on strain-rate sensitivity
[Shen 04, Alkorta 08]. Others investigated the transient properties of the response
during creep or relaxation tests [Huang 06, Shen 12]. In this kind of NI creep (or
relaxation) tests, the force (or displacement) increases rapidly to reach a specified

value of force (or displacement) and then is maintained during a certain time, as
shown in Figure V.2 (a).

a b) P
@ — Force (b) P — CSM method

—— Displacement

e (1) Constant force - creep
[}
§

—~
Q pd
2 E
%) (2) Constant displacement - relaxation o
S g
) 4
o
=
o
LL

Time (s) Time (s)

FIGURE IV.2 — Protocols for viscoelastic properties measurement from (a) creep
and relaxation tests (b) CSM method

The use of dynamic nanoindentation was more recent and applied to polymer
and wood cell walls. The continuous stiffness measurement (CSM) technique of-
fers a direct measure of dynamic contact stiffness during the loading portion of
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an indentation test [Oliver 92, Pethica 88]. CSM involves the superposition of a
small high frequency oscillatory load on the larger monotonically increasing in-
denter load during the loading portion of the indentation test, as shown in Figure
IV.2 (b). Continuous contact stiffness and contact damping can be obtained by the
ratio of amplitude and phase difference in the feedback circuit, respectively [Li 02],
and with a simple mathematical model for a single-degree-of-freedom spring-mass-
damper system. However, the accuracy of the results depends on the precise dy-
namic response of the system [Oliver 92]. It was shown by Herbert and Oliver
that nanoindentation can accurately measure the dynamic mechanical properties
of linear viscoelastic solids under the premise of calibrating the cut-off frequency,
dynamic stiffness and damping of the instrument [Herbert 08]. While the technical
implementation of this oscillation is current in the state-of-the-art, there is still
an ongoing debate on whether this superimposed signal influences the mechanical
properties of materials [Leitner 17].

IV.2.2 Selection of existing research on nanoindentation

IV.2.2.a Dynamic Nanoindentation

Measurements of local dynamic properties have been investigated for different
materials. As an example, Y. Lu and D. M. Shinozaki have developed a precisely
controlled piezoelectric microindenter to measure the storage modulus (E’) and loss
factor (tan d) of thin film materials [Lu 97, Shinozaki 97]. Herbert et al. compared
the complex modulus of highly plasticized polyvinyl chloride (PVC) measured by
nanoindentation with that of DMA and results show that the difference is less
than 15 %. The measured quantities such as storage modulus and loss modulus
(E") are also shown to be influenced by many parameters such as the material
properties and the experimental setup. Density is found to be a sensitive factor on
the measured E’ and E” of polyethylene. The harmonic amplitude was shown to
have a limited influence on E’ and E” of high-density polyethylene (HDPE) from 5
-50 Hz [Odegard 05]. Kramer suggested that the penetration depth should be less
than 10 % of the thickness of the sample to avoid the effect of deformation from the
substrate [Kramer 01]. Besides, J. Deuschle emphasized that the preparation of the
surface has a significant impact on the accuracy of the test results [Deuschle 07].

IV.2.2.b Nanoindentation on plant fiber composites

During the past few decades, many studies regarding the static mechanical
properties of plant fiber composites had been done using nanoindentation techno-
logy [Poon 08]. To the best of the author’s knowledge, there is no existing litera-
ture using dynamic nanoindentation for the characterization of plant fibers and
plant fiber composites. Arnould et al. and Bourmaud et al. explored the mechani-
cal properties in the cross-section of flax fiber and its composites, and the static
parameters such as reduced modulus and hardness were given for the fiber walls
[Arnould 17, Melelli 19, Bourmaud 12b]. Similarly, in-situ measurement of the sta-
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tic mechanical properties of the constituents of hemp/GreenPoxy composites were
realised using grid nanoindentation by Perrier et al. [Perrier 16, i 17b]. Wood cell
walls have also been quite widely characterized using nanoindentation in different
environments [Gindl 04b, Tze 07, Eder 13]. When it comes to time-delayed pro-
perties, Keryvin et al. [Keryvin 15b] determined the viscoelastic properties of flax
fibers using nanoindentation creep tests.

It can be seen that the existing literature mostly focus on static mechanics of
plant fiber composites at the micro scale, while the research on dynamic mechanical
properties is rarely seen. Therefore, the present study fills the gap by identifying
the damping performance in micro scale, which clearly characterize the damping
contribution of each component in plant fiber composites.

IV.2.3 Tested materials

Two kinds of materials (neat resin and FGUD) were studied in this chapter.
Neat resin was made from GreenPoxy 56 and SD 7561 (3:1) with curing at 60 °C
16 hours and post-curing at 100 °C 1 hour. This curing/post-curing process was
different to the one used for pure GE in chapter I1. Before nanoindentation testing,
the neat resin and FGUD materials were stored in a climatic chamber with 23 °C
and 50% RH for at least 4 weeks. Then, samples were cut for neat resin (20 x 10
x 2.5 mm?) and FGUD (20 x 10 x 3.5 mm?®) and they were embedded in a fast
curing acrylic at ambient temperature. Meanwhile, a thermocouple was embedded
between the acrylic and neat resin to measure the temperature, as shown in Figure
IV.3 (a) and (b). FGUD was mounted following the vertical direction with its fiber
direction as shown in Figure V.3 (c¢). After the curing of embedding acrylic, their
surfaces were polished with 40 nm aluminum suspension.

Thermocouple Neat resin sample

(b) (C) Fiber direction

<«—Thermocouple
Neat resin sample
Acrylic «— Acnylic _

1
Heating source

@

Composite
sample

Transverse
direction

hickness direction

FIGURE IV.3 — Sample for nanoindentation tests of (a),(b) neat resin and (c)
FGUD

IV.2.4 Experimental setup

1V.2.4.a Instrument

All the nanoindentation tests in this chapter were carried out in a UNHT Sys-
tem (Ultra nanoindentation tester) supplied by Anton Paar, as shown in Figure
IV.4 (a). It can be used to characterize the mechanical properties of polymers,
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films and bio materials at the nanoscale on a temperature range from ambient
temperature up to 200 °C and at relative humidities up to 90 % at ambient tem-
perature thanks to the heating source and climatic chamber. The maximum load
of UNHT system is 50 mN with a 3 nN resolution and it can perform a test within
50 pm in depth with a resolution of 0.1nm. The indenter used in the system was
a three-sided pyramid Berkovich tip with a half angle of 65.3 © measured from the
axis to one of the pyramid flats, as shown in Figure IV.4 (¢). The Young’s modulus
and Poisson’s ratio of the used indenter are 1141 GPa and 0.07, respectively.

(b)

I
il B
I ;-lumidity Chamber

FIGURE IV.4 - (a) Anton Paar Nanoindentation Instrument (b) Dynamic
mechanical model of viscoelastic material in the test system (c¢) Shape of
Berkovich indenter [Fischer-Cripps 11]

For the dynamic loading, as mentioned in chapter 11, the tangent value of the
phase difference between stress and strain can be used to determine the loss fac-
tor. When considering a homogeneous isotropic material with a linear viscoelastic
behaviour, the nanoindentation system can be represented by a simple mathema-
tical model for a single-degree-of-freedom spring-mass-damper system as shown in
Figure IV.4 (b). It is important to note that the indentation head should be re-
presented by these two spring mass damper system (the indentation head and the
reference head). A simplified model take into account only the indentation head.
The calculation of storage modulus and loss modulus are determined as follows
[Herbert 08]:

B F U7l 1

— (5O cos o muw? — K)o IV,
T (hocos + mw i) 2 3VA (IV.8)
B Fy | Uil
1— .2 = (hfg sind — DZW)?Bﬁ, (IVQ)

where K; and D; are the stiffness and damping ratio of the instrument, v is the
Poisson’s ratio, 5 is 1.034 for a Berkovich, m is the mass of the indenter (For the
instrument used in this thesis, the value of K;, m and D; is 2346 N/m, 1.9 g and
0.0364 Ns/m, repectively), A is the projected contact area, Fy and hg are force
and displacement and ¢ is the phase difference between force and displacement,
w =27 f and f is the frequency of the sinusoidal loading.
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Therefore, the investigation for the effect of dynamic stiffness and damping of
the testing system is important to quantify the impact of the instrument on the
measurement of dynamic mechanical properties.

IV.2.4.b  Protocols for the determination of the viscoelastic properties

Loading paths

Dynamic nanoindentation is usually performed with a sinusoidal harmonic force
which is usually superimposed to the monotonic force ramp (CSM method). It
should be noted that the quantities measured with CSM method result from elas-
tic, viscoelastic and viscoplastic properties at the same time.

Therefore, a constant amplitude method for damping identification, labeled
CAM method, is proposed. The loading path is represented in Figure IV.5. It
consists in first applying loading and partial unloading phases. The unloading
phase is stopped at a certain load level which is then maintained for a given time
after what a sinusoidal load with constant dynamic and mean amplitudes is super-
imposed. After the desired number of harmonic periods at the selected frequency,
the load is then monotonically decreased down to zero. This load-path is similar to
the one used in most of the DMA protocols and prevent the measured viscoelastic
properties to be interfered by plastic strains.

@ P, ®) p

max

Harmonic force

Harmonic force
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FIGURE IV.5 — Protocols for viscoelastic properties measurement of (a) CAM
method (b) CSM+CAM method

The labeled "CSM+CAM’ method is used to do the comparison between CSM
method and CAM method on the same indentation position to avoid the uncer-
tainty from different measured samples or positions. This procedure starts with a
typical CSM method and then comes to the same setup using CAM method after
the maximum load.
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Signal processing and viscoelastic properties determination

A specific signal processing technique was developed to identify the viscoleastic
properties from the data recorded during this type of test. The signals of load and
displacement as a function of time were extracted from the data files generated by
the apparatus. The flow diagram of post-processing for damping identification is
drawn in Figure [V.6.
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FIGURE IV.6 — Post-processing of the load and displacement for damping
identification

The post-processing starts with the estimation of w through Fast Fourier Trans-
formation on the whole harmonic signal. Then a time interval (2n7/w, n=2) is
selected to make a nonlinear fitting of load versus time, and displacement versus
time signals using the following functions,

P(t) = Py + Re(Pel*h) (
with P = Pg + jP, (IV.11
D(t) = Dy + Re(De?) (
with D = Dp + jD; (
1
andfzf, w=2nf, j=+v-1 (IV.14
where ¢ is the time, P(t), D(t) are the force and displacement time signal, Py, Pg,
P;, Dy, Dg, D; and w are determined by fitting. Then the phase difference (0)
between the load and displacement can be obtained:

P
§ = angle(=), V.15
angle( L) (V.15
and the stiffness (ks) can be obtained by,
P
ks ' : (IV.16)
D
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then the storage modulus (E’) can be determined by:
E' = E,cosd, (IV.17)

where F, can be determined using the equations IV.6 and IV.7.
Then, the time window is shifted and the whole procedure is repeated. This finally
provides the value of the loss factor (tan (0)) and the stiffness over time. Several
quality criteria such as residue on load and displacement fitting, relative difference
between identified f requencies on1oad a nd d isplacement, a nd r elative difference
between identified phases are used for eliminating erroneous points and analyzing
the confidence of t he values. F inally, t he average values is used as t he identified
loss factor and their standard deviation is used as error value. For tests realized
with the CSM method, the phase difference is automatically computed by the NI
software (Indentation® 7.2.5).

All the nanoindentation tests were carried out in force controlled mode at am-
bient temperature and 50 % relative humidity. The control of humidity was turned
off during measurement to avoid noise effect from the machine.

Protocol for GreenPoxy

The tests for pure resin were performed at different temperatures (30, 45, 55,
65 and 80 °C) using the heating source located beneath the specimen. The heating
source was set to each expected temperature and hold for at least 5 minutes after
the temperature inside the sample (measured using an embeded thermocouple)
shows a stable value. The protocol used for the neat resin was the CAM one. The
force was increased from 0 mN until the maximum force 500 uN (P,,q.) in 30 s.
Then, the force was decreased at the same rate until 250 uN followed by a 60 s
hold on at this value. After that, a sinusoidal force was applied for 60 s with a
dynamic amplitude of 50 uN (Pg,).

() (b)
i 5um
_ y!ndent point : 1Hz 5Hz 10 Hz -
O 85 ° ° ° ° ° ° ° ° ° ° %
E 65 ° . ° ° ° ° ° ° ° o0
E st/ U I
o 55 i
a
£ 45
(o)
= 30 r L] L] L] L] L] L] L] L] L] L]
1512 2 3 5 1 10 20 30 40
Frequency (Hz) Time

FIGURE IV.7 — Schematic diagram of nanoindentation for (a) GreenPoxy using
the CAM protocol at 1 - 40 Hz and 30 - 85 °C (b) suggested protocol inthe
future plan

Measurements were made on a frequency range from 1 to 40 Hz in a logarith-
mic scale value. Only one excitation frequency was used for each position. The
distance between the measurement points was around 5 pm, as shown in Figure
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IV.7 (a). In addition, a suggested protocol is shown in Figure [V.7 (b) can be also
used in the future plan, in order to measure the dynamic mechanical properties
under several frequencies at each point.

Protocol for unidirectional flax/GreenPoxy composites

Two FGUD samples were tested under typical "CSM method’ and "CSM+CAM
method’, respectively at ambient temperature.

For "CSM method’, the harmonic load was processed during the loading part
with a given dynamic amplitude value of 50 uN and a frequency of 5 Hz until the
maximum force 500 uN reached. The grid nanoindentation was done in the form
of 12 x 9 indenter points with an interval space value of 5 um in vertical and
horizontal axis, as shown in Figure IV.8 (a).

For "CSM+CAM method’; the protocol started with a harmonic loading which
was the same with "CSM method’. Then the CAM method was processing after
reach the peak load, and the P,,.,;, Ps and Py, quantities were set at a value of
125, 75 and 15 N, respectively. The grid nanoindentation with CAM method was
carried out in 16 x 9 indenter points with an interval space values of 4 pum in
vertical and horizontal axis at 1 Hz and 5 Hz, as shown in Figure IV.8 (b).
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FIGURE IV.8 — Schematic diagram of nanoindentation for FGUD using (a) CSM
at 5 Hz and (b) CAM method at 1 Hz and 5 Hz

IV.2.4.c DMA test

DMA of pure resin was processed following ASTM D5026-01 under tensile
mode using DMA+300 (Metravib) device. A static displacement of 18 ym and a
dynamic displacement of 8 ym were applied to the samples (65 x 10 x 2.5 mm?).
The frequency and temperatures range for each test were 1-46.4 Hz and 30-160 °C,
respectively. The heating rate was set to 5 °C/min with a 2 minutes hold for each
ramp. Other details regarding the setup were detailed in chapter I1.2.
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I1V.3 RESULTS AND DISCUSSION

IV.3.1 Verification of the effect from instrument on the
measurement of storage modulus and loss factor

As mentioned in section ’Experimental setup’, the effect of the dynamic stiff-
ness and the damping of the instrument should be taken into account, so this
section aims at verifying the influence of these parameters before processing the
experiment. The signal provided by the software uses a static correction associated
to the stiffness of the measurement head. Therefore, K; is already accounted for in
the signals. Here we quantify the effect of inertia (mw? in IV.18) and damping (D;w
in IV.19) on the identified values of stiffness and damping of the material. The two
dynamic terms from the sample (%0085 : %Siné) and the instrument (mw?, —D,w)
are calculated in fiber, matrix, fiber-fiber, and fiber-matrix interface. The effect
from the instrument on the measurement of stiffness (dyf;) and damping (dyf>)
are defined as follows:

Wh =5 5 (IV.18)
ho
—Diw
dufs — V.19
ny % cos o ( )

Table IV.1 shows the values from each dynamic terms measured in the different
zones. It can be clearly seen that the values of dy fy are between 0.15 - 0.55 %, and
this term is neglectable on the measurement of damping. Regarding the stiffness
term, the values of dyf, are around 10~*. Therefore, the term of stiffness from
instrument is also neglectable.

TABLE IV.1 — Comparison of the effect from two terms in fiber, matrix,
fiber-fiber (F-F) interface and fiber-matrix (F-M) interface at 5 Hz

Locoss mw?  dyfy (%)  fosind —Diw  dyfs (%)

ho hO
Fiber 17242 1.9 1.12x107* 737 1.14  0.17
Matrix 5739 1.9 3.3x107* 211 1.14  0.55

F-F interface 17277 1.9 1x10~* 643 1.14 0.19
F-M interface 14615 1.9 1x1074 789 1.14 0.15
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IV.3.2 Damping identification of GreenPoxy using CAM
method

The values of loss factor determined by DNI for the Pure GreenPoxy under
temperature of 30, 45, 55, and 65 °C are shown in Figure I1V.9. The error bar
represents the confident identified values.
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FIGURE IV.9 — Loss factor as a function of frequency (1 - 40 Hz) in GreenPoxy
determined using DMA and DNI tests at various temperatures (a) 30 °C,
(b) 45 °C, (c) 55 °C and (d) 65 °C

At 30 °C, the loss factor is approximately equal to 4 % on the whole frequency
range. A slight and progressive increase up to approximately 5 % is measured at
1 Hz with increasing temperature up to 65 °C. Results are compared to those
obtained using DMA tests. It is clear that the loss factor values obtained from
dynamic nanoindentation (DNI) and DMA tests are similar on the considered
frequency range from 1 Hz to 40 Hz and temperatures. The value measured with
the DMA in this chapter is different to the one measured in chapter 2, this is due to
the curing process. We can also see that the standard deviations are quite high for
DNI measurements (up to 68 %), in particular when increasing the temperature.
When doing the comparison, the uncertainty on the loss factor provided by DMA
should be also taken into account. Unfortunately, it can not be analyzed since the
Metravib does not provide a satisfying way to access to time signals. The values
of loss factor identified from DNI and DMA tests show good agreement on the
frequency range 1 - 40 Hz and the minimum value of the difference between them
is around 2.67 % observed around 2-10 Hz. The maximum difference is observed
at 40 Hz and is attributed to the signal noise.
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The force and displacement signal is shown in the Figure [V.10. The uncertainty
in nanoindentation measurements gradually increases as the frequency increases
due to the resonance of the instrument causing more noise on the signal. The force
signal is not stable accompanied with more than 30 % difference in amplitude,
which causes a larger difference between the NI and DMA at 1 Hz and 40 Hz. As
shown in Figure IV.10 (b), both load and displacement works in a stable harmonic
signal state at 5 Hz. Therefore, it is suggested the experiments are processed at
around 5 Hz to decrease the uncertainty from the time signal of the instrument
used in this thesis.
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FIGURE IV.11 — Storage modulus as a function of frequency (1 - 40 Hz) in pure
resin determined using DMA and DNI tests at various temperatures (a) 30 °C
(b) 45 °C (c) 55 °C (d) 65 °C
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Figure IV.11 shows the values of storage modulus.The differences between DNI
and DMA measurements are up to 67.8 %. It is attributed to several factors. The
first is related to the uncertainty induced by the surface polishing. The roughness
in the near-surface area and the indentation size effect caused by the blunting of
the indenter tip at the apex can lead to an overestimate of the modulus[Shen 06,
Nix 98]. In addition, it exists a large difference in the strain rates and ranges
between DMA and DNI. In DNI, measurements are made on a plastified material.
Plastic deformations are induced by the high-pressure levels below the indenter.
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FIGURE IV.12 — (a) Comparison of loss factor in DMA and nanoindentation (NT)
tests at the temperature near T, zone (b) temperature changes based on
numerical model

The damping performance of GreenPoxy at a temperature near the glass tran-
sition temperature is also studied using the same configuration. Figure IV.12 (a)
shows comparison of loss factor in DMA and DNI. The temperature provided by
thermocouple is 84 °C. However, unexpected data is found compared with the data
from DMA at 85 °C. The curve of NI is between that of DMA at 75 °C and 80 °C.
This is supposed to be linked to a heat conduction and convection problem in resin
during nanoindentation tests. As the temperature increases, the difference between
the resin surface and the bottom will become larger due to the presence of air flow
[Maeda 72]. Furthermore, the loss factor will also increase of a value of 0.06 per 1
°C of increasing temperature when approaching the glass transition temperature,
hence, requiring a very precise control of the temperature which has to be homoge-
neous in the sample to provide confident measurement. Figure [V.12 (b) shows the
results of thermal simulation for the pure resin when adding a heating source at
the bottom. A heterogeneous distribution of temperature in the sample due to the
air convection is clearly observed. The minimum and the maximum temperatures
in the sample are around 91 °C and 96 °C, respectively, when the temperature of
heating source (T-base) is 100 °C. Therefore, precise temperature control is one of
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most important issue for this experiment. To work with that, a NI system within a
heat chamber should be preferred in the future to do such measurements, instead
of the heating device located under the sample which has been used here.

IV.3.3 Damping identification of FGUD using CSM me-
thod

In this section, the classical CSM is used to identify the properties of FGUD.
The proposed protocol will be applied and discussed in section [V.3.4.

A total of 108 grid indents were processed on the transverse cross-section of
FGUD at ambient temperature using CSM method reminded above. The micro
structure of FGUD on the cross-section is shown in Figure IV.13 (a). Each point is
classified among 4 different component clusters, namely Fiber, Matrix, Interface,
Confined resin, as proposed by [Perrier 16]. Figure 1V.13 (b) shows the typical
curves of load versus penetration depth during the experimental loading-unloading
procedure. The descending order of indentation depth is fiber, interface, confined
resin, and matrix under the same load because the stiffness of interface and confined
resin are significantly affected by neighboring fiber.
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FIGURE IV.13 — Static mechanical properties of FGUD (a) microstructure on the
surface (b) experimental loading-unloading curves for different zones (confined
resin is in the closed boundary with black line)

IV.3.3.a Evolution of the dynamic properties as a function of the penetration

depth

The influence of penetration depth on the dynamic properties has been pointed
out several times in literature [Zhang 08]. Then, CSM tests were first processed
to quantify the influence of penetration depth on storage modulus (E’) and loss
factor for the flax fiber composites. The results are shown in Figure IV.14.
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FIGURE IV.14 — Dependence on penetration depth of (a) the storage modulus
and (b) loss factor obtained by typical CSM method at 5 Hz.

It can be seen from Figure [V.14 that the measurement of the storage modulus
and loss factor is widely changing in the first part of the curves (up to 50 to 100
nm). This is attributed to the contact between the indenter head and the material
surface. For the deeper measurements, the viscoelastic properties of the fiber wall,
matrix, confined resin and fiber-fiber interface exhibit a quite stable response up to
the maximum penetration depth. This result is different from the one observed for
wood fiber wall. A non-linear behavior was reported by [Zhang 12] on a penetration
depth range from 50 to 400 nm.

For the fiber-matrix interface zone, a slight increase of £’ and loss factor with
the penetration depth can be observed on after 200 nm. There are two aspects
which can explain this phenomenon. Firstly, the surrounding fiber edges are gra-
dually squeezed when the surface area of the indentation increases as the depth
increases, and the measurement results begin to be affected by the fibers. Se-
condly, the polishing process during surface preparation can also cause certain
disturbances. A gradient surface is formed due to the difference in the hardness of
the fiber and the matrix, which suggests an inherent difficulty when attempting
to obtain a stable response [Hardiman 17].

In the following, for each indent, the properties presented for the CSM method
will correspond to the mean value measured from the last 60 points measured at
maximum depth.

IV.3.3.b  Mapping of the viscoelastic properties

Figure IV.15 provides a graphical representation of the viscoleastic properties
along an indentation line in the grid. This line moves across areas containing
successively fiber walls and matrix.
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FIGURE IV.16 — Reduced modulus of hemp fiber collected from Ref. [Perrier 16]

Values of 16 GPa and 4 GPa are measured in the fiber wall and in the matrix
zone, respectively. The transition from the fiber to the matrix, i.e. through the
interface, is also clear. These results are similar to the ones reported in literature for
hemp/GreenPoxy composites as shown in Figure [V.16 [Perrier 16]. Interestingly,
we can observe on the left side of the figure, that the storage modulus varies
non-linearly within the thickness of the fiber wall. The variations can be due to
difference in properties between the different cell wall layers [Li 17a, Arnould 17].

The storage modulus of each point versus distance from closer fiber edge is
plotted for all the indents in Figure IV.17 (a). The values in the fiber wall are
around 16 GPa. The scattering in measurements is significantly higher in the fiber
wall than in matrix areas. Again, this can be due to the variation of the viscoelastic
properties in the thickness of the wall of the different indented fibers, as well as
discrepancies between different individual fibers. In addition, the roughness is also
different in the fiber and in matrix.
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FIGURE IV.17 — (a) Storage modulus and (b) loss factor at 5 Hz versus distance
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For the first time, our measurements provide access to the distribution of the
loss factor as a function of the spatial position, see Figure IV.17 (b). The distribu-
tion of loss factor shows similar trend to that of storage modulus. The loss factor
varies from 6 % in the matrix to 12 to 16% in the fiber wall, with a smooth and
progressive transition at the interface. A non-linear variation is also observed in
the thickness of the fiber wall, see Figure IV.15.
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The mean values of storage modulus and loss factor measured for all indents are
plotted in Figure I'V.18. The error bar shows the standard deviation of the values.
As can be seen, E’ of fiber (16.0 GPa) is close to that of F-F interface (16.7 GPa),
followed with the F-M interface (8.5 GPa), confined resin (5.2 GPa) and matrix
(4.6 GPa). The storage modulus in interface zone shows a higher value than that
of matrix zone. The measured point in confined resin corresponds to a medium

storage modulus between interface zone and matrix zone due to the neighboring
fiber.

The mean value of the loss factor in descending order is F-F interface (13
%), fiber (13 %), F-M interface (11 %), confined resin (7 %), matrix (6 %). It is
reported that the energy dissipation in fiber zone, F-F interface and F-M interface
are caused by friction between micro fiber, friction between elementary fibers, and
friction between fiber and matrix, respectively [Duc 14b]. Therefore, the damping
produced by the plant fiber and the interface is considerable compared to the
matrix. It can also be noticed that the damping value measured in the matrix areas
is significantly higher than the one measured on pure matrix using DMA and also
on pure matrix using DNI-CAM. This can be due to the fact that the in-situ resin
has different properties than resin cured without fibers. It is well know that the
presence of fibers can modify the curing process of thermoset resins. It can also be
due to the measurement method, i.e. CSM and the potential influence of plasticity
during harmonic measurements. The next section will propose a comparison of
these results with the CAM method.
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F1GURE IV.19 — Map on the cross section based on results from nanoindentation
(a) storage modulus (b) loss factor at 5 Hz with CSM method

The map of storage modulus and loss factor are plotted in Figure IV.19 using
biharmonic spline interpolation. It shows a clear correspondence for each com-
ponent especially in matrix zone, confined resin and F-M interface compared with
the cross-section in Figure IV.13 (a). This kind of map reflects the gradient of
storage modulus and damping from the matrix to the interface and fiber. Besides,
the map of loss factor shows the variation between different fibers attributed to
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the intrinsic variabiliy of fibers (related to maturity and processing effect). Some
slight differences in storage modulus also appear in the matrix zone, which can be
interpreted as a difference in local density [Odegard 05].

This section proposed a discussion related provide the damping properties of
the FGUD composites. The experimental results an interesting knowledge for the
damping properties in the different constituents including fiber, matrix, F-F or F-
M interface and confined resin zone. However, this typical CSM method provides
measurements during the loading ramp. The influence of plastic behavior cannot
be ignored. Therefore, it is necessary to develop an adapted protocol to tackle this
problem.

IV.3.4 Damping identification of FGUD using CSM+CAM
method

This section provides the results obtained with the CSM+CAM method. This
method was used at 1 Hz and 5 Hz as described in Section [V.2.4. The results of a
total of 288 grid indents are obtained as shown in Figure IV.20 (a). The loss factor
of each indent was calculated using the post-processing method that is described
in Section IV.3.2. The first part of this section is describing the results from CAM
method and then the results of CSM and CAM based on 'CSM+CAM method’

are compared.

IV.3.4.a Results from CAM method
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FIGURE IV.20 — (a) Micro-structure on the cross section after nanoindentation
tests, (b) storage modulus and (c) loss factor at 1 Hz and 5 Hz versus distance
from each fiber edge

As shown in Figure IV.20 (b), the storage modulus varies from the distance
between the indent point and fiber edge. Its value mainly distributes between 15
and 25 GPa when the indent point is in the fiber zone. The storage modulus at
1 Hz shows a gradual decrease when the indent point is far from fiber edge (0 pm to
2 pum) due to the disappeared strengthening of adjacent fibers. Then, the storage
modulus shows an approximate stable value when the distance is over 2 pm.
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Figure V.20 (c) shows the loss factor distribution for all the components. It is
concentrated in the range of 2% to 6%, which is more stable than the result obtai-
ned by CSM method. The loss factor variation in the fiber zone is obviously larger
than the value in the matrix zone, which is attributed to the intrinsic variability
of fibers and within fiber wall. In contrast, the distribution of the loss coefficient
is concentrated around 0.04 with a small dispersion level for the matrix. This va-
lue of 4 % is similar to the one determined on the pure GreenPoxy at ambient
temperature.
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FIGURE IV.21 - (a) Storage modulus and (b) Loss factor in each component at 1
and 5 Hz using CAM method

The mean value of storage modulus and loss factor in each component including
fiber, matrix, F-F interface and F-M interface using CAM method is plotted in
Figure IV.21. The error bar is shown using the standard deviation of each data
series. The storage modulus in fiber zone shows a mean value around 20.6 GPa
and the value is closed to that of F-F interface.

IV.3.4.b Comparison of results from different method

The map of storage modulus and loss factor from CSM and CAM measured at
5 Hz in the same sample are compared, as shown in Figure [V.22.

It can be seen from the map that the storage modulus obtained from CSM
and CAM are quite similar. For the matrix zone, the values of storage modulus
obtained by CSM are between 4.2 - 5.7 GPa and that from CAM are around 4.6
GPa. For the fiber zone, the values extracted from CSM method are between 12
- 23 GPa, and that from CAM are between 14 - 24 GPa. However, the map of
loss factor shows a significant different distribution when using CSM and CAM
method. The values of loss factor in fiber zone determined using CAM method are
between 2 % - 6 % and that from CSM are around 4.4 - 9 %. The overestimation
of loss factor using CSM method is due to the viscoplatic effect during the loading
procedure, compared to that in CAM method.
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F1GURE 1V.22 — Map on the cross section based on the results from storage
modulus and loss factor at 5 Hz using (a) - (b) CSM and (c) - (d) CAM method
on the same sample

Figure IV.23 shows the average values of storage modulus and loss factor mea-
sured in the different zones of the composite cross-section. The errorbar refers to
the standard deviation of different indenter points.

The storage modulus of the fiber and matrix zone is equal to 20 GPa and 4.6
GPa with a difference of 5.6 % and 4 %, respectively compared with CSM and
CAM method. This indicates that the experimental protocol (CSM or CAM) has
no significant effect on the measurement of storage modulus. In addition, it is
important to notice the variability in different plant fibers as the average storage
modulus mentioned in the previous CSM method is around 16 GPa. However,
the loss factor show a higher difference (around 40 % for fiber, 30 % for matrix)
when measured with CSM and CAM methods. This is attributed to extra plasticity
when the harmonic load is superimposed to the monotonic loading in CSM method.
Again, the values of storage modulus and loss factor measured in fiber-fiber and
fiber-matrix interface may be not accurate due to the influence of the adjacent
fiber and the roughness as mentioned before.
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FIGURE IV.23 — Comparison of (a) storage modulus and (b) loss factor at 5 Hz
obtained from CSM and CAM method on the same sample

Considering the damping-related results mentioned above, Figure V.21 shows
that the loss factor of each component measured using CAM method are around
4 % and it did not show a particularly significant difference when considering the
uncertainty of each component. This can be explained by the fact that the loss
factors of fiber, interface, and matrix are close to each other. For the fiber wall,
this value of 4 % is comparable with that of cellulose fibers (4 to 4.5 %) measured
by Elsayad et al. [Elsayad 20] by Brillouin spectroscopy. This value is also similar
to the one obtained in the transverse direction of flax fiber by back-calculation
from DMA tests (see chapter II). In addition, the values of loss factor obtained
by CAM method are very different from those obtained by CSM method (Figure
IV.23).

Figure V.24 summarizes the reduced modulus measured in the flax fiber wall
using both CSM and CAM methods as well as well data from literature obtained
for different plant and wood fibers using nanoindentation and tensile tests.
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F1GURE 1V.24 — Reduced modulus and Young’s modulus collected from Refs.
[Arnould 17, Bertinetti 15, Perrier 16, Tanguy 16, Bourmaud 18]

It can be clearly seen that the values from nanoindentation and tensile tests
have a significant difference whatever the fiber type and who does the measure-
ment. The significance of the elastic modulus from nanoindentation measurements
for anisotropic materials such as wood cell walls has already been widely discussed
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in literature. In particular, the calculation of the reduced modulus is based on
the isotropic assumption, while the matter constituting the fiber wall is strongly
anisotropic. Furthermore, the response of the material is submitted to multi-axial
loading due to the inclination of the faces of the indenter pyramid. The resulting
three-dimensional stress state is governed not only by the longitudinal modulus,
but also affected by the much lower transverse modulus, which leads to an unde-
restimation of the longitudinal modulus [Gindl 04a]. Hence, the value from nanoin-
dentation cannot be compared directly to the one obtained in tensile tests on plant
fiber. If it is a non-suitable method for the direct determination of the absolute
value of the longitudinal elastic modulus of plant fiber cell walls, it is however an
appropriate technique for comparisons of mechanical properties of wood and plant
fiber cell walls at small scale.
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F1cURE 1V.25 — Comparison of loss factor in GreenPoxy identified from DMA
tests, FGUD identified from DMA and modal tests and fiber zone identified from
nanoindentation tests based on CAM and CSM method using the average value

At last, figure V.25 shows the results of loss factor for FGUD using the three
different methods used in this thesis (DMA, modal analysis and DNI). The loss
factor on a wide frequency range and at different scales can be compared using this
kind of plot. As shown, loss factor in FGUD-T measured in DMA is in accordance
with the one obtained from modal tests. The value provided by the modal tests
in free-free condition is slightly lower than that obtained free-clamped condition
which is expected according to the boundary conditions. For FGUD-L, a higher
difference (8 % - 19 %) is found when comparing the value obtained from modal
with the one issued from DMA tests due to the stiffness problems of apparatus. The
values of loss factor using CAM method are more confident than those obtained
using CAM method since it is more closed to those obtained from DMA and
modal tests. Although the loss factor from DNI is higher than that from DMA
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and modal tests, one has to consider that the measurement is made under high
pressure (and then high strain levels) and under multi axial loading, resulting in
potential increase of dissipation, which caused the loss factor obtained by DNI is
around 60 % - 150 % higher than those obtained by DMA and modal tests.

IV.4 (CONCLUSIONS

This chapter provides an alternative method for the identification of damping at
the nanoscale. The results obtained with the CAM method have been compared to
the ones obtained the usual CSM method. Firstly, the damping identification using
traditional CSM method has been obtained for FGUD. The loss factor measured
in the different constituents of the composite is in descending order: F-F interface,
fiber wall, F-M interface, confined resin, matrix. The map of loss factor shows a
clear correspondence for each component when compared with the cross section,
which refers to their contribution on energy dissipation. However, the influence of
the plasticity of the indentation on the measurement using traditional CSM may
affect the identification of the damping.

The CAM method for damping identification is proposed, based on the use of
harmonic forces performed at constant mean and dynamic amplitudes after loading
and partial unloading of the sample. The results of the damping identification are
compared with the DMA at ambient temperature and below the T,. Good consis-
tency is shown with conventional test methods. However, the error increases larger
at high frequency (40 Hz) due to the limitations of the device. In addition, accurate
temperature control needs to be used when measuring the damping near 7 since
the loss factor changes in a larger range even for small temperature changes.

The loss factor in flax fiber walls measured using CAM and CSM method is
around 4 % and 13 %, respectively. Obviously, the value from CAM method is in
the range of the values of fiber back calculated from DMA tests in longitudinal
and transverse directions (2 and 4 %, respectively). This is consistent in particular
when considering that the flax fibers are anisotropic material and that the loading
is multi axial when using a Berkovich indenter. Hence, CAM method is more
preferably used for damping identification.

These are preliminary results. It is recommended to test more different ma-
terials using the CAM method mentioned in this chapter and this works has to
be continued in the future. The dynamic behavior of the indenter should be tho-
roughly analyzed and its own damping should be considered in the identification
procedures. The same measurements have also to be performed on the other com-
posites (HFRC and FPPC) studied in the previous chapters. Indeed, at this stage,
the methodology has been validated and first measurements obtained. More tests
are required to study the influence of frequency, temperature and moisture on the
full-field measurement of the viscoelastic properties at the nano/microscale.
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CONCLUSIONS

Plant fiber reinforced composites are sought to be a good choice in many sus-
tainable engineering applications due to their moderate cost, easily degradable and
lightweight compared to synthetic fiber based composites. They are also considered
as a good alternative to provide a good stiffness to damping ratio in such struc-
tures. The review of the literature on this topic reveals that the existing knowledge
on the damping behavior of PFCs is sometimes deficient or ambiguous.

So, this PhD thesis aims at contributing to a better understanding of the
damping behavior of PFCs through a multi-scale damping characterization. Three
different experimental methods were used (DMA, modal analysis and dynamic na-
noindentation). Several high-grade PFCs were selected as considered as promising
for the structural and multifunctional applications targeted in the SSUCHY pro-
ject. It included continuous flax and hemp fiber reinforcements and thermoset and
thermoplastic matrices. The study offered some insights into damping sources in
these plant fiber composites, on the effect of fiber or matrix types and provides
their damping properties on a wide range of temperature and frequency and also
at different scales. The dynamic grid nanoindentation allowed the exploration, for
the first time, of the in situ damping properties of the PFCs constituents. The
following paragraphs synthesized the main outcomes of each chapter.

Chapter I provided a literature review on the experimental methods and many
factors at the meso and microscale and related to the surrounding conditions that
affect the damping properties of PFCs. The first outcome of this chapter concer-
ned the construction of the Ashby diagrams based on the values of loss factor
and modulus from literature for metal, polymers and organic matrix composites
reinforced with synthetic fibers and plant fibers. Based on this literature review,
it can be seen that the damping capacity of PFCs, comprised in the range 0.7 -
14 %, is generally much higher than the one of SFCs covering a range from 0.24
to 2.5 %. It confirms the application prospects of PFCs in lightweight sustainable
structures and products. The second outcome is a radar plot representing the
average values of some mechanical properties and economic parameters (stiffness,
strength, loss factor, density and cost) of several material types. It clearly shows
that PFCs have average damping levels 5 times higher than some SFCs. The third
main contribution is the discussion of the sources of energy dissipation which are
specific to PFCs (intra-cell and inter-cell wall friction, intra-yarn and inter-yarn
friction, and fiber/matrix sliding) and which add to the common ones in organic
matrix composites (viscoelastic nature of the matrix, friction at fiber /matrix inter-
face and in interphase, inelastic and irreversible behaviors such as damage and/or
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plasticity). The critical review of the literature on the topic underlines the com-
plexity of damping behavior in such materials, points out contradictory reports
and the limitations of the existing knowledge on the damping behavior of PFCs.
This work was presented in an international conference (ICCS 22) and submitted
to an international peer-reviewed journal.

Chapter II investigated the damping properties of plant fiber composites using
DMA tests. In the first section, the influence of the loading mode (bending or ten-
sion) in DMA tests on the measurement of dynamic mechanical properties was stu-
died. The tension mode is preferred for the measurement of damping, to limit the
effect of friction between the sample and clamp on the measurement of damping.
Using the selected experimental configuration, the curing and post-curing process
of the GreenPoxy matrix are optimized. Indeed, these manufacturing parameters
have a significant effect on the damping properties of the resulting material.

In the second section, the damping properties in the two main directions (longi-
tudinal and transverse direction) of unidirectional flax fiber reinforced composites
with thermoset and thermoplastic-based matrices were investigated. PP- based
flax fiber UD composites (2.3 %-3.8 %) show generally a higher damping capacity
than epoxy-based UD flax fiber composites (1.4 %-2.6 %) at 1 Hz. For unidirectio-
nal composites, results also show that the damping properties are mainly driven
by the fiber and the matrix in longitudinal and transverse direction, respectively.
From these DMA tests, the damping properties of the flax fibers are also identified
by inverse method. Values of about 1.6 to 2.2 % are determined in the longitudinal
direction when 3.4 to 4 % are identified in the transverse direction.

In the third section, several woven hemp fabrics developed in the SSUCHY pro-
ject are characterized at the scale of composites made with GreenPoxy and PA12.
For the hemp/GreenPoxy composites, and for the considered fabrics, the weave
pattern is shown not to be influential on the damping properties of the composites.
The loss factor of hemp/GreenPoxy composites is always around 2 % in both mate-
rial directions even if the yarn density is different. This value of loss factor (2 %) is
comparable to that of cross-ply flax composites (1.8 - 1.9 %) in both direction, and
the slightly higher value for woven hemp composites is attributed to the fiber wa-
viness induced by crimp. On the wide temperature range studied, flax/petro-based
epoxy composites, flax/GreenPoxy composites, and hemp/GreenPoxy composites
have shown similar trends in dynamic mechanical behavior with their respective
matrices. Results also show that the loss factors of the plant fiber composites stu-
died in this work are higher than that of synthetic fiber composites, which confirms
their bright application prospect in sustainable structures.

The master curves of GreenPoxy, flax reinforced GreenPoxy composites and
hemp reinforced GreenPoxy composites are also built to obtain the storage modu-
lus and loss factor on a wide frequency range. Regarding the damping properties
in a specific reduced frequency range, a non-constant and non-linear evolution is
found for both thermosets and thermoplastic based composites. This non-linear
behavior as a function of frequency is related to the presence of glass transition
and secondary transition in the time-temperature space studied in this work.
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At last, the effect of water aging on the damping properties of the unidirectional
flax/GreenPoxy composites is studied. The loss factor increases of about 4 times
after 5 days aging. So, it is found that the moisture content is the most influential
parameter for a given temperature and frequency (1 Hz) among all the parameters
studied in this chapter (matrix type, fiber type, reinforcement architecture, lay-
up).

Chapter III investigated the damping behavior of several PFC materials inclu-
ding unidirectional composites (FGUD), thermoplastic-based composites (FPPC)
and woven fabric reinforced composites (H4) using modal analysis in free-free and
free-clamped configurations.

First and foremost, an optimized specimen shape was designed using numerical
modeling to minimize the influence of clamping on the damping identification in the
free-clamped configuration. The damping properties of the selected materials were
then identified in the longitudinal and transverse directions according to the shapes
of the eigenmodes. This avoided the mixture of flextural and torsion mode. The
loss factors of unidirectional flax/GreenPoxy composites and flax/Polypropylene
composites are comprised between 1.3 % - 3.3 % and 1.4 % - 4.6 % on the frequency
range of 40 Hz — 1000 Hz, respectively. It indicates the higher damping capacities
of PP-based composites when compared to the the thermoset-based (Greenpoxy)
ones in transverse direction. Regarding the woven hemp/GreenPoxy composites,
the loss factor is between 1.5 %-2.5 % on the frequency range of 40 Hz — 900 Hz.
No significant differences were observed between warp (L) and weft (T) directions.
This is consistent with the results obtained using DMA at 1 Hz.

In addition, the damping ratio determined from the free-clamped boundary
conditions is still higher (maximum 20 %) than that from free-free boundary
conditions even if an optimized shape is used. This reminds that the influence
of boundary conditions should be taken seriously into account before designing ex-
periments. Thirdly, damping properties of flax/GreenPoxy composites from DMA
and modal tests were also compared using the master curves. A good corresponding
is found considering a maximum difference of 19 % in longitudinal direction.

At last, the damping ratio of water aged unidirectional flax/GreenPoxy plates
is measured at around 2 % in both longitudinal and transverse direction at the
saturated mass (14.2 %). The influence of moisture sorption needs to be investi-
gated with more samples since the deformation of the plate during water sorption
may have an effect on the modal shape from the numerical model. Furthermore,
influence of moisture at different temperatures has to be more thoroughly studied
in the future.

Chapter IV offered new light on the damping identification of plant fiber
composites at microscale based on dynamic nanoindentation. A new alternative
method (Constant Amplitude Method, CAM) for damping identification was first
proposed based on the harmonic forces performed at constant mean and dynamic
amplitudes after monotonic loading and partial unloading of the sample. Good
consistency in loss factor of GreenPoxy was shown at ambient temperature and
below the glass transition temperature when compared with the DMA at 1 - 40 Hz.
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However, larger uncertainty is found when the dynamic nanoindentation is perfor-
med at higher frequency (closed to 40 Hz) due to the limitations of the device and
near the glass transition temperature due to temperature control.

Secondly, the damping of flax/GreenPoxy composites was identified using tra-
ditional CSM (constant stiffness) method. The map of loss factor shows a clear
correspondence for each component (fiber, matrix, fiber-fiber and fiber-matrix in-
terface) when compared with the cross section, which refers to their contribution
on energy dissipation. Then, the damping properties obtained by CAM method
were compared with those from CSM method. The loss factor in flax fiber walls
measured using CAM and CSM method is around 4 % and 7 - 13 %, respectively.
Obviously, the value from CAM method is in the range of the values of fiber back
calculated from DMA tests in longitudinal and transverse directions (2 and 4 %,
respectively). It is considered that the damping value measured using the classical
CSM method is overestimated due to the expression of the viscoplasticity. .

Moreover, the results obtained using CAM method are consistent in particular
when considering that the flax fibers are anisotropic material and that the loa-
ding is multi axial when using a Berkovich indenter. Hence, it is recommended
to prefer CAM method to CSM method for damping identification of such ma-
terials. At last, the loss factor of flax/GreenPoxy composites obtained by DMA,
modal analysis and Nanoindentation are plotted in the same graph to complement
the shortcomings of each method. Finally, the damping properties regarding wide
temperature, frequency range and different scales can be obtained based on this
work.
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ON-GOING WORKS AND PERSPECTIVES

The present research in this thesis explores many aspects that affect the dam-
ping properties of plant fiber composites. Damping identification under different
methods have been proposed. Some of the measurements were unprecedented and
realized using new experimental configurations and/or protocols. Even if a bet-
ter understanding of the damping behavior of PFCs is provided, many questions
are also raised and several aspects definitively deserved to be more thoroughly
investigated.

e Matrix is one of the most influential factor in damping properties of plant
fiber composites, in particular in the transverse direction of UD laminates.
The experiments proposed in this work are mainly focused on two familiar
polymers (GreenPoxy and Polypropylene), more types of polymer-based
plant fiber composites, such as Polylactic acid, Polymethyl methacrylate
and fully bio-based epoxy, are suggested to be characterized, in term of
damping performance, in the future.

e The reinforcements used in this thesis are pure unidirectional and quasi-
unidirectional flax fabrics. To refine the evaluation of the matrix type in the
transverse direction, it is recommend to use the same pure unidirectional
fabric to avoid any effect from the transverse filaments or yarns in quasi-UD.
Regarding the woven fabrics, damping properties of other weave patterns
including plain, basket, cross weaves etc. reinforced composites could also
be studied. Furthermore, the yarn density of the fabrics studied in this
thesis is closed. Larger ranges of yarn density in warp and weft directions
could be considered.

e The analytical model used for back-calculation of damping of plant fiber
is based on many idealized hypotheses such as homogeneous composites,
perfect interface and no porosity. Therefore, a more complete theoretical
model of damping for plant fiber composites needs to be developed, and
this work is already in progress. Multi-scale models implemented in FE
codes are also under development within the team.

e The dynamic mechanical properties of unidirectional flax fiber composites
are reported in this work using DMA test. Unfortunately, the storage modu-
lus in the longitudinal direction is always underestimated due to the frame
stiffness limitations of the device and the strain determination method. This
problem can be improved by using an equipment with higher stiffness or by
using extensometers for the correction of measurements.

e In modal tests, the optimized shape can reduce the influence of boun-
dary conditions on the damping measurement, but the results show that
it still cannot completely eliminate its influence. Therefore, other optimi-
zed methods can be studied in the future to further reduce the influence of
boundary conditions. In addition, damping properties of plant fiber compo-
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sites can be measured under extend frequency range by using various beam
lengths in free-clamped boundary condition so that the natural frequency
can be changed and this work is undergoing.

Temperature has significant influence on the damping properties of plant
fiber composites according to the results from DMA tests. Similar experi-
ments with modal analysis at different temperatures are scheduled.

Plant fiber composites are more sensitive to water than synthetic fiber com-
posites. Aging experiments in this thesis are always performed on unidirec-
tional Greenpoxy/flax composites. Other types of composite such as woven
fabric composites or thermoplastic composites can also be investigated to
know the effect of moisture content on damping properties. The effect of
relative humidity (indoor condition) on damping is also an interesting issue
in addition to water immersion (outdoor condition) for the plant fiber com-
posites. The results of dynamic properties regarding water aging in modal
analysis are measured from only one composite plate. More experiments
with different plates were originally planned but had been postponed due
to the lockdown from COIVD-19 and now it is on the agenda again.

Preliminary results of damping identification based on dynamic nanoinden-
tation show a good prospect on the measurement of damping at nanoscale.
More different materials (thermoplatic-based composites, hemp fabric rein-
forced composites) are recommended to be tested using the new method
(CAM) mentioned in chapter IV and this works have been continued in
the my plan. Furthermore, more tests are planed to study the influence of
frequency, temperature and moisture on the full-filed measurement of the
viscoelastic properties at the nano/microscale.

Plant fibers can be used as many kinds of reinforcement types such as short
or long fibers, nonwoven, non-crimp fabrics, which lead to different micro-
structure when they are made into plant fiber composites. Although the
results related to damping can be found in a small number of existing stu-
dies, there are large uncertainties in the comparison due to different types of
fibers (flax, sisal or jute), manufacturing processes, suppliers and matrices,
etc. It is reluctant or difficult to summarize a correct conclusion based on
these researches. Therefore, a more precise comparison is recommended ma-
king the fiber be the only variable parameter during the experiment.

Growth environment is an important factor that affects plant fibers. At
present, the main interest in it is mainly focused on static mechanical pro-
perties such as Young’s modulus, strength, etc., However, dynamic me-
chanical properties regarding the growth environment are rarely seen. In
addition, the difference in the process of production (such as retting or
scutching) can also be take into account.

1
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The damping performance of plant fiber composites with different stacking
sequences had been widespread studied in many literature. However, an ac-
curate damping theoretical model is needed to describe the effect of different
stacking sequences on damping, especially composite materials mixed with
synthetic fibers.

Fiber treatments including chemical method or enhanced with nanotubes
show a significant effect on the damping properties. Existing studies attri-
bute this effect to the changes in the interface. However, how to quantify
and characterize the property changes of interface between fiber and matrix
is an important issue.

Fiber volume fraction works is an important factor. Some research conclu-
sions regarding the effect from fiber volume fraction on damping perfor-
mance (damping is proportional to or inversely proportional to fraction)
are conflicting and it can further studied as well as hybrid fiber composites.

The research of damping properties regarding fiber orientation has enough
results in terms of experimental values or theoretical model. However, the
research objects are mostly unidirectional plant fiber composite materials,
and the fabrics reinforced composites with different fiber orientations are
not paid enough attention.

The influence of interface between fiber and matrix on damping properties
is widely accepted by researchers. Although the new method (CAM) is
proposed in this thesis, it will always be affected by neighboring fibers or
matrix during the experimental measurement, so the value obtained is not
accurate. This needs further research for improvement.

Strain level effect is also an important issue regarding the damping pro-
perties of plant fiber composites. The existing experimental technology is
difficult to achieve the same strain level that occurred in the nanoindenta-
tion experiment. Hence, this comparison is proposed in future research.

The Ashby diagram of damping regarding stiffness for plant fiber compo-
sites is drawn in Chapter 1. Although the relevant dynamic mechanical
information can be clearly displayed, it is not sufficient. More comparisons
should be made on parameters such as density, price, and strength etc. In
addition, the Ashby diagram of damping regarding dynamic stiffness in a
wide frequency or temperature range is also recommended to be drawn in
the future.
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A.l

Vr

Vs

ABS
CNTs
CAM
CSM
DMA
DNI

LIST OF SYMBOLS

Strain

Poisson’s ratio of the indenter

Poisson’s ratio of the sample

Stress

Projected area of the contact surface

Acrylonitrile Butadiene Styrene

Carbon nanotubes

Constant amplitude method

Continuous stiffness measurement

Dynamic mechanical analysis

Dynamic nanoindentation method

Complex Young’s modulus of the material

Storage modulus

Loss modulus

Young’s modulus of the indenter

Reduced modulus

Young’s modulus of the sample

Flax fiber reinforced composites

Cross-ply flax fiber reinforced GreenPoxy 56 based composites
Unidirectional flax reinforced green epoxy composites
Flax/polypropylene composites

Pure greenpoxy 56

Indentation depth

Hardness

Depth of circle of contact measured from maximum depth
Depth of the residual indentation

Depth from the original sample surface at load

Depth of circle of contact measured from specimen free surface
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H4
H4/PA12
H5

H6

H7
HFRC

LDM
MFA

PA12
PBAT
PE
PFCs
PLA
PMMA
PP

S, K
SFCs

S R

tan (), n
TTS

UD

VBM

Hemp4 fabric reinforced greenpoxy 56 based composites
Hemp4 fabric reinforced Nylon plastique 12 composites
Hempb fabric reinforced greenpoxy 56 based composites
Hemp6 fabric reinforced greenpoxy 56 based composites
Hemp7 fabric reinforced greenpoxy 56 based composites
Hemp fabric reinforced composites

Longitudinal direction

Length of the sample

Logarithmic decrement measurement method

Cellulose microfibril angle relative to the longitudinal axis of the
fibre

Load acting on the sample

Nylon plastique 12

Polybutylene adipate-co-terephthalate
Petro-based epoxy

Plant fiber-reinforced composites
Polylactic acid

Polymethyl methacrylate
Polypropylene

Elastic contact stiffness

Synthetic fiber-reinforced composites
Time

Thickness of the sample

Transverse direction

Glass transition temperature
Thickness of the sample

Loss factor

Time-Temperature Superposition
Unidirectional

Vibration beam
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W Width of the sample
WLF Williams - Landel - Ferry equation
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A.2. Verification of measurement in free-free boundary conditions

A.2 VERIFICATION OF MEASUREMENT IN FREE-FREE
BOUNDARY CONDITIONS

The influence of excitation is studied experimentally under amplitude values
varying from 0.5 V to 5 V. The damping ratios of the first 6 modes in modal analysis
of FGUD in free-free boundary conditions using different excitation amplitudes are
compared in Figure A.1 (a).
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F1GURE A.1 — Influence of (a) amplitude of excitation and (b) position of
measurement on the damping ratio identification under free-free boundary
condition

It can be seen clearly that the influence of the amplitude level, for the conside-
red range, on damping identification is very low with the experimental setup used
in this study. The difference in damping ratio identified under various excitation
amplitudes is indeed extremely low (less than 5 %) except for the damping iden-
tified at 242 Hz between 2 V and 5 V with a maximum difference of 17 %. This
shows that the measurement uncertainties are quite low and also that the modal
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response under the amplitude range of excitation between 0.1 V and 5 V is in the
linear viscoelatic range of the tested material. Therefore, 1.5 V was selected as the
adequate amplitude of excitation for the rest of the experimental campaign.

Figure A.1 (b) shows the influence of the measurement position on the dam-
ping ratio identified for the FGUD plate. The variations are also very low when
compared to results usually found in literature [Rahman 17b]. Some values are
missing at 80 Hz and 242 Hz as some measurement points were located on nodal
lines of specific modes, meaning that the displacement is null and so that the dam-
ping properties cannot be identified. Hence, the following tests will measure the
response near the corner.
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Titre : Caractérisation multi-échelle de 'amortissement des matériaux composites a fibres

végétales

Mots clefs: Propriétés d’amortissement, identification de ’amortissement, composites de

fibres végétales, méthode multi-échelles

Résumé : Les vibrations et le bruit sont des
problemes inévitables dans les produits d’ingé-
nierie et la vie quotidienne. Il est donc indis-
pensable de connaitre les performances d’amor-
tissement des matériaux d’ingénierie et les fac-
teurs qui affectent les dites propriétés. Les com-
posites a base de fibres végétales (PFC) sont
devenus une nouvelle option lorsqu’il s’agit de
trouver un compromis entre I’amortissement et
la rigidité. Les recherches actuelles sur ’amor-
tissement sont principalement menées a 1’échelle
macro scopique et les sources et les mécanismes
d’amortissement des composites de fibres végé-
tales sont complexes et encore mal compris.

Ainsi, 'objectif de cette de proposer une carac-
térisation fine et une meilleure compréhension
de 'amortissement dans les composites biosour-
cés a ’aide d’une approche expérimentale multi-
échelle. Cette these commence par une revue de
la littérature sur le comportement d’amortisse-
ment des PFC. Ensuite, les influences de nom-
breux parametres, y compris les types de ma-

trice et de fibres, I’architecture du renfort, la
température, la fréquence et la teneur en hu-
midité sur les propriétés d’amortissement des
PFC, sont étudiées sur la base d’une analyse
mécanique dynamique (DMA) et d’une ana-
lyse modale. Les propriétés d’amortissement des
constituants sont également déterminées in situ
grace des des essais en nanoindentation dyna-
mique. Un protocole de chargement a amplitude
constant est proposé en alternative & la méthode
dynamique traditionnelle de raideur de contact
(CSM). Les résultats sont comparés a ceux obte-
nus par ’analyse mécanique dynamique et mé-
thodes de test modal. Les résultats montrent la
contribution de chaque composant (fibre, ma-
trice et interface) sur la dissipation d’énergie.
En fin, les propriétés d’amortissement détermi-
nées a ces différentes échelles & 1’aide de ces trois
techniques expérimentales sont tracées sur une
concernant la large gamme de fréquences et de
températures.

Title : Multi-scale damping characterization of plant fiber composite materials
Keywords : Damping properties, Damping identification, Plant fiber composites, Multiscale

method

Abstract : Vibration and noise are unavoi-
dable problems in engineering products and
daily life. Thus, the knowledge of the damping
performances of engineering materials and the
factors that affect these properties are highly
required. Plant fiber composites (PFCs) have
become a new option when considering the com-
promise between damping and stiffness. Current
researches on damping are mainly work at the
macroscale and the damping sources and me-
chanisms in plant fiber composites are complex
and not fully revealed.

Thus, the main objective of this thesis is to pro-
vide a better characterization and understan-
ding of damping in PFCs using various expe-
rimental techniques at different scales and on
a wide range of frequency. This thesis starts
with the review of literature on the damping
behavior of PFCs. Then, the influences of many

parameters including matrix types, fiber archi-
tecture, woven pattern, temperature, frequency
and moisture content on the damping proper-
ties of PFCs are investigated based on dynamic
mechanical analysis (DMA) and modal analy-
sis. Furthermore, a constant amplitude method
as well as constant stiffness method are used to
map the in situ damping properties at the mi-
croscale based on grid dynamic Nanoindenta-
tion (DNI). These results are then compared to
those obtained from dynamic mechanical ana-
lysis and modal test methods. The results from
DNI show the contribution of each component
(fiber, matrix and interface) on energy dissipa-
tion. Finally, the damping properties measured
using these three experimental techniques at the
three different scales are plotted on a wide fre-
quency and temperature range.
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