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ABSTRACT

In the last decades, a new class of materials has been developed and is being
further improved nowadays: the class of self-healing materials. This category of
bio-inspired materials is potentially capable of repairing structural or functional
damage in different ways, increasing the material lifetime. Polymers are the most
studied material class in the field.

For a better design of these materials, it would be of enormous importance to
detect and quantify the invisible internal damage occurring in the samples, in order
to value the healing efficiency before the ultimate failure. Nevertheless, most of
the available scientific literature focuses on macroscopic and optically detectable
damage.

Just recently a new technique was used to analyze damage degree and damage
restoration, before the break, in a self-healing polymer network containing dynamic
sulfur-sulfur bonds. Through the new protocol, the rheology data, acquired to build
the polymer master curve, are used to get the continuous relaxation spectrum (CRS).
The spectra obtained testing pristine and damaged specimens, before and after the
healing, are compared, but from the results it is not clear the role played by time-
dependent factors on curves variations.

In this work, in order to understand the technique ability to detect damage and
exclude from results variation, the uncertainty due to experimental errors, and time-
dependent effects, a non-healing epoxy-amine system is examined. The choice of
the network allow reducing the number of variables affecting the dynamic response
and so changes in spectra. The specimens are tested in both their pristine and
damaged state and after a thermal treatment which emulate the healing triggering
mechanism.

A major degree of scatter is observed in the pristine state spectra. Instead, the
damage induction and the oven treatment, appear to reduce data variability. Sam-
ples heterogeneity and residual stresses from curing are found to be the most prob-
able influence factors in CRS deviations in the pristine state, not allowing good
comparisons with the damaged state.

The technique confirms itself to be a very sensitive instrument, able to capture
the different states of stress within the samples. For this reason, a better knowledge
about the samples network (chemistry, defects, cross-linking percentage) and/or
trying to reduce the starting heterogeneity (e.g. with an oven treatment) would be
necessary to really understand the curves shifting.

Also, it is not excluded that a different interpretation of the curve could lead to a
more detailed phenomenal explanation.






SCOPO DELLA TESI E OUTLINE

Questo lavoro & stato realizzato in collaborazione con il gruppo di ricerca Novel
Aerospace Materials, del dipartimento di Strutture e materiali per I'aerospazio dell’
universita TU-Delft.

Il suo scopo ultimo & lo sviluppo e la validazione di un protocollo sperimentale
che consenta di individuare uno stato di danneggiamento, nella sua fase primor-
diale, all’interno di un network polimerico.

Lo sviluppo di tale tecnica di caratterizzazione ha come potenziale campo di ap-
plicazione lo studio dell’efficienza dei materiali self-healing. L’idea iniziale parte
dal seguente presupposto: se ¢ possibile individuare e quantificare uno stato di de-
formazione plastica all’interno di un campione, teoricamente, la stessa procedura
puo essere utilizzata per riconoscere il grado di riparazione in un materiale di tipo
self-healing.

La tesi presenta la seguente struttura.

Nel capitolo 1 & presente una breve introduzione ai materiali self-healing e alle
tecniche maggiormente utilizzate in letteratura, per studiare la capacita di auto-
riparazione.

Nel capitolo 2 verra presentata la nuova procedura sperimentale per la descrizione
della risposta dinamica dei materiali polimerici. Questa porta alla costruzione del
Continuous relaxation spectrum, una funzione di distribuzione che segue I’andamento
del modulo di rilassamento in funzione del tempo.

Attraverso il nuovo protocollo, si intende valutare lo stato di danneggiamento,
prima dell” arrivo al punto di rottura, in un set di campioni epossi-amminici.

Il capitolo 3 illustra le fasi sperimentali: si parte dalla produzione dei campioni
e dalla loro caratterizzazione termica e meccanica per poi passare alla descrizione
del protocollo utilizzato per introdurre lo stato di danneggiamento e ottenere la
funzione di distribuzione.

Nel capitolo 4 sono presentati i risultati dei test termici, meccanici e dinamo-
meccanici.

I capitolo 5 presenta la discussione dei risultati, le conclusioni e suggerimenti
per eventuali test futuri.
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INTRODUCTION

The damage could be defined as the progressive physical process that brings a
material to rupture. Different scale levels can be used to describe the mechanism
of the damage: at the microscale level is the accumulation of micro stresses near
the interfaces and the breaking of bonds, at the mesoscale, it is the initiation of the
crack by the coalescence of microcracks or microvoids, at the macroscale, it is the
growth of the crack [1].

Depending on the materials, damage may occur in different ways but in all cases,
it directly influences the material elasticity and plasticity. The first, since the number
of atomic bonds, strongly related to elasticity, decreases with damage, and the sec-
ond, because the elementary area of resistance decreases with the number of bonds.
In polymers, it is manifested at the elastic level by the breakage of bonds that exists
between the long molecular chains and at the plastic level by the arrangement of
molecules.

Of course, the presence of damage in the structures makes their lifetime shorter,
since the mechanical properties are affected. Hence, in the last decades, many
non-destructive methods for damage detection were developed. Their usage allows
recognizing when the crack dimensions in a component reach a critical value, in
order to substitute it before its failure.

In the last 20 years, another strategy has been studied, based on the biological
concept of ‘self-repairing’, a new class of materials is being developed: the class of
self-healing materials. This category of bio-inspired materials is potentially capable
of repairing structural or functional damage in different ways, increasing material
lifetime (Figure 1.1).

Today, polymers (and composites) are the material class most studied in the field.
This may be due to the polymeric system’s ease of functionalization and modifica-
tion, or even the low temperatures required to induce mobility in the network and
the large volume of mobile molecules in comparison to the volume of mobile atoms

[2].
!. O @ n ' ‘
a) b) c) d) e)

Figure 1.1: Macroscopic self-healing steps. [2]

Depending on the healing mechanism, self-healing polymeric materials can be
divided into two main classes: extrinsic and intrinsic healing. The extrinsic type
contains discrete entities filled by a healing agent (such as a liquid adhesive or
solvent) that are released in the polymer, after a crack formation, if the discrete
entities break. The healing agent will fill the gap and react with the surrounding
molecules to heal the damage [3, 4, 5, 6].

The intrinsic healing mechanism is based on the re-establishment of bonds due
to the incorporation of reversible bonds/reactions in the polymer networks (Figure
1.2). In this case, the healing mechanism is triggered by an external stimulus that
brings temporary local network mobility necessary for filling the crack and recon-
necting the reversible chemistries [7, 8, 9].
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By the way for a better design of this material would be of enormous impor-
tance detecting and quantifying the damage occurring and then value the healing
efficiency.

# Honds reformation
= MNetwork repair
Physical damage

\ W # Segmental mobiity and
conformational changes bring
%H reactive chain ends to contact
# Diffusion of low molecular

weight segmenis
# Physical Damage
Chain cleavage
Chain slippage
L

# Resull.  Reactive chain ends
Undamaged network

Evolution of Damage and Repair

Figure 1.2: Ideal evolution of a damage-repair cycle in polymeric materials. [10]

Healing efficiency has been assessed mostly by tracking mechanical properties
recovering, such as fracture, impact, or fatigue, at a macroscale level when the
defects are easily visible.

The healing at the fracture site of a local destructive damage is one of the mostly
studied type of self-reparation. After damaging the polymer until its complete
failure, the two obtained halves are placed together and the activation of the healing
mechanism is allowed under one or different external stimuli. The healed samples
are then re-tested and the evolution of the mechanical properties is tracked [11, 12].

Macroscopic and optically detectable damage is important but just a few studies
are present in the literature instead, about the healing of invisible internal damage.
Deep knowledge of the early-stage damage restoration, would be necessary for
practical applications of self-healing materials since the healing of damage before
ultimate failure is their main aim.

One example is the study conducted by Post et al. [13] about the self-repair of
mechanical properties of intrinsically self-healing polymer particulate composite af-
ter fatigue loading conditions. In his work, poly (ethylene-co-methacrylic acid) zinc
ionomer /Fe304 nanoparticle composites were developed and subjected to different
levels of fatigue loading. The healing mechanism was triggered by an alternating
magnetic field.

Another work by Hernandez et al. [14] investigates healing after fatigue damage
in an elastomer. The broadband dielectric spectroscopy (BDS) was used as a tech-
nique to monitor damage healing. Through the analysis of the dynamic relaxation
has been possible to see the formation of a heterogeneous network structure at the
healed interface and also, to observe both damage and healing inside the network
by looking at the dielectric loss spectrum’s frequencies shift. Indeed, the BDS al-
lows describing polymer’s mobility as a function of polymer architecture which is
changing during the damage-healing steps.

Lately, another interesting technique has been used for the same purpose by Roth:
the continuous relaxation spectra (CRS) [15].

This work investigated whether damage degree and damage restoration after
plastic deformation in a self-healing epoxy-silane dual network, containing dynamic
sulfur-sulfur bonds, can be identified via CRS.

By comparing the spectra, it was found that any level of plastic deformation
induces changes in the energy curve compared to the pristine state. Moreover, after
the healing step, the curve appears to be shifted towards longer relaxation times.
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The shift was not present anymore after waiting one week as recovery time from
the oven treatment.

Also, an epoxy non-healing system in its pristine state has been used as a refer-
ence sample and it was possible to observe the differences in the dynamic of the two
network systems: the self-healing one shows a faster dynamic of the main relaxation
peak.

Roth’s research has already shown that the damage and healing bring changes in

the relaxation spectrum but is important to acquire new data on a damaged simpler
network system, in order to distinguish the contributions in the relaxation process
of the permanent crosslinked part. Indeed, in literature, there is a lack of informa-
tion about the relaxation response of crosslinked polymers.
In this research, an investigation about how damage and time-dependent factors
affect the CRS is made, in order to understand and quantify the sensibility of the
technique in capturing different equilibrium states of the polymer tested and con-
firm the technique’s capability of detecting the damage with a certain degree of
confidence in the results.

For this purpose, pristine and damaged state samples of an epoxy-amine system
have been tested. The effects of a heating treatment are investigated, considering
different cooling rates after the thermal treatment. Also, the time between the ex-
perimental steps is taken into account, as in Roth’s research, it showed itself to be a
key parameter.

3






THE CONTINUOUS RELAXATION
SPECTRUM

Viscoelastic materials, such as polymers, can exhibit both viscous and elastic behav-
ior and time represent a key parameter to determine which behavior prevails.

Viscoelasticity characterization is very important during the design of a new poly-
mer to predict product performance and processing behavior. Indeed it affects the
transmission, storage, and dissipation of force and energy. Moreover, variations in
viscoelastic response as a function of loading duration or frequency can provide
indications about micromechanical deformation, resilience mechanisms, and molec-
ular structure [16].

The common way to study the viscoelasticity of an entangled polymer is by ana-
lyzing the rheological data provided by the storage and loss moduli plots versus the
frequency or the temperature. The storage modulus relates to the material’s ability
to store energy elastically, while the loss modulus is related to the material’s ability
to dissipate stress through heat (Figure 2.1).

Storage Modulus

Phase angle o) i L

e Amplitud ,, ~ ™~~~ LossModulus
mee g Loss Factor

. /\ T Time

\/ W/

—— Strain & (applied)

E\E" Tan &

90 110
= Stress o(response)

Temperature [°C]

Figure 2.1: Example of a typical storage modulus, loss modulus, and loss factor plot. [17]

However, some features of particular interest are not well revealed by such repre-
sentation of data [18]. Through the use of the continuous relaxation spectrum (CRS)
these features can be revealed quite clearly.

The CRS physically represents an energy distribution function that shows the
relaxation intensity (H) with the time (7), as shown in Figure 2.2.

It could be considered as an idealized stress relaxation experiment wherein a
polymeric sample, maintained at a constant reference temperature, is strained and
then the relaxation response is observed [19, 20].

From an analytical point of view, several mechanical models can be used to obtain
the necessary functions to build the relaxation curve. The most common is the
infinite Maxwell model, which assumes an infinite parallel arrangement of Maxwell
elements (spring and dashpot connected in series) [21].

The first studies published in the literature about the CRS, concern the rheolog-
ical data analysis to obtain the best spectrum function to describe the relaxation
behavior of a wide range of polymer materials.

In E. Kontou’s research [22], dynamic mechanical data for a low-density polyethy-
lene and for an epoxy resin based on amine cured DGEBA, have been used to fit
the parameters of the CRS functions.

In Weese et al. work [23] the rheological data have been used to develop a non-
linear regularization method to overcome calculation issues since the determination
of the relaxation spectrum is an ill-posed problem.
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Continuous relaxation spectrum
250

Relaxation mode H [MPa]

0
1,00-09

1,00€-07 1,00€-05 1,00€-03

Relaxation time t [s]

1,00€-01 1,00E+01 1,00E+03

Figure 2.2: Continuous relaxation spectrum obtained for an epoxy-ancamine system.

Other works instead, made use of the potentiality of the spectra to find out in-
teresting polymers properties not easily distinguishable from other characterization
techniques.

Ankiewicz and co-workers [18] converted polyisoprene binary blends rheologi-
cal data into the CRS model and it was easier to recognize the relaxation peaks
due to the different polymer’s features. The same procedure was followed for a
polystyrene H-polymer. In this case, the characteristic power-law behaviors, at short

1 1
relaxation time (H o« 772) and at long relaxation time (H « 7~ %), were clearly rec-
ognizable from the spectrum Figure 2.3a.

o mlu PP, |l H(7) exp.
b, ! X H(7) Maxwell
v R
Do“"u n 108 1 v seg. mob.
) —A—

i’ %%T : Rammali(
g % ~1/4 : % Ryerminal
= % oy T 10° ' Ty, |
& W < | '

& 1o b~
5 °oo T 10° : |
E
3 Sy, :
& o
2

i Goo 10 :

°

o

°0 100 5 0 5 10
d 10° 10 10 10
0 il 1 ' ' 10’

Relaxation Time (s) T [5)
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Figure 2.3: Properties not directly distinguishable from other technique. (a) The two green
lines show the characteristic power-law behaviors at short and long relaxation
times. [18] (b) Contribution of different relaxation phenomena to the spectrum.

[24]

Most recently, Montano et al. [24], utilized the spectra to understand the relax-
ation mechanism in a series of self-healing polyurethanes. Using a deconvolution
model, were able to figure out how different, often overlapping relaxation phenom-
ena contribute to the total relaxation energy curve. It was only possible by having
a priori knowledge about the specific molecular structures Figure 2.3b.

21 THEORETICAL BACKGROUND

To obtain the Continuous relaxation spectrum, several steps are necessary.
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First, the polymer master curve is needed: this curve shows the viscoelastic me-
chanical properties of the material (e.g., storage modulus, loss modulus, tan delta)
with a broad range of frequency.

To acquire the experimental data, temperature-frequency sweep oscillation tests
are required.

2.1.1 Master curve and TTS

The way to obtain a master curve is by executing oscillation tests in a dynamic
mechanical analysis (DMA) machine. Three parameters are under control in this
kind of test: frequency of oscillation, amplitude of oscillation, and test temperature.
Generally, two of these parameters are held constant while the third is varied con-
tinuously. In this case, a temperature and a strain amplitude are selected, and then
the frequency sweep test is run.

The test is repeated for different temperatures, an example of the results is shown
in Figure 2.4.

TF sweep test (Trange: 65°C - 90°C)

104 5

Loss modulus E” (M

Pa)

Storage modulus £ (M

101

10 100 101
Frequency f (Hz)

Figure 2.4: Temperature-frequency sweep test data: storage and loss moduli plotted against
the frequency range, each line correspond to a different temperature step.

Using the time-temperature superposition (TTS) principle, once selected the model
and the model reference temperature, is possible to shift horizontally every single
curve obtained at a given temperature. Data collected at a temperature higher than
the reference one will be shifted towards low frequencies and vice versa. In such a
manner, the range of frequency covered by the mechanical data is wider than before
Figure 2.5.

The core of the principle is based on the equivalence of time and temperature:
long-time relaxation at a lower temperature is equivalent to short-time relaxation at
a higher temperature. Thus, this method allows for predicting viscoelastic phenom-
ena at a very long-time regime (and very short-time regime) by the measurements at
various temperatures. Since every viscoelastic measuring device has a finite range
of measurement, this principle permits to have a greater knowledge about the vis-
coelasticity of polymers [25].

The shifting model used in this work is the one proposed by Williams, Landel, and
Ferry [26], it consists of an empirical relationship between the shift factor, ar, and
the temperature:

Cl(T - Tref)

a G+ (T - Tref) 1)

lnaT =

7
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Master curve (Tref: 85°C)
104

103 4

ss modulus £” (M

Storage modulus £’ (MPa)
8

170+t
1,75775e-3 10 100 101 102 102 104 10% 1,75775e6

Frequency f (Hz)

Figure 2.5: Master curve obtained from rheology data using the WLF model at a reference
temperature of 85°C.

C; and C; are constants that depend on the material and on the reference temper-
ature, T,, iz Theoretically, the TTS should not be performed near a transition temper-
ature, since they depend on thermal history, but this model represents an exception.
Originally the TTS principle has been developed for just thermorheologically simple
materials, in which a change in mechanical properties due to a temperature change
should be produced in the same way by a variation in frequency [27, 28]. Therefore,
there is a limit on the material choice: TTS should be only appliable to homoge-
neous, isotropic, and amorphous samples and the material should remain within
the linear viscoelastic range (LVR) under the deformation of interest. Despite this, it
is being used increasingly to analyze the behavior of a more complex and branched
system [29, 30] and in literature there are contrasting opinion about its correct use.

2.1.2 From the master curve to the CRS

The CRS is obtained from the rheological data of the storage and loss moduli
through the inversion of the Fredholm equations:

2.2

, S d

)= [ HO T (2.2)
00 d

G'(w) = [ HEO T (2:3)

Here, the shear storage modulus G’ and the shear loss modulus G” are expressed
in function of the relaxation modulus, the angular frequency (w) and the relaxation
time.

The solution represents an ill-posed problem; many procedures have been pro-
posed to overcome this issue [18], but due to its simplicity and online availability,
the non-linear regression method of Honerkamp and Weese is one of the most used
[23].

In their solution the logarithm of the spectrum is considered, since the short and
the long relaxation time have considerably different contributions. A similar set of
equations is obtained:

) 2.2
(w) = W 4T
Clw) = /700 14 w?7? 10 T (24)
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. i wT dt
(@)= [ grs10h T (25)

An estimate for the logarithm of the spectrum h(t) = log H(7) is obtained em-
ploying the basic concept of the Tikhonov regularization, by minimizing;:

2
+

Glv — /oo iloh(ﬂdl
! —oo 1+ w?T? T

2
G/l(?’ _ /OO wiT 10]’1(1’) dl
! —oo 1+ w?T? T

© [ 2 dt
+A [m <dT2h(T>> -

where G{7,...,G,7, G"{,...,G"§, denote the experimental data for G'(w),...,G'(wy),
G"(w1),...,G"(wy) and 07,...,07,0"1,...0" are the corresponding errors.

The results from the first and second terms on the right side are forced to be com-

patible with the experimental data, after the choice of an appropriate regularization
parameter A.
The TTS master curve and the conversion into the continuous relaxation spectra, in
this work, are achieved using TA instruments TRIOS software installed in the TA
instruments DMA machine. Since a tensile geometry is used to perform the oscilla-
tion tests, the software executes an ulterior step: the shear storage and loss moduli
G’, G” are substituted with the storage and loss modulus E’ and E” applying the
well-known relationship between G and E [31].

(2.6)

_|_
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EXPERIMENTAL SECTION

3.1 MATERIALS

Bisphenol A diglycidyl ether (DGEBA) in the form of Epikote 828 resin (184-190g
eg-1) and Ancamine 2500 curing agent (105-110 g eq-1) were provided by Akzo
Nobel Aerospace Coatings and used as received. Since the Ancamine 2500 is a
commercial product, not all the amine monomer constituents are known except for
the aminoethylpiperazine. The correspondent chemical structures are reported in
Figure 3.1.

0. R\ /TN o~ N\ N 0
[ e O an  WPa 10 . N W \L

Epikote 828 Aminoethylpiperazine

Figure 3.1: Chemical structures of Epikote 828 and aminoethylpiperazine (the only monomer
known in the Ancamine 2500).

The epoxy-amine system chosen is a common base composition for aircraft coat-
ings, hence a great knowledge of the synthesis procedure and its characteristics
is available. In addition, this system was already used as a reference polymer in
Roth’s research, making possible a comparison of the results.

To form the thermosetting polymer network, the amine group of the hardener
will react with the epoxy group of the resin in multiple additions, as shown in
Figure 3.2:

STEP 1 N\
A\

R'—NH, + CHy—CHans |:> R'— NH— CH,—— CH v
\/ V1

Primary Amine o \ on/
Epoxide “/ hydroxyl
b - hydroxyamine

(Secondary Amine)
STEP2 |

R'—Nll—('llz—(‘:llvw + c<;7cu«w :> R'—N—CH;—CH}—
|

OH o R OH

b - hydroxyamine Epoxide Di- b - hydroxyamine

(Secondary Amine) (Tertiary Ammine)

—_—
STEP 3
L

R'— N—CHy— CHn +('H—/(‘|ww |:> R'fr—(‘u,—(l*nuw

|
OH Y R" 0——CH,

Epoxide

ether linkage HO—CH
(Tertiary Ammine)

Addition byporduct of epoxy

Figure 3.2: Addition reaction mechanism of a generic DGEBA epoxy resin mixed with an
amine hardener. [32]
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1. First, the amine will react with the epoxide group, bringing to the opening of
the epoxy ring and to the formation of the secondary amine;

2. The secondary amine will react, ideally, with another epoxide group, forming
the epoxy junction point;

3. Another unwanted addition product can be formed with the reaction of the
hydroxyl group with the epoxide.

The Epikote and the Ancamine have been mixed at the stoichiometric ratio (1 -
0.70).

3.1.1  Polymer synthesis and specimens preparation

The first step consists in weighting the necessary amounts of resin and hardener in
two different jar and lowering their viscosity, putting them in the oven at 80°C (the
resin for 15 minutes and the ancamine for the last two, as seen elsewhere [33]). The
hardener is then added to the Epikote. After approximately 1 minute of mixing by
hand, the mixture is put in the vacuum high-speed mixer for 4 minutes. The first
minute is used to degas the jar and let the pressure inside the chamber decrease.
Then, the mixture is stirred for 3 minutes at 8oorpm. Finally, the mixture is poured
into a Teflon mold and spread using a common steel rod. The length, width, and
thickness of the mold’s cavity are respectively (220 x 220 x 0.2) mm and at the end
of the process thin samples will be obtained. The mold also, is tightened to a 5 mm
aluminum plate to ensure a high level of flatness. The unevenness of the surface
where the mold was put on, was checked by using a water level and adjusted using
paper pieces.

e

L

e
Figure 3.3: Teflon mold of (220 x 220 x 0.2) mm.

The mixture is allowed to cure at room temperature in the fume hood (20°C) for
24h. A thin film is obtained, to make the material softer and easier to cut, it is put
in the oven at 100°C for 5 minutes. After removing the film from the mold, dog-
bone samples are obtained using the Gibitre Die-cutting machine supported with
an ASTM D1708 standard cutter.

Cutting them before the second curing step, allow to remove residual stresses
induced by the cutting, since a sort of thermal treatment, above the material Tg, is
executed with the post-cure.

The samples are so placed on a Teflon tray and put in the oven at 100°C for 24h
to complete the curing process, after that they are allowed to cool down at room
temperature in the fume hood.

When the cooling is completed, the dog bones are stored, in a cup without the
lid, inside a desiccator containing silica gel grains, to avoid humidity effects.

Two different batches (A and B) have been realized following the same procedure.
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Figure 3.4: (a) Samples dimensions; (b) Dog-bone shaped samples after cutting.

3.2 CHARACTERIZATION METHOD

3.2.1  Thermal gravimetric analysis (TGA)

Temperature sweep tests are conducted on a Perkin Elmer TGA 4000, from 20°C
to 500°C, to verify the thermal stability of the polymer. The heating rate used
is 10°C/min. The tests are executed in a Nitrogen controlled environment. The
temperature at the 1% weight loss (1wt%) point is taken as the maximum limit for
the execution of the subsequent experiments, in order to get reliable results.

3.2.2 Differential scanning calorimetry (DSC)

Temperature ramp tests are executed on a TA instrument DSC250 machine to mea-
sure thermal transition temperatures. The tests started from 0°C and reached 140°C.
Two heating ramps under Nitrogen are run with a 10°C/min rate, separated by a
cooling ramp with a 5°C/min rate. The glass transition temperature (Tg) is taken
from the second heating ramp curve since the first one is used to remove the ther-
mal history of the specimen. The Tg is selected as the midpoint of the endothermic
event.

The DSC is also used to verify the effects of the temperature-frequency sweep test
and oven treatment test on the samples Tg.

3.2.3 Dynamic mechanical analysis (DMA): temperature sweep

A temperature sweep is executed on a TA instrument RSA-G2 DMA machine. Data
of the storage and loss moduli and delta function are collected from 20°C to 140°C
at a heating rate of 2°C/min, a frequency of 10Hz, and a strain of 0.1%. The tem-
perature at the peak of the tan delta will be used as a reference in WLF model.

3.2.4 Tensile test

The samples were tested at room temperature, at a constant crosshead speed of
o.5smm/min, using an Instron 3365 tensile test machine implemented with a 1kN
load cell. The same machine is used to damage the samples inducing a plastic
strain.

13
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3.2.5 From DMA TF sweeps test to CRS

The spectra are obtained following three steps:
1. Execution of the TF sweep test on the DMA;
2. Construction of the TTS master curve;

3. Conversion into the CRS.

TF sweep test

Temperature-frequency sweep tests are performed, to set the protocol, at different
starting temperatures (Ts):

e 20°C, room temperature;
e 65°C, beginning of the transition zone;
e 45°C, a temperature in between.

The temperatures are selected by looking at the preliminary temperature ramp
test: the range of interest is the one that includes the main relaxation phenomenon
where the major effects of damage are expected to be seen since more energy is
dissipated in this area.

The range of the temperature used is Ts-100°C with a 5°C/step. At each tempera-
ture, a frequency sweep is executed from 0.1Hz to 10Hz in 10 logarithmic steps per
decade and the sample is loaded at 0.1% of strain (strain previously checked with
an amplitude sweep test to confirm the linear viscoelastic range).

Samples are clamped in a tension geometry setup with a 10 mm loading gap, as
depicted in Figure 3.5. The tightening torque of each bolt is checked with a torque
wrench (30 cNm). The tests are performed in a climate chamber under Nitrogen.

Figure 3.5: Set-up of the RSA-G2 DMA machine with the tensile geometry.

TTS master curve

Data from the rheological tests are used in TA Instruments TRIOS software, to apply
the time-temperature superposition principle: storage and loss modulus data are
frequency shifted using a WLF shifting model and 85°C as a reference temperature.
This temperature corresponds to the loss modulus peak on the DMA temperature
sweep. To confirm the validity of the master curves, the horizontal shift factor
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curve trend is observed: it must be a descending line when plotted logarithmically
with the temperature. The software can also execute the linear regression of the
curve and by looking at the fit factor (shifting fit factor) obtained, is possible to see
how far experimental data are from the ideal shifting conditions. The test starting
temperature will be selected by looking at the best shifting fit factor obtained in the
preliminary experiments.

CRS

It is possible to generate the spectra automatically from the master curves by exploit-
ing the functionality of the TRIOS software. Using the continuous stress relaxation
analysis, TRIOS will first, approximate the rheology data with the nearest curve,
providing a fit factor (CRS fit factor), and then apply the model described in Chap-
ter 2.

Relaxation time at the peak, peak height, and area under the complete spectra are
taken as curves comparison parameters (Fig. 3.6).

Peak parameters

peak

Area under the curve

Relaxation modulus (MPa)

Relaxation time (s)

Figure 3.6: Description of peak parameters.

3.3 PROCEDURE

3.3.1 Pristine state

Six pristine samples from two different batches have been tested using the DMA
protocol previously described. They represent the baseline to compare all the exper-
iments.

H Sample Step 1 Step 2 H

A1,A2,A3 | TF sweep | CRS protocol
B1,B2,B3 | TF sweep | CRS protocol

3.3.2 Damaged state

Six samples taken from the two different batches are first damaged, inducing a
strain of ca. 2%, through the use of the Instron 3365 machine. Three of them
are tested with the DMA 10 minutes after the damaging step (approximately the
necessary amount of time required to set up the DMA machine for the TF sweep
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test), the others, after 1 week of recovery time. The recovery time in between can be
seen as an ‘healing period” at room temperature.

To select the straining value, first, was necessary to look at the sigma-epsilon
curves obtained with the tensile tests: once determined the highest value of strain
at the yield point (approximately 1%) and the lowest value of strain at the breaking
point (2.2%), it was possible to select the level of deformation within this interval,
as much possible closet to the failure point, to be sure of straining the samples out
of their elastic region.

H Sample Step 1 | Recovery time Step 2 Step 3 H
A1-m,B1-m,B2-m Straining 10 minutes TF sweep | CRS protocol
A1-w,A2-w,B1-w,B2-w | Straining 1 week TF sweep | CRS protocol

3.3.3 Oven treatment

An oven treatment of 1 hour at the temperature of 85°C is executed on both pristine
and damaged samples positioned on a Teflon tray. After that, three different cooling
mechanisms are experimented with:

e Slow cooling: the sample remains in the oven with its door half-open, after 1
hour it is allowed to acclimatize at room temperature;

e Soft quench: the sample is allowed to acclimatize directly at room temperature
after the treatment;

e Quench: the sample is put in a fridge at 4°C for 10 minutes, and then is
allowed to reach room temperature. It has been stored in a closed plastic bag
to minimize the humidity effects of the low temperature.

During the cooling, the temperature is monitored with an RS-PRO K type ther-
mometer equipped with thermocouples. The electrical conductors are fixed on the
sample using a common Teflon tape (Fig. 3.7).

The TF sweep test is then executed, in all the cases, after 48 hours from the oven
treatment.

H Sample | Step1 | Step2 ‘ Cooling ‘ Rec.time | Step 3 ‘ Step 4 H

B-s X 1h 85°C Slow 48h TF sweep | CRS
B-Ds | Straining | 1h 85°C Slow 48h TF sweep | CRS
B-sq X 1h 85°C | Soft quench 48h TF sweep | CRS

B-Dsq | Straining | 1h 85°C | Soft quench 48h TF sweep | CRS

B-q X 1h 85°C Quench 48h TF sweep | CRS

B-Dq | Straining | 1h 85°C Quench 48h TF sweep | CRS

(b)

Figure 3.7: (a) Thermocouples setting; (b) Slow cooling with the oven door opened.
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4.1 THERMAL CHARACTERIZATION

Five TGA tests in total were executed, two from the first batch (A) and three from
the second (B). The samples have been taken from different areas of the polymers
to value the homogeneity; their starting weight is within 4-8mg.

In Figure 4.1 a range of almost 10°C is identified and the 1wt% weight loss is
taken as the average value, the error bar indicates the scatter between the tests
based on the standard deviation.

TGA: T[°C] at 1wt% weight loss
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Figure 4.1: Temperature at the 1wt% weight loss reached by each samples during the TGA
test.

The high temperatures reached at the beginning of degradation, suggest that no
by-products like water are present in the polymer. Hence, the results reveal that the
developed films are thermally stable at the temperature chosen for the TF sweep
tests. The graphs obtained from each test can be found in the Appendix.

The thermogravimetric analysis also, permits the selection of a reasonable maxi-
mum temperature for the DSC test, in this case, set at 140°C.

DSC is used to determine the polymer’s glass-transition temperature and to assess
the goodness of the curing process.

A single endothermic event related to glass transition is registered: the Tg is taken
from the second heating ramp as the half-height of the transition range (Fig.4.3 ).
The values are reported in the following table for each sample, considering the Tg
associated with the first heating ramp as well.

H Sample | Tg 1st heating ramp [°C] | Tg 2nd heating ramp [°C] H

DSC-A1 72 75
DSC-B1 69 74
DSC-B2 71 77
DSC-B3 71 75

17
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TGA: sample B1
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Figure 4.2: Sample weight (TGA-B1) in percentage during the TGA temperature ramp.

DSC: sample B1
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Figure 4.3: Sample (DSC-B1) heat flow during the DSC test.

Comparing the two heating ramps (example in figure 4.3 ), changes in the Tg
are evident. They are due to the polymer’s post-curing effects: when heating to a
higher temperature during the first scan (140°C), the frozen state relaxes, and the
polymer can reach its true Tg [34].

An average Tg value among the four tests executed, which corresponds to 75°C,
is calculated.

The scatter in the data can be attributed to the mixture of amines that are used
to form the network, leading to more network heterogeneity and local variation in
crosslinking density [33].

DMA temperature sweep results are shown in fig. 4.4. The unique transition is
also apparent when examining the temperature dependence of the dynamic moduli.
The temperature at the loss modulus peak, is taken as WLF reference [24, 15], (85°C).

Moduli behavior with time is consistent with a highly crosslinked thermoset [35]:
the transition zone separates glassy and rubbery regimes characterized by a decreas-
ing of the E’ values, from ca. 2,5GPa to several MPa.
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DMA Temperature ramp: 20-140°C, 10Hz, 2°C/min
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Figure 4.4: DMA temperature run executed from 20°C to 140°C, with a temperature step of
2°C/min at a frequency of 10Hz.

4.2 TENSILE TEST

Three dog bones specimens from batch A have been tested fig. 4.5. The values of
the corresponding E modulus, strain at yield point, and point of break are reported
in the table below.

Another indication of the network heterogeneity could be shown by looking at
the different strain at failure reached by the samples, but also, a not accurate align-
ment of the specimen, or the difference in the not hydraulically controlled pressure
impressed by the clamps, could have affected the results.

H Sample | Young Modulus [MPa] | Strain at break[%] | Yield point[%] H
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Figure 4.5: Stress-strain of 3 dog-bone samples from batch A.

After establishing the highest value of strain at the yield point (ca. 1.00%) and the
lowest value of strain at the breaking point (2.18%), the strain level to use to damage
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the samples is selected (2%). This value of strain allows inducing permanent dam-
age in the network without reaching the breaking point. The elastic modulus was
determined by fitting the initial linear region (between elongation 0.2% and 0.5%)
of the stress-strain curve.

4.3 DMA PROTOCOL

4.3.1 Test starting temperature

The first experiments conducted with the DMA were helpful in defining the most
suitable protocol to use when testing the samples. One of the first parameters that
were evaluated was the temperature range used when performing the TF sweep
test.

Comparing the fit factors obtained in three tests with three different starting tem-
peratures some considerations were made (figure 4.6).

It was noted that if the starting temperature used is close to the transition zone
(45°C, 65°C), the data obtained have lower reliability that can be quantified, as
explained above, by the shifting fit factor obtained while performing the linear
regression of the aT parameter curve. Starting the tests from a lower temperature
shows improvements in the fitting parameter.

Shifting fit factors and CRS fit factor
0,99 0,9882 ..o ] 0,9869
0,98

0,97
! m— shifting fit factor

Fit factor

0,96 CRS fit factor

0,9510
0,95

0,94
65°C 45°C 20°C

Test starting temperature

Figure 4.6: Shifting fit factor and CRS fit factor obtained for tests with a different starting
temperature.

The greatest degree of improvement is achieved by moving from 65°C to 45°C,
the former is at the beginning of the transition zone. The test that showed the best
results was the one conducted at 20°C, which corresponds to room temperature.

This behavior is due not to the larger temperature range used, but rather to the
chosen starting temperature. By setting a higher starting temperature, the chamber
will reach that temperature in a relatively short time, in the order of tens of seconds.
The sudden heating of the sample does not allow the network to adapt to the tem-
perature gradually, and the first measurements will be taken when it has not yet
reached the internal equilibrium. In addition, the machine’s control system is also
forced to respond more quickly in order to adapt to the new axial tension required
and not allow the specimen to buckle.

Sample buckling is probably the most influential problem on the quality of the
results.
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The goodness of the CRS fit factor considerably increases as well, when starting
the test from 45°C and it slightly decreases when the test begins at room tempera-
ture.

Finally, the temperature selected to conduct the subsequent tests is 20°C, this way
allows also to avoid the sample’s preconditioning in the climate chamber.

4.3.2 Shifting temperature range

The shifting range does not correspond to the testing range for different reasons.

First of all, the data acquired at a lower temperature tends to be overlapped or
noisy, since the storage modulus is not significantly changing with the temperature
and the loss modulus curves have the same tendency since the viscous behavior is
not yet predominant.

TF sweep: 20°C-50°C
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Figure 4.7: Storage modulus, loss modulus and loss factor data from a TF sweep collected in

the low-temperature range.

The noise in the data will turn into frequency bumpiness in the master curve, as
shown in the figure below 4.8.

Master curve 20°C-100°C (T ref: 85°C)
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Figure 4.8: High-frequency bumpiness found in the master curve, obtained from the fre-
quency sweep at low temperatures.
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While the global curve approximation can obtain a good fit factor, locally it may
depends. The bumpiness found in the master curve will appear in the relaxation
spectrum as well at the correspondent times (fig. 4.9).
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Figure 4.9: Master curve obtained applying WLF shifting model at a reference temperature
of 85°C in the range 20°-100°C.

In addition, looking at the aT shifting factor curve (fig. 4.21 ), it is characterized
by irregular changes in slope. In those temperature ranges, therefore, the data and
the shifting cannot be considered reliable (even more so since the WLF model is
designed for temperature between Tg and Tg + 100°C).
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Figure 4.10: aT shift factor curve shifting data collected between 20°C and 100°C.

However, from the plot, it is possible to distinguish a region in which the behavior
of the curve is ideal: 65°C-9o°C. This is the shift range that will be used for the
construction of the master curves of all subsequent tests. The relaxation peak of
interest falls within this range. It should be noted again that the temperature ramp
to which the test specimens will be subjected is instead 20°C-100°C.

Reducing the range of frequencies over which the master curve will be con-
structed will also result in a better local approximation of the data.
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4.4 PRISTINE STATE

The figures below ( fig. 4.11,4.12) show the stress relaxation spectra obtained from
the pristine state samples after the TF sweep test. Three specimens for each batch
have been tested (not necessarily on the same days).

Looking at the peak parameters obtained separately from the two batches, it
can be seen that, in both cases, each specimen tested is an outlier of a different
type (relaxation time, height, or area) and it is not possible to discard any of them.
However, the range of the results obtained from the two families of samples is
comparable as well as the deviation associated with the average values (fig.4.13).
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Figure 4.11: CRS obtained for pristine state samples (batch A).
Pristine state: batch B
250 -
200 A
Gl
(=%
2
T 150 4
%)
=
Q
£
j=
o
S 100 4
@
x
m
ol
o
50 4
0 T T T T T ]
1,00E-09 1,00€-07 1,00E-05 1,00E-03 1,006-01 1,00E+01 1,00+03

Relaxation time [s]

Figure 4.12: CRS obtained for pristine state samples (batch B).

The main difference between the two batches turns out to be the relaxation time:
batch A shows slightly higher relaxation times.

For the six samples, the peak height varies from 186 to 227 MPa, the average
relaxation time at the peak is in the order of 10~3, and the average subtended area
is 1167 MPaLog(s).

One question that arises is what the variability of the curves is due to.
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The samples underwent the same thermal history and were subjected to the same
storage conditions. The cutting step could affect the internal stress state, but by per-
forming the second step of curing, the effects of cutting should have been removed.
The specimens from batch B in particular were selected so that they belonged to the
same mold area, for this reason the heat flux received should also be homogeneous.
Specimen cross-section and thickness were found to have no correlation with the
results obtained, as well as the date of the test (the samples from batch B have been
tested on the same day).

A likely hypothesis remains the ability of the test to detect the inherent hetero-
geneity in amorphous polymers.

4.5 DAMAGED STATE

4.5.1 10 minutes recovery time

The specimens tested 10 minutes after damage show consistent results: the differ-
ence between the peaks is in the order of 1 MPa, and the distance from the mean
value of the subtended area is at most 2.2%. More variations are found in the time
factor: the specimen from batch A shows slightly longer relaxation times, the same
trend was found in the pristine state specimens (fig. 4.14).
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Figure 4.14: CRS obtained from samples tested 10 minutes after the damage.

The comparison between the pristine and damaged state peak parameters shows
that the average value of the peak height is about the same and the area under
the curve is slightly higher in the damaged specimens but in any case, the average
values fall within the range of uncertainty associated with the measurements of the
pristine state. The only exception is represented by the relaxation time, shorter in
the damaged specimens (fig. 4.15) .

One would have expected, as a result of damage, a reduction in peak height or
area under the curve, since having fewer bonds available and more dangling chains
(elastically ineffective) decreases the storable energy in the specimens. Also, having
fewer relaxation incentives, the stress response would have been expected to be
shifted to longer relaxation times.

Probably the internal stress state induced by tensile testing is more responsible
for the internal energy stored in the specimens than the number of bonds. During
deformation, the internal equilibrium of the specimens is altered by trapping the
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specimen in an unstable equilibrium position, and maybe, to get rid sooner of this
unstable condition they tend to relax faster.

In addition, the deviation calculated for peak parameters in damaged samples is
smaller than that of pristine samples. It seems that induced damage decreases the
degree of heterogeneity found previously in the pristine state tests.

During the tensile test, the polymer chains will orient themselves in the direction
of the load, acquiring a more organised position. Thus, the different orientation

of the chains in the pristine sample, can be considered as a catchable factor of
heterogeneity in the conducted tests.

4.5.2 1 week recovery time

More contrasting results are found in the data obtained for specimens tested after 1

week of recovery time, where in fact batches A and B show two different behaviors
as shown in CRS plots (fig.4.16) .
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Figure 4.16: CRS obtained from samples tested 1 week after the damage.

Peak height and area under the curve are approximately 20% higher in the speci-
men from batch B. And in batch A the tendency of the curves to have longer relax-
ation times is confirmed. However, the results obtained from the various samples
are repeatable within the same batch, so the heterogeneity seems to be decreased
by the straining in this case as well.

Comparing the average peak values of the whole population with the pristine
state (fig. 4.17), the peak height is in line, and the area under the curve is reduced.

The relaxation times without excluding any outliers are generally lower for the
damaged specimens.

By looking separately at the two batches, however, the specimens from batch A
have a lower average peak height than the pristine state of the same batch, and
slightly lower relaxation time and area under the curve. The specimens from batch
B on the contrary, show a higher peak height and area under the curve but still a
smaller relaxation time than the pristine specimens of the same batch.

4.5.3 Recovery time comparison

A further comparison can be made between the CRS obtained with different recov-
ery time periods (fig. 4.18) ): again comparing the average population values, the
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peaks appear to be in line and the areas slightly lower for the specimens tested after
one week (fig. 4.19). The relaxation times, on the other hand, are longer.
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Figure 4.18: CRS obtained from samples tested 10 minutes and 1 week after the damage.

Making the same comparison but considering one batch at a time: batch A shows
lower peak and area values and longer relaxation times.

B-w specimens, on the other hand, have slightly higher peak height while area,
and relaxation times in line.

Considering the contrasting results, it is difficult to attribute a role to the recovery
time after damaging the specimens.

In fact, looking at the specimens from batch A, it would seem that the responses
tend toward longer relaxation times and dissipate a smaller amount of energy. In
this case, a possible explanation is that a week later, the specimens manage to reduce
the strain-induced stress state and to recover a stable equilibrium position, such that
they need longer times to relax.

Comparing the specimens from batch B, looking at the peak height it would
appear that the captured internal stress state is greater, this is not true looking at
the area subtended by the curves, which is approximately equal. The relaxation
times also coincide.

Actually, the peak parameters fall within the uncertainty intervals, so the differ-
ence in the curves could be explained by the heterogeneity of the samples.

Another possible explanation to justify the different behavior between the two
batches, in the specimens tested after one week, is the time passed between the
production of the specimens and the actual dynamic test, in which physical aging
might have affected: about a month for specimens from batch A (tested on the same
day) and 12 and 20 days respectively for specimens Bi-w and B2-w from the second
batch. But even considering this possibility, a similar trend of the B2-w specimen
would have been expected, since it was tested 8 days after the B1-w.

Finally, the effect of the elastic modulus obtained from the stress-strain curves
while damaging the samples is investigated.

While for the A-m, B-m samples the elastic modulus found in batch B is 3% higher,
in B-w samples is about 9% higher than in A-w. Moreover, the elastic modulus of
A-w samples is 2% smaller than the value obtained for the A-m samples and in
B-w is 4% higher than in B-m. This could explain the differences in peak height
and area under curve observed but actually, is not coherent with the 3% difference
found between A-m and B-m. In addition, in Roth’s research as well, no trend was
found by looking at the Young modulus.
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In the figures 4.20a and 4.20b, the relaxation responses of samples subjected to the

oven treatment with subsequent different cooling rates are shown.
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Figure 4.20: CRS from samples tested after an oven treatment of 1h at 85°C. (a) pristine state

samples, (b) damaged samples.

It is possible to notice that all the curves present a shoulder after the main relax-
ation peak. This time region, looking at the respective master curves, corresponds
to the frequency window in which the data did not obtain a perfect match during

the shifting.

In addition, considering the at-shift factor curves (fig.4.21), they are not perfectly
linear like the previous tests. This underlines that something at the sample molec-
ular level is changed and the oven treatment is responsible. The temperature at
which the samples are heated for 1 hour, indeed, coincides with the temperature in

the at-shift factor curve which deviates from linearity.
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Figure 4.21: Shift factor curve obtained from the rheology data shifting of a sample thermally
treated.

It represents the loss modulus peak temperature and it has a physical meaning:
larger segments of polymer are able to move cooperatively.

During the treatment, the chain in the polymer network will move, expanding
and trying to reach a more suitable equilibrium condition (in every case the motion
is limited by junction points and entanglements). The motion will allow the remain-
ing epoxy rings to reach left amines and hence, increase the number of junction
points, raising the network’s ability to store energy.

Moreover, when the treatment time is over and the oven door is opened, dur-
ing the first seconds, the temperature of the samples suddenly decreases, stopping
network mobility and trapping the network in an unstable equilibrium condition.

For this reason, when the TF sweep test is approaching 85°C the network will
release the stress previously trapped modifying the viscoelastic behavior response.

The internal state of stress and the new cross-linking can at the same time, justify
the higher peaks and area under the curves obtained in the spectra compared to the
results from the pristine samples.

Also, this conclusion is in line with Roth’s one: the oven treatment, in that case,
was executed at a different temperature ( < Tg), at which a minor amount of mo-
bility is allowed and its effect was comparable to an annealing treatment with the
only result of decreasing internal stresses.

In this case, the possible annealing effects are erased by the rapid change in
temperature.

From the plots in fig. 4.22, it is possible to notice the progressively decreasing
peak height and area under the curve and the progressively increasing relaxation
time, obtained with a different cooling rate, going from the slow cooling rate to the
quench.

Commonly, one would expect to see a different trend, since the quench cooling
is expected to entrap a higher state of stress inside the network, showing a major
amount of energy to dissipate. But maybe, the key factor is placed in the amount of
heat absorbed by the samples and the time they remained at a higher temperature:
these factors could have allowed more bonds to be formed, increasing the storable
energy. It is possible to assess this by comparing the temperature profiles obtained
by plotting temperature of the samples, collected during the cooling, versus time
(fig. 4.24 ).

Damaged thermally treated samples show the same trend previously discussed.
Comparing them to the pristine ones, about the same values of peak height and area
under the curve are found, and a higher difference is found between the relaxation
time of the samples subjected to the slow cooling process (fig. 4.23). Heat treatment
has a homogenising effect on the specimens, helping to reduce the differences found
earlier between the pristine and damaged state specimens.
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Figure 4.24: Temperature data versus time collected during the three different cooling mech-

anisms.
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DISCUSSION AND CONCLUSIONS

5.1 PRISTINE STATE

By looking at the pristine samples, one is able to certify the capability and sensibil-
ity of the technique to recognize samples heterogeneity and is possible to iden-
tify an uncertainty range related to the peak parameters: ( Apeakneignt : S0Mpa,
Avetaxationtime © 1,3x1072s and Agyeq : 255MpaLog(s)).

There are different ways of considering heterogeneity: for instance, at a very
small scale level, it can be considered as chemical in-homogeneity but, another
way is considering the not homogeneous spatial distribution of cross-links that can
affect the distribution of network-strand lengths. The latter, has as a consequence a
different distribution of polymer mesh size.

In addition, most polymer networks display topological and connectivity defects
such as dangling chain ends, chains forming closed loops, and crosslinker—crosslinker
shortcuts [36] .

All these features are strongly related to the polymer’s ability to store energy.

Among these factors, it should be mentioned the internal state of stress, influ-
enced by both the curing progress, if unreacted groups remain, and the state of
stress generated when the mold is removed from the oven after the curing. The
latter can cause in the samples different internal stress state, since the bottom part
of the specimen is in contact with the hot mold (tensile state), while the surface is
exposed to the air at room temperature (compressive state) [37].

Since below Tg, the polymer is not in equilibrium and a certain amount of entropy
is “frozen in’ as a consequence of the loss of chain mobility [38], aging can occur, by
driving the material closer to equilibrium and contributing to stress relaxation.

All these factors could have affected the elastic behavior and so the amount of
storable energy, influencing CRS responses.

Samples (from a single batch) have been tested for a period of time that covers a
month and different states of equilibrium could have been captured while testing
them with the DMA.

Even if a correlation between the test dates and results has not been found, time
influence is not excluded, if considered in a combination with other heterogeneity
factors. Furthermore, the samples in which greater heterogeneity (pristine) is found
are those tested a few days after production, probably when the network is subject
to a higher ageing rate.

To better understand the correlation between polymer network and its dynamic
behavior, spectroscopy tests and techniques such as scattering and MQ-NMR , could
be helpful to check chemical composition and defects presence, before the execution
of the relaxation protocol.

5.2 DAMAGED STATE

In the damaged samples tested after 10 minutes, the values of the peak parameters
are in line with those of the pristine state or at least within the uncertainty range
except for the relaxation times, which are lower in the deformed state.

In the specimens tested after one week, a distinction must be made between the
two batches because they show two different behaviors. Compared with the pristine
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ones, both batches show smaller relaxation times, but in the specimens from batch
A, the modulus values at the peak and areas are smaller while in B, roughly the
same.

Compared to the specimens tested after 10 minutes, batch A shows smaller peaks
and areas but longer relaxation times, instead, batch B has bigger areas and peaks
and approximately the same relaxation times.

It is not possible to derive an accurate trend of the expected recovery time because
is first necessary to understand which is the cause of the differences between the
two batches.

5.2.1 Relaxation time

The most important indications about the damaged state, are the reduced hetero-
geneity in the results obtained from samples belonging to the same batch and the
shorter relaxation times compared with the pristine state.

The time trend could have 3 meanings:

e effect due to the damage, but the opposite behavior was expected since fewer
bonds contribute to the elastic response;

o effect due to the stress state induced by the deformation, and thus the need to
recover an equilibrium position;

o effect due to a higher percentage of crosslinks present in the specimens: if the
curing process has continued, more bonds give the network more incentive to
relax.

5.3 OVEN TREATMENT

More consistent results are obtained from heat-treated specimens where a trend
can be discerned: the energy dissipated is progressively greater in specimens that
remain for longer at a high T and the relaxation times are progressively shorter. But
again it is not possible to recognize the strain by analyzing the peak parameters
considered.

It is interesting to note that the thermal energy absorbed by the specimens has
a greater influence on the storable energy than the internal stresses captured by
subjecting the specimens to different degrees of cooling.

Also in this case the heterogeneity of the samples decreases.

5.4 CONCLUSION

The purpose of this work was using the Continuous relaxation spectrum to recog-
nize an internal damage state in epoxy-amine samples damaged inducing plastic
strain via tensile test.

The main differences found between the pristine and the damaged state concern
the samples heterogeneity, decreased in the latter, and the relaxation time, shorter
in the damaged state. It was not possible to find other trends looking at the other
peak parameters considered.

The recovery time after the straining step affects the CRS but a trend is not been
found since the two batches tested after 1 week showed opposite behaviours.

The oven treatment contributes to decrease the heterogeneity and the cooling rate
strongly affects the relaxation response.

To obtain more comparable results, for the next experiments, one recommenda-
tion is to perform the tests when the specimens are more stabilized after the cure,
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or considering to add another post-cure step (since the percentage of the cross-links
seems to increase in the thermally treated specimens). In any case is better to per-
form all the tests in a narrow period of time to avoid that aging, humidity and
exposure to light may affect the results.

An oven treatment is also suggested with the purpose of decreasing the starting
heterogeneity and for the same purpose it would be of great importance to test
samples obtained from a single batch.

It should be taken into account that after straining the samples beyond the yield
point, in this case, 2%, the elastic part of straining will be recovered once the load
is released, so the effective permanent damage is much smaller. To distinguish its
effect from experimental error and deviation of the results due to network hetero-
geneity, would be important using the protocol on a polymer with a broader plastic
field.

Another solution could be to find other curve parameters to analyze or deconvo-
lute the spectrum.

A different way to see the spectrum, using the TTS principle, exists. The data
present at low (high) relaxation times correspond to the data collected at high (Iow)
frequencies in the master curve. The region at high frequencies corresponds in turn
to testing the specimen in a low-temperature range and in particular lower than Tg.
For this reason, is possible to recognize in the CRS the three characteristic zones
of viscoelastic behavior: the glassy region, the transition region, and the rubbery
plateau.

In the viscous region having already passed the alpha transition, it is less prob-
able to find clues about the state of damage. Instead, it would be useful to find
characteristic parameters of the curve in the pre-peak region.
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APPENDIX

A1 THERMAL CHARACTERIZATION

A.1.1  TGA results

Temperature sweep tests are conducted on a Perkin Elmer TGA 4000, from 20°C
to 500°C, to verify the thermal stability of the polymer. The heating rate used is
10°C/min. The tests are executed in a Nitrogen controlled environment.

TGA results
120
100
= 80
X
= —A1
E 60 —
ED A2
% ——B1
40 —_—
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20
0
0 50 100 150 200 250 300 350 400 450 500

Temperature [°C]

Figure A.1: TGA results: five samples in total tested from the two batches. The strarting
weight is within 4-8mg. The tests are conducted on a Perkin Elmer TGA 4000,
from 20°C to 500°C, with a heating rae of 10°C/min.
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A.1.2 DSC results

The following graph report the results obtained from the temperature ramp tests
executed on a TA instrument DSC250 machine. The tests started from 0°C and
reached 140°C. Two heating ramps under Nitrogen are run with a 10°C/min rate,
separated by a cooling ramp with a 5°C/min rate. The glass transition temperature
(Tg) is taken from the second heating ramp and it is selected as the midpoint of the
endothermic event.

The same test is executed on a sample after the execution of a TF sweep test and
after the oven treatment.

B-1
1,0
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— Isothermal 1,0 min
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Figure A.2: DSC results: sample B1.
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Figure A.3: DSC results: sample B2.
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B-3
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Figure A.4: DSC results: sample B3.
B4 - after TF sweep test 20-100°C
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Figure A.5: DSC results: sample By after the TF sweep test.
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B5 - after oven (85°C)
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Figure A.6: DSC results: sample Bs after the oven treatment.
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A.2 DMA RESULTS

A.2.1  Amplitude sweep
Two amplitude sweep tests were executed to verify the linear viscoelastic range, at

the temperature of 20°C and 120°C with a frequency of 1Hz. The logarithmic strain
sweep is performed from 0.01 to 1.0%.

Amplitude sweep 20°C 1Hz
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Figure A.7: Amplitude sweep results at 20°C.
Amplitude sweep 120°C 1Hz
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Figure A.8: Amplitude sweep results at 120°C.
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A.2.2 TTS master curve

The following graphs report the TTS master curves and the respective aT shift factor
plot obtained for the pristine, damaged state and thermally treated samples.

The curves are obtained by shifting the storage and loss moduli data collected
between 65°C and 9o°C using the WLF model. The reference temperature selected
is 85°C.
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Figure A.9: Reduced TTS master curve and horizontal shift factors aT for: A1 (pristine state).
Tref = 85°C
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Figure A.10: Reduced TTS master curve and horizontal shift factors aT for: A2 (pristine state).
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Figure A.11: Reduced TTS master curve and horizontal shift factors aT for: A3 (pristine state).
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Reduced TTS master curve and horizontal shift factors aT for: B1 (pristine state).
Tref = 85°C
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Reduced TTS master curve and horizontal shift factors aT for: B2 (pristine state).
Tref = 85°C
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Figure A.14: Reduced TTS master curve and horizontal shift factors aT for: B3 (pristine state).
Tref = 85°C
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Figure A.15: Reduced TTS master curve and horizontal shift factors aT for: A1-m (damaged
state, 10 minutes of recovery time). Tref = 85°C
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Figure A.16: Reduced TTS master curve and horizontal shift factors aT for: B1-m (damaged
state, 10 minutes of recovery time). Tref = 85°C
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Figure A.17: Reduced TTS master curve and horizontal shift factors aT for: B2-m (damaged
state, 10 minutes of recovery time). Tref = 85°C
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Figure A.18: Reduced TTS master curve and horizontal shift factors aT for: A1-w (damaged
state, 1 week of recovery time). Tref = 85°C
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Figure A.19: Reduced TTS master curve and horizontal shift factors aT for: A2-w (damaged
state, 1 week of recovery time). Tref = 85°C
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Figure A.20: Reduced TTS master curve and horizontal shift factors aT for: B1-w (damaged
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state, 1 week of recovery time). Tref = 85°C
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Figure A.21: Reduced TTS master curve and horizontal shift factors aT for: B-s (pristine state,

after oven). Tref = 85°C
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Figure A.22: Reduced TTS master curve and horizontal shift factors aT for: B-Ds (damaged

state, after oven). Tref = 85°C
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