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ABSTRACT

This Ph.D. project aimed to design a thermoset-based material that exhibits self-
healing properties. The thermoset resins used as matrices are commercial grades
with high modulus and high chemical and thermal resistance that are already utilized
in several sectors, including the automotive and construction industry. However,
thermosets are usually brittle materials. As such, they are prone to cracking, causing
penetration of detrimental agents inside the structure and consequent early

deterioration and failure. Finding an easy way to achieve self-healing material

readily applicable in the industrial process it was crucial. The synthesis and the
curing of thermoset resins are characterized by complex mechanism reactions that
engrave on the kinetics and the final properties of the material, depending on
composition, chemistry, curing condition, presence of hardener, and additives.

To address the complexity of these curable systems, research activities were first
focused on the characterization of sets of some commercial resin. The thermal,
structural, and thermomechanical characterization of Phenolic (phenol-
formaldehyde) and Melamine (melamine-formaldehyde) based resins are reported in
Chapter IlIl. In particular, the curing behavior of a set of novolac-type phenol-
formaldehyde (PF) resins and a set of melamine-based resin, containing
hexamethylolmelanime or MF oligomeric resin, using hexamethylenetetramine as a
hardener, has been investigated. A method based on numerical descriptors extracted
from the rheological data has been proposed in order to tag the different types of
resins on the basis of the curing kinetics.

Self-healing tests have been performed on mixtures of a commercial fast curable
phenol-formaldehyde novolac-type resins and polyamide 12 (PA12). In Chapter 1V,
it has been shown that the components are partially miscible and realize good
adhesion at the interfaces. Viscoelastic and morphological studies have been
performed on the repaired specimens in order to evaluate the efficiency of the self-

healing process in the restoration. In particular, thermomechanical analysis has
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revealed that the mixtures with PA12 content higher than 20 %wt are inherently able
to restore their integrity. Since PA12 keeps crystallizing in the cured samples before
and after healing, it is suggested that the healing process is triggered by heating at
temperatures higher than the melting temperature of the PA12 component through
the diffusion of the melt towards the fracture and the establishment of new
interactions of the amide groups with the hydroxyl groups of PF resin, followed by
successive crystallization of PA12 upon cooling. It has been shown that this
mechanism is general as it allows achieving efficient welding regardless of the
temperature adopted for curing the mixtures and also for other types of PF resins
having different curing behavior.

Model mixtures of PF resin and PA12 in absence of the hardener have been also
studied. Whereas investigation of the structure and thermal properties confirm the
good compatibility of the two components, FTIR analysis provides direct evidence
of the formation of hydrogen bonds even though the possible formation of covalent
bonds at PF/PA12 interface.

Finally, a simple procedure is set up, that allows using a PF/PA12 blend with high
PA12 content as masterbatch, to obtain efficient self-healing materials by mixing
with HAP resin or melamine-based resins. It is demonstrated that with the use of the
masterbatch, the desired self-healing performances may be achieved using a lower

amount of PA12 component.
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CHAPTER | INTRODUCTION

1.1 Introduction

Thermosetting polymers are a specific class of polymers that form irreversible
chemical networks that tend to grow in three dimensions through the process of
hardening, also called curing, of a soft solid or viscous liquid prepolymer. During
the curing process, the functional groups of monomers and/or oligomers, mixed with
or without a curing agent, also called hardener, react to form covalent bonds which
give to the thermoset a strong and rigid structure and an infusible and insoluble
three-dimensional polymer network. Thermosets generally are used for all those
applications that require high performance as rigidity, high modulus, chemical, and
mechanical resistance. Thanks to these properties, thermosetting polymers find
application in a variety of fields which include automotive, aircraft, civil
engineering, building industry, adhesive, electronics, especially as binders in
compounds®?. Thermosets are also highly used in advanced applications, especially
in the aerospace® and military industries due to the multiplicity of composite
materials that can be produced through the inclusion of carbon and glass fibers*,
which induce reinforcement.

Thermosets show generally higher mechanical strength than thermoplastic materials
and are also better suited to high-temperature applications up to the decomposition
temperature since they keep their shape as strong covalent bonds between polymer
chains cannot be broken easily*>®. The downside is that they cannot be melted and
reshaped after curing. This usually prevents recycling for the same purpose.
Downcycling is instead feasible, using them as fillers of thermoplastic resins after
milling”®,

The high crosslink density of a thermoset polymer gives higher resistance to thermal
and chemical attacks. Mechanical strength and hardness also improve with crosslink

density, although at the expense of brittleness!*1°,



Thermoset polymers have replaced most conventional engineering and structural
materials due to their considerable physical and mechanical properties. Improvement
of the thermal properties of thermosets is recognized as the most important issue to
further improve their performances even at high temperatures and thus broaden their
application profile. The thermal properties of thermosets in the aspects of thermal
cure characteristics, glass transition temperature, thermal stability, flame retardancy,
thermal expansion coefficient, and thermal conductivity are still being studied!!. The
thermal properties of thermosets have further enhanced through structural or
compositional modifications of precursors, incorporation of inorganic moieties such
as phosphorus, nitrogen, silicon, and boron, the addition of nano-fillers or micro-
fillers in mono or hybrid form, surface modifications of additives especially fillers,
and blending of thermosets with other polymers or modifiers®*2,

1.2 Problem Statement

In the common material, small external or internal damages generally result in non-
reparable flaws which may easily cause the subsequent decrease in performances,
and/or a decrease in lifetime, durability, and reliability up to complete failure. All
the materials are susceptible to damage induced by radiation, chemicals, thermal,
and mechanical factors'*!4. In order to mitigate the effects that follow the damage,
the interest in material with self-healing ability has constantly grown in recent
decades. In addition, the use of a self-healing material reduces the waste, just as a
direct consequence of the lengthening of the lifetime>2°.

Self-healing is a property observed in nature. The most striking example is
represented by fresh-water polyps, named Hydra, capable of regenerating a new
individual from small pieces of the original polyp by a mechanism (morphallaxis)
which involves the transformation of existing body parts or tissues into newly
organized structures. The generic principles that govern the healing of Hydra can
still be applied to intrinsic self-healing polymer materials’®. The healing

mechanism of Hydra requires delay time, reorganization of tissue, continuous

8



signaling, gradients of molecule concentration to provide positional information,
adhesion of regenerating cells to the permanent wall, and critical minimum tissue
size (Figure 1.1). Analogously, a healing polymer requires damage detection, resting
time, reorganization of chains, polymer integrity maintained during healing, and

critical damage size.

] 1 3 days

Figure 1.1: Hydra, a natural example of intrinsic self-healing mechanism. Regeneration
of an intact polyp from a clump of isolated cells’.

Despite these similarities with Hydra, self-healing engineering systems have reached
a level of development that allows more straightforward conceptual comparisons
with the healing mechanisms used by other natural systems. The plants follow a
two-step repair process consisting of self-sealing by liquid flooding and self-healing
by hardening the released liquid. This two-step model forms the basis for extrinsic
self-healing approaches where the healing agent (generally liquid) is incorporated
into the matrix as discrete entities such as capsules.

Natural systems can still be used as an inspiration to develop intrinsic self-healing
systems'®2, In the case of intrinsic healing approaches, where the healing capability
is intrinsically connected to the (chemically or compositionally tuned) matrix
polymer architecture, the two-step process can be translated into a softening step

leading to local mobility towards the damage followed by a hardening process



leading to the restoration of the original properties as represented in Figure 1.2 by

the recovery of the local viscosity after the healing trigger (temperature) is removed.
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Figure 1.2: Schematic intrinsic healing triggered by temperature. The increase in
temperature (red dash line) gives a drop in viscosity that allows polymer local mobility.
The subsequent decrease in temperature permits the formation of covalent bonds®®.

Self-healing is thus aimed at restorating a lost functionality (property) of certain
material in a specific application in order to extend the service lifetime of the whole
system. A schematic way to explain the benefits of using self-healing material is
shown in Figure 1.3. In this scheme a generic performance or property of the
material (e.g. stiffness, ductility, shape) is plotted versus the time of usage of a
generic product. Unlike traditional materials, which after localized damage give a
rapid decay of performance (curves a and b), self-healing materials act to mitigate
the effect of the local damage in order to fully restore a lost property or functionality
(curve c).

Actually, a real self-healing material can only partially restore the property, but it
can anyway preserve the structural integrity, safety, and durability of the polymeric

components (curve d) obtaining an extension of service life.
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Figure 1.3: Lifetime extension of engineered materials by the implementation of self-
healing; a) traditional material, b) traditionally improved material, c) ideal self-healing
material, d) real self-healing material.

2.1.1 Different Self-healing mechanism

Development of self-healing materials or self-healing compounds requires selecting
the best mechanism compatible with the desired system. As already mentioned in
the previous paragraph, there are two big different families of self-healing
mechanisms, the intrinsic self-healing mechanism, and the extrinsic self-healing
mechanism.

The intrinsic mechanism is based on polymers that are capable of repairing
molecular and macroscale damages via a temporary local increase in mobility of the
polymeric chains. The recovery mechanism can occur autonomously, or it can be
activated by an external stimulus (e.g. temperature, radiation, pressure). Self-healing
can be achieved via different mechanisms and processes such as molecular
interdiffusion, photo-induced healing, recombination of chain end, formation of
reversible bonds, use of living polymer, and addition of nanoparticles. This kind of
mechanism is used essentially for thermoplastics®4.

The extrinsic mechanism is the most used for the thermoset-based material, and it

is based on the incorporation of low viscosity self-healing agents within a brittle
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vessel and the dispersion of the vessels in the polymeric matrix. In this case, the
healing process is triggered directly by the damage!®2.,

The reduced chain mobility due to the cross-linked molecular structure does not
allow easy use of the mechanisms seen for thermoplastics. The most common
approaches are based on the incorporation of the self-healing agent in a brittle vessel
dispersed in the thermoset matrix?.,

Considering the application, the cost, and the diffusion, three important thermoset
resins are here considered: phenolic resins, melamine resins, and bismaleimide
resins. All the types of resin are characterized by poor impact resistance which can
compromise their durability.

1.3 Phenolic Resins

Phenol-formaldehyde resins (PF), also called phenolic resins, are the
polycondensation products of the reaction between phenol (P) and formaldehyde (F)
and are a category of materials with a three-dimensional network structure 62223, |t
was the first synthetic polymer to be developed commercially, since the latest
1910s%2%, Today, it has vast and differentiated industrial uses?. PF resins exhibit
strong water resistance and are used in the wood-based panel industry, mainly in
plywood manufacture for outdoor applications. PF resins are widely used in
numerous fields because they have low cost, good heat resistance, high chemical,
and mechanical strength® and the global market is still growing (Figure 1.4). They
find applications in numerous fields, including the woodworking industry, molding
compounds, foams, foundry, automotive industry for fabrication of friction
elements, abrasive materials, paper impregnation, fabrication of laminates, and

carbon-carbon composites, coatings, and many others!®2+-26,
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Trends and Forecast for the Global Phenolic Resin Market GIObaI PF resin market share, by product, 2018 (%)
(US $B) (2014-2025)
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Figure 1.4: A) Growth of Global Phenolic Resin Market. B) Global Phenolic Resin
Market by product.

Depending on the structure and curing process, two main categories, the cured resol-
type and novolac-type phenol-formaldehyde (PF) resins are usually
distinguished®?*?”. In particular, the reaction of phenols with an excess of
formaldehyde (commonly the mol/mol P/F ratio falls between 1:1.1 and 1:3) and in
alkaline conditions yields soluble and fusible prepolymers, characterized by
methylol groups and moderately branched structures, named resols (Figure 1.5). In
general, resols possess good stability at room temperature but undergo
polycondensation reactions upon heating and consequent irreversible formation of
three-dimensional cross-linked networks. Therefore, the resultant cured resol-type
PF resins (thermosets) become infusible and insoluble®?’. They are the preferred PF
matrix for the fabrication of fiber-reinforced composites 442, Cured novolac-type
resins, instead, are obtained according to a different strategy involving two steps. In
the first step, the reactions of addition and condensation of phenol with
formaldehyde are conducted in strongly pH acidic conditions, using an excess of
phenol reactant (generally the P:F molar ratio is comprised between 1:0.75 and
1:0.85). This results in the formation of monosubstituted phenols which react to
form linear or only slightly branched prepolymers characterized by phenol moieties
predominantly connected by methylene bridges (Figure 1.6) and a molecular mass of
the order of a few thousand g/mol, named novolacs. Novolacs are thermoplastic
polymers, which remain soluble in numerous solvents and can be cured only by the

addition of a hardener. In the second step, novolacs are cured by heating in presence
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of the hardener, generally, hexamethylenetetramine (HMTA) 5-15%w, to form
insoluble and infusible products with a three-dimensional network structure®2>282°,
The curing reaction can occur via benzylamines mechanism and/or via benzoxazine
mechanism. The kind of mechanism of cross-linking and the subsequent three-
dimensional network depends on the amount of HMTA, thermal condition, the
relative amount of ortho/para linkages, and the molecular weight of the
prepolymer®®-32, Novolacs are the preferred PF resins in the production of molding

materials.
oH
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o - HO | = OH OH
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HO

Figure 1.5: Synthesis of Resole-type resin. Polycondensation of phenol and
formaldehyde in alkaline conditions with defect of phenol.
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Figure 1.6: Synthesis of Novolac-type resin. Polycondensation of phenol and
formaldehyde in acidic conditions with defect of formaldehyde.

Although classic unmodified PF resins based on resols and novolacs dominate the
resin market, their usage in applications requiring high wear resistance at high
temperatures has been hampered due to their limited thermo-oxidative stability and
their intrinsic rigid structure, responsible for the brittle behavior. In general,
improved thermo-oxidative resistance can be obtained by resorting to chemical
modifications:

i) etherification of the hydroxyl group of the phenolic ring with an alcohol

such as methanol or butanol?*;
ii) esterification with phosphoric and/or boric acids®**® or with phosphorus

oxyhalides; modification with phenyl borate compounds;
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iii) addition of silicon compounds3*3®;

iv) replacement of the methylene linking groups with heteroatoms such as
Si (for instance by reaction with p-silylphenols;

V) adding thermoplastic phenolic resins such as polyhydroxystyrene®, or
a-methyl hydroxystyrene)®’;

vi) Blending with nitrile and/or acrylic rubbers, or other synthetic or natural
rubbers is also an efficient route to improve the properties of PF
resins3:3,

All these modifications change the kinetic of curing as well as modify the final
properties of the material.

1.4 Melamine Resin

Melamine-based resins (MF) resins are hard, very durable, and versatile
thermosetting aminoplast. They are used for the manufacture of good fire and heat
resistance objects*.

MF resins are obtained by polycondensation reactions between melamine and
formaldehyde*, the reaction occurs in acid, neutral, or alkaline conditions (Figure
1.7). It can only occur under pressure in hot conditions and cannot be driven by the

addition of an acid catalyst*.
HO OH

0 )
H,N NNz /||\ Ho\/NYN\\(N\/OH NHYN\\(NH
Y ww, | — T
N N A
N\%N \/ Y n

a NH, b C HN

N
HO_"\_-©OH oM

Figure 1.7: Synthesis of MF resin, polycondensation reaction between melamine (a) and
formaldehyde to give hexahydroxymethylolmelamine (b) and then the MF resin (c).

Melamine-formaldehyde (MF) and melamine-urea-formaldehyde (MUF) resins are
among the most used adhesives for exterior wood-based panels and the production
and bonding of low- and high-pressure decorative laminates and overlay sheets.
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Their benefits are the significantly higher water and moisture resistance, despite the
higher price and slightly lower reactivity’, high thermal stability due to the triazine
ring which starts thermal degradation at 400 °C*?, the scratch resistance, the abrasion
resistance, and the flame retardant property*.

The polycondensation mechanism starts with the attack of the formaldehyde to the
amino groups of the melamine forming, under idealized conditions, the hexa-
hydroxymethylol derivative** named hexa-hydroxymethylolmelamine (HMM)
(Figure 1.7b). Of course, during the first step of the condensation reaction, a series
of nine distinct methylol melamine can be produced®. Upon heating in the presence
of an acid, this or similar hydroxy-methylated species undergoes further
condensation and crosslinking (Figure 1.7c), The second step of condensation
reaction leads to the formation of many different oligomers containing methylene
and methylene ether bridges®. The ratio of formation of the two types of bridges
depends on the pH of the reaction medium, pH values above 9 produce mainly ether
bridges*.

MF resins can be cured by heating, which induces polycondensation with water
release. The crosslinking can be carried out to a limited degree to give resins. The
temperature control during curing reaction is crucial, at a temperature range of 140—
160 °C, reversible demethylolation is competitive with the crosslinking reaction,
instead, at a temperature higher than 160 °C, the crosslinking reaction dominates*.
The melamine-formaldehyde resins and melamine-formaldehyde "monomer"
(HMM) can be both cured by treatment with a polyols. The principal use of
melamine resin is as the main constituent of high-pressure laminates, such as
Formica, and laminate flooring. Melamine-resin tile wall panels can also be used as
whiteboards, molding compounds, coatings, and adhesives*®8,

The HMM monomer and/or the MF resin can be used as a hardener for PF resin

obtaining a Melamine based PF resin®,
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1.5 Bismaleimide Resins

Bismaleimide (BMI) resins are a very big family of addition-type polyimides used in
high-performance structural composites that require higher temperature use and
increased toughness. They find applications in high-performance structural
composites and adhesives for aircraft, and aerospace and defense applications where
temperatures beyond 150-180 °C are experienced?. BMI resins have usually glass
transition temperatures higher than 260°C and a continuous-use temperature of 200
230°C®. The final properties depend on the crosslink density of the cured material
and the nature of the alkyl/aryl group in the reappointing unit. This group indicated
with R in Figure 1.8, could be chain extenders such as diamines, a bulky aromatic
group as a fluorenyl cardo group, or long chain compounds such as the R group with
36 carbon atoms Css of Figure 1.9,

Monomers are usually synthesized from maleic anhydride and an aromatic diamine
and the bismaleamic acid formed is cyclo-dehydrated to a bismaleimide resin®2%,
The double bond of the maleimide is very reactive due to the electron-withdrawing
nature of the carbonyl groups. The curing mechanism is based on chain-extension
reactions due to amine addition (nucleophilic addition) or homopolymerization
(Figure 1.8)>.

When bismaleimides are heated to 210 °C, they polymerize by an addition

mechanism with the consequent formation of a cross-linked network>®.

i ) [ )
@N/R\N | —>200C N—R—n

\ / \ "

o} a 0] o} b ©)

Figure 1.8: Curing reaction of a generic monomer (a) to bismaleimide crosslinked resin
(b), The final properties are controlled by the chemical nature of the group R.
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Figure 1.9: Examples of typical R groups used in BMI resins. Xylylene-diamine (a),
fluorenyl cardo group (b), and long-chain Css (c)5™.

As it is already discussed for other thermosets, thermoplastic polymers are used as
modifiers in order to tailor the desired characteristic. Examples of thermoplastics
that have been tested in BMI resins include poly(ether-ketone)s, poly(ether-
sulfone)s, and polyetherimides®-°5%,

BMIs can be also blended with other high-performance thermosets to obtain
materials that combine their high performances at elevated temperatures with the
advantages offered by the secondary system. Typical systems used in these materials

are epoxy resins, cyanate esters, and benzoxazine®..

1.6 Scope of the Study

The aim of this project is the synthesis of innovative thermosetting resins with
intrinsic self-healing properties. The objective is to develop PF-based resins with
self-healing properties. As described before, self-healing polymers possess the
ability to heal in response to damage wherever and whenever it occurs in the
material. This allows preserving the structural integrity, safety, and durability of the
polymeric components. The second objective is to improve the performance of the
final self-healing resins by using fillers that improve the mechanical strength and/or
the dissipative properties, obtaining composite materials that exhibit self-healing
properties.
The thesis is organized into 5 chapters. After the present introductory chapter,
Chapter 11 is dedicated to the description of all the experimental procedures and
18



techniques employed in this work. The commercial grades of the three types of
thermoset resins have been described and characterized in Chapter Ill. A new
method based on rheological data that define the cross-linking efficiency of a
homogeneous set of thermosetting resins is described in Chapter I1l. The method is
useful for industrial or scientific applications and allows us to select the best
thermosetting matrix for the self-healing system. In Chapter 1V, the occurrence of
the self-healing phenomenon and the possible variables that influence the self-
healing process such as composition, curing temperature, type of matrix were
explored. To improve the efficiency of the system, the possibility of using a
compatibilized mixture as a masterbatch was also studied. In Chapter V, the
occurrence of the self-healing phenomenon in composite materials using HAP resin
as binder, PAN fiber, and rubber has been studied.

The main conclusions of this work are presented in Chapter VI.
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CHAPTER |l: EXPERIMENTAL

2.1 Thermal Analysis
2.1.1 Differential Scanning Calorimetry - DSC

The thermal characterization was carried out by Differential Scanning Calorimetry
(DSC) by using a Mettler-Toled DSC822 calorimeter, equipped with an intracooler
system (lower allowed temperature is -70°C) and a Mettler-Toledo DSC1 apparatus,
equipped with a liquid nitrogen cooling system for measurements at temperatures
lower than -70°C (minimum allowed temperature is -140°C).

- DSC measurements were performed on 3 — 10 mg of the sample placed in an
aluminum pan. The samples were heated/cooled, in a specific temperature
range at scanning (when not otherwise stated) of 10 °C/min, in a nitrogen
atmosphere (flow rate of 50 mL/min). The samples were scanned in the
temperature range 0 — 350 °C or 0 — 200°C at 10 °C/min scanning rate,
depending on the kind of material.

The main information deduced from DSC measurements for thermoset samples are
the crosslinking temperature (Tc), which is identified with the endothermic or
exothermic peaks occurring at temperatures higher than 130°C (usually ~150°C), the
softening temperature (Ts), which is identified with the broad endothermic peak at
temperatures higher than 50°C.

2.1.2 Thermogravimetric Analysis - TGA

Thermogravimetric (TGA) measurements were performed using a Perkin Elmer
Thermogravimetric (TGA) measurements were performed using a Perkin Elmer

Thermogravimetric Analyzer TGA 4000.
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Small amount (6 — 10 mg) of the samples was set in a ceramic pan and heated from
30 °C to 900 °C with a rate of 10 °C/min, under a dry air atmosphere with a flow rate
of 20 mL/min.

The weight loss of the sample is recorded as a function of the temperature, which is
related to the volatile content (including dehydration and chemical reactions
involving mass variation). TGA can be used to evaluate the thermal stability of a
material. In the desired temperature range, if a species is thermally stable, there will
be no observed mass change. Negligible mass loss corresponds to little or no slope
in the TGA trace. TGA also gives the upper use temperature of a material. Beyond
this temperature, the material will begin to degrade.

Two parameters have been selected to evaluate the thermal behavior of the samples:
the temperature at which the weigth of the sample is reduced to 95% (Tese) of the
initial weight and the temperature of maximum weight loss Tq, corresponding to the
inflection point of the TGA curve or to the peak position of the corresponding first
derivate. Samples undergoing gradual weight loss show multiple Tq. This step-wise
thermal degradation occurs, especially for composite materials.
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Figure 2.1: Typical TGA curve (a) and its first derivate (b). On this graph, it can easily
be read the values of Tese, Ta, and the residual mass due to the inorganic materials if
present.
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2.3 Maldi-TOF

Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry (MS)
experiments were performed on a 5800 MALDI-TOF-TOF ABSciex equipped with
a nitrogen laser (337 nm) (AB SCIEX, Milan, Italy). MS spectra were acquired in
reflector positive mode, by using a mass (m/z) range of 100-4000 Da. Laser power
was set to 3500 V for MS spectra acquisition. Each spectrum represents the sum of
5000 laser pulses from randomly chosen spots per sample position. The data were
reported as monoisotopic masses.

This technique has been used to evaluate the molecular weight of the oligomers

and to obtain more details about the repeating unit of the uncured resins

2.4 Structural Characterization - WAXS

The structural characterization was performed by Wide Angle X-ray Scattering
(WAXS). X-ray powder diffraction profiles were obtained with Ni filtered CuKa
radiation using an automatic diffractometer X-Pert by Panalytical. This technique
was used essentially for the phase analysis in the raw materials (filler identification

and identification of the crystalline phases of crystallizable polymers).

2.5 Curing and Compression molding

Specimens of rectangular basal shape (dimensions 50 x 10 mm?) and thickness of
1.5-2.0 mm were cured in isothermal conditions in a press equipped with
heating/cooling plates, under similar conditions, under the constant pressure of =400
kPa, and identical compression molding time (tcm). The curing temperatures in the
press, named compression molding temperature (Tcm), were selected in between the
peak temperature of the curing exotherm measured in the DSC thermograms Tc.
(150-160 °C), and a temperature ~50-60°C higher than Tc. (TcL +50-60 °C). At the

end of the isothermal treatment, the samples were cooled down to room temperature,
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by fluxing cold water in the refrigerating system of the press-plates (average cooling
rate of *20-30°C/min).

In the case of mixing or grinding of materials as-prepared or cured, the mill IKA
Labortecnik A10, Janke & Kunkel, 180W was used at 20'000 RPM in three steps of

30 seconds.

2.6 Nuclear Magnetic Resonance - NMR

'H and *C solution nuclear magnetic resonance spectra (NMR) were recorded using
a Bruker 400 spectrometer on 15 mg of sample dissolved in 500uL of deuterated
chloroform (CDCIs) or deuterated dimethyl-sulphoxide (de-DMSO), depending on
the solubility of the polymer.

2.7 Infrared Spectroscopy - IR

Fourier Transform Infrared spectroscopy (FTIR) measurements were carried out
using a Nicolet Continuum FT-IR — ThermoScientific spectrometer equipped with a
Universal ATR (attenuated total reflectance), using 64 accumulations and a
resolution of 4 cm™, in transmission mode, and using 128 accumulation and
resolution of 4 cm™, in reflectance mode with Zinc Sulfur (ZnS) single crystal. The
range of measurements is the mid-infrared, (4,000-500 cm™) which is generally
used to study the fundamental vibrations and associated rotational-vibrational

structure.

2.8 Rheology and DMTA measurements

The kinetic analysis of the curing process is an essential step for the control of the
manufacturing process of thermoset. The material, initially liquid, at the end of the
process will be solid: viscosity is the most relevant property that changes during the
process. As the complex modulus n#* corresponds to the ratio of the complex

modulus G* and frequency o, the Kinetic analysis of the cross-linking reactions may
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be performed measuring the variation of the storage G’ and loss G’ moduli (G* =
G’ + iG””) through use of a rheometer during the curing process at a constant
frequency and as a function of temperature. On the other hand, the effect of curing
process on the sample may be analyzed through the measure of the storage and loss
modulus of a cured thermoset by performing dynamic mechanical thermal
analysis®’.

2.8.1 Rheology

The rheological curing behavior was measured employing an Advanced Rheometric
Expansion System (ARES) by TA Instrument, equipped with a Force Rebalance
Transducer (FRT). Parallel plates of 8 mm diameter with a gap thickness of about
Imm were used. A convection oven guarantees the temperature control with an
accuracy of £0.1°C. All tests are performed at a frequency of 1rad/s and an imposed
strain of 0.5%.

As shown in Figure 2.2, after an "induction time” during which both storage
modulus (G’) and loss modulus (G’”) decreases and achieve a minimum, they start
increasing, with an abrupt change in slope. Then, at a given temperature they cross
each other and the increase of G' and G" slow down up to achieve a plateau. When

they reach the plateau, the reaction is considered concluded.

Moduhis —
G

Tme —

Figure 2.2: Evolution with time of storage modulus G' and loss modulus G" during a
curing reaction in isothermal conditions.
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At the beginning, for the uncured resins, the loss modulus is higher than the storage
modulus, indicating that the system behaves as a liquid. After the inception of the
cross-linking reactions, the storage modulus becomes higher than the loss modulus
and the resins has a solid-like behavior.

The degree of curing is usually defined equation:

Gj{:t} o G:na'rr
fy — e =T
L 1T (1)

The degree of curing starts from zero (at the beginning of the reaction) and grows
until one (the end of the reaction). The slope of the G’ curve changes with time and
shows a maximum at about half of the reaction.

Measurements were conducted in two steps: a temperature ramp at a heating rate of
5°C/min from 100-120°C up to the curing temperature (T,), followed by a time
sweep test under isothermal conditions at T,. The value of the curing temperature T,
was selected close to the peak temperature of the curing reactions, Tci, extracted
from DSC analysis.

The isothermal evolution at T, was followed for at least 500 s in order to reach a
plateau or a quasi-plateau region of the storage modulus G’ and/or stopping the
experiment when a threshold value for the torque, equal to ®75% of the full-scale

(200 g cm), was reached or for a time longer than 4000 seconds.

2.8.2 Dynamic Mechanical Thermal Analysis - DMTA
Dynamic Mechanical Thermal Analysis (DMTA) or DMA is a technique where a

small periodic deformation is applied to a sample, and it is used for the evaluation of
the viscoelastic properties of polymers and the response of the material to stress as a
function of temperature and frequency of deformation. The change of modulus with
temperature allows for the evaluation of relaxation phenomena occurring during
heating, such as glass transition (Tg) and other molecular relaxations. The glass
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transition temperature is evaluated by the onset of a large drop (a decade or more) of
the storage modulus (G”), the maximum of the loss modulus (G”) or the maximum
of the tan 9, also called loss factor, which is defined as the ratio of G” to G’ (Figure
2.4).

The choice of the geometry and the dimension of the specimen depends on the
nature of the analyzed samples. In particular, for the bending test, there are two
kinds of geometry: single cantilever, which is preferable for stiff samples, and dual
cantilever, which is preferable for semiflexible samples (Figure 2.3).

A Sample

Muoveable Clnp

Stationary ——
Clamp

Simticnary
Clamp

-

Movable
clamp :
v

Figure 2.3: different geometry used in DMTA measurements in bending mode.
A) single cantilever, preferred for stiff specimens; B) Dual cantilever, preferred for
semiflexible specimens.

The tan & (loss or damping factor) is the dissipation of energy in material under
cyclic load and indicates the ability of a material to absorb energy. It varies with the

state of the material, its temperature, and with frequency®8-°.
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Figure 2.4: Evolution of storage modulus G' (blue line), loss modulus G" (green line),
and the tan d (black line) during a thermal scan. The glass transition can be evaluated by
the drop in the storage modulus, the peak in the loss modulus, or the peak in the tan
delta.

The viscoelastic properties of the analyzed samples (crosslinked samples,
thermoplastics, and elastomers) were studied by Dynamic Mechanical Thermal
Analysis (DMTA) with a TTDMA dynamic mechanical analyzer by Triton, in single
cantilever or dual cantilever bending mode, imposing a frequency of 1Hz and a
displacement amplitude of 0.02mm, while heating the sample at a rate of 5°C/min in
the following temperature ranges:
- Thermoset samples: range temperature is from 25 °C to 350 °C with a single
cantilever.
- Elastomeric samples: range temperature is from -100 °C to 200 °C with a dual
cantilever.
- Thermoplastic samples: from 0°C to 320°C with a single cantilever.

- Compound samples: from -100 °C to 320 °C with a single cantilever.
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2.9 Scanning electron microscopy - SEM

Scanning electron microscopy (SEM) images have been collected using a Nova
Nano FEG-SEM 450 of FEI-ThermoFisher Scientific in high vacuum conditions.
SEM creates a topographic image of a sample by scanning its surface with a low-
energy beam of electrons (typically from 1 to 30 keV). The incident electron beam is
scanned in a raster pattern across the surface of the sample, and the backscattered or
the secondary electrons emitted are detected.

This technique was used to perform morphological analysis of the bulk interior of

thermoset specimens and to check the self-healing mechanism.
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CHAPTER |ll: CHARACTERIZATION

In this chapter, the three different types of thermoset resins presented in Chapter |
have been characterized, namely phenol-formaldehyde resins, melamine-based
resins, and bismaleimide resins. All of these resins have the ability to disperse and

incorporate the healing agent.

3.1 Phenol-formaldehyde resins

The analyzed phenol-formaldehyde (PF) resins are commercial grades of the
novolac-type resins and the main characteristics are shown in Table 3.1.

They are characterized by different modifications of a base phenol/formaldehyde
resin with a statistical (ortho/para) substitution at aromatic rings (Figure 3.1) and
contain from 0 to 15 wt % of the cross-linking agent HMTA.

The samples Ph0O, PhO1, and Ph02 are classic random ortho/para PF resin of
novolac-type (Figure 3.1).

Figure 3.1: Structure of random ortho/para novolac-type phenolic resin.

Sample Ph0O does not contain HMTA, so it needs a hardener to give the curing
reaction. Sample PhO1 is a PF resin in which the cross-linking agent HMTA is
added to the molten polymer to ensure a good dispersion according to the Hexamine
Adduct Phenolic (HAP) technology®. Sample Ph03 is a PF resin where the
methylene bridges are essentially in the ortho position of the phenolic ring (Figure

3.2). This resin can give the curing reaction only in the free para position.
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Figure 3.2: Structure of ortho novolac-type phenolic resin.

The substitution pattern of the methylene linkages at ortho- positions relative to the
phenolic hydroxyl group for the sample Ph03 was confirmed by performing ATR-
FTIR measurements, using the bands in the spectral range of 700-900 cm™. The
ATR-FTIR spectra in the relevant wavenumber range of the samples Ph03, the
uncured ortho-PF resin containing HMTA, Ph0O, the statistical o/p-PF resin that
does not contain HMTA, Ph01, the same type of resin but with 10%wt HMTA (HAP
resin), and of the neat HMTA are compared in Figure 3.3. The band at <820 ¢cm™
can be assigned to the aromatic ring substitutions at 4 and 2,4 (para and/or
para/ortho) positions, whereas the band at =750 cm™ is relative to 2 and 2,6 (ortho
and/or ortho/ortho) substitutions (curve ¢)®. These bands are present in the spectra
of the HMTA free PF sample (curve c) and the HAP resin (curve b), indicating that
both samples are characterized by a statistical ortho/para substitution, even though
in the case of the HAP resin the band at =820 cm™ overlaps with the band at =810
cm™of HMTA (curves a). The predominant band of the sample Ph03 containing 6-7
wt% HMTA, instead, occurs at =750 cm™ (curve d), and the contribution samples
from HMTA at =820 cm is of little or no significance, confirming that it is almost

exclusively of ortho type.
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Figure 3.3: ATR-FTIR spectra of HMTA (a), the HAP resin PhO1 containing 10wt%
HMTA (b), an HMTA free PF resin PhOO (c), the ortho-PF resin Ph03 characterized by a
prevailing ortho substitution pattern at phenolic ring containing 6-7wt% HMTA (d).

The samples PhXy, PhA0L, PhA02, PhAO3, and PhAO4 are PF modified resins by
the addition of an alkyl or aralkyl phenol copolymer. In particular, the sample PhXy
contains a copolymer resulting by copolymerization of formaldehyde with phenol
and 1,3-dimethylbenzene (m-Xylene) (Figure 3.4-A), whereas sample PhAO03
contains a copolymer with 1,4-bis(methoxymethyl)benzene (Figure 3.4B).

A CH, B

HyC—O
C O—CH,

Figure 3.4: Comonomer of the samples alkyl or aralkyl PF resins, A) m-xylene (PhXy);
B) 1,4-bis(methoxymethyl)benzene (PhAO3).

CH,

The samples PhGAO1, PhGa02, PhGAO03, and PhGA04 are PF resins modified by
the addition of a different amount of acrylic rubber. The samples PhSi01, PhSi02,
PhSi03, and PhSi04 are PF resins modified by the addition of a silicone polymer. In

particular, the samples PhSi01 and PhSi02 contains also
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octamethylcyclotetrasiloxane (Figure 3.5). Sample Ph14 is a PF resin modified by
the addition of a boric component (3%wt); this kind of modification tends to give an
ortho-PF resin as confirmed by FT-IR spectroscopy (appendix A3.0). Samples Ph1l
and Ph13 are PF resins filled with a polychloroprene elastomer and graphite
respectively. Sample Ph12 is a PF resin mixed with benzoxazine; this system can
give crosslinking without the addition of a hardener. Finally, the resins Ph15 and
Ph16 are two PF resins that contain an additive, covered by industrial secret, which

increases the rate of crosslinking reactions.

HaC

Figure 3.5: Silicon-based additive in the samples PhSi01 and PhSi02.

Generally, the chemical modifications regard the presence of different atoms in the
bridges or substituents of the phenolic rings. The molecular structures influence the
viscoelastic properties and the crosslinking kinetics. The main objective of the
chemical modification is to find the molecular basis for tailoring the viscoelastic

properties and efficiency of curing.
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Table 3.1 — Main characteristics of the novolac-type PF resins. Concentration of the curing
agent HMTA, softening temperature (Ts), and crosslinking temperature (Tcy).

Sample | Type of resin HMTA | Ts(°C) | TcL (°C)
Ph0O PF resin (random novolac) no 70 n.d.
Ph01 hexamine adduct phenolic (HAP) resin 10% 72 151
Ph02 PF resin Novolac 9% 72 158
Ph03 ortho PF resin 6-7% 91 154
PhXy PF resin Xylene copolymer <9% 61 151
PhAO1 100% alkylbenzene ~10% >50 161
PhA02 100% aralky! ~10% 50-60 161
PhA03 High MW PF resin (sub.aryl-alkyl) 10% 50 159
PhAO4 PF resin modified with polyvinyl butyral (PVB) 9% 62 156
PhGAOL | PF resin with acrylic rubber (15-20%) ~10% 62 154
PhGAO2 | PF resin (HAP) with acrylic rubber (15-20%) 15% 63 154
PhGAO3 | PF resin with acrylic rubber (10-20%) 11% 55 155
PhGAO04 | PF resin with acrylic rubber (13-23%) 11% 74 155
Ph1l PF resin modified 10% cloroprene elastomer ~10% 62 148
Ph12 bisoxazoline + phenoxy resin no 68 235
Ph13 Graphene modified PF resin 9% 66 151
Ph14 Boron (3%) modified o-PF resin ~10% 91 155
Ph15 Fast cross-linking PF resin (HAP) 15% 83 150
Ph16 Fast cross-linking PF resin 15% 70 149
PhSi0O1 | PF resin with polysiloxane ~10% 67 154
PhSi02 | PF resin with polysiloxane (10%wt) ~10% 55 156
PhSi03 | PF resin with polysiloxane 7-10% 61 151
PhSi04 | PF resin with polysiloxane 15% 58 154
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The information about the type of the resin and the HMTA amount reported in Table
3.1 have been extracted from the technical datasheet, whereas the values of
softening (Ts) and crosslinking (TcL) temperatures have been deduced from DSC
analysis.

The WAXS profiles and DSC curves of the PF resins of Table 3.1 are reported in
Figures 3.6-3.9. The softening (Ts) and crosslinking temperatures (TcL) are read in
correspondence of the endothermic peaks and successive main exothermic peaks,
respectively.

The WAXS profiles of all resins show a broad halo centered at 26 ~ 19°, due to the
amorphous PF resins, which, except for the samples PhOO and Phl2 that do not
contain HMTA,, is superimposed by sharp Bragg reflections of HMTA at 26 ~ 18,
25, and 31°.

The DSC curves of all resins of Figures 3.6B-3.9B show an endothermic peak in the
temperature range from 50 °C to 91 °C, corresponding to the softening of the resins,
and an exothermic peak in a temperature range from 149 °C to 161 °C,
corresponding to the cross-linking reaction (Figures 3.6B-3.9B). For the samples
Ph0O0, instead, no relevant cross-linking reactions occur due to the absence of any
hardener, and only a faint exothermic peak at ~150 °C is present (curve a, Figure
3.6B) due to gas emission, whereas for the sample Phl2, the cross-linking
temperature is shifted to 235 °C because HMTA is replaced by benzoxazine as a
hardener (curve e, Figure 3.8B). Finally, for the acrylic rubber modified PF resins
(Figure 3.7B), the exothermic humps that follow the main cross-linking peaks are
due to delayed cross-linking reactions occurring at a higher temperature, probably

involving the functional groups of the rubber chains.
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Figure 3.6: WAXS (A) and DSC (B) profiles of PF resins Ph0OO (a) PhO1 (b), Ph02 (c),
Ph03 (d), and PhXy (e). WAXS analysis (A) confirms the presence of HMTA as
indicated by the Bragg peaks marked with H, except for the sample Ph00 (A). The DSC
curves in B correspond to the first heating thermogram.
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Figure 3.7: WAXS (A) and DSC (B) profiles of acrylic rubber modified PF resins
PhGAO3 (a), PhGAO2 (b), and PhGAOL (c). WAXS analysis (A) confirms the presence
of HMTA as indicated by the Bragg peaks marked with H (A). The DSC curves in B
correspond to the first heating thermogram.
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Figure 3.8: WAXS (A) and DSC (B) profiles of the samples Phll (a), Ph16 (b), Ph15
(c), Ph13 (d) and Ph12 (e). WAXS analysis (A) confirms the presence of HMTA as
indicated by the Bragg peaks marked with H, except for sample Ph12 (e), which contains
benzoxazine as hardener (A). The DSC curves in B correspond to the first heating
thermogram. In A, the sample Ph13 (d) contains graphite, as indicated by the Bragg peak
marked with G.
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Figure 3.9: WAXS (A) and DSC (B) profiles of the samples PhGAO3 (a), PhGAO02 (b),
PhGAO04 (c), and PhGAO1 (d). WAXS analysis confirm the presence of HMTA (A) as
indicated by the Bragg peaks marked with H. The DSC curves in B correspond to the
first heating thermogram.
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3.2 Melamine based resins

The analyzed melamine-based resins are essentially commercial grades of blends
between MF resin and PF resin of novolac type (Figure 3.10). They are a
homogeneous set of samples that differ in the composition of melamine, PF resin,
and hardener.

The main characteristics of samples of the melamine-based resins deduced from the
technical datasheet and DSC analysis are shown in Table 3.2. The resins are sorted
by melamine relative amount.

The WAXS profiles of all melamine-based resins sorted by melamine relative
amount are reported in Figure 3.11. The Bragg peaks at 26 = 6.25, 7.95, 12.45,
20.80, 22.90, 24.67, and 23.13° are assigned to the HMM species. These peaks are
visible in all samples except for the samples MF01, MF02, and MF03 that do not
contain the HMM species but only the MF resin. The Bragg peaks at 26= 17.90 and
31.05°, due to HMTA, are detected in the samples MFPh04, MF02, MF04, MFPhO1,
MFPh08, MFPh09, MFPh10, MF03, MFPhO03, and MFPh12.

The DSC curves recorded in the first heating scans of all melamine-based resins,
sorted by melamine relative amount, are reported in Figure 3.12. All the resins show
softening in the range of temperature from 61 to 71 °C and crosslinking temperature
at about 150°C (Figure 3.12). Unlike phenolic resins, for the melamine-based resins,
the cross-linking phenomenon is an endothermic process, with exception of samples
MF01, MF02, MF03, and MF04. The endothermic or exothermic phenomena
depend on the presence of HMTA and/or the presence of MF resin instead of HMM

species in the uncured powder resin and on their relative amounts (Figure 3.10).
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Table 3.2 — Main characteristics of the Melamine based resins. The samples containing MF
resin are indicated with *.

Sample Type of resisn Melamin | HMTA | Ts(°C) | TcL (°C) psC
CL peak
MFPh04 | Melamine mod. PF resin | 10% 7,25% | 69 149 Endo
MFO02 MF resin - PF resin 10% 7,25% | 69 155 Exo
Melamine mod./MF - PF

MEO4 resin 10% 5,5% 69 153 Exo
MFPhO5 | Melamine mod. PF resin | 10% - 71 150 Endo
MFPhO06 | Melamine mod. PF resin | 25% - 65 151 Endo
MFPhO1 | Melamine mod. PF resin | 25% 5% 65 145-155 | Endo
MFPhO7 | Melamine mod. PF resin | 25%-40% | - 74 149 Endo
MFPhO8 | Melamine mod. PF resin | 25%-40% | 3% 73 146 Endo
MFPhQ9 | Melamine mod. PF resin | 25%-40% | 6% 68 135 Endo
MFPh10 | Melamine mod. PF resin | 25%-40% | 9% 74 135 Endo
MFPhO03 | Melamine mod. PF resin | 40% 3% 67 150 Endo
MFO03 MF resin - PF resin 40% 3% 65 145-155 | Exo
MFPhO02 | Melamine mod. PF resin | 40% - 68 149 Endo
MFPh11 | Melamine mod. PF resin | 45% - 63 150 Endo
MFPh12 | Melamine mod. PF resin | 50% 1% 62 149 Endo
MF01 MF resin 100% - 61 ~150 Exo
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Figure 3.11: WAXS profiles of the melamine-based resins of Table 3.2. The letter H
indicates Bragg peaks due to HMTA, the letter M indicates Bragg peaks due to HMM.
The colors indicate the relative amount of the melamine component: blue = 10%wt,
green = 25% wt, black = 25-40%wt, red = 40%wt, orange >40%wt, and magenta =

100%wvt.
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Figure 3.12: DSC curves recorded in the first heating scan of melanine based resins
with 10% (blue line), 25% (green line), 25-40% (black line), 40% (red line), >40%wt
(orange line), and 100%wt (magenta line) of melamine component.

The solution *H-NMR spectrum of the resin MFPh02, reported in figure 3.13 as an
example, confirms the presence of the HMM component®!. The triplet and the
doublet centered at 5.50 and 5.02 ppm are due to the hydrogen of the hydroxyl
group and the methylene group of HMM, respectively. The integrals of these signals

have a ratio of 1:2, consistent with the attribution.
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Figure 3.13: Solution *H-NMR spectrum of the resin MFPh02 in the ppm range of the
melamine component. The doublet at 6=5.02 ppm and the triplet at =5.50 ppm are due
to the hydrogen of hydroxymethyl groups of HMM.

MALDI-TOF analysis has been performed on some samples selected from Table 3.1

and 3.2. As an example, the mass spectra of the PF resin PhO1, the melamine-based
resin MFPh02, and the MF resin MFO1 are shown in Figures 3.14, 3.15, and 3.16.
The predominant peak-to-peak mass increment corresponds to Am=106 Da in Figure
3.14 and Figure 3.15, for the resin PhO1 and MFPh02, and Am=223 Da for the
sample MFO01 in Figure 3.16. Repeating units compatible with the so-determined Am

values are shown in Figure 3.17, confirming that two resins are of PF and MF type,

respectively. Furthermore, the mass spectra of all the samples indicate a number

average molecular mass M, of 750-1500 Da. The predominance of Am values of 106

Da for the resin MFPhO2 suggests that the MF network is formed only after the

curing process.
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Figure 3.14: MALDI-TOF spectrum of the PF resin Ph01. The Am = 106 Da is
compatible with the repeating unit of the PF resin
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Figure 3.15: MALDI-TOF spectrum of the melamine-based resin MFPh02. The Am =
106 Da is compatible with the repeating unit of the PF resin
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Figure 3.16: MALDI-TOF spectrum of the MF resin MFO1. The Am = 223Da is
compatible with the repeating unit of an MF resin
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Figure 3.17: Repeating units of the resins Ph01 and MFPh02 (A) and MFO1 deduced
from MALDI-TOF spectra.

3.3 Bismaleimide resins

The here analyzed bismaleimide resins are two commercial grades reported in Table
3.3. The WAXS profiles and the DSC thermograms of the two samples are reported
in Figure 3.18. Both samples do not contain hardener and the crosslink occurs at

temperatures higher than 190°C.
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Table 3.3 — Main characteristic of the BMI resins

Sample | Type of resin hardener | T, (°C) T, (°C)
BM-17 | Bismaleimide resin no 80 191
BM-24 | Bismaleimide resin no 72 199

As shown in Figure 3.18-A the resin BM-24 is amorphous as expected, whereas the

resin BM-17 shows a number of Bragg peaks probably due to the presence of BMI
monomers.

Intensity (a.u.)
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5 10 15 20 25 30 35 40 45 50 55 60 0 50 100 150 200 250 300 350
20 (deg) Temperature (°C)

Figure 3.18: Resin BM-24 (a) and BM-17 (b). A) WAXS shows the presence of
crystalline monomer phase in the sample (b); B) first heating DSC curves

The MALDI-TOF spectrum of the sample BM-24 is shown in Figure 3.19. It is
consistent with a number average molecular mass M, of 1259 Da and molecular
mass of the repeating unit of ~360 Da. These data suggest a molecular structure such

as that reported in Figure 3.20, and that the sample is a tetramer.
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Figure 3.19: MALDI-TOF spectrum of the BMI uncured resin BM-24. The Am ~
360Da is compatible with the repeating unit of a BMI resin shown in Figure 3.109.
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Figure 3.20: Repeating unit of the resin BM-24

3.4 Rheology of resins — curing behavior

The rheological behavior of the resins during the curing process was followed using
the ARES rheometer during a heating step (heating rate 5°C/min) from 100-120 °C
to the crosslinking temperature T,, followed by an isothermal treatment at T, for
about 4000 s.

The selected values of the curing temperature (T;) are close to the Tc. values
determined by DSC analysis reported in Tables 3.1, 3.2, and 3.3. Accordingly, the
selected curing temperature is 150 °C for all the samples, with the exception of the

PF resins Ph1l4 and PhXy, which are isothermally cured at 160 °C, and the BMI
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resin BM-24, which is isothermally cured at 199 °C. In this way, the cross-linking
kinetics may be followed for all the samples adopting nearly equivalent conditions.
As an example, the temperature range selected to carry out rheology measurement is
shown in Figure 3.21 for the sample Ph01. The rheological measurements were
prolonged for at least =~ 4000 s for all the samples, that is up to reach a plateau or a

quasi-plateau value for G” and G”’.

CL
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Temperature (°C)

Figure 3.21: DSC thermogram recorded in the first heating curve of the sample Ph01, at
10 °C/min. The rectangle indicates the temperature range selected for the rheology
measurements.

All the resins show similar rheological behavior. The values of shear storage and
loss moduli measured during the heating and isothermal steps of the PF resins Ph01
(HAP) (A) and Ph00O (with 10%wt HMTA) (B), the melamine modified PF resin
MFPhO02 (C) and the bismaileimide resin BM-24 are reported in Figure 3.21 as a
function of time. The samples are cured at 150 (A-C) and 199 °C (D). The
temperature profiles are also shown in Figure 3.22. The rheological curves of all
other resins of Tables 3.1-3.3 are reported in the appendix A3.1.

In the initial heating stages, the samples have liquid-like behavior, showing values
of the loss modulus G’ higher than those of the storage modulus G’, because they
are heated above the softening temperature (Ts). No significant crosslinking

reactions occur, and both moduli decrease with increasing the temperature. Above
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130 °C, both moduli show a steep increase with temperature because of the thermal
activation of the cross-linking reactions. In this transition region the values of G’
and G” are nearly identical, since the liquid-like and solid-like behaviors of the
samples are in competition. In the isothermal stage, the storage modulus overcomes
the loss modulus, indicating the formation of a rigid network, with a solid-like
behavior. During the isotherm, storage and loss moduli keep increasing, due to the
increase of the crosslinking density in the partially cross-linked resins, and
eventually reach a quasi-plateau value as the crosslinking reactions are completed
(Figure 3.22). Since the resin PhOO is a neat novolac PF resin and has no hardener,
10 wt% HMTA has been added to the pristine sample by mixing the finely ground
powders in a vibration mixer. Melamine-based and bismaleimide resins have slow
cross-linking kinetics so that the moduli do not reach a plateau value even after one
hour of isotherm (Figure 3.22-C, D). The data of Figure 3.22 and appendix A3.1
indicate that different resins having different chemical structures and compositions
show different curing rate and final stiffness. Therefore, the different chemical

structures strongly affect the curing behavior and the final mechanical properties.
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Figure 3.22: Storage (G’) and loss (G’”) moduli of the PF resins PhO1 (HAP (A), Ph00
with 10%wt HMTA (B), the melamine modified PF resin MFPh02 (C) and the
bismaileimide resin BM-24 (D), measured during the rheological measurements as a
function of time. The samples are heated (at 5 °C/min) from 100 °C up to the cross-
linking temperature T, of 150 (A-C) and 199 °C (D), and then isothermally cured at T..
The solid red lines indicate the temperature profiles (right scale). The dashed vertical

line marks the beginning of the isotherm.

Rheological data have been used to extract information about the efficiency of the
curing process as a function of the structure and composition of resins. To this aim
suitable parameters are extracted from rheological data®?. These parameters are the
“curing ratio” defined as the ratio between the values of the storage modulus G after
a given time lag t. during the isotherm at the temperature T, (G’) and at the
beginning (G'i) of the isotherm (G’/G’;) and the “maximum curing rate”, calculated
as the maximum rate of increase for G’ with time (dG’/dt)max during the first t.
seconds of the isotherm.

The curing ratio (G’/G’;) represents a measure of the efficiency of the functional
groups in the resin of generating a three-dimensional network by the effect of the

heat treatment, already before reaching the isothermal curing step. The lower the
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values of the curing ratio, the higher the ability of the resins to reticulate at
temperatures lower than the isotherm. Conversely, large values of the curing ratio
entail that the major part of the cross-linking reactions occurs during the isothermal
treatment at T.

The maximum curing rate (dG’/dt)max, instead, measures the rate of the partially
cross-linked resins to increase the stiffness by the effect of cross-linking reactions.
Therefore, the curing ratio (G’/G’;) allows measuring the efficiency of a resin to
generate a three-dimensional network, regardless of the intrinsic degree of stiffness
reached by the resin itself by the effect of reticulation. On the other hand, the value
of the maximum curing rate (dG’/dt)max indicates how fast, in the early seconds of
the isotherm, the partially cross-linked resins transform into a more densely cross-
linked network, through the increase of stiffness. In Figure 3.23-A,B, the evaluation
of maximum curing rate (dG’/dt)max for the resin Ph01 and the values of G’iand G'.

are indicated. The target curing time t, is arbitrarily set equal to 500 s.
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Figure 3.23: Evaluation of G’, G’., and dG’/dt for the sample PhOl. A: Storage
modulus (G’) measured during the rheological measurements. The dashed red line
indicates the maximum slope during the early stages of the isotherm, comprised between
the beginning (t=0, G’=G”;) and t._ (G’=G’.), with t_ arbitrarily set equal to 500 s (vide
infra). B: First derivative of the shear conservative modulus showing a maximum
between 0 and t., for the calculation of the maximum curing rate parameter.

The values of these parameters, (dG’/dt)max and G’L/G’j are used to construct the
diagram named “curing efficiency chart” reported schematically in Figure 3.23. The
diagram is centered approximately at the value of the numerical descriptors of a

novolac HMTA free resin (sample Ph0O) blended with 10%wt of HMTA, so that the
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diagram is divided into four quadrants. Four different curing behaviors can be
identified depending on the combination of the values of the curing ratio G’./G’; and
the maximum curing rate (dG'/dt)max, in comparison with the values of the curing
ratio and maximum curing rate of the resin arbitrarily selected as the benchmark.
The resins that cross-link efficiently already at the beginning of the isotherm, and
quickly approach a higher stiffness, correspond to low values of the curing ratio
G'U/G'i and high values of the curing rate (dG'/dt)max. They are located in quadrant |
of Figure 3.24 and define the class | of curing behavior. The resins that cross-link
efficiently (low values of G'L/G") but slowly approach a higher stiffness (low values
of (dG'/dt)max) are located in quadrant Il of Figure 3.24 and define class Il of curing
behavior. Resins that cross-link in a less efficient way (showing high values of the
curing ratio G'L/G") and slowly approach a higher stiffness (low values of
(dG'/dt)max) are placed in part 111 of the plot of Figure 3.24 and define the class Il of
curing behavior. Finally, the resins that quickly increase the stiffness (high values of
dG'/dt)max) up to reach high values of the cross-linking density, even though the
initial cross-linking density is low (high values of G'L/G’)) are placed in quadrant IV

of Figure 3.24 and define the class 1V of curing behavior.
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Figure 3.24: Correlation diagram of the curing efficiency (curing efficiency chart) of the
thermosets analyzed in the present context. For a target curing time t_ (set to 500 s) the
ratio between the storage modulus after t. curing time (G'.) and at the beginning of the
curing process (G'i) (curing ratio G'L/G') is reported as a function of the maximum
increase of the rate of the storage modulus with time, during the early target curing time
t. of the isotherm, corresponding to the maximum curing rate (dG'/dt)max. FOUr sectors
are identified depending on the combination of the values of the curing ratio G'L/G'; and
of the maximum curing rate (dG'/dt)max in comparison to those of a novolac HMTA free
resin (sample Ph0O0) blended with 10%wt of HMTA, which has been arbitrarily selected
as the benchmark. Compared with the benchmark, resins that are already well cured at
the beginning of the isotherm and quickly become stiffer during isotherm fall in the
region I; resins that are already well cured at the beginning of the isotherm and slowly
become stiffer during isotherm fall in the region II; resins that are not well cured at the
beginning of the isotherm and slowly become stiffer during isotherm fall in the region
I11; resins that are not well cured at the beginning of the isotherm and quickly become
stiffer during isotherm would fall in the region IV.

The values of the curing ratio G'./G'| of all PF resins are reported as a function of
the maximum curing rate (dG'/dt)max in Figure 3.25 and Table 3.4. In Figure 3.25
data relative to the bismaleimide resin BM-24 are also reported. It is apparent that
the HAP resin Ph0O1 is in quadrant I, which means that this resin gives higher
crosslinking in a shorter time compared to the PF resin with a similar amount of
HMTA. All the acrylic rubber modified PF resins PhGA04, PhGAO1, PhGA02, and
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PhGAO3 are placed in quadrant IV which means they are not well-cured at the
beginning of the isotherm and quickly become stiffer.

The unmodified PF resin Ph02, the two fast cross-linking PF resin Ph15 and Ph16,
the PF resin modified with 10% of chloroprene elastomer Ph11, and three of the PF
resins modified with silicon PhSi01, PhSi02, and PhSi04 cross-link efficiently
already before the isotherm and can achieve a higher stiffness (high cross-linking
density) in a short time. They belong to the class of resins that slowly become
stiffer. They correspond also to the resins that are able to achieve the highest degree
of stiffness.

The xylene-modified PF resin PhXy and the PF resin containing graphene Ph13
respectively, cross-links less efficiently and require a longer time to complete the
network (quadrant I11).

Finally, all the other PF resins are located in quadrant I, indicating that they are
already well cured at the beginning of the isotherm and slowly become stiffer.

The values of the curing ratio G’./G’; and the maximum curing rate (dG’/dt)max of
the bismaleimide (BMI) resin BM-24 are 44 and 6.5x103, respectively, and they are

plotted in Figure 3.25. This resin is located in quadrant Il.

Table 3.4 — Numerical descriptors deduced from rheology data of PF resins

Sample | Type of resin HMTA | (dG’/dt)max | G’L/G’i
Ph0O PF resin (random novolac) 10% 1.0*10* 205
Ph01 HAP resin 10% 1.5*10° 101
Ph02 PF resin Novolac 9% 3.3*104 39
Ph03 ortho PF resin 6-7% 4.3*10° 3.2
PhXy Xylene modified PF resin < 9% 5.1*102 255
PhAO1 100% alkylbenzene ~10% 2.3*102 5.8
PhA02 100% aralkyl ~10% 2.1*10° 74
PhAO03 High MW PF resin (sub.aryl-alkyl) 10% 1.1*103 5.6
PhAO4 PF resin modified with PVB 9% 1.4*10* 672
PhGAO01 | PF resin with acrylic rubber (15-20%) ~10% 3.9%10* 350
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PhGAO02 | HAP resin with acrylic rubber (15-20%) 15% 9.3*10* 341
PhGAO3 | PF resin with acrylic rubber (10-20%) 11% 8.1*10* 648
PhGAO04 | PF resin with acrylic rubber (13-23%) 11% 2.3*104 247
Ph11 PF resin mod. 10% chloroprene elastomer ~10% 5.4*104 99
Ph12 bisoxazoline + phenoxy resin no 6.7*10? 14
Ph13 Graphene modified PF resin 9% 8.5*10° 2463
Ph14 Boron (3%) modified PF resin ~10% 9.8*10° 13
Ph15 Fast cross-linking PF resin (HAP) 15% 2.4%105 116
Ph16 Fast cross-linking PF resin 15% 3.5%10* 9.4
PhSi01 PF resin with polysiloxane ~10% 3.3*10* 152
PhSi02 PF resin with polysiloxane (10%wt) ~10% 1.3*104 57.8
PhSi03 PF resin with polysiloxane 7-10% 8.6*10° 46
PhSi04 PF resin with polysiloxane 15% 1.7*10% 129
10000 3
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Figure 3.25: Curing efficiency chart for the PF resins and bismaleimide resin. The
curing performances of a novolac HMTA free resin (sample Ph00) blended with 10%wt
of HMTA used as a benchmark is indicated by the red lozenge. The color indicates the
type of modifier: black: unmodified resins; orange, aralkyl/aryl modified resins; blue,
silicon modified resins; magenta, acrylic modified resins. The HAP resin (quadrant 1) is
indicated with a black star. The bismaleimide resin (quadrant Il) is indicated with a red

star.
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The values of the curing ratio G’./G’; and the maximum curing rate (dG’/dt)max of all
Melamine-based resins are reported in Table 3.5 and plotted in Figure 3.26 as a
function of the maximum curing rate (dG’/dt)max.

From Figure 3.26, it is evident that the resins with no HMTA, MFPh05, MFPhO6,
MFPhO7, MFPh02, and MFPh11, occupy the quadrant Il, that is, they are already
well cured at the beginning of the isotherm and slowly become stiffer during
isotherm. All the resins with HMM amount between 25%wt and 40%wt, regardless
of HMTA amount, namely MFPh08, MFPh09, and MFPh10 fall in the quadrant I,
that is, they are already well cured at the beginning of the isotherm and quickly
become stiffer during isotherm. In Figure 3.26 the cross-linking Kkinetics of the
melamine resins MFPh05, MFPh06, MFPh02, and MFPh11 not containing HMTA
is compared with the cross-linking kinetics of the sample MFPh04, MFPhO1,
MFPhO03, and MFPh12, respectively, with HMTA content of 3-5.5 %, but identical
HMM content (10, 25, 40 and 45%wt, respectively). It is apparent that the addition
of HMTA results in a remarkable increase in the (dG’/dt)max Value, and induces only
a small increase of the G'L/G'| values. This indicates that whereas the maximum
curing rate is controlled by the content of the chemical species used as hardener, the
curing ratio is namely dependent on the chemical nature of the polymer matrix and

the added compounds.

Table 3.5 — Numeric descriptors deduced from rheology data of MF-based resins

Sample | Type of resisn Melamin | HMTA | (dG’/dt)max | G’L/G’i
MFPhO4 | Melamine mod. PF resin 10% 7,25% 2.0%104 158
MFO02 MF resin - PF resin 10%* 7,25% 6.8%10° 196
MF04 Melamine mod. PF resin 10% 5,5% 650 13
MFPhO5 | Melamine mod. PF resin 10% - 21 12
MFPh06 | Melamine mod. PF resin 250 - 180 99
MFPh01 | Melamine mod. PF resin 25% 5% 1.4*10% 71
MFPhQ7 | Melamine mod. PF resin 25%-40% - 709 36
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MFPhO8 | Melamine mod. PF resin | 25%-40% 3% 4.0%10° 53
MFPh09 | Melamine mod. PF resin 25%-40% 6% 3.7%10* 75
MFPh10 | Melamine mod. PF resin 25%-40% 9% 3.1*10 76
MFPhO03 | Melamine mod. PF resin 40% 3% 5.1*10° 195
MFO03 MF resin - PF resin 40%* 3% 3.3*10° 291
MFPhO02 | Melamine mod. PFresin | 40% - 4.4%10° 71
MFPh11 | Melamine mod. PF resin 45% R 8.8%10° 17
MFPh12 | Melamine mod. PF resin 50% 1% 3.0%10? 142
MFO01 MF resin 100%* - 7.2*10* 8997
10000 E *MFOL1
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] MFO03
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Figure 3.26: Curing efficiency chart for the melamine-based resins. The curing
performances of a novolac HMTA free resin (sample Ph00) blended with 10%wt of
HMTA, used as a benchmark, is not explicitly indicated. The color indicates the amount
of melamine component in the resin: blue 10%wt, green 25%wt, black 25-40%wt, red
40%wt, orange 45-50%wt, and magenta 100%wt. The symbols indicate the type of

melamine component: HMM without HMTA( A ), HMM with HMTA(m), MF resin (e).
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3.4 Characterization of samples cured by compression molding
After curing by compression molding in a press, the samples show WAXS profiles
characterized by the sole presence of a halo centered at 20 ~ 19°. The Bragg peaks
of crystalline HMTA shown by the uncured samples disappear. As an example, the
WAXS profiles of the PF resin Ph02 before and after curing are reported in Figure
3.27.

b
cured at 150°C

Intensity (a.u.)

uncured
5 10 15 20 25 30 35 40 45 50 55 60
20 (deg)

Figure 3.27: WAXS profiles of the resin Ph02 before (a) and after (b) curing by
compression molding in a press. The curing temperature is 150 °C.

All the resins have been cured by compression molding at two different
temperatures Tem=TcL and Tem=TcL+50°C as described in chapter 1l for a time tey of
4 min and then have been characterized in order to obtain information about thermal
stability and viscoelastic performances. These two properties are crucial for the final

use of the thermoset.

3.4.1 Thermal stability of the specimens

The thermal stability of the cured resins was evaluated by TGA. As an example, the
TGA curves and the corresponding first derivate of PF resin PhO1 are reported in
Figure 3.28. The samples were cured in a press at the temperatures T¢. = 150 °C and

Te+50°C= 200 °C. It is apparent that the thermal stability of the cured resins
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increases with increasing the curing temperature. In particular, the value of Tase
(that is the temperature at which the weight loss is 5%) increases from 250 to 416
°C, whereas the value of Ty (that is the temperature of maximum weight loss rate)

increases from 552 to 630 °C.
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Figure 3.28: TGA curves (A) and corresponding first derivatives of the cured PF resin
Ph01 obtained by compression molding at the cross-linking temperatures Tcm equal to
TeL =150 °C (a) and Te +50°C = 200 °C (b).

The values of Tes and Tq of the PF resins cured at Tem= Tco and T +50°C are
reported in Figure 3.29. In general, the values of Tese and Tq of the PF resins cured
at Tem=Tc +50°C are higher than those of the resins cured at lower Tem=TcL
Furthermore, all PF resins show no significant weight loss up to = 350 °C.
Exceptions occur for the samples Ph03 and Ph14 which are unmodified and boron-
modified ortho-PF resins, respectively, and for the PhSi03 and Ph13 resins which
are modified through the addition of a silicon derivate and graphite, respectively
(Figure 3.29). The decrease of thermal resistance with increasing curing temperature
is due to the fact that the mechanism of the crosslinking reactions depends on the
temperature and composition. In particular, with increasing the curing temperature,
the benzoxazine crosslinking mechanism tends to prevail over the benzylamine
mechanism of crosslinking®*® causing subsequent changes in curing kinetic and in

the stability of the final three-dimensional polymer network.
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Figure 3.29: : Values of Tgsy (A, B) and Tq (A’,B’) of the PF resins extracted from TGA
analysis for specimens cured by compression-molding at different T values equal to
Ter (A, B) and T +50°C (A’,B’). The color indicates the type of modifier: black:
unmodified resins; orange, aralkyl/aryl modified resins; blue, silicon modified resins;
magenta, acrylic modified resins.

As an example, the TGA curves and the corresponding first derivative of the
melamine modified sample MFPhO2 cured at Tem = Te =150 °C and Te +50°C =200
°C are reported in Figure 3.30. Unlike PF resins, for melamine modified PF resins
the Tosy Value increases with increasing the curing temperature, whereas the value of
Tq decreases. For instance, with increasing the curing temperature from Tcm= 150°C
to 200°C, the Tesy value of the sample MFPh02 increases from 183 to 327 °C. The
temperature at which the thermal degradation reaches the maximum rate Tq, instead,

decreases from ~ 640 to ~ 625 °C.
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Figure 3.30: TGA curves (A) and corresponding first derivatives of the cured melamine
resin MFPhO2 obtained by compression molding at the cross-linking temperatures Tem
equal to TeL =150 °C (a) and T +50°C = 200 °C (b).

The values of Tosy of the melamine-based resins cured at Tem= Tcr and Tc +50°C are
reported in Figure 3.31. In general, the higher the melamine amount, the lower the
Toss value. For all melamine modified resins, the Tgsy values increase with
increasing the curing temperature (Figure 3.31). Furthermore, except for the resins
MFPhO7, MFPh08, MFPhQ9, and MFPh10, the weight loss is not remarkable up to =
300 °C, especially for the resins cured at Tem = TcL+50°C (Tgsy >300°C).

59



~ ~
O O
o o
< <
= €
8 &
— =
. .
A o B

750

700

650

600

550

500
~ 50 —~
9 3 g
< a0 N M) - N L2

wjlo

- sco i i B S0 1 P1 O] B R 0 £ ] Bt 1 )

300 &&E&Lﬁ&&ﬁ%&&é

L
250 JB5 = H HEEEEE B E = =

200
150
100
50
0

Figure 3.31: Values of Tose% (A, B) and Tq (A’,B’) of the maleimide modified PF resins
extracted from TGA analysis for specimens cured by compression molding at different
Tem values equal to Ter (A) and T +50°C (B). The color indicates the amount of
melamine component in the resin: blue 10%wt, green 25%wt, black 25-40%wt, red
40%wt, and orange 45-50%wt.

3.4.2 Viscoelastic properties of the specimens

The viscoelastic properties of the cured samples were investigated by performing
DMTA measurements. Measurements were performed on samples cured for 4 min
in a press at two different temperatures, that is Tecm = Ter and Tem = Ter + 50 or 60
°C. It is worth noting that in the adopted curing conditions, the storage modulus is
systematically higher than the loss modulus, in the whole temperature range. This

indicates that a three-dimensional network structure is always formed.
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As an example, the curves of storage and loss moduli and tan & of two PF resins,
namely the HAP resin PhO1 and the xylene modified resin PhXy are reported in
Figure 3.32 as a function of temperature. The DMTA curves of all other PF resins
are reported in the Appendix A3.3. For each sample, the DMTA curves were
measured at two different curing temperatures, Tem = 150 and 200 °C for the sample
Ph01 (Figure 3.32A) and 160 and 210°C for the sample PhXy (Figure 3.32B), are
compared.
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Figure 3.32: Storage modulus (a,a’), loss modulus (b,b”), and tan é (c,c’) as a function
of temperature for the HAP resin PhO1 (A) cured at T, = 150 °C (a-c) and 200 °C (a’-c’)
and the Xylene modified PF resin PhXy (B) cured at T, = 160 °C (a-c) and 210 °C (a’-
¢’). In all cases, the curing time is fixed to 4 min.

For the HAP resin (sample Ph01) cured at 150 °C (Figure 3.31A), the storage (curve
a, Figure 3.32A) and loss (curve b, Figure 3.32A) moduli are initially nearly
constant. Then, with increasing temperature up to 200 °C, the storage modulus
decreases by one order of magnitude accomplished by an increase of the loss
modulus and development of a double-peaked tan 6 maximum at 168 and 207 °C,
due to the occurrence of complex relaxation phenomena pinned to the glass
transition (curve c, Figure 3.32A). The decrease of storage modulus and the
presence of the maximum in the tan & indicates that the sample cured at 150 °C is
only partially cross-linked and that the network formed at 150 °C is heterogeneous,

being characterized by regions of different segmental mobility. At temperatures
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higher than 200 °C, the values of storage and loss modulus approach a quasi plateau,
indicating that no relevant further cross-linking reactions occur in the measurement
conditions. For the HAP resin cured at 200 °C for 4 min, instead, the values of
storage and loss modulus and tan & (curves a'-c’, Figure 3.32A) are almost constant
throughout the entire explored temperature range. Only a slight decrease of the
storage modulus (curve a’, Figure 3.32A) and a slight increase of the loss modulus
(curve b’, Figure 3.32A) are, indeed, observed, associated with a faint and broad
peak at 258 °C in the tan & curve (curve ¢’, Figure 3.32A), indicating that collective
relaxation phenomena from mobile segments in the network still occur, even if these
movements are highly damped and more damped than those occurring in the resin
cured at 150 °C. This suggests that at 200 °C the cross-linking reactions occur
almost completely using a curing time of 4 min.

Similar behavior is observed for the Xylene modified PF resin PhXy cured at 160 °C
(Figure 3.32B). In particular, the storage modulus decreases (curve a, Figure 3.32B),
and the loss modulus increases (curve b, Figure 3.32B) at temperatures higher than
nearly 100 °C. Correspondingly, the tan & curve shows a double-peaked maximum
centered at 185 and 234 °C, (curve c, Figure 3.32B), indicating incomplete cross-
linking and large heterogeneities of the formed network. Then, at temperatures
higher than 250 °C, the storage modulus tends to increase, whereas the loss modulus
tends to decrease with increasing temperature, due to the occurrence of additional
cross-linking reactions (Figure 3.32B). For the resin PhXy cured at 210 °C, instead,
the cross-linking reactions occur almost completely (curves a’-c’, Figure 3.32B) as
indicated by the weak decay of the storage modulus (curves a’), the small and broad
maximum of the loss modulus (curve b’), and the broad and low-intensity maximum
of the tand peak at 247 °C (curves ¢’) that replace the strong maxima at lower
temperatures of the resin cured at 160 °C (curves c). The presence of the tand
maximum indicates that relaxation phenomena involving the phenol-formaldehyde
main chain and/or constrained silicone segments included in the resin network are

not completely suppressed.
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The tan & curve of the HAP resin PhO1 cured at 150°C is reported in Figure 3.33.
The different viscoelastic behavior of the cured resins may be characterized using as
parameters the position (Tg), the height (Imax), and the half-width at half-height
(Warz) of the tan & peaks, defined in Figure 3.33. Although the exact value of these
viscoelastic parameters depends on a multiplicity of different factors, their values
give information about the degree of cross-linking and efficiency of the curing. In
particular, high values of Inax indicate low cross-linking density as fully cross-linked
resins should virtually present flat tan § curves with no maxima. The temperature of
the maximum in tan & corresponds to the glass transition temperature Tg, due to the
main relaxation of the mobile (generally long) segments comprised in between the
nodes of the network. At temperatures higher than Ty, the global viscosity decrease,
so that post-curing reactions may easily occur, provided that the mobility of the
network strands bearing unreacted groups with complementary functionality is at
least in part activated. Usually, high values of the glass transition temperature
indicate a high degree of crosslinking associated with scarce segmental mobility at
lower temperatures. Finally, the value of the half-width at mid-height w2 of a tan &
peak, represents a measure of the complexity of chain dynamics of the network. In
particular, high values of w), indicate the formation of a heterogeneous network
that includes regions of high and low segmental mobility due to a low or high cross-
linking density, respectively. The size of these regions is rather big as the glass
transition corresponds to collective dynamics of chains over domains of the order of
3-5 nm®%3%4_ For the sake of simplicity, in the cases of samples that show double-
peaked maxima in tan 9, the parameters Tg, Imax, and W(i/2) are measured only for the

first (low temperature) peak (Figure 3.33).
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Figure 3.33: Definition of the parameters that measure the dynamic-mechanical
behavior of a cross-linked resin, in correspondence of a tan 6 peak, determined as a
function of temperature in a DMTA experiment carried out at constant frequency and
low strain amplitude. The parameters are the tan & peak position, corresponding to the
glass transition temperature Tg, the heigh of the maximum peak Imax and the half-width at
mid-heigh wy) of the peak. For a multiple peaked tan & maximum such as the curve
shown in the figure, only the low temperature peak is considered.

The so-determined values of the viscoelastic parameters deduced from the tan &
peaks of the PF resins of Table 3.1 are reported in Table 3.6. It is worth noting that
almost all PF resins cured at Tem = Tcl show double-peaked maxima in tan 8. The
resins cured at Tem = TeL + 50-60 °C, instead, show tan 6 maxima peaked at a single
temperature. Furthermore, the resin Ph14 cured at Tc. and the resin Ph12 cured at
both temperatures give brittle specimens, so that the DMTA curves could not be
measured.
It is apparent that, with increasing the curing temperature, all the samples exhibit a
shift of Ty toward higher temperatures and a decrease of peak intensity Imax.
However, the changes in the values of the half-width at mid-heigh w) of the tan &
peaks appear rather random. Since for the resins cured at Tc. only the first tan o
peak is considered, the reported values of wqy in Table 3.6 correspond to the half-
width at mid-heigh of the first peak. Therefore, the effective values of the half-width
at mid-heigh of the double-peaked tan 6 maxima should be almost twice the reported
values of w/z). This means that the values of the parameter w2 for the resins cured
at higher temperature tend to decrease compared with twice the reported values of
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W) Of the resins cured at Tco (Table 3.6), suggesting that at higher cross-linking

temperature the cross-linking density increases, whereas the degree of heterogeneity

in the cross-link distribution decreases.

Table 3.6 — Values of the viscoelastic parameters, namely glass transition temperature Tg,

height of the maximum Inax and half-width at mid-heigh w) relative to the first tan &
peak, measured from DMTA analysis relative to the PF resins of Table 3.1.2

Tem=TcL Tem = TeL+50°C
Tg(°C) Imax wae) (°C) | Tq(°C) Imax war) (°C)
Pho1 167, (207) | 0.30 37 234 0,15 33
Ph02 162 0.26 33 171 0.17 42
Ph03 140 0.35 33 132 0,32 25
PhXy 185, (234) | 0.47 41 247 0,34 68
PhAO1 128, (233) | 0.49 34 141 0,42 32
PhAO02 225 0.56 56 254 0,49 59
PhAO3 135, (202) | 0.61 15 261 0,41 15
PhA04 213 0.37 63 217 0,31 72
PhGAO1 | 202 0.13 43 238 0,06 25
PhGAO02 | 193 0.42 25 246 0,09 39
PhGAO3 | 200 0.21 34 276 0,05 32
PhGA04 | 198 0.06 30 234 0.03 40
Phil 175, (208) | 0.31 33 224 0,26 36
Ph12 n.a n.a n.a n.a n.a n.a
Ph13 146, (215) | 0.25 38 166 0,16 44
Phi4 n.a n.a n.a 147 0,32 45
Ph15 212 0.41 58 223 0,31 36
Ph16 214 0.22 57 253 0,18 37
PhSi01 202 0.32 54 217 0.24 43
PhSi02 205 0.37 73 218 0.30 55
PhSi03 143 0.49 34 163 0.26 41
PhSi04 168, (210) | 0.27 52 215 0.17 nd

3Legenda: n.a. = not available; n.d. = not determined. Some PF resins cured at low temperatures
show a double-peaked tan § maximum. The high temperature Tg is indicated in parentheses. In
these cases, the values Imax and wqyz) are relative to the sole Tq peak occurring at low

temperature.
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The DMTA curves of two melamine-based -resins are reported in Figure 3.33, as an
example. The DMTA curves of all other MF resins are reported in Appendix A3.3.
Data in Figure 3.34 are relative resins MFPh02 containing 40%wt of HMM
component and 0% HMTA and to the MF modified resin MFO3 containing 40 %wt
of PF resin and 3%wt of HMTA. Both samples are cured at Tem = 150 and 200 °C by
compression molding in a press for 4 min. The viscoelastic behavior of these resins
is different. The resin MFPh02 cured at Tcm = 150 °C shows a weak tand peak at Ty
= 160 °C (curve c, Figure 3.34A). Furthermore, the specimen becomes brittle at high
temperatures and breaks at 250 °C. The specimen cured at Tcm =200 °C, instead,
shows higher thermal resistance (curve a’, Figure 3.34A). At temperatures lower
than 150 °C the conservative and loss moduli of the resin cured at Tcm = 200 °C are
higher than the corresponding values of the resin cured at Tcm =150 °C, and become
lower at temperatures higher than 150-200 °C. Furthermore, the specimens cured at
200 °C show a broad glass transition at 213 °C with a half-width at mid-heigh w)
of 66°C.

The different behavior of the melamine resin MFPh02 containing 40%wt of HMM
component and no HMTA at low and high curing temperatures can be explained by
the influence of the temperature on reversible cross-linking reactions involving
methylol group or by the occurrence of curing competitive reactions*? (see Chapter
1). At low curing temperatures, e.g. 150°C, the curing of a melamine resin mainly
involves cross-linking reactions among the novolac functional groups and no
significant HMM participation. During a DMTA measurement, the so-obtained
network is subjected to additional, reversible reactions. These reactions involve
cross-reactions at low temperatures through the formation of methylol groups, which
lead to an increase in the cross-linking density. However, at high temperatures, the
inverse reactions that lead to a gradual breaking of the chemical bonds become
prevalent, up to induce complete rupture of the sample at 250 °C. At high curing
temperatures such as 200 °C, instead, the active participation of the HMM species in

the crosslinking reactions results in the formation of more stable networks, able to

66



resist reversible crosslinking reactions involving methylol groups, even at high
temperatures.

For the resin MFO3 cured at Tem = 150 °C, the conservative G’ and loss G” shear
moduli (curves a and b, Figure 3.34B) show broad undulations, due to
superimposition of post-curing reactions among the residual functional groups that
lead to an increase of moduli, and relaxation phenomena, that lead to a decrease of
the moduli. This waviness corresponds to a tan & curve (curves ¢, Figure 3.34B) that
shows a first relaxation peak at 150 °C with Ima= 0.34, followed by two additional
relaxation peaks at 192 °C and 273 °C. The presence of multiple peaks in the tan &
curve associated with undulations of the conservative and loss moduli indicates that
the sample is only partially crosslinked at 150 °C and experiences complex and
heterogeneous dynamics during the heating.

The conservative G’ and loss G” shear moduli of the resin MFO3 cured at Tem = 200
°C, instead, show a more regular behavior. With increasing the temperature the
conservative shear modulus (curves a’, Figure 3.34B) tends to decrease, whereas the
loss modulus (curves b’, Figure 3.34) tends to increase. Both curves show a small
drop at around 287 °C. Simultaneously, the corresponding loss factor tan & (curves
¢’, Figure 3.34B) shows a complex and broad peak at Ty ~ 287°C, due to the
relaxation of the residual mobile segments in the material, according to highly

heterogeneous dynamics.
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Figure 3.34: Storage modulus (a,a’), loss modulus (b,b”), and tan é (c,c’) as a function
of temperature for the melamine resin MFPh02 with 40%wt of HMM and 0% HMTA
(A) and MF03 with 40%wt of MF-resin and 3%wt of HMTA (B). The samples are
cured 150 (a-c) and 200°C (a’-c’). In all cases, the curing time is fixed to 4 min.

The values of the viscoelastic parameters deduced from the tan & peaks of the
melamine resins of Table 3.2 are reported in Table 3.7. The resin MFPhO6 cured at
Tc+50 and the resin MFO1 cured at both temperatures are brittle and produce a
large emission of gas during heating. For this reason, DMTA measurements have
not been performed. The resins MFPhO7, and MFPh02 cured at Tc., and the resins
MFPh01, MFPh08, MFPh09, MFPh10, MFPh03, MFPh11, and MFPh12 cured at
low and high temperature undergo breaking during the DMTA scan at temperatures
higher than 250 °C.

Also for this set of samples, the values of T increase and those Ima decrease with
increasing the curing temperature. Furthermore, also for these samples cured at high
temperatures, the values of the parameter wy) tend to decrease with respect to the

doubled values of w,) of the resins cured at T (Table 3.7).

68



Table 3.7 — Values of the viscoelastic parameters, namely glass transition temperature Tg,
height of the maximum Inax and half-width at mid-heigh w2 relative to the first tan &
peak, measured from DMTA analysis relative to the melamin resins of Table 3.2.2

Tem=TcL Tem = TeL+50°C
T¢(°C) Imax waz (°C) | Tg(°C) Imax waz) (°C)
MFPhO4 | 207 0.28 62 273 0.08 53
MF02 150, (198) | 0.28 32 200 0.17 71
MF04 155, (193) | 0.24 46 240 0.02 40
MFPhO5 | 135 0.82 26 135 0.47 37
MFPhO6 | 172 0.25 32 n.a n.a n.d.
MFPhO1 | 183 0.22 33 n.a n.a n.a.
MFPhO7 | 147 0.35 28 220 0.06 56
MFPh0O8 | 184 0.19 27 n.a n.a n.a.
MFPh0O9 | 200 0.15 31 n.a n.a n.a.
MFPh10 | 217 0.17 46 n.a n.a n.a.
MFPhO3 | 199 0.08 67 250 0.08 14
MFO03 150, (193) | 0.34 26 287 0.33 30
MFPh02 | 162 0.07 40 200 0.16 66
MFPh11 | 125, (175) | 0.39 24 269 0.04 47
MFPh12 | 124, (170) | 0.45 22 265 0.04 35
MFO01 n.d n.d n.d. n.d n.d n.d.

3Legenda: n.a. not available; n.d. not determined. Some PF resins cured at low temperatures
show multiple peaked tan & maxima. The high-temperature Tg is indicated in parentheses. In
these cases, the values Imax and wqz) are relative to the sole Tq peak occurring at low

temperature.
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CHAPTER |IV: SELF-HEALING SYSTEM

4.1 The self-healing system: PF resin/PA12 blends

The blending of PF resins with thermoplastic polymers is a simple, efficient, and
economic way to modify the properties and the performance of the final material,
and it could be used for achieving self-healing properties. The use of polyamides as
additives in the thermosetting resin matrix is not new®-  but they had not been
used yet to obtain self-healing composites.

Among the PF resins described in Chapter Ill, the resin PhOl, which is the
commercial-grade of Hexamine Adduct Phenolic (HAP) technology, has been
selected to produce blends with a polyamide. In HAP resin, the cross-linking agent,
hexamethylenetetramine (HMTA), is added into the melted polymer to ensure a
good dispersion.

The self-healing system is obtained by mixing powders of the curable HAP resin
with the polyamide 12 (PA12) in form of white powder finely ground. The powder
blend is then compression-molded to obtain a composite cured material in the shape

of bars (length, width, and thickness of 50, 10, and 1.5+2 mm, respectively).

4.1.1 Analysis of the PA12 sample

The used PA12 is a commercial-grade polyamide. PA12 crystallizes in four different
forms, the principal ones being the o- and y-forms. The y-form is obtained by
crystallization from the melt in common condition, a-form can be obtained by
crystallization from the melt under pressure at 500MPa, by precipitation from
phenol-ethanol solution, or by stretching at a temperature close to the melting
temperature®,

PA12 exhibits properties intermediate between short-chain aliphatic nylons (e.g.,
nylon 6 and nylon 66) and polyolefins®?, the melting temperature is the lowest

among the important polyamides, and the mechanical properties, such as hardness,
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tensile strength, and abrasion resistance, are similar to those of nylon 6 and nylon
66. Low water absorption and density, 1.01 g/mL, result from its relatively long
hydrocarbon chain length in repeating unit (Figure 4.1), which also confers its

dimensional stability and an almost paraffin-like structure®.

M -, A o~ .--'L
A S e S R g

Figure 4.1. Repeating unit of PA12

The DSC curves of the PA12 sample recorded at scanning rate of 10 °C/min during
heating, cooling from the melt and the second heating of the melt crystallized
samples are reported in Figure 4.2A. The sample presents a melting temperature of
183 °C and crystallization temperature of 153°C. The melt-crystallized samples melt
at 177°C.

The X-ray diffraction profiles of the as-prepared powder sample of PA12 and the
sample crystallized from the melt by compression molding at 210 °C and cooling
down to room temperature at ~20°C/min are shown in Figure 4.2B. The diffraction
profile of the as-prepared sample (profile a, Figure 4.2B) shows the 040, 020, and
001 reflections at 20 = 5.7, 11.1, and 21.5° of the y form® and the 200 reflection at
about 20 =20.5° of the o form™ of PA12, indicating that the sample is crystallized in
a mixture of a and y forms. The sample crystallizes from the melt in the pure y form,
as indicated by the diffraction profile of the compression-molded sample (profile b,
Figure 4.2B) that presents only the 040, 020, and 001 reflections of the y form® at
20~5.7,11.1, and 21.5°.
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Figure 4.2. (A) DSC curves of the sample of PA12 recorded at 10 °C/min during the 1%

heating of the as-prepared sample (a), cooling from the melt (b) and 2" heating (c). (B)

WAXS profiles of the as-prepared sample of PA12 (a) and the sample crystallized from
the melt after compression molding (b).

In order to better understand the performance of the PA12, the specimen obtained by
compression molding has been also characterized by TGA and DMTA (Figure 4.3).
The temperatures corresponding to 5%wt weight 10Ss Tesowwt COrresponds to 523 °C.
The first derivative of the TGA curve shows two maxima, indicating that
degradation occurs in two steps with maximum rate at Tq; and Tq2 equal to 561 and
582°C, respectively. The high values of Tosowwt, Ta1, and Tg2 confirm the high thermal
stability of the sample (Figure 3A).

The DMTA scan (Figure 4.3B) performed in the range 20-140 °C (Figure 4.3B),
shows a glass transition temperature of 58 °C, evaluated as the tan & peak maximum.
Owing to the high crystallinity, this glass transition phenomenon is not very intense

with tand peak intensity Imax=0.07 and width w2= 17 °C.
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Figure 4.3. (A) TGA curve (a) and corresponding first derivate (b) and (B) DMTA
curves showing storage(a) and loss (b) moduli and tand (c) of the compression molded
sample of PA12.

4.1.2 Analysis of the HAP resin/PA12 blends

The powders of the HAP resin and the PA12 have been mixed at various
compositions and the obtained blends have been named “B1_xy” where x and y
indicate the relative amount of the resin and the PA12, respectively (e.g., B1_8020
indicates the blend with 80wt% of HAP resin and 20wt% of PA12).

The DSC heating curves of the as-prepared powders of the blends B1_xy with the
amount of PA12 variable from y =5 wit% to y = 50 wt%, and the neat components,
are reported in Figure 4.4. As discussed in Chapter Il the DSC of the pure HAP
resin shows a softening endothermic peak at temperature Ts = 66 °C and a cross-
linking exothermic peak at temperature Tco = 152 °C (curve a, Figure 4.4 and Table
4.1). The softening phenomenon is visible also in the blends with PA12 even though
it becomes less pronounced and the area of the softening peak decreases with
increasing the content of PA12 in the DSC curves of the samples B1_xy (curves b-g,
Figure 4.4).

A remarkable effect of the presence of PA12 is instead observed in the DSC region
of the curing temperature Tc.. In fact, the cross-linking temperature, indicated by the

position of the exothermic peak Tci, increases with increasing PA12 content from

73



TcL = 152 °C of the neat resin to Te = 163 °C of the sample with 50 wt% of PA12
(curve g, Figure 4.4), whereas the enthalpy of the curing reaction, indicated by the
area of the exothermic peak, decreases with increasing the PA12 content (curves b-
0, Figure 4.4). Furthermore, along with the increase of temperature and decrease of
enthalpy of the curing reaction, a new endothermic peak at temperature T; close to
the curing temperature Tc. appears in the DSC curves of blends and is well visible in
the samples with 40 and 50 wt% of PA12 (curves f and g, Figure 4.4).

Finally, the DSC curves of the blends B1_xy of Figure 4.4 also show the melting
endotherm of the PA12 that is visible starting from the sample B1_8020 with 20
wit% of PA12 (curve d, Figure 4.4). The melting temperature of crystals of PA12 in
the blends is lower than that of the pure PA12 and decreases with increasing PA12
content, from 183 °C of the pure PA12 (curve h, Figure 4.4) to 176 °C of the sample
B1 8020 (curves d-h, Figure 4.4 and Table 4.1).

The results of the thermal analysis performed on the blends B1_xy with a clear
increase of the softening and curing temperatures of the PF resin and decrease of the
melting temperature of the PA12, indicate that some interactions between the PF
resin and the PA12 occur. Possible miscibility between the two components may be
also associated with the establishment of some chemical interactions of amorphous
chains of PA12 and the PF resin. The development of an endothermic peak at
temperature T; just before the cross-linking at Tc. indicate that in the initial heating
step of the unreacted powder blends, simultaneously or just before the curing
reaction of the PF resin with HMTA, a second phenomenon may occur between the
substituents of the aromatic rings of the PF resin and the nitrogen atom in the
polyamide backbone, with the formation of hydrogen bonds between the amide
groups and the hydroxyl groups of PF resin. The thermal behavior of the B1 blends
suggests that PA12 has a non-innocent role in the cross-linking behavior of the HAP
resin. Indeed, after the softening point, the uncured HAP species are liquid-like
whereas the PA12 component is still solid, thus forming a sort of slurry. Probably,

efficient hydrogen bond interactions are already established at this stage.
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The good dispersion of PA12 in the blends is essentially due to the establishment of
hydrogen bonds between the amide groups of PA12 chains and the hydroxyl groups
of PF resin, even though, based on the work of Ravve et al.”, the formation of
chemical bonds at amide/hydroxy groups interface may not be excluded. The values
of the relevant temperatures extracted from the DSC thermograms of Figure 4.4 are

reported in Table 4.1.

HAP

B1 9505
B1 9010
B1 8020
B1 7030

B1 6040

exo flow —

B1 5050

(025 PA12

50 100 150 200 250

Temperature (°C)
Figure 4.4. DSC heating thermograms of the as-prepared powder of the neat components
and blends B1_xy (HAP/PA12). The arrows indicate the new endothermic phenomenon at

temperature T1. a) pure resin HAP; b) B1-9505, c¢) B1-9010, d) B1-8020, e) B1-7030, f) B1-
6040, g) B1-5050, h) pure PA12.
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Table 4.1. Values of the softening (Ts) and cross-linking (Tc.) temperatures of the HAP
resin, and melting temperature (Tm) of PA12 extracted from DSC thermograms of Figure 4.4
relative to the neat components and the uncured blends B1.

Samples Ts (°C) TeL (°C) Tm (°C) T1(°C)
HAP 66 152 - -
B1-9505 68 152 - -
B1-9010 66 152 - -
B1-8020 68 154 176 -
B1-7030 71 157 176 143
B1-6040 67 158 176 149
B1-5050 72 163 178 154
PA12 - - 183 -

The X-ray diffraction profiles of the compression-molded cured samples of the
blends B1 xy are reported in Figure 4.5. The HAP resin, the PA12, and the blends
B1 xy have been cured at 200 °C for 10 min between the platens of a heating press.
As already shown in Chapter 111, the pure HAP resin is amorphous after curing and
compression molding, the diffraction profile showing only a broad amorphous halo
centered at 26 = 18° and no reflections of the hardener HMTA are visible (profile a,
Figure 4.5). The diffraction profiles of the blends B1_xy present the 020, 040, and
001 reflections of the y form of PA12, whose intensities increase with increasing

PA12 concentration (profiles b-h of Figure 4.5).
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Figure 4.5. WAXS profiles of the compression-molded specimen of the blends HAP/PA12
reported in table 4.1. a) pure resin HAP; b) B1-9505, ¢) B1-9010, d) B1-8020, €) B1-7030, f)
B1-6040, g) B1-5050, h) pure PA12.

The DSC curves of the cured compression molded samples of the blends B1 xy
recorded during first heating, cooling from the melt and second heating of the melt-
crystallized samples are reported in Figure 4.6. According to the WAXS profiles of
Figure 4.5, the pure HAP resin does not show endothermic or exothermic signals in
the heating and cooling curves, whereas the blends show a weak inflection at about
50 °C due to the glass transition of the PA12 dispersed in the phenolic resin matrix
and endothermic and exothermic peaks corresponding to the melting and
crystallization of PA12 (curves b-f, Figure 4.6). The melting temperatures of the
PA12 in the blends are lower than that of the pure PA12 (Tw= 179°C, curve g,
Figure 4.6A) and decrease with decreasing PA12 concentration (curves b-g, Figure
4.6A). The glass transition temperature seems to shift to lower temperatures with
increasing PA12 amount. The melting and crystallization temperatures and

enthalpies of compression-molded samples of the blends and pure components
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evaluated from the DSC curves of Figure 4.6 are reported in Table 4.2 and Figure

4.7 as a function of the PA12 concentration.
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Figure 4.6. DSC curves of the compression-molded samples of the HAP/PA12 blends
B1 xy of Table 4.1 recorded during first heating (A), cooling from the melt (B) and second
heating of the melt crystallized samples (C). a) pure HAP; b) B1-9505, ¢) B1-9010, d) B1-

8020, e) B1-7030, f) B1-6040, g) pure PA12.

DSC data reported in Table 4.2 and Figure 4.7 indicate that the values of melting
and crystallization enthalpies are arranged on straight lines. The melting
temperatures recorded during the first (Tm') and the second (Tn'") heating scan and
the crystallization temperatures (T¢) of the compression-molded specimens increase

linearly with the PA12 amount (Figure 4.7A). The values of the glass transition
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temperature of the blends, first decrease with increasing PA12 content and then

increase, showing deviation from linearity as a function of the PA12 concentration.

Table 4.2. Values of the glass transition temperature (Tg), melting (Tm!, Tm", 1%t and 2" heating) and
crystallization (Tc) temperatures and of the corresponding enthalpy (AHm', AHm", AHc) of HAP,
PA12, and their blends

Samples Tyg Tm' AHp! Tec (OC) AHc Tm!! AHm"
(°C) (°C) Jg?h (°C) Jg?h (°C) Jg?h
HAP 0 0 0 0 0 0 0
B1 9505 n.d. 163 -3,5 134 2,5 169 -3,0
B1 9010 40 169 -1,5 136 7,0 173 -6,0
B1 8020 33 165 -11 135 9,5 169 -9,5
B1 6040 31 169 -20,5 144 21,5 173 -20,5
PA12 45 179 -52 152 55,5 179 -52
n.d. = not determinable.
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Figure 4.7. DSC data of the compression-molded specimens of the blends HAP/PA12
reported in Table 4.2. (A) First Tn' and second Tm'' melting temperatures, crystallization
temperature T, and glass transition temperature Tg; (B) melting and crystallization enthalpies
(AHm', AHR"", AH).

The Thermogravimetric analysis is used to evaluate the thermal stability of the

obtained materials, the temperature observed at 5% weight loss is used as the

criterion for the onset of polymer decomposition. The compression-molded
specimens of the HAP/PA12 blends are thermally stable up to 350°C.
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TGA curves of the blends B1_xy are shown in Figure 4.8. The TGA data of an
additional sample with 60 wt% of PA12 (B1 4060) are included in Figure 4.8 to
better understand the degradation behavior. The TGA curves exhibit two main mass
loss steps (2 and 3 in Figure 4.8), probably due to the two different components of
the system, the resin and the thermoplastic PA12, anticipated by a lower mass loss at

a lower temperature (1 in Figure 4.8).
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Figure 4.8: Thermogravimetric curves (A) and first the derivate (B) recorded at
scanning rate of 10°C/min in airflow, of samples of cured blends B1_xy of Table 2
compression molded for 10 minutes at 200°C. The three weight loss phenomena Tq1, Tz,
and Tq3 have been indicated by the numbers 1, 2, and 3 respectively.

More in detail, the initial mass loss below 150 °C is due to the gradual evaporation
of absorbed moisture and the releasing of the volatile products typical of the PF
resins as formaldehyde, methanol, and/or ammonia’. The higher the PA12 amount,
the lower is this the mass drop in this temperature range. At higher temperatures the
cured blends B1_xy show three degradation phenomena (1, 2, and 3 in Figure 4.8)
instead of two as expected for the degradation of physical blends of two
components.

From the analysis of the first derivative of the TGA curves of the B1 blends (Figure
4.8B), it is apparent that the intensity of the first two peaks at Tq; ~ 370 °C and Tg2 ~
475 °C increases with the increase of the PA12 content (Figure 4.8B). They could be
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due to the temperature-induced rupture of new bonds formed between the two
components that lead to the release of volatile species and/or to a decrease of the
thermal stability of the PA12 component, triggered by the strong (non-bonded)
interactions established at PF interface. The third degradation step of the cured B1
samples, instead, is centered at the same temperature of the neat components (Tqs ~
580 °C). It is due to the thermal degradation of PF resin and the residual PA12
chains not directly involved in the strong interactions with the cross-linked matrix.
The multiple degradation steps of the B1_xy blends suggest that the thermal stability
of PA12 is impaired by the formation of strong interactions with the PF matrix.
Whether these interactions imply the formation of covalent bonds between the
amide groups of PA12 and the unreacted hydroxyl groups of the PF resin can be
only indirectly inferred from TGA data.

DMTA measurements of the fresh cured unbroken compression-molded specimens
of the blends B1_xy with 20, 30, and 40 %wt of PA12 are shown in Figure 4.9. The
storage and loss moduli are influenced by the presence of the PA12. In particular,
two drops in storage modulus occur in the range 30+50°C, due to the glass transition
of the compatible mixture PA12-PF resin, and in the range 160+180°C due to the
melting of the PA12. In general, higher amount of PA12 in the mixture gives lower
values of the storage and loss moduli. The intensities of the glass transition peak in

loss modulus and loss factor increase with the PA12 amount.
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Figure 4.9: DMTA curves of compression-molded specimen of the blends B1_8020 (a),
B1_7030 (b), and B1_6040 (c), recorded at scanning rate of 5°C/min. Storage modulus
(A) loss modulus (B), and loss factor(C).

4.2 Self-healing tests

4.2.1 DMTA and SEM analysis
The self-healing performance has been studied for the cured system HAP/PA12

(cured blends B1_xy) with different compositions as reported in Table 4.3, the
efficiency of the haling was qualitatively assessed visually. To demonstrate the self-
healing phenomenon, the cured compression-molded specimens are broken in liquid
nitrogen, the two pieces are then brought together, locked in a clamp, and heated in
an oven at 200 ° C and kept at 200 °C for 45 min. After this heat treatment, the
specimens with PA12 content higher than 20 wt% appear fully repaired”™ (Figure

4.10). Instead, the cured HAP resin and the blend B1_xy with 5 wt% of PA12 do not
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experience any welding, whereas the welding of the blend B1_xy with 10 wt% of

PA12 results unstable and fragile.

Table 4.3. Results of the breaking/healing tests performed on the cured HAP resin and the
cured B1 blends having PA12 content in the range 5-50 %wt.

Sample HAP resin PA12 (Yowt) Efficiency of
healing
PF resin (wt%) | HMTA(Wt%)

HAP 90 10 0 No
B1-9505 85.5 9.5 5 No
B1-9010 81 9 10 Poor, fragile
B1-8020 72 8 20 Good
B1-7030 63 7 30 Good
B1-6040 54 6 40 Good
B1-5050 45 5 50 Good

A

g s

Figure 4.10. Specimen of cured blend B1_8020.
A) Broken specimen; B) Specimen welded at 200°C for 45 min. The arrow indicates the
welding line between the two pieces.

The temperature and the long time are necessary to obtain the polymer-polymer
welding, which occurs after melting of PA12 at the interface through surface
rearrangement and chain diffusion’.
The performances of the welded specimens have been tested by performing DMTA
measurements. In particular, the DMTA curves of the freshly cured samples are
compared with those of the corresponding repaired specimens, measured in two
consecutive heating runs, in Figure 4.11. In particular, in Figure 4.11 the storage
modulus G’, the loss modulus G’’, and the loss factor (tan &) of specimens of the
samples B1_8020, B1_7030, and B1_6040 are reported.

Regardless of the blend composition, the storage modulus of the freshly cured

samples shows an inflection at about 65-80 °C and a broad peak at about 160 °C,
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associated with the glass transition and the melting point of PA12, respectively. In
correspondence of these discontinuities in G’, the loss modulus and the loss factor
show broad maxima (Figure 4.11). The broken specimens, after welding, show a
similar behavior during the first heating DMTA scans, indicating that the heating
treatment at 200 °C for 45 min leads to the formation of a stable network at the
fracture interface, equivalent to the pristine, unbroken samples. However, in the
second heating scans, the melting peaks become less pronounced or completely
absent.

The results of Figure 4.11 suggests that PA12 acts as a reservoir in the
breaking/healing process. During the heat treatment of the broken specimens,
indeed, the melted thermoplastic polymer flows throughout the interface of the
fracture. Welding is generated by the strong interactions occurring between
complementary groups of the two components and by the successive crystallization
of PA12 during the cooling. Furthermore, the cross-linking reactions occurring
during the curing of the pristine sample and in the successive welding at 200 °C for
45 min are not complete. Therefore, for the welded specimens, further reactions
occur during the first DMTA scan, resulting in a further stabilization, and
consequent damping of the relaxation phenomena of the network in correspondence

of the melting of PA12 crystals during the successive heating.
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Figure 4.11. DMTA data of specimens of blends B1 8020 (A), B1_7030 (B) and B1_6040
(C) compression molded at 200 °C for 10 minutes (dashed lines), broken and healed at 200
°C for 45 minutes (continuous lines) and second scan on the same healed specimen
successive to the first scan after cooling to room temperature (circle lines).

SEM micrographs confirm the mechanism and the efficiency of the welding process.
SEM images of the compression-molded cured blend B1_6040 after breaking in
liquid nitrogen are shown in Figure 4.12A. The crystalline polyamide is well-
dispersed in the HAP resin matrix in the form of crystalline domains of variable
sizes between 10 to 200 microns (Figure 4.12A). The dispersion is favored by the
presence of the in-situ formation of tightly bound layers at the interface with PF
resin (double arrow in figure 4.12B), whereas the formation of huge PA12 domains
is due to the crosslinking reaction, which does not allow the dispersion of the PA12.
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The SEM image of the fracture surface of the blend B1_6040, after removal of the
PA12 component using phenol at 100 °C for 6 h is shown in Appendix A4.0. The
regions occupied by the spherical entities are replaced by holes, confirming that
PA12 is well dispersed in the PF network.

o 5 ~

Figure 4.12. SEM micrographs of the inner surface of the specimen of the blend
B1 6040 cured at 200 °C for 10 min after breaking in liquid nitrogen. (A) magnification
400x, (B) magnification 12000x. The double-pointed arrow shows an interface layer of
PA12 chemically and/or physically bound to the surrounding HAP resins.
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When the broken specimen is brought at a temperature higher than 170°C, the PA12
melt can flow in the matrix and fill the cavities, cracks, and fractures. In our test the
fracture is macroscopic, a deliberately extreme case that involves the entire
specimen, although the possible final applications of PF resins do not involve such
breakages. The main difficulty is to match perfectly the two pieces to be repaired,
however, the imperfect arrangement allows us to define the welding area which
could be almost indistinguishable from the bulk of the specimen. The SEM
microphotographs relative to the inner area of the samples B1_6040 and B1_7030
that have been first broken, then welded, and successively cut perpendicularly to the
welding surface are shown in Figure 4.13 and 4.14, respectively. The welding line is
evident in the dashed rectangle and appears straight with some regions which are
undistinguishable from bulk. The SEM microphotographs of the specimen B1_6040
perfectly welded are shown in Figure 4.15.

dwell HV mag [] | spo! WD det | bias 500 ym ———
20ps | 5.00kv | 180x (3.0 | 50mm | ETD | OV

Figure 4.13.SEM micrographs of a specimen of the blend B1_6040 cured at 200°C for
10 min after breaking, successive healing, and successively cut perpendicularly to the
welding surface. The whole welded fracture has indicated by dashed rectangle.
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Figure 4.14.SEM micrographs of a specimen of the blend B1_7030 cured at 200°C for

10 min after breaking, successive healing, and successively cut perpendicularly to the

welding surface. A) The whole welded fracture has indicated by a dashed rectangle. B)
Detail of the repaired fracture.

Figure 4.15.SEM micrographs of a specimen of the blend B1_6040 cured at 200°C for
10 min after breaking, successive healing, and successively cut perpendicularly to the
welding surface. The two pieces are perfectly welded. A) The whole welded fracture is
indicated by a dashed rectangle. B) Detail of the repaired fracture.

4.2.2 Curing temperature

As described in the previous chapters, the curing temperature affects the mechanism

of the cross-linking reactions, through the formation of different types of

intermediates such as benzylamines and/or benzoxazines, and the final performances

of the PF resins.

The influence of the temperature at which the compression molding is performed

and at which the curing reaction occurs (Tcm) on the behavior of the final specimen

and the behavior of the self-healed (welded) specimen has been studied for the blend
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B1 6040. This parameter could be crucial for the final properties of the material. In
particular, the temperatures have been chosen considering the different phenomena
which occur in this system, the endothermic phenomenon at temperatures higher
than 140°C, the curing at about 150°C, the melting of polyamide at about 180°C,
and post-curing phenomena for temperature higher than 220°C. The unreacted
powders of the blends have been compression molded at the same condition
described in the previous paragraph but using different curing temperature Tem
(150°C, 170°C, 190°C, 200°C, 220°C).

X-ray diffraction profiles of the so obtained specimen compared to the blend
between ground cured HAP and PA12 powder are reported in Figure 4.16.

150°C

a mixed

5 10 15 20 25 30 35 40
260 (deg)

Figure 4.16. WAXS profiles of the mixed PA12 powder with ground HAP cured resin
(a) and of samples of the blend B1_6040 compression molded at different temperatures
Tem 0of 150 (b), 170°C (c), 190°C (d), 200°C (e) and 220°C (f).

All the specimens show PAI12 crystalline y form, except for the Bl 6040
compression molded at 150°C which shows still the mixing between the two
different crystalline forms indicating that during the compression molding the PA12

has been not totally melted.
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The DMTA curves showing the storage modulus, loss modulus, and loss factor of
the fresh unbroken specimens of the blends cured at the different temperatures are
shown in Figure 4.17. It is apparent that higher Tem give lower loss factor curve,

higher loss modulus curve, and less drop in the storage modulus in the PA12 melting
range temperature.
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Figure 4.17. DMTA data of fresh samples of the blend B1_6040 (unbroken) obtained by
compression molding for 10 minutes at curing temperatures of 150°C (green), 170°C

(red), 190°C (black), 200°C (blue), and 220°C (orange). A) Storage modulus, B) Loss
modulus, C) Loss factor.

A comparison between storage modulus, loss modulus, and loss factor of the
samples of the blend B1_6040 cured at different temperatures, broken, and then
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welded (at 200°C for 45mins) are shown in Figure 4.18. In this case, the
performances seem to increase with compression molding temperatures and then
worsen beyond 200 °C. Similar behavior has been observed during the second scans
performed on the same welded sample after the DMTA scan and cooling to room

temperature (second DMTA scan of the welded specimen) (Figure 4.19).
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Figure 4.18. DMTA curves of specimens of the blend B1_ 6040 that are obtained by
breaking in liquid N2 and successive healing at 200 °C for 45 min, the powders cured for
10 min at Tem equal to 150 (green), 170 (red), 190°C (black), 200 (blue), and 220 °C
(orange). A) Storage modulus, B) Loss modulus, C) Loss factor.
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Figure 4.19. DMTA curves recorded in the Il heating scan of the same specimens of
Figure 4.18. The samples are obtained by subjecting to first DMTA scan specimens of
the sample B1_6040 broken in liquid N2 and successively welded at 200 °C for 45 min,
starting from powders cured for 10 min at Tcm of 150 (green), 170 (red), 190°C (black),
200 (blue), and 220 °C (orange). A) Storage modulus, B) Loss modulus, C) Loss factor.

As discussed above (Figure 4.11), the intact samples as well as those subjected to
welding show double inflections in the storage modulus and double maxima for the
loss factor, regardless of the curing temperature Tem. They correspond to the glass
transition of PA12, in the range 65+80°C, and the melting of PA12 at about
160+107°C.

The melting of the PA12 component in the fresh (unbroken) specimens (Figure

4.17) is less pronounced than that observed for the samples subjected to welding
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(Figure 4.18). The results of the thermomechanical analysis of Figures 4.17 and 4.18
suggest that for the freshly cured specimens, the crosslinking reactions are not
complete, even adopting high curing temperatures. The samples, indeed, regardless
of the curing temperature, show the same relaxation phenomena, with only minor
differences in the relative intensity. However, after breaking and successive
welding, through annealing at 200 °C for 45 min, the heat treatment leads to the
formation of a network that is less prone to relaxation, in the case of the samples that
are early cured at 200 and 220 °C. For the pristine samples early cured at lower
temperatures, 150 and 170 °C, instead, the curing efficiency is not so high, so that,
after breaking and successive welding (Figure 4.18), the annealing is not so
effective, leading to welded specimens exhibiting relaxation phenomena more
pronounced than those shown by the corresponding unbroken specimens (Figure
4.17).

The thermomechanical behavior of the welded specimens in Figure 4.18 is probed
also by recording DMTA curves in a successive heating scan (second heating run).
The results are shown in Figure 4.19. There are no huge differences in the DMTA
curves of the samples subjected to second heating scans, regardless of the curing
temperature adopted for the corresponding pristine samples Tem.

In particular, for the samples obtained by early curing the pristine powders at Tem =
150 and 170 °C, the relaxation phenomena of the network associated with the
melting of the PA12 component corresponds to a weak and narrow peak in the loss
moduli and tan 3 curves in the second heating scan of the broken and successively
welded specimens, in the other temperature regions the DMTA curves being very

similar.

4.2.3 Study of other resin/PA12 systems
The welding capability of HAP resins achieved resorting to the addition of PA12
was tested also for other PF resins and also for the MF-based and BMI resins. Six

commercial grades of PF resins characterized in Chapter Il are selected for these
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tests, through the use of the curing efficiency chart®?. Grades belonging to the
quadrants of fast curing resins, with high (Quadrant 1) and low curing efficiency
(Quadrant 4), and resins belonging to the quadrants of slow curing resins with high
(Quadrant 2) and low curing efficiency (Quadrant 3) were selected.

The three MF-based resin has been selected considering the different amount of

HMM (25wt% and 40wt%) and the absence or presence of HMTA (0Owt% and
3wt%).
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Figure 4.20: Correlation diagram of the curing efficiency of phenolic resins,
denominated “curing efficiency chart”. Parameters indicative of the curing rate and
curing efficiency are reported on the x- and y-axis, respectively (see Chapter Il for
details). The position of the selected PF resins is indicated. The position of the HAP
resin is also indicated for comparison.

All the blends between the resin and the PA12 have 40%wt of PA12, with the aim to
maximize the compatibilization and the subsequent healing mechanism, and have
been compression molded, broken, and healed with the same procedure used for the
blends B1_xy. The DMTA curves of the PF resins are shown in Figures 4.21-4.23
and those of a BMI resin are shown in Figure 4.24. A summary of the results is
reported in Table 4.4. The welding occurs for all the samples except for the MF-

based resin. As reported in Table 4.4, all the studied systems show self-healing
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properties, regardless of the curing kinetics of the phenolic resin and some resins

having only the ortho- structure have shown brittle behavior after welding. Probably,

the brittle welding behavior observed using the ortho-PF resin is directly related to

the ortho-substitution that makes the reactivity of the amide groups toward the

phenol substituents of the resins more hampered and/or energetically less favorable.

Table 4.4. Commercial thermosetting resins blended with PA12 40wt%

Type of HMTA Welding
0,
Sample Components (wt%o) resin (Wt%%)? capability
HAP PF resin (80-90%) — Ph01 PF 10 Yes
0-Ph Ortho-PF resin — Ph03 PF 6-7 Yes, brittle
Ph_fastl | PF resin with secret additive 5% - Ph17 PF 10-20 Yes, brittle
Ph_fast2 | PF resin with secret additive — Ph18 PF 10-20 Yes
PF  resin  modified with 14-
PhAr bis(methoxymethyl)benzene/phenol PF <10 Yes
copolymer (>80%) — Ph07
PF resin copolymer 1,3-dimethylbenzene
PhX PF <9 Y
Yo ] (289.5%) e
PhPVB PF Resin modified with PVB — PhA04 PF 8.5-9.5 | Yes
MFPhO1 | PF resin with 25% HMM MF - NO
MFPh02 | PF resin with 40% HMM MF - NO
MFPh03 | PF resin with 40% HMM MF 3 NO
BMI Bismaleimmide resin — BM-24 BMI - Yes
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Figure 4.21. DMTA data of the cured compression-molded specimen broken and healed
of PF resin blended with 40wt% of PA12. A) Xylene-PF resin (PhXy), B) HAP resin fast
curable (Ph_fastl)
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In the case of BMI resin mixed with 40wt% PA12 longer curing time tcm is needed
to obtain a specimen suitable for DMTA measurements. The compression-molded
specimen, cured at Tcm=200°C and tcn =10 mins, melts during the measurements
probably also due to poor crosslinking, for this reason, the specimen has been
obtained with ten =20 mins.

In figure 4.24A two consecutive DMTA scans performed on the same intact
unbroken specimen are reported. During the first scan, two drops in storage modulus
have been detected. The first one occurs in the temperature range of 40+70°C and it
is due to the PA12 glass transition, the second deeper drop occurs in the temperature
range between 150 and at 250 °C and is due to the melting of PA12 and a glass
transition of the BMI resin not fully cured. Above 230°C the storage modulus starts
increasing which means post-curing reaction occurs. During the second scan, the
glass transition temperature is higher than the first scan of ~10°C, and the second
drop in storage modulus il less deep.

In figure 4.24B two consecutive DMTA scans performed on the same specimen
after the breakage and the subsequent healing at 200°C for 45mins have been

reported. It is worth noting that storage modulus, loss modulus, and loss factor
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follow similar behavior during the first and the second scan in both intact and

broken and healed samples.
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Figure 4.24. DMTA curves of samples of the blend BMI resin:PA12 60:40 compression
molded at 200°C for 20 minutes. Unbroken samples scanned twice (A); broken/healed
samples scanned twice (B).

4.3Novolac (HMTA free)-polyamide blends: the study of the
compatibilization

Blends between the o/p novolac resin not containing the hardener HMTA and
polyamide 12 with different compositions. The composition and properties of the
blends are reported in Table 4.5. It is worth noting that whereas HMTA is involved
in the reactions with the PF resins, it does not react at all with PA12 (see Appendix
A4.1). The powders of the HMTA free PF resin (Ph00) and the PA12 have been
mixed at various compositions and the obtained blends have been named “B0_xy”
where x and y indicate the relative amount of the resin and the PA12, respectively.
(e.g. BO_8020 indicates the blend with 80wt% of PF resin and 20wt% of PA12).
The simplicity of this approach lies in the fact that there is no need to add any
external agent since the compatibilization of the resin and PA12 occurs through
interactions between functional groups already present in the phenolic resin or
functional groups that are formed during its heating. Furthermore, being a
compatible physical blend, polyamide and PF-resin could act as a reactive blend and
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during heating, a new covalent bond between ortho or para free position of the
aromatic phenolic ring of uncured PF resin and the amide group of the polyamide
could be probably generated (Figure 4.25). The reaction is not well described but
should take place between a methylol group and the nitrogen of the amide group™.
Anyway, the new bond is not easy to detect, so only indirect clues have been
obtained (see Appendix A.4.2).

Figure 4.25. The newly formed bond between an aromatic ring of PF resin and a
nitrogen atom of PA12 occurs by reactive blending triggered by heating.

The DSC curves of the BO_xy blends recorded during heating of the as-prepared
blends, cooling from the melt and successive second heating of the melt-crystallized
samples are reported in Figure 4.26. As already discussed in Chapter 11 for the neat
PF resins, the DSC heating curve of the as-prepared neat Ph resin shows a softening
endothermic peak at temperature Ts = 50-60 °C and an endothermic peak at nearly
160 °C corresponding to partial cross-linking without hardener and/or gas releasing
(Figure 4.26A). The DSC heating curves of the blends BO_xy with PA12 show an
endothermic peak at temperature T; variable between 134 °C of the sample BO_9010
with low PA12 content and nearly 150 °C of the samples with higher PA12 content,
and an endothermic peak at higher temperatures corresponding to the melting of
PA12 (Figure 4.26A). The temperature of the endothermic peak T increases with
increasing PA12 content up to merge into the melting endotherm of PA12. The
melting temperature of PA12 decreases with decreasing PA12 content, from 184 °C
of the pure PA12 to 150-160 °C of the samples with 50-60 wt% of PA12 (Figure
4.26A).
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The DSC cooling curves of Figure 4.26B indicate that PA12 does not crystallize
from the melt in the blends with PA12 concentration lower than 65 wt% and only
the glass transition of the blends is observed in the cooling thermograms.
Crystallization of PA12 is clearly visible for samples with PA12 content higher than
60 wt% and the crystallization temperature increases with increasing PA12 content
from 107 °C of the sample BO_3565 to 153 °C of the pure PA12 (curves I-o0 of
Figure 4.26B). The glass transition temperature instead decreases with increasing
PA12 content (Figure 4.26B).

The DSC curves recorded during the second heating of the amorphous pure Ph resin
and amorphous blends with PA12 content lower than 65 wt% of Figure 4.26C
(curves a-l) show only the glass transition at a temperature that decreases with
increasing PA12 content. For blends with higher PA12 concentration, the DSC
heating curves also show the melting endotherm of PA12 with melting temperature
that increases with increasing PA12 content (curves h-o of Figure 4.26C). Blends
that crystallize only in part during the cooling step from the melt of Figure 4.26B, as
the samples BO_4060 and BO_3565 with 60 and 65 wt% of PA12 (curves i and | of
Figure 4.26B), crystallize during the heating scan giving the cold-crystallization
exothermic peaks at 120 and 108 °C, respectively (curves i and | of Figure 4.26C).
The absence of crystallization and melting of the PA12 component on the blends
with low PA12 content up to nearly 60 wt% suggests that that PA12 is almost
completely dispersed in the novolac matrix (Figure 4.26 B and C). The dispersion is
probably favored by the establishment of chemical interaction (hydrogen bonds)
between chains of the novolac resin and PA12 occurring during the first heating of
the as-prepared blends, as indicated by the presence of the endothermic peak at Ti=
134-150°C which increase with the polyamide amount and by the absence of the
melting peak at Tw=175°C of PA12 (Figure 4.26A). With PA12 concentration higher
or equal to 60%, the excess of PA12 crystallizes and melts at temperatures close to

those of the neat component, as shown by the DSC curve in Figure 4.26A-C.
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The presence of a single glass transition clearly visible in the cooling and second
heating DSC curves of Figure 4.26B,C also gives evidence of dispersion of the
PA12 within the PF resin.

The values of the glass transition temperature evaluated from the DSC second
heating curves (figure 4.26C) are reported in Table 4.2 and in Figure 4.26D as a
function of PA12 concentration and compared with the theoretical values calculated
for blends or copolymers with the Fox-Flory equation. All amorphous blends exhibit
negative deviation ATy (equation 1) from the theoretical model. These kinds of

deviations usually are due to prevailing conformational entropic effects™.

1
Ay =Tg = Wpp | Wpai2 )

Typr * Tgpaiz

Table 4.5. DSC data of the blend between PFresin without hardener (Ph) and PA12.

Sample (Wian) (F;/?Vf) T (CF [Tn (O To (OF | Ta" (0¥ | ToCy | ATg(0)
PROO | 100 0 - - - - %8 0
B0_9010 | 90 10 134 : No No 86 20
Bo_7822 | 78 22 139 : No No 77 18
B0_6832 | 68 32 141 - No No 63 85
B0_6040 | 60 40 143 : No No 59 69
B0_5050 | 50 50 146 : No No 54 52
BO 4456 44 56 147 - CcC 146 49 -6,2
B0 4258 | 42 58 149 : cc 146 47 69
B0_4060 | 40 60 152 - cc 149 45 77
B0_3565 | 35 65 - 163 | 107 156 43 65
B0_3070 | 30 70 - 173 | 126 160 48 16
B0_2080 | 20 80 : 179 | 134 168 47 66
PAL2 0 100 - 183 | 157 177 29 0

2 endothermic phenomenon recorded during the 1%t heating scan; ®melting temperatures of PA12 recorded during the
1%t and 2" heating scan; crystallization temperatures of PA12 recorded during the cooling scan; ¢glass transition
recorded during the 2" heating scan.
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Figure 4.26. (A-C) DSC curves recorded at 10 C/min during 1% heating of as-prepared
samples (A), cooling from the melt (B), and successive 2" heating of the melt-
crystallized samples (C) of blends BO_xy of table 2, not containing HMTA. (D) Values
of the glass transition temperature of blends evaluated from the DSC 2nd heating curves
as a function of the PA12 concentration (filled circles) compared to the theoretical
values calculated with the Fox-Flory equation (dashed line) and deviation ATy from the

model (open circles) (D).

Figure 4.27 shows the WAXS profiles of the blend BO_6040 recorded at different
temperatures of 25°C, 60°C, 80°C, 100°C, 130°C, 180°C with a heating ramp of
10°C/min between each step, and at 25 °C after cooling. The temperatures have been

selected from the DSC first heating of the sample (curve e, Figure 4.26A). The
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WAXS profiles present Bragg reflections at 26 = 5.7°, 11.1°, and 20.5° due to the
presence of crystals of the o and y forms of PA12 in the as-prepared sample of the
blend. These peaks are still visible at 100 °C (curve d, Figure 4.27) but with lower
intensity and at 130°C disappear indicating melting of PA12. This corresponds to
the endothermic peak that appears at the temperature T1 in the DSC curve of the as-
prepared sample of the blend BO_6040 (curve e of Figure 4.26A), which has been
associated to the establishment of the chemical interaction between chains of PA12
and the PF resin. This interaction probably favors the melting of PA12 crystals.
When the sample is cooled to room temperature after melting, the PA12 does not

crystallize (curve g of Figure 4.27).
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Figure 4.27. WAXS profiles of the blend BO_6040 recorded at different temperatures
during heating (a-f) and at 25 °C after cooling (g). The endothermic phenomenon
observed in the DSC heating curve at T; = 134°C favors the melting of the PA12 (profile

e).
The results of Figures 4.26 and 4.27 indicate that the strong interactions established
in the BO_xy mixtures between the two components, induce a strong influence on
the crystallization properties of PA12. In particular, the increase of PF resin in the

BO_xy blends induces a strong decrease of the crystallization rate of PAl12, as
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indicated by the strong decrease of the crystallization temperature for the samples
with PF content lower than 35%wt, cold crystallization for the blends BO_3565 and
BO_4060, up to prevent any crystallization, not only from the melt in the cooling
step but also during the successive heating scans. Whether PA12 in the BO blends
with PF content higher or equal to 60%wt crystallizes by aging at temperatures
higher than the glass transitions has not been checked in depth. The most interesting
result of DSC and diffraction analysis consists in having evidenced that in absence
of HMTA the interactions established at PF/PA12 interface are really strong.

The strong interaction and the reaction between the nitrogen of PA12 and phenolic
rings of PF resin are directly visualized using Infrared spectroscopy. ATR has been
used for the powder samples with a low amount of polyamide for which films
cannot be prepared, and FTIR for samples with a high amount of PA12 for which it
is possible to prepare films with the right thickness by compression molding.

The IR spectrum of the as-prepared sample of the blend BO_6040 (unreacted) is
compared with the spectrum of the blends BO_6040 compression molded at 200 °C
for 10 minutes and with the spectrum of PA12 in Figure 4.28. The band at v = 3290
cmt relative to the N-H stretching of the PA12 (curve a of Figure 4.28A) disappears
in the compression-molded sample (curve c of Figure 4.28A). Moreover, the band
relative to the vibration of the amide group at v = 1635cm™ of PA12 (curve a of
Figure 4.28B), is shifted to lower wavenumber in the compression molded sample
(curve c of Figure 4.28B). This confirms the establishment of hydrogen bonds
between the nitrogen of the amide group of PA12 and the hydroxyl group of the PF

resin.
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Figure 4.29 shows the FTIR (figure 4.29A) and ATR (Figure 4.29B) spectra of
samples of the blends BO_7030, BO_5050, BO_4060, and of PA12 obtained as films
after compression molding at 200°C for 10 minutes and of the uncured HMTA free
novolac (Ph). The band at v = 3290cm™ relative to the N-H stretching of the PA12 is
not visible in blends with low amounts of PA12, less than 50%, and becomes barely
visible in the sample BO_4060 (curves b-d of Figure 4.29A). Moreover, the band
relative to the vibration of the amide group at v = 1635cm™ is shifted to lower
wavenumber in the blends with low PA12 content and returns visible for PA12
amount higher than 50% (Figure 4.29). This confirms the formation of chemical

interaction involving the amide group of the PA12 and the aromatic ring of the resin.
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Figure 4.29. FT-IR (A) and ATR (B) spectra of compression-molded films of PA12 (a)
and blends BO_4060 (b), BO_5050 (c), and BO_7030 (d) and uncured HMTA-free PF
Resin (e). The dashed lines indicate the N-H stretching and the amide | stretching peaks
respectively.

4.4 Novolac-polyamide blend as masterbatch

Masterbatch is a concentrated mixture of an additive into a carrier resin, generally
added in a small amount to a given polymer during the processing, to modify the
properties in a controlled manner. In this paragraph, it is explored the possibility to
use PA12 in a masterbatch, in order to prepare cross-linked resins with self-healing
properties using a lower amount of PA12.

The masterbatch, which is a PA12 rich blend, has been prepared in two steps. In the
first step, a mixture containing 70 %wt of PA12 and 30% of an HMTA free PF
resin, has been subjected to intensive mixing with a vibration mixer and successive
compression molding at 180°C for 20 min, to obtain the sample coded BO_3070 in a
preceding paragraph. Then the so obtained material has been finely ground in a
mechanical miller. The so-prepared powders are coded as BO_3070C. In the second
step, the BO_3070C powders are used as masterbatch, in mixture with the HAP resin
in various proportions and then cured at 200 °C for 10 min in a press. The

preparation scheme is summarized in Figure 4.30.
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The obtained blends have been defined “B2_xy” where the two numbers x and y
indicate the ratio between the two components, the resin HAP and the masterbatch
BO_7030C (for example, B2_72 indicates the blend HAP:B03070C with ratio 7:2).

The obtained blends have been named “B2 ” followed by two numbers which
indicate the ratio between the two components (e.g. B2 72 indicates the blend
HAP:B03070C with ratio 7:2). The blends with masterbatch, their final composition,
and the qualitative occurrence of the healing after breaking are reported in Table 4.6.
Notice that the blends B2_xy contain from ~12 to =23 %wt of PA12. They are
obtained by mixing for 1 part of masterbatch, 2, 2.5, 3.5, and 5 parts of the HAP

resin.

dispersion of PA12

T=180°C 3 T'=200°C:; pressure

curing
PA12 PF resin (HMTA free)
70% 30%

B03070C HAP (~10% HMTA)
(ground)

Figure 4.30: The schematic process used to obtain the masterbatch BO_3070C and then
the cured specimen by compression molding.

Table 4.6. Composition of blends composed of the HAP resin and the masterbatch

BO_3070C as a self-healing agent

Sample | HAP:B0O_3070C HMTA? PF resin PA12 Self-healing with
(Wt%) (Wt%) (Wt%) BO_3070C

B2 21 2:1 6.7% 70.0% 23.3% Yes

B2_52 5:2 (2.5:1)° 7.1% 72.8% 20.0% Yes

B2_72 7:2(35:1) 7.8% 76.6% 15.6% Yes

B2_51 51 8.3% 80.0% 11.7% Yes, brittle

aCalculated considering that the HAP resin contain about 10 %wt of HMTA.
bCodes are given using exclusively integer numbers.

The WAXS profiles of the cured compression molded samples of blends B2_21,
B2_52, B2_72, and B2_51 (curing temperature 200 °C, curing time 10 min) are
reported in Figure 4.31. All samples show crystalline PA12 which is fundamental

for the occurrence of the self-healing mechanism. The total contents of PA12 in the
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resultant blends are 23.3wt%, 20.0wt%, 15.6wt%, and 11.7wt% respectively (Table
4.6).

Intensity (a.u.)
Qo

d
5 10 15 20 25 30 35 40 45 50 55 60
20 (deg)

Figure 4.31: WAXS profiles of the cured compression molded samples of the blends
B2_21(a), B2_52(b), B2_72(c), and B2_51(d). The PA12 content corresponds to 11.7,
15.6, 20.0 and 23.3 %wit, respectively.

Two consecutive DMTA measurements have been performed on the compression
molded cured samples of the blends B2 21, B2 52, B2 72, and B2 51 (curing
temperature 200 °C, curing time 10 min). The DMTA curves are reported in Figures
4.32A, 4.33A, 4.34A, and 4.35A, respectively. Two consecutive DMTA
measurements of the same specimen after breaking and successive welding are also
reported in Figures 4.32B-4.35B.

For the welded samples with PA12 content lower than 16wt%, B2_72 and B2_51, a
remarkable drop in storage modulus occurs in the melting temperature range of
PA12 (160-180°C). For all the compositions except for the sample B2_51 which has
the lowest PA12 content, during the DMTA scan, the samples do not break, but
post-curing reactions occur giving rise to a fully stable material. This is confirmed in
the second DMTA scan, performed on the same specimens which show similar
viscoelastic behavior of the unbroken specimen tested twice. Compared to the
specimens B1 8020 (Figure 4.11A) which has 20%wt of PA12 content, all the

specimens prepared by addition of the masterbatch shows a more pronounced loss
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factor peak in the glass transition range (45-65°C), a higher drop in storage modulus,
and the start of post-curing phenomena at a temperature of about 30°C lower. In
general, even if it is a secondary effect, the effect on the tan & curve is seen
positively as a more damped material is also obtained. This is the direct consequence
of the higher amount of amorphous PA12 in this system.
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Figure 4.32. Storage modulus (a,a”), loss modulus (b,b”), and tan 6 (c,c’) as a function of
temperature of the sample B2_21 cured at Tcm = 200°C. The first scan (a-c) and the
second scan on the same specimen (a’-c’) performed on the intact sample (A) and the
sample after breakage and healing (B).
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Figure 4.33. Storage modulus (a,a’), loss modulus (b,b”), and tan 6 (c,c’) as a function of
temperature of the sample B2_52 cured at Tcm = 200°C. The first scan (a-c) and the
second scan on the same specimen (a’-c’) performed on the intact sample (A) and the
sample after breakage and healing (B).
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Figure 4.34. Storage modulus (a,a”), loss modulus (b,b”), and tan 6 (c,c’) as a function of
temperature of the sample B2_72 cured at Tem = 200°C. The first scan (a-c) and the
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sample after breakage and healing (B).
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Figure 4.35. Storage modulus (a,a’), loss modulus (b,b”), and tan 6 (c,c’) as a function of
temperature of the sample B2_51 cured at Tem = 200°C The first scan (a-c) and the
second scan on the same specimen (a’-c’) performed on the intact sample (A) and the
sample after breakage and healing (B). The second scan has not been performed because
of the detaching of the two pieces.

The use of the masterbatch has been extended also to melamine-based resins. The
efficiency of the self-healing has been tested on 5 different resins, three of which
have different amounts of HMM species, and two of which have different amounts
of MF oligomer. They contain a variable amount of PF resin, and HMTA content

from 0 to 5wt%. The exact composition of the selected BF resins is specified in
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Table 4.7. They are mixed with 50 % of the masterbatch BO_3070C, so that the final
content of PA12 results of 35 %wt. The so obtained blends have been cured at
200°C for 10 mins. Self-healing tests were carried out using the same protocol
adopted for the blends B2, annealing the broken specimens at 200 °C for 45min. As

indicated in Table 4.7, all the samples show good self-healing properties.

Table 4.7. MF-based resin blended with 50%wt BO_3070C as a self-healing agent (35%wt

PA12)
Sample | Novolac HMM MF oligomer HMTA Self-healing with
(%owit) (%wit) (%wit) (Yowt) B0O_3070C
MFO01 - - 100 - Yes
MF03 55 - 40 5 Yes
MFPhO1 70 25 - 5 Yes
MFPh02 60 40 - - Yes
MFPh03 57 40 - 3 Yes

The WAXS profiles and the DSC curves of the cured blends of the MF resins with
50 wt% of the masterbatch BO_3070C are reported in Figures 4.36 and 4.37,
respectively. Only the cured samples with resins MFO1 and MFPhO1 show Bragg
peaks of crystalline PA12 (profiles a and e of Figure 4.36), whereas the DSC heating
curves (Figure 4.37A) of all samples show melting peaks of PA12, even though the
enthalpy of the blends with resins MF03, MFPh02, and MFPh03 is very small
compared with those of the blends with the resins MFO1 or MFPhO1. All the DSC
data obtained from the first heating, cooling, and second heating of the cured blends
(Figure 4.37A-C) are reported in Table 4.8.

111




Intensity (a.u.)

’

PA12

5 10 15 20 25 30 35 40 45 50 55
20 (deg)

60

Figure 4.36. WAXS profiles of the cured blends obtained by mixing 50% of BO_7030C
with 50%wt of the melamine-based resin MFPhO1(a), MFPh02(b), MfPh03(c), MF03(d),

Table 4.8. DSC data of the cured blends between melamine-based resin and 50 % of the

masterbatch BO_3070C

Samples

MFO1
MFO03
MFPhO3
MFPh02
MFPhO1

Tr!
(°C)
163
143
154
144
157

and MFO01(e).

T

c
(°C)
116

n.d

65 ; 150
n.d

62

AH
c

Jdagh
11

n.d
3;0,25
n.d

2

AH "
m

dgh
-12
n.d.

-10;-0,25

-1
-12
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Figure 4.37. DSC curves recorded at 10 °C/min during first heating (A), cooling from
the melt (B), and successive second heating (C) of the cured blends obtained by mixing
50% of BO_7030C with 50%wt of the melamine-based resin MFPh01(a), MFPh02(b),
MfPh03(c), MF03(d), and MFO1(e).
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The DMTA curves of the blends containing the melamine-based resins with MF-
oligomer content of 40 and 100% (MFO3 and MFO1) are shown in Figure 4.,
whereas those relative to the blends 38containing the melamine-based resins with
initial HMM content of 25 and 40 %wt (MFPhO1, MFPh02, and MFPhO3) are
shown in Figure 4.39. In particular, the DMTA measurements have been performed
on specimens that have been firstly broken and then welded, during two consecutive
heating runs.

Similar to the blends with the PF resins (Figure 4.32-4.35), in the first DMTA scan,
all the blends show two principal relaxations, at 40-70 °C, and above 250 °C, due to
the collective dynamics at glass transition of the PA12 chains and the long segments
of the cured resin segments. These relaxations are followed by a small increase of
the storage modulus at high temperatures, due to the occurrence of posturing
reactions. As a matter of fact, in the second DMTA scans the segmental dynamics
becomes more hindered due to the formation of a more stable network, characterized
by a slightly greater cross-linking density. It is worth noting that for samples
prepared by directly mixing MF resin with PA12, even using 50 %wt, welding does
not occur at all.
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Figure 4.38. Storage modulus (a,a’), loss modulus (b,b”), and tan 6 (c,c’) as a function of
temperature of the cured samples of blends obtained by mixing 50 wt% of masterbatch
BO_7030C with 50 wt% of the melamine based resin MF03 (A), MF01 (B). The
specimen after breakage and healing (a-c) and the second scan on the same specimen (a’-
c’).

114



A ——L'DMTA B — 1"DMTA
104 ——2"DMTA| 0,5 10%4 ——2"DMTA| 05
|Storage modulus
o leeweene, 00 @ L X  men
1074 ) +0,4 10° Storage modulus Loa
58,6 Pood oo 8 ]
67,8 oo | bood
10°4 ) T ————— 8
< a ost-curing| —~ 10"+
g P Loz & 63,7 10,3
* m . b o o ) Y
4 T
% 10’ Loss modulus = 5 S % 10" R b =
'é 65 L 0’2*" 'é {0ss modulus 86;,5 [ 0'2"'
10°1 \ 273 10°4 —~
& y Lo,1 1058 “hn Lo
10° ’ 10°4 / ’
oS oo MW
10"+ T T e T ; —+0,0 10' : ; e T T —+0,0
0 50 100 150 200 250 300 0 50 100 150 200 250 300
° MFPh1:B03070C (50:50) MFPh02:B03070C (50:50)
Temperature (°C) Temperature (°C)
—— 1"DMTA
104 ——2"DMTA| 05
o] Storage modulus
1073 , 0.4
oo a
M
10 68&2 128 ]
— 3 B S‘_wﬂm}.
é‘_; a PO [0,3
%) b' “Q
=104 O““"M
= 10 Loss modulus . 3
3 b Lo2™
= 10%4 82,8
' 24/4,8
5 | 95,4 c r0,1
10 /
— e
10° = T T T T T —+0,0
0 50 100 150 200 250 300

MFPh03_B03070C_50:50 wt%

Temperature (°C)

Figure 4.39. Storage modulus (a,a”), loss modulus (b,b”), and tan 6 (c,c’) as a function of
temperature of the cured samples of blends obtained by mixing 50 wt% of masterbatch
BO_3070C with 50%wt of the melamine based resin MFPhO1(A), MFPh02(B), and
MFPhO3(C). The specimen after breakage and healing (a-c) and the second scan on the
same specimen (a’-c’).
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CHAPTER V: SELF-HEALING COMPOSITES

5.1 Composite material

A composite material, as known as composite, is a material that is produced from
two or more constituent materials, wherein the individual elements remain separate
and distinct. Usually, the constituent materials are selected with different chemical
or physical properties in order to create a material with merged properties. There are
various reasons for designing composite materials, typical examples include
materials that are less expensive, lighter, stronger, or more durable when compared
with common materials.

Composite materials are generally used for buildings, bridges, and structures such as
boat hulls, swimming pool panels, racing car bodies, shower stalls, bathtubs, storage
tanks, imitation granite, cultured marble sinks, and countertops.**"®"” They are also
being increasingly used in general automotive applications.”

In general, the constituents of a composite consist of a matrix (binder) and the fillers
and/or reinforcement agents. The addition of reinforcement is aimed at improving
the properties of the matrix, through the synergistic effect occurring at the interface
between the two phases. Typical engineering composites include ceramic, metal, or
polymer binder. In this thesis, the used binders for fabrication of composites the
HAP thermoset resin studied in the Chapter Ill and IV.

In particular, the selected binder is mixed with polyamide 12 (PA12) to obtain
composites with self-healing properties. The prominent advantageous features of the
HAP resin and PF resins, in general, are the very high binding properties for a
variety of materials such as wood, glass, metals, cellulosic and lignocellulosic fibers,
and various type of rubbers®’®. The favorable cost/performance characteristics
surpass those of most other polymeric resin systems®. The fillers adopted for the
composites under study are some commercial samples rubbers and PAN fibers.

The importance of using fibers in the composite material lies in the fact that applied

loads are transferred into the fibers, establishing the principle of load-bearing
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component through the matrix. This enables the composite to withstand
compression, shear forces, flexural and tensile loads. The matrix should be able to
protect the fibers from mechanical damage such as abrasion and environmental
attack. The matrix gives the compressive strength to the composite and it is typically
a thermoplastic or thermoset polymer. In particular, ductile materials will slow down
or stop the cracks at broken fibers, while in brittle materials the fibers will act as
stoppers of matrix cracks®® 2,

Rubbers are characterized by a cross-linked network that provides very durable
properties and high resistance to environmental agents. These materials are widely
used in many applications such as household, healthcare, industrial, military,
automotive, civil, and aerospace. They are characterized by better-wet grip,
relatively resistance to gas and water permeability, and reduced swelling in
hydrocarbon 0ils®#. Rubbers features also other valuable characteristics such as the
property of being able to dampen or reduce vibrations®-#7.

Therefore, the use of rubbers in composites allows resolving problems like noise
and vibrations in the resultant material. The design and fabrication of materials with
high damping performances become of increasing demand. Nowadays, rubber
damping materials are widely used in shock absorption areas, mainly in automotive,
locomotives, railway pads, brake pads, bridges, architecture, and so on®%. In
particular, in automotive applications, the annual demand for rubber shock absorbers
has reached several hundred million, and the number is rising year by year.
Therefore, the aim of this chapter is the study of HAP-based composites containing
PA12 to elicit self-healing, that incorporate fibers as reinforcement and rubbers as
damping fillers in order to obtain good mechanical properties and good dissipative
properties while preserving self-healing properties. All composites were prepared by
mechanical mixing in a cryogenic grinder miller mixer and the thermo-mechanical
and damping properties of the resultant cured materials were investigated by

dynamic mechanical thermal analysis.
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The next paragraphs describe a characterization study of the materials (rubber and

fiber) that were used as fillers to obtain the composites.

5.2 Characterization of the Rubber Samples

Different types of wvulcanized rubbers were considered. All the samples were
supplied as blocks that were cut in slices for the analyses. The main characteristics
of the rubber samples used for the preparation of the PF-based nanocomposites are
reported in Table 5.1. In particular, the sample RbO1 is a nitrile butadiene rubber
(NBR), the samples Rb02, Rb03, and Rb04 are ethylene-propylene-diene rubbers
(EPDM), with different diene (namely ethylidene norbornene, ENB) content, the
sample RbO5 is an acrylic rubber (ACR), the samples Rb06, Rb07, and Rb08 are
chlorinated isobutylene-isoprene rubbers (C-1IR), whereas the sample Rb09 is
polyisobutylene (PIB). Finally, the sample Rb10 is an ethylene-propene-diene-
rubber, with low diene (ENB) content, grafted with maleic anhydride (EPDM-mA).

All the rubbers were characterized through IR, WAXS, DSC, TGA, and DMTA
analysis. Solution *H and **C NMR spectra were also collected for some selected
samples (vide infra) in order to gather information about the chain microstructures.

The results of these preliminary studies are summarized in Table 5.1.
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Table 5.1: the main characteristics of the rubbers

Sample material polymer identification ggr?]sg:]tg::g;/ Glass transition | Glass transition | Degradation Tosy, | other information
(by ATR-FTIR)? (by NMR) (by DSC) (by DMTA) (byTGA) by WAXS and/or TGA
poly (butadiene: L
RbO1 | NBR acrylonitrile) fgg}’,}%‘(‘f{"e -29°C 5°C 407°C amorphous
(match 93%)
ethylene propylene L . -
Rb0O2 EPDM diene rubber diene = ENB 4,5%wt -43°C 22°C 336°C amorph_ous Wlth low polyethyleng crystallinity and
(match 70%) ethylene 79%wt crystalline fillers - 3% wt of Calcite
ethylene propylene L 0 . -
Rb03 EPDM diene rubber diene = ENB 4,4%wt 43°C 21°C 281°C amorphous ywth_low polyethylene crystallinity and very
(match 80%) ethylene 83% mol low crystalline fillers (Talc)
ethylene propylene . 0 S
Rb04 | EPDM diene rubber 55°C 31°C 381°C amorphos with 3256wt of fillers
(match 83%) alc and Kaolin
poly acrylate _1R0 o °
Rb05 [ ACR (match 80%) 16°C 8°C 335°C amorphous
- ] .
Rb06 C-1IR ip;c;lglrgsg)butylene. 13020 uhnaggtiigtion -65°C -22°C 315°C amorphous with low amount of crystallizable material
) poly (isobutylene: 1,1 % halogen AR 570 o
Rb07 C-1IR isoprene) 2,0% unsaturation 65°C 23°C 315°C amorphous
) poly (isobutylene: 2,1% halogen _AES P o
Rb08 C-lIR isoprene) 3,0% unsaturation 65°C 25°C 281°C amorphous
poly isobutylene R0 _ag/_170 o amorphous with 32%wt of fillers;
Rb09 PIB (match 85%) 67°C 38/-17°C 358°C Talc and Kaolin
Rb10 | EPDM-ma |Ethylene-propene ethylene 60% mol | 5700 -40°C 292°C low PE crystallinity (~2%)

(match 97%)

low content of ENB

2 The percentage of FTIR bands corresponding to the specific polymer species is indicated.
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5.2.1 Infrared spectroscopy

Infrared spectroscopy was used to confirm the polymer nature of the rubber samples
by comparing the spectra with those contained in a library of data. The ATR-FTIR
spectra of the rubber samples are reported in Figure 5.1 - 5.3.

The ATR-FTIR spectrum of the sample RbO1 (Figure 5.1A) is matched by that of a
poly (butadiene-acrylonitrile) sample of the database to 93% agreement. In Figure
5.1A the typical peak of the nitrile group at v=2237 cm is indicated.

The ATR-FTIR spectra of the samples Rb04, Rb02, and Rb03 of Figure 5.1B are
matched by that of a database ethylene-propylene-diene rubber with an agreement of
83%, 70%, and 80% respectively. The main differences between the spectra of the
three EPDM samples are in the relative intensity of the peaks at v=1539 cm?
assigned to the C=S and/or CS; group® and the presence of a broad peak in the
range 1300-1000 cm™* for the sample Rb04 (curve a, Figure 5.1B) typical of kaolin.
The presence of C=S and/or CS; bands indicate the samples are partially vulcanized.
The ATR-FTIR spectrum of the sample Rb05, Figure 5.2A, is matched to 80%
agreement by the database spectrum of a polyacrylate, as confirmed by the presence
of the characteristic carbonyl, ether, and a-methyl bands at v=1724, 1153, and 1379-
758 cm respectively®. Acrylic rubbers (ACR) are obtained by copolymerization of
ethyl acrylate with other acrylates such as n-butyl acrylate.

The ATR-FTIR spectra of the samples Rb06, Rb07, and Rb08, Figure 5.2B, are
matched by the database spectrum of a poly (isobutylene-isoprene) rubber.
Differences occur for the relative intensity of the bands due to carbon double bonds
and halogenated substituent falling in the range v=1800-1500 cm, indicating that

the samples are characterized by differences in unsaturation and halogen content.
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Figure 5.1: ATR-FTIR spectra of the A) sample Rb01, and B) the EPDMs samples Rb04
(@), Rb02 (b), and RbO3 (c).
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Figure 5.2: ATR-FTIR spectra of the A) sample Rb05, and B) the IR samples Rb08 (a),
Rb07 (b), Rb06 (c).

The FTIR spectrum of the sample Rb09, Figure 5.3A, is matched with 85%
agreement by the database spectrum of polyisobutylene (PIB), as indicated by the
presence of the bands at v=2965-2875, 1467, and 1365 cm™ due to the stretching and
bending vibration of the C-H bonds. The broad peak in the range 1300-1000 cm™ is
due to the presence of kaolin.

Finally, the FTIR spectrum of the sample Rb10, Figure 5.3B, is matched with an
agreement of 97% by the spectrum of ethylene-propylene rubber, as indicated by the

presence of the bands t v=2965-2875, 1468, 1375, and 721 cm™ due to the stretching
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and bending vibrations of the C-H bonds. In addition to these peaks, there are two
peaks at v=1789 and 1710 cm™ due to the carbonyl group of the grafted maleic
anhydride.®

A B CH
bending
1468

C-H
stretching
C-H,
wagging
1375

Absorbance
Absorbance

C-H
focking
721

C=0

17891710

| | | |
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v (cm™) v (cm™)

Figure 5.3: FTIR spectra of the A) sample Rb09 matching with an agreement of 85% the
database spectrum of PIB, and B) the sample Rb10 matching with 97% agreement the
spectrum of an EPR sample.

5.2.2 Solution Nuclear Magnetic Resonance analysis

The solution NMR spectra of selected rubber samples are reported in Figure 5.4-5.8.
Spectra were recorded at 25°C in deuterated chloroform (see Chapter 2).

In particular, the *H-NMR spectrum of the sample RbO1 reported in Figure 5.4 is
used to evaluate the content of acrylonitrile units and the relative amount of 1,2- and
1,4-butadiene unit®. Data analyses indicate that the amount of acrylonitrile units is
about 35% mol, whereas the relative amount of 1,2- and 1,4-butadiene units are 21

and 79%mol, respectively®2%,
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Figure 5.4. Chemical structure (A) and solution *H-NMR spectrum of the NBR sample
RbO1 (B).

The solution *H-NMR spectra of the samples Rb02 and Rb03 of Figure 5.5, have
allowed to identify the diene unit and calculate the its relative amount, following the
resonance assignment of Kolbert and Didier.** In particular the characteristic peaks
of ethylidene-norborbene (ENB) are observed at 6= 5.01-5.04 and 5.23-5.24 ppm for
both the samples (Figure 5.5). The relative amount of ENB in the polymer chain is
4.5%wt and 4.4%wt respectively.
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Figure 5.5: 'H-NMR spectra of A) Rb02, ENB (wt%) =4,5%; B) Rb03, ENB (wt%)
=4,4%; C) polymer structure of EPDM.

In order to calculate the relative amount of ethylene and propylene units in the
EPDM chains for the samples Rb02, Rb03, solution *C-NMR spectra have been

collected (Figure 5.6). The peak attribution and the integration value are shown in

Table 5.2 9%,

Table 5.2 — Relative intensity of the 3C-NMR peaks of the EPDM samples.
Chemical shift | Rb02 Rb03

resonances . ] ) . ) ]
[ppm] integration (relative) integration (relative)

Primary 19.7 1.00 1.00

Secondary 32.8;29.7,27.1 | 8.55 10.56

Tertiary 32.8 0.70 0.88

Indicating with P, S, and T the primary, secondary, and tertiary carbon atoms, the

amount of ethylene units (C>) in the polymer backbone calculated with the equation

(1)97:

124



E' _ S—-P _ S—-T 1
E+p Ss+p s+t
corresponds to 79 and 83 for the samples Rb02 and Rb03, respectively.

%molCZ =

A B S
o
s }
-CH,-
29,7
3 El
&) S
= 2
2 z
L.
-CH.- S -CH,- S
> TlcH- p T cH p
S1L_CH-| 274 ¥4 CH-| jera
32,8 -CH3 32,8 -CH3
J\ LJ 19,7 19,7
UL N
50 40 30 2 10 0 50 40 30 20 10 0
5 (ppm) 3 (ppm)

Figure 5.6: Solution *C-NMR spectra of the EPDM samples A) Rb02, and B) Rb03.

The solution *H-NMR of the samples Rb06, Rb07, and Rb08 (Figure 5.7A) allowed
evaluating the degree of unsaturation and halogen substitution of the isoprene units
and the relative amount of exo-methylene allyl (EXO) and endo-chloromethyl olefin
(ENDO) microstructures. In particular, the position of the peaks marked with the
letter X in the Figure 5.7B indicate also the nature of the halogen, since the protons
vicinal to chlorine and bromine substituents show chemical shift above (in the range
4,10 - 4,20 ppm) and below 4,00 ppm, respectively®®. As reported in Table 5.3, the
three samples are chlorinated isobutylene-isoprene rubbers (C-I1IR) with chlorine

content in the range 1.1-2.1 %mol.

Table 5.3 — *H-NMR data of the C-1IR samples

content of (%omol) Rb07 Rb06 BRb08
Total Isoprene 2,0% 1.9% 3,0%
Chlorine 1,1% 1.4% 2,1%
Exo form 0,9% 1,4% 1,7%
Usubstitute isoprene® | 0,5% 0,3% 0,8%

dThe sum of Unsubstituted isoprene units and chlorine content experimentally
determined by proton NMR spectra does not perfectly match the total content of
isoprene units.
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Figure 5.7: A) Chemical structure of C-IIR rubbers and substitution scheme of chlorine
atoms. B) Solution *H-NMR spectra of the C-l1IR samples in the resonance region of
isoprene proton atoms, from 6.0 to 1.5 ppm. The peaks C and C’ are attributed at H a-
C=C; D is =CH of isoprene (E isomer); E is =CH of isoprene (Z isomer); X: Peaks at
4,00 - 4,20 ppm are due to H-C-CI.

The solution *H-NMR spectrum of sample Rb10 is typical of ethylene-propylene-
diene rubbers. In particular, the magnification on the 6-2 ppm range relative to the
diene ENB and maleic anhydride grafting protons, shows that the ENB content is
less than 1 wt% (Figure 5.8A). The ethylene content, calculated from the solution
13C-NMR spectrum results of 60%mol (Figure 5.8B).
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Figure 5.8: A) Solution 1H-NMR spectrum in the ppm range of ENB and maleic
anhydride protons and B) solution **C-NMR spectrum in the ppm range of the backbone
carbon atoms of the EPDM sample Rb10.

5.2.3 DSC and WAXS

All the rubber samples were characterized by DSC and WAXS in order to evaluate
the thermal properties and to identify the crystalline phases, the possible presence of
inorganic crystalline fillers, and measure the glass transition temperature.

The DSC thermograms and the WAXS profiles of the rubber samples are reported in
Figure 5.9-5.15.

The NBR sample Rb01 (Figure 5.9A) shows a faint melting peak at 93°C in the first
heating scan. The sample does not show any tendency to crystallize neither from the
melt nor from the amorphous phase (cold crystallization) in the successive cooling
and second heating scans, respectively. However, the sample does crystallize by
aging at room temperature, as indicated by the DSC scan recorded after the melt
cooled sample after 5 days. The WAXS profile of this sample shows an amorphous
halo centered at 20 ~ 19°. Low-intensity peaks at 20 = 6 and 20° are also observed,

due to the presence of additives (Figure 5.9B).
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Figure 5.9: (A) DSC thermograms recorded at 10 °C/min during the 1% heating (a),
cooling from the melt (b), 2" heating (c) of the as-prepared sample Rb01, and the melt
cooled samples aged for 5 days(d). (B) WAXS profiles of the as-prepared sample RbO1.

As shown by Severe et al’®, the glass transition temperature of the NBR systems

increases almost linearly with the increase of acrylonitrile content. The plot of the

glass transition temperatures extracted from Ref. 100 is reported in Figure 5.10B as

a function of acrylonitrile content. Since these data were obtained from the DSC

thermograms of NBR samples recorded at the heating rate of 20 °C/min, the value of

-27 °C of the glass transition temperature of the sample RbO1 extracted from the

DSC thermogram recorded at the same heating rate (Figure 5.10A) may be used to

deduce that the corresponding acrylonitrile content amounts to ~29 % mol (Figure
5.2.10A). The ACN content determined by proton NMR analysis results in 35

%mol.
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Figure 5.10: A) DSC thermogram recorded at 20°C/min of the NBR sample Rb01; B)

Glass transition temperature vs. acrylonitrile content of NBR samples extracted from

Ref. 26. From the interpolation of the Ty value of the sample Rb01 an ACN content of

~29% mol may be deduced.

The DSC thermograms relative to the EPDM rubber Rb03 are reported in Figure
5.11A. The sample shows three melting endotherms at 44, 107, and 122°C in the
first heating scan, three crystallization peaks at 107, 94, and 24°C, in the successive
cooling, followed by three melting peaks at 38, 107, and 122°C in the second
heating. These peaks reflect the fractionated crystallization/melting of ethylene
sequences of different lengths. The glass transition temperature corresponds to = -43
°C. The WAXS profiles of the sample Rb03 show peaks at 20 ~21 and 24°
corresponding to the 110 and 200 reflections, respectively, of the orthorhombic form
of PE. Additional peaks are also present due to a low amount of calcite (Figure
5.11B).
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Figure 5.11: A) DSC thermograms recorded at 10 °C/min during the 1st heating (a),
successive cooling (b), and 2nd heating (c) of the as-prepared sample Rb03 and (B)
corresponding WAXS profile. Polyethylene peaks are indicated with PE.

Also, the DSC thermograms of the EPDM rubber Rb02, reported in Figure 5.12A,
show multiple melting/crystallization peaks. In particular, the curve recorded in the
first heating shows melting peaks at 44 and 123°C, the curve recorded in the cooling
step shows crystallization peaks at 106 and 17 °C, whereas the curve recorded in the
second heating scan show peaks at 29 and 122°C. Therefore, also this sample is
characterized by the separate and distinct melting/crystallization of ethylene
sequences of different lengths. The glass transition temperature corresponds to Tg= -
43°C. The crystallization of PE in the orthorhombic form is confirmed by the
WAXS profile that shows the 110 and 200 reflections 26 ~ 21 and 24°, typical of
this form (Figure 5.12B). Additional reflections are also apparent in the diffraction

profile of Figure 5.12B, due to the presence of calcite.
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Figure 5.12: (A) DSC curves of the sample of Rb02 recorded at 10 °C/min during the
1st heating of the as-prepared sample (a), successive cooling (b), and 2" heating (c)
scans and (B) corresponding WAXS profiles. The reflections of PE and calcite (C) are
indicated. The diffraction profile of calcite (ICCD database, PDF 5-586) is also reported.

The DSC thermograms and the WAXS profile of the EPDM sample Rb04, reported
in Figure 5.13, reveal that it is amorphous. The glass transition is =~ -55°C. The
sample includes talc, calcite, and silicate species (namely kaolinite) as fillers, as
indicated by the narrow diffraction peaks overlaying the amorphous halo centered at
20 = 19° (Figure 5.13B).
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Figure 5.13: (A) DSC thermograms of the sample of Rb04 recorded at 10 °C/min during
the 1% heating (a), successive cooling (b), and 2" heating (c) scans and (B)
corresponding WAXS profile. The reflections due to talc and calcite are indicated with
the letters T and C, respectively.
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The DSC thermograms and the WAXS profiles of the PIB sample Rb09 reported in
Figure 5.14 reveal that the sample is amorphous. The glass transition of this rubber
is Tg= -67°C. The presence of inorganic fillers such as talc, calcite, and silicate
species (kaolinite) is indicated by the narrow diffraction peaks overlaying the

amorphous halo centered at 20 ~ 14.7 (Figure 5.14B).
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Figure 5.14: (A) DSC thermograms of the PIB sample Rb09 recorded at 10 °C/min
during the 1% heating (a), cooling (b), and 2" heating (c) and (B) corresponding WAXS
profiles. The reflections of talc and calcite are indicated with the letters T and C,
respectively.

The DSC thermograms of the maleic anhydride grafted EPDM sample Rb10,
reported in Figure 5.15A, reveal three weak melting peaks at ~52-53, 108-110, and
123-124°C during the first and second heating, and three small crystallization peaks
at 96, 72 and 38 °C during the cooling. Also, in this case, the multiplicity of
melting/crystallization ~ peaks indicate  the  separate  and  distinct
melting/crystallization of ethylene sequences of different lengths. The glass
transition temperature is -58 °C. The WAXS profile confirms the presence of PE
crystals in the orthorhombic form, as indicated by the occurrence of the 110 and 200
reflections of low intensity at 20 ~ 21 and 24°, respectively typical of this form
(Figure 5.15B).
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The presence of multiple melting and crystallization peaks in the DSC thermograms
of the EPDM samples, probably indicates that these copolymers are synthesized by

heterogeneous Ziegler Natta catalysis.
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Figure 5.15: (A) DSC thermograms of the sample of Rb10 recorded at 10 °C/min during
the 1% heating (a), cooling (b), and 2" heating (c) and (B) corresponding WAXS profile.
The reflections of PE in the orthorhombic form are indicated by the letters PE.

5.2.4 Thermogravimetric Analysis

The thermogravimetric analysis (TGA) has been used to verify if the thermal
stability of the rubber samples is suitable for the use of them as fillers in the PF-
based composites, considering the temperature at which the composites need to be
cured and the temperature of the final operating conditions. The parameter used for
this evaluation is the temperature where the sample reaches 5wt% loss, that is the
temperature at which the sample is reduced to 95% of its initial weight Tgse. This
technique has been also used to evaluate the amount of inorganic fillers present in
the samples.

The TGA thermograms of EPDM samples Rb02, Rb03, and Rb04 are shown in
Figure 5.16. The temperatures at which the sample is reduced to 95% of its initial

weight are Tgsy= 336, 281, and 381°C respectively. Furthermore, the samples Rb02,
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Rb03, and Rb04 contain <1.0%wt, 3.0%wt, and 32.5%wt of inorganic fillers,
respectively (Figure 5.16).

100 4

95% wt

904
804

-
o
L

& 601
<
2 504
= 40]
32.5%
301
209 |——Rb02
104~ Rb03
—— Rb04 2.9%

o
L

T T T T T T T T 103%
100 200 300 400 500 600 700 800 900
Temperature (°C) EPDMs

Figure 5.16: TGA thermograms recorded at 10°C/min in air of the EPDM samples Rb02
(a), Rb03 (b), and Rb04 (c).

The TGA thermograms of C-IIR samples Rb07, Rb08, and Rb09 are shown in
Figure 5.17. All the samples show similar thermal stability with a single degradation
phenomenon at about 350°C. The values of the parameter Tgse, are 315, 315, and

287°C respectively. These samples do not show any relevant content of inorganic
additives.
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Figure 5.17: TGA thermograms recorded at 10°C/min in air of the C-l1IR samples Rb06
(a), Rb07 (b), and RbO8 (c).
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The TGA thermograms of the rubber samples Rb01, Rb05, Rb09, and Rb10 are
shown in Figure 5.18. The values of the parameter Tgsy correspond to 407, 335, 358,
and 292 °C respectively. These samples do not show any relevant content of
inorganic additive, except for the sample Rb09 which contains 29.7%wt of inorganic

fillers (Figure 5.18, curve b).
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Figure 5.18: TGA thermogram recorded at 10°C/min of the samples Rb01 (a), Rb09 (b),
RbO05 (c), and Rb10(d).

5.2.5 Dynamical Mechanical Thermal Analysis of the Rubber
Samples

The rubber samples were shaped as rectangular specimens in a press by heating at
180°C, holding them at this temperature for 10 min and successive cooling to room
temperature in the press platens while fluxing cold water in the refrigerating system.
The resultant specimens were subjected to DMTA measurements in order to gather
information about the dissipative properties.

The storage and loss modulus and the loss factor (tan ¢) of the three EPDM rubber
samples Rb02, Rb03, and Rb04 are reported in Figure 5.19. It is apparent that the
DMTA curves of the kaolinite-rich rubber sample Rb04 (32 wt%) show a
remarkable difference with respect to the DMTA curves of the other samples. In
particular, the kaolinite-rich EPDM sample shows both moduli one order of

magnitude lower and a higher loss factor compared with those of the other EPDM
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samples. The glass transition temperature for the samples Rb02, Rb03, and Rb04 are
-22,-21, and -31°C, respectively.
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Figure 5.19: DMTA curves of specimens obtained by compression molding of the
EPDM samples Rb04 (straight lines), Rb02 (circle lines), and Rb03 (star lines). The colors
indicate the storage modulus (black), loss modulus (blue), and loss factor (red).

The DMTA curves of the three C-IIR rubbers are reported in Figure 5.20. All the
samples show similar thermomechanical behavior and comparable glass transition
temperature of -22, -23, and -25°C for the samples Rb06, Rb07, and RbO08

respectively.
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Figure 5.20: DMTA curves of specimens obtained by compression molding of the
EPDM samples Rb06 (straight lines), Rb07 (circle lines), and Rb08 (star lines). The
colors indicate the storage modulus (black), loss modulus (blue), and loss factor (red).
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The DMTA curves of the rubber samples Rb01, Rb05, Rb09, and Rb10 are reported
in Figure 5.21. The rubber sample Rb10 shows the lowest values of storage and loss
moduli and the lowest values of the loss factor, whereas the rubbers sample Rb05
shows the highest values of storage and loss moduli and the highest values of the
loss factor. The double high and broad loss factor peak of the rubber Rb09 is
influenced by the presence of kaolin.
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Figure 5.21: DMTA curves of specimens obtained by compression molding of the NBR
sample RbO1 (straight lines), the acrylic rubber Rb05 (circle lines) (A), the PIB sample
Rb09 (straight lines), and the maleic Rb10 (circle lines). Storage modulus (black), loss
modulus (blue), and loss factor (red).

The selection of the most suitable rubber samples to be used for the preparation of
PF-based composites with relevant dissipative properties was carried out by
comparing the values of the loss factor as a function of the temperature in the
relevant temperature range (Figure 5.22). In general, to obtain good damping, it is
possible to choose an elastomer with a high value of the loss factor and a broad
peak. Of course, the final choice depends on the chemistry of the rubber, the
interactions with the polymer matrix, and the working temperature of the final
product too. The rubber samples containing a high filler content such as Rb09 and
Rb04 have not been selected, because the presence of the filler induces also a
remarkable decrease of storage modulus. The rubber Rb05 has not been selected

because of the high glass transition temperature. Instead, the selected rubber samples
137



are the EPDM-mA Rb10 sample, because of the presence of the functional maleic
anhydride groups, the NBR Rb01, the EPDM Rb03, and the C-1IR Rb06 samples as
examples of nitrile, ethylene/propylene/diene, and chloro-butyl rubbers. Additional
DMTA analyses were carried out on composite mixtures of the neat HAP resin with
20%wt of the rubber samples, that were cured at 200 °C for 10 min (see Appendix
5). These data suggest that the thermomechanical properties of the cured HAP resins
are not greatly altered in the high-temperature region by the presence of the rubber,
and only the behavior at sub-zero temperature are influenced, because of the glass
transition of the rubber.
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Figure 5.22: loss factor comparison of all the rubber samples of Table 5.1.
Characterization of PAN fibers and their mixture with the HAP Resin

5.3.1 Characterization of PAN fibers

The fibers selected for the preparation of HAP-based composites are constituted by
polyacrylonitrile (PAN). PAN is a very interesting polymer for its outstanding
mechanical strength, even though the thermal resistance is much inferior to that of
Kevlar. However, compared with Kevlar, PAN is by far cheaper. Indeed, PAN is a
semicrystalline polymer that undergoes degradation at about 300°C, before
melting®®Z,

The DSC curves of PAN fiber recorded at scanning rate of 10 °C/min during
heating, cooling, and the second heating are reported in Figure 5.23A. The X-ray
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diffraction profiles of the PAN fiber profile show the 100 reflection at 26 = 16,6° of
crystalline PAN2,
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Figure 5.23: DSC thermograms of the PAN fibers recorded at 10 °C/min during the 1-
heating (a), cooling (b), and 2~ heating (c)and (B) corresponding WAXS profile.

The exothermic peak recorded during the first heating scan of PAN fiber at 297°C is
due to the activation of reactions of cyclization as shown in Figure 5.24. The
reaction mechanism is different if it occurs in air or in absence of oxygen and could
give rise to different products.!®®1% After the first heating, the sample becomes
amorphous, as indicated by the flat thermograms recorded in the cooling and second
heating scans (Figure 5.23A).
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Figure 5.24: Cyclization reaction of PAN in absence (a) and presence of oxygen (b).
Both lead to an increase in thermal stability and amorphization.

The thermal resistance of the PAN fibers is probed by recording the TGA curve in
air (Figure 5.25). At the beginning of the heating scan about 5wt% of the initial
weight is lost before 100°C, probably due to moisture evaporation. At about 300°C

there is a weight loss of about 10wt% due to the reactions described in Figure 3.24a.
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The first derivative of the TGA curve shows two maxima, indicating that
degradation occurs in two steps with maximum rate at Ta1 and Taz equal to 329 and

633°C, respectively. This indicates that upon cyclization the thermal resistance of
PAN is greatly increased.
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Figure 5.24: TGA curve (a) and corresponding first derivate (b) of PAN fiber.

5.3.2 HAP-based composites with PAN

In order to evaluate the behavior of the PAN fibers as a reinforcement agent in
composites with the HAP resin, mixtures of the HAP resin with various amounts
(from 5 to 20wt%) of PAN were prepared by mechanical mixing.

The thermal properties of the composite mixtures have been evaluated by DSC using
the sequent program temperature: 1% heating from 30°C to 260°C, cooling to 30°C,
and 2" heating from 0°C to 320°C (Figure 5.26). In this way, the curing reaction
occurs during the first heating (Tc. ~ 152°C), whereas the chemical reactions
involving PAN occur during the second heating scan at about 280°C. It is worth
noting that in presence of the HAP resin, the cyclization reactions of PAN occur at

lower temperatures with respect to the neat sample (curves c of Figure 5.26A, B, C).
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Figure 5.26: DSC thermograms of HAP-PAN composite mixtures recorded during the 1%
heating (a), cooling (b), and 2" heating (c) with PAN content of A) 5, B) 10and C)
20%wt.

The HAP-PAN composite mixtures were hence cured by compression molding at
Tem =150 °C for tem =10 min. The curing temperature of 150°C prevents the
cyclization reaction of PAN.

The TGA curves of the cured HAP-PAN composites with various PAN content (5,
7.5, 10, 20wt%) are compared with those of the neat HAP resin cured in the same
conditions (150 °C, 10 min) and the neat PAN in Figure 5.27. All the composites

show a degradation temperature slightly lower than that of the neat HAP resin.
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Figure 5.27: Thermogravimetric analysis of the cured HAP resin and the cured HAP-
PAN composite mixtures with 5, 7.5, 10, and 20wt% of PAN. A) TGA curves and B) the
first derivative. The TGA curves of the neat PAN fibers are also reported for
comparison.

The DMTA curves of the cured HAP-PAN composites recorded in the first and
successive heating scans are compared with those of the cured HAP resin in Figure

5.28. In the first heating scan (Figure 5.28A) the storage and loss moduli show a
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small but significant drop around 150-200 °C, followed by a neat increase at higher
temperatures, due to the occurrence of post-curing reactions. Simultaneously, the
loss factor of the HAP-PAN composites, show a double peak in the temperature
range 150-250 °C. In the second heating scan, instead, the DMTA curves show a
monotonous behavior with the temperature and the peaks in the loss modulus and
loss factor appear greatly damped. The composite with PAN content of 5wt%, in
particular, shows the highest values of the storage and loss moduli (lines with circles
of Figure 5.28B), indicating the reinforcement effect exerted by PAN fibers in the

mixtures.
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Figure 5.28: DMTA curves of the cured HAP resin and the cured HAP-PAN composite
mixtures with 5, 7.5, 10, and 20wt% of PAN measured in a first (A) and a second
heating scan (B).

In order to reduce to minimum degradation phenomena up to 500 °C and reach good

reinforcement, only composites with PAN content lower than 10wt% (namely ~6

%wt) were successively considered.

5.4 HAP/PA12/PAN/Rubbers Composites

Two series of composites with potential self-healing properties were prepared by
mixing the HAP resin with PAN fibers and selected rubber samples, either through
the addition of PA12 or of the PA12 containing masterbatch B03070C, as self-

healing components.

142



The resultant composites are coded with 10 characters that contain information on
the composition. In particular, the code consists of a first letter followed by nine
numbers, which indicates the composition of the mixture (e.g. in Figure 5.29):
e The first letter indicates the healing component, “D” standing for PA12 and
“C” for B03070C;
e The successive number indicates the type of rubber, namely “1” stands for
the EPDM-mA rubber sample Rb10, “2” stands for the NBR rubber sample
Rb01, “3” stands for the EPDM rubber sample Rb03 and “4” stands for the
C-1IR rubber sample Rb06.
e The successive four numbers, separated by a dash indicate the relative
amount of the HAP resin, the healing component, PAN fiber, and rubber,
respectively.

5.4.1 Composite with PA12 as a healing agent

The “D” type composites are made by mixing the HAP resin as a binder, PA12 as a
healing agent, PAN as fiber, and different kinds of rubber samples. The selected
rubbers are the samples EPDM-mA Rb10, NBR Rb01, EPDM Rb03, and C-lIR
Rb06 (Table 5.2). All the analyzed samples have the same relative amount of the
components (Table 5.4) and they have been named as described in Figure 5.29. As
an example, code D1-47-35-06-12 indicates a composite obtained by mixing 47 %wt
of the HAP resin, 35 %wt of PA12, 6 %wt of PAN fibers, and 12%wt of the rubber
sample EPDM-mA RDb10 (Figure 5.29).

D1 47-35-06-12
‘ EPDM-mA
HAP PALZ puy

Figure 5.29: Code adopted to address the type and content of the different components
used to prepare a typical composite.
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Table 5.4: relative amount of the components of the “D” compounds

binder HAP 47,0%wt

Self-Healing agent PA12 35,3% wt
EPDM-mA (Rb01, code 1); NBR (RbO01,

rubber code 2); EPDM (Rb03, code 3); C-lIR | 11,8%wt
(Rb06, code 4)

fiber PAN 5,9%wt
D1-47-35-06-12; D2-47-35-06-12;

Code
D3-47-35-06-12; D4-47-35-06-12

5.4.2 Differential Scanning Calorimetry

DSC measurements have been performed on the four uncured mixtures (Figure
5.30). As discussed in Chapter 1V, the presence of the PA12 in the mixture produces
a shift in the softening and crosslinking temperature compared to the pure HAP resin
(Ts =66 °C and TcL = 152 °C). In fact, the softening phenomenon occurs at about
80°C for all the uncured mixtures (curves a, Figure 5.30), and the exothermic cross-
linking peak is barely visible between the two endothermic phenomena which occur
at T; =151-152°C and Tn' =177-178°C. These two phenomena are due to the
interaction of PA12 with the PF resin and the melting of PA12, respectively, as
described in Chapter IV. The PAN reactions are activated at the same temperature
observed for the neat PAN fibers, of = 295°C. In the successive cooling and second
heating scans only the exothermic peak at 141-144°C (curves b of Figure 5.30) and
the endothermic peak at 173-176°C (curves c of Figure 5.30), respectively, are

observed, due to crystallization and melting of the PA12 component, respectively.
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Figure 5.30: DSC thermograms of the uncured mixtures D1-D4 recorded at 10 °C/min
during the 1%t heating (a), cooling from the melt (b), and 2" heating (c). The composites
contain 11.8wt% of the rubber samples EPDM-mA Rb10 (A, D1), NBR Rb01 (B, D2),
EPDM Rb03(C, D3), and C-1IR Rb06 (D, D4).

5.4.3 Thermogravimetric Analysis

All the mixtures have been cured by compression molding at Tcm=200°C, for tcm =10
min, using the same conditions adopted for the self-healing systems HAP/PA12
described in the Chapter IV.

The TGA curves of the cured composites D1-D4 are shown in Figure 4.31. All of
them are similar to the TGA curves of the B1 series shown in Chapter V. The TGA
curves, indeed, exhibit two main mass loss steps at Tq2 and Tgs of about 470 and 590
°C (Figure 5.31), due to the thermal degradation of the two leading components in

the composites, namely the PA12 resin (35%wt) and HAP (47 %wit), respectively.
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Moreover, similar to the samples B1, the degradation steps occurring at Tg2 and Tgs
are preceded by a smaller mass loss at Tq: of about 370 °C (Figure 5.31), due to
degradation of PAL12/PF interacting segments. This indicates that the presence of
rubber (12%wt) does not interfere with the interaction scheme occurring at PF/PA12
interfaces. The values of the temperature marking the maximum degradation of the
HAP resin, PA12, and the rubber components depend on the type of the latter. In
particular, the temperature of maximum degradation rate for the three leading
components (Tq1, Taz, and Tgs), in the case of the composite including EPDM-mA,
are slightly lower than those observed for the other composites. This behavior is
probably due to the fact that the maleic anhydride-modified EPDM sample
somehow prevents the formation of an efficient PF resin network.
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Figure 5.31: Thermogravimetric curves (A) and first the derivate (B) recorded at
scanning rate of 10°C/min in air, for the composites D1-D4 cured by compression
molding for 10 min at 200°C. The temperatures marking the maximum degradation rate
of the PA12 and the HAP resin are indicated with Ta1, Ta2, and Tds respectively.

The cured composites were subjected to two consecutive DMTA scans (curing
temperature 200 °C, curing time 10 min). The DMTA curves are reported in Figures
5.32A-5.35A respectively. DMTA measurements were also extended to the D1-D4
cured composites after breaking them and successive welding. Welding is performed
at 200 °C, for 45 min, as detailed in Chapter IVV. The DMTA curves recorded in two

consecutive steps for the welded composites are reported in Figures 5.32B-5.35B. It
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is apparent that the presence of PAL12 induces efficient welding even in the
composites, regardless of the nature of the rubber. The unbroken and the broken and
successively repaired composites show three relaxation phenomena in the
temperature range -60+10, 55+80, and around 160 °C, as indicated by the three-step
drops of storage modulus and the three peaks in the loss modulus and loss factor.
These relaxations correspond, in order, to the glass transition of the rubber
component, and the glass transition and melting of PA12, respectively. It is worth
noting that for the broken and successively repaired specimens, the storage modulus
recorded in the first heating scan at temperatures higher than 250°C tends to
increase, owing to the occurrence of post-curing reactions.

The exact temperature of the first relaxation depends on the specific rubber sample
used in the composites. In particular, the DMTA curves of unbroken specimens of
the composite D1 (Figure 5.32) indicate that the glass transition of the EPDM-mA
rubber (Rb10) occurs at ~-52°C and does not greatly change in the scans successive

the first one, neither after breaking and successive welding.
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Figure 5.32: Storage modulus (a,a’), loss modulus (b,b’), and tan & (c,c’) as a function
of the temperature of the composite D1-47-35-06-12, containing the EPDM-mA rubber
sample Rb10, cured at Tem = 200°C for 10 min, recorded during a first (a-c) and a second
heating scan (a’-c’), relative to an unbroken specimen (A) and a broken and successively
welded specimen (B). The welding is performed at 200 °C for 45min as detailed in
Chapter IV.
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The DMTA curves of unbroken and broken and then welded specimens of the
composite D2 (Figure 5.33) indicate that the glass transition of the NBR rubber
occurs at =-13°C during the first heating scans and at =~ 3°C during the second
heating scan. The shift of the glass transition temperature may be ascribed to the

occurrence of rather strong interactions between the NBR chains and PF resin
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Figure 5.33: Storage modulus (a,a’), loss modulus (b,b’), and tan & (c,c’) as a function
of temperature of the sample D2_40300510 cured at Tem = 200°C The first scan (a-c) and
the second scan on the same specimen (a’-c’) performed on the intact sample (A) and the
sample after breakage and healing (B).

The DMTA curves of unbroken and of broken and then welded specimens of the
composite D3 (Figure 5.34) indicate that the glass transition temperature of the
EPDM rubber occurs at =-34°C during the first heating and does not greatly change

in the scans successive the first one, neither after breaking and successive welding.
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Figure 5.34: Storage modulus (a,a’), loss modulus (b,b’), and tan & (c,c’) as a function
of the temperature of the composite D3-47-35-06-12, containing the EPDM rubber
sample Rb03, cured at Tem = 200°C for 10 min, recorded during a first (a-c) and a second
heating scan (a’-c’) relative to an unbroken specimen (A) and a broken and successively
welded specimen (B). The welding is performed at 200°C for 45 min as detailed in
Chapter IV.

The DMTA curves of unbroken and broken and then welded specimens of the

composite D4 (Figure 5.35) indicate that the glass transition of the IIR rubber occurs

at = -60°C during the first heating scans and at ~ -50°C during the second heating

scan. The decrease of the glass transition may be ascribed to the occurrence of rather

strong interactions between the C-1IR chains and PF resin segments.
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Figure 5.35: Storage modulus (a,a”), loss modulus (b,b”), and tan & (c,c’) as a function
of the temperature of the composite D4-47-35-06-12, containing the C-1IR rubber
sample Rb06, cured at Tem = 200°C for 10 min, recorded during a first (a-c) and a second
heating scan (a’-c’) relative to an unbroken specimen (A) and a broken and successively
welded specimen (B). The welding is performed at 200 °C for 45 min as detailed in
Chapter IV.
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The results of Figures 5.32-5.35 indicate that all the composites give good welding
after breaking under nitrogen and healing into an oven at 200°C for 45 minutes. The
rubber and the fibers seem not to interfere with the healing process, at least for the
selected composition. The different nature of the rubbers influences the final
mechanical properties essentially at lower temperatures, that is in the temperature
range corresponding to their glass transition.

The comparison between storage modulus, loss modulus, and loss factor of the
samples D1-D4 cured at 200°C for 10 min are shown in Figure 5.36. It is apparent
that the NBR containing composite D2 shows somehow enhanced dissipative
properties, as indicated by the fact that it shows the highest value of loss modulus,

especially at high temperatures (blue lines).
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Figure 5.36: Comparison of the DMTA curves of specimens of the composites D1-47-
35-06-12 (black), D2-47-35-06-12 (blue), D3-47-35-06-12 (red), and D4-47-35-06-12
(magenta) cured at 200 °C for 10 min, recorded at scanning rate of 5°C/min. Storage
modulus (A), loss modulus (B), and loss factor(C).

5.4.4 Composite prepared using the masterbatch B03070C as a
healing agent

The “C” composites are made by the HAP resin as binder, the sample B03070C

containing PA12 as healing agent and used as masterbatch, PAN as fiber, and

different kinds of rubbers.
The selected rubbers are the samples EPDM-mA Rb10 and NBR Rb01 (Table 5.1).
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All the analyzed samples have the same relative amount of the components (Table
5.5) and they have been coded adopting the scheme of Figure 5.29, replacing the
letter “D” with “C”. As an example, the code C1-50-33-06-11, indicate a composite
obtained by mixing 50 %wt of the HAP resin, 33 %wt of the masterbatch BO3070C,
6 %wt of PAN fibers and 11%wt of the rubbers sample EPDM-mA RbO01.

Table 5.5: relative amount of the components of the “C” compounds
binder HAP 50.0%wt

SH agent B03070C 33.3% wit (23.3wt%PA12)
EPDM-mA (Rb01, code 1); NBR | 11.1%wt

rubber

(Rb01, code 2);
fiber PAN 5.6%wt
Code C1-50-33-06-11; C2-50-33-06-11;

5.4.5 Thermogravimetric Analysis of “C” composites

The TGA curves of the “C” composite cured by compression molding at 200°C for
10 min, are shown in Figure 4.37. Relevant mass drops occur at Ta = 463°C and Tq.
=~ 546 and 592°C (double peak), for the C2 composite containing NBR (curve b,
Figure 5.37), and Ta1 = 470°C and Tg2 = 631°C for the Clcomposite containing
EPDM-mA (curve a, Figure 5.37), due to the degradation of PA12 and the HAP
resin, respectively. Similar of the B2 samples (HAP/B03070C) of Chapter IV, the
low-temperature degradation peak, expected to occur at temperatures lower than
460°C, is faintly observed.
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Figure 5.37: Thermogravimetric curves (A) and first the derivative (B) recorded at
scanning rate of 10°C/min in air, for the composites C1 and C2 containing EPDM-mA
(sample Rb10) (a) and NBR (sample Rb01) (b), cured by compression molding at 200°C
for 10 min. The temperatures marking the maximum degradation rate of PA12 and the
HAP resin are indicated with Ta1 and Tdz, respectively.

The DMTA curves recorded in two consecutive scans of the “C” composites are
shown in Figures 5.38 and 5.39. DMTA analysis was carried out on unbroken
specimens and on specimens that were broken and then welded at 200°C for 45 min,
as detailed in Chapter IV. It is apparent that the welding behavior of the “C”
composites containing the masterbatch is excellent, regardless of the kind of rubber
sample included in the material. This is also demonstrated by the welding line
observed in the SEM micrograph of the composite C1 (see Appendix 5).
Similar to the composites “D”, the DMTA curves of the composites “C” are similar,
and show three relaxation phenomena in correspondence of the glass transition
temperature of the rubber component in the temperature range -60+10°C, and in
correspondence of the glass transition and melting of PA12, in the range 55+80°C
and at about 160°C, respectively. Post-curing reactions also occur to a small extent,
as indicated by the slight increase of the storage modulus in the first heating scan of
the unbroken specimens (curves a of Figures 5.38 and 5.39).
Furthermore, as in the case of the composites “D”, the DMTA curves of unbroken
and broken and then welded specimens of the composite C1 (Figure 5.38) indicate
that the glass transition of the EPDM-mA rubber occurs at =-52°C and does not
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greatly change in the scans successive the first one, neither after breaking and

successi

1010_

10°

Modulus (Pa)
= = =
< =3 <

,_\
<
"

ve welding.

A

Storage modulus

Loss b'
modulus

PA12
56.1 69.8
EPR-mA

-51.6-52.3
IRVANSF g

— 1stscan
|—— 2nd scan|
PA12
oo a'
\W

a

¢

C1_50330611

0.

5

r0.4

T
o
w

T
o
N

r0.

o

[N
(=]
S

50 0

50 100 150 200 250 300

Temperature (°C)

tan &

1

.0

1038 ——1stscan | 0,5
—— 2nd scan
o Storage modulus PAL2
10 1% 04
%M
__10°4 807 N
o “
EP% i
Loss \'\N 8
123 modulus b~ 02
10°4 1812
PA12
67\7 éyf\\_{
7 o1
0°4 =/ 53
[/ NIy
104 i - ' ' i, Ci 5033061 00
50 0 50 100 150 200 250 300

Temperature (°C) welded

Figure 5.38: Storage modulus (a,a’), loss modulus (b,b’), and tan & (c,c’) as a function
of the temperature of the composite C1-50-33-06-11 containing the EPDM-mA rubber
sample Rb10, cured at Tem = 200°C for 10 min, recorded during a first (a-c) and a second
heating scan (a’-c’) relative to an unbroken specimen (A) and a broken and successively
welded specimen (B). The welding is performed at 200 °C for 45 min as detailed in
Chapter IV.

Similarly, the DMTA curves of unbroken and broken and then welded specimens of

the composite C2 (Figure 5.39) indicate that the glass transition of the NBR rubber

occurs at =~-13°C during the first heating scans and at =~ 3°C during the second

heating scan. The shift of the glass transition may be ascribed to the occurrence of

rather strong interactions between the NBR chains and PF resin segments.
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Figure 5.39: Storage modulus (a,a”), loss modulus (b,b”), and tan & (c,c’) as a function
of the temperature of the composite C2-50-33-06-11 containing the NBR rubber sample
Rb01, cured at Tem= 200°C for 10 min, recorded during a first (a-c) and a second heating
scan (a’-¢’) relative to an unbroken specimen (A) and a broken and successively welded
specimen (B). The welding is performed at 200 °C for 45 min as detailed in Chapter IV.

5.4.6 Comparison of the thermomechanical behavior of “D” and “C”
composites

The loss factor curves measured through DMTA of the unbroken composites having
similar HAP, PAN, and rubber content and including EPDM-mA (sample Rb10) and
NBR (sample Rb01), but obtained by addition of PA12 (“D” samples) and the
masterbatch B03070C (“C” samples) are compared in Figure 5.40.

The loss factor in the temperature region of the glass transition temperature of the
rubber component dispersed in the thermoset matrix for the “C” composites is lower
than that exhibited by the “D” composites, regardless of the nature of the rubber. In
the glass transition region of PA12, instead, the values of the loss factor of the “C”
composites are higher than those of the “D” composites, even though the PA12
content in the “C” samples is lower (23 %wt) than the PA12 content in the “D”
samples (35 %wt).

This indicates that the addition of neat PA12 or of a PA12 masterbatch induces good
self-healing properties without impairing the damping not only to the cured PF

resins but also to the composites of the PF resins including other components such
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as PAN fibers and rubbers. Furthermore, it is demonstrated that composites with
tailored damping properties in different temperature regions may be obtained,

depending on the chemical nature of the rubber.
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Figure 5.40: Comparison of the loss factor curves of specimens of the “C” and “D”
composites cured at 200°C for 10 min, relative to the samples D1-47-35-06-12 and D2-
47-35-06-12 containing PA12 (straight lines) and the samples C1-50-33-06-11 and C1-
50-33-06-11 containing the masterbatch B03070C (circle lines). C1 and D1 indicate
composites containing the rubber sample EPDM-mA Rb10 (black lines) and C2 and D2
indicate the composites containing the rubber sample NBR Rb01(blue lines).
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CONCLUSIONS

In this Ph.D. thesis, commercial grades of thermoset resin have been used to design
materials that exhibit self-healing properties. A total of 41 resins have been selected
in the available portfolio of thermosets conventionally used in the automotive and
construction industries, namely Phenol-Formaldehyde (PF), Melamine-
Formaldehyde (MF) resins containing hexamethylenetetramine (HMTA) as a
hardener, and a Bismaleimmide (BMI) resin.

The synthesis and the curing of thermoset resins are characterized by complex
mechanism reactions that engrave on the kinetics and the final properties of the
material, depending on composition, chemistry, curing condition, presence of
hardener, and additives.

To address the complexity of these curable systems, research activities were first
focused on the basic characterization of the resins. The chemical composition of the
resins, the nature of the additive, the crosslinking temperature (TcL) of the initial
resins, and the thermomechanical behavior of the cured specimens have been
determined. The TcL value has been used to study the viscoelastic behavior during
the isothermal curing of the resin in rheological experiments, and to select the
compression molding temperature (Tcm) used for the curing.

A method based on numerical descriptors extracted from the rheological data has
been proposed in order to tag the different types of resins on the basis of the curing
kinetics. The values of these parameters, the maximum curing rate in the first 500 s
of isotherm at the curing temperature (dG’/dt)max, and the curing ratio between the
conservative modulus at the end of the fixed time and at the beginning of the curing
process (G’L/G’;) have been used to construct a diagram named “curing efficiency
chart”. Four sectors are identified depending on the combination of the values of the
curing ratio G'L/G’; and of the maximum curing rate (dG'/dt)max in comparison with
those of a novolac HMTA free resin blended ad hoc with 10%wt of HMTA, which

has been arbitrarily selected as the benchmark. Compared with the benchmark,
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resins that are already well cured at the beginning of the isotherm and quickly
become stiffer during isotherm fall in the region I; resins that are already well cured
at the beginning of the isotherm and slowly become stiffer during isotherm fall in
the region II; resins that are not well cured at the beginning of the isotherm and
slowly become stiffer during isotherm fall in the region Ill; resins that are not well
cured at the beginning of the isotherm and quickly become stiffer during isotherm
would fall in the region IV.

TGA measurements performed on the cured resin specimens, allowed to
discriminate the different thermal stability of the material for the resin cured for 5
min at two different Tcm Set equal to Ter and Ter +50. It is shown that the thermal
stability of the cured resins increases with increasing the curing temperature, with
some exceptions.

The viscoelastic properties of the samples cured for 5 min at two different
temperatures have been investigated by performing DMTA measurements. The
different viscoelastic behavior of the cured resins has been characterized using as
parameters the position (Tg), the height (Imax), and the half-width at half-height
(Wa) of the tan & peaks. It has been shown that the values of these parameters
depend strictly on the type of the thermoset resin. PF resins cured at Ten=TcL Show
large relaxation phenomena due to partial and heterogeneous cross-linking. In fact,
during the measurements, additional cross-linking reactions (post-curing) occur. PF
resins cured at Tem=TcL+50, instead, do not show these phenomena which indicates
that the cross-linking reactions are almost complete. It is apparent that, with
increasing the curing temperature, all the samples exhibit a shift of T, toward higher
temperatures and a decrease of peak intensity Imax. The cured MF resins, instead,
show different behavior. Regardless of the curing temperature (Tem=TcL Or TcL+50)
the melamine-based resins are generally brittle and could give breakage during the
measurements when temperatures higher than 250°C are reached. Crucial for this set
of resins is the composition and the relative amount of the melamine component.

Considering the thermal stability, composition, curing behavior, and viscoelastic
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properties evaluated by DMTA, the HAP resin, that is a resin in which the cross-
linking agent (HMTA) is added to the molten polymer to ensure a good dispersion,
according to the Hexamine Adduct Phenolic (HAP) technology, is selected as a
suitable matrix to be used for testing self-healing properties, through the addition of
polyamide 12 (PA12).

The self-healing properties of HAP resin mixed with various PA12 content have
been investigated. To this aim, the PF/PA12 mixtures have been firstly cured in a
press. Successively, viscoelastic and morphological studies have been carried out on
these samples after breaking and successive restoration, in order to evaluate the
efficiency of the self-healing process. In particular, thermomechanical analysis has
revealed that the mixtures with PA12 content higher than 20 %wt are inherently able
to restore their integrity These data suggest that the self-healing efficiency of these
systems can be ascribed to the good dispersion of PA12 in the PF matrix.

The effect of other parameters has been also explored as for instance the effect of the
curing temperature used during the compression molding (T.»=150, 170, 190, 200,
and 220°C) of the pristine mixtures of the HAP resin with PA12 as well as the effect
of the use of other types of resin as matrix instead of the HAP. The tested resins
have been selected considering the composition and the curing behavior evaluated
through the curing efficiency chart. In general, it is shown that the final viscoelastic
properties of the material depend on compression molding temperature (Tcm), PA12
content, and type of resin matrix. In particular, melamine-based resins are not
suitable as matrices for self-healing materials with PA12. Considering that
melamine-based resins are specifically formulated to contain at least 57 wt% of a PF
resin, the fragility of their mixtures with PA12 indicates that the melamine
component, either HMM or MF oligomer, counteracts the compatibilization
mechanism.

Since PA12 keeps crystallizing in the cured samples before and after healing, it is
suggested that the healing process is triggered by heating at temperatures higher than

the melting temperature of the PA12 component through the diffusion of the melt
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towards the fracture and the establishment of new interactions of the amide groups
with the hydroxyl groups of PF resin, followed by successive crystallization of
PA12 upon cooling. It has been shown that this mechanism is general as it allows
achieving efficient welding regardless of the temperature adopted for curing the
mixtures and also for other types of PF resins having different curing behavior.

In order to investigate the nature of the interactions at PF/PA12 interface, model
mixtures of PF resin and PA12 in absence of the hardener have been also studied.
For these systems, the competitive curing reactions of the PF resin with HMTA are
prevented, so that the possible set up of direct interaction of PF resin with PA12 can
be better evidenced. In independent experiments, indeed, it is demonstrated that
HMTA does not establish relevant interactions with PA12. Whereas investigation of
the structure and thermal properties of the model mixtures confirm the good
compatibility at PF/PA12 interface, FTIR analysis provides direct evidence of the
formation of hydrogen bonds even though the possible formation of covalent bonds
could not be unambiguously discarded. In general, the presence of PA12 in the
mixtures shows negative deviations of the glass transition of the blends from the
predicted values of the Fox-Flory equation, resulting in an increase of the damping
properties of the final cured material at high temperatures.

Finally, a simple procedure is set up, that allows using PF/PA12 blends with high
PA12 content as masterbatch, to obtain efficient self-healing materials by mixing
with the HAP resin or other types of PF resins. Interestingly, it has been shown that
the use of the masterbatch allows to obtain cross-linked materials with self-healing
properties even in the case of melamine-based resins, regardless of the composition
or type of melamine component (MF or HMM) or the HMTA content as a hardener
in the pristine samples. In all cases, it is demonstrated that with the use of the
masterbatch, the desired self-healing performances may be achieved using a lower

amount of PA12 component.
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APPENDIX A3.0

The ATR performed on samples Phl14, Boron modified PF resin, confirms the
predominance of the ortho-methylene linkages in the backbone, the Xylene modified
PF resin PhXy shows random ortho/para linkages.

1000 950 900 850 800 750 700 650

Ph14

PhXy

Trasmittance (%)

ortho

para

Figure A3.0: ATR-FTIR spectra in the region of the ortho/para linkage of the PF resins
Ph14 (a) and PhXy (b)

APPENDIX A3.1

Rheological measurements were performed on the PF and MF resin powders. From

the measurements have been extracted the numerical descriptors G’L/G’i and

(dG’)dt)max used for the curing efficiency chart.
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Figure A3.1.1: Storage (G’) and loss (G’”) moduli of the PF resins PhXy (A), Ph1l (B),
Ph03 (C), Ph12 (D), Phl1l3 (E), and Phl14 (F) measured during the rheological
measurements as a function of time. The samples are heated (at 5 °C/min) from 100-110
°C up to the cross-linking temperature T, = Tcy.
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Figure A3.1.5 Storage (G’) and loss (G’”) moduli of the melamine-based resins MFPh06 (A),
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APPENDIX A3.2

Thermogravimetric Analysis (TGA) was performed on the cured resin at two
different compression molding temperatures Tem = Tl and Te +50.
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Figure A3.2.1: TGA curves (a) and corresponding first derivatives (b) of the cured resin
PhXy obtained by compression molding at the cross-linking temperatures Tem = Ter (A)
and T(;m = TCL(B)
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Figure A3.2.2: TGA curves (a) and corresponding first derivatives (b) of the cured resin
PhAO04 obtained by compression molding at the cross-linking temperatures Tem = Ter (A)
and Tcm = TCL(B)
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Figure A3.2.3: TGA curves (a) and corresponding first derivatives (b) of the cured resin
Ph13 obtained by compression molding at the cross-linking temperatures Tem = Ter (A)
and Tcm = TCL(B)
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Figure A3.2.4: TGA curves (a) and corresponding first derivatives (b) of the cured resin
Ph12 obtained by compression molding at the cross-linking temperatures Tem = TeL (A)
and Tcm = TCL(B)
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Figure A3.2.5: TGA curves (a) and corresponding first derivatives (b) of the cured resin
PhGAO1 obtained by compression molding at the cross-linking temperatures Tem = TcL
(A) and Tcm = TCL(B)
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Figure A3.2.6 TGA curves (a) and corresponding first derivatives (b) of the cured resin

PhGAO02 obtained by compression molding at the cross-linking temperatures Tem = Tew

(A) and Tcm = TCL(B)
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Figure A3.2.7: TGA curves (a) and corresponding first derivatives (b) of the cured resin
PhAOQ1 obtained by compression molding at the cross-linking temperatures Tem = Tew (A)
and Tcm = TCL(B)
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Figure A3.2.8: TGA curves (a) and corresponding first derivatives (b) of the cured resin
PhGAO3 obtained by compression molding at the cross-linking temperatures Tem = TcL
(A) and Tcm = TCL(B)
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Figure A3.2.9: TGA curves (a) and corresponding first derivatives (b) of the cured resin
PhSi01 obtained by compression molding at the cross-linking temperatures Tem = TeL
(A) and Tcm = TCL(B)

DTG

100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Temperature (°C) Temperature (°C)

Figure A3.2.10: TGA curves (a) and corresponding first derivatives (b) of the cured
resin PhAQ3 obtained by compression molding at the cross-linking temperatures Tem =
Tc|_ (A) and Tcm = TCL(B).
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Figure A3.2.11: TGA curves (a) and corresponding first derivatives (b) of the cured
resin Ph15 obtained by compression molding at the cross-linking temperatures Tem = TeL
(A) and Tcm = TCL(B)
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Figure A3.2.12: TGA curves (a) and corresponding first derivatives (b) of the cured
resin Ph16 obtained by compression molding at the cross-linking temperatures Tem = TeL
(A) and Tcm = TCL(B)
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Figure A3.2.13: TGA curves (a) and corresponding first derivatives (b) of the cured
resin PhGA04 obtained by compression molding at the cross-linking temperatures Tem =
TeL (A) and Tem = TCL(B).
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Figure A3.2.14: TGA curves (a) and corresponding first derivatives (b) of the cured
resin Ph02 obtained by compression molding at the cross-linking temperatures Tem = TeL
(A) and Tcm = TCL(B)
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Figure A3.2.15: TGA curves (a) and corresponding first derivatives (b) of the cured
resin Ph03 obtained by compression molding at the cross-linking temperatures Tem = TeL
(A) and Tcm = TCL(B)
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Figure A3.2.16: TGA curves (a) and corresponding first derivatives (b) of the cured
resin Ph11 obtained by compression molding at the cross-linking temperatures Tem = TeL
(A) and Tcm = TCL(B)
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Figure A3.2.17: TGA curves (a) and corresponding first derivatives (b) of the cured
resin PhSi04 obtained by compression molding at the cross-linking temperatures Tem =
TeL (A) and Tem = TCL(B).
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Figure A3.2.18: TGA curves (a) and corresponding first derivatives (b) of the cured
resin PhSi02 obtained by compression molding at the cross-linking temperatures Tem =
Tc|_ (A) and Tcm = TCL(B).
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Figure A3.1.19: TGA curves (a) and corresponding first derivatives (b) of the cured
resin PhSi03 obtained by compression molding at the cross-linking temperatures Tem =
TeL (A) and Tem = TCL(B).
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Figure A3.2.20: TGA curves (A) and corresponding first derivatives (B) of the cured
melamine based resin obtained by compression molding at the cross-linking
temperatures Tcm equal to Te =150 °C.
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Figure A3.2.21: TGA curves (A) and corresponding first derivatives (B) of the cured
melamine based resin obtained by compression molding at the cross-linking
temperatures Tem equal to Te +50°C =200 °C.
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Figure A3.2.22: TGA curves of the cured melamine based resin with HMM content 25-
40%wt obtained by compression molding at the cross-linking temperatures Tem = 150°C
(A) and Tem =200 °C (B).
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APPENDIX A3.3

The cured PF resin DMTA data are reported in Figures A3.3.1-A3.3.5.
In the same graph are reported the storage and the loss moduli, and the loss factor of

specimen cured for 4 min at two different compression-molding temperatures.
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Figure A3.3.1: Storage modulus (a,a”), loss modulus (b,b”), and tan 6 (c,c’) as a function

of temperature for the PF resin cured at T, = Ter (a-c) and Ty = Te+50 (a’-¢”). Ph02 (A),
Ph03 (B), Ph11(C). In all cases, the curing time is fixed to 4 min.
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Figure A3.3.3: Storage modulus (a,a”), loss modulus (b,b”), and tan 6 (c,c’) as a function

of temperature for the Silicon modified PF resin cured at T, = Tc. (a-c) and T = TeL+50

(a’-¢”). PhSi02 (A), PhSi04 (B), PhSi01(C), and PhSi03 (D). In all cases, the curing time
is fixed to 4 min.
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Figure A3.3.4: Storage modulus (a,a”), loss modulus (b,b’), and tan 6 (c,c’) as a function
of temperature for the Aralkyl modified PF resin cured at T, = Tc. (a-c) and T; = Te +50
(a’-¢”). PhAD2(A), PhA04 (B), PhA01(C), and PhAO3. In all cases, the curing time is
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Figure A3.3.5: Storage modulus (a,a’), loss modulus (b,b”), and tan 8 (c,c’) as a function
of temperature for the PF resin cured at T, = TeL (a-c) and Tr = Te+50 (a’-¢”). Ph15(A),
Ph16 (B), Ph13 (C), and Ph14. In all cases, the curing time is fixed to 4 min. The
specimen of the resin Ph14 cured at T; = Ty is too brittle to perform the measurement.

The melamine-based resin DMTA data are reported in Figure A3.3.6.
In the same graph are reported the storage and the loss moduli, and the loss factor of

specimen cured for 4 min at two different compression-molding temperatures.
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Figure A3.3.6: Storage modulus (a,a’), loss modulus (b,b”), and tan & (c,c’) as a function
of temperature for the melamine based resin cured at T, = 150 °C (a-c) and 200 °C (a’-
¢’). In all cases, the curing time is fixed to 4 min. The sample name is indicated on the

graph.
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APPENDIX A4.0

det | mo
3.0mm | ETD

Figure A4.0.1: SEM micrographs magnification 400x of the inner surface of the
specimen of the blend B1_6040 cured at 200 °C for 10 min after breaking in liquid
nitrogen and then etched with Phenol. PA12 domains. The holes indicate the region

occupied by the dispersed PA12.
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APPENDIX A4.1

The system HMTA-PA12 has been studied by DSC analysis. No phenomena occur

between the two mixed components with a ratio of 50:50.

After the measurements, the weight loss is about 50wt% and it is due to the

degradation of the HMTA component at 243°C recorded during the 1% heating scan.

exo flow

2nd heating—

T, =146°C Tm“ =175°C

AH_=32 g AH =250

~— cooling

1st heating

degradation

of HMTA

243°C

T '=181°C
AH =-83Jig

50 100 150 200 250 300
Temperature (oc) PA12:HMTA 50:50

Figure A4.1.1: DSC thermograms of the mixed PA12:HMTA with ratio 50:50.The

degradation of the HMTA occur at 243°C.
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APPENDIX A4.2

In order to evaluate the formation of the covalent bonds between PA12 and HMTA-
free novolac (Ph00) extractions with Soxhlet technique have been performed using
acetone as a selective solvent for the unreacted novolac, for 24 hours.

The novolac HMTA resin has been washed in distilled water and dried in the oven at
80°C under vacuum in order to remove any traces of reactive components (e.g.
HMTA).

The mixture BO_6040 which contains 60wt% of HMTA-free novolac and 40wt% of
PA12 has been obtained as described in Chapter IV.

A sample of 100% novolac and a sample of the blend BO_6040 have been heated at
180°C for 20 min. The heated samples are named BO_6040C and PhC, respectively.
The analyzed samples are the uncured mixed powder, the heated mixed powders,
and the heated novolac alone. The results are reported in Table A.4.2

The evaluation of the Acetone soluble fraction (As) and Acetone insoluble fraction

(Ai) could give information about the occurrence of reactions.

Table A.4.2 — Results of the Soxhlet extraction, acetone, 24 h.

Unreacted BO_6040 BO_6040C PhC
Insoluble fraction (Ai) % 39.8 +0.2 45.0 +0.2 3.6 0.2
Soluble fraction (As) % 60.2 0.2 55.0 £0.2 96.4 +0.2

Considering the complete solubility of the HMTA-free novolac in acetone, the As
fraction is attributed to the novolac soluble oligomers.
The insoluble fraction recorded for the PhC (Ai = 3.6 0.2 %) is due to the
condensation reaction occurring with some methylol group present in the uncured
novolac or thanks formaldehyde-releasing after the rearrangements of ether bridges
in methylene bridges. The presence of this group has been confirmed by MALDI-
TOF spectra of the unreacted HMTA-free PF resin (Figure A.4.2) compatible with a
structure containing one -CH,O- group (Figure A.4.3).
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The Ai of the BO_6040C is about 45% which means that contains 10% of insoluble
PF resin. Considering that the Ai fraction of the PhC is 3.6%, in the case of
condensation of the novolac oligomers the contribution of the PF resin should be
Ai=42.2%. The higher value of the insoluble fraction, therefore, suggests that the
oligomers can be directly bound to the PA12. It is worth noticing that the unreacted
BO_6040 gives the initial amount of the components as expected. The reaction
between polyamide, formaldehyde, and phenol has been investigated by Ravve et al.
but the mechanism has not been explained whether the reaction involves the direct
reaction N atom of the amide group to a methylol group, or it occurs through the
reaction of the amide group and formaldehyde, in the first step.
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Figure A.4.2: MALDI-TOF spectrum of the sample Ph00. The arrow indicates a
signal of an oligomer of 546 Da, considering the contribution of the Na ion (23 Da)

the oligomer molecular weight is 546 Da.
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Figure A.4.3: Possible structures compatible with a molecular weight of 546 Da
indicated in Figure A.4.2 considering the contribution of the Na* (~23 Da) with
methylol moiety (a) or ether bridge (b).

The formation of chemical bonds between PA12 and PF resin interface could not be

probed directly, due to the scarce solubility of the insoluble fraction obtained.
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APPENDIX A5.0

In order to evaluate the behavior of a rubber as damper in composites with the HAP
resin, mixtures of the HAP resin with 20wt% of rubber selected from Table 5.1 were
prepared by mechanical mixing.

The composite between HAP resin as binder and EPDM-mA gives the highest value
in loss factor in the range 0-100°C. For this reason, this rubber has been also

selected in the composite described in the Chapter V.

—— with EPDM Rb03
—— with EPDM Rb02
—— with EPDM Rb04
—— with PIB Rb09

— with C-IIR Rb06
—— with EEDM-mA Rb10

0,1

tan &

00 50 0 50 100 150 200 250
Temperature (°C)
Figure A5.0.1: Comparison of the loss factor of the composite between HAP resin and
rubber samples (20wt%). The composites have been cured at 200°C for 10 min. The

composite containing EPDM-mA show the higher loss factor value in the range 0-
100°C.
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Figure A5.0.2: SEM micrographs magnification 107x of the inner surface of the
specimen of the composite C1 50330612 cured at 200 °C for 10 min, successive
healing, and successively cut perpendicularly to the welding surface. The whole welded

fracture has indicated by dashed rectangle.

Figure A5.0.3: SEM micrographs magnification 500x of the inner surface of the
specimen of the composite C1 50330612 cured at 200 °C for 10 min, successive
healing, and successively cut perpendicularly to the welding surface. Detail of the

welding area

200



