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Abstract

This work is a study of the mechanical behavior of a continuous glass fibers -
polydimethylsiloxane soft composite. The combination of properly oriented
stiff fibers and a highly deformable elastomer leads to the production
of laminates that can exhibit an extremely high level of anisotropy and
quite large deformation at break. These properties significantly differ
from those of traditional rigid matrix composites and can be exploited
in many fields such as soft robotics and biomimetic applications. The
work starts from the study of the polydimethylsiloxane crosslinking, which
knowledge is fundamental to properly impregnate the fibers and control
the final properties of the elastomer. The polydimethylsiloxane crosslinking
kinetics is studied by comparing a calorimetric approach to a rheological
one. The kinetic model obtained allowed, on one hand, to predict the
processability window for fibers impregnation and, on the other, to estimate
the curing conditions for matrix crosslinking. Furthermore, the influence
of the thermal history applied during crosslinking on the final properties
of the elastomer is showed. The methods developed for the production of
the laminates are described, and the relevant critical aspects discussed. A
traditional approach, based on the study of the behavior of unidirectional
laminae is then employed to characterize the laminate. Quasi-static tensile
tests on unidirectional and symmetric-balanced laminates are performed
to evaluate the four independent elastic constants necessary to describe
the behavior of a lamina at small strains and micromechanical models are
proposed to predict the elastic constants varying the fiber volume fraction.
The results are compared with those of typical traditional rigid matrix
composites, and the differences are discussed. The peculiar strongly non-
linear behavior of symmetric-balanced laminates up to large strain is then

studied. Finally, the response of antisymmetric laminates to a uniaxial
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ABSTRACT iv

load is investigated, and a large extension-twisting coupling is showed and
compared with the predictions of classical lamination theory and simple
finite element simulations. This work can be considered a solid foundation
for the characterization of the behavior of fiber-reinforced elastomers and

support the study of more complex models for predicting their behavior.



Sommario

Questo lavoro e uno studio del comportamento meccanico di un composito
a di fibre di vetro continue e polidimetilsilossano. La combinazione di
fibre rigide opportunamente orientate e di un elastomero altamente de-
formabile porta alla produzione di laminati che possono presentare un
livello di anisotropia estremamente elevato e una deformazione a rottura
piuttosto ampia. Queste proprieta differiscono significativamente da quelle
dei tradizionali compositi a matrice rigida e possono essere sfruttate in
molti campi, come la robotica flessibile e le applicazioni biomimetiche. Il
lavoro parte dallo studio della reticolazione del polidimetilsilossano, la
cui conoscenza ¢ fondamentale per impregnare correttamente le fibre e
controllare le proprieta finali dell’elastomero. La cinetica di reticolazione
del polidimetilsilossano ¢ stata studiata confrontando un approccio calori-
metrico con uno reologico. Il modello cinetico ottenuto ha permesso da un
lato di prevedere la finestra di processabilita per I'impregnazione delle fibre
e dall’altro di stimare le condizioni di polimerizzazione per la reticolazione
della matrice. Inoltre, e stata mostrata l'influenza della storia termica
applicata durante la reticolazione sulle proprieta finali dell’elastomero.
Vengono descritti i metodi sviluppati per la produzione dei laminati e ven-
gono discussi gli aspetti critici rilevanti. Un approccio tradizionale, basato
sullo studio del comportamento di lamine unidirezionali, e poi impiegato
per caratterizzare il laminato. Vengono eseguite prove di trazione quasi
statiche su laminati unidirezionali e simmetrico-bilanciati per valutare le
quattro costanti elastiche indipendenti necessarie a descrivere il comporta-
mento di una lamina a piccole deformazioni e vengono proposti modelli
micromeccanici per prevedere le costanti elastiche al variare della frazione
in volume di fibre. I risultati sono confrontati con quelli dei tipici com-

positi tradizionali a matrice rigida e le differenze sono discusse. Viene poi



SOMMARIO vi

studiato il particolare comportamento fortemente non lineare dei laminati
simmetrico-bilanciati fino a grandi deformazioni. Infine, viene studiata
la risposta dei laminati antisimmetrici a un carico uniassiale e mostrato
un forte accoppiamento estensione-torsione che viene confrontato con le
previsioni della teoria classica della laminazione e di semplici simulazioni
agli elementi finiti. Questo lavoro puo essere considerato una solida base
per la caratterizzazione del comportamento di elastomeri fibro-rinforzati
e supportare lo studio di modelli piti complessi per la previsione del loro

comportamento.
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Chapter 1

Introduction

1.1 Background and motivation

After the World War Il, the development of new composite materials has
raised an increasing interest. Several composites have been developed over
the years, characterized by different constituent materials and types of
reinforcement depending on their application eld. Among them, ber-
reinforced polymers (FRPs) found wide applications in structural eld,
where they were mainly used as reinforcing elements of existing structures,
for example concrete beams, or as an alternative to conventional materials
in the design of structures, such as wind turbines, airplane parts or auto-
mobile frames [1, 2]. At the same time ber-reinforced composites with
elastomeric matrices, FREs ( ber-reinforced elastomers), also developed.
In these composites, the elastomeric matrix, while characterized by good
performance in exibility, damping and absorption, is limited by its low
strength and stiffness, which prevent its application in those elds where
load bearing is required. The integration of rigid reinforcing elements
into elastomeric matrices would allow their mechanical properties to be
improved, partially maintaining the exibility that characterize elastomers.
FREs have been largely employed in car tires and conveyor belts for years,
but their applications, apart from these few elds, have always been over-
looked. In recent years, with the growth of the eld of soft robotics, the
interest for FREs increased, particularly for biomimetic applications, trying
to mimic the behavior of natural being from locomotion and morphing, to
the development of prosthetics or exoskeletons. Elastomeric composites,
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capable of meeting the required characteristics of light weight, load bear-
ing capability and high deformability are very promising for this kind of
applications. Especially for soft robotics applications, the combination of
elastomers with properly oriented reinforcements (e.g. continuous bers)
can generate composites with strongly direction-dependent properties that
lead to the possibility to obtain complex deformation responses in the
presence of simple stress states. For example, in the so calledsmart soft
composite$SSCs), the application of an external simple stimulus, provided
by an embedded active component, usually shape memory alloys that
respond to mechanical, thermal, or electrical inputs, can enable responses
that could not be achieved neither by traditional isotropic materials nor by
anisotropic stiff advanced composites [3,4]. The complex displacements
that are obtained in response to the applied simple stimulus are the re-
sult of an appropriately design of the orientation of the bers and of the
high deformability of the matrix. The orientation of the bers determines
the type of response that the FREs will experience upon application of a
stimulus due to load-coupling effects common to all anisotropic materials.
The high deformability of FREs makes possible to exploit a wide range of
movements required by different applications (for example the movements
of an arti cial nger) which could not be achieved by conventional FRPs,
which are characterized by much stiffer matrices, even with the application
of low-intensity stimuli.

The state of the art on the development of these stimulus-responsive
materials with load-coupling effects is still quite limited. The literature
mainly reports on studies focused on the possible uses of SSCs and their
actuation mechanisms, such as the rehabilitation glove showed by Chen
et al. [5], the "muscle glove” showed by Yao et al. [6] or the bio-inspired
autonomous underwater vehicle showed by Kim et al. [4] and studies on
the analysis of the overall response and the displacement ranges achiev-
able by these composites [3, #11]. Some literature is also available about
rope-rubber composites and fabric-reinforced elastomers [12-14], but an
extensive understanding of the deformation mechanisms of ber-reinforced
elastomers as well as a suitable characterization methods for determining
their mechanical response is not present.
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1.2 Aim and objectives

The present work aims to expand the knowledge of ber-reinforced elas-
tomers. In particular, a study of a continuous glass bers (GF) reinforced
polydimethylsiloxane (PDMS) will be presented. The rst part of the
work is centered on a deep characterization of the PDMS matrix and on
how its processability and its mechanical properties are in uenced by the
production process and the relevant process parameters. The work then
proceeds with the characterization of the glass ber-polydimethylsiloxane
composite according to the classical approach typically adopted for the
characterization of ber-reinforced polymers, that is, characterizing a thin
layer of composite material with mono-oriented continuous bers, the so
called lamina According to the classical approach, once the properties
of the single lamina are known, the behavior of any laminate composed
of stacked laminae can be predicted. This study aims to explore to what
extent this approach could also applied to FREs, which are characterized by
a nearly incompressible, highly deformable soft elastomeric matrix with a
modulus on the order of MPa and by bers with a modulus on the order of
tens of GPa, that is moduli that differ more then four orders of magnitude,
resulting in a level of anisotropy never explored in traditional composites.
The limitations of the experimental procedures usually employed for the
mechanical characterization of a lamina will be displayed and some solu-
tions will be proposed. Then, an example of a complex response obtainable
with a particular lamination sequence will be presented, and the experi-
mental results will be compared with the theoretical prediction obtainable
by applying the classical approach.

1.3 Structure of the thesis

The thesis is structured as follows:

» Chapter 2is focused on the study on the PDMS matrix. After a brief
theoretical background, a detailed study on how the thermal history
applied to the uncured material in uences its crosslinking kinetic is
showed. The kinetics is studied through two different approaches,
using differential scanning calorimetry and rheological analysis and a
kinetics model is proposed. Then, the in uence of the curing thermal
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history on the structure and the elastic modulus of the crosslinked

PDMS is showed. The crosslinking degree is estimated from the
mechanical properties of the formed PDMS, measured by rheological
analysis, and from swelling measurements, and a correlation between
the two methods is found.

« Chapter 3brie y describes the characterization of the modulus of the
glass bers employed for the production of the composite material.

« Chapter 4reports the whole investigation of the GF-PMDS composite,
and it is organized into the following subsections:

— Section 4.1dillustrates in detail the motivation and the relevance
of investigating these types of composites.

— Section 4.3yives a brief theoretical background about the features
of anisotropic materials and introduces the basis of the classical
approach employed to study laminates.

— Section 4.3ntroduces the methods employed for the lab scale
manufacturing of these continuous ber composites and the
most critical aspects encountered in the production of this type
of composites are discussed.

— Section 4.4hows the mechanical characterization of a composite
single lamina at small strains. In particular, the methods for
the evaluation of the four independent material constants that
characterize a single lamina (elastic modulus in direction of
the bers, elastic modulus in direction perpendicular to the
bers, major Poisson's ratio and shear modulus in the plane of
the lamina) are illustrated and the relevant results reported are
compared with predictions from micromechanical models.

— Section 4.55hows the characterization of a speci ¢ symmetric-
balanced lamination sequence, up to large strains and the pecu-
liar behavior observed is discussed.

— Section 4.@lescribes the mechanical behavior of an antisymmetric
lamination sequence. The load-coupling effects are observed and
gquanti ed and the response is compared with the prediction of
the classical lamination theory. Some nite element simulations
are also presented.
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— Section 4.brie y summarizes all the outcomes of the composite
characterization.

« Chapter 5recalls the main results achieved during the present study.
Ideas for future developments are also proposed.



Chapter 2

Polydimethylsiloxane
characterization

2.1 Introduction

In this chapter a deep study on the Sylgard" 184 polydimethylsiloxane
(PDMS) is showed. Sylgard" 184 is a commercially available PDMS pro-
duced by Dow Corning. It is a two components system consisting in an
elastomer base and a curing agent that when mixed, react to form a three
dimensional network. Thanks to their interesting properties such as good
biocompatibility, low toxicity, good physiological inertness, a high humidity
and temperature stability, high transparency and high deformability [15],
PDMSs are commonly used in several applications such as medical sensors,
electronic devices like micro electro-mechanical system (MEMS), smart soft
composites or soft robots manufacturing and for the production of biomed-
ical soft tissues, elastic lenses and waveguides [4,7,1623]. The crosslinking
reaction of Sylgard" 184 takes place spontaneously at room temperature
over approximately 48 h, but this time can be shortened by heating [24] and
it is known that the crosslinking kinetics [25, 26] and the structure of the
formed network and thus the relevant mechanical properties [27, 28] are
signi cantly affected by the thermal history applied during the crosslink-
ing process. Since the mechanical performance of the devices for which
the PDMS is used strongly depends on the behavior of the constituent
materials, the knowledge of how the PDMS mechanical properties depend
on the curing history is very important for a proper material and device
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design. Furthermore, due to a relatively high value of the uncured mixture
viscosity and due to the fact that it further increases once the curing process
has started, problems in processing PDMS are commonly encountered in a
wide range of applications. For these reasons a systematic characterization
of the crosslinking process kinetics could provide useful information to
properly process the material.

The present study is intended to systematically characterize the crosslink-
ing kinetic of Sylgard " 184, providing a kinetic model to be used to predict
how fast the material passes from a liquid state to a solid state, and thus is
no more processable. At the same time the in uence of the thermal history
applied on the crosslinking degree and thus on the nal mechanical proper-
ties of the PDMS is assessed. A thermal history consist usually in two steps:
a rst heating to reach a certain temperature and a second stage in which
the temperature is kept constant for a certain time. The present study aims
to investigate the different in uence of the two steps on the crosslinking
degree of the material. This study is preliminary to the characterization
of a novel ber-reinforced soft composite, but it may be also of general
interest as its object is a PDMS widely used in literature. A short theoretical
background to introduce the basic concept employed for the study will be
followed by the description and analysis of the experimental results rstin
terms of crosslinking kinetic and then in terms of crosslinking degree.

2.2 Theoretical background

2.2.1 Crosslinking kinetics

PDMS is a chemically crosslinked elastomer with alternating silicon and
oxygen atoms as backbone and side methyl groups. The evolution of
the polymer crosslinking can be monitored following the change in some
of the material physical properties induced by the occurring chemical
reaction [29]. The hydrosilylation reaction that takes place in the PDMS
crosslinking process is an exothermic reaction, thus the heat released during
the reaction can be used to detect the evolution of the process. Furthermore,
if it is assumed that, during the crosslinking reaction, the formation of each
covalent bond releases the same amount of energy, the heat of reaction can
be related to the amount of bonds formed within the network [30, 31].
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During the crosslinking process a change in the mechanical properties
of the material is also observed. For example, if we consider the dynamic
mechanical response of the material in terms of conservative G%and dissipa-
tive Goocomponents of the shear modulus, both are related to the structure
of the formed network, and their evolution allows to detect the liquid-like
solid-like transition that occurs in the material. During crosslinking an
increase in the moduli of the material is induced by the growth of the
molecular chains, up to the formation of a three-dimensional network. The
moment at which this network is formed is called "gel point” and can
be detected observing the dynamic mechanical response. After this point,
further crosslinks gradually form and both the moduli further increase,
until the network is completed [32] .

In the present study, both the heat of reaction related to the exothermic
hydrosilylation reaction that takes place during the crosslinking process
and the response of the material in terms of dynamic shear modulus
will be analyzed and compared. The heat of reaction has been measured
with differential scanning calorimetry, the response in terms of dynamic
shear modulus with rheological analysis. A complete description of how
differential scanning calorimetry works can be found in [33] and detailed
recommendations for collecting experimental thermal analysis data and
performing kinetic computations can be found in [29, 34] . Likewise, a
complete description about the operation of a rheometer and dynamic
mechanical analysis can be found in [32]. Here we will focus only on the
description of the theoretical approach adopted for the data analysis and
interpretation of the results.

In order to describe the evolution of a certain properties during time a
conversion a that varies from 0 (beginning of the process) to 1 (end of the
process) is usually de ned. Differential scanning calorimetry (DSC) can
detect the heat of reaction released in time Q(t), as heat ow dQ(t)/ dt and
a conversion rate dac/ dt can be de ned as:

dac _ 1 dQ(t)

dt ~ Qr dt
where Qr is the total heat of the reaction, obtained integrating the exother-
mic peak on the total reaction time. The conversion ac(t) can be obtained
integrating the reaction heat curve at each time step and normalizing over

(2.1)
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the total heat Qr:

Z
, i o
ac(t) = Z5 dQ(t) it - o (2.2)
0 dt

where teng represents the time at which the reaction is completed. If it
is assumed that, during the crosslinking reaction, the formation of each
covalent bond releases the same amount of energy, the conversion can be
related to the amount of bonds formed within the network [30, 31].

In order to de ne the conversion related to the shear modulus change
measured by rheological analysis, the evolution of the conservative compo-
nent of the modulus, G°can be considered. The conversionag(t), can be
de ned as: nGY1  InGo

min (23)

INGQ.x  INGY.

ar(t) =
where G0, and G{,,, are respectively the minimum and the maximum
value of the conservative component of the modulus during curing. The
conversion rate can be de ned as the rst derivative of ag(t) in time:
dag/ dt.

Among the de nitions found in literature [26, 35], the selected de nition
allows to better observe the trend of the conservative component of the
modulus, given the wide variation expected for GO from 10 4 Pawhen the
reaction starts (liquid state) to 10° Paat the end of the reaction (solid state).
Furthermore, this description emphasizes the liquid-solid transition that is
a very important step in all crosslinking processes.

In order to describe the rate dependence, da/ dt, of the two conversions
a above de ned, a modi ed version of the autocatalytic model proposed
by Kamal et al. [36] often used for silicon rubbers [25, 26, 37, 38] can be

adopted:

B (Kt ka1 a)" (2.4)

where m and n are the orders of the reaction and K; and K, are rate
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constants de ned by Arrhenius Equation:

B =)
Ky = Ajex —_— Ko = Ajex —_— 2.5
1 18Xp = 2= Azexp = (2.5)
with R = gas constant, T = absolute temperature, A; , = pre-exponential
factor, E; , = activation energy. Since an order of the reaction higher than
2 is extremely uncommon, it can be assumed m+ n = 2 [35,37]. Assuming,

then, E; = E, = E the model can be reduced to an equation of the form:

(:jlil = k(T) f(a) (2.6)
where: E
k(T) = exp RT (2.7
and
fla)= A+ Aa?" (1 a) (2.8)

The model so de ned has 4 parameters (E, A1, Ay, n) to be identi ed
in order to describe the kinetics. The parameters can be identi ed by
minimization of the following function:

Y »
tg @ da
XV dt exp dt model i
D=a " (2.9)

=1

over the w experimental curves obtained from the different thermal histories
performed. Then, to obtain the evolution of a in time, the model can be
numerically integrated with Runge Kutta4th order method.

2.2.2 Crosslinking degree

The degree of crosslinking of a polymer network can be described by
mean of the mean molecular weight between crosslinks, M.. The mean
molecular weight between crosslinks is a measure of the molecular weight

of the polymer chain between two links of the polymer network. Lower M
means higher crosslinking density and vice versa. According to the theory

of rubber elasticity [39], the rubber shear modulus G can be correlated
to M by mean of the following relation (under the "phantom network”
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assumption):
roR
2 M¢

where G = shear modulus of the rubber, ro = polymer density, R = gas

G=

T (2.10)

constant, T = absolute temperature.

M. can be also related to the swelling in solvents of ideal rubbers,
through the Flory-Huggins theory of polymer solution. A detailed descrip-
tion of the theory of polymer systems can be found in [39,40]. Toluene,
since has a good interaction with PDMSs [41-43], has been chosen as sol-
vent. Among the equations reported in literature, the approach proposed
by Flory and Rehner [44], Rennar and Oppermann [45] and Robert et
al. [43] have been considered and compared. Equations 2.11, 2.12 and 2.13
describe the equilibrium swelling with functionality of the crosslinks equal
to 4, according to Flory and Rehner [44], Rennar and Oppermann [45] and
Robert et al. [43], respectively:

ro_In(1 wva)+ va+cvi (2.11)
MC V3V;/3
r_In(l wva)+ va+cvi 912
M. I (2.12)
Vs —2
2
r_In(1 wva)+ va+cvi (2.13)
Mc . 28 2 '
s 2 >

in which r = dry polymer density, M. = mean molecular weight between
crosslinks, Vs = molar volume of the solvent (for toluene 106.52 cn?/ mol
[46]), v2 = volume fraction of polymer in the swollen network and ¢ =
solvent-polymer interaction parameter. The solvent-polymer interaction
parameter depends on both the solvent and the polymer and may vary
with the extent of crosslinking and with concentration [42], therefore, the
determination of the solvent-polymer interaction parameter (in this case the
toluene-PDMS interaction parameter) is not trivial and different values can
be found in literature [47]. Bueche [42] considered a constant toluene-PDMS
interaction parameter ¢ = 0.465, differently, Robert et al. [43] states that the
toluene-PDMS interaction parameter can be calculated asc = co+ b v,
with cg = 0.44 andb = 0.36. In the present work these two proposals
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for the solvent-polymer interaction parameter will be referred to as cp
(Bueche) andcg (Robert), respectively. In the present analysis, cr has been
adopted with Equation 2.13 while either cgr and cg have been adopted
with Equations 2.11 and 2.12.

M values obtained from swelling tests can then be compared to those
obtained from rheological analysis and the applicability of the theory for
the system analyzed can be veri ed.

2.3 Methods

2.3.1 Material preparation

The PDMS employed in this work, Sylgard " 184, is a commercial two
components system consisting of an elastomer base (component A) and
a curing agent (component B). Both the components are initially liquid
and transparent. Typically, the elastomer base contains linear PDMS pre-
polymers with two vinyl end groups that react with the component B
multifunctional crosslinker leading to a three-dimensional crosslinked
network. The hydrosilylation reaction mechanism of the PDMS is known
and well reported in literature [48,49]. The two components are mixed at
room temperature, with a low speed helix mixer for 10 min, in 10 : 1(A : B)
mass ratio, as suggested by the supplier [24]. The mixture is rst degassed
in a vacuum bell jar for 20 min (low vacuum P = 9 10*Pa) to remove air
bubbles incorporated during mixing and then kept at 4 C and used for
rheological and calorimetric analysis within 5 h from mixing. The same
procedure has been also adopted for the production of the PDMS to be
used as matrix for the PDMS-GF composite (see Chapter 4).

2.3.2 Thermal histories

In order to describe the kinetics of the reaction, the following thermal
histories have been considered (Figure 2.1):

» thermal histories in isothermal conditions (hereinafter referred to as
IT) in which the sample is kept for 1 min at 25 C to stabilize the
material temperature, then it is heated at the rate of 8 C/ min to the
curing temperature T at which it is kept for 1 h. Curing temperatures
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T. = 65, 75 and 85C have been considered. In these histories the
crosslinking is expected to occur at constant temperature during the
isothermal step;

thermal histories in dynamic conditions (hereinafter referred to as
DT) in which the sample is kept 1 min at 25 C, then it is heated
up to 130 C at constant rate. Rates of 1, 2, 4 and 8C/ min have
been adopted. In these histories the crosslinking is expected to occur
during heating.

Figure 2.1: Thermal histories imposed to the material for kinetics evalua-
tion in both calorimetric and rheological analyzes (temperature vs. time).

In black “isothermal conditions” IT, in blue “dynamic conditions” DT.
Adapted from [50].

In order to evaluate the in uence of the thermal history on the mechani-
cal properties of the crosslinked PDMS, the thermal histories employed are
showed in Figure 2.2 and can be described with the following four steps:

the sample is kept for 1 min at 25 C to stabilize the material tempera-
ture;

the sample is heated at constant rate up to a de ned temperature, Tg;

the sample is kept at constant temperature, referred to as curing
temperature T, for a curing time, t¢, of 4 h;

the sample is cooled to 25 C at the rate of 8 C/ min and kept at this
temperature for 10 min to stabilize its temperature.
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In particular, heating rates T = 1, 2, 4 and 8 C/ min were employed,
xing a constant T, = 100 C, and a xed heating rate of 8 C/ min was
employed with T, = 65, 75, 85, 100, 125 and 15C. The rst series of
thermal histories were performed to study the effect of the heating rate
on the PDMS properties, while the second series of thermal histories
were performed to investigate the effect of the curing temperature on the
properties of the PDMS. The range of heating rates was chosen considering
that heating rates higher than 8 C/ min did not allow homogeneous heating
of the sample while 1 C/ min was considered a reasonably low heating
rate, low enough that crosslinking can occur almost entirely during sample
heating. The temperatures explored are in the range of curing temperatures
suggested by the supplier [24]. Furthermore, the thermal stability of
the PDMS in this temperature range is well documented. Liu at al. [51]
experimentally veri ed that thermal decomposition of Sylgard " 184 starts
at temperature about 200 C and reaches its maximum rate at 310 C.

Figure 2.2: Thermal histories imposed to the material in rheological an-
alyzes for the evaluation of the in uence of the thermal history on the
mechanical properties (temperature vs. time). In black thermal histories
for which T = 8 C/ min and T, ranges from 65 to 150 C, in gray thermal
histories for which T, = 100 C and T ranges from 1 to 8 C/ min. Adapted
from [52].
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2.3.3 Calorimetric analysis

Differential scanning calorimetry measurements were performed under
nitrogen, at atmospheric pressure, using a Mettler Toledo DSC 3 calorimeter.
The sample mass used ranged from 16mgto 29 mg. Each test was carried
out twice to verify the repeatability of the obtained values. The thermal
histories applied are detailed in Section 2.3.2.

2.3.4 Rheological analysis

Rheological dynamic mechanical analyzes in shear mode were performed
with an Anton Paar MCR 502 rheometer, in plate-plate con guration (diam-
eter of the plate 25 mm), to measure the evolution of the conservative and
dissipative components of the complex shear modulus under the different
thermal histories detailed in Section 2.3.2. The thermal histories could be
applied by means of the Peltier plate and hood system H-PTD 200 which
equipped the rheometer. The uncured PDMS mixture was rst poured on
the rheometer lower plate, then the upper plate was moved toward the
lower one and positioned at a distance of 1 mm. The material in excess was
trimmed before starting the test. All the measurements were performed
in air and at atmospheric pressure and were carried out at constant fre-
quency of 1 Hz, whereas the strain amplitude was set to 5% for values of
the complex modulus, G , up to 4 10° Paand to 0.5% for larger values.
The linear behavior of the material was veri ed for both the experimental
conditions applied. A normal force of 1 N was applied during the tests to
avoid sample slip between the plates. All the tests were carried out at least
three times to verify the repeatability of the measurements.

2.3.5 Swelling analysis

All swelling measurements have been performed at room temperature, 25 C
and atmospheric pressure. The cylindrical samples (diameter = 25 mm,
thickness = 1 mm) obtained at the end of the rheological experiments were
cut in smaller specimens about one third of the initial volume, and the mass
of each specimen,mg, was measured before immersing it in a large excess of
toluene for 24 h to reach the equilibrium state. Then, the swollen specimen
mass, m® was measured after lightly pressing the specimen between two
pieces of Iter paper. The specimen was then left to dry for 12 h and the
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mass of the dried specimen, m, was measured again. The 12h drying
period allowed to completely release the toluene dissolved in the PDMS
(no further mass loss was observed even after a subsequent drying of the
specimen under vacuum).

From these measurements the polymer extractable fraction, weyt, that is
the fraction of the polymer mass loses during immersion in toluene and the
volume fraction of polymer in the swollen network, v, can been obtained
as follows:

Wext = 7( mOmo m) (2.14)
m
Vo = ' (2.15)
T m,m |
ls r

where mg, m®and m are respectively the initial, swollen and dry mass of
the specimen, r ¢ is the solvent density (0.865 g/ cn® for toluene at room
temperature [46]) and r is the density of the dry polymer after the extraction
of the free chains. This last property was derived from the polymer density
measured before extraction, r o, according to the following equation:

r=ro(l Wext,) (2.16)

where weyt ,, iS the average value of the measured extractable fractions, wext.
The polymer density ro was measured with a pycnometer Pycnomatic ATC
Thermo Scientic, at 25 C, and resulted to be 1.070 0.015g/ cne.

From the values of the volume fraction of polymer in the swollen net-
work, Vv, the mean molecular weight between crosslinking of the different
specimens can be calculated according to Equations 2.11, 2.12 and 2.13.

2.4 Results and discussion

2.4.1 Crosslinking kinetics

Figure 2.3 shows the speci c heat ow, F, intime, t, measured by differ-
ential scanning calorimetry (DSC). The codes DT1,DT2,DT4,DT8, IT65,
IT75 and I1T85 refer to the corresponding thermal history applied (See
Figure 2.1). The time at which the heat ow and thus the speed of the
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Figure 2.3: Speci c heat ow, f vstime, t measured applying the thermal

histories showed in Figure 2.1. In black “isothermal conditions” IT, in blue
“dynamic conditions” DT. Raw data were corrected by baseline subtraction.
Adapted from [50].

reaction reaches its maximum depends on the thermal history applied. In
particular, the reaction is faster if higher heating rate or higher isothermal
curing temperatures are applied. The overlap of the rst part of the IT
curves with the DT8 one is consistent with the fact that in 1T conditions
the initial heating ramp applied to reach the curing temperature T is car-
ried out at 8 C/ min, that is the same rate adopted in the DT8 thermal
history (see Figure 2.1). Figure 2.4 shows the conservative and the dissipa-
tive components of the shear modulus, respectively G°and G%°measured
during rheological analysis with the same thermal histories applied for
the calorimetric analysis (Figure 2.1). Note that the y axis representation
is logarithmic. Both G%and G%start to sharply increase after an initial
induction time. GPincreases with higher rate then G%and at a certain
point the two components cross. The point in which G%equals G%%an be
assumed, in rst approximation, as the "gel point” [26], that is the point in
which the transition between liquid-state and solid-state occurs. After this
point both the moduli further increase up to a plateau which indicates that
the reaction is concluded. The time at which the gel point occurs depend
on the applied thermal history, in particular it occurs at shorter time if
the heating rate or the isothermal curing temperature are higher. Table
2.1 shows the times at which the gel point occurs for the thermal history
considered.
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Table 2.1: Time at gel point of the per-
formed thermal histories (see Figure
2.1 for codesDT and IT )

Thermal history | Time at gel point
DT1 2609 50s
DT2 1583 19s
DT4 995 30s
DT8 635 10s
IT65 1099 110s
IT75 791 27s
IT85 638 24s

@ (b)

Figure 2.4: Mean conservative component of the shear modulus, G°(con-
tinuous lines) and mean dissipative component of the shear modulus, G°°
(dashed lines) with the respective error bands, vs time, t in (a) “dynamic
conditions” DT and (b) “isothermal conditions” IT. The diamonds indicate
the gel points. Adapted from [50].

A variation of the curing temperature of only 20 C or a change in the
heating rate lower than one order of magnitude considerably affects the
gel point time, and this highlights how these issues should be considered
when designing the curing process of the material.

In order to compare calorimetric and rheological results in terms of
evolution of the crosslinking reaction during time the conversions ac and
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ag, and the conversion rates dac/ dt and dag/ dt calculated as described in
Section 2.2.1, are showed respectively in Figure 2.5 and 2.6.

(@) (b)

Figure 2.5: Comparison of conversion from calorimetric analysis ac (dashed
lines) and conversion from rheological analysis agr (continuous lines) vs
time, t in (a) “dynamic conditions” DT and (b) “isothermal conditions” IT.

Adapted from [50].

@ (b)

Figure 2.6: Comparison of conversion rates from calorimetric analysis
dac/ dt (dashed lines) and from rheological analysis dag/ dt (continuous
lines) vs time, t in (a) “dynamic conditions” DT and (b) “isothermal condi-

tions” IT. Adapted from [50].
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The two conversions ac and ar show a similar "S-shapes” curve but the
two processes evolve in different times. The calorimetric curves ac starts to
grow from the beginning of the curing process, con rming that the reaction
starts just after the mixing of the two liquid parts also at room temperature.
Otherwise, the rheological curves ar shows and initial "induction” time
in which there is no evident change in the mechanical properties of the
material. The calorimetric analysis shows the heat released during the
reaction, and can be correlated with the polymer network bonds formation.
Probably, the change in the mechanical properties can be detected only
after the formation of a certain amount of bonds. For each thermal history,
after the rst "induction” time, ag starts to quickly increase, overcoming
ac (this behavior is more visible for dynamic thermal histories with low
heating rate, asDT1 and DT2 or lower isothermal curing temperature as
IT65 and IT75, Figure 2.5). The maximum of the conversion rate da/ dt
occurs always at shorter time in rheological analysis than in calorimetric
analysis (See Figure 2.6), and this difference is more evident at low heating
rate, for DT tests and at low curing temperature for IT tests.

Another interesting observation can be made in relation to the con-
versions at the time at which the gel point (diamonds in Figure 2.5 and
Figure 2.6) occurs. At that time, the conversion for the rheological tests
ar is 0.53 0.01 while, the conversion measured from calorimetric tests
ac is lower and equal to 0.30 0.05, independently of the transformation
history. This indicates that whatever time the liquid like-solid like tran-
sition takes place, which depends on the reaction kinetics and thus on
the applied thermal history, the conversion at the gel point is the same.
Furthermore, the value of ac at the gel point indicates that only about 30%
of the chemical bonds formed during the whole crosslinking process are
involved in the production of the in nite network that is formed at the
gel point; the material is already in a gel state at a quite early stage of the
chemical reaction and the further bonds formation is just responsible for
the structure of the nal network on which the mechanical properties will
depend.

In order to fully describe the kinetics of reaction a modi ed version of
the autocatalytic model proposed by Kamal et al. [36] was adopted. The
applicability of the model assumption of a single step kinetics to the more
complex reaction process under study have been veri ed in a previously
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published paper [50], in which the Friedman isoconversional method [29]
has been employed, and a constant activation energy has been obtained in
the rst phase of the crosslinking process, for calorimetric analysis up to
ac = 0.55 and for rheological analysis up to agr = 0.80 [50].

In order to calculate the four Kamal's model parameters E, Ai, Az
and n as described in Section 2.2.1 an optimization in two steps has been
employed. Two different set of parameters have been calculated for calori-
metric and rheological analysis. For calorimetric analysis, data in the
range 0.15 ac 0.55 (in which the Friedman analysis indicates constant
activation energy [50]) were rst used to determine all the model param-
eters. Then, a new estimation of the parameter n alone was obtained by
using the data in the whole range 0 ac 1, maintaining constant the
other three parameters. For rheological analysis, rst data in the range
0.10 ar 0.80 (constant activation energy [50]) were used to determine
all the parameters, then a better estimation of n was obtained considering
only the rst part of the curves 0 ar ag; Where ag, is the value of ain
which dag/ dt is maximum.

The experimental curves obtained from the thermal histories 1T65, IT75,
IT85,DT1, DT2, DT4 were taken into consideration for model parameters
identi cation, while experimental curves from DT8 were used to verify the
prediction ability of the model. The parameters obtained are summarized
in Table 2.2.

Table 2.2: Kamal's model parameters obtained by least

squares criterium (Equation 2.9) from calorimetric and
rheological analysis.

Parameter | Calorimetric curves | Rheological curves
E 93.5kJ mol 71.5kJ mol
A 7.210%1/s 01/s
A, 2910 1/s 4816F 1/s
n 0.96 1.28

A comparison of the present results with other PDMS systems studied in
literature is reported in [50]. The value of the pre-exponential factor Aj can
be related to the trend of the initial conversion a: the A; value different from
zero obtained in calorimetric conversion curves, describes the initial slow
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heat release, while, for rheological conversion curves A; = 0 is associated
to the initial "induction” time of the phenomenon. A comparison of
experimental conversion rates and those predicted by the model (Equation
2.4) is showed in Figure 2.7 and Figure 2.8, respectively, for calorimetric
and rheological analyzes.

(@) (b)

Figure 2.7: Comparison of experimental (continuous lines) and calculated
(dashed lines) conversion rates from calorimetric analysis dac/ dt vs time,
t in (@) “dynamic conditions” DT and (b) “isothermal conditions” IT.
Adapted from [50].

The prediction of the calorimetric conversions rate is in good agreement
with the experimental curve in DT conditions, while, in IT conditions even
though peak time and intensity dependency on the curing temperature
is properly predicted by the model (the lower the temperature the longer
the peak time and the lower the intensity), larger differences between the
experimental and the predicted curves can be noted. This is not surprising
as the model adopted refers to a single-step kinetics (one single activation
energy, E) which is a hypothesis not fully veri ed, as explained in [50].

The prediction of the rheological conversion rate is in good agreement
with experiments for all the thermal histories. Only the curve correspond-
ing to the thermal history DT8 has a predicted peak higher that the exper-
imental one, probably because the mean temperature of the specimen is
lower than the temperature measured by the rheometer due to a delay in
the heating of the core of the specimen. Thus, the actual process is slower
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(@) (b)

Figure 2.8: Comparison of experimental (continuous lines) and calculated
(dashed lines) conversion rates from rheological analysis dar/ dt vs time,
t in (&) “dynamic conditions” DT and (b) “isothermal conditions” IT.
Adapted from [50]

than the prediction made assuming a homogeneous heating of the whole
specimen.

Conversion a was then calculated from the kinetic model by integration,
taking into account the actual thermal history applied to the specimen. The
initial heating ramp of the isothermal histories |IT and the initial isothermal
step at 25 C of the dynamic thermal histories DT have been considered,
otherwise signi cant errors would have been found in the prediction of a. In
particular, for DT experiments the following ramp functionfor temperature
increase has been adopted:

t at+jt a

T()=T ;

+b with 0 t 4600s (2.17)

where b is the initial temperature, ais the time during which the initial
temperature is kept constant and T is the heating rate. In this work
b=25C,a=60s, T=1,2,4,8C/ min. For IT experiments the following
ramp functionhas been used:

cjt ¢

t .
TW)=T 5 +Te with 60 t 4600s  (2.18)

where T. is the curing temperature, cis the time to reach T and T is the
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heating rate used to reach T.. In this work ¢ = 370s, 445s, 515 s for,
respectively, Tc= 65 C,75C,85Cand T = 8 C/ min.
The prediction of a are compared to the experimental curves in Figure
2.9 and Figure 2.10 for calorimetric and rheological analysis, respectively.
Despite the differences in conversion rates observed in Figure 2.7, by

@ (b)

Figure 2.9: Comparison of experimental (continuous lines) and calculated
(dashed lines) conversion from calorimetric analysis ac vs time, t in (a)
“dynamic conditions” DT and (b) “isothermal conditions” |IT. Adapted
from [50].

integrating, an accurate description of the calorimetric conversion ac can
be obtained (Figure 2.9) for all the thermal histories except 1T65. Also the
prediction of agr (Figure 2.10) is very good for all the experiments. The
deviation observable for ac > 0.85 andagr > 0.9, can be related to the fact
that the mobility of the molecules changes in the nal stage of the process,
and therefore the kinetics is expected to be different from the one predicted
by the model [29,53]. Furthermore, the model ability to predict the DT8
experiments, which was not considered for the parameters identi cation,
con rms the model validity.

The use of a kinetic model allows to predict the evolution in time of
the crosslinking process of any thermal history. Thus, the present kinetic
model can be a useful tool to predict the processing time of the material in
terms, for example, of gel point time and time to complete the crosslinking
process. The potential of the kinetic model can be illustrated through the
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(@) (b)

Figure 2.10: Comparison of experimental (continuous lines) and calculated
(dashed lines) conversion from rheological analysis agr vs time, t in (a)

“dynamic conditions” DT and (b) “isothermal conditions” IT. Adapted
from [50].

construction of iso-conversion curves maps. The maps allow to evaluate
the time required to reach a de ned conversion at a certain temperature,
given a speci c thermal history. They also highlight how both the heating
rate and the temperature in isothermal curing affect the processability of
the material. Figure 2.11 shows an iso-conversion curve map built from
the kinetic model for the rheological curves. Three iso-conversion curves
are plotted: a = 0.1, which can be taken as an indicator of the beginning
of reaction, a = 0.53 which corresponds to the time in which the gel point
is reached and a = 0.9 which can indicate when the reaction is almost
completed. For example, for an isothermal curing temperature T.= 75 C,
if the material is instantaneously heated up to T (thermal history cin
Figure 2.11),ar = 0.1 is reached in only 3.5min and ar = 0.53 (gel point)
is reached in about 7 min. If the heating rate is T = 8 C/ min (thermal
history bin Figure 2.11), it takes about 8 min to reach agr = 0.1 and about
11 min to reach the gel point. If the heating rate is T = 2 C/ min (thermal
history ain Figure 2.11), the times are even longer. 25min are necessary to
reach a conversionar = 0.53 (gel point) and the material reachesar = 0.1
in about 21 min at a temperature of 67 C still during heating.
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Figure 2.11: Temperature, T vs. time, t iso-conversion curves map for ar =
0.1, 0.53, 0.9. The illustrative map refers to isothermal curing conditions
differing in the heating ramp. a T = 2 C/ min, b: T = 8 C/ min, c: ideal
step heating. Adapted from [50].

2.4.2 Crosslinking degree

After the study of the reaction kinetics, the next step was to assess the
in uence of the thermal history on the mechanical properties of the formed
PDMS. For this analysis, the thermal histories reported in Figure 2.2 have
been employed. Even if the rheological analysis performed allows to
monitor the evolution in time of the shear moduli during the whole curing
history, in this second part of the work, the attention was limited to the
values of the moduli at the end of the applied thermal history. Figure
2.12 shows the conservative and the dissipative components G° and G%°
measured at 25 C at the end of each thermal history, as a function of (a) the
heating rate, T for thermal histories with curing temperature T, = 100 C
(gray curves in Figure 2.2) and (b) the curing temperature, T, for thermal
histories whit heating rate T = 8 C/ min (black curves in Figure 2.2).
It is evident from Figure 2.12a that the heating rate has no signi cant
effect on the properties of the cured PDMS. On the other hand, Figure
2.12b shows that the curing temperature has an evident in uence on the
PDMS mechanical properties. Glincreases from 0.65 0.06 MPa, to 1.25
0.03MPawhen T is increased from 65 C to 150 C.

It it known from literature [20, 27, 28] that the structure of the network
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(@) (b)

Figure 2.12: Conservative and dissipative components G%and G%°measured
at 25 C, at the end of the each thermal history vs. (a) heating rate, T and
(b) curing temperature T. applied in the curing process.

and the mechanical properties of PDMSs are signi cantly affected by the
thermal history applied during the crosslinking process. In this work, the
in uence of the thermal history has been split in two contributions: the
effect of the heating rate and the effect of the curing temperature. The
major contribution to the mechanical properties change is given by the
curing temperature at which the crosslinking takes place, independently of
the heating rate applied to reach this temperature in the rst stages of the
crosslinking. Since the dissipative component G%is signi cantly lower than
the conservative component G the dissipative component of the modulus
can be considered negligible. This PDMS displays therefore a behavior very
close to that of ?ﬁ ideally elastic material. Hence, the values of the complex
modulus G = GP%2+ G9% have been considered a good approximation
of the shear elastic modulus G of the PDMS and has been employed to
calculate of the mean molecular weight between crosslinks, M. according
to Equation 2.10.

Subsequently, the samples obtained at the end of the thermal histories
with different curing temperature (black curves in Figure 2.2) were em-
ployed to perform swelling tests as described in Section 2.3.5. Polymer
extractable fraction, wey: and volume fraction of polymer in the swollen
network, v, have been calculated from the values of the initial mass of
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the specimens mg, the swollen specimens mass,m® and the mass of the
dried specimens, m according to Equations 2.14 and 2.15, respectively. A
table with all the measured masses can be found in a recently published
paper [52].

Figure 2.13 reports the calculated values of the polymer extractable
fraction, wex; and the volume fraction of polymer in the swollen network,
v, versus the curing temperature T.. The extractable fraction (Figure

@ (b)

Figure 2.13: (a) Polymer extractable fraction, wex: and (b) Volume fraction
of polymer in the swollen network, v, vs. curing temperature, T.. Adapted
from [52].

2.13a) seems not to be affected by the curing temperature and varies
between 4% and 5%, with a mean value of 0.047 0.002. On the contrary,
as expected, the volume fraction of polymer in the swollen network v,
increases with the curing temperature (Figure 2.13b). Higher temperatures
have been showed to lead to the formation of stiffer PDMS (higher GC as
showed in Figure 2.12b). This means that, according to the theory of rubber
elasticity (Equation 2.10) the PDMS formed has higher density of crosslinks,
corresponding to lower molecular weight between crosslinks. According to
the theory of polymer systems, when a crosslinked polymer is immersed
in a good solvent, the network absorbs the solvent until an equilibrium is
reached and, in particular, the higher the density of crosslinks, the lower
the amount of solvent absorbed. Consequently, the quantity of polymer in
the swollen sample (vy) is larger.
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The mean molecular weight between crosslinks M. was estimated from
the volume fraction of polymer in the swollen network v, according to
Equations 2.11, 2.12 and 2.13 as reported in Section 2.2.2. Figure 2.14
shows the comparison of the values of the mean molecular weight between
crosslinks, M. calculated from both rheological and swelling tests. The

Figure 2.14: Mean molecular weight between crosslinks, M vs. curing

temperature T¢. Black crosses represent data from rheological analysis and
colored markers are data from swelling analysis. For the latter data, values

obtained according to Equation 2.11 from Flory and Rehner, Equation 2.12
from Rennar and Oppermann and Equation 2.13 from Robert are reported.

Adapted from [52].

values of M. obtained from the swelling data depend strongly on both the
equation and the solvent-polymer interaction parameter, ¢ adopted. The
differences among the results arise from the different assumptions on which
models are based [47,54]. It is beyond the purpose of this work to discuss
about each model assumption validity for the material studied. The analysis
is limited to the evaluation of the most appropriate theory based on the
consistency of estimates from dynamic mechanical analysis and swelling
experiments. As can be seen in Figure 2.14, the theory from Robert et al. [43]
(red dots), the theory from Rennar and Oppermann [45] with the toluene-
PDMS interaction parameter cr from Robert et al. [43] (green up triangles)
and the theory from Flory and Rehner [44] with cg from Bueche [42]
(orange diamonds) lead to very similar results. On the other hand, M from
Rennar and Oppermann theory [45] with the toluene-PDMS interaction
parameter c g from Bueche [42] (light blue down triangles) are signi cantly
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lower than those from the theories just mentioned while the results of the
analysis based on the theory from Flory and Rehner [44] with cgr from
Robert et al. [43] (blue squares) are signi cantly higher. Furthermore, M
calculated from the elastic modulus (black crosses in Figure 2.14) are in
good agreement with M obtained with the rst three mentioned swelling
models (red dots, green up triangles and orange diamonds in Figure 2.14).
This result indicates that the theory from Rennar and Oppermann with cg,
the theory from Flory and Rehner with c¢g and the theory from Robert et al.
can be adopted to estimate M out of swelling experiments on the PDMS
studied in this work.

2.5 Summary and conclusive remarks

In this work the crosslinking of the PDMS Sylgard " 184 has been studied
in terms of kinetics and nal crosslinking degree. In particular, a kinetic
model based on a modi ed version of the model proposed by Kamal has
been adopted to predict the evolution of two conversions: one related to
the evolution of the heat of reaction, measured by differential scanning
calorimetry and one related to the evolution of the conservative component
of the dynamic shear modulus measured by rheological analysis. Calori-
metric and rheometric analyzes allowed to highlight different features of
the process. The calorimetric characterization clearly showed the initial
phases of the chemical reaction, while this detail was not captured by the
rheometric observations. On the other hand, rheological analysis, that
provide precise information about changes in the material mechanical prop-
erties, allowed to detect the gel point, which could not be identi ed by the
calorimetric analysis. The rheological model can therefore be employed
as useful tool for the proper design of the technology for the production
of PDMS based products. The model allows, on one end, to predict the
processing time, and therefore the time available for PDMS molding before
crosslinking, and, on the other, to design an appropriate curing cycle for
the preparation of the PDMS for a speci ¢ application.

This work allowed also to show that the thermal history applied to the
material during the crosslinking process not only change the time to reach
a fully crosslinked material but also in uence the mechanical properties of
the material. In particular, we showed that the temperature at which the
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material is kept during the crosslinking process is more effective than the
heating rate adopted to reach that temperature, for determining the nal
mechanical properties of the material. The mechanical properties of the
PDMS have been correlated with the structure of the crosslinking network
by mean of the theory of rubber elasticity and the mean molecular weight
between crosslinks has been calculated. Additionally, swelling experiments
have been performed and the mean molecular weight between crosslinks
have been obtained according to different approaches proposed in literature.
On the basis of the good agreement obtained between M calculated from
the shear modulus and M. calculated from some of the theory proposed,
M estimates based on simple swelling experiments can be considered as a
reliable tool to predict the shear modulus of the PDMS considered. This
might simplify the material characterization after any curing cycle, since
both a dynamometer and relatively large specimens with a proper shape
are required to perform a mechanical test, while only a precision weighing
scale balance is necessary for swelling measurements, and a small sample
of any shape is suitable for this kind of measurements.

The present work has been carried out not only to study the crosslink-
ing kinetics of the PDMS to characterize the material to be used for the
production of an elastomeric matrix composite material whose characteri-
zation will be showed in Chapter 4, but it has been an in-depth study of the
behavior of a PDMS and it is intended to provide quantitative information
for all researchers designing applications employing the studied PDMS
cured under certain conditions as a part of more complex structures. It is
important to mention that we are aware that the present study refers to
the properties at small strains and that PDMSs are elastomeric materials
with high elongation at break with an elastic but non-linear behavior at
large strains. The characterization at large strains has been carried out
only on the material produced with the thermal history then used for the
production of the composite material, and it is showed in Appendix A, but
would be de nitely interesting to investigate also how the thermal history
applied in uence the whole mechanical behavior of the material.



Chapter 3

Glass bers characterization

3.1 Introduction

This chapter presents a brief discussion of the method used for the me-
chanical characterization of the glass bers used in the production of the
novel ber-reinforced elastomer which characterization will be presented in
Chapter 4. Indeed, the mechanical properties of ber reinforced composites
are strongly dependent on those of the matrix and those of the bers. The
properties of matrix and bers are used as an input in composite models for
predicting the mechanical behavior of composite materials and structures.
The accurate determination of ber and matrix mechanical behavior is
therefore essential to give a reliable description of that of the composite.
Firstly, for the analysis of the ber volume fraction of the laminate pro-
duced, a density of the bers of 2.66  0.004g/ cn?® have been measured
with a pycnometer Pycnomatic ATC Thermo Scientic, at 25 C. Then, the
elastic modulus of the bers has been measured.

3.2 Theoretical background

Fiber tensile modulus is commonly determined by conducting single ber
guasi-static tensile tests using an appropriate experimental setup. The
very small cross-sectional area of the bers leads to a test procedure that
requires special attention, especially regarding the measurement of the
ber cross-section, the ber clamping and its alignment to the loading
direction [55]. In addition, due to the high stiffness of the ber, a specic

32
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procedure has to be followed to eliminate the possible contribution of the
test system compliance on the measurement of the mechanical properties
of the ber as described in the ASTM C1557 - 20 - Standard Test Method
for Tensile Strength and Young's Modulus of Fibers [56].

The method to evaluate the Young modulus and the system compliance
suggested by [56] is as follows. Quasi-static tensile tests on single bers
with at least three different gauge length are needed. Considering the
system compliance as the inverse of the force constantk of a spring [56],
the gap between the clamps L;, measured by the testing machine during
the tensile test, can be assumed as the sum of the different contributions
represented in Figure 3.1:

Li= Lo+ DL+ k F (3.1)

where Lg is the initial length of the ber, DL is the elongation of the single
ber, kis the spring constant (the inverse of the system compliance) and F
the force measured by the testing machine.

Figure 3.1: Schematic diagram showing contributions in the gap measure-
ment. L; is the gap between the clamps, Lg is the initial length of the ber,
DL is the elongation of the single ber, kis the spring constant and F the
force measured by the testing machine.

Considering the case of a linear elastic material, according to the Hooke's

law the real strain of the tested ber, # that is the ratio between the

elongation of the ber and its initial length, can be calculated as:
DL F

H= — =

T A (3.2)

where A is the cross-section of the tested ber and E is the Young modulus
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of the ber. Combining Equations 3.1 and 3.2 the following equation can
be derived:
Lt Lo _ Lo

== gt k! (3.3)
Therefore, a plot of (L; Lp)/ F (that is, the inverse of the slope of the
force versus cross-head displacement) versusLy/ A will yield a straight line
with constant slope of 1/ E and intercept k 1. Thus, this method allows to
measure the Young modulus of stiff bers eliminating the possible errors
caused by the compliance of the measurement system.

3.3 Methods

Quasi-static tensile tests have been performed with a DMA TA RSA Il
instrument operating in quasi-static mode. This instrument was chosen
because it was the only one available in our laboratory with suf cient
sensitivity to measure forces of the order of 10 2 N. This instrument
includes a clamping tool speci c for bers tensile test that allows to align
the ber along the loading direction.

Figure 3.2: A schematic of the mounting system for quasi-static tensile test
of single glass bers.

Samples with gauge lengths of about 15, 25,40 and 60mm have been
prepared. Single bers (six samples for each gauge length) with length
at least three times longer than the desired gauge length, were randomly
extracted from a bundle. Then, with the help of a graph paper support,
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