NIVERSITY Deoartment of
F TRENTO In?!l:lastrligﬂingineering

XXXII cycle

)

Doctoral School in Materials, Mechatronics

and Systems Engineering

Multifunctional polymer composites for
thermal energy storage and thermal management

Giulia Fredi

June 2020






MULTIFUNCTIONAL POLYMER COMPOSITES FOR

THERMAL ENERGY STORAGE AND THERMAL MANAGEMENT

Giulia Fredi

E-mail: giulia.fredi@unitn.it/giuliafredi@hotmail.it

Approved by:

Prof. Alessandro Pegoretti, Advisor
Department of Industrial Engineering
University of Trento, Italy.

Prof. Luca Fambri, Advisor
Department of Industrial Engineering
University of Trento, Italy.

Ph.D. Commission:

Prof. Leif E. Asp,

Department of Industrial and Materials
Science

Chalmers University of Technology,
Sweden.

Prof. Miroslav Slouf,

Department of Polymer Morphology
Institute of Macromolecular Chemistry,
Czech Academy of Sciences (IMC),
Czech Republic.

Prof. Andrea Dorigato
Department of Industrial Engineering
University of Trento, Italy.

University of Trento,

Department of Industrial Engineering

June 5, 2020



University of Trento - Department of Industrial Engineering

Doctoral Thesis

Giulia Fredi - 2020
Published in Trento (ltaly) by University of Trento

Cover image: optical microscope micrograph of the polished cross-section of a carbon
fiber laminate containing paraffin microcapsules and a reactive acrylic thermoplastic
matrix.









To my family






Abstract

Thermal energy storage (TES) consists in storing heat for a later use, thereby
reducing the gap between energy availability and demand. The most diffused
materials for TES are the organic solid-liquid phase change materials (PCMs), such
as paraffin waxes, which accumulate and release a high amount of latent heat through
a solid-liquid phase change, at a nearly constant temperature. To avoid leakage and
loss of material, PCMs are either encapsulated in inert shells or shape-stabilized with
porous materials or a nanofiller network. Generally, TES systems are only a
supplementary component added to the main structure of a device, but this could
unacceptably rise weight and volume of the device itself. In the applications where
weight saving and thermal management are both important (e.g. automotive, portable
electronics), it would be beneficial to embed the heat storage/management in the
structural components.

The aim of this thesis is to develop polymer composites that combine a polymer
matrix, a PCM and a reinforcing agent, to reach a good balance of mechanical and
TES properties. Since this research topic lacks a systematic investigation in the
scientific literature, a wide range of polymer/PCM/reinforcement combinations were
studied in this thesis, to highlight the effect of PCM introduction in a broad range of
matrix/reinforcement combinations and to identify the best candidates and the key
properties and parameters, in order to set guidelines for the design of these materials.

The thesis in divided in eight Chapters. Chapter | and Il provide the introduction
and the theoretical background, while Chapter IIl details the experimental techniques
applied on the prepared composites. The results and discussion are then described in
Chapters IV-VII. Chapter IV presents the results of PCM-containing composites having
a thermoplastic matrix. First, polyamide 12 (PA12) was melt-compounded with either
a microencapsulated paraffin (MC) or a paraffin powder shape-stabilized with carbon
nanotubes (ParCNT), and these mixtures were used as matrices to produce
thermoplastic laminates with a glass fiber fabric via hot-pressing. MC was proven more
suitable to be combined with PA12 than ParCNT, due to the higher thermal resistance.
However, also the MC were considerably damaged by melt compounding and the two
hot-pressing steps, which caused paraffin leakage and degradation, as demonstrated
by the relative enthalpy lower than 100 %. Additionally, the PCM introduction
decreased the mechanical properties of PA12 and the tensile strength of the
laminates, but for the laminates containing MC the elastic modulus and the strain at
break were not negatively affected by the PCM. Higher TES properties were achieved
with the production of a semi-structural composite that combined PA12, MC and
discontinuous carbon fibers. For example, the composite with 50 wt% of MC and
20 wt% of milled carbon fibers exhibited a total melting enthalpy of 60.4 J/g and an



increase in elastic modulus of 42 % compared to the neat PA. However, the high melt
viscosity and shear stresses developed during processing were still responsible for a
not negligible PCM degradation, as also evidenced by dynamic rheological tests.
Further increases in the mechanical and TES properties were achieved by using a
reactive thermoplastic matrix, which could be processed as a thermosetting polymer
and required considerably milder processing conditions that did not cause PCM
degradation. MC was combined with an acrylic thermoplastic resin and the mixtures
were used as matrices to produce laminates with a bidirectional carbon fabric, and for
these laminates the melting enthalpy increased with the PCM weight fraction and
reached 66.8 J/g. On the other hand, the increased PCM fraction caused a rise in the
matrix viscosity and so a decrease in the fiber volume fraction in the final composite,
thereby reducing the elastic modulus and flexural strength. Dynamic-mechanical
investigation evidenced the PCM melting as a decreasing step in E’; its amplitude
showed a linear trend with the melting enthalpy, and it was almost completely
recovered during cooling, as evidenced by cyclic DMA tests.

Chapter V presents the results of PCM-containing thermosetting composites. A
further comparison between MC and ParCNT was performed in a thermosetting epoxy
matrix. First, ParCNT was mixed with epoxy and the mixtures were used as matrices
to produce laminates with a bidirectional carbon fiber fabric. ParCNT kept its thermal
properties also in the laminates, and the melting enthalpy was 80-90 % of the expected
enthalpy. Therefore, ParCNT performed better in thermosetting than in thermoplastic
matrices due to the milder processing conditions, but the surrounding matrix still
partially hindered the melting-crystallization process. Therefore, epoxy was combined
with MC, but the not optimal adhesion between the matrix and the MC shell caused a
considerable decrease in mechanical strength, as also demonstrated by the fitting with
the Nicolais-Narkis and Pukanszky models, both of which evidenced scarce adhesion
and considerable interphase weakness. However, the Halpin-Tsai and Lewis-Nielsen
models of the elastic modulus evidenced that at low deformations the interfacial
interaction is good, and this also agrees with the data of thermal conductivity, which
resulted in excellent agreement with the Pal model calculated considering no gaps at
the interface. These epoxy/MC mixtures were then reinforced with either continuous
or discontinuous carbon fibers, and their characterization confirmed that the
processing conditions of an epoxy composite are mild enough to preserve the integrity
of the microcapsules and their TES capability. For continuous fiber composites, the
increase in the MC fraction impaired the mechanical properties mostly because of the
decrease in the final fiber volume fraction and because the MC phase tends to
concentrate in the interlaminar region, thereby lowering the interlaminar shear
strength. On the other hand, a small amount of MC enhanced the mode | interlaminar
fracture toughness (Gic increases of up to 48 % compared to the neat epoxy/carbon
laminate), as the MC introduced other energy dissipation mechanisms such as the
debonding, crack deflection, crack pinning and micro-cracking, which added up to the
fiber bridging.



Chapter Vlintroduces a fully biodegradable TES composite with a thermoplastic
starch matrix, reinforced with thin wood laminae and containing poly(ethylene glycol)
as the PCM. The wood laminae successfully acted as a multifunctional reinforcement
as they also stabilized PEG in their inner pores (up to 11 wt% of the whole laminate)
and prevent its leakage. Moreover PEG was proven to increase the stiffness and
strength of the laminate, thereby making the mechanical and TES properties
synergistic and not parasitic.

Finally, Chapter VIl focused on PCM microcapsules. The synthesis of micro-
and nano-capsules with an organosilica shell via a sol-gel approach clarified that the
confinement in small domains and the interaction with the shell wall modified the
crystallization behavior of the encapsulated PCM, as also evidenced by NMR and XRD
studies and confirmed by DSC results. In the second part of Chapter VII, a coating of
polydpamine (PDA) deposited onto the commercial microcapsules MC. The resulting
PDA coating was proven effective to enhance the interfacial adhesion with an epoxy
matrix, as evidenced by SEM micrographs. XPS demonstrated that the PDA layer was
able to react with oxirane groups, thereby evidencing the possibility of forming covalent
bond with the epoxy matrix during the curing step.
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Chapter |

Introduction and aim of the work

1.1 Motivations and objectives

Thermal energy storage (TES) is one of the key technologies for a more efficient
and rational use of energy resources, as it allows the temporary conservation of
excess heat that can be released when the demand for thermal energy overcomes its
availability. Among the most promising materials for TES in the low-medium
temperature range (0-100 °C) are the organic solid-liquid phase change materials
(PCMs), such as paraffin waxes, which accumulate heat when they melt and release
it upon crystallization. PCMs can store a high amount of latent heat at a nearly constant
temperature, and therefore they are often used to maintain the temperature in a
specific range; this makes them suitable for thermal management applications, such
as to regulate the indoor environment in buildings, or to avoid overheating of batteries
and other electronic devices. To prevent leakage and loss of material above the
melting temperature, PCMs can be either encapsulated in macro-, micro- or nano-
shells, or “shape-stabilized” in porous materials or nanofiller networks.

Generally, TES systems represent a supplementary component to be added to
the main structure of a device. In applications where weight and volume savings are
critical design parameters, it would be beneficial to embed heat storage/management
functionalities directly into structural or semi-structural materials. In this context,
polymer-matrix composites have the potentialities to be designed as multifunctional

1



materials with both structural and non-structural functions. Lightweight polymer
composites combining good mechanical properties and TES capability could find
applications in different fields, such as the automotive industry, where the diffusion of
lightweight structures could complicate the thermal management of the environment
in the cockpit, or the portable electronics field, where the reduction in volumes and
masses also limits the space available for the cooling system. Although the scientific
literature reports some examples of polymers containing a PCM, little has been done
to investigate their mechanical properties and enhance these properties with a
reinforcing agent.

The aim of this thesis is to develop polymer-matrix composites containing an
organic PCM and a reinforcing agent, and to characterize their properties as a function
of their composition, in order to design systems that combine structural/semi-structural
function and heat storage/management capability. Since this research topic has not
been addressed systematically in the scientific literature, the work of this thesis
considers and compares several polymer/PCM/reinforcement systems, to highlight
advantages and drawbacks and select combinations with the highest potential from
the point of view of the synergism between mechanical and TES properties.

More precisely, the specific objectives of this work can be listed as follows:

o Investigate the effects of the introduction of a PCM on the properties of a
polymer composite. Considering the intrinsic brittleness and low stiffness and
strength of paraffin waxes and other organic PCMs, it is crucial to evaluate how
PCM addition impacts the microstructural, thermal, mechanical, and
viscoelastic properties of a polymer composite, below and above the melting
temperature of the PCM.

e  Compare microencapsulated and shape-stabilized PCMs as TES materials
in a polymer composite, by considering differences in thermal and mechanical
stability, assessing the impact on viscosity and other physical properties of the
matrix during processing, and foreseeing potential sources of defects in the final
composite, always taking into account the differences in processing a
thermoplastic or a thermosetting composite.

e  Perform benchmark experiments and proofs of concept. Since the scientific
literature reports a very limited number of examples of polymer composites
containing a PCM, this work aims at investigating a broad range of matrices,
reinforcements and PCMs, to highlight which parameters are the most important
and suggest guidelines for designing with structural or semi-structural TES
composites. The selected matrices encompass thermoplastic, thermosetting
and reactive thermoplastic polymers, while the reinforcements comprise



continuous and discontinuous carbon and glass fibers and less traditional
reinforcements such as wood laminae.

e Evaluate potential multifunctional reinforcements. All the considered
composites were produced combining a polymer matrix, a reinforcement and a
PCM. However, ultra-thin wood laminae were considered as both the
reinforcement and the shape-stabilizing agent for the PCM. In this way,
multifunctionality was shifted from the composite level to the element level

e  Study the properties of PCM microcapsules, to evidence which parameters
make them suitable to be incorporated in a polymer matrix, such as size, melting
enthalpy, surface reactivity, and mechanical strength of the shell.

1.2 Methodological approaches

The first activity of the thesis work was a detailed literature review aimed at
selecting the most promising PCMs to be incorporated into a polymer composite, at
choosing the matrix/reinforcement systems that could host a PCM, at evaluating the
lab-scale production processes to fabricate thermoplastic and thermosetting
composite samples. For each of the selected matrix/reinforcement/PCM combination,
samples were prepared containing various fractions of PCMs, and the processing
parameters were tuned to obtain samples of the best possible quality. From these
samples, specimens were extracted for a detailed and all-round characterization,
encompassing (i) microstructural evaluation via optical and scanning electron
microscopy, (i) the assessment of density and porosity of the prepared composites,
correlated with the measurements of the viscosity variation of the matrix upon PCM
addition, (iii) the determination of the TES capability on two size scales, via differential
scanning calorimetry (DSC) and thermal camera imaging, (iv) the measurement of
other important thermal properties via thermogravimetric analysis (TGA), laser flash
analysis (LFA) and dynamic-mechanical analysis (DMA), (v) the evaluation of the
mechanical performance via quasi-static, dynamic and fracture mechanics tests. The
measured properties were evaluated as a function of the composition and PCM
content, and theoretical models were applied to highlight interesting relationships
between the measured parameters. The property evaluation was followed by a
comparison of the produced composites via the construction of property charts.

The study of the properties of PCM microcapsules was performed via the
synthesis of core-shell microcapsules via a sol-gel approach and the characterization
of their morphology, microstructure and thermal properties via spectroscopy and
nuclear magnetic resonance (NMR) techniques. Moreover, the study and
improvement of the surface reactivity of the microcapsules was performed by
modifying commercial PCM microcapsules via polydopamine (PDA) deposition



through a wet-chemical approach and by analyzing the surface reactivity with infrared
spectroscopy and X-ray photoelectron spectroscopy (XPS).

1.3 Thesis outline

This thesis is divided into eight Chapters.

Chapter Il presents a detailed literature review on the TES techniques, with a
special focus on the various classes of PCMs and their applications for thermal
management. This Chapter then provides a concise overview on structural and semi-
structural polymer composites and describes the concept of multifunctional material,
especially focusing on the combination between mechanical and TES properties.
Chapter Il describes all the materials used in this thesis, which are classified as
polymer matrices, reinforcements and PCMs. It also illustrates all the characterization
techniques applied on the prepared composites, divided into physical, microstructural,
thermal, thermo-mechanical and mechanical methods.

The following three Chapters describe the sample preparation and the results
of the characterization for all the prepared composites, divided according to the type
of matrix. Chapter IV illustrates the composites with a thermoplastic matrix. Four case
studies were investigated, namely (i) glass/polyamide laminates containing either a
microencapsulated or a shape-stabilized PCM,; (i) polyamide composites containing
paraffin microcapsules and reinforced with discontinuous carbon fibers; (i) carbon
fiber laminates containing paraffin microcapsules and a reactive thermoplastic matrix;
(iv) polypropylene filaments containing PCM microcapsules, produced with the aim of
fabricating multifunctional commingled yarns.

The results of the composites with a thermosetting matrix are described in
Chapter V. The only considered thermosetting matrix was an epoxy resin, combined
with (i) a bidirectional carbon fabric and shape-stabilized paraffin powder, (i) a
microencapsulated PCM and unidirectional carbon fibers, and (i) the same
microencapsulated PCM and discontinuous carbon fibers.

Chapter VI illustrates the methods and the results of the characterization of a
thermoplastic starch/wood laminate containing poly(ethylene glycol) (PEG) as a PCM.
Even though it has a thermoplastic matrix, this system has been described in a
standalone Chapter due to its peculiarities, i.e. the full biodegradability, the use of a
non-paraffinic PCM, the non-fibrous nature of the reinforcement (constituted by thin
wood laminae) and the fact that the reinforcement is also the shape-stabilizing agent
for the PCM, thus being a multifunctional element itself.

Chapter VIl focuses on tailoring the thermo-mechanical or interfacial properties
of paraffin microcapsules and deals with (i) the synthesis of docosane microcapsules
via a sol-gel route and (i) the modification of commercial paraffin microcapsules with
a polydopamine coating to enhance the interfacial adhesion with an epoxy matrix.



Lastly, Chapter VIII contains concluding remarks, a comparison among all
investigated systems, and recommendations for future research.

The results of this thesis would not have been possible without the help of
several researchers and collaborators. Therefore, at the end of each Chapter, a
paragraph acknowledges the contribution of other researchers by detailing clearly the
input of each of them (where applicable).






Chapter Il

Background

2.1 Introduction to thermal energy storage (TES)

The storage and management of thermal energy have become object of
increasing interest in the last decades, due to their importance for the conservation
and efficient use of energy and energy sources. The present Subchapter starts
explaining the reasons at the basis of energy conservation and management, and then
it illustrates the concept of thermal energy storage and the classification of TES
technologies (Kalaiselvam and Parameshwaran, 2014).

211 Importance of energy conservation and management

The growing concerns about fossil fuels depletion, climate change, and
greenhouse gases emissions have recently increased the interest of researchers,
industries, and governments for developing technologies aimed at a more efficient use
of energy. As the strategies for energy production based on fossil fuels have been
lately undoubtedly related to environmental pollution and global warming, the research
attention has shifted towards sustainable and renewable energy sources, such solar,
wind and geothermal energy (Dincer and Ezan, 2018).

The two main obstacles against the wide diffusion of such sources are the high
initial plant cost and the intermittent nature of these sources. If the first issue will be
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attenuated by technological development, an effective answer to source intermittency
can be provided by boosting energy storage technologies. The amount of solar energy
varies on a daily and seasonal basis, and the wind and geothermal power can be
unpredictable; therefore, the energy production plants must be supplemented with
energy storage systems, to provide a significant and constant output also in the off-
peak periods (Dincer and Ezan, 2018).

Energy storage systems can bring benefits also in the exploitation of
conventional energy sources, when they are implemented in buildings, vehicles and
industrial applications (Dincer and Rosen, 2011; Dincer and Ezan, 2018). For instance,
in the transportation sector, an increased performance of batteries could encourage
the usage of electric vehicles, thereby reducing the demand for traditional fuels.
Energy storage systems can help to decrease equipment sizes and initial and
maintenance prices, to boost plant flexibility and efficiency, and to reduce the
necessity of emergency power generators that would consume primary energy
sources, all of which would lower the overall energy consumption and cost (Dincer and
Rosen, 2011; Kalaiselvam and Parameshwaran, 2014).

212 Energy storage technologies

Energy storage systems can be classified according to the form of intermediate
energy, which can be (Dincer and Ezan, 2018):

e  chemical (e.g. hydrogen storage);

e electrical (e.g. capacitors);

o electrochemical (e.g. batteries, fuel cells);

e mechanical (e.g. compressed air);

o thermal (e.g. sensible heat storage in water tanks).

Other classifications consider the form of input energy (e.g. electrical, thermal),
the form of output energy (e.g. thermal energy, liquid fuels), or the involved conversion
process (e.g. power-to-power, power-to-gas, power-to-liquid). Even though the
mentioned forms of energy storage are characterized by different power rates,
discharge rates, efficiency, and technological maturity, they all have considerable
positive impact in their own applications, as they can maintain a continuous power
supply and increase the system performance and reliability (Dincer and Ezan, 2018).

The following Sections focus on thermal energy storage and illustrate the
technologies and the applications of such concept.

2.1.3 Concept of thermal energy storage

Thermal energy storage (TES) can be defined as the temporary storage of heat,
which can be used later and/or in a different place. The TES systems are meant to
8



reduce the mismatch between thermal energy availability and demand, thereby
contributing to the recovery of waste heat and a more efficient exploitation of
intermittent energy sources (Cabeza, 2014). Compared to the other aforementioned
energy storage systems, the storage of energy in the form of heat (or cold) exhibits
longer storage times and higher efficiency (Dincer and Ezan, 2018). The cycle of a
typical TES system, reported in Figure Il - 1, comprises charging, storage and
discharging steps.

energy

heat sink

heat source

charge store discharge

time
Figure Il - 1. Typical working cycle of a TES system (adapted from (Dincer and Ezan, 2018)).

TES materials and technologies have been object of a growing interest, as
demonstrated by the noteworthy increase in the number of scientific publications on
the topic. Figure Il - 2 shows the yearly number of publications found with the search
phrase “thermal energy storage” on the database Web of Science. The number of
scientific studies has increased of approximately 11 times in the last 10 years (from
2009 to 2019), which proves the considerable effort of the scientific community to
expand the knowledge and the technologies in the field.
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Figure Il - 2. Number of scientific papers published yearly about thermal energy storage
from 1980 to 2019 (ISI Web of Science database, consulted on March 6, 2020).
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TES technologies are currently employed for three main purposes:

(1) to store waste/excess heat that will be released during off-peaks
periods, e.g. to recover waste industrial heat (Zhang et al., 2016), or
in solar thermal power plants (Sheng et al., 2019);

(2) to contribute to temperature regulation, e.g. in buildings to store
excess energy during the day and release it during the night or in
off-peak times (Ostry and Charvat, 2013), or for body temperature
regulation through smart thermoregulating garments (Cherif et al.,
2018);

(3) to temporarily store heat and prevent a temperature rise that would
otherwise damage a component, as in the thermal management of
electronic devices (Kandasamy et al., 2007).

From the classification presented above, it is clear that sometimes the desired
product is the stored and released thermal energy, as in the cases (1) and (2): the
excess energy is stored for later uses, which can involve temperature regulation (as
in the case of buildings) or an increase in efficiency (as in the case of power plants).
These examples are generally referred to as cases of “thermal energy storage or TES
properly said”, and they normally need energy storage systems with high thermal
capacity, to store as much energy as possible. In other situations, the excess heat is
not stored for a later use, but only to avoid a dangerous rise in temperature, as in the
aforementioned case (3): these are examples of “thermal management” (TM), and
their main requirement is usually a well-defined energy storage rate. However, it is not
always easy to distinguish between TES properly said and TM. Some other
classifications categorize as TES properly said only the case (1), while the other cases
are examples of TM as the main goal is to keep the temperature in an optimal range.

This thesis will discuss about TES or TM without a strict distinction, although
the materials investigated in this work would be more suitably employed for thermal
management applications.

2.1.4  Classification of TES technologies

TES technologies can be classified according to the way the internal energy of
the storage medium is varied. The thermal energy can be stored and released by
changing the temperature of a material (sensible heat TES, SH-TES), through an
endo/exothermic phase change (latent heat TES, LH-TES), or through a
thermochemical reaction (thermochemical heat TES, TH-TES). The selection of a TES
system over another depends on several parameters, such as the required heat
storage period (hours, months, days), economic considerations, working temperature,
available volume. A list of the main parameters of the different TES systems is reported
in Table I - 1 (Safari et al., 2017). Even though the TH-TES system allow a higher
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energy density per unit mass and volume and a greater efficiency, the technological
maturity of TH-TES is lower than that of the other two classes, and according to some
recent reviews on the topic, considerable effort should be put to study advanced
materials and produce efficient prototypes (Jarimi et al., 2019). On the other hand, LH-
TES systems such as underground thermal energy storage and the domestic hot water
storage are characterized by low risk and high commercialization potential (Dincer and
Ezan, 2018).

Table Il - 1. Main performance parameters of sensible, latent and thermochemical heat TES
technologies (adapted from (Safari et al., 2017)).

TES system Capacity Efficiency Storage period  Cost
(kWhtt) (%) (h,d, m) (€E/kWh)
Sensible heat 10-50 50-90 d/m 0.1-10
Latent heat 50-150 75-90 h/m 10-50
Thermochemical heat ~ 120-250 75-100 h/d 8-100

The following Sections summarize the characteristics and the governing
equations of each of the three TES classes, while Subchapter 2.2 focuses on the
description of latent heat TES materials and technologies, as they are the focus of this
thesis.

2141 Sensible heat storage (SH-TES)

SH-TES is performed by increasing or decreasing the temperature of the
storage medium, since the enthalpy variation is proportional to the temperature
difference, as depicted in Figure Il - 3.

More specifically, the total amount of energy AE (J) stored in the system can
be defined by Equation (Il - 1), as

H, Tz
AE = f mdH = m(H, — H,) = f medT = me(T, — Ty), (-1)
Hy Ty

where m is the mass of the storage medium, H; and H, the initial and final enthalpy
values (J/g), c the specific heat capacity (J/(g-K)) and T; and T, the initial and final
temperature (°C). An analogous equation can be written for the energy release, which
results in the cooling of the storage medium.

From Equation (Il - 1) it is evident that the effectiveness of a storage medium
and the total amount of exchanged energy depends on the available mass and volume,
while the energy stored per unit mass increases with the specific heat capacity. It is
also desirable that the medium is non-toxic, not expensive, and maintains long-term
stability over many thermal cycles. Moreover, the medium should be well insulated, as

any fluctuations of the surrounding temperature results in a variation of the stored
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energy, and it should have a high thermal diffusivity, which enhances heat transfer
rate within the medium itself and thus the total thermal exchange rate.

.
N

Enthalpy

I
=

T Temperature

Figure Il - 3. Variation of enthalpy of the storage medium as a function of its temperature
in an SH-TES unit cycle (adapted from (Dincer and Ezan, 2018)).

Typical materials used as sensible heat storage media are liquids such as
water, oils or molten salts, or solids such as metals or rocks (Hasnain, 1998). One of
the most widespread sensible heat storage media is water, as it has a considerably
high specific heat, is cheap and widely available. As it can be used over a wide
temperature range and is employable both as a storage and transport medium, it is
the most widely used storage medium for solar-based hot water and in radiation
systems for indoor heating (Hasnain, 1998).

2.1.4.2 Latent heat storage (LH-TES)

LH-TES involves the storage and release of heat through a phase transition.
The vast majority of LH-TES systems are based on the melting-solidification phase
transition, with the storage medium absorbing heat during melting and releasing it
upon solidification. On the other hand, evaporation-condensation phase changes are
generally avoided, as the considerable volume variation increases the requirements
and the complexity of the confinement units.
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Figure Il - 4. Variation of enthalpy of the storage medium as a function of its temperature
in an LH-TES unit cycle (adapted from (Dincer and Ezan, 2018)).

The enthalpy variation as a function of temperature for a solid-to-liquid phase
transition is illustrated in Figure Il - 4. During an energy storage process, the storage
medium initially behaves like an SH-TES unit and absorbs sensible heat, with a
consequent increase in temperature. This behaviour continues until the phase change
temperature (Ty), at which the phase transition takes place, is reached. The system
remains at T, until the completion of the phase transition, during which the absorbed
energy is equal to the latent heat of phase change (AH,. = Hy — H;). Further
increases in enthalpy rise the temperature of the storage medium, and the slope of the
enthalpy-temperature relationship depends on the specific heat capacity of the
substance after phase change and can be different from the slope between T, and
Ty

The total enthalpy variation AE (J) of such process is described by Equation (II
-2),as

Hy Tpc T2
AE = f mdH =m(H, — H,) = f mcsdT + mAH, + f mc,dT , (n-2)
Hy T Tpe

where AH,. (J/g) is the latent heat of phase change, T, is the phase change
temperature and cg and c;, are the specific heat capacity of the solid and liquid phase,
respectively. Generally, the latent heat is considerably higher than the sensible heat
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absorbed, which means that LH-TES systems normally require less material usage,
as they can store a high amount of energy in a smaller volume.

2.1.4.3 Thermochemical energy storage (TH-TES)

The third type of TES systems consists in storing and releasing heat in a
reversible endo/exothermic thermochemical reaction. During an endothermic reaction
(charging), the storage medium absorbs heat from the surrounding environment as
the reaction enthalpy and it typically splits into two or more chemical substances, as
illustrated in Equation (Il - 3), as

Sy + heat - S, + S3, n-3)

S, representing the storage medium and S, and S5 the reaction products, which can
be stored individually for a long time. The reverse reaction represents the discharging
process, and the reaction between S, and S5 releases the same amount of heat
stored during the endothermic reaction. The total heat released depends on the
reaction enthalpy (J/mol) and the quantity of material (mol).

The potential of thermochemical heat storage is noteworthy, as the TH-TES
materials have up to 10 times higher energy storage density then SH-TES media, and
approximately two times higher than the most common LH-TES materials (Figure Il -
5) (Aydin et al., 2015). This aspect and the remarkably low heat losses are the two
main advantages of TH-TES systems. However, the full exploitation of the potential of
these materials is possible only with an efficient heat and mass transfer to and from
the storage volume, which can put limitations over the maximum size of the storage
volume itself. Achieving an efficient heat and mass transfer and coping with slow
reaction kinetics are the key targets of the research on TH-TES systems, as they are
the main issues to be overcome for the scale-up and commercialization of these
systems (Aydin et al., 2015; Vasta et al., 2018).

TH-TES materials can be further classified as chemical or sorption systems.
Chemical systems are those in which a considerable amount of heat is generated from
an exothermic synthesis reaction and their working principle is properly described by
the model reaction reported in Equation (Il - 3). In the sorption systems, a gas, the
sorbate, reacts with a sorbent, which can be solid (absorption reactions) or liquid
(adsorption reactions) (Aydin et al., 2015). Sorption systems are characterized by
faster kinetics and lower working temperatures than chemical systems, but the energy
storage density is also lower (Vasta et al., 2018).
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Figure Il - 5. Comparison of specific energy storage density values of different sensible,
latent and thermochemical TES media (adapted from (Aydin et al., 2015)).

2.2 Latent heat TES and phase change materials (PCMs)

The present Subchapter focuses on latent heat TES, as this is the TES
technology selected for this thesis work. It explains the working principles and the
advantages of latent heat storage systems more in detail and describes the classes of
LH-TES materials, the confinement techniques, and the cost and environmental
impact issues that derive from their application. As the melting-crystallization phase
change is undoubtedly the most widely employed transition in LH-TES technologies,
the discussion from now on will refer to this specific transition also with the more
generical terms “phase change” or “phase transition”, unless specified differently.

2.2.1  Principle and advantages of latent heat TES

Latent heat TES has become attractive over the other TES technologies for a
wide number of applications, and this stems from three main reasons.

The first advantage of LH-TES is the possibility to store and release a
considerable amount of heat per unit mass or volume, which derives from the high
energy density of the phase change materials (PCMs). This results in requiring much
less material compared to the traditional sensible heat storage systems, thereby
increasing the system flexibility and the design possibilities and reducing the initial and
maintenance costs.
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The second advantage is associated to the heat storage and release at a nearly
constant temperature, the phase change temperature (). During the energy storage
step (charging), the PCM reaches the melting temperature and maintains the
temperature constant over the whole melting process, regardless of the applied heat
flux or small variations of the surrounding temperature. An analogous situation
happens during heat release (discharging): when the PCM approaches the
crystallization phase change, the temperature is kept constant until the transition is
completed. This feature is attractive in all the thermal management applications, where
the temperature should be stably maintained in a certain range (e.g. indoor thermal
regulation of buildings) or under a critical value (e.g. cooling of electronic devices).

The third advantage is represented by the technological maturity of LH-TES
systems, which often makes LH-TES a preferred choice over thermochemical heat
storage techniques. Even though TH-TES systems exceed LH-TES in energy storage
density, solid-liquid phase change materials are generally easier to handle and exhibit
a little volume variation as they do not involve gas phase, thereby requiring smaller
systems and less support equipment.

2.2.2 Selection and properties of a phase change material

There are many types of PCMs available on the market, and constant effort is
being put in studying new materials that can be used as latent heat storage media. It
is therefore important to identify the key material properties that make a PCM the most
suitable for a specific application.

One of the most significant properties, and the primary criterion for selecting a
PCM, is the phase change temperature. This temperature should be below that of the
heat source but above that of the working environment, because a PCM already
melted before absorbing heat from the designated source would be purposeless. For
LH-TES systems designed to avoid overheating, the most suitable PCM is the one that
has the melting point just slightly below the maximum allowed temperature, as this
reduces the melting rate and increases the thermal management window.

Another striking property is the phase change enthalpy, which represents the
amount of energy that a PCM can store and release per unit mass or volume. High
phase change enthalpy values result in smaller system sizes, as less material is
required to store a certain energy amount. The PCMs with high melting enthalpy
generally exhibit high specific heat capacity, which is also desirable as it increases the
sensible heat stored before and after the melting temperature range, thereby
enhancing the overall energy exchange.

A good PCM also shows a high thermal conductivity both in the solid and in the
liquid phase, as this enhances heat transfer from the source into the whole PCM mass.
The density and density variation between the molten and the solid state are also
factors to be considered in the processes of materials selection and system design.
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Additionally, the ideal PCM should be physically and chemically stable over many
thermal cycles, chemically compatible with the container, non-corrosive and non-toxic,
and it should exhibit congruent melting, low supercooling degree and completely
reversible melting/crystallization cycles.

The currently available PCMs do not match all these criteria at once, but the
recent progresses in materials research and design are opening new possibilities for
selecting the most suitable PCM with enhanced performance.

2.2.3 Classification of PCMs

The number of materials currently used as PCMs is noteworthy and constantly
growing. Therefore, it is difficult — and out of the scope of this thesis - to develop a
fully comprehensive list. The present Section aims at describing a commonly accepted
way to classify the PCMs, illustrating the working principle, advantages, and
disadvantages. The solid-liquid PCMs can be divided into organic PCMs, inorganic
PCMs, and eutectic mixtures of organic and inorganic PCMs (Pielichowska and
Pielichowski, 2014). The main classes of solid-liquid PCMs are reported in Figure Il -
6.

The following Sections describe the characteristics and the advantages of each
PCM class. Organic PCMs will be covered more in detail, as they are the PCMs
selected for this thesis work.

‘ Phase change materials ‘

gas-l.iquid H soIid.-gas H solid-.liquid H soIid:soIid ‘

inorganics

| organics | | eutectics |

salts | |4 paraffins | | organic-organic |

inorganic-inorganic\

salthydrates | | PEGs

metalalloys | |= fattyacids | &= organic-inorganic |

others | = esters |

{ others

Figure Il - 6. Classification of solid-liquid phase change materials (adapted from (Kapsalis
and Karamanis, 2016)).
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2231 Organic PCMs

Organic PCMs are the most widely used PCMs in the low-medium temperature
range (0-100 °C) and are diffused in thermal management of buildings and electronic
devices. They are generally inexpensive and easy to handle, exhibit a relatively high
energy density and comprise classes of oligomers or polymers with a broad range of
molecular weights, thus allowing a wide choice of the working temperature. They are
non-toxic, do not release volatile substances and are characterized by congruent
melting and negligible supercooling. On the other hand, their thermal conductivity is
generally low; this issue is addressed by increasing the heat transfer area, by using
highly thermally conductive containers or by adding metallic or carbon-based
micro/nano-fillers (Pielichowska and Pielichowski, 2014). The second disadvantage of
organic PCMs is related to their flammability, which derives from their hydrocarbon
nature; however, their flash point is approx. 200 °C, well above the operating
temperature range.

Organic PCMs comprise paraffin waxes, poly(ethylene glycol)s, and fatty acids,
but also other compounds such as ketones, esters, ethers, halogen derivatives,
sulphur compounds and oleochemical carbonates.

Paraffin waxes. The most widely used organic PCMs are the paraffin waxes,
saturated hydrocarbons with chemical formula CnHzn+2. Paraffins embody all the
aforementioned advantages of organic PCMs, and they are generally cheaper and
exhibit higher heat of fusion (200-240 J/g) and specific heat capacity (2.1-2.4
kJ/(kg-K)) than the other organic compounds (Sharma et al., 2015). They present a
superior thermal stability over repeated thermal cycles (also after 1000-2000), are
largely commercially available, have a relatively low vapor pressure and a small
melting volume change (Kahwaji et al., 2018). Paraffins are available with a broad
range of chain lengths; those between C5 (pentane) and C15 (pentadecane) are liquid
at room temperature, while those containing a higher number of carbon atoms are
solid with a waxy appearance. Commercial paraffins are mixtures of different
hydrocarbons that do not exhibit phase segregation even after many thermal cycles,
and the formulation is designed to select the desired melting temperature and the
highest possible melting enthalpy. Paraffins are generally resistant to chemical and
environmental degradation, but it has been shown (Lane, 1983) that they can manifest
slow oxidation when exposed to oxygen, which encourages the use of sealed
containers.

Fatty acids. Fatty acids, represented by the chemical formula
CH3(CH2)2:COCH, are the second most popular organic solid-liquid PCM. They are
divided into six classes: lauric, myristyl, caprylic, capric, palmitic and stearic. Fatty
acids show high melting enthalpy values (45-210 J/g) and a wide range of melting
temperatures (-5 to 70 °C) but are three times more expensive than paraffins. As they
can be produced from vegetal or animal bio-sources and are biodegradable, they have

been the subject of extensive studies to replace paraffins for low/medium temperature
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applications, such as the solar energy storage and thermal management of indoor
environment (Sharma et al., 2015).

Poly(ethylene glycol)s (PEGs). Known also as poly(ethylene oxide)s (PEOs),
they are composed of dimethyl ether chains HO-CHz-(CH2-O-CHz-)s-CH2-OH. Due to
the amphiphilic nature of their chain, which presents hydrocarbon sequences and
polar groups such as -OH, PEGs are soluble in water and in some organic solvents
(Sarier and Onder, 2012). Also for PEGs, the melting temperature and enthalpy
increase with the molecular weight; for example, PEG600 melts at 18.5 °C absorbing
121.1 Jig, while PEG2000 has a melting temperature of 61.2 °C and a melting
enthalpy of 176.2 J/g. As for the other organic PCMs, the low thermal conductivity is
anissue that must be considered in the applications (Sundararajan et al., 2017). PEGs
are biodegradable and biocompatible and are also used in drug delivery systems. This
feature has expanded the use of PEG as a PCM in applications inside the human
body, e.g. to subtract heat during the in-situ polymerization of acrylic bone cements
and avoid overheating and damage to the surrounding biological tissues (Krél et al.,
2016).

2.2.3.2 Inorganic PCMs

Inorganic PCMs generally show higher density than organic PCMs, and
therefore, even though they exhibit similar enthalpy per unit mass, they can have a
remarkably higher enthalpy per volume, thereby allowing the production of more
compact TES systems. Moreover, the thermal conductivity of inorganic PCMs can be
several times higher than that of their organic counterpart. For these reasons, they are
the preferred choice in the medium/high temperature range (100-1000 °C) and when
there are no strict requirements on non-corrosiveness. Inorganic PCMs comprise
several classes of materials, such as salts, salt hydrates and metal alloys (Fleischer,
2015).

Salts and salt hydrates. Salts and salt hydrates have similar molecular
structure, but in the case of salt hydrates the crystalline lattice is not so closely packed
and can easily host water molecules. Common salts and salt hydrates used as PCMs
are NaNOs, KNO3, KOH, MgClz, NaCl, MgCl2:6H20, CaClz:6H20, and Na2S04:10H20,
also called Glauber's Salt (Fleischer, 2015).

While salts undergo a proper melting/crystallization behavior at the transition
temperature, for salt hydrates the solid-liquid phase change is a dehydration/hydration
process of the compound, which decomposes into an anhydrous salt (or a lower
hydrate) and water molecules. Their higher vapor pressure, which increases with the
hydration degree, can cause loss of water and change in thermal behaviour of the
compound. Salt hydrates often suffer from supercooling problems: above the
dehydration temperature, the anhydrous salt may experience segregation and settle
at the bottom of the container due to its higher density, thereby hindering the
rehydration process. This issue is usually overcome by stirring, by adding excess
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water to favor solubilization of the whole mass of anhydrous salt and prevent
precipitation, or by adding a thickening agent (e.g. borax, graphite, etc.) that reduces
the extent of phase separation and often acts as a nucleating agent (Zalba et al., 2003;
Dincer et al., 2017).

The phase change temperature of these compounds ranges from 10 °C to
900 °C. However, for applications where a melting point up to 70-80 °C is required,
organic PCMs are often preferred due to the lower cost, easier handling, lower vapor
pressure, superior long term stability, lower supercooling and lower tendency to
incongruent melting (Zalba et al., 2003).

Metal alloys. Metals have not been extensively investigated as PCMs so far,
but they are starting to attract considerable attention thanks to their high thermal
conductivity and their stability at high temperature. The most promising metallic PCMs
are cesium, gallium, indium, tin and bismuth for low-temperature applications, and
zinc, magnesium, and aluminum for applications at higher temperatures. Metallic
PCMs cover a broad range of melting temperatures, from 28 °C of neat gallium to
661 °C of aluminum, but they are not widely used for low temperature applications due
to their low phase change enthalpy. Despite of their high density, which partially offsets
the limited enthalpy and determines a high enthalpy per unit volume, their physical and
TES properties do not match those of the most common organic PCMs. On the other
hand, high-melting metals such as Al and Mg alloys also exhibit a considerable phase
change enthalpy (350-500 J/g), which makes them attractive for high-temperature
solar heating applications, in replacement of inorganic salts that are thermally unstable
and prone to phase segregation (Fleischer, 2015).

2.2.3.3 Eutectic PCMs

Eutectic PCMs are mixtures of organic or inorganic compounds that melt and
solidify congruently. They present a sharp melting point and a high phase change
enthalpy, and their properties can be tailored to meet the requirements of a specific
application. They are completely miscible in the molten state and freeze forming an
intimate mixture of crystals (Dincer et al., 2017), which accounts for a phase transition
without segregation. As they are generally designed for a target application, they are
usually more expensive than the other classes of PCMs.

2.2.4  Confinement techniques for organic PCMs

One of the major drawbacks for PCMs is the need for being confined to avoid
leakage and loss of material above the melting temperature. The confinement
techniques can be divided into two main groups: (1) encapsulation methods and (2)
shape-stabilization methods. The present Section will focus on the confinement
techniques for organic PCMs, with particular attention to the micro/nano-encapsulation
techniques and the shape-stabilization with nanofillers, because they are the most
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suitable and widely used techniques to embed a PCM in a polymer matrix, thus being
the selected techniques for this thesis work.

2.24.1 Encapsulation

Encapsulation methods involve a container that physically separates the PCM
from the surrounding environment, is stable in the whole working temperature range
and accommodates the phase transition and the associated volume change. The
containers can be of various sizes, shapes, and materials; one can talk about macro-
, micro- or nano-encapsulation.

Macro-encapsulation is the simplest method of confining a PCM, as it involves
the use of a box or a tank, made of a thermally conductive material (e.g. aluminum,
stainless steel) that is chemically compatible with the PCM. The container should be
properly sealed to avoid the leakage also of the least viscous PCMs, and the design
should always consider the volume expansion and contraction during the phase
change. When there are no strict requirements on the strength, also thin flexible plastic
(e.g. polyethylene) bags can be used, as they accommodate the volume change and
do not require an ullage space.

Micro- and nano-encapsulation are interesting as they allow avoiding bulky
containers and feature microbeads with a polymeric or inorganic shell and a PCM core.
This confinement technique, with capsules in the micron- or sub-micron-scale range,
offers two main advantages. The first is that a microencapsulated PCM is easy to
handle and to embed in other materials such as gypsum and concrete by simple
mixing, and it can be also added to liquids to produce PCM-enhanced heat transfer
fluids. The second advantage is represented by the augmented specific surface area
(SSA), which increases the heat transfer surface and enhances the overall thermal
exchange. The capsule shells must be stable over many melting/solidification cycles
and must not have any chemical interaction with the PCM.

There are several physical, physical-chemical, and chemical techniques
available to produce PCM microcapsules (Table Il - 2). Among all techniques, the most
diffused, researched, and developed on industrial scale is the in-situ polymerization,
which includes interfacial, suspension and emulsion polymerization (Jamekhorshid et
al., 2014; Konuklu et al., 2015). These techniques differ from each other mainly in
terms of polarity and solubility of the monomers and the initiator. A schematic
representation of these techniques is depicted in Figure Il - 7. In the interfacial
polymerization (Figure Il - 7a), the polymeric shell wall is the result of the
polymerization of polar and non-polar monomers dissolved in the water and oil phase
of an oil-in-water emulsion, respectively. The shell growing at the interface of the two
phases becomes a barrier to diffusion and limits the reaction kinetics, thereby
influencing the shell thickness and morphology. Common shell materials are polyurea,
urea-formaldehyde and melamine-formaldehyde. In the suspension polymerization
(Figure Il - 7b), all the reactants are liposoluble and are dispersed in the water-based
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medium due to continuous agitation and the help of surfactants. Therefore, with this
technique itis difficult to encapsulate hydrophilic PCMs such as PEGs or salt hydrates.
The shape and size of the resulting particles is strongly influenced by the stirring
speed, amount of stabilizer, fraction of the monomer phases and relative viscosity of
the droplets and the water medium. This technique is similar to the emulsion
polymerization (Figure Il - 7c); the main difference is the hydrophilic nature of the
initiator, which is dissolved in the water phase. Common shell materials for both these
techniques are acrylic and styrenic polymers such as poly(methyl methacrylate)
(PMMA), polystyrene, and styrene-divinylbenzene copolymers (Tyagi et al., 2011;
Zhao and Zhang, 2011).

Figure Il - 7. Schematic representation of the chemical microencapsulation methods. (a)
interfacial polymerization; (b) suspension polymerization; (c) emulsion polymerization (X
and Y: monomers; Init: initiator). Adapted from (Jamekhorshid et al., 2014).

Another interesting technique to prepare microcapsules is the sol-gel method,
in which a solid shell forms through the gelation of a colloidal suspension (the “sol”).
This colloidal suspension, which is often more accurately a solution, is prepared
starting from a molecular precursor, such as a metal alkoxide [M™(OR)a] (Wang et al.,
2006; Ciriminna et al., 2011).

Figure Il - 8 illustrates the general sol-gel encapsulation route to obtain a silica
(Si02) shell starting from tetraethyl orthosilicate (TEOS) as the molecular precursor.
The PCM is first dispersed in an aqueous medium with the help of surfactants to form
a stable oil-in-water (O/W) emulsion. The amount of PCM, the polarity of the aqueous
medium and the type and concentration of surfactant are important parameters
determining the final micelle size and thus the capsule dimension. Separately, TEOS
is dissolved in a water medium, e.g. a water-ethanol solution, and the pH of the
solution is generally lowered to favor the hydrolysis reaction. Once the hydrolysis is
complete, the precursor solution is added to the PCM emulsion; here, a controlled
condensation reaction of the precursor happens around the PCM droplets, under basic
conditions. The result of the condensation reaction is the formation of an extended
silica network around the PCM droplet. The main advantage of sol-gel techniques is
the possibility to form a ceramic (e.g. SiOz, TiO2, CaCOs) shell, which is generally
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stronger and stiffer and exhibits a higher thermal conductivity than the polymeric shells
(Linetal., 2019). On the other hand, pure metal oxides are usually brittle and subjected
to cracks. To mitigate their fragile behavior, the molecular precursor can be chosen
that contains a hydrocarbon side group, which will be present also in the final network,
resulting in a hybrid organo-ceramic material. For example, organosilica shells
produced from methyltriethoxysilane CH3Si(OCHs)s (MTES) are less brittle and more
flexible than those produced from TEOS, thanks to the side methyl group that remains
in the resulting network (Chen et al., 2013a; Tang et al., 2017).

Table Il - 2. Advantages and disadvantages of the main microencapsulation methods
(adapted from (Jamekhorshid et al., 2014), with data from (Freitas et al., 2005))

Technique Advantages Disadvantages Particle  Encap.
size ratio
(um) (%)
Physical methods
Spray drying - Low cost - Particle agglomeration 0.1-5000 38-63
- Easy to scale-up - High temperature
- Versatility - Uncoated particles
- Difficult control of the
particle size
Solvent - Low cost - Difficult to scale-up 5-1500
evaporation
Physic-chemical methods
Coacervation - Versatility - Difficult to scale-up 2-1200 6-68
- Precise control of the - Agglomeration
particle size
Sol-gel - Inorganic shell with - Difficult to bring to 0.2-20 30-87
high thermal industrial level
conductivity - Complex reactions
involved
Chemical methods
Interfacial - Wide range of shell - Moderate cost 0.5-1000  15-88
polymerization ~ Materials - Solvent handling
7Suspension l—AIrleady at industrial 24000 7-75
polymerization -e\\;zrsatility
Emulsion 0.05-5 14-67

polymerization
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Figure Il - 8. Encapsulation of an organic PCM via a sol-gel process starting from TEOS
(adapted from (Zhang et al., 2010a)).

2.24.2 Shape-stabilization

In the field of phase change materials, the term “shape-stabilization” is
sometimes used as a synonym of “confinement’, also including the
microencapsulation techniques (Umair et al., 2019). However, the vast majority of the
dedicated literature refers to “shape-stabilization” to indicate all methods to prevent
PCM leakage besides encapsulation, and this is the meaning that this term assumes
also in this thesis work. Shape-stabilization techniques involve the creation of a
composite PCM via the addition of layered or porous materials, inorganic nanofillers,
or polymer matrices, to produce a compound without any manifest leakage or
exudation even when the PCM is in the molten state. Such techniques are generally
less expensive than the microencapsulation and yield a higher thermal conductivity,
but the PCM is not completely isolated from the external environment and some
leakage may happen after several thermal cycles.

One of the simplest techniques to obtain a composite PCM is the dispersion of
nanoparticles, such as carbon nanotubes (CNTs) (Zhang and Liu, 2019), graphene
oxide (GO) (Xia et al., 2019), expanded graphite (EG) (Sari and Karaipekli, 2007;
Zhang et al., 2010b), expanded graphite nanoplatelets (xGnPs) (Biswas et al., 2014),
nanoclays (Xie et al., 2019), metallic and metal oxide/nitride nanofillers (Fang et al.,
2014), which increase the mixture viscosity and prevent the leakage thanks to their
high specific surface area (Umair et al., 2019). The shape-stabilization effect can be
achieved by simple melt blending, vacuum impregnation or grafting of the PCM chains
onto the nanofillers. Moreover, the inclusion of carbon- or metal-based fillers can
enhance the thermal conductivity, thereby improving the energy storage rate and
efficiency especially of the organic PCMs (Yuan et al., 2018).
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An analogous effect of enhanced thermal conductivity can be achieved by
shape-stabilizing the PCM through a highly conductive foam, where the PCM can be
accommodated within the interconnected porosity. Such foams are generally metallic,
ceramic, or carbon-based and are characterized by a high porosity, interesting
mechanical properties, and thermochemical stability. For example, Huang et al.
(Huang et al., 2017) explored the possibility to infiltrate nickel and copper foams with
myristyl alcohol (MA), an organic PCM with chemical formula C14H300, melting point
of 40.4 °C and latent heat of fusion of 218.4 J/g, for solar thermal energy storage
(Figure Il - 9). The infiltration of molten PCM, performed under vacuum conditions,
resulted in a total PCM content of 60-80 wt%, and it increased with the pore size. The
thermal conductivity of the impregnated foams was up to 7.5 times higher than that of
the neat MA and increased with decreasing pore size.
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Figure Il - 9. MA-impregnated nickel foam. (a) full image; (b) SEM micrograph (adapted
from (Huang et al., 2017)).

Blending organic PCMs with polymer matrices is another diffused technique to
prevent leakage in the temperature interval between the transition temperature of the
PCM and the melting point (for semicrystalline polymers) or the glass transition
temperature (for amorphous polymers) of the surrounding matrix (Pielichowska and
Pielichowski, 2014). One of the most widely used strategies consists in combining
paraffinic PCMs with polyolefins like polyethylene (PE) and polypropylene (PP), due
to their physical-mechanical properties and the chemical compatibility with paraffins,
but other commonly used polymers are acrylics, poly(vinyl chloride), polyurethanes
and elastomers as ethylene-propylene diene monomer (EPDM) rubbers (Pielichowska
and Pielichowski, 2014). For example, Resch-Fauster and Feuchter (Resch-Fauster
and Feuchter, 2018) compared the properties of PE, PP and an ethylene-propylene
copolymer (E/P) as shape-stabilizing matrices for high-molecular weight paraffin
waxes. Samples were prepared via melt blending and compression molding; the total
amount of PCM in the blends varied between 25 and 38 wt%, which resulted in a
phase change enthalpy of 53-71 J/g. A co-crystallization was evident in the PE-PCM
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composites, while for PP and E/P the crystallization of the PCM was not affected by
compounding, but the PCM acted as a plasticizer and a nucleating agent for the
surrounding matrix, thereby increasing the crystallinity of the matrix. Nevertheless, the
satisfactory heat storage properties were accompanied by a decreasing in the
mechanical performance after PCM addition. This was noticed especially above the
PCM melting transition, associated to a decrease up to 85 % in the elastic modulus
and 54 % in the tensile strength, which led the authors to conclude that such
PCM-polymer blends are not suitable as load bearing materials. This aspect is
described more in detail in Section 2.6.1.

2.2.5 Cost and sustainability of PCMs

TES systems based on PCMs are generally more expensive than sensible heat
storage materials. Although the PCMs are widely studied in many different fields, and
new materials with a high latent heat of phase change are constantly being discovered
and synthesized, PCMs are currently being massively employed only in building and
construction applications (Dincer et al., 2017), but even in this sector the time required
to recover the initial investment cost can be of up to several decades. Besides the
buildings field, PCMs do not have a fully developed market or high demands, which
determines a considerable cost increase. The majority of the total cost of a PCM
system is represented by the cost of the material (some tens of dollars per kWh) and
its confinement (encapsulation or shape-stabilization), as the cost of
macroencapsulation can reach approx. 20 % of the total, while the price of
microencapsulation can also represent the 50 % (Dincer et al., 2017).

For the PCM classes, commercial paraffins are by-products of oil refining and
their cost is limited, but it strongly depends on the purity of the material. The price per
kilogram ranges from units of dollars for technical grade alkanes (purity ~ 90%) to tens
of dollars for the analytical grade variations with ultra-low concentrations of impurities
(Fleischer, 2015).

The environmental impact of materials and systems must be evaluated
throughout the whole life of the component. One of the most complete and valuable
approaches to comprehensively assess the environmental footprint of any products or
systems is Life Cycle Assessment (LCA) (Kylili and Fokaides, 2016), which considers
all the inputs and outputs of a system from the extraction of the raw materials to the
manufacture, service time, maintenance and end of life. The inputs are evaluated as
the raw materials and the required energy for each step, while the outputs are
regarded as all the solid, liquid, and gaseous waste materials released into the
environment during the whole life cycle. The PCMs, and in general the TES systems,
have a positive environmental impact during their operating period, as they reduce the
gap between energy demand and availability, help saving primary energy resources,
and reduce CO2 emissions. On the other hand, the other life cycle stages, such as

production, fabrication, and disposal, can have a negative impact on the environment.
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To estimate the balance between these contributions and calculate the net
environmental impact, the LCA has been proven an effective approach, as it considers
all the single contributions and evaluates the performance even of complex systems.
In this way, the LCA helps industries and organizations to select specific indicators to
describe the effect of a system on the environment and to identify opportunities for
improving the environmental impact of the evaluated product.

LCA has been performed on PCM systems especially for building applications,
following the general guidelines described in the international standards 1SO 14040
and ISO 14044, and the results of this investigation has been illustrated in some
broad-ranging review papers (Kylili and Fokaides, 2016). Several PCM-containing
systems (e.g. polyurethane foams containing microencapsulated paraffins or hydrated
salts, PCM-enhanced alveolar bricks, concrete structures incorporating PCMs) were
investigated and compared with more traditional counterparts. In all the cases, the
solutions including a PCM resulted more environmentally friendly than the
conventional thermally insulating systems (Kylili and Fokaides, 2016). However, as
the implementation of this technology is at its infancy, a deeper investigation is
required to fully understand the environmental implications of PCMs and to assess
their impact compared to their alternatives (Dincer et al., 2017).

2.2.6  Thermal conductivity enhancement of organic PCMs

One of the main disadvantages of organic PCMs is their inherent low thermal
conductivity, which reduces the charging/discharging rate and may inhibit the
completion of the phase change process in applications with fast heating or cooling,
thereby limiting a full exploitation of the TES capability of the storage medium (Qureshi
et al., 2018). To overcome this problem and enhance heat transfer rate, several
solutions have been proposed and implemented, which involve the increase in the
heat exchange surface and/or the use of highly conductive fillers, containers, and
stabilizing agents (Liu et al., 2016a; Lin et al., 2018).

Among these techniques, the addition of highly conductive fillers is the most
common technique to specifically tackle the thermal conductivity issue. Several types
of fillers are currently employed, which can be classified as carbon-based, metallic,
and ceramic (Fan and Khodadadi, 2011; Lin et al., 2018).

Carbon-based fillers are among the most popular additives, because, besides
a high thermal conductivity, they feature considerable thermal stability and low density.
They are available in several morphologies, such as carbon fibers and nanofibers,
carbon nanotubes and nanospheres, graphene oxide, expanded graphite, and
expanded graphite nanoplatelets. Sari et al. (Sari and Karaipekli, 2007) impregnated
the porous lamellar structure of EG with n-docosane, and the produced PCM
composite could be considered as shape-stabilized for an EG content of 10 wt%.
Moreover, the thermal conductivity increased linearly with the EG content, from 0.22

27



WI/(m-K) of the pure docosane to 0.82 W/(m-K) of the composite containing 10 wt% of
EG.

Besides the thermal conductivity, also the shape, size, aspect ratio, orientation
and dispersion of nanofillers have great impact on the final thermal properties of the
PCM (Qureshi et al., 2018). Recently, Zhang et al. (Zhang and Liu, 2019) evaluated
the performance of an anisotropic ordered CNT array as shape-stabilizer and thermal
conductivity enhancer for a paraffinic PCM. Embedding the CNT array resulted in a
decrease in the phase change enthalpy by 15 %, but the thermal conductivity
increased from 0.235 W/(m'K) of the neat paraffin up to 12.3 W/(m'K) for the
composite PCM in the direction of the CNT axis (for the transversal direction, the
thermal conductivity was 4.17 W/(m-K)).

The combination of microencapsulation and the use of conductive materials can
further enhance the thermal conductivity. For example, Lin et al. (Lin et al., 2019)
encapsulated stearic acid in silica shells, and the microcapsules had a higher thermal
conductivity than the neat PCM, due to the synergistic effect between the increase in
the heat transfer area and the high intrinsic thermal conductivity of the ceramic shell.
The authors also modified the prepared microcapsules by grafting GO on the shell
surface and noticed a further increase in thermal conductivity.

2.3 Applications of PCMs for heat management

The present Subchapter introduces some examples and case studies about the
use of PCMs in several applications of thermal energy storage and thermal
management, to highlight the variety of potentialities of such materials and provide the
instruments for a deeper understanding of their working principle. This Subchapter will
focus especially on the thermal management applications, as these are the intended
applications for the materials developed in this thesis work.

2.3.1  Thermal management in buildings

The energy consumption in buildings has dramatically increased in the last
decades due to population growth, climate change, and raised demand for thermal
comfort and indoor environmental quality (Cao et al., 2016). Housing and tertiary
buildings account for the consumption more than 40 % of the total primary energy and
approximatively 19 % of the overall CO2 emissions (Cabeza, 2014; Cao et al., 2016).
Considering the residential buildings, among the energy end-uses, space heating and
water heating are responsible for the largest portion of total energy consumption,
which is 57 % in the U.S., 71 % in China and 80 % in the E.U. (Cao et al., 2016).
Hence, it is of primary importance to address and constantly improve the energy
efficiency of buildings; one of the solutions implemented in the last decades involves
the use of PCMs in passive or active energy storage systems.
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2311 Passive storage systems

Passive storage systems include the heating/cooling technologies without an
active mechanical device and with little or no external energy inputs. An example of
passive storage system is represented by the inclusion of PCMs in wallboards, ceilings
or flooring materials, which can store excess energy during the day (peak hours) to
release it during the night (off-peak hours), helping to regulate the temperature also in
extreme weather conditions (Pielichowska and Pielichowski, 2014). As the indoor
thermal comfort is generally considered achieved in a temperature interval between
18 °C and 25 °C, this is also the range of phase change temperatures of the selected
PCMs (Kenisarin and Mahkamov, 2016).

Even though the concept of using LH-TES in buildings has been known for
decades, one of the first systematic studies was performed by Feldman and Banu
(Feldman and Banu, 1996), who fabricate PCM-enhanced lab-scale gypsum wallboard
samples. The PCM phase, represented by a mixture of fatty acids, was introduced by
impregnation (without further encapsulation or shape-stabilization), and it accounted
for approx. 25 % of the total wallboard weight. The thermal storage capacity of the
produced wallboards was studied on different scales. First, differential scanning
calorimetry (DSC) was employed to measure the specific melting enthalpy of small
specimens and allowed the evaluation of the uniformity of PCM distribution. The
authors then upscaled the experiments and evaluated the total TES performance of a
room lined with such wallboards. They concluded that, after the shooting off of the
heating/cooling system, the room temperature could be maintained in the thermal
comfort range for several hours longer compared to a room with traditional wallboards,
without impairing the air quality (Scalat et al., 1996).

Particularly attractive are the technologies that allow the storage of excessive
solar thermal energy, in order to release heat during the night or to reduce overheating
due to solar radiation in the peak hours. An example of this second case is provided
by Wang and Zhao (Wang and Zhao, 2015), who proposed a PCM-enhanced curtain
to reduce the solar heat gain through the windows and thus the energy required for
cooling, especially useful for modern glass-wall buildings. Numerical investigation
demonstrated that the selection of the PCM with the most appropriate melting
temperature plays a key role in determining the curtain performance, and that the heat
gain of the indoor space can be reduced of up to 16.2 % with a PCM layer of 5 mm.

When talking about structural or rigid building elements, there are several ways
of integrating PCMs. Besides the aforementioned direct impregnation, which can
involve exudation of PCM and loss of performance over time, other techniques follow
two approaches, namely the use of microencapsulated PCMs to be mixed with
construction materials, and the addition of a macroencapsulated or variously stabilized
PCM as a supplementary layer (Akeiber et al., 2016). One of the most recent studies
implementing the first approach is that of Bao et al. (Bao et al., 2019), who developed

a high performance PCM-enhanced cement composite for passive solar buildings. The
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PCM phase is represented by a paraffin wax (T;,, = 28 °C) microencapsulated in
polymeric shells containing graphite flakes, added during microcapsule synthesis to
enhance the thermal conductivity. Such microencapsulated PCM was mixed with the
cement matrix together with nanosilica and short carbon fibers, in order to preserve
the mechanical properties and further enhance the thermal conductivity.

23.1.2 Active storage systems

Active storage systems are used to store heat produced when the primary
energy source is more abundant or less expensive. In buildings, active storage
systems based on PCMs are used to store heat produced by the heating systems
during the night, so that the energy peak is effectively reduced and shifted to nighttime
when the cost of electricity is lower. Lin et al. (Lin et al., 2005) developed a floor heating
technology integrated with shape-stabilized PCM panels. Such panels, made of
paraffin with a melting temperature of 52 °C (75 wt%) and polyethylene as supporting
material, were placed under a wood floor onto electric heaters. Large-scale
experiments proved that the system was effective in increasing the indoor temperature
and in keeping the temperature in an acceptable range long after the heaters were
switched off.

2.3.2 Smart textiles

The embedment of PCMs in textile fabrics leads to the production of smart
textiles that help regulating the body temperature and are particularly useful in
situations of extreme weather conditions. One of the first examples of PCM-enhanced
textiles was produced by NASA; nonadecane was added to garment fabrics (e.g. in
the space suits) to limit the impact of the extreme temperature changes to which the
astronauts are subjected during space missions (Mondal, 2008). Later, such smart
thermoregulating textiles were employed to enhance the thermal comfort of mountain
outdoor clothing and apparel, but also of blankets, mattresses and pillow cases
(Pielichowska and Pielichowski, 2014).

There are five main ways to embed a PCM in a synthetic textile: (a) the mixing
of the PCM with the melt/wet spun polymer in the form of core filament; (b) the
production of core-sheath fibers, in which the core is composed by the PCM and the
shell is the supporting polymer; (c) the introduction of PCM microcapsules in the
melt/wet spun polymer; (d) the application of microencapsulated PCMs on fabrics
using suitable binders or coating materials; (e) the introduction of a PCM-enriched
inner layer (e.g. polyurethane foam containing PCM microcapsules) (Igbal et al.,
2019). Among these techniques, the first three methods are often preferred as they
result in versatile multifunctional polymer fibers with the PCM phase stably confined
into the surrounding polymer, which reduces the risk of removal during washing (Igbal
and Sun, 2015). However, the shear stresses, high temperature and/or aggressive
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solvents present during the fiber spinning process could damage the PCM
microcapsules, thereby causing PCM leakage and low final phase change enthalpy.
Among the most famous examples of PCM-containing polymer fibers are those
marketed by Outlast Technologies. This company produces viscose/rayon and acrylic
fibers containing a microencapsulated PCM, and the final fiber has a phase change
enthalpy of 1-20 J/g (Hartmann et al., 2007) (Figure Il - 10a). The same company also
produces PCM-enriched coatings for outwear, footwear, bedding and seating, and it
patented a technology to print PCM microcapsules onto flat fabrics, which can be
directly introduced in the fabric production line (Figure Il - 10b,c) (Outlast®, 2018).

Figure Il - 10. PCM-enriched textiles marketed by Outlast. (a) Acrylic fibers embedded with
microencapsulated PCMs; (b) Coated materials; (c) Matrix infusion coating (adapted from
(Outlast®, 2018)).

The embedment of PCMs in fibers is interesting not only for the production of
smart textiles, but also to fabricate multifunctional polymer filaments that can be
co-woven with continuous reinforcing glass or carbon fibers, to produce a
multifunctional yarn containing the matrix, the reinforcement and the PCM. This is an
interesting route that can be explored to fabricate thermoplastic composites with TES
properties. This topic has also been developed in this thesis and is described in
Subchapter 4.5.

2.3.3  Thermal management of electronics

Electronic devices are well known to be sensitive to temperature, since their
performance and lifetime span depend strictly on their maintenance in a precise
temperature range, with a particular attention to avoid overheating. As the electronic
components are being equipped with increasingly sophisticated electronics while their
dimensions have decreased, the risk of overheating has also grown. Without a proper
thermal management system, the heat generation and associated temperature rise
may deteriorate the performance, bring critical components to failure and decrease
the user-device interaction comfort (Fok et al., 2010). Overheating is among the most
common causes of failure of electronic components, as approximately 55 % of failures
can be related to high temperature problems or poor thermal management (Sahoo et
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al., 2016). It has been shown that a decrease of 1 °C can decrease the failure rate of
up to 4%, and an increase of 10-20 °C can double the failure probability (Sahoo et al.,
2016).

An effective thermal management system must also comply with the weight and
size limitations, as these design parameters are increasingly important for electronic
components that must be carried around, such as portable and wearable electronic
devices, but also batteries and circuitry for electric vehicles (EVSs). In this perspective,
PCMs are becoming an attractive alternative to more bulky solutions as the natural or
forced convection (active cooling), also because electronic devices do not normally
need to operate continuously for long periods (Kandasamy et al., 2007). When the
device is in a heat peak and its temperature starts rising, the PCM melts and absorbs
excess heat, thereby preventing an excessive temperature burst (passive cooling).
When the temperature starts decreasing again, the PCM crystallizes and releases the
heat back to the environment. The ideal PCM for this application has a high energy
density per unit mass and volume, a phase change temperature slightly below the
maximum operating temperature of the component, and a high thermal conductivity.

Pioneering experimental work of investigation on using PCMs on mobile
electronic devices was carried out by Tan and Tso (Tan and Tso, 2004), who assessed
the efficacy of a passive cooling unit based on n-eicosane for the thermal management
small hand-held personal computers (personal digital assistants). The PCM was
contained in an aluminum case and placed under the heaters simulating the heat
generation units of such a device, i.e. the processor and other integrated circuit
packaging. The authors concluded that the PCM units were indispensable to keep the
working temperature of the device under an acceptable threshold of 50 °C and that
the efficacy of the heat storage unit depended not only on the amount of PCM but also
on its orientation, which determined the heat flux distribution in the whole device. The
same concept was developed by Tomizawa et al. (Tomizawa et al., 2016), who
investigated numerically and experimentally a passive cooling unit for mobile phones,
containing a commercial microencapsulated paraffin with a melting temperature of
32 °C. The PCM was mixed with polyethylene and molded as a sheet to be included
in the mobile phone (Figure I1 - 11). The authors concluded that the PCM sheet actively
contributed to slow down the temperature increase, and this effect was more evident
with thick sheets.
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Figure Il - 11. (a) PCM sheet; (b) cross-sectional view of the mobile phone heating
simulator (adapted from (Tomizawa et al., 2016)).

PCMs can be also employed for the thermal management of EV batteries, to
support or replace the traditional cooling systems based on liquid/air circulation
(Dincer et al., 2017; lanniciello et al., 2018). The first attempts to integrate PCMs in
automotive field date back to the early 2000s, when Al Hallaj and Selman (Al Hallaj
and Selman, 2000) proposed a battery pack in which each cylindrical Li-ion cell was
wrapped with a PCM layer with a melting temperature in the range 30-60 °C. The
authors demonstrated experimentally and numerically that the total temperature
fluctuation was considerably lower with the PCM.

Successive approaches tried to address the low thermal conductivity of PCMs
and the need for improving the thermal uniformity inside the battery pack. The most
promising solutions involve metal or graphite foams as shape-stabilizers and thermal
conductivity enhancers. Goli et al. (Goli et al., 2014) prepared a composite PCM
combining paraffin wax and exfoliated graphene, which exhibited a thermal
conductivity two order of magnitude greater than that of the neat paraffin. Experimental
and numerical simulations proved that this composite PCM led to a considerable
decrease in the heating rate and maximum temperature inside the battery pack,
outperforming not only the design without a PCM, but also that with unfilled paraffin.
More recently, Zou et al. (Zou et al., 2019) studied the introduction of various carbon
based nanofillers (e.g. EG, CNTs, graphene) in a paraffin wax, to produce a
shape-stabilized PCM to be employed in a 38120-type LiFeO4 battery pack. They
found that this composite PCM was able to reduce not only the maximum operating
temperature, but also the temperature oscillations.

Other approaches tackle the problem of thermal management using hybrid
systems that combine PCMs with forced convection systems, thereby exploiting active
and passive cooling. Qin et al. (Qin et al., 2019) included a paraffin wax (T,,, = 56 °C)
in the design of a forced air circulation system (Figure Il - 12), showing that the
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combination of the two contributions helps in maintaining the temperature within the
acceptable range.

B Alminum [ Paraffin wax Battery

Figure Il - 12. Hybrid thermal management system for EV batteries combining a PCM and
forced air circulation (adapted from (Qin et al., 2019)).

2.3.4 Biomedical applications

Due to their ability to store excess heat at a nearly constant temperature, PCMs
are becoming appealing for biomedical applications that require thermal protection.
Smart thermoregulating biocompatible fabrics can be used to keep the skin in a certain
temperature range, which can be useful for heat/cool therapy and burn wound
dressing.

Controlled heat absorption and release can also be employed to protect living
tissues from excessive heat or cold. For example, Krél et al. (Krdl et al., 2016) added
shape-stabilized PEG to a PMMA-based bone cement formulation, in order to
decrease the peak polymerization temperature and prevent overheating and damage
to the surrounding tissues. The results showed that this biodegradable and
biocompatible PCM, added in a weight fraction of 15 %, led to a significant decrease
in the peak temperature, from 70.2 °C to 58.3 °C. Moreover, the PEG addition
determined the formation of micrometric pores on the bone cement surface, which
caused a decrease in the compression strength but also favored cell proliferation
during bone formation and improved the final osteointegration.

PCMs can be also used during cryosurgery of tumors, as in the concept
proposed by Lv et al. (Lv et al., 2011); if PCMs are injected in the tissues surrounding
the tumor, the heat released during PCM crystallization prevents an excessive
temperature drop of the healthy tissue, thereby protecting it from damages and
necrosis. Theoretical studies showed that PCM addition could maximize the necrosis
of tumoral cells and minimize the injury to the surrounding tissues.
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2.3.5 Thermoregulating packaging

Food, medical supply, or other perishable products must be marketed and
distributed while kept in a specific temperature range, usually under refrigerating
conditions, in order to avoid spoilage and preserve product quality and safety. This
may be an issue during product transportation and temporary storage in provisional
warehouses that may lack temperature control (Cabeza, 2014; Singh et al., 2018;
Alehosseini and Jafari, 2019). The traditional way to address this problem is to provide
an effective insulation, but this might not be sufficient, and the tendency to produce
low-cost and lightweight packages often leads to packaging materials with limited
thermal buffering capacity (Singh et al., 2018).

A recent conceptual advancement was obtained by imbuing packaging with
heat management properties, and organic PCMs with a melting temperature between
-5 °C and 10 °C are a suitable choice for producing smart thermoregulating packages
that protect the contents from perishing while reducing the need for active refrigeration
and energy consumption (Alehosseini and Jafari, 2019).

An example of PCM-enhanced packaging was proposed by Johnston et al.
(Johnston et al., 2008), who employed a highly porous nanostructured calcium silicate
powder to shape-stabilize a paraffin wax with a melting point of 8 °C. The authors used
such PCM composite to line a paperboard container, which was proven able to
maintain the inner temperature below 10 °C for 5 hours after the outside temperature
was increased from 2 °C to 23 °C. Recently, for food applications, there has been a
strong tendency towards choosing the PCM in the fatty acid family, as they are
biodegradable and can be produced from renewable resources. For example, Unal et
al. (Unal et al., 2019) designed a three-layer cardboard box where the middle layer
was filled with bulk or microencapsulated octanoic acid, and the experimental results
showed that the PCM-enhanced box was able to provide up to 8.8 hours of thermal
buffering.

2.3.6 Flame resistance of organic PCMs

Due to their chemical composition, organic PCMs, and paraffin waxes in
particular, are highly flammable, which is an issue especially when PCMs are
employed as thermal management media in buildings, textiles, and electronic devices.

To address this problem, the most common solution is to incorporate
conventional flame retardants (e.g. clays (Cai et al., 2007), metal oxides (Song et al.,
2010), intumescent agents (Li et al., 2016), halogenated compounds (Zhang et al.,
2010c)) in the microcapsule shell or directly in the PCM mass, where they can also
contribute to improve the shape-stabilization and the thermal conductivity. Zhang et
al. (Zhang et al., 2010b) incorporated expanded graphite and an intumescent fire
retardant in a shape-stabilized polyethylene/paraffin PCM, and noticed that the fire

resistance increased with the content of fire retardant, as the values of peak
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heat-release rate measured in cone calorimetry tests were halved with a total filler
content of 25 wt%. Similar results were also found by Li et al. (Li et al., 2016), who
used the same strategy to improve the flame resistance of a polypropylene/paraffin
PCM. The authors concluded that a total flame retardant content of 30 wt%
considerably increased the PCM performance in the limiting oxygen index (LOI) and
cone calorimetry tests.

2.4 Structural and semi-structural polymer composites

The present Subchapter gives a concise overview of polymer-matrix composite
materials, with a special focus on the materials and methods employed in this thesis.
After a brief introduction illustrating the definition and classification of polymer
composites, the Subchapter presents the most diffused matrices and reinforcements
and describes some of the state-of-the-art fabrication techniques.

24.1 Introduction to polymer composites

This Section describes the general definition and classification of polymer
composites and then focuses on their applications.

24.1.1 Definition and classification

Composite materials are generally regarded as those consisting of two or more
distinct materials or phases, which exhibit remarkably different mechanical and/or
physical properties. Therefore, the properties of the resulting material are noticeably
different from those of each constituent, and the composition is tailored to obtain the
combination of properties that best suits the constraints given by the production
process and the application (Agarwal et al., 2018).

Composite materials pervade our world. Besides being the most widespread
material type among natural and biological materials, composites have been produced
and used by mankind for thousands of years; one of the first examples of man-made
structural composites is represented by the straw-reinforced mud bricks, found in
Mesopotamia and dating back to 4900 BC. However, it is only in the last century, with
the advent of high-strength synthetic fibers and the enormous advances in polymer
chemistry and technology, that composite materials can be made that offer
performance comparable or even superior to those of well-established structural
materials such as metals (Campbell, 2010).

Composites are generally constituted by a continuous phase, the matrix, and
one or more discontinuous phases, the fillers, which are generally stronger and stiffer
than the matrix and therefore can be also called reinforcements or reinforcing agents
(Petrucci and Torre, 2017). Composite materials can be classified according to the
matrix material as polymer matrix composites (PMCs), ceramic matrix composites

36



(CMCs) and metal matrix composites (MMCs). Each of these classes has a particular
set of properties and specific application fields, as the matrix has a strong influence
on several mechanical properties of the composite, such as transverse modulus and
strength and the properties in shear and in compression, as well as on the maximum
service temperature (Agarwal et al., 2018). For the purpose of this thesis, only polymer
composites were taken into account, as they are the most widely used in structural
and semi-structural applications at low-medium temperatures (0-250 °C), due to their
lightness and high specific stiffness and strength. Therefore, the discussion will focus
on this type of composites.

Polymer composites combine a polymer matrix with one or more fillers,
commonly added to improve stiffness, strength, toughness, and high-temperature
performance. As the mechanism of improving a property strongly depends on the filler
geometry, it is convenient to classify polymer composites according to the
reinforcement type, shape, and size. The reinforcement can be made of fibers or
particles, as observable from the commonly accepted classification reported in Figure
Il - 13. The most common types of reinforcements and matrices used to produce
polymer composites are described in Sections 2.4.2 and 2.4.3, respectively.

‘ Composite materials ‘
|

Fiber-reinforced Particle-reinforced
composites composites
(fiber composites) (particulate composites)

Single-layer composites | | Multilayered composites

(Laminae) (Laminates)
Continuous fiber Discontinuous fiber
reinforcement reinforcement
Unidirectional Random orientation

Bi- or multi-directional (woven or

stitched) Preferred orientation (aligned)

Figure Il - 13. Classification of composite materials according to the geometry of the
reinforcement (adapted from (Agarwal et al., 2018)).
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2.4.1.2 Significance and applications

The main advantages of structural polymer-matrix composites are (i) the
possibility to be tailored for optimum strength and stiffness in the different loading
directions, and (i) the combination of low density and high strength and modulus. This
latter aspect results in higher specific (i.e. normalized by density) mechanical
properties than those of comparable aerospace metal alloys, which in turn allows
designing lightweight structures, thereby leading to improved performance and fuel
savings, especially in the automotive and aerospace industries. Other advantages of
structural composites compared lo lightweight metal alloys are the high fatigue life and
the corrosion resistance (Campbell, 2010). Due to these features, composite materials
are mainly applied in construction and transportation fields, but their application is
expanding also in marine goods, sports equipment, and infrastructures.

On the other hand, among the main disadvantages of composite materials are
the expensiveness of raw materials, fabrication, and assembly, as well as the higher
sensitivity to temperature and moisture, which generally lead to a decrease in
performance. Moreover, composites exhibit poor strength in the out-of-plane direction
where the matrix carries the primary load, but this aspect can be mitigated by orienting
the reinforcement properly. Composites are also more susceptible than metals to
impact damage, are prone to suffer from delamination, and can be challenging to
repair.

2.4.2 Reinforcements

Reinforcements in polymer composites are mainly divided into fibers and
particles (Petrucci and Torre, 2017). For the samples prepared in this thesis work, the
reinforcing agent was almost exclusively constituted by fibers, because their stiffness
and strength combined with the high aspect ratio make them the most suitable
reinforcement for structural and semi-structural components. The following Sections
will focus on the main fiber classes and give some hints on the other reinforcement
types.

2421 Continuous and discontinuous fibers

Fibers are the primary load bearing components in fiber-reinforced composites.
Several types of fibers are available for the reinforcement of different matrix materials
in different applications, and the most widely used are glass, carbon, and aramid
fibers.

Glass fibers dominate the market for large structures such as wind turbine
blades, ships, and civil engineering structures, due to their low cost, high tensile
strength, high impact strength and good thermal and chemical resistance. Although
there are many kinds of glass fibers, the three most diffused in composites are E-glass,
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S-2 glass, and quartz. E-glass is the least expensive and the most common, exhibiting
a good combination of tensile strength (3.5 GPa) and modulus (70 GPa). S-2 glass is
more expensive but stronger than E-glass, featuring a tensile strength of 4.5 GPa and
a modulus of 87 GPa, and it has better mechanical performance at elevated
temperature. Quartz fibers are made of a rather expensive, highly pure silica glass,
used primarily in demanding electrical applications (Agarwal et al., 2018).

Carbon and graphite fibers are the most prevalent fiber types used in highly
demanding applications such as aerospace, but their use is increasing also in the
general automotive field. They outperform glass fibers in tensile stiffness and fatigue
resistance. Graphite fibers are subjected to heat treatments of graphitization above
1650 °C, which determines a carbon content higher than 99 % and the growth of
bigger and more aligned crystallites. This is the reason for their superior elastic
modulus, greater than 345 GPa. On the other hand, carbon fibers do not undergo
graphitization and have lower carbon contents (93-95 %) and lower stiffness (Wang et
al.,, 2011a; Agarwal et al., 2018).

Aramid fibers (e.g. Kevlar) are the preferred choice when good impact energy-
absorbing properties are required, such as in the military field.

An overview of the properties of these fiber types is reported in Table Il - 3.

Table Il - 3. Typical fiber properties (adapted from (Talreja and Varna, 2015)).

Fiber Density  Young’s Tensile  Strain  Coefficient Filament
(g/cm3)  modulus strength  at of thermal diameter
(GPa) (MPa) break expansion  (um)
(%) (10¢/K)
E-glass 2.6 76 2000 26 49 5-20
Kevlar 1.45 130 (axial); 3000 23 6 12
10 (radial).
HM carbon  1.95 380 (axial); 2400 0.6 0.7 5-10
12 (radial).
HS carbon  1.75 230 (axial); 3400 14 0.4 5-10
20 (radial).

HM = high modulus carbon fibers; HS = high strength carbon fibers.

Fibers are available on the market in several forms to suits different fabrication
processes. Single filaments are produced with diameters of units to tens of
micrometers, and they are collected in single bundles called strands or tows. Such
bundles can be gathered in rovings, which generally contain 20 to 60 bundles, to
produce the desired linear density. The strands can be also twisted together to form
yarns. The most effective way to tailor the architecture of a composite so that the
directional dependence of strength and stiffness matches that of the loading
environment is to weave tows, rovings and yarns into fabrics, which can be
unidirectional or bidirectional and have a different weave, classified by the pattern of
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interlacing (e.g. plain, twill, satin weave, see Figure Il - 14) (Mallick, 2007; Campbell,
2010).

Figure Il - 14. Common two-dimensional weave styles: (a) plain; (b) twill; (c) satin (adapted
from (Campbell, 2010)).

Unidirectional fibers or woven textiles can also be impregnated with a controlled
amount of resin to form a prepreg, an important product form largely used for advanced
composite manufacturing. Prepregs usually consist single textile layers impregnated
in B-staged (advanced to a tacky semisolid) resin, which are kept refrigerated to
prevent further advancement and change in the resin state (Long, 2006).

Discontinuous fibers are obtained by chopping rovings into small fiber length,
which can vary between 1 and 50 mm, while even shorter fibers can be produced by
hammer-milling. Long chopped fibers are usually integrated in thermosetting resins for
compression and transfer moldings, while shorter chopped reinforcements are suitable
to be blended with thermoplastic systems for injection molding. Milled fibers provide a
good combination of reinforcing properties with processing ease and are used to
reinforce thermoplastics when the strength requirements are low to moderate.

2.4.2.2 Particles and other reinforcements

Particle-reinforced composites, or particulate composites, are not generally
employed for structural applications. Due to the much lower aspect ratio, particles are
less effective than fibers in enhancing mechanical properties such as stiffness and
strength of the host polymer. On the other hand, particulate composites are widely
employed where the demands on mechanical properties must be subordinated to cost
and/or processing requirements. In this sense, particulate composites fill the
properties and applications gap between fiber-reinforced composites and unreinforced
plastics (Rothon, 2003; Campbell, 2010).

Particulate reinforcements include a wide variety of materials, which can be
classified as natural or synthetic. Natural reinforcing fillers are of mineral origin and
are mainly represented by carbonates (e.g. calcite and dolomite), clays (aluminum
silicates) and talcs (magnesium silicates). Such fillers are used for cost reduction, but
they also increase the stiffness and strength of the host polymer; some mineral fillers
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are used for their good electrical insulation properties, chemical inertness, low water
absorption, low coefficient of thermal expansion (Rothon, 2003).

Synthetic reinforcing fillers include carbon black, synthetic silicas, hydroxides,
basic carbonates, and precipitated calcium carbonate. Carbon black is produced on
large scale for being incorporated in polymer matrices, and it is especially used as a
reinforcing agent for elastomers in tire applications, as it improves tensile strength,
tear strength, stiffness, abrasion resistance and dynamic-mechanical properties of the
resulting composite (Shenoy, 1999). It is also used in some thermoplastics to improve
the resistance to outdoor conditions (uv protection) and in the production of antistatic
compounds (Biron, 2013).

Among the most important properties of reinforcing particles are geometrical
factors like shape and size. Particle shape is fundamental in determining the final
composite stiffness and strength, but also the melt rheology and the surface
smoothness (Shenoy, 1999). The shape is determined not only by the chemistry and
crystal structure of the filler, but also by the production conditions. The particles can
be isodimensional (roughly spherical or irregular, OD) or can assume a preferred
orientation if they are acicular (1D) or platy (2D). In the latter case, they can be oriented
during processing and the composite may result anisotropic or orthotropic. Some
common particle shapes can be observed in Figure Il - 15. Despite being such an
important parameter, defining a particle shape is not always easy, as the literature
abounds with vague terms and it can be difficult to distinguish between primary
particles, aggregates and agglomerates (Sperling, 2006).

O /D «&G o=
(@) (b) (c) (d) (e)

Figure Il - 15. Common particle shapes. (a) spherical; (b) irregular; (c) platy; (d) acicular;
(e) porous aggregate (adapted from (Rothon, 2003)).

Another fundamental parameter is the particle size. Size is determined by the
processing conditions, affects a wide variety of properties and is fundamental for
determining the specific surface area (SSA) of the filler, which influences the extent of
the filler-matrix interface and all the related factors. The size of the particulate fillers in
polymer composites is micrometric and ranges from units to hundreds of micrometers.
Since size is such an important property, a variety of techniques have been developed
to measure it, such as sieving, sedimentation, laser diffraction, or microscopic
techniques. The SSA is usually measured by the permeability of a packed particle bed
to a fluid or by the quantitative absorption of nitrogen according to the Brunauer,
Emmett and Teller (BET) method. The value of particle size can be strongly influenced
by the measurement technique and complicated if the particle shape is irregular.
Moreover, beside the average particle size, it is also important to consider the particle

M



size distribution, which can be broadened also by the presence of particle fragments,
aggregates and agglomerates (Petrucci and Torre, 2017).

A filler class that is gaining increasing attention is that of nanofillers, which
include particles having at least one dimension in the nanoscale. To make this
definition less vague, some authors (Rothon, 2003) have proposed to include in this
class only the fillers that, when dispersed in a polymer matrix, are made of effective
particles with at least one dimension below 20 nm. In this way, the SSA is at least of
150 m&/g, being one or two orders or magnitude higher than that of microfillers. This
definition excludes fillers such as carbon black: even though the primary particles meet
the conditions, they are strongly aggregated into larger structures that can be
considered as the effective particles.

Due to their considerable SSA, the surface is remarkably important for
nanofillers. Even though they are used in lower volume fractions than microfillers, the
total filler-matrix interface is still significantly higher. This determines an increase in
the polymer fraction that is modified by the interaction with the filler surface and may
have microstructure and properties remarkably different from the bulk polymer. The
most common nandfillers include intercalated nanoclays, carbon nanotubes and
nanofibers, colloidal or fumed silica. Although some nanofillers are added to increase
the mechanical properties of the host polymer, such as stiffness and heat deflection
temperature (HDT), nanofillers are mostly employed to enhance functional properties,
e.g. to reduce the gas and fluid permeability or to increase the flame resistance or the
thermal conductivity (Burger et al., 2016; Shen et al., 2017).

2.4.3 Matrices

In a composite, the matrix binds the reinforcement together, transfers load to
the fibers or particles, and protects the fillers against the surrounding environment and
the possible damage due to handling. The matrix is also critical in compression
loading, to prevent premature failure due to fiber buckling, and it supplies the
composite with toughness and damage tolerance. Polymer matrices are the most
widely used for fiber composites due to their low cost, easy processability, good
chemical resistance, and low density. On the other hand, their low thermal resistance
limits their employment to applications below 300 °C (Sperling, 2006).

Polymer matrices for advanced composites are generally classified as
thermoplastics or thermosets. Thermoplastics are high-molecular-weight polymers
with no intermolecular covalent bonds; this requires them to be processed in the
molten state, some degrees above the melting temperature or tens of degrees above
the glass transition temperature, according to their semi-crystalline or amorphous
nature. After being molded, their shape is consolidated upon cooling. Conversely,
thermosetting polymers are supplied as monomers or oligomers having low molecular
weight and low viscosity, and they are converted in a three-dimensional crosslinked

structure upon heating. This allows them to be processed at mild temperature and
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pressure conditions, but the crosslinking (curing) step, which traditionally happens in
autoclave or in an oven, can be time consuming and limits a high output production.
The result of the crosslinking is a hard, non-crystalline and often transparent resin with
high modulus and strength, which is used for high-end applications in combination with
high performance fibers. Unlike thermoplastics, thermosetting-based composites
cannot be post-thermoformed, reshaped or welded, which limits their mendability and
recyclability (Campbell, 2010).

The following two Sections report examples, advantages and applications of
each of these two polymer classes, with a special focus on the matrices used in this
thesis.

2431 Thermosetting matrices

Thermosetting matrices encompass epoxies, polyesters, vinyl esters,
bismaleimides, cyanate esters, polyimides, and phenolic resins. In the low-medium
temperature range (up to 135 °C), polyesters and vinyl esters are extensively used for
commercial applications, while epoxies are the preferred choice for high-performance
composites and adhesives, due to the better mechanical properties and the higher
environmental resistance. Bismaleimides and phenolics are most suitable resins in the
medium-high temperature range (up to 175 °C), while polyimides are the matrix of
choice for applications at very high temperatures, up to 315 °C (Wang et al., 2011a).

Epoxy matrices are extensively used for high-end applications due to their
strength and excellent adhesion. They also exhibit low shrinkage during curing and
high processing versatility. Epoxy resins are supplied as a bi-component system, as
they are obtained through the chemical reaction between a prepolymer, carrying at
least two oxirane rings, and the curing agent, usually containing amine groups. The
reaction of oxirane ring opening and crosslinking with the curing agent is reported in
Figure Il - 16.

o] o i
N N oH OH
o CH— CH, CH, = CH e CH—CH, CH, = CH ~m~mr
HN— R —NH, —> N— R =N on
o OH |
) | —CH~
- A CH—CH, CHz = CH~m

e CH=CH, CH; = CH ~omn

Figure Il - 16. Example of oxirane ring opening and crosslinking reaction with an amine
curing agent (adapted from (Campbell, 2010)).

Commercial epoxy matrices generally comprise one major and two minor epoxy
prepolymers and one or two curing agents. The minor epoxies are added to tune the
viscosity and/or to improve temperature resistance, toughness, and moisture
absorption. The most widely used major epoxies, especially in the aerospace sector,

are diglycidyl ether of Bisphenol A (DGEBA) and tetraglycidyl methylene dianiline
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(TGMDA). The epoxy formulation also contains diluents in small amounts (3-5 %), to
reduce the curing shrinkage, increase the shelf and pot life and control the
exothermicity of the curing reaction. Typical diluents include butyl glycidyl ether, cresyl
glycidyl ether, phenyl glycidyl ether, and aliphatic alcohol glycidyl ethers (Campbell,
2010).

During the curing of an epoxy resin, higher temperatures and longer times
determine a higher crosslink density and therefore a higher glass transition
temperature, especially if the precursors have high functionality (e.g. four reactive end
groups per molecule). To avoid excessive brittleness, the resin can contain toughening
agents, but this may result in lower thermal resistance (Campbell, 2010).

2.4.3.2 Thermoplastic matrices

Thermoplastic composites received considerable attention during 1980s-1990s,
when massive investments were made to try to substitute thermosets with
thermoplastics in the fabrication of aerospace composites. However, although
thermoplastics have some undeniable advantages, their drawbacks limit their diffusion
in some high-end fields, and therefore the vast majority of applications involving
high-performance continuous fiber composites still prefer thermosetting matrices
(Campbell, 2010).

As thermoplastics are not crosslinked, they are generally tougher than
thermosets, and therefore they attracted the attention of the aerospace industry as
they are more damage tolerant and have a greater low-velocity impact resistance.
However, the toughening mechanisms available today for thermosets allow reaching
a toughness comparable with that of thermoplastic systems. Moreover, thermoplastics
exhibit a lower moisture absorption than thermosets, but some thermoplastics,
especially those having an amorphous structure, also show a low solvent resistance
(Biron, 2013).

Another potential advantage of thermoplastics is that they are fully reacted, and
therefore they present a low risk of chemical hazard for the worker, who is not exposed
to low-molecular-weight components. Additionally, they do not require refrigeration
and have an infinite shelf life. Their state of fully reacted polymers also makes their
processing in principle easier and faster. The shaping and consolidation time for
thermoplastics is shorter than that of the thermosets, as it takes minutes instead of
hours. Nevertheless, thermoplastic require high temperatures, in the range of
250-450 °C, considerably higher than the curing temperatures for thermosets
(120-175 °C), which demands for presses and tooling materials that can withstand this
temperature regime (Biron, 2013).

Due to the possibility of being remelted, thermoplastics can be joined via
techniques as resistance welding or ultrasonic welding. They can also be
post-thermoformed, which is very attractive as it suggests the possibility of producing
continuous-fiber-reinforced flat boards to be subsequently cut and thermoformed into
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the desired shape. However, since traditional continuous fibers have very little
extensibility, this can be achieved only with very simple geometries, and also the
defect healing via remelting can hardly be practiced without fiber distortion (Agarwal
etal., 2018).

Due to these difficulties, the market of continuous fiber thermoplastics is limited
to some specific polymers and applications. The most important matrices in this field
are high-performance thermoplastics like polyetheretherketone  (PEEK),
polyetherketoneketone (PEKK), polyphenylene sulfide (PPS) and polyetherimide
(PEI). They are highly aromatic thermoplastics with high glass transition temperature,
good mechanical properties and good flame resistance (Biron, 2013).

Since the scarce diffusion of continuous fiber thermoplastic composites is
mainly linked to the difficult processability of high-performance thermoplastics, new
formulations are being developed that are supplied as liquid low-molecular-weight
compounds and can be processed at room temperatures with the fabrication
techniques typical of thermosets. The most recent example of such materials is the
Elium resin (Arkema, France), an acrylic methyl-methacrylate-based formulation
supplied as a low-viscosity liquid and processed at room temperature. The final
material has a glass transition of approx. 100 °C and thermomechanical properties
close to those of an epoxy resin, but it preserves the advantages of a thermoplastic
composite related to the post-thermoformability and weldability (Bhudolia et al., 2017;
2018).

On the other hand, traditional thermoplastics like polypropylenes and
polyamides are largely employed as matrices for discontinuous fiber composites in
semi-structural applications in the automotive, sporting goods and electronic
industries, due to their relatively low cost, easy processing and superior mechanical
properties over unreinforced polymers (Kulshreshtha and Vasile, 2002).

244 Fabrication of fiber-reinforced composites

Unlike the majority of metals and unreinforced plastics, for which the material is
first produced and then processed in the final product, fiber composite parts are
generally produced together with the creation of the material. This is more evident for
thermosetting composites, in which the final shape and material properties are
produced during the matrix crosslinking. In thermoplastic composites, it is more
common to fabricate the material first and subsequently shape it, but some material
properties, like the fiber length and orientation, can be still influenced in this latter step.
The following Sections will summarize the processing ways for continuous and
discontinuous fiber composites.
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2.4.4.1 Continuous fibers and thermosetting matrices

For this class of composites, the fabrication processes can be classified as (i)
wet-forming processes and (ii) processes using premixes or prepregs (Agarwal et al.,
2018). In the wet-forming processes, the resin is still fluid when the final component is
formed and hardens during curing under heating. Such processes encompass hand
lay-up, resin-transfer molding, bag molding, filament winding, and pultrusion. In the
processes using premixes, the material is supplied as an intermediate product, which
can be a bulk molding compound (BMC) or a sheet molding compound (SMC)
containing fibers and partially cured matrix. The use of premixes and prepregs
simplifies the manufacturing, increases the possibility of automation, and helps in
obtaining a uniform filler distribution and a higher fiber weight fraction (Agarwal et al.,
2018). On the other hand, it limits the a posteriori modification of the material
composition with additional fillers, fiber coatings, or resin additives. Even though this
is not normally an issue for composite manufacturers, who agree with their suppliers
on the specific composition for large volume productions, it can be a limitation towards
a systematic study of the effect of the composition on the thermomechanical properties
of the produced laminates.

In this thesis work, all the composites containing a continuous fiber
reinforcement and a thermosetting resin were prepared via hand lay-up and vacuum
bagging operations. Hand lay-up is the oldest, simplest, and still the most diffused
technique for the manufacture of small and large fiber reinforced products, especially
in the applications where a low production volume does not justify the high plant size
and cost of other fabrication techniques.

The typical layup for a bag molding process is illustrated in Figure Il - 17.
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Figure Il - 17. Typical layup for a bag molding process (adapted from (Agarwal et al., 2018))

The composite laminate is only one of the many layers composing the bag
layup. These layers include release agents and films, peel plies, bleeder/breather
plies, bagging film and sealant tape. Release films and agents are used to separate
the composite from the mold or the breather/bleeder materials; the release film cam
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be porous to allow excess resin flow through the film. Peel plies protect the surface of
the molded part from contamination. Bleeder/breather plies are porous fabrics or
nonwovens used to absorb excess resin during processing and to allow air and
volatiles out of the composite during curing. Finally, bagging films form a barrier
between the composite laminate and the external environment (e.g. oven or autoclave
environment) (Wang et al., 2011a).

2.4.4.2 Continuous fibers and thermoplastic matrices

The high viscosity of polymer melts complicates the incorporation of continuous
fibers into thermoplastic matrices, but several techniques have been developed to
produce “thermoplastic prepregs” or semi-manufactured thermoplastic composites
containing continuous fibers (Biron, 2013). Unlike the thermosetting prepregs, these
have the advantage of having a virtually infinite shelf life and, when required, they can
be stacked and consolidated in a laminate by applying heat and pressure.

Among the techniques developed to produce thermoplastic prepregs, hot-melt
impregnation is one of the most diffused for semicrystalline polymers (Figure Il - 18).
Collimated fiber tows are pulled through a die attached to the end of an extruder, and
a thin sheet of polymer melt is deposited on the fibers, previously separated by an air
jet. The prepreg then is cooled and wound on a take up roll. For the polymers that can
be easily dissolved in a solvent, this process can be substituted by a solution
impregnation. It produces tacky and drapable prepregs, but an accurate solvent
removal is a critical issue, fundamental for obtaining high quality laminates with low
porosity (Mallick, 2007).
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Figure Il - 18. Hot-melt impregnation process (adapted from (Mallick, 2007)).

A different technique is the film stacking, in which polymer sheets are
interleaved between woven fabrics or random fiber mats, and then the layup is heated
and pressed to melt the polymer and wet the fibers.

Fiber mixing is an interesting process in which the matrix is inserted in fiber
form. Polymer fibers are intimately mixed with reinforcement fibers via commingling,
wrapping, or co-weaving. The hybrid yarns are then used to form a 2D or 3D hybrid
fabric, and the subsequent application of heat and compression melts and spreads the
matrix fibers during the consolidation stage. The main advantage of this technique is
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that, unlike most thermoplastic prepregs, the hybrid yarns and fabrics are highly
flexible and drapable, which allows them to perfectly fit a contoured mold with a
complex shape. Figure Il - 19 illustrates the production of a glass fiber reinforced
polypropylene part starting from a commingled hybrid yarn (Long, 2006).
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Figure Il - 19. Consolidation of commingled hybrid yarns. (a) dry commingled yarns; (b)
heat and pressure favor matrix melting and yarn aggregation and bridging; (c) matrix
pools coalesce at the edge of the bundles; (d) the matrix flows to impregnate bundles and
the subsequent flow on micro-scale dissolve trapped porosity (adapted from (Long,
2006)).

The use of hybrid yarns also allows the homogeneous dispersion of other
functional fillers in a thermoplastic composite. Conductive particles, sensors, or dyes
can be integrated in the matrix filaments or inserted as an additional filament type.
This is interesting especially for the development of multifunctional composites, in
which the combination of different fillers results in a unique set of properties, designed
to perform several tasks simultaneously (Risicato et al., 2014; Hsiao et al., 2019).

Finally, liquid impregnation is a technique in which the matrix is supplied as a
low-viscosity liquid made of monomers or prepolymers. Due to the low viscosity, it is
processable as a thermosetting resin with all the techniques mentioned in Section
24.4.1. Up to some years ago, this process was commonly used only for some
thermoplastic polyimides, but the inherent advantages of processing a low-viscosity
precursor have paved the way for the development of new formulations (e.g. Elium®,
see Section 2.4.3.2).
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2.4.4.3 Discontinuous-fiber composites

The majority of discontinuous-fiber-reinforced composites has a thermoplastic
matrix. The process of making such composites is generally divided in two steps. In
the first step, the matrix is compounded with the fibers, generally by means of an
extruder, to obtain a uniform dispersion while trying to minimize the fiber breakage. In
the second step, the compounded material is remelted or softened and molded to
obtain the final product. Injection molding is the most common way to obtain
short-fiber-reinforced thermoplastic products.

Even though the machines, molds, plungers, and screws can be the same as
those used for unreinforced plastics, the processing parameters must be adjusted to
deal with the modification of rheological properties and thermal conductivity introduced
by the fibers (Agarwal et al., 2018). This is important also because the properties of
discontinuous-fiber composites are strongly influenced by the fiber length and
orientation, which can both change according to the processing conditions (Shokrieh
and Moshrefzadeh-Sani, 2016).

2.5 Multifunctional composites and structural TES
materials

The previous Subchapters have introduced the concept of thermal energy
storage and the principal materials and technologies through which it is translated into
real applications. An introduction on polymer-matrix composites was also presented,
illustrating the main polymer matrices, reinforcement phases and production
processes, as well as their potentialities for lightweight design.

As the general aim of this thesis is to study the possibility of integrating the TES
technology into a structural material to produce a multifunctional component, the
present Subchapter introduces the concept of multifunctional material and explains
the role of polymer composites in the development of multifunctionality.

25.1 Multifunctional materials

A material can be classified as multifunctional if it features a set of properties
that make it suitable to simultaneously sustain stimuli of different nature and to be
ready to perform different functions when required. Multifunctional materials can
combine a set of properties chosen among the structural mechanical properties, like
stiffness, strength and toughness, and the non-structural properties, like sensoring
functions, optical and magnetic properties, self-healing, thermal/electrical conductivity
or insulation, corrosion resistance, tribological properties, and energy harvesting and
storage (Asp and Greenhalgh, 2014; Friedrich, 2015).
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Such materials have enormous potential to impact future structural performance
by reducing weight, volume, cost, and energy consumption while enhancing efficiency,
versatility, and safety. Since they expand design possibilities and increase the material
added value, they are attracting increasing interest from the industrial and academic
point of view. New combinations of properties are being embedded in the
next-generation of multifunctional materials, which can find applications in the
automotive and aerospace industries, but also in civil engineering and in medicine
(Friedrich, 2015).

The combination of properties of a multifunctional material should act
synergistically and not parasitically. If the addition of self-sensing and self-healing
capabilities to a structural material impairs its stiffness and strength excessively, the
combination of properties in this material will not bring benefits at the system level.

When designing a multifunctional material, multifunctionality should be
considered from the very early stages of the design process. Unlike natural materials,
whose properties are the result of a locally random evolution process, in the synthetic
engineering materials the design must start from the functions and proceed in a
specific direction. This is important because multifunctionality could be expressed at
different length scales (at the phase, material or structure level), which must be taken
into account during the design of the material and the prediction of final properties
(Gibson, 2010).

2511 Multifunctionality of polymer composites

Composite materials are particularly suitable to be designed as multifunctional,
as they achieve multifunctionality by gathering in one material the properties of
multiple phases. Many natural and synthetic materials that have to perform more than
one function are polymer-matrix composites. In fact, they combine outstanding
polymer-related properties, like toughness and low density, with the specific properties
of the discontinuous phase(s), which can provide stiffness and strength, but also
several non-structural functions.

Multifunctional composites can perform (i) multiple structural functions, (ii)
structural and non-structural functions, or (iii) both. Most of the recent developments
in multifunctional materials tend to be polymer-matrix structural composites featuring
one or more additional non-structural functions. This strategy allows large weight
savings at the system level, through the elimination or reduction in the number of
multiple monofunctional constituents (Asp and Greenhalgh, 2014), and it gives better
results than the conventional approach of optimizing weight and geometry of the single
subsystems individually.

Composite materials can also reach a high level of multifunctionality by
combining reinforcements on different scales, which range from continuous fibers to
particles on the micro- and nanoscale (Friedrich, 2015).
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2.5.1.2 Applications and examples

As described in Subchapter 2.4, polymer composites have become the
materials of election for lightweight structures. As the employment of multifunctional
composites can lead to considerable weight savings, these materials have become
attractive because, besides their remarkable specific stiffness and strength, they open
the possibility of adding other functionalities with a negligible weight and volume
increase.

One of the most interesting examples of combination of structural and non-
structural functions is provided by structural batteries, devices that can carry
mechanical load and store electrical energy at the same time (Asp and Greenhalgh,
2014). This is a powerful design concept, as it allows storing energy directly in the
structure of a component, or, in other words, using a battery to build the structural
parts. In this way, the total mass of the device is lower than the sum of the masses of
the monofunctional components, namely the structure and the battery. This concept is
particularly attractive in all those applications that must be carried around and need a
power supply, like electric vehicles and portable electronics. The advantage is greater
the more the multifunctional composite has structural and energy storage properties
close to those of a conventional structural material and a conventional battery,
respectively. However, in real cases, a structural battery exhibits neither the
mechanical performance of the purely structural component nor the electrochemical
characteristics of a monofunctional traditional battery, but the advantages of
multifunctionality, and the effective mass and volume saving, must be evaluated at the
level of the whole system.

Several approaches have been taken to develop structural batteries. One of the
most recent concepts is that pursued at the research center Swerea-SICOMP (Pitea,
Sweden) (Asp and Greenhalgh, 2014). This structural battery (Figure Il - 20) employs
single carbon fibers as negative electrodes, coated by a thin layer of solid polymer
electrolyte, and immersed in a common cathode-doped matrix. This concept offers the
advantage of being multifunctional at the phase level; the fibers are both the
reinforcement and the negative electrode, the interphase is also a conductor for
Li-ions, and the surrounding polymer matrix also plays the role of positive electrode.
When designing a structural battery like this, challenges arise as the optimization of
the mechanical properties of each phase often cause a decrease in the
electrochemical performance. For example, a solid polymer electrolyte exhibiting high
ion conductivity often shows poor stiffness and strength, and highly graphitized carbon
fibers featuring excellent stiffness are not the optimal choice from the point of view of
the Li-ion intercalation efficiency (Fredi et al., 2018). It is therefore important to fully
understand how the microstructure of each phase correlates with the mechanical and
electrochemical properties, as each component should be tailored to reach the best
property set, and this must be taken into account already during the fabrication of each

phase.
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Figure Il - 20. Scheme of the Swerea-SICOMP structural battery (adapted from (Asp and
Greenhalgh, 2014)).

Another class of materials generally classified as multifunctional is that of the
“smart” materials, able to adapt and respond to external stimuli by performing both as
sensors and as actuators (Salonitis et al., 2010). The state-of-the-art smart materials
are able to change their properties (e.g. mechanical, electrical, magnetic, rheological),
color or shape depending on external stimuli such as heat, electricity, light, solvent,
and pH value. Several applications of such materials can be found in buildings and
automotive/aerospace fields, to actively control vibrations, noise and deformations
(Salonitis et al., 2010).

A powerful example of this concept is represented by the self-sensing concrete,
increasingly attractive for civil engineering applications as it exhibits a sensible change
in electrical resistivity with applied stress or strain, which makes it useful for structural
health monitoring (Tian et al., 2019). One of the most frequently pursued strategies to
produce self-sensing concrete is to embed conductive fillers (e.g. CNTs and xGnPs)
at or near the percolation threshold. In this way, the formation of damages and cracks
interrupt the conductive paths, thereby causing a remarkable increase in electrical
resistivity (Papanikolaou et al., 2019). Moreover, some conductive additives such as
the xGnPs have proven to enhance the durability and the compression and flexural
strength of the host concrete, thus being a multifunctional filler themselves
(Papanikolaou et al., 2019).

The same concept can be applied to polymer composites. Several examples
have been proposed of continuous-fiber composites containing CNTs, either
dispersed in the matrix or deposited onto the fiber surface. In such composites, the
electrical conductivity is dominated by the formation of a percolative path of CNTs, and
this is the case also when the reinforcement is made of carbon fibers, due to the
remarkably higher electrical conductivity of CNT compared to CF.
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2.5.2  Structural TES polymer composites

The previous Sections showed that polymer composites exhibit great potential
to be designed as multifunctional, as their properties are the result of the combination
of two or more phases. This can further expand the weight saving possibilities pursued
when composites are selected as structural materials. The scientific literature reports
multiple examples of multifunctional composites combining structural properties and a
wide range of non-structural functions, which respond to a wide variety of needs in the
most diverse applications.

An interesting field in which multifunctionality of polymer composites can be
exploited, although not yet thoroughly investigated, is that of structural composites with
thermal energy storage capability. As explained in the previous Sections, among the
applications of TES materials are (i) the heat storage for temperature control, for
example in the buildings industry, or to produce smart textiles for body temperature
regulation, and (i) the temporary storage of heat to prevent overheating, as in the
cooling systems for electronic devices.

When a TES material is used for thermal management, it is usually only an extra
component added to the main structure of a device. However, the resulting increase
in weight and volume may be unacceptable for some applications where weight and
volume reduction are crucial design parameters. In this case, it would be useful to
have a multifunctional material combining good mechanical properties and the heat
storage/management function. With an approach similar to that developed with
structural batteries, with such materials it would be possible to build part of the
structure with the “thermal battery” material, or, in other words, to design a structure
that is part of the thermal management system.

According to the author’s opinion, these structural TES lightweight composites
would be attractive in four main applications:

1. In the transportations field, polymer composites are becoming
increasingly employed to build structural or semi-structural
components, thanks to their high specific mechanical properties.
However, the considerable application of polymer composites in
replacement of traditional materials could complicate the thermal
management in the indoor vehicle environment, due to the different
(generally lower) thermal conductivity and heat capacity. This could
resultin an increasing difficulty in maintaining the indoor temperature
in the human thermal comfort range. This issue could be addressed
by introducing a TES system able to store and release thermal
energy in that temperature range, and the overall performance-to-
weight ratio would be maximized if this TES material is part of
structural components themselves. This concept could be extended
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to other temperature ranges, which may be interesting for the
transportation of food, biomedical items, or other perishable goods.

In the field of portable electronics, there is an increasing tendency of
enhancing the performance, power and functionalities of the devices
while reducing weight and volume. This trend brings issues in the
thermal regulation of the device, especially in the peak power
operations. As already described in Section 2.3.3, passive cooling
systems based on PCMs are attracting attention due to their capacity
of maintaining the temperature in the desired range — more
specifically, under a certain threshold value — and of coping with the
momentaneous but rapid heat generation during peak power
operations. However, in all the solutions implemented so far, the
PCM is contained in an additional module, while it would be
advantageous to embed it directly inside the structural components
such as the phone or laptop cases. Another interesting application
in the electronics field would be the production of PCM-enhanced
circuit boards, traditionally made of glass fiber reinforced epoxy
resin.

Among the main drawbacks of polymer-matrix composites,
compared to metals or ceramics, are the lower thermal resistance
and the loss of mechanical properties with increasing temperature.
This can be detrimental for some applications where the composite
material is subjected to external heating in service, as in the case of
luxury car chassis entirely made in carbon fiber composite. However,
local overheating and loss of properties could be also determined by
dynamic loading and lack of heat dissipation, which can bring to
premature failure by fatigue. This effect, critical especially for
thermoplastic composites, could be limited by adding a PCM, which
absorbs excess heat and avoids temperature rise. This concept has
been proven effective by Casado et al. (Casado et al., 2016), who
inserted a hydrated salt with a transition temperature of 50 °C in a
polyamide-based composite reinforced with glass fibers. In this
case, however, the PCM was not employed as an additional filler,
but it was added in the gaps of the flanged plate made of the
glass-reinforced polyamide. Much more capillary would be the action
of the PCM if it was dispersed in the whole composite mass, or at
least in those parts more subjected to the fatigue damage.
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4. One of the main problems of outdoor infrastructures operating in cold
environments is related to the formation and accretion of ice. Critical
structures such as transmission lines, wind-driven power generators,
off-shore oil rigs, and means of transportation like aircrafts and ships
can be damaged by excessive weight of the ice layer and the stress
induced by the freeze-thaw cycles (Kreder et al., 2016). The
solutions implemented so far rely on heating methods, mechanical
methods, or the circulation of de-icing fluids underneath the surface,
which are effective but extremely energy-consuming (Zhu et al.,
2018). More recently, slippery or superhydrophobic coatings have
been developed that prevent ice adhesion or reduce ice shear
strength, but they generally have low resistance to mechanical
abrasion and poor durability to the outdoor weather agents. For the
structures built in polymer composites, e.g. the wind turbine blades,
an effective alternative could be the introduction of a PCM with
phase transition at approx. 0 °C in the whole composite thickness or
only in the outermost layers (Goitandia et al., 2018). The heat
released during crystallization of the PCM would help in decreasing
the ice accretion rate, while reducing the need for heating through
an external energy supply.

In all these applications, PCMs are the ideal TES materials, as they work at a
nearly constant temperature and exhibit a high enthalpy per unit mass, thus being
suitable for applications where weight saving is a key factor. It is therefore fundamental
to understand how the PCM addition influences the mechanical properties of the host
composite and how this effect varies below and above the PCM phase change.

So far, this investigation has been carried out to some extent only on
construction materials like concrete and gypsum, in which a PCM phase is added to
enhance the thermal management of indoor environments while reducing the energy
consumption for indoor heating/cooling. As described in Section 2.3.1, the majority of
TES systems integrated in walls or flooring materials are represented by organic PCMs
with a phase transition temperature in the range 18-25 °C, microencapsulated in
polymeric shells. The characterization of such PCM-enhanced construction materials
generally evidences that an increase in the PCM fraction brings an increase in the
thermal management properties and a decrease in the heating/cooling power
consumption. On the other hand, PCM addition determines a decrease in compressive
and flexural properties, due to the introduction of a less mechanically strong phase.
Therefore, the authors of the revised papers generally conclude that it is important to
select the PCM that determines the smallest decrease in mechanical properties while
providing the highest TES capability, and that it is fundamental to identify the optimal
PCM content to obtain a material with the most suitable property set for a specific
application (Cao et al., 2018).
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The open scientific literature provides some examples of polymers containing a
PCM, but very few cases of PCM-enhanced polymers employable as structural
materials. Subchapter 2.6 reports some examples of PCM-containing polymers and
polymer composites, with the main investigation techniques and the principal
conclusions.

2.6 PCMs in polymers and polymer composites

The present Subchapter reports examples of variously stabilized PCMs
contained in polymer matrices and polymer composites. The research was narrowed
to the PCMs with a phase change temperature in the low-medium temperature range
(15-80 °C), as this is the interval of interest for the aforementioned applications of
structural TES composites (Section 2.5.2). In this temperature range, the organic PCM
dominate the market and the academic research, and thus the present review focuses
on this PCM class and specifically describes how the added PCM affects the host
polymer.

26.1 PCMs in polymer matrices

The scientific literature reports many examples of polymer matrices containing
organic PCMs (mostly paraffins) without further stabilization. In this way, a sort of
polymer/PCM blend is obtained. This is commonly referred to as the simplest and
cheapest way to avoid leakage of the PCM while defining the shape of the
PCM-containing component. A large number of polymers have been used as
supporting materials, such as traditional thermoplastics (PE, PP, polyamide (PA),
polymethylmethacrylate (PMMA)), thermosets (epoxy) and elastomers (styrene block
copolymers, ethylene-propylene-diene-monomer (EPDM)).

Chen and Wolcott (Chen and Wolcott, 2014; Chen and Wolcott, 2015) blended
a paraffinic PCM with HDPE, LDPE and LLDPE via melt mixing, and the total paraffin
content was fixed at 70 wt% in all the three cases. Morphological investigations
showed the formation of a co-continuous structure between the two phases; this was
considered as the main cause for the paraffin leakage from the prepared blends, which
was up to the 10 wt% of the total initial paraffin fraction. The phase change enthalpy
and temperature of the paraffin varied only slightly after blending, while the PE
crystallinity decreased sensibly, especially for low-density PE (LDPE) and linear
low-density PE (LLDPE). The authors focused on the miscibility of the PCM with the
polymer matrices and the blend morphology, but they did not investigate the
mechanical properties nor the long-term stability of the prepared samples. This is a
crucial aspect even if the materials are not meant to be applied under heavy load-
bearing conditions, as clearly underlined by other authors (Resch-Fauster and
Feuchter, 2018; Resch-Fauster et al., 2018) who investigated the thermo-physical and
mechanical properties of polyolefins/paraffin blends. The blends contained a paraffin
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weight fraction of up to 38 wt% and a melting enthalpy of up to 71 J/g. A slight alteration
in the matrix crystallinity upon blending with paraffin was detected also by these
authors, who attributed the decreased melting temperature of the host polymer to a
plasticizing effect of the PCM, especially for the samples without co-crystallization
(PCM/PP). The authors highlighted that the mechanical performance of the host
matrices, measured under quasi-static and dynamic conditions, decreased with an
increase in the paraffin content, and this was even more evident above the PCM
melting temperature. The authors concluded that such blends cannot be applied as
load-bring components but only as functional materials.

To increase the mechanical properties of the polymer/PCM blends, some
authors proposed the addition of fillers such as EG, xGnP or nanoclays, which are also
helpful to enhance the thermal conductivity. This was proved by Sobolciak et al.
(Sobolciak et al., 2015; Sobolciak et al., 2016), who investigated the
thermo-mechanical performance of paraffin/LLDPE blends containing EG
microparticles and exhibiting a phase change enthalpy of up to 31 J/g. For the blends
containing 15 wt% of EG, the storage modulus of was doubled compared to that of the
neat LLDPE/paraffin blends, and the thermal conductivity increased from 0.25 to
1.32 W/(m-K). The same concept was applied by Wu et al. (Wu et al., 2019), who
designed an EG/paraffin/olefin-block-copolymer (OBC) composite with thermally
induced flexibility. The authors conclude that the addition of EG not only contributes
to the mechanical stability of the composite, but it also helps in preventing leakage due
to the capillary force and surface tension.

PCMs can also be added to polymer matrices in the form of microcapsules, and
in this case they are added as any other fillers in the production process. The capsule
shells provide unmatched PCM containment and are more effective in avoiding
leakage compared to any other shape-stabilization techniques. However, this is the
case only if the processing conditions of the host polymer matrix are mild enough to
preserve the shell integrity, as the high temperatures, pressures and shear stresses
can cause cracks and damages in the thin capsule shell. Zhang et al. (Zhang et al.,
2005) produced core-sheath polyethylene fibers containing microencapsulated
n-octadecane via a melt-spinning process, for textile applications. The capsules,
having a diameter in the range 0.4-4.5 um, were confined in the fiber core, while the
sheath was entirely made of PE and accounted for the 60 % of the total fiber mass.
The produced filaments had a melting enthalpy of up to 13 J/g and mechanical
properties suitable for fabricating textile products. The authors highlighted that the
processing parameters during melt blending and melt spinning were fundamental for
determining the capsule integrity and thus the final total phase change enthalpy.

More recently, Krupa et al. (Krupa et al., 2014) inserted paraffin microcapsules
in an HDPE matrix. The authors synthesized paraffin microcapsules with a
1.5-um-thick melamine-formaldehyde shell and a total melting enthalpy of approx.
60 J/g. The capsule introduction caused a considerable decrease in all the mechanical
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properties of the HDPE matrix (elastic modulus, stress and strain at yield and at break).
Although the shell material is stiffer than the PE matrix, its small thickness caused the
capsules to deform when the composite is strained, which, together with the
insufficient interfacial adhesion to HDPE, prevented the capsules to act as a
reinforcement. Also in this case, the authors concluded that the produced blends
retained sufficient mechanical properties to be safely manipulated and be applied in
real service conditions, but they were not suitable to be employed as load-bearing
components.

Thermosetting materials such as epoxies have been also enriched with
microencapsulated or variously stabilized PCMs. The advantage of these materials
compared to thermoplastics is that the processing starts from low-viscosity liquids and
is generally performed at room temperature, and this helps to preserve the capsule
integrity and to avoid PCM degradation, thereby enhancing the phase change enthalpy
at the end of the process. Su et al. (Su et al., 2011a; Su et al., 2012) provided an
important contribution to the study of the thermo-mechanical behavior of epoxies
containing paraffin microcapsules, focusing in particular on the capsule/epoxy
adhesion and interfacial stability. The authors observed that, during repeated thermal
cycles, the expansion and shrinkage of the microcapsules and the surrounding matrix
occurred with different thermal expansion coefficients. This happens in all the
materials composed of several different phases, but with PCMs the situation is
complicated by the additional volume variation caused by the phase change. Even
though the volume variation is not as enormous as in the case of a phase change
involving vapor phases, it must be considered since it can undermine the interfacial
stability of the composite and thus its overall mechanical performance. As represented
in Figure Il - 21, these phenomena may cause microcracks and fractures in the matrix,
which can not only lead to PCM leakage, but also to a decrease in the mechanical
properties of the surrounding matrix.
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Figure Il - 21. PCM microcapsules in a polymer matrix (adapted from (Su et al., 2011a)).
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The same authors synthesized melamine-formaldehyde-based microcapsules
and observed that the addition of methanol during the synthesis led to a higher
interface bonding and an enhanced ductility of the interphase region. They also
concluded that the stability behavior was greatly influenced by the thermal cycling
conditions, as higher heating rates caused a higher interfacial damage. The authors
formulated a theoretical approach to model the mechanical strength of the composite
as a function of the thickness and integrity of the capsule-matrix interphase region, but
they recognize that it is generally difficult to model the mechanical properties of such
composites in normal service conditions, especially when the thickness of the
interphase region is not clearly measurable (Wang et al., 2011b).

2.6.2 PCMs in structural polymer composites

Excluding the construction materials field, there is a surprisingly limited number
of publications about materials designed to combine structural and TES functions. One
of the first reported examples is that presented by Wirtz et al. (Wirtz et al., 2003), who
developed a sandwich structure made of a graphitic foam impregnated with paraffin
(T, = 56 °C) as the core and carbon/epoxy laminates as the skin, intended for the
thermal management of electronic devices. The graphitic foam had the twofold
function of immobilizing the molten paraffin and enhancing the thermal conductivity,
while the carbon/epoxy skins increased the flexural stiffness. The higher the foam
porosity, the higher the paraffin amount that could be accommodated into the foam
pores, the lower its mechanical properties. Therefore, the foam porosity was the main
parameter dominating the balance between the core’s mechanical properties and the
overall TES performance, which acted competitively also in this system, even though
the carbon-fiber-based skins were the main enhancers of the mechanical performance
of the whole sandwich structure. The literature reports several other studies on carbon
foams as shape-stabilizers for organic PCMs, but they are generally employed only to
enhance the thermal conductivity, and litlle attention is given to the mechanical
performance (Mesalhy et al., 2006; Zhong et al., 2010; Jana et al., 2015).

More recently, a research group at RMIT University (Melbourne, Australia)
developed a woven glass fiber/epoxy laminate containing paraffin microcapsules and
investigated the impact of the PCM on the mechanical and thermal properties of the
host laminate (Yoo et al., 2016; Yoo et al., 2017a; Yoo et al., 2017b). An increase in
the PCM weight fraction determined a decrease in the tensile, flexural and
compressive properties, due to the intervention of additional damaging mechanisms
as delamination, matrix cracking, and fiber/matrix debonding, and the authors
indicated the weak interfacial adhesion between the capsules and the matrix as one
of the causes for the mechanical performance decrease. On the other hand, the mild
processing conditions allowed retaining most of the initial PCM enthalpy, but
thermogravimetric analysis (TGA) showed that a fraction of the capsules was

damaged during processing. Nevertheless, these results were promising for the
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development of such structural TES polymer-matrix composites, which exhibited a
phase change enthalpy of up to 40 J/g.
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Chapter Il

Experimental

3.1 Introduction

The present Chapter introduces all the polymer matrices, reinforcements and
PCMs employed in this thesis and subsequently describes the main characterization
techniques used to investigate the prepared composites. On the other hand, the
techniques of sample preparation and the description of the specimens for each test
are not reported here, as they are specific of each matrix-reinforcement-PCM
combination and will be described in each particular Chapter.

3.2 Materials

The present section lists the materials employed in this thesis. They are divided
into three groups, namely the PCMs, the matrices, and the reinforcing agents, as each
multifunctional composite presented in this thesis work is the combination of these
three main elements. Section 3.2.4 summarizes the presented materials and defines
labels and abbreviations through which the materials will be recalled in the following
Chapters. This can be a useful reference as this thesis work investigates several
combinations of matrices, reinforcements and PCMs.
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3.21 Phase change materials

Four organic PCMs were used in this thesis work. They were selected with a
melting point in the range 40-55 °C, which can be interesting for applications in the
thermal management of electronic devices. This melting temperature range was also
selected because these PCMs are completely solid at room temperature but do not
require a too high temperature to be melted, thereby easing the characterization
techniques in the temperature interval around the phase change temperature.

The two most extensively used PCMs in this thesis work are two paraffinic
PCMs; the first is a paraffin wax (alkane mixture) shape-stabilized with carbon
nanotubes (CNTs) (Section 3.2.1.1), and the second is a commercially available
microencapsulated paraffin (Section 3.2.1.2). They have comparable melting
temperatures and enthalpies, and the comparison between them provides an interest
insight on the advantages and disadvantages of the two different confinement
techniques. Two additional PCMs were employed; the first is docosane, an n-alkane
with a known and precise chemical structure and molecular weight distribution
(Section 3.2.1.3), while the second is a fully biodegradable poly(ethylene glycol)
(Section 3.2.1.4).

3.21.1 Paraffin shape-stabilized with carbon nanotubes

The shape-stabilized PCM was produced starting from a commercial paraffin
wax, the Rubitherm RT44HC® supplied by Rubitherm Technologies GmbH (Berlin,
Germany) and presented in Figure Il - 1a. This paraffin wax has a melting temperature
range of 41-44 °C, a density at 25 °C of 0.8 g/cm? and a total heat storage capacity
(between 35 °C and 50 °C) of 250 J/g, as declared by the producer. The
shape-stabilizing agent consisted in multi-walled CNTs NC7000® (average diameter
9.5 nm, average length 1.5 um, BET surface area 250-300 m2/g), provided by Nanocyl
SA (Sambreville, Belgium).

In a first preliminary activity, the paraffin was mixed with various kinds of
carbon-based nanofillers, such as carbon black, CNTs, exfoliated graphite
nanoplatelets, and expanded graphite, at different concentrations (from 5 to 20 wt %)
to assess their capability to avoid PCM leakage above its melting temperature.

Carbon nanofillers were added to melted paraffin at 70 °C under mechanical
stirring at 500 rpm for 30 min. The mixtures were poured in silicon molds and left
cooling at room temperature. To evaluate the confinement capability, the prepared
specimens were put on an absorbent paper towel and heated in an oven at 80 °C. By
visual observation, it was clear that the specimens containing CNTs showed by far the
lowest leakage compared to the samples containing other carbonaceous nanofillers at
the same concentration.

The optimum weight fraction of CNTs in this application is the minimum amount
at which no paraffin leakage is detected, since an excess of CNTs would decrease the
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Figure Ill - 1. (a) paraffin RT44HC (Rubitherm), as received; (b) ParCNT: paraffin shape-
stabilized with CNTs and grinded cryogenically; (c) SEM micrograph of ParCNT; (d)
particle size distribution of ParCNT.

overall phase change enthalpy of the mixture. Samples with various CNT amounts
(5-20 wt%) were prepared and confinement tests were performed. While the samples
with a CNT content of less than 10 wt% showed visible leakage of paraffin on the
absorbent paper, no leakage was detected above that CNT concentration. Therefore,
a CNT concentration of 10-15 wt% was selected as the optimal one for the subsequent
process. The exact CNT concentration (either 10 wit% or 15 wt%) was chosen
according to the specific application, mainly to tune the final phase change enthalpy,
as will be explained in the corresponding sections (Subchapters 4.2 and 5.2).

The CNT-confined paraffin with a CNT fraction of 10 wt% or 15 wt% (from now
on called ParCNT) was cryogenically grinded under liquid nitrogen with an IKA
Labortekink M20 universal mill (IKA-Werke GmbH, Staufen, Germany), and then
sieved with a 300-um metallic sieve to obtain a micrometric powder that can be easily
mixed with a polymer matrix (Figure Il - 1b). From the scanning electron microscopy
(SEM) micrograph of the ParCNT powder (Figure Ill - 1c), single CNTs are clearly
visible and they appear to be well dispersed in the paraffin wax. Their elevated specific
surface area is most likely the reason for their superior shape-stabilizing capability
compared to the other carbon nanofillers considered in the preliminary activity, as also
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observed elsewhere in the literature (Hasnain, 1998). Optical microscope images of
the obtained particles were acquired as described in Section 3.3.1.1 and analyzed with
the software ImagedJ. The resulting particle size distribution is reported in Figure Il -
1d; the average powder size was 53 + 30 um. It was observed that a variation of the
CNT content from 10 to 15 wt% does not modify the final particle shape nor the size
distribution significantly.

3.2.1.2 Paraffin microcapsules

Commercial paraffin microcapsules MPCM43D (Figure Il - 2) were purchased
by Microtek Laboratories Inc. (Dayton, OH, US). They are composed of a paraffinic
core with a nominal melting temperature of 43 °C, encapsulated in a
melamine-formaldehyde-based shell that constitutes approximately the 10-15 % of the
total capsule mass. The average diameter was 17-20 um and the melting enthalpy
was 200 J/g, as declared by the producer’s datasheet. These and other properties of
this PCM are summarized in Table Il - 1. The thermal resistance is noteworthy, and it
is compatible with the processing temperatures of most of the common thermoplastics.

Figure Ill - 2. Paraffin microcapsules MPCM43D (Microtek Laboratories Inc), as received.

This PCM was employed in combination with several matrix/reinforcement
systems in this thesis and was purchased multiple times from the supplier. Since the
batch of this material can vary from one Subchapter to another in this thesis work, its
main physical and thermal properties (e.g. melting enthalpy and thermal resistance)
were characterized every time it was introduced in a new matrix/reinforcement
combination.
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Table Il - 1. Properties of the PCM microcapsules MPCM43D (adapted from the producer’s
datasheet consulted from the producer’s website on July 10, 2018).

Property Value

Form Dry powder

Composition PCM 85-90% wt%; polymer shell 10-15 wt %
Core Material Paraffin

Particle size (mean) 17-20 ym

Melting Point 43°C
Heat of Fusion 190 - 200 J/g
Specific Gravity 0.9

Temperature Stability ~ Extremely stable - less than 1% leakage when heated to 250 °C

3.2.13 Docosane

Commercial paraffins are often a mixture of alkanes: the molecular weight (MW)
distribution of these paraffin mixtures is designed to obtain the desired melting
temperature while maximizing the phase change enthalpy. On the other hand, it can
be challenging to investigate a PCM with a broad MW distribution from the
microstructural and molecular point of view. Since a part of the thesis work was
devoted to understanding how the PCM microstructure and crystallinity is affected by
the confinement in small microcapsules, it was important in that case to select a PCM
with a known and well-defined chemical formula and molecular weight. The selected
alkane was the n-docosane (Figure IIl - 3).

Figure IIl - 3. n-docosane (Sigma-Aldrich), as received.
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It has chemical formula CH3(CHz)20CHs, (purity = 98.5%) and was purchased
from Sigma-Aldrich (Saint Louis, MO, US). This specific n-alkane was chosen as it has
a nominal melting temperature of 42-45 °C, close to that of the previously mentioned
commercial PCMs.

3.2.14 Poly(ethylene glycol)

The last PCM employed in this thesis work is a biodegradable organic PCM
selected among the poly(ethylene glycol)s family, as they have higher thermal stability
then the other class of biodegradable organic PCMs, i.e. fatty acids. The selected PEG
grade was PEG2000, purchased by Alfa Aesar (Karlsruhe, Germany). It has a
molecular weight of 1,800-2,200 g/mol and a melting temperature of 51-55 °C,
according to the producer's datasheet. It was used only in combination with the
mentioned biodegradable matrix (see Section 3.2.2.4) and reinforcement (see section
3.23.5).

Figure IIl - 4. PEG2000 (Alfa Aesar), as received.

3.2.2 Matrices

The list of the selected matrices include both traditional thermoplastic and
thermosetting polymers, widely used in the composites industry, and innovative and
less common products, such as liquid thermoplastic resins and biodegradable plastics.

3.22.1 Polyamide 12

Polyamide 12 (PA12) with the commercial name of Rilsan® AECNO TL was
supplied by Arkema S. A. (Colombes, France), in the form of polymer granules.
Polyamides are largely employed as thermoplastic matrices in combination with
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continuous and discontinuous glass and carbon fibers in many industrial fields
(Czigany and Karger-Kocsis, 2001; Kim et al., 2012; Biron, 2013). Among the
polyamides, PA12 was selected because of the high methylene/amide ratio (11/1),
which leads to a lower moisture sensitivity and a lower melting temperature
(T, =174 °C) than the more common polyamide-6 and polyamide-66. Therefore,
PA12 is potentially more easily processable and blendable with organic PCMs, which
are prone to thermal degradation being low-molecular-weight compounds.

3.2.2.2 Liquid thermoplastic resin

The selected liquid thermoplastc resih was the acrylic
methy-methacrylate-based resin Elium® 150, kindly provided by Arkema S. A.
(Colombes, France). This newly developed resin is supplied as a highly fluid precursor
that can be processed at room temperature with processing techniques typical of
thermosets. The initial viscosity is as low as 100 mPa-s (as reported in the technical
datasheet), even lower than that of many precursors for thermosetting polymers. The
mechanical properties of this resin are comparable to those of a high-performance
epoxy (Chilali et al., 2016), and it can feature even better vibration damping properties
(Bhudolia et al., 2017) and a higher fracture toughness (Bhudolia et al., 2018), as well
as a good adhesion strength with commercial sized carbon fibers (Pini et al., 2015).
The resin was provided with water-free benzoyl peroxide (BPO) with 50% active
content, as the polymerization initiator.

3.223 Polypropylene

Polypropylene (PP) was selected to produce PCM-containing polymer filaments
to be embedded commingled hybrid yarns (see Chapter IV, Section 4.4). The chosen
PP was supplied by Toray Industries, Inc (Tokyo, Japan). PP is a common choice for
the spinning of filaments (Zhang, 2014) and as a matrix for composites (Biron, 2013),
and this particular grade was characterized by a high melt fluidity, to minimize the
shear stresses on the PCM phase during processing.

3.2.24 Thermoplastic starch

Thermoplastic starch (TPS) has recently attracted increasing attention as a
bioderived and biodegradable polymer and potential matrix for polymer composites.
From the chemical point of view, starch is a polysaccharide with a semicrystalline
structure, composed by linear amylose and highly branched amylopectin (Bastioli,
1997). It can be derived from corn and other crops and processed through traditional
processing techniques for thermoplastics, such as extrusion and injection molding.

The TPS grade applied in this thesis was the MaterBi® EF51V was supplied by
Novamont SpA (Novara, Italy) in the form of foils with a thickness of approx. 100 um.
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This TPS grade is characterized by a density of 1.2 g/lcm3, a melting temperature of
167 °C and a melt flow index (MFI1) of 4 g/10 min (190 °C, 2.16 kg).

3.2.25 Epoxy resin

The epoxy resin Elan-tech® EC 157 and the hardener Elan-tech® W342 were
kindly provided by Elantas Europe Srl. (Collecchio, Italy). According to the
manufacturer's datasheet, this epoxy system is ideal to produce high-performance
structural composite parts of small and medium size, and it is suitable for a hand layup
process. The indicated viscosity of the initial mixture is in the range 300-700 mPa-s.
The final, fully cured product exhibits a glass transition temperature of 88-115 °C,
according to the curing cycle, and a flexural elastic modulus of 3.1-3.3 GPa.

3.2.3 Reinforcements

Several reinforcement types have been explored, including traditional
continuous and discontinuous glass and carbon fibers and less traditional thin wood
laminae.

3.2.3.1 Bidirectional glass fiber fabric

The first attempt of producing a laminate containing a PCM was made by
employing a thermoplastic matrix and glass fabric as a reinforcement. The glass fiber
(GF) fabric was a bidirectional plain-weave E-glass fabric made of Z-twisted yarns,
supplied by G. Angeloni Srl (Venice, Italy) (Figure Il - 5). The commercial name was
VWV 380 P, and the nominal areal weight was 385 g/m2. The diameter of the single
fibers was 12 um.
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Figure lll - 5. (a) Bidirectional glass fiber fabric VV380P, (G. Angeloni), as received. (b) S-
and Z-twisted yarns.
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3.2.3.2 Bidirectional carbon fiber fabric

To produce laminates with a higher fiber volume fraction without increasing the
fiber weight fraction, glass was substituted with carbon. The carbon fiber (CF) fabric
was a bidirectional plain-weave intermediate-modulus carbon fabric made of untwisted
tows, supplied by G. Angeloni Srl (Venice, Italy). The commercial name was GG 200
P (Figure IIl - 6), and the nominal areal weight was 192 g/m2. The nominal diameter of
the single fibers was 7 um.

Figure lIl - 6. Bidirectional carbon fiber fabric GG200P (G. Angeloni), as received.

3.2.33 Unidirectional carbon fiber fabric

Unidirectional carbon fiber fabric (Figure Il - 7) UCD-15060 was kindly provided
by Mike Compositi (Milano, Italy). The nominal areal weight was 150 g/m2. The fabric
supplier declared that the carbon fibers composing the fabric are the Zoltek PX35
(Zoltek Corporation, Bridgeton, MO, US), having a nominal diameter of 7.2 um, a
nominal elastic modulus of 242 GPa and a nominal density of 1.81 g/cm?.
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Figure lll - 7. Unidirectional carbon fiber fabric UCD-15060 (Mike Compositi), as received.

3.23.4 Discontinuous carbon fibers

Two types of discontinuous carbon fibers were employed, both supplied from
Zoltek Corporation (Bridgeton, MO, US) and belonging to the category Panex PX35,
similarly to the unidirectional carbon fibers described in Section 3.2.3.3. The two
selected fiber types are the chopped CFs Panex PX35 type 65 (sizing content
2.75 wt%, average fiber length 6 mm) and the milled CFs Panex PX35 MF150
(unsized, average fiber length 100 um). Since these two CF types differ mainly in
length, they will be denoted as CF “long” (CFL) and CF “short” (CFS), respectively.

o+

Figure lIl - 8. Discontinuous carbon fibers (Zoltek), as received. (a) PX35 type 65 (“long”,
CFL); (b) PX35 MF150 (“short”, CFS).

3.2.35 Ultra-thin wood laminae

The idea of using wood as a reinforcement for structural TES composites
derived from the observation that several organic PCMs are biodegradable. Fatty
acids and poly(ethylene glycol)s (PEGs) are often preferred over paraffins in building
and biomedical applications due to their biodegradability and biocompatibility.
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Therefore, it would be interesting to employ them in combination with fully
biodegradable polymer matrices and reinforcements. For the reinforcement, there are
several types of wood-derived products and natural fibers available on the market,
such as jute, flax, coir, bamboo, and kenaf (Wu, 2009), and in the last years a
considerable technological attention was given to Wood Plastic Composites (WPCs),
constituted by wood fibers or wood flour compounded with thermoplastic matrices
such as PP, PE and PVC (Oksman and Sain, 2008), mainly because of the possibility
to transform these materials through traditional technologies of thermoplastics (i.e.
extrusion, injection molding).

As the wood-derived products are often porous, a smarter and more effective
approach for the production of composites with TES capability is choosing a
reinforcement that can also serve as shape-stabilizing agent, by retaining the PCM in
its pores. In this perspective, one of the most interesting options for such
multifunctional biodegradable reinforcements is represented by thin wood laminae,
illustrated in Figure Il - 9. From a mechanical point of view, wood behaves like a
heterogeneous anisotropic material. Moreover, in the low deformation regime it can
be considered as an orthotropic material (Green et al., 1999), and their mechanical
performances are strongly influenced by the presence of nodes and defects. Among
the different types of wood, beech wood (Fagus sylvatica) was selected for its
microstructure. It has an ordered microstructure made of large parenchymal cells
distended along growth ring boundaries, while the concentration of gum inclusions,
salt crystals, nodes and microstructural defects is rather limited. This enhances the
mechanical properties in the longitudinal direction and allows the obtainment of thin
laminae with uniform thickness, large areal dimensions and no macroscopic defects.
Beech wood has an apparent density of 0.73 glcm? (23 °C, relative humidity 50%).

Thin wood laminae, with a thickness of approx. 320 um, were produced at the
CNR Ivalsa Institute (San Michele all’Adige, TN, Italy). The laminae were obtained
through a Marunaka Super Meca-s planer (Marunaka Tekkosho Inc., Shizuoka,
Japan) from beech boards, conditioned at a temperature of 23 °C and a relative
humidity of 50 %. Although this machine allows the production of even thinner laminae
(below 100 um), the choice of the lamina thickness for this thesis work was motivated
by the need to reach a compromise between the flexibility of the thinner laminae and
the capability of being impregnated with PCM, as a greater thickness offers an
increased storage volume.
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Figure Il - 9. Thin beech laminae obtained at the CNR Ivalsa Institute (San Michele
all’Adige, TN, Italy).

3.24

Summary and labels of the investigated materials

Table lll - 2 lists all the matrices, reinforcements and PCMs used in this thesis,
whit the indication of the chapters and sections in which they are employed. From now
on, the materials will mostly be referred to with their labels.

Table Il - 2. List of the matrices, reinforcements and PCMs employed in this thesis.

Label Material Described Used in Chapters/
in Section  Subchapters

Par Paraffin RT44HC 3.2.1.1 42,52

ParCNT  Paraffin RT44HC with CNTs (10 wt%) 3211 42,52

MC Microcapsules MPCM43D 3212 42; 43, 44; 45, 53;

5.4;5.5;7.3.

D Docosane 3213 7.2.

PEG PEG2000 3214 Chapter VI

PA Polyamide 12 3221 42,43

EL Elium resin 3222 44

PP Polypropylene 3223 4.5.

A Thermoplastic starch 3224 Chapter VI

EP Epoxy resin 3225 Chapter V

GF Bidirectional glass fiber fabric 3.2.31 4.2

CF Bidirectional carbon fiber fabric 3232 44,52

CFu Unidirectional carbon fiber fabric 3233 54.

CFL Discontinuous carbon fibers, 6 mm 3234 43

CFS Discontinuous carbon fibers, 100 um 3234 4.3;5.5.

FA Wood laminae 3235 Chapter VI
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3.3 Characterization techniques

The present Subchapter describes the main techniques used for most of the
prepared materials. Conversely, the techniques that are proper of a specific system
will be described in the corresponding Chapter.

A detailed microstructural, thermal and mechanical characterization was
performed both on the polymer/PCM systems and on the reinforced composites, to
assess the impact of the PCM addition on the thermo-mechanical properties of the
system.

331 Microstructural properties
3311 Optical microscopy (OM)

Optical microscopy was useful to investigate the morphology and the size
distribution of the shape-stabilized PCM (ParCNT) and of the prepared composites. In
this latter case, it was specifically applied to study the polished cross sections, in order
to analyze the arrangement and the integrity of the phases. Specimens were cut and
mounted in epoxy cylindrical tabs to ease handling. Then the samples were grinded
with a sequence of abrasive papers and finally polished with polishing clothes.
Micrographs were obtained with an upright incident-light optical microscope Zeiss
Axiophot (Oberkochen, Germany), equipped with Epiplan Neofluar objectives, at
various magnifications.

3.3.1.2 Scanning electron microscopy (SEM)

SEM micrographs were acquired to investigate the morphology of some PCMs
and the fracture surface of the samples after mechanical tests. SEM investigation was
also performed on cryofracture surfaces, obtained by fracturing the specimens after
soaking in liquid nitrogen for at least 30 minutes.

This analysis was carried out for most of the samples with a Zeiss Supra 60
field-emission scanning electron microscope (FE-SEM). However, for the samples that
resulted unstable under the highly focused FE-SEM electron beam and the
ultra-high-vacuum conditions, the SEM investigation was carried out with a Jeol IT300
scanning electron microscope (Jeol Ltd, Tokyo, Japan), under milder vacuum
conditions. As all the investigated samples are not good conductors of electricity, it
was necessary to make the surface conductive through a Pt-Pd sputtering.
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3.3.2 Physical properties
3.3.21 Density

Density measurements were useful to determine the pore volume fraction. The
density was measured via two methods; the liquid displacement method (Archimedes’
balance) and the helium pycnometry.

The liquid displacement method was performed according to the standard
ASTM D792 with a Gibertini E42 analytical balance (Gibertini Elettronica Srl, Milano,
Italy). The selected liquid was ethanol (purity 99%), purchased by Sigma-Aldrich. At
least three specimens were measured for each sample. The density of ethanol was
measured with a metallic sphere of known and calibrated volume at the beginning and
at the end of each measuring session. The average between the two values was taken
as the density of ethanol and used for calculations.

Helium pycnometry was performed with a Micromeritics AccuPyc 1330 helium
pycnometer (Micromeritics Instrument Corp., Norcross, GA, US) at 23 °C. Specimens
were tested having a mass of 300-500 mg. For each specimen, 99 consecutive
measurements were acquired, to reach stationary conditions.

3.3.2.2 Melt flow index (MFI)

Melt flow index (MFI) tests were performed on some PA/PCM combinations as
a preliminary investigation. The tests were useful to acquire information on how the
PCM addition affects the rheological properties of the PA. The tests were performed
with a Dynisco LMI D4000 machine (Dynisco, Franklin, MA, US) at 230°C, with a
weight of 2.16 kg.

3.3.23 Dynamic rheological properties

Dynamic rheological tests were carried out on the PP/PCM and
PA/discontinuous fiber/PCM composites to investigate the impact of PCMs and
discontinuous reinforcements on the rheological properties and the processability of
the polymer matrices.

PP/PCM composites were investigated at the Leibniz-IPF through a TA ARES
G2 rotational rheometer (TA Instruments, New Castle, DE, US) under small amplitude
oscillatory frequency sweeps, in a parallel plate configuration (gap 1.5 mm, diameter
8 mm), in isothermal conditions at 190 °C under nitrogen atmosphere. Each test
started 4 minutes after the insertion of the specimen, to ensure the thermal equilibrium.
The storage and loss moduli were measured as a function of the shear frequency, and
parameters as tand and complex viscosity were also calculated.

PA/discontinuous fiber/PCM composites were studied through a Haake Mars |l
dynamic shear rheometer (Haake Technik GmbH, Vreden, Germany) in parallel plate
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configuration, in isothermal conditions at a temperature of 190 °C under nitrogen
atmosphere, on square samples of 20x20x1.5 mm3. Also in this case, the test allowed
the measurement of the shear viscosity and the shear dynamic storage modulus, loss
modulus and loss factor in the selected frequency range.

3.3.24 Brookfield viscosimetry

Brookfield viscosimetry was performed to measure the viscosity of the EP/PCM
mixtures before curing, to evaluate the effect of PCM addition on the rheological
properties of the epoxy resin. The epoxy base and the PCM were first mixed to ensure
a homogeneous dispersion. The hardener was added to the mixture just before the
test, to avoid further increases in viscosity due to crosslinking. The tests were
performed with a Brookfield Viscometer Model RVT (Brookfield Engineering
Laboratories, Inc., MA, US), with spindles chosen among the set RV and the small
sample adapter. The viscosity of the mixtures was determined in the speed range
between 5 and 100 rounds per minute (rpm).

3.3.3 Thermal and thermo-mechanical properties
3.3.3.1 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was performed on the neat PCMs, on
the polymer/PCM mixtures and on the reinforced composites to investigate the melting
and crystallization enthalpies and temperatures, which are the main parameters
determining the TES capability of a sample containing a PCM in a specific temperature
range.

By a comparison between the phase change enthalpies measured on the neat
PCMs and on the prepared samples, relative phase change enthalpy values
(AHZE, AHZ®Y) were calculated according to Equation (1l - 1), as

AHp,

. AH,
wpcy - AHZEA

neat
wpcm * AHE

AHR = AHZE = (In-1)

where AH,,, and AH,, are the melting and crystallization enthalpy values of the PCM
measured on the polymer/PCM mixtures and on the reinforced composites, wpcp is
the nominal weight fraction of PCM in the sample and AH¢4t and AHI% are the
melting and crystallization enthalpy values of the neat PCM. A relative phase change
enthalpy close to 100 % suggests that the PCM fraction still present in the composite
after processing is close to the nominal (initial) fraction, and that the PCM preserves
its capability of melting and crystallizing also when embedded in a composite.
Conversely, a low relative phase change enthalpy indicates that the PCM degrades or
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leaks out of the composite during processing, due to the higher applied temperatures
and pressures or to the not efficient shape-stabilization.

DSC analysis also allowed the measurement of the glass transition temperature
and, for semicrystalline polymers, the melting temperature and enthalpy of the polymer
matrix. These data gave an indication about the degree of curing (for thermosetting
matrices) or the crystallization behavior and molecular mobility (for thermoplastic
matrices).

DSC tests were performed on a Mettler DSC30 instrument (Mettler Toledo,
Columbus, OH), at a heating/cooling rate of 10 °C/min under a nitrogen flow of 100
mi/min. All the specimens, with a mass of approx. 10 mg each, underwent a first
heating scan, a cooling scan, and a second heating scan. For each composition, the
temperature range was chosen to include all the transitions of interest. PP/PCM
samples were tested at the Leibniz-IPF with a TA Instruments Q2000 calorimeter, at
the same testing conditions. Some tests were performed at a lower heating rate, to be
able to resolve multiple endo/exothermic signals. In these cases, the heating rate is
clearly specified while presenting the results.

3.3.3.2 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed on the as-received materials
and on the prepared composites, to assess how the resistance to the thermal
degradation varies when adding a PCM. The tests also allowed the measurement of
the weight fraction of the reinforcement in the prepared composites. Tests were
performed at a heating rate of 10 °C/min up to 700 °C, under a nitrogen flow of
10 ml/min, through a Mettler TG50 instrument on specimens of approximately 20-25
mg or through a TA Instruments Q5000 IR thermobalance on specimens of approx.
10 mg.

PP/PCM samples were tested at the Leibniz-IPF with a TA Instruments Q500
thermobalance. The tests were performed on specimens of 3-4 mg at the same testing
conditions. Isothermal tests were also performed on these specimens, to investigate
the thermal stability of the PCM to the subsequent processing steps. The details of the
experimental conditions will be described in the corresponding Chapter, as they are
closely related to the processing parameters of such materials.

3.3.33 Thermal camera imaging

Although DSC is the most accurate technique that gives quantitative information
on the TES capability of a sample, the small dimensions of the investigated specimen
can lead to results that are not fully representative of the prepared composite.
Therefore, to check the overall thermal management capacity of the laminates, a
simple test was performed with a thermal camera. The composites were heated in an
oven at 70 °C for 30 min, then removed and left cooling to room temperature. During
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the cooling step, the surface temperature was recorded with an infrared thermal
imaging camera FLIR E60 (FLIR® Systems Inc., Wilsonville, OR, US), placed at a fixed
position at a distance of 30 cm from the laminate surface. On some selected samples,
the test was also performed during the heating stage. The specimens were placed in
an oven preheated at 70 °C and the surface temperature was recorded while the
specimen uniformed its temperature to that of the surrounding environment.

3.3.34 Thermal conductivity

Thermal conductivity is another important parameter for TES systems, as it
influences the heat transfer and determines the phase change rate.

Thermal conductivity was measured with a Hot Disk Thermal Constants
Analyzer Model TPS 2500S (Hot Disk AB, Goteborg, Sweden), capable of precise
measurement of thermal conductivity, thermal diffusivity and specific heat capacity.
This machine uses the transient plane source method and theory in accordance with
ISO Standard 22007-2:2015. It is equipped with different sensor types and software
modules to perform analysis on bulk materials, thin fims, powders and liquids. To
perform the measurement, the sensor, made of a double spiral nickel wire insulated in
a thin layer of Kapton®, is placed between two sheets of material with planar and
parallel surfaces. In this work, the specimens were analyzed with Sensor 7577 (radius
2.001 mm) or Sensor 5465 (radius 3.189 mm). The measurement is performed by
sending a current through the nickel sensor and measuring the temperature rise of the
sensor itself, evaluated through a change in electrical resistance. The temperature rise
is influenced by the thermal properties of the sample material that surrounds the
sensor, which are evaluated by the instrument software. Important measurement
parameters are the power input and the measurement time, which must be chosen to
produce a temperature increment of 2-5 K, as recommended by the instrument
manual. At least three measurements were performed for each sample, in different
zones of the specimen and/or with a different power input. The bulk isotropic module
was chosen for all the polymer matrices and polymer/PCM blends investigated with
this technique. For these samples, specimens were prepared with an in-plane
dimension of 100x50 mm2 and a thickness of 5 mm.

Another technique used in this work to measure the thermal conductivity was
the laser flash analysis (LFA), implemented on a Netzsch LFA 447 instrument
(Netzsch GmbH, Selb, Germany). Square samples with a side length of 12.7 mm were
cut from the prepared specimens. Each specimen was tested at various temperatures
between 20 °C and 60°C, and three pulses were performed for each temperature.
Data were analyzed with the software Proteus (Netzsch). Thermal diffusivity (a) was
determined using the Cowan method with pulse correction. For the calculation of the
specific heat capacity (cp), the reference material Pyrex 7740, was employed,
according to the standard ASTM-E 1461. The thermal conductivity (1) was calculated
according to Equation (Ill - 2), as
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A= apcp, (In-2)
where p is the sample density (g/cm3).

3.3.35 Dynamic-mechanical analysis (DMA)

Dynamic mechanical analysis was performed to assess the dynamic-
mechanical behavior of polymer/PCM system and polymer/PCM/reinforcement
composites. It was useful in order to understand how the PCM addition affects the
viscoelastic parameters and the glass transition of the host matrix or composite, and
how such parameters vary before, during and after the PCM phase change. These
composites containing a PCM are the ideal systems to study how a dynamic-
mechanical investigation is affected by a melting phase transition, which is not usually
possible with common polymer composites. All DMA tests were performed with a TA
Q800 DMA instrument in single cantilever bending mode, with a distance between the
grips of 17.5 mm. Three testing modes were applied; single-frequency scans,
multifrequency scans, and heating-cooling cycles.

In single frequency scans, the storage modulus (E’), loss modulus (E"’), and
loss factor (tand) were measured between 0 °C and 180 °C at 3 °C/min, with an
applied strain of 0.05 % at a frequency of 1 Hz.

Multifrequency scans were carried out at 0.3 °C/min at the frequency values of
0.3, 1, 3, 10, and 30 Hz. The activation energy of the glass transition (E,) was
determined through the Arrhenius approach, from the slope of the linear regression of
the natural logarithm of the applied frequency plotted versus the reverse of the tans
peak temperatures, as reported in Equation (Il - 3):

__rd(ny)
E,=R (d(l/TP)), (n-3)

where R is the universal gas constant, equal to 8.314 J/molK, v is the applied
frequency, and T is the E”' or tand peak temperature at the glass transition.

As the value of E’ was seen to decrease at the PCM melting temperature, cyclic
DMA scans were performed to assess the recovery of E’ and the behavior of the other
viscoelastic parameters upon PCM crystallization. Heating-cooling-heating scans
were carried out between -40 and 60 °C, at the scanning speeds of 1 °C/min and
3 °C/min. The test allowed the measurement of all the peak temperatures of £ and
tand, the ratio between the values of E’ at the beginning of the second and the first
heating scan ( E';.; —40°¢), and the temperature difference at the middle value of E’
between the first heating scan (k) and the cooling scan (c), defined through Equation
(II-4) as
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where E'5q¢, is the average between the maximum and the minimum E’ values of
each sample.

3.3.3.6 Vicat tests

Vicat tests were performed on some polymer/PCM samples, to investigate the
dimensional stability below and above the PCM melting temperature. Vicat tests were
performed according to the ASTM D 1525 standard, from 30 °C to 300 °C, at a heating
rate of 120 °C/h, under an applied load of 10 N, in a silicone oil bath. The samples had
a surface of 10x10 mm?2 and a thickness of approx. 5 mm.

3.3.4  Weight and volume fraction of the constituents

In the prepared composite laminates, the weight and volume fractions of the
fibers and the matrix (polymer/PCM mixtures) are fundamental parameters that
influence the final mechanical and TES performance. The procedure described here
is general; the specific procedure for each composite will be specified while
commenting each particular result.

As mentioned in Section 3.3.3.2, TGA tests allowed the calculation of an
experimental weight fraction of fibers (w) from the residual mass fractions of the
virgin fibers, the matrices (polymer/PCM blends) and the composite laminates, through
Equation (Il - 5) as

m, — R,

Wf=—7—
"~ Rf —Rnp,

(I -5)
where m,. is the residual mass of the composite, Ry and R,,, are the residual mass
fractions of the reinforcement and the matrix, respectively. For the composites
investigated in this thesis, R,, was most of the times negligible (R,,, = 0 %), while
the fibers did not lose mass (Ry ~ 100 %); therefore, the fiber weight fraction could
be almost always approximated with m,.. However, it will be clearly specified when
this is not the case.

The measurement of w, allowed the calculation of the theoretical density of the
laminates (p¢,) through the mixture rule written as a function of the mass fractions of
the constituents, represented in Equation (lIl - 6) as

1
~wp/pr+ (1= wp)/pm

Pen (- 6)
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where ps and p,,, are the density values of the fibers and the matrix, respectively,
measured through the displacement method in ethanol and/or helium pycnometry. The
same two measurement techniques were applied to obtain the experimental density
of the laminates, p,,,. The volume fraction of voids (9,,) was subsequently calculated
via the Equation (Il - 7) as

Pth — Pexp
Uy =—— -7
v Ptn ( )
Lastly, the knowledge of the weight fraction of the constituents, the void volume
fraction and the experimental density of the composites allowed the calculation of the
volume fraction of fibers (9r) and matrix (9,,,) through Equation (Il - 8) and (III - 9),

respectively, as

8, = w; Pexp ; (-8
Py
p
O = (1 — wp) —%. (Ii-9)
Pm

3.3.5  Mechanical properties
3.351 Tensile tests

Quasi-static tensile tests were performed with a universal testing machine
Instron 5969 (Instron, Norwood, MA, US), equipped with a 50 kN load cell.

For polymer/PCM systems and composites reinforced with discontinuous fibers,
1BA specimens (ISO 527 standard) were cut through a Ceast 6051 die-cutter (Ceast,
Pianezza, ltaly). The measurement of the elastic modulus was performed at a
crosshead speed of 0.25 mm/min, the strain was measured with a resistance
extensometer Instron 2620 with a gauge length of 12.5 mm and five specimens were
tested for each sample. According to the standard ISO 527, the elastic modulus (E)
was measured as the secant of the stress-strain curve between the strain values of
0.05 and 0.25%. For each composition, five additional specimens were tested until
failure, at a crosshead speed of 10 mm/min for the samples with a PA matrix, and
1 mm/min for the samples with an EP matrix. The test allowed the determination of the
stress and strain at yield (o, €,) (when applicable), the maximum stress and the
corresponding strain (o 4x, Emax), and the stress and strain at break (o3, €,).

For composites reinforced with continuous fibers, rectangular specimens of
120x10 mm2 were cut out of the prepared laminates with a diamond saw. Tests were
carried out with an initial distance between the grips of 80 mm. The specimens were
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tabbed at both ends with glass fiber composite tabs, to avoid damages in the gripping
zone. The elastic modulus was measured as described above. The properties at break
(o, €,) were measured on at least five specimens per sample, at a crosshead speed
of 1 mm/min.

3.3.5.2 Flexural tests

Flexural tests were performed with a three-point bending configuration,
according to the standard ASTM D790, with a universal testing machine Instron 5969
equipped with a 50 kN load cell.

For polymer/PCM systems and composites reinforced with discontinuous fibers,
tests were performed on rectangular specimens with nominal dimensions of
70x10x3 mm3. The span length was fixed at 50 mm and the crosshead speed at
1.5 mm/min. At least five specimens were tested for each composition. The flexural
modulus of elasticity (E), the flexural strength (o)) and the flexural strain at break
(&rp) were determined for each specimen as described in Equations (Il - 10), (Il - 11),
and (Il - 12), respectively:

mlL3

Ef = (- 10)
3PL

Ofm ZW (|||-11)
6Dd

&b =13 (In-12)

where L is the support span, m is the slope of the tangent to the initial portion of the
load-deflection curve, b and d are the specimen width and thickness, P is the
maximum load and D is the deflection at the break point.

For continuous-fiber composites, the nominal in-plane dimensions of the tested
specimens were 120x10 mm2. The span length was 85 mm, as the standard
recommends increasing the span-to-thickness ratio for samples with in-plane strength
considerably higher than the interlaminar shear strength. The crosshead speed was
fixed at 9 mm/min, and at least five specimens were tested for each sample. The
tangent modulus of elasticity and the flexural strain at break were calculated as
described above, while the flexural strength was determined with Equation (Il - 13) as

o OE  w

81



to consider the not negligible forces developed at the supports derived by a high span-
to-thickness ratio, as the ASTM D790 standard suggests. It should be mentioned that
this equation is based on the assumption of a linear stress distribution through the
specimen thickness. This is not fully correct for laminates, but the results are still useful
for comparison purposes.

3.35.3 Charpy impact tests

Charpy impact tests were performed according to ISO 179 with a Ceast 6549
impactor. The hammer had a mass of 1.18 kg and it was placed so that the impact
speed resulted of 1 m/s. Rectangular samples of 80x10x4 mm? with a notch depth of
2 mm and a notch tip radius of 0.25 mm were utilized. A span length of 62 mm was
used, and at least five specimens for each sample were tested. The test allowed the
measurement of the maximum load reached during the tests (F;,4), the specific
energy absorbed at the maximum load (E;, mqx), and the specific energy absorbed
atbreak (Ep to¢).

The wood/starch laminate samples were tested with a hammer with a length of
25 cm and a mass of 0.48 kg, positioned at a starting angle of 150 °. In this way, the
tests were performed at an impact speed of 2.9 m/s, with a maximum impact energy
of 2 J. A thin plasticine layer was used to damp the vibrations to avoid the inertial peak
in the force-displacement signal. The tests were performed on rectangular specimens
having nominal dimensions of 120x10x2 mm3, with a span length of 40 mm.

3.354 Mode | fracture toughness

Mode [ fracture toughness tests were performed to evaluate the effect of the
introduction of increasing fractions of a PCM on the fracture toughness of the host
polymer matrix and laminate. This test was performed on a single
polymer/reinforcement/PCM system and the corresponding polymer/PCM matrix; the
chosen system was that having a polymer matrix exhibiting a brittle behavior, i.e. the
system EP/CFu/MC, composed of an epoxy matrix, unidirectional carbon fibers and
various amounts of paraffin microcapsules. These tests were performed with a
universal testing machine Instron 5969 equipped with a 50 kN load cell.

For EP/IMC systems, tests were performed on single edge notched beam
(SENB) specimens with nominal dimensions 80x10x4 mm3. A sharp notch was
machined with a depth of 4.5 mm, and a sharp crack was subsequently initiated by
sliding a fresh razor blade in the notch. The measurements were carried out according
to the standard ASTM D5045, in a three-point bending configuration, with a span
length of 40 mm and crosshead speed of 10 mm/min. A conditional value (Ky) of the
critical stress intensity factor was determined for each specimen through Equation (Il
-14) as
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P
Ko = (WQW> £ (), (In-14)

where Py, is the load value determined as described in the standard ASTM D5045, B
and W are the specimen thickness and depth, respectively.
f(x) is a geometrical function defined in the Equation (Ill - 15) as

1.99 — x(1 — x)(2.15 — 3.93x + 2.7x2)

fx) = 6vx 3
(1+2x)(1—x)72

(In - 15)

where x is the ratio between the initial notch length (a) and the specimen depth (W).
The calculated K, can be considered as the critical stress intensity factor K;¢ only
when the condition of plane-strain defined in Equation (IIl - 16) are satisfied:

2

Ko

B,a,(W —a) > 2.5 (—) s (In-16)
Oy

where g, is the yield stress evaluated as the maximum load in the uniaxial tensile
tests.

Mode | interlaminar fracture toughness was evaluated on the unidirectional
carbon fiber laminates containing paraffin microcapsules, according to the standard
ASTM D5528-13. The tests were performed on specimens with in-plane dimensions
of 130x20 mm2, cui out of the prepared laminates with a diamond saw. At least three
specimens were tested for each composition. The geometry of the tested specimens
is shown in Figure Ill - 10. The initial crack (a) formed in the middle plane of the
laminates was made by inserting a polyethyleneterephthalate (PET) with a thickness
of 26 ym in the stacking process of the laminates. The PET film was inserted to create
a pre-crack of 55 mm in the final prepared specimens.

P

1 b

—— (Crack direction T
h

L

Figure Il - 10. Specimen for mode | interlaminar fracture toughness (a =55 mm, b =20 mm,
L =130 mm). P indicates the direction of applied load. The crack propagates in the fiber
direction.
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The specimens were loaded at 0.25 mm/min until an increment of delamination
crack growth of 3 to 5 mm and then unloaded at 25 mm/min, and the tip of the precrack
was noted. The specimens were then reloaded at 2.5 mm/min until the crack had
propagated for at least 50 mm from the tip of the precrack. The test was recorded with
a LogiTech C920 USB video camera, to be able to correlate each advancement of the
crack tip with the corresponding load value. The specimen was finally unloaded at
25 mm/min.

The value of critical strain energy release rate (G,.) was calculated with the
Equation (Il - 17) as

3P
Gie = Spta+1aD” -1
where P is the applied load, § is the load point displacement, a is the crack length, b
is the specimen width and the term |A| is introduced to take into account the rotations
that may occur at the delamination front. A was determined experimentally by
generating a leasts squares plot of the cube root of compliance (C/3) as a function
of delamination length a, where C = & /P, as specified in the standard.

3.355 Short-beam shear tests

Short-beam shear (SBS) tests were performed to assess the interlaminar shear
strength (ILSS) of the prepared laminates, following the standard ASTM D 2344, with
an Instron 5969 universal testing machine equipped with a 50 kN load cell, in a
three-point bending configuration. The tested specimens were cut out of the prepared
laminates with a diamond saw, and their dimensions were chosen to meet the
conditions prescribed by the ASTM standard. The laminate thickness is influenced by
several factors, such as the number of layers and the fiber weight fraction, but also
the PCM content, as will be explained in the next Chapters. Therefore, the specimen
dimensions and the span length were chosen for each sample as a function of the
laminate thickness, as represented in Figure Il - 11. All the specimens were tested at
a crosshead speed of 1 mm/min.
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Figure Il - 11. Schematic representation of the specimen and test dimensions of the short-
beam shear test on the laminates.

The short-beam interlaminar shear strength, /LSS, was calculated as reported
in Equation (1ll - 18):

ILSS = 3P (I1-18)
" 4bh’

where B, is the maximum load and b and h are the specimen width and thickness,
respectively. At least three specimens were tested for each sample. As in case of
Equations (1l - 12) and (1ll - 13), also this equation is derived from the classical beam
theory, which assumes that the shear stress is parabolically distributed in the
specimen cross-section. However, as thoroughly studied in the literature, the shear
behavior of composite laminates can deviate markedly from this trend and the
maximum shear stress is significantly lower than that predicted by this theory (Cui et
al., 1994). Although the real ILSS is expected to be lower than that calculated as
described above, the apparent value can be considered suitable for this work, as it is
used only for comparison among laminates containing different amounts of PCM (Cui
etal., 1994).
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4.1 Introduction

The present Chapter describes the methods and results of the
polymer/PCM/reinforcement systems with a thermoplastic matrix. Four case studies
were investigated, and they will be described in the following four Subchapters.

Subchapter 4.2 describes glass/polyamide laminates containing either a
microencapsulated or a shape-stabilized PCM and aims at evidencing the differences
in the behavior of the two PCMs when embedded in a traditional thermoplastic
laminate. The same polyamide matrix and microencapsulated PCM were employed in
combination with discontinuous carbon fibers, as described in the Subchapter 4.3, to
produce thermoplastic semi-structural composites with TES capability. A different
approach is adopted in Subchapter 4.4, where a carbon fiber laminate containing PCM
microcapsules was produced with a reactive thermoplastic matrix, which allows
avoiding all the processing steps at high temperature in the molten state. However,
since reactive processing is not applicable to the most common thermoplastic
matrices, an additional technique is explored that involves the production of
multifunctional commingled yarns, where the PCM phase is embedded in the polymer
filaments. In this thesis, the experimental work was limited to the production of PP
filaments containing PCM microcapsules, and the results of this approach are
illustrated in Subchapter 4.5.

4.2 PCM-enhanced glass/polyamidel2 laminates

This Subchapter presents the results thermoplastic laminates with a polyamide
matrix, reinforced with a glass fiber fabric and containing two types of paraffinic PCMs,
namely a commercial microencapsulated paraffin and a CNT-stabilized paraffin.

4.2.1 Materials and methods

This Section describes the materials used to fabricate these samples and the
techniques of sample preparation. It subsequently lists all the characterization
techniques applied on these samples. Since the materials and the characterization
techniques have been already detailed in Chapter Ill, this Section will specify only the
experimental parameters that are specific of this Subchapter.

4.21.1 Materials

The materials employed for the preparation of these laminates are listed in
Table IV - 1 (please refer to Section 3.2.4 for the details about the materials).
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Table IV - 1. Materials employed in Subchapter 4.2.

Phase Label Material
Polymer matrix PA Polyamide 12
Reinforcement GF Bidirectional glass fiber fabric
MC Paraffin microcapsules
PCMs ParCNT Paraffin shape stabilized with carbon nanotubes

(CNTSs) in a weight fraction of 15 wt%, and
cryogenically pulverized

As observable from the data reported in Table IV - 1, two paraffinic PCMs were
employed for the preparation of these samples: the first is a commercial
microencapsulated PCM, while the second is a paraffin shape stabilized with CNTs
(ParCNT), prepared as described in Chapter lIl, Section 3.2.3.1. The main aim of this
work was to understand which of the two selected PCMs was the best candidate to be
embedded in a traditional thermoplastic laminate. Naturally, the comparison would
have resulted more effective if the two PCMs had the same initial phase change
enthalpy. Therefore, the weight fraction of CNTs in the shape-stabilized PCM was
tuned to obtain a phase change enthalpy close to that of the current batch of
commercial paraffin microcapsules. From a preliminary study, reported in Section
3.2.3.1, itwas found that the optimal CNT concentration was in the interval 10-15 wt%.
For this particular work, the CNT-stabilized paraffin powder was prepared with a CNT
weight fraction of 15 wt%.

4212 Sample preparation

The sample preparation was divided into two steps, namely (a) the preparation
of the PA/PCM blends, and (b) the preparation of the composite laminates via the
introduction of glass fiber fabric.

The PA/PCM blends were produced by melt compounding and hot pressing. PA
granules and the PCMs (either MC or ParCNT) were melt compounded in a Haake
Rheomix 600 OS internal mixer equipped with counter-rotating rotors, at PCM
concentrations ranging from 15 to 60 wt%. The materials were mixed at 200 °C at
60 rpm for 5 minutes. The resulting compounds were molded through a Carver
Laboratory Press Model 2699 (Carver Inc., Wabash, IN, US) at 200 °C for 5 minutes
under an applied pressure of 1.75 MPa. Neat PA and PA/PCM samples were obtained
in form of square sheets of 120x120 mm2. The prepared compositions are listed in
Table IV - 2. The blends with microcapsules were labelled as PA-MCx and the blends
with ParCNT as PA-ParCNTx, where x represents the nominal PCM weight fraction
(x =15, 30, 45, 60).
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Table IV - 2. List of the prepared PA/IPCM samples with nominal weight compositions.

Sample PA (wt%) MC (wt%) ParCNT (wt%)
PA 100 0 0
PA-MC15 85 15 0
PA-MC30 70 30 0
PA-MC45 65 45 0
PA-MC60 40 60 0
PA-ParCNT15 85 0 15
PA-ParCNT30 70 0 30
PA-ParCNT45 65 0 45
PA-ParCNT60 40 0 60

Some of the prepared PA/PCM blends were used to fabricate composite
laminates. Five compositions were chosen, namely PA, PA-MC30, PA-MC60,
PA-ParCNT30 and PA-ParCNT60. To produce the laminates, PA/PCM sheets were
prepared as described above but with a smaller thickness (approx. 0.3 mm) in order
to ease the process of lamination. Such matrix sheets were alternated to GF squares,
and the prepared layups (six PA/PCM sheets alternated to five GF squares) were
hot-pressed at 200 °C for 5 minutes under an applied pressure of 3.4 MPa. The
resulting laminates had surface dimensions of 120x120 mm?2 and a thickness of
approx. 2 mm. They were referred to as PA-GF, PA-MC30-GF, PA-MC60-GF,
PA-ParCNT30-GF and PA-ParCNT60-GF.

4.2.1.3 Characterization

The PA/PCM samples were investigated through the characterization
techniques listed in Table IV - 3 together with the experimental parameters applied
specifically on these samples (see Subchapter 3.3 for the full description of the
characterization parameters and specimen preparation).

Table IV - 3. Characterization techniques and experimental parameters applied on the
samples PA and PA-MCx.

Technique Specific experimental parameters

Melt flow index (MFI) Temperature 230 °C; mass 2.16 kg

Helium pycnometer Temperature 23 °C; 99 measurements

SEM Instrument Jeol IT300

DSC Temperature interval 0-230 °C

TGA TA Q5000 IR thermobalance; specimen mass 10 mg
Vicat test As described in Section 3.3.3.6

Quasi-static tensile test As described in Section 3.3.5.1
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The PA/PCM/GF laminates were investigated through the characterization
techniques listed in Table IV - 4 (see Subchapter 3.3 for the full description of the
characterization parameters and specimen preparation).

Table IV - 4. Characterization techniques and experimental parameters applied on the
PA/PCM/GF laminates.

Technique Specific experimental parameters

Optical microscopy On the polished cross-section

Helium pycnometer Temperature 23 °C; 99 measurements

DSC Temperature interval 0-230 °C

TGA TA Q5000 IR thermobalance; specimen mass 10 mg

Quasi-static tensile test As described in Section 3.3.5.1

Short-beam shear test As described in Section 3.3.5.5

4.2.2 Results and discussion

This Section presents the results of the characterization of the PA/PCM
samples and the PA/PCM/GF laminates.

4221 Characterization of the PA/PCM samples

The results of the MFI tests on the PA/PCM samples are reported in Figure IV
- 1. For the samples with microcapsules, the MFI decreases with an increase in the
MC content and reaches a minimum of 5.2 g/10 min. A more dramatic MF| decrease
is observed for the samples with CNT-stabilized paraffin. Compared to the MFI value
of the neat PA, the MFl is halved with a ParCNT content of 15 wt%, and it approaches
0.7 g/10 min when the nominal ParCNT fraction is 30 wt%. Further increases in the
ParCNT content reduce the fluidity in such a way that the measurements could not be
performed with a mass of 2.16 kg, but a heavier weight had to be used to obtain a
reliable MFI result, as indicated in Figure IV - 1. This is probably due to the growing
CNT content, since these nanofillers are well known to heavily increase the viscosity
of molten polymers (Rueda et al., 2017a). Due to the modification of the applied load,
it is not possible to draw a trend of the MFI, but these results suggest that it may be
difficult to obtain a composite with low porosity at elevated ParCNT contents. This also
implies that, although both PCMs types decrease the fluidity of the PA, the effect of
the MC is less intense than that of the ParCNT.
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Figure IV - 1. MFI values of the samples PA-MCx and PA-ParCNTXx (x = 15,30,45,60).

The results of the DSC tests on the neat PCMs and the PA/PCM samples are
reported in Figure IV - 2, which shows the thermograms of the first heating scan. The
most important DSC results about the first heating scan and the cooling scan are
summarized in Table IV - 5. The data of the second heating scan are not reported for
the sake of brevity, as there were no important differences compared to the first
heating scan. The peak temperatures of the endo/exothermic signals at around 40 °C
were considered as the melting/crystallization temperatures of the PCMs (T, T.),
while the areas under those peaks were regarded as the melting/crystallization
enthalpies (AH,,, AH.). As PA12 is a semicrystalline polymer, DSC tests also gave
information about the melting/crystallization transitions of the PA matrix; the phase
change temperatures were indicated as T;24 and T.”4. Moreover, relative phase
change enthalpy values were determined by dividing the values of AH,,, and AH by
the melting/crystallization enthalpy of the neat PCM and considering the nominal PCM
content in the blends, as described in Section 3.3.3.1 (Equation (llI-1)).

The DSC characterization of MC and ParCNT was limited to the temperature
interval around the phase transition, i.e. from 0 °C to 80 °C. As observable from Figure
IV - 2, an intense endothermic peak is observable for both the PCMs at approximately
40-50 °C. The peak temperature, phase change enthalpy and peak shape is similar
between the PCMs, which allows a direct comparison of their performance per se and
embedded in a polymer composite. An analogous exothermic peak is observable on
cooling (not reported). The PCM melting peak is visible also on the other PA/PCM
samples, where an additional endothermic melting peak can be observed at
approximately 180 °C. This peak can be associated to the melting of the PA phase.
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Figure IV - 2. DSC thermograms (first heating scan) of the prepared PA/IPCM samples: (a)
PA-MCx; (b) PA-ParCNTXx (x = 15,30,45,60).

For the samples PA-MCx (Figure IV - 2a), the melting enthalpy of the PCM
increases with the MC content. The relative enthalpy is approx. 70 %, which is
comparable with literature results about similar blends with paraffin microcapsules
embedded in a thermoplastic polymer matrix (Mochane and Luyt, 2012; Krupa et al.,
2014). This suggests that a fraction of microcapsules was damaged and the paraffin
degraded or leaked out of the blend during processing, which can be due to the
combination of high temperature and shear stresses during melt compounding.
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Nevertheless, most of the thermal energy storage/release capability is retained.
Conversely, for the samples PA-ParCNTXx (Figure IV - 2b), the PCM melting enthalpy
does not follow a trend with the PCM concentration. The enthalpy values range
between 14 J/g and 21 J/g, well below the expected values; this is demonstrated by
the remarkably low relative enthalpy values, which implies a considerable PCM
degradation during processing. Interestingly, the crystallization temperature of the PA
matrix increases of approx. 5 °C in the ParCNT-based blends, which is probably
related to the nucleating effect played by CNTs and is observed also on the composite
laminates (see Table IV - 8). Similar results were observed elsewhere in the literature,
e.g. in a work on PAG/clay nanocomposites (Dorigato et al., 2016).

It is worth noticing that the thermogram of the neat PA shows a further small
endothermic signal due to the glass transition at 40.7 °C. However, this transition is
not visible in the other compositions containing a PCM, as it is hidden by the more
intense PCM melting peak.

Table IV - 5. Results of the DSC tests on the samples PA-MCx and PA-ParCNTx (x =
15,30,45,60).

rel PA PA
Sample ) ug o o dg o
PA - - - 1812 - - 1557
PA-MC15 439 20.5 68.3 179.8 324 18.1 153.2
PA-MC30 459 46.8 779 179.3 23.0 46.8 152.0
PA-MC45 46.2 61.2 67.9 172.2 24.7 61.2 155.7
PA-MC60 49.1 76.3 63.8 180.2 21.8 71.2 152.6

PA-ParCNT15 43.3 16.1 57.3 1722 33.2 1.3 160.5
PA-ParCNT30 431 211 37.6 177.7 32.6 15.6 165.4
PA-ParCNT45 435 14.0 16.7 178.4 29.2 8.6 158.7

PA-ParCNT60 44.0 16.4 14.6 178.0 304 12.2 160.7
MC 43.5 200.1 100 - 30.0 200.0 -
ParCNT 42.6 205.5 100 - 33.5 206.0 -

T,,, = melting temperature of the PCM (°C); AH,,, = PCM melting enthalpy (J/g); AH%¢" = relative PCM melting
enthalpy (%); ;54 = melting temperature of PA (°C); T,.= crystallization temperature of the PCM (°C); AH, =
PCM crystallization enthalpy (J/g) TF4 = crystallization temperature of PA (°C).

The paraffin leakage/degradation effect is observable also through the TGA
results. The thermograms of the residual mass and mass loss derivative as a function
of temperature are displayed in Figure IV - 3, while Table IV - 6 reports the temperature
values corresponding to a mass loss of 1 wt% (To,) and 5 wt% (T’se,), as well as the
degradation temperature measured at the peak of the mass loss derivative (Ty).
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The thermal degradation of the neat PA happens in two subsequent steps, but
the vast majority of the mass loss occurs in the first. The thermal degradation
resistance of the microcapsules is lower than that of the neat PA, and the MC addition
shifts the curves towards lower temperatures (Figure IV - 3a). For the neat MC, the
degradation begins with many small subsequent steps. Four steps can be identified,
which correspond to four local maxima in the mass loss derivative signal, as also
reported by other studies on with paraffin encapsulated in melamine-formaldehyde
microcapsules (Krupa et al., 2014). The weight loss during the first step (up to approx.
180 °C) can be attributed to absorbed water and residual low-molecular-weight
species, not fully removed after the capsule synthesis. This step is not so evident in
the other samples containing MC, as most of the low-molecular-weight compounds
have probably been removed during the processing steps at 200 °C. The following
steps are related to the thermal degradation of the paraffinic core and the
melamine-formaldehyde shell.
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Figure IV - 3. TGA thermograms of the prepared PAIPCM samples: (a) PA-MCx; (b) PA-
ParCNTXx (x = 15,30,45,60).

The considerably high and narrow peak in the mass loss derivative signal
suggests that most of the mass loss occurs in a relatively small temperature interval.
It can be associated to the damage of the MC shells and the sudden release of the
core. This spike was always observed on repeated measurements, but it was not
detected in any of the MC-containing composites. This can be due to the fact that the
surrounding polymer matrix, which is not yet degraded at the end of the MC
degradation process, modifies the mass loss rate and the heat transmission in the
sample. The other steps observed for the neat microcapsules, between 200 °C and
420 °C are also partially evident for the MC-containing samples.

For the PA-MC systems, the thermograms are observed to shift to lower
temperatures and the values of Ty, and Tso, decrease with an increase in the MC
content. This was expected, since the degradation temperature of the MC is lower than
that of the neat PA. The blends degrade in two distinct steps; the first, at 200-420 °C,
is related to the degradation of the capsules and increasing with the MC content, while
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the second, at 450-500 °C, is related to the degradation of the PA phase. The mass
loss observed in the first temperature range is less than expected if the nominal
capsule weight fraction is considered, but this result is in good agreement with the
DSC results, where the phase change enthalpy is less than expected due to some
leakage of the PCM during the melt compounding and hot-pressing operations.

Similar results were found for the blends with ParCNT (Figure IV - 3b). However,
ParCNT presents a degradation peak temperature (T,;) of 220 °C, remarkably lower
than that of MC. Since the two investigated PCMs contain approximately the same
fraction of active paraffin content (85-90 wt%), it can be concluded that the MC shell
delays the thermal degradation of the PCM core, while CNTs do not perform any
thermal barrier effect. This suggests that an encapsulated PCM is more suitable to be
embedded in a polymer such as PA, having a processing temperature of approx.
200 °C.

Also for the PA-ParCNT samples, the thermograms show two degradation
steps, related to the degradation of the PCM and the PA. However, the mass loss
associated to the PCM degradation does not increase with the ParCNT fraction, but it
is nearly constant and equal to approx. 9 wt%. This agrees with the DSC results and
suggests that the majority of the PCM abandons the system during the production
process. On the other hand, the residual mass at the end of the test increases with the
ParCNT content. The residue is mostly due to the CNTs, as also the degradation of
ParCNT demonstrates. This implies that, unlike the paraffin, the CNTs do not degrade
nor leave the blends during processing. This is consistent with the MFI results, as the
CNTs are considered as the major responsible for the dramatic increase in viscosity
observed for the matrices with ParCNT.

Table IV - 6. Results of the TGA tests on the samples PA-MCx and PA-ParCNTx (x =
15,30,45,60).

Ty Tsy, Ty
Sample °C) c) °C)
PA 269.7 418.0 4791
PA-MC15 164.0 256.2 469.9
PA-MC30 161.8 250.9 4701
PA-MC45 161.5 244 1 470.0
PA-MC60 159.8 2429 469.6
PA-ParCNT15 164.6 255.8 483.2
PA-ParCNT30 162.1 239.2 482.1
PA-ParCNT45 165.3 2471 480.0
PA-ParCNT60 159.2 219.2 479.8
MC 120.5 241.6 420.4
ParCNT 140.6 165.2 220.2

Tyo, = temperature corresponding to a mass loss of 1 wt% (°C); Ts¢, = temperature corresponding to a mass
loss of 5 wt% (°C); T; = degradation temperature, corresponding to the peak of the mass loss derivative (°C).

97



stress (MPa)

For the mechanical and thermo-mechanical properties of the PA/PCM samples,
Figure IV - 4 shows representative tensile stress-strain curves, while Figure IV - 5
illustrates the trends of the tensile elastic modulus and strength as a function of the
PCM weight fraction.
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Figure IV - 4. Representative stress-strain curves obtained in quasi-static tensile tests on
the samples PA-MCx (left) and PA-ParCNTXx (right).

All the considered mechanical properties of the blends are lower than those of
the neat PA. For both systems, the mechanical performance is negatively affected by
an increase in the PCM content, which can be related to the poor mechanical
properties of the PCMs. The only exception is the elastic modulus in the matrices with
ParCNT, which increases with the nominal ParCNT amount. This can be related to the
fact that the effective amount of paraffin is fairly constant, as suggested by TGA, but
the CNT content increases.

This is supported by the results of the Vicat tests. As observable in Figure IV -
5, the Vicat softening temperature (VST) of the blends does not differ remarkably from
that of the PA, which indicates that the melting of both PCMs does not lead to a
considerable softening of the matrix. For the samples with ParCNT, the VST slightly
increases with the PCM fraction, which can be due to the presence of CNTSs.

The characterization of the PA/IPCM samples evidenced that, by considering
both the processability and the thermo-mechanical properties, the microencapsulated
PCM may be more appropriate than ParCNT to be mixed with PA12, in order to
produce long fiber multifunctional composites. However, laminates were produced
with both matrix systems, at two different PCM fractions (30 wt% and 60 wt% of the
total matrix weight) and compared with the laminate without PCM.
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Figure IV - 5. Trends of the tensile modulus, tensile strength and Vicat softening
temperature as a function of the nominal PCM fraction: (a) PA-MCx; (b) PA-ParCNTx (x =
15,30,45,60).

4.2.2.2 Characterization of the PA/PCM/GF laminates

The optical microscope images of the polished cross sections of the prepared
laminates are reported in Figure IV - 6.

The laminate PA-GF (Figure IV - 6a-b) appears of good quality; there are few
matrix-rich zones, the fibers are properly wetted, and the visible porosity is exiguous.
Similar considerations can be made for the laminates with capsules (PA-MCx-GF
samples, Figure IV - 6¢/h). However, the interlaminar matrix-rich region is thicker than
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that of PA-GF, as the matrix is more viscous due to the PCM and flows out of the
prepared samples with higher difficulty. Moreover, the matrix that flows into the rovings
is rich in PA, while the microcapsules tend to remain in the interlaminar zone. This is
observable also for the laminates with ParCNT (samples PA-ParCNTx-GF, Figure IV
- 6i/n). However, for these laminates the quality appears worse than in the previous
cases; especially in the laminate PA-ParCNT60-GF, the fibers are not properly wetted,
and the fabric weaving seems distorted.

A further assessment of the quality of the laminates was performed via TGA
and density measurements, as described in Section 3.3.4. TGA measurements
allowed an evaluation of the fiber weight fraction (wf) and the calculation of a
theoretical density of the composites (p;y,), while the helium pycnometry allowed a
measurement of the density of the constituents (GF and PA/PCM systems) and the
experimental density of the laminates (o), from the comparison between the
experimental and theoretical density, the porosity (void volume fraction, 9,,) and the
volume fraction of the constituents could be calculated. The results of this investigation
are summarized in Table IV - 7, which reports the volume composition of the prepared
composites.

Table IV - 7. Volume compositions of the PA/PCM/GF laminates.

Sample (vfI{%) (V'ZI% (vgf"’/.,)
PA-GF 534 45 21
PA-MC30-GF 555 122 23
PA-MC60-GF 53.2 143 25
PA-ParCNT30-GF 505 a7 18
PA-ParCNT60-GF 324 57.8 98

9 = volume fraction of fibers; 9,,, = volume fraction of matrix (PA/PCM system); 9,, = volume fraction of voids.

It can be observed that the fiber volume fraction and the porosity are nearly the
same for all the laminates (besides PA-ParCNT60-GF), being approx. 50-55 vol% and
approx. 2 vol%, respectively. On the other hand, in the PA-ParCNT60-GF laminate the
void volume fraction is noticeably higher (9.8 vol%) and the fiber content lower
(32.4 vol%). This implies that the fluidity of the matrix is impaired by ParCNT in such
a way that the fibers cannot be properly wetted, thereby compromising the quality of
the laminate.
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Figure IV - 6. Optical microscope micrographs of the polished cross sections of the
PA/PCM/GF laminates. (a,b) PA-GF; (c,d,e) PA-MC30-GF; (f,g,h) PA-MC60-GF; (i,l)
PA-ParCNT30-GF; (m,n) PA-ParCNT60-GF.

As for the PA/IPCM systems, the most important test to assess the TES
capability of the prepared laminates is DSC. The results of this test are reported in
Table IV - 8, while the DSC thermograms are not shown for the sake of brevity, as
they are qualitatively similar to those obtained for the PA/PCM samples. The laminate
with the best thermal performance is PA-MC60-GF, which develops a melting enthalpy
of 17.1 Jig.

The aim of this analysis was to evaluate if the additional processing step of
hot-pressing required to produce laminates further worsens the PCM energy
storage/release capability. Therefore, the values of relative melting enthalpy for the
laminates were calculated starting from the experimental weight fraction of matrix
(PA/PCM blend) and the theoretical PCM weight fraction within the matrix. Since the
values of the relative melting enthalpy calculated in this way are lower than those of
the corresponding matrices (Table IV - 5), it can be concluded that the hot-pressing
step causes a further decrease in the TES capability of the samples.

The composites with ParCNT present a much greater decrease in AHZE!, which
do not even show a trend with the ParCNT fraction. This suggests that the degradation
of ParCNT during the process is greater than that of the microencapsulated PCM,
which is in good agreement with the TGA results. This supports the observation that,
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considering the processing conditions, the microcapsules can be more easily
incorporated in a glass fiber/PA12 laminate.

Table IV - 8. Results of the DSC tests on the samples PA-GF, PA-MCx-GF and PA-ParCNTXx-
GF (x = 30,60).

T AH AHTet  TPA T AH TPA
Sample ) (g (% (O () (g ()
PA-GF - - - 1799 - ~ 1542
PA-MC30-GF 43.9 6.5 442 178.8 25.2 3.1 152.4
PA-MC60-GF 46.3 171 52.7 178.9 23.2 13.8 152.4

PA-ParCNT30-GF 43.0 53 31.9 178.5 39.7 20 160.3
PA-ParCNT60-GF 43.5 8.4 15.8 178.7 31.3 5.6 160.1

T,,, = melting temperature of the PCM (°C); AH,,, = PCM melting enthalpy (J/g); AH}¢* = relative PCM melting
enthalpy (%); ;24 = melting temperature of PA (°C); T,.= crystallization temperature of the PCM (°C); AH, =
PCM crystallization enthalpy (J/g) T4 = crystallization temperature of PA (°C).

Finally, the mechanical properties of the laminates were evaluated through
quasi-static tensile tests and short beam shear tests. Table IV - 9 summarizes the
main results obtained from both mechanical tests.

Table IV - 9. Main results of the mechanical investigation of the PA/PCM/GF laminates
(tensile tests and short-beam shear tests).

Sample (Gf’a) (Mdea) (f/f,’) (Inln-i:)
PA-GF 13103 160 + 29 27403 112+17
PA-MC30-GF 127409 124 + 18 30+04 98+1.7
PA-MC60-GF 133+07 114 £ 10 30£07 9.4+2.1
PA-ParCNT30-GF 99+04 9249 35+0.1 6.7+03
PA-ParCNT60-GF 6.5+ 0.1 56+ 15 35411 55+18

E = elastic modulus (GPa); oy, = stress at break, corresponding also to the maximum stress oy;,x (MPa);
&p,= strain at break, corresponding also to the strain at the maximum stress y;,x (%); ILSS = interlaminar
shear stength.

The stress at break decreases upon PCM addition, and this effect is more
evident for the laminates with ParCNT, in which also the elastic modulus is lower than
that of the neat PA-GF laminate. Conversely, the elastic moduli of the laminates with
capsules are not significantly different from that of PA-GF, which suggests that the
stiffness is determined by the elastic properties of the reinforcement, and the matrix
fulfils properly the role of transferring the load to the fibers. Also the strain at break is
not negatively affected by the PCM addition. Therefore, it can be concluded that the
addition of PCM microcapsules influences the mechanical properties of the host

103



laminate only marginally, while a sensible decrease in the mechanical performance
can be appreciated with ParCNT addition.

A similar observation can be made for the interlaminar shear strength. The
laminates with capsules do not perform significantly differently from the laminate
without PCM, while the ILSS values of the of the laminates with ParCNT sharply
decrease with an increase in the PCM fraction. This can be attributed to the noticeable
porosity and the lower mechanical properties of the matrices with ParCNT.

4.2.3 Conclusions

This Subchapter presented the results of the characterization of glass-fiber-
reinforced thermoplastic composite laminates with TES capability, prepared by
combining a PA12 matrix with two different paraffinic PCMs (MC and ParCNT).

It was found that both the selected PCMs (MC and ParCNT) increase the
viscosity of the molten PA, but the effect of ParCNT is considerably more marked, due
to the high CNT content. This is part of the reason for the remarkable differences in
the quality of the produced laminates, as the porosity of the laminate
PA-ParCNT60-CF is considerably higher than that of the other laminates.

It was also evident that the two steps of the production process, i.e. the melt
compounding and hot-pressing, partially degrade the PCMs and decrease the phase
change enthalpy measured on the PA/PCM samples and PA/PCM/GF laminates, as
demonstrated by values of relative melting enthalpy lower than 100 %. The effect is
greater on the laminates, and the impact of the additional hot-pressing stage is clearly
observable from the lower relative melting enthalpy values than those of the PA/PCM
samples. The effect is smaller for the laminates containing MC, because the shell
increases the thermal resistance of the paraffinic core, while the CNTs do not perform
any thermal protection functions.

Additionally, the PCM introduction decreases the mechanical properties of PA
and the tensile strength of the laminates. However, for the laminates containing
microcapsules, the elastic modulus and the strain at break are not negatively affected
by the PCM, whose behavior was observed to be dominated by the nearly constant
fiber volume fraction. Conversely, the laminates containing ParCNT showed a sensible
loss of mechanical performance compared to the neat PA-GF.

The results of this work indicated that the microencapsulated PCM was more
suitable to produce laminates in combination with PA and GF, since it exercised a
lower influence on the matrix viscosity, a greater thermal stability and a marginal
impact on the mechanical properties of the laminates. However, due to the PCM
degradation during melt compounding and hot-pressing, the losses in TES capability
are massive.

Two strategies were adopted to try to produce thermoplastic composites while
reducing the PCM degradation. The first strategy was to employ discontinuous fibers

instead of a continuous fiber fabric. In this way, the composites can be produced by
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melt compounding followed by a single hot-pressing step, which allows avoiding one
processing step necessary for the production of GF laminates. Continuous fibers were
instead employed in the second strategy: it went towards even milder processing
conditions as it involved a reactive thermoplastic resin, which is provided as a low
viscosity precursor and can be processed at room temperature like a thermosetting
resin, thereby drastically reduce the possibility of thermo-mechanical degradation. As
this second strategy nowadays is not implementable with traditional thermoplastics,
an additional approach was considered that involves the production of commingled
yarns containing PCM-enhanced thermoplastic filaments and continuous reinforcing
fibers. This approach not only allows the production of a component made of traditional
thermoplastic laminate in fewer processing steps, but it also shifts the multifunctionality
from the composite level to the yarn level.

The methods and results of these three pathways are presented in the following
three Subchapters.

4.3 Discontinuous carbon fiber/polyamide composites
containing paraffin microcapsules

The present Subchapter describes the results obtained from the
characterization of semi-structural thermoplastic composites containing discontinuous
carbon fibers as a reinforcing agent and paraffin microcapsules as the PCM.
Compared to the case study described in Subchapter 4.2, this approach allows the
production of reinforced composites avoiding one of the two processing steps, thereby
reducing the damage and degradation to the microcapsules.

Two different discontinuous fiber reinforcements were adopted, with the aim of
investigating the effect of different fiber length on the processability, mechanical
properties and TES capability of the final composites.

4.3.1 Materials and methods

The present Section lists the materials used to fabricate these samples, and
then it describes in detail the techniques for the preparation of the same. It
subsequently lists all the characterization techniques applied on these samples. Since
the materials and the characterization techniques have been already detailed in
Chapter I, this Section will specify only the experimental parameters that are specific
of this Subchapter.

43.1.1 Materials

Table IV - 10 lists the materials used to prepare these composites (please refer
to Section 3.2.4 for the details about the materials).
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Table IV - 10. Materials employed in Section 4.3.

Phase Label Material

Polymer matrix PA Polyamide 12

Reinforcement CFL Discontinuous carbon fibers (length 6 mm)
CFS Discontinuous carbon fibers (length 100 um)

PCM MC Paraffin microcapsules

4.3.1.2 Sample preparation

The composites were prepared by melt compounding and hot-pressing. PA was
mixed with MC and either CFL or CFS in different weight concentrations. The mixtures
were melt compounded at 190 °C through a Thermo Haake Rheomix 600 OS internal
mixer equipped with counter-rotating rotors, operating at 40 rpm for 6 minutes.

Table IV - 11. List of the prepared PA/MC/CFL and PA/MC/CFS samples with weight

compositions.

Sample PA (wt%) MC (wt%) CFL or CFS (wt%)
PA12 100 -
PA-MC20 80 20 -
PA-MC40 60 40 -
PA-MC50 50 50 -
PA-MC60 40 60 -
PA-CFL10 90 10
PA-CFL20 80 20
PA-CFL30 70 30
PA-MC20-CFL20 64 16 20
PA-MC40-CFL20 48 32 20
PA-MC50-CFL20 40 40 20
PA-MC60-CFL20 32 48 20
PA-CFS10 90 10
PA-CFS20 80 20
PA-CFS30 70 30
PA-MC20-CFS20 64 16 20
PA-MC40-CFS20 48 32 20
PA-MC50-CFS20 40 40 20
PA-MC60-CFS20 32 48 20
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The resulting composites were subsequently hot pressed at 190 °C for 10
minutes in a Carver Laboratory Press Model 2699, under an applied pressure of
1.2 MPa, to obtain square sheets of 200x200x1.5 mm3,

The processing conditions were milder than those applied to prepare the
PA/PCM blends described in Subchapter 4.2, due to the lower compounding
temperature and rotation speed and the lower hot-pressing temperature and pressure.
This was done to try to minimize the degradation and damage to the MC phase.

The samples were denoted as PA-MCx-CFLy or PA-MCx-CFSy, where “PA”
represents the matrix, “MC” the PCM microcapsules, and “CFL” and “CFS” the “long”
and “short” carbon fibers, respectively; “x” is the weight fraction of microcapsules in
the matrix (with respect to the amount of PA12 and capsules), and “y” is the weight
fraction of CFs with respect to the total mass of the composite. The prepared samples

are listed in Table IV - 11.

4.3.1.3 Characterization

The prepared samples were investigated through the characterization
techniques listed in Table IV - 12 together with the experimental parameters applied
specifically on these samples (see Subchapter 3.3 for the full description of the
characterization parameters and specimen preparation).

Table IV - 12. Characterization techniques and experimental parameters applied on the
samples PA-MCx-CFL and PA-MCx-CFS.

Technique Specific experimental parameters

SEM Cryofracture surface; Instrument Zeiss Supra 60 FE-SEM
DSC Temperature interval -20-240 °C

TGA TA Q5000 IR thermobalance; specimen mass 10 mg
Vicat test As described in Section 3.3.3.6

LFA As described in Section 3.3.3.4

Dynamic rheological test Haake Mars Il dynamic shear rheometer

Thermal camera imaging As described in Section 3.3.3.3

Quasi-static tensile test As described in Section 3.3.5.1

4.3.2 Results and discussion

Figure IV - 7 reports the SEM micrographs of the cryofracture surface of some
selected compositions, acquired at different magnifications. Both CFL (Figure IV - 7a-
b) and CFS (Figure IV - 7c-d) are uniformly dispersed in the matrix, without
agglomeration. For the CFL-containing samples, this means that the shear stresses
applied during the melt compounding operations are sufficient to disaggregate the fiber
bundles (see Section 3.2.2.4). Itis also evident that the production process does not
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Figure IV - 7. SEM micrographs of the cryofracture surface of the samples PAIMC/CFL and
PA/MCICFS. (a,b) PA-CFL20; (c,d) PA-CFS20; (e,f) PA-MC50; (g,h) PA-MC50-CFL20.
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impart a unidirectional orientation of the reinforcement, although the fibers may be
preferentially oriented in the plane orthogonal to the pressing direction. The adhesion
with the PA matrix is good for both the fiber types, although it seems better for CFL,
which was expected since the CFS are unsized. As observed for the samples
PA/PCM/GF described in in Subchapter 4.2, the PCM microcapsules (Figure IV - 7e-
f) are uniformly distributed in the matrix. The core-shell structure of this PCM is clearly
observable from these micrographs, especially in that acquired at higher magnification
(Figure IV - 7f). The microcapsule indicated with a dashed blue arrow shows both the
thin polymer shell and the paraffinic core. The irregular morphology and the voids of
the core indicate a certain aptitude of the capsules to accommodate the volume
variation during the phase change and avoid the shell rupture (Jamekhorshid et al.,
2014). In other cases (solid red arrow), the shell is still partly observable, but the core
has been almost completely removed.

The adhesion between the shell and the PA matrix is fairly good, even though
some debonding is observable. However, the micrographs show many residues of the
shells of broken capsules, which implies that, in the majority of the cases, the fracture
propagates across the capsules and not at the capsule-matrix interface. It is important
to notice that the breakage of some capsules could have happened also during
processing and not only during the cryofracturing operations. The same considerations
can be made for the samples containing both capsules and fibers, as appreciable from
the micrograph of the sample PA-MC50-CFL20, reported in Figure IV - 7g-h.

The outcomes of the DSC analysis are shown in Figure IV - 8, which reports
representative thermograms of the first heating scan and the cooling scan for some
selected compositions, i.e. the samples PA-MCx-CFS20. The main results of the DSC
analysis of all the samples are summarized in

Table IV - 13.

As found for the PA-based samples described in Subchapter 4.2, the

thermogram of the neat PA shows an endothermic melting peak in the heating scan
at approx. 180 °C, and an exothermic crystallization peak in the cooling scan at
approx. 155 °C. The glass transition of PA is detectable at approx. 41 °C. The
melting/crystallization peaks of PA are clearly visible in all the other samples, while the
glass transition is detectable only in the samples without capsules, because, when the
PCMis present, the T, signal is hidden by the intense melting and crystallization peaks
of MC at approx. 43 °C and 30 °C, respectively.
The melting/crystallization temperatures of the PCM (T,,,, T,) do not vary significantly
with the carbon fiber content. The phase change enthalpy of the PCM (AH,,,, AH.)
increases with the weight fraction of MC. Also for these samples, a relative melting
enthalpy AHZ¢! was calculated by dividing the melting enthalpy of each sample by the
melting enthalpy of the neat MC and normalizing the obtained result by the nominal
MC weight fraction, as described in Equation (Il - 1). From the data in
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Table IV - 13 it can be seen that the values of AHZ¢! are generally below 100 %
and decrease as the MC content increases. However, these values are mostly higher
than those calculated for the PA/PCM samples presented in Section 4.2, comparing
the samples containing only PA and a PCM, which highlights that the milder
processing conditions (lower processing temperature and lower compounding rotation
speed) are helpful to preserve the PCM integrity and minimize the degradation.
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Figure IV - 8. DSC thermograms of the samples PA-MCx-CFS (x=20,40,50,60). (a) first
heating scan; (b) cooling scan.
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Table IV - 13. Results of the DSC tests on the samples PA-MCx-CFL and PA-MCx-CFS.

T AH AHTEL  TPA T AH TPA
Sample O Wg (9 (O Wy (g
PA12 - - - 179.9 - - 155.0
MC 441 220.1 100 - 30.2 208.2
PA-MC20 46.2 445 101.1 178.7 26.7 38.1 154.2
PA-MC40 473 91.8 104.3 178.6 26.4 84.1 153.3
PA-MC50 499 1008 916 1800 253 938 1525
PA-MC60 478 116.6 88.3 177.6 241 108.9 151.8
PA-CFL10 - - - 180.2 - - 154.1
PA-CFL20 - - - 181.2 - - 152.4
PA-CFL30 - - - 181.0 - - 153.4

PA-MC20-CFL20 455 33.0 93.8 178.9 31.5 27.9 153.4
PA-MC40-CFL20 458 28.9 411 179.9 314 23.8 152.7
PA-MC50-CFL20  46.6 46.9 53.3 178.2 26.1 40.9 151.6
PA-MC60-CFL20 458 44.5 421 178.4 30.2 37.6 151.8

PA-CFS10 - - - 180.4 - - 156.7
PA-CFS20 - - - 180.0 - - 159.3
PA-CFS30 - 180.6 - - 157.5

PA-MC20-CFS20 45 33.3 94.6 179.2 31.7 28.8 157.0
PA-MC40-CFS20  48.1 58.8 83.5 179.6 25.2 54.3 155.6
PA-MC50-CFS20  47.5 60.4 61.0 179.4 26.6 57.7 156.2

PA-MC60-CFS20 448 54.6 517 177.8 245 514 156.2
T,,, = melting temperature of the PCM (°C); AH,,, = PCM melting enthalpy (J/g); AH}¢* = relative PCM melting
enthalpy (%); T;>4 = melting temperature of PA (°C); T,.= crystallization temperature of the PCM (°C); AH, =
PCM crystallization enthalpy (J/g); TF4 = crystallization temperature of PA (°C).

Nevertheless, some degradation and leakage are still present. The decrease in
AHZE s increasingly evident with an increase in the MC fraction; this is linked to the
higher melt viscosity and the consequently higher shear stresses to which the
capsules are subjected during compounding, which causes damage to the thin
capsule shell and therefore the leakage and degradation of the paraffinic core. Some
paraffin was even observed leaking out of the mixing chamber during the
compounding process. Additionally, it is interesting to observe that the values of
AHZE are lower for samples containing CFL compared to those containing CFS. This
can be related to the higher viscosity and higher shear stresses obtained while
compounding mixtures containing CFL, which agrees with the results of the dynamic
rheological tests described hereafter. Nevertheless, most of the heat storage/release
capability is retained, especially in the samples with a low fiber content.
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The leakage and loss of paraffin during processing is also confirmed by the TGA
results, displayed in Figure IV -9 and Table IV - 14. Figure IV - 9 reports representative
TGA thermograms of the neat PA, MC, and some selected compositions, namely the
samples PA-MCx-CFL20.
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Figure IV - 9. TGA thermograms of the prepared samples; residual mass and mass loss
derivative as a function of temperature. (a, b) samples PA-MC-CFL; (c, d) samples PA-MC-
CFS.

As observed for the PA-based samples described in Section 4.2, the thermal
degradation of the neat PA happens in two subsequent steps, and the vast majority of
the mass loss occurs in the first. The addition of carbon fibers delays the beginning of
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thermal degradation, as the values of Ty, T30, and Tse, increase (Table IV - 14) with
the carbon fiber content, for both CFL- and CFS-containing samples. This effect is
more marked for the CFS-containing samples. On the other hand, the value of T, is
hardly ever significantly different from that of the neat PA and does not follow a trend
with the carbon fiber content.

Conversely, the addition of MC shifts the curves towards lower temperatures.
Similar considerations can be made for these samples as those made for the
MC-containing samples described in Subchapter 4.2. Also in this case, the mass loss
corresponding to the MC degradation is less than expected if the nominal MC weight
fraction is considered, but this result is in good agreement with the DSC outcomes,
where the phase change enthalpy is less than expected due to some leakage of the
PCM during the melt compounding and hot-pressing operations. This effect is more
evident for the CFL-containing samples than for the samples reinforced with CFS.

Table IV - 14. Results of the TGA tests on the samples PA-MC-CFL and PA-MC-CFS.

T Tan Ton T

Sample €0 €0) €C) €C)
PA12 250.9 3725 410.9 475.7
MC 1184 164.0 241.0 421.2
PA-MC20 163.6 2194 267.1 4715
PA-MC40 165.2 204.5 243.7 471.7
PA-MC50 167.0 201.9 240.0 468.6
PA-MC60 159.6 186.8 2174 468.9
PA-CFL10 263.8 388.0 4143 481.8
PA-CFL20 278.8 390.5 4249 480.3
PA-CFL30 291.2 396.9 422.8 476.6
PA-MC20-CFL20 159.0 201.0 2401 479.0
PA-MC40-CFL20 161.0 204.6 243.2 476.2
PA-MC50-CFL20 160.0 195.8 230.5 4741
PA-MC60-CFL20 159.9 196.2 2315 474.0
PA-CFS10 300.6 398.5 419.2 4747
PA-CFS20 311.0 403.0 4211 4715
PA-CFS30 3145 406.8 425.6 479.2
PA-MC20-CFS20 1711 230.2 285.0 4741
PA-MC40-CFS20 167.1 208.4 254 1 474.0
PA-MC50-CFS20 165.5 197.4 235.8 475.0
PA-MC60-CFS20 164.8 201.4 243.8 477.3

Ty9, = temperature corresponding to a mass loss of 1 wt% (°C); T5, = temperature corresponding to a mass
loss of 3 wt% (°C); Tse, = temperature corresponding to a mass loss of 5 wt% (°C); T, = degradation
temperature, corresponding to the peak of the mass loss derivative (°C).
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Figure IV - 10. Results of the laser flash analysis test on the samples PA, PA-CFL20,
PA-MCx-CFL20 and PA-MCx-CFS20. (a, b) thermal diffusivity; (c, d) specific heat capacity;
(e, f) thermal conductivity.

The thermal diffusivity of the neat PA varies between 0.16 mmZs and
0.14 mm?/s and decreases slightly with an increase in temperature, while the specific
heat capacity and the thermal conductivity slightly increase with temperature. The
thermal conductivity varies in the range 0.26-0.28 W/(m-K), in agreement with the
producer's datasheet. As expected, the introduction of carbon fibers increases the
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thermal diffusivity and consequently the thermal conductivity, which is positive for the
overall thermal exchange rate. A higher thermal conductivity can be beneficial for
some applications, as it reduces the charging/discharging periods of the PCM. For the
investigated samples containing only carbon fibers and not MC, namely PA-CFL20
and PA-CFS20, the effect of CFL on the thermal diffusivity is slightly higher than that
of CFS, but the thermal conductivity does not differ significantly, being approx.
0.4 W/(m-K) for both samples. For the samples containing carbon fibers and MC, the
specific heat capacity and the thermal conductivity show a maximum at 40 °C, while
approaching the melting temperature of the PCM. This phenomenon, also observed
in other researches from the literature (Fang et al., 2014), is more manifest for the
samples containing CFS; this suggests that the effective PCM content is higher for
these samples compared to the CFL-reinforced ones, which is consistent with the DSC
and TGA results.

Figure IV - 11 shows the results of the thermal imaging test and reports the
values of temperature as a function of time during the cooling step for three selected
samples, namely PA, PA-MC50-CFL20, and PA-MC50-CFS20. In the MC-containing
samples, the temperature decrease is slower than that measured on the neat PA, and
it exhibits a plateau-like trend. This is the result of the heat released by the PCM as it
crystallizes. The effect is considerably more evident for the sample
PA12-MC50-CFS20 compared to the sample containing CFL. Also this result suggests
that the real PCM content is higher for the CFS-containing samples, in accordance
with the previous results. This test, although simple, gives a clear idea of the potential
of these composites in applications of thermal management.
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Figure IV - 11. Results of the thermal camera imaging test. Values of surface temperature
of the composite panels as a function of time during cooling.
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After the thermal characterization, dynamic rheological tests were performed to
link the MC breakage and degradation to the viscosity increase and shear stresses
developed during processing. Since the purpose of such tests were to investigate this
specific aspect, they were run only on some representative compositions. The
rheological properties were studied only at low frequency (up to 20 Hz), because this
is close to the frequency range the materials are subjected to during processing;
moreover, while investigating the shear viscosity of composites with various microfiller
fractions, large differences can generally be detected at lower frequencies, whereas
small differences are normally measured at high shear rates, at which the viscosity
almost approaches that of the neat matrix, as widely explained in the literature (Greene
and Wilkes, 1995; Guo et al., 2005; Thomasset et al., 2005; Doumbia et al., 2015;
Rueda et al., 2017b).

Figure IV - 12 and Figure IV - 13 report the results of the dynamical rheological
test. Figure IV - 12 shows the shear viscosity as a function of the applied frequency
for the neat PA and some representative compositions. The general trends of the
viscosity reflect the well-known behavior of particulate-filled polymers (Poslinski et al.,
1988). The shear viscosity of the neat PA is not markedly affected by frequency and
the Newtonian plateau extends over the whole investigated frequency range. The
viscosity increases upon MC and carbon fiber addition, and the effect is more evident
allower shear rates. Moreover, the filled compositions show a shear-thinning behavior,
and the increase in the filler content anticipates the beginning of the shear thinning
region to lower frequencies. For the compositions where the filler concentration is the
highest, a yield stress becomes manifest at the lowest limit of the applied frequency
interval. By comparing the three panels of Figure IV - 12, it is evident that the MC
increase the viscosity significantly only at very high concentrations. On the other hand,
the samples containing both MC and carbon fibers show more clearly phenomena
such as the viscosity increase, the yield stress rise and the anticipation of the shear
thinning region.

It can be also noticed that the viscosity is higher for the samples containing CFL
than for those containing the same amount of CFS. This suggests that the CFL
produce a higher viscosity rise also in the melt compounding process, thereby
intensifying the shear stress, microcapsule damage and paraffin degradation. This is
in good agreement with DSC and TGA results, which highlight a higher PCM
experimental weight fraction and enthalpy in the samples containing CFS. However,
the difference in the measured viscosity seems too small to justify such discrepancies
in the DSC results. It should be considered, though, that the samples analyzed by
dynamic shear rheometry have been subjected to melt compounding and hot pressing,
which can significantly shorten the fiber length. As fibers with a higher aspect ratio are
generally more influent on the polymer melt viscosity, it is reasonable to hypothesize
that the shear stresses in the melt compounder are higher at the beginning of the
compounding stage, which causes an even more extensive MC damage.
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Figure IV - 12. Results of the dynamic rheological test. Values of viscosity as a function of
the applied frequency for some representative compositions.

Further information about the dynamic rheological properties of these samples
can be obtained from the trends of the shear storage modulus (G’), loss modulus (G”)
and loss factor (tand) as a function of frequency, displayed in Figure IV - 13. Only the
results of the composites with CFS are presented, as they are the most promising from
the TES point of view. As expected, the filler addition considerably modifies the
rheological viscoelastic properties of the polymer melt; G’ and G” are strongly
increased, especially at low frequencies, while the values of tand decreases and the
peak shifts to higher frequencies. As the tand peak can be associated to the
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breakdown of the filler network, the shift of the peak to higher frequencies can be
interpreted as a stronger interparticle interaction (Dorigato et al., 2010).
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Figure IV - 13. Shear storage modulus (G’), loss modulus (G”) and loss factor (tand) as a
function of frequency for the samples containing CFS.

The results of the quasi-static tensile tests are shown in Figure IV - 14, which
shows representative stress-strain curves, and in Table IV - 15, which reports the
values of the elastic modulus (E), the maximum stress (oy,4x) and the strain at break

(€p)-
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Figure IV - 14, Representative stress-strain curves obtained in the quasi-static tensile tests
on the samples PA-MCx-CFL and PA-MCx-CFS.

As observed for the PA-based samples described in Subchapter 4.2, the
introduction of MC decreases the elastic modulus, while the addition of a reinforcing
agent such as the carbon fibers increases it. This effect is more evident for the CFL
than for the CFS, because the greater load transfer length brings to a higher stiffening
and reinforcing capability, as thoroughly reported in the literature (Fu and Lauke, 1996;
Rezaei et al., 2009). Similar considerations are valid for the values of gy, 4%, Which
decrease with an increase in the MC fraction and increase with the carbon fiber
concentration. The addition MC and/or carbon fibers causes a strong decrease in the
strain at break and a considerable embrittlement; for the microcapsules, this is evident
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already with a MC weight fraction as low as 20 %, but further decrease for higher
capsule concentrations is almost negligible. This effect, already observed for the
samples described in Subchapter 4.2, could be due to the poor mechanical properties
of the MC phase and/or to the not excellent adhesion between the PA matrix and the
capsule shell.

Table IV - 15. Results of the quasi-static tensile tests on the samples PA-MC-CFL and PA-
MC-CFS.

Sample E (GPa) o yax (MPa) & (%)
PA12 120 = 007 437 + 03 1252 + 724
PA-MC20 082 + 0.08 2715 £+ 08 141 + 438
PA-MC40 068 =+ 0.03 150 + 26 47 = 141
PA-MC50 060 + 0.04 163 = 04 66 + 03
PA-MC60 059 + 0.07 142 = 15 66 + 1.1
PA-CFL10 366 = 080 639 + 84 59 + 06
PA-CFL20 503 + 023 539 + 87 33 = 06
PA-CFL30 592 + 034 557 + 76 40 + 07
PA-MC20-CFL20 350 =+ 0.9 391 = 69 25 £ 03
PA-MC40-CFL20 261 + 0.65 316 + 43 34 + 06
PA-MC50-CFL20 232 + 054 44 + 80 36 = 07
PA-MC60-CFL20 211 + 037 543 £ 122 34 + 09
PA-CFS10 174 = 013 483 + 1.0 60 + 06
PA-CFS20 270 = 024 498 + 07 56 + 07
PA-CFS30 348 + 062 546 + 40 42 + 04
PA-MC20-CFS20 251 + 0.19 318 + 38 32 + 05
PA-MC40-CFS20 200 =+ 0.23 258 + 16 32 = 03
PA-MC50-CFS20 169 =+ 0.21 257 £ 11 35 + 04

PA-MC60-CFS20 157 = 014 209 = 37 26 + 04
E = elastic modulus (GPa); g4« = tensile strength (maximum stress) (MPa); ¢, = strain at break (%).

The experimental data were fitted with the Halpin-Tsai model, a useful tool to
predict the stiffness of a composite reinforced with discontinuous fibers (Halpin and
Kardos, 1976; Shokrieh and Moshrefzadeh-Sani, 2016). This model allows the
calculation of the longitudinal and transversal moduli (E;, E;) assuming a fiber
alignment in the L direction, and with a modified mixture rule it is possible to determine
the modulus of a composite, E, for a random 2D or 3D fiber orientation. In the present
work, for each composition, E;, and E were determined through Equation (IV - 1) and
Equation (IV - 2), respectively, as:
1+,

—f —r 7 V-1
gy (IvV-1)

E,
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™1 —nrY
where E,, is the modulus of the matrix, measured on the neat PA and the samples
PA-MCx, while 9 is the fiber volume fraction, which was determined for each
composition from the nominal weight fraction considering a volume of voids equal to
zero. The coefficients n,, and n; were determined through Equation (IV - 3) and
Equation (IV - 4), respectively, as

Ny = ﬂ_-l-i (IV-3)

nr = (V-4

where E is the nominal fiber modulus (242 GPa), and [ and  are the fiber average
length and radius, respectively. Finally, E. could be calculated through Equation (IV -
5)as

Ec; =aE, + (1 —a)E; (IV-5)

where a is equal to 0.375 for a 2D (in-plane) random orientation and 0.185 for a 3D
random orientation.

The results of the theoretical modulus calculated with the Halpin-Tsai model are
compared with the experimental data in Figure IV - 15. For the CFL-containing
compositions (Figure IV - 15a), the experimental data are reported with square red
symbols with their standard deviation. It is evident that the use of the nominal fiber
length (6 mm) in the model causes an overestimation of the elastic modulus. The
results of this calculation are reported in Figure IV - 15a as Ec_t (2D) and Ec_tn (3D),
calculated with a equal to 0.375 and 0.184, respectively. The reason of the
overestimation is related to the fiber fragmentation during processing, which leads to
a reduction of the average length. To confirm this hypothesis, small pieces of some
selected CFL-reinforced composites were dissolved in concentrated formic acid, then
the fibers were recovered and measured with an optical microscope, and the images
were analyzed with the software ImageJ. The measured average length was
0.42 £ 0.10 mm for the sample PA-CFL20 and 0.32 £+ 0.09 mm for the sample
PA-MC50-CFL20. This not only confirms a reduction in the fiber length, but it also
evidences that the intensity of the shear stresses that the fibers undergo during
processing increases with MC addition, which agrees with the dynamic rheological
measurements. These fiber length values were used in the Halpin-Tsai model, and the
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value measured on PA-MC50-CFL20 was applied also for the other MC-containing
compositions. The results of this investigation are reported in Figure IV - 15a as
Ec_exp (2D) and Ec_exp (3D). It is clear that the model fits the experimental data more
precisely, and the experimental data are comprised between the trends of the
theoretical moduli calculated considering a 3D and a 2D orientation. This indicates that
the hot-pressing step partially orients the fibers in the plane perpendicular to the
compression direction, and a completely random orientation cannot be assumed. The
same investigation was performed on the samples containing CFS and, as observable
from Figure IV - 15b, the model fits the experimental data also with the nominal fiber
length. This can be clarified by noticing that the milled fibers have an initial short fiber
length and a generally negligible length reduction during processing (Rueda et al.,
2017b). This was verified also in this thesis work, by measuring the residual CFS
length as done for CFL.

These results suggest that, during the processing of thermoplastic
discontinuous-fiber composites, it is crucial to evaluate how the melt viscosity and the
initial fiber length influence the residual fiber length. Also for the CFS-containing
samples, the experimental data lay between the trends of the theoretical moduli
calculated considering a 3D and a 2D orientation, which implies that also in this case
the hot-pressing step imparts a certain degree of orientation to the fibers. This can be
appreciated for both the sample classes from Figure IV - 15c. It reports the
experimental values of a calculated from the inverse of Equation (IV - 5), using the
experimental value of elastic modulus for each composition and the values of E;, and
E calculated with the experimental fiber length. Again, it can be seen that the values
of a for the prepared samples are comprised between the case of 3D random
orientation and that of 2D in-plane orientation.
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Figure IV - 15. Experimental values of the elastic modulus compared with the theoretical
values obtained with the Halpin-Tsai model with the nominal (“th” subscript) and
experimental (“exp” subscript) fiber length, for a 2D and 3D fiber orientation. (a) samples
PA-MCx-CFL20; (b) samples PA-MCx-CFS20; (c) values of a calculated from the
experimental values of elastic modulus.

4.3.3 Conclusions

This Subchapter illustrated the results of the characterization of thermoplastic
discontinuous-fiber composites with TES capability, obtained by combining PA12 with
MC and discontinuous carbon fibers of two different lengths.
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DSC tests highlighted that the phase change enthalpy measured on these
composites is higher than that of the PA-PCM-GF laminates described in Subchapter
4.2, which implies that the applied processing conditions are milder and more suitable
to retain most of the TES capability of the PCMs. However, the values of relative phase
change enthalpies are still far below 100 %, which highlights that the high melt
viscosity and shear stresses developed during the melt compounding and hot pressing
steps are still responsible for a not negligible PCM degradation and enthalpy loss. This
effect was seen increasing with the MC fraction and the carbon fiber fraction and was
more evident on samples containing CFL because this reinforcement type caused a
higher increase in viscosity than CFS, as also evidenced by dynamic rheological tests.

Also in this case, quasi-static tensile tests highlighted a decrease in mechanical
properties upon PCM addition, while the presence of CF positively contributed to
increase the elastic modulus. As expected, the experimental data and the Halpin-Tsai
modeling evidenced a higher effect of CFL, due to the higher aspect ratio, even though
the residual fiber length was considerably lower than the initial one, while for CFS the
initial and final fiber lengths were not significantly different. The Halpin-Tsai approach
also evidenced that the orientation of both the reinforcement types is not comparable
to a fully 3D random distribution, as there is a certain degree of in-plane orientation,
likely due to the hot-pressing operation.

The following Subchapter illustrates a completely different approach for the
production of thermoplastic laminates containing a PCM, which involves a reactive
thermoplastic resin that allows avoiding the processing steps in the molten state.

4.4 Reactive thermoplastic resin as a matrix for carbon
fiber laminates containing paraffin microcapsules

This Subchapter presents a different approach to produce thermoplastic
laminates containing a PCM. This approach, aimed at preserving the integrity of
paraffin microcapsules by avoiding the high-temperature processing of highly viscous
molten polymer, is made possible by adopting the newly developed thermoplastic resin
Elium®, provided as low-viscosity liquid and processable as a thermosetting resin.

This technique is nowadays applicable only to some selected polymer
formulations and not to the majority of the most common thermoplastic polymer
matrices. Nevertheless, it is a powerful and effective method that is worth investigating
to produce post-thermoformable PCM-enhanced composites containing continuous
reinforcing fibers.
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4.4.1 Materials and methods

The present Section lists the materials used to fabricate these samples, and
then it describes in detail the techniques for the preparation of the same. It
subsequently lists all the characterization techniques applied on these samples. Since
the materials and the characterization techniques have been already detailed in
Chapter IlI, this Section will specify only the experimental parameters that are specific
of this Subchapter.

44.1.1 Materials

Table IV - 16 lists the materials employed to prepare these samples (please
refer to Section 3.2.4 for the details about the materials).

Table IV - 16. Materials employed in Section 4.4.

Phase Label Material

Polymer matrix EL Thermoplastic liquid resin Elium®
Reinforcement CF Bidirectional carbon fiber fabric
PCM MC Paraffin microcapsules

4412 Sample preparation

The Elium® resin was manually mixed with benzoyl peroxide (BPO), provided
from the resin producers as the polymerization initiator and added in a fraction of
2 wt%. The components were mixed at room conditions until the BPO was completely
dissolved. The MC were then added in various weight concentrations and stirred at
200 rpm for 5 min, to ensure a good dispersion. Four compositions were prepared,
containing 0, 20, 30, and 40 wt% of MC, respectively. The mixtures were degassed
and poured in silicon molds with dimensions of 70x10x3 mm3, to produce specimens
for the subsequent characterization. The specimens were left 4 h at room temperature
and then thermally treated at 80 °C for 8 h, to bring the polymerization process to
completion. The labels and the nominal composition of the prepared samples are
reported in Table IV - 17; it contains additional information about the experimental
composition of the samples, which will be discussed in Section 4.4.2.

The same four compositions were employed as matrices to prepare laminates
via hand lay-up. Five plies of carbon fabric (in-plane area 130x200 mm?2) were stacked
together. The laminates were vacuum-bagged for 4 h at room temperature and
thermally treated at 80 °C for 8 h. The resulting laminates were called EL-CF,
EL-MC20-CF, EL-MC30-CF and EL-MC40-CF, evidencing the nominal MC weight
fraction in the initial matrix composition.
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Table IV - 17. List of the prepared matrices with nominal composition, mass loss after
sample preparation, and experimental capsule weight fraction.

Sample Nom. EL Nom. MC Exp. mass Exp. MC
content (wt%)  content (wt%) loss (wt%) content (wt%)
EL 100.0 0.0 33.3+33 0.0
EL-MC20 80.0 20.0 209+19 253+0.6
EL-MC30 70.0 30.0 18628 36.9+1.2
EL-MC40 60.0 40.0 16.6+0.7 48.0+04

EL = Elium resin + benzoyl peroxide (2 wt%); Nom. = nominal; Exp. = experimental.

4.4.1.3 Characterization

The prepared EL-MCx samples were investigated through the characterization
techniques listed in Table IV - 18 together with the experimental parameters applied
specifically on these samples (see Subchapter 3.3 for the full description of the
characterization parameters and specimen preparation).

Table IV - 18. Characterization techniques and experimental parameters applied on the
samples EL-MCx.

Technique Specific experimental parameters

SEM Cryofracture surface; Instrument Jeol IT300 SEM
DSC Temperature interval 0-130 °C

TGA Mettler TG50 thermobalance; specimen mass 25 mg
DMA Single-frequency scans

Three-point bending test As described in Section 3.3.5.1

The prepared EL-MCx-CF laminates were investigated through the
characterization techniques listed in Table IV - 19.

Table IV - 19. Characterization techniques and experimental parameters applied on the
samples EL-MCx-CF.

Technique Specific experimental parameters

SEM Cryofracture surface; Instrument Zeiss Supra 60 FE-SEM
Optical microscope Polished cross section

Liquid displacement Density measurements; ethanol

DSC Temperature interval 0-130 °C

TGA Mettler TG50 thermobalance; specimen mass 25 mg
DMA Single-frequency scans; multifrequency scans;

heating/cooling cycles
Thermal camera imaging Specimen in-plane dimensions: 90x120 mm?
Three-point bending test As described in Section 3.3.5.1
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4.4.2 Results and discussion

The present section describes illustrates the results of the characterization of
the samples EL-MCx (Section 4.4.2.1) and the laminates EL-MCx-CF (Section
4422).

4421 Characterization of the samples EL-MCx

The aforementioned Table IV - 17 reports the labels and the nominal
compositions of the prepared samples; as indicated, the nominal weight fraction of MC
was 0, 20, 30, or 40 wt%. Nevertheless, a not negligible mass loss was witnessed
during the sample preparation, caused by the evaporation of the most volatile
components of the resin, as also suggested by a sensible temperature decrease
during mixing. From the initial (just after casting) and final (after the thermal treatment)
masses of the samples, the mass loss was measured for each sample and reported
in Table IV - 17. It is reasonable to assume that the entire mass loss is imputable to
the EL phase and that the MC phase does not lose mass at room temperature.
Therefore, from the measured mass loss, it is possible to calculate an experimental
MC weight fraction for the three samples containing MC, which is higher than the
nominal one. These values are also reported in Table IV - 17.

Figure IV - 16 reports the micrographs of the cryofracture surface of the samples
EL-MCx, acquired by SEM. In the sample EL-MC20, the microcapsules appear
homogeneously distributed in the polymer matrix, which can be better appreciated on
the micrographs acquired at the lowest magnification (Figure IV - 16a). The large
presence of broken capsules is likely due to the cryofracturing stage and not to the
processing conditions, which were rather mild. As discussed for the samples described
in Subchapter 4.3, the core-shell structure of the capsules is clearly observable,
especially from the micrographs at higher magnifications. In the sample EL-MC20, it
can be observed that the fracture propagates mostly across the capsules and not at
the capsule-matrix interface, which suggests a rather good adhesion with the polymer
matrix (Brown et al., 2004). However, from a comparison between the samples
EL-MC20 (Figure IV - 16a-c-e) and EL-MC40 (Figure IV - 16b-d-f), it is evident that in
this latter case the number of broken capsules is remarkably lower, which also
confirms the hypothesis that the processing conditions do not bring a considerable
damage to the microcapsules. For EL-MC40, the fracture propagates at the
polymer/MC interface and probably follows the defects and voids path in the polymer
matrix. In this case, the EL volume fraction appears not sufficient to wet all the
capsules completely, which leads to a high level of porosity.
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Figure IV - 16. SEM micrographs of the cryofracture surface of the samples EL-MCx at
different magpnification levels. (a,c,e) EL-MC20; (b,d,f) EL-MC40.

Figure IV - 17 shows the DSC thermograms of the first heating scan and the
cooling scan of the samples EL-MCx, while Table IV - 20 summarizes the main DSC
results. The thermograms of all the MC-containing samples show the PCM
endothermic melting peak at 45-49 °C and the corresponding exothermic peak at
25-30 °C. The melting and crystallization temperatures (listed in Table IV - 20) are
respectively higher and lower than those of the neat MC, which is probably linked to
inertial phenomena. The amplitude of these signals increases with the MC weight
fraction. The measured values of phase change enthalpy (AH,,,, AH,) are in excellent
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agreement with the expected values, as demonstrated by the relative phase change
enthalpy values (AHZE), equal to 100 % for all the compositions. In this case, AHLE!
was calculated by considering the experimental weight fractions of MC reported in
Table IV - 17 and not the nominal value, otherwise the resulting AHZ¢" would have
largely overcome 100 % and would not have reflected any damage or loss of the PCM
during processing and thermal treatment. Nevertheless, the values of AHL¢! close to
100 % indicate that the processing conditions are mild enough to preserve the MC
integrity and the thermal treatment is performed at sufficiently low temperatures to
avoid PCM degradation.

The DSC tests also allowed the measurement of the glass transition
temperature (Ty) of the EL phase; the T, values of the samples EL-MCx are not
considerably different from that of the neat Elium sample (EL), which suggests that the
MC phase does not significantly inhibit or modify the polymerization process. The Ty
measured in the second heating scan (not reported) does not differ from that of the
first scan for more than 3 °C, which suggests that the applied thermal treatment led to
a higher degree of polymerization.
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Figure IV - 17. DSC thermograms of the samples EL-MCx (first heating scan and cooling
scan).
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Table IV - 20. Main DSC results for the samples EL-MCx (first heating scan and cooling
scan).

T, T, AH,, AHTE! T, AH,
Sample (°C) (°C) (Jig) (Jig) (°C) (o)
EL 103.6 - - - - -
EL-MC20 103.8 47.0 53.1 1008 +£2.3 25.0 53.5
EL-MC30 104.6 47.7 80.8 105.2+34 248 81.6
EL-MC40 101.7 49.9 101.4 1014 +0.8 23.7 100.1
MC - 45.0 208.2 - 29.8 208.2

T, = glass transition temperature of Elium; T,,,, T, = melting and crystallization temperatures of the PCM;
AH,,,, AH, = experimental melting and crystallization enthalpies of the PCM; AHZ¢" = relative melting enthalpy
of the PCM calculated from the measured capsule weight fraction MC (exp. wt%).

The results of the TGA tests are presented in Figure IV - 18 and Table IV - 21.
The neat EL resin manifests degradation in a single step at approx. 415 °C, while the
neat MC show a higher peak degradation temperature. It should be pointed out that
the TGA thermogram of the neat MC reported here is slightly different from that of the
same nominal sample (MC) reported in Figure IV - 3 and Figure IV - 9, which are
relative to the glass-fiber-reinforced PA-based laminates (Subchapter 4.2) and the
PA-based composites reinforced with discontinuous carbon fibers (Subchapter 4.3).
As mentioned in Chapter lll, these differences can be related to two main causes,
namely the different production batches of the MC, and the different instrument used
to run the TGA tests. In this test, the neat MC shows a higher peak degradation
temperature (~466 °C). The peak temperatures of the two phases are too close to
each other to allow the presence of two distinct degradation steps in the mass loss
trend (Figure IV - 18), thereby preventing the possibility of estimating an experimental
PCM weight fraction. However, in the mass loss derivative signal of the samples
EL-MCx, two peaks can be easily distinguished. The height of the first peak
(degradation of the EL phase) decreases with an increase in the MC weight fraction,
while the second follows the opposite trend. This is why the absolute maximum in the
mass loss derivative signal (T) shifts to higher temperatures with an increase in the
MC content.

133



100 —EL
- - EL-MC20
- - “EL-MC30
804 — . —EL-MC40
<e-e MC
<
S 60-
(2]
]
@®
IS
40
20
0+— . . . EENEATESE )
100 200 300 400 500 600 700
T (°C)
(@
05
—EL
- - EL-MC20
G 044 - --EL-MC30
< — . = EL-MC40
N ---MC
2 03-
S
2
o
© 0.2 1
1))
)
o
1))
2 0.1
IS
0.0 =

100 200 300 400 500 600 700
T(°C)
(b)

Figure IV - 18. TGA thermograms of the samples EL, MC and EL-MCx. (a) residual mass;
(b) mass loss derivative.
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Table IV - 21. Results of the TGA tests on the samples EL, MC and EL-MCx (x=20,30,40).

T1y, T3y, Tsy, T,y m,
Sample c) °C) c) =) (%)
EL 221.7 279.1 301.7 415.0 0
EL-MC20 208.3 275.0 295.0 416.2 0.35
EL-MC30 201.7 240.2 281.7 420.3 1.10
EL-MC40 188.3 228.3 268.3 455.2 2.09
MC 186.3 235.0 298.7 466.2 2.67

Tyo4, T3, Tso,= temperature corresponding to a mass loss of 1 %, 3%, 5%; T, = temperature of maximum
degradation kinetics (peak of the mass loss derivative); m,. = residual mass after the test.

Figure IV - 19 and Table IV - 22 illustrate the results of the DMA tests. Figure
IV - 19 shows the trend of the storage modulus (E”) normalized to the value of E” at
0 °C. The trend of the storage modulus of the neat EL sample decreases with an
increase in temperature, and the decrement is faster at temperatures higher than
approx. 60 °C. In the samples containing the PCM, the effect of the paraffin melting
inside the microcapsules is observable from a higher decrease in the values of
normalized E', and this effect is more evident for the samples with the higher MC
concentration, as also observable from the values of normalized E’ at 60 °C
(E’0oc!E’ goc, Table IV - 22). The thermogram of tand (Figure IV - 19b) shows two
peaks. The first, at 40-50 °C, is due to the PCM melting; it is noteworthy to observe
that not only the height but also the peak temperature increases with the MC
concentration. These results suggest the possibilities to apply DMA to study a phase
change of melting, specifically that of a PCM embedded in the polymer matrix, which
is quite unusual in the field thermo-mechanical analysis of polymers. The second
tand peak, observable at 115-125 °C, is due to the glass transition of the EL phase,
and also the position of this peak increases the MC loading. This is likely due to the
fact that the capsule shells partially obstacle the mobility of the EL polymer chains.
The same effect is probably at the basis of an increase in the residual storage modulus
at 160 °C (E) for higher MC concentrations. Similar results and considerations can
be found somewhere else in the literature for other thermoplastic composites
containing various types of fillers (Gamon et al., 2013).
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Figure IV - 19. DMA thermograms of the samples EL and EL-MCx (x =20,30,40): (a)
normalized storage modulus (solid lines) and loss modulus (dashed lines); (b) loss
tangent tand. The reported values represent the peak temperatures.

Table IV - 22. Main results of the DMA tests on the samples EL and EL-MCx (x=20, 30, 40).

Tm,peak

T

’ ’
g.peak E 60°CIE 0°C

E

Sample o o -
(°c) (°C) () (MPa)
EL - 1154 0.627 1.71
EL-MC20 421 119.1 0.382 5.49
EL-MC30 442 1218 0.311 8.37
EL-MC40 479 124.2 0.284 10.03

T pear= Peak of tand at the PCM melting; T, ,0qx= peak of tand at the glass transition of Elium. E’g =

residual storage modulus at 160 °C.
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Finally, three-point bending tests were performed to evaluate how the
introduction of MC impacts the mechanical properties of EL. The results of this test
are reported in Figure IV - 20a-b. The flexural elastic modulus decreases with an
increase in the MC fraction; it spans from 2.08 + 0.25 GPa for the neat EL to
1.35 £ 0.18 GPa for EL-MC40, with a decrease of 35 %. This trend can be explained
by assuming that the MC phase is less stiff than the neat resin. Considerably higher is
the decrease in the flexural strength, which drops from 63 MPa of the neat EL to
17 MPa of the sample EL-MC40, with a decrease of 73 %. This is probably due to the
low strength of the MC and the non-optimal adhesion to the polymer matrix.
Conversely, the flexural strain at break is not heavily affected by the presence of MC.
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Figure IV - 20. Results of the three-point bending tests on the samples EL-MCx. (a)
representative load-displacement curves; (b) trends of the flexural modulus, flexural
strength and strain at break as a function of the nominal MC content.
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4422 Characterization of the samples EL-MCx-CF

The optical microscope (OM) images of the polished cross sections of the
laminates are shown in Figure IV - 21. It can be observed that the MC phase is
preferentially distributed in the interlaminar region and not among the fibers of the
same tow, which is due to the different dimensions of carbon fibers (av. diameter 7 um)
and microcapsules (av. diameter 20 um). This was observed also in the PA/GF
laminates presented in Subchapter 4.2. Moreover, it can be qualitatively appreciated
that the MC concentration in the interlaminar zone does not vary considerably with an
increase in the MC fraction. What is clearly seen increasing with the MC fraction is the
thickness of the interlaminar region, and thus that of the whole laminate. Similar
considerations can be drawn from the SEM micrographs of the delamination plane and
the cross section of the laminates (Figure IV - 22). The delamination plane is rich in
microcapsules, and similar results were obtained by Yoo et al. (Yoo et al., 2016). By
comparing the cross-sections of the samples EL-CF (Figure IV - 22c) and
EL-MC30-CF (Figure IV - 22d), it is clear that the thickness of the interlaminar zone
increases with MC, which are concentrated in this region.

The results of the DSC tests on the laminates are reported in Figure IV - 23 and
Table IV - 23. The DSC thermograms are qualitatively similar to those obtained on the
samples EL-MCx (see Figure IV - 17). As for those samples, the glass transition of the
resin is not significantly affected by MC addition, which suggests that the
polymerization process is not influenced by MC and CF. Again, the phase change
temperatures of the PCM do not follow a trend with the MC fraction, even though the
values of T, are generally lower than those of the samples EL-MCx and the values of
T, higher, which can be linked to the higher thermal conductivity of the
carbon-fiber-containing samples. The phase change enthalpy values increase with the
MC loading, up to 66.8 J/g for the sample EL-MC40-CF. This indicates that the
processing conditions of the Elium resin are suitable to avoid damage to the
microcapsules, thereby retaining the heat storage ability of the paraffinic core, unlike
the previous described cases including a traditional thermoplastic matrix.
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Figure IV - 21. Optical microscope micrographs of the polished cross section of the
prepared laminates (a) EL-CF; (b) EL-MC20-CF; (c) EL-MC30-CF; (d) EL-MC40-CF; (e) and
(f) EL-MC30-CF, higher magnification.
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Figure IV - 22. SEM micrographs of the cryofracture surface of the prepared laminates. (a)
and (b) EL-MC30-CF, delamination plane; (d) EL-CF, cross section; (c) EL-MC30-CF, cross
section.
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Figure IV - 23. DSC thermograms of the samples EL-MCx-CF (first heating scan and
cooling scan).
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Table IV - 23. Results of the DSC tests on the EL-MCx-CF laminates.

s | Tg Tn AH,, T, AH, Wyc
amp'e (°c)  (°C) (Jig) (°C) (Jig) (Wt%)
EL 101.0 - - - - -
EL-MC20-CF 102.5 46.6 30.2 275 316 145
EL-MC30-CF 99.6 453 459 295 456 221
EL-MC40-CF 98.6 46.4 66.8 274 65.6 321

T, = glass transition temperature of Elium; T,,,, T = melting and crystallization temperatures of the PCM;
AH,,, AH_ = experimental melting and crystallization enthalpies of the PCM; w,¢ = experimental capsule
weight fraction calculated from the measured melting enthalpy.

While preparing the laminates, the nominal and experimental weight fractions
of MC in the initial EL-MC mixtures were known or easily measurable, but the MC
weight fraction in the laminates is also influenced by the resultant weight fraction of
fibers and matrix, which is affected by the matrix viscosity that in turn depends on the
starting MC loading. Since the nominal MC weight fraction in the laminates is not
known a priori, it is not possible to calculate a relative melting enthalpy (AH%!), as
done for the samples described in the previous Subchapters. However, an
experimental MC weight fraction can be still estimated from the values of phase
change enthalpy measured with DSC, assuming that the MC maintain their energy
storage efficiency also after the lamination process, which is a reasonable hypothesis
if the results of the characterization of the EL-MCx samples are considered. These
values of experimental MC weight fraction (wp) are reported in Table IV - 23 with
the DSC results.

The fiber weight fraction of the laminates was then investigated through TGA,
which was also useful to assess their thermal stability. The results of this
characterization are reported in Figure IV - 24 and Table IV - 24. The trends of the
residual mass and mass loss derivative resemble qualitatively those of the EL-MCx
samples (Figure IV - 18). As expected, the residual mass (m,) after the test is
considerably higher in this case, as the degradation of carbon fibers is negligible in an
N2 atmosphere. As the value of m,. decreases with an increase in the MC fraction, it
can be concluded that the weight fraction of the reinforcement follows the same trend.
The weight fractions of carbon fibers calculated from these results (wfrg4) are
reported in Table IV - 24. These values range from 66 wt% for the neat EL-CF laminate
to 37 wt% for the laminate EL-MC40-CF, and the decrease does not follow a linear
trend with the MC weight fractions.

The weight compositions of the laminates determined through TGA are in
accordance with those determined by weighing the whole laminates and subtracting
the weight of the fibers, known through the areal mass of the fabric and the in-plane
surface of the laminates. These values are reported in Table IV - 24 as W mqss. This
accordance is an indication of the homogeneity of the produced samples, as the TGA
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tests are performed on specimens of few milligrams. The lower CF content is probably
the at the basis of the decreased thermal stability of the laminates with the highest MC
loading, as can be appreciated form the lower values of T;q, T3, and Tse,. These
temperatures are always higher than those obtained from the samples EL-MCx (Table
IV - 21), which evidences the positive contribution of the CF to the thermal stability.
The mass loss derivative trends as a function of temperature show two main
degradation peaks, which represent the degradation of the EL and of the MC phases,
respectively. The peak position is nearly the same as that measured on the EL-MCx
samples and it is not heavily influenced by CF addition.

Table IV - 24. Results of the TGA tests on the laminates EL-MCx-CF.

Ty, T3y, Tsy, Ty m, WirGa  ®f mass
S |
ampie (°C)  (C)  (C)  (°C) (%) (wt%)  (wi%)
EL-CF 301.7 335.0 361.7 416.3 65.9 65.9 67.8

EL-MC20-CF 2105 281.7 315.0 415.0 485 48.3 478

EL-MC30-CF  195.0 268.3 308.3 420.3 37.7 371 40.7

EL-MC40-CF 188.3 235.0 281.7 413.6 38.2 36.9 39.5
T19, T394, Ts0,= temperature corresponding to a mass loss of 1 wt%, 3 wt%, 5 wt%; T, = temperature of the
maximum degradation kinetics (peak of the mass loss derivative); m,. = residual mass; wysrga = weight
fraction of carbon fibers determined from the TGA residual mass; wy mqss = Weight fraction of carbon fibers
calculated from laminate weighing.

The data on the weight composition of the prepared laminates are summarized
in Table IV - 25. It specifically shows the CF weight fraction, determined for each
composition as the average of ws rga aNd Wy mass, and the MC weight fraction,
calculated from the DSC results. With these data, the theoretical density of the
samples (p.,) could be calculated, while the experimental density (pe,,) was
obtained through the displacement method. The comparison between p,j, and pey,
allowed the calculation of the porosity (9,,), and then of the volume fraction of fibers,
microcapsules and EL phase. The fiber volume fraction and the MC volume fraction
follow opposite trends. This is mainly due to the viscosity increase of the Elium/MC
mixtures, which reduces the matrix flowing out of the carbon fabric during the vacuum
bag process. It can be also observed that the porosity is approx. 2 vol% for all
compositions except EL-MC40-CF, where it rises up to 5.2 vol%.
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Figure IV - 24. TGA thermograms of the laminates EL-MCx-CF. (a) residual mass; (b) mass
loss derivative.
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Table IV - 25. Theoretical and experimental density and weight and volume compositions
of the laminates EL-MCx-CF.

Sample w5 wyc Pen Pexp 9y Oy Ome

(wt%)  (Wt%)  (glem®)  (glem3)  (vol%)  (vol%) (vol%)
BOF 0L 0 e son st se O
ELMCACE L M5 s w0t sia w6 a0
ELMCHE o 21 s o se  s9 s
ELMCHCE U0 R hs o e 2 s

*average between wy rga and Wy mqss, Se€ Table IV - 24

Although the DSC test is the main characterization technique that gives
quantitative information on the heat absorption and release in a certain temperature
range, it has the disadvantage of being performed on samples of few milligrams.
Therefore, to study the thermal management properties of the prepared laminates on
a slightly bigger scale, a simple yet effective test was performed with thermal imaging
techniques. The laminates were heated in an oven at 70 °C, then taken out and left
cooling to room temperature, while their surface temperature was measured with a
thermal imaging camera. Figure IV - 25 reports the values of temperature as a function
of time during the cooling stage. In the MC-enhanced laminates, the temperature trend
shows plateau-like regions, caused by the latent heat release at the crystallization
temperature of the PCM. Due to this phenomenon, the time to reach room temperature
increases remarkably. For instance, for the EL-CF composite, the time required to
reach 30 °C is approx. 3 min 30 s, while for the sample EL-MC40-CF it increases to
approx. 20 min. It should be noticed that the rate of cooling is also dependent on the
laminate mass, which varies as a consequence of the variation in the matrix content.

However, the observed plateau-like trends are a clear sign of the variation in
the thermal behavior of the laminates (and therefore of the thermal management
capability) as a function of the MC content.
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Figure IV - 25. Results of the thermal camera imaging tests on the laminates EL-MCx-CF.

The following paragraph describes the results of the DMA characterization,
which comprises single-frequency, multifrequency and heating/cooling cyclic tests, all
performed in single cantilever mode. The results of the single-frequency scans are
illustrated in Figure IV - 26, which reports the values of E’ and E” as a function of
temperature. To facilitate the comparison among the samples, the values of E’ have
been normalized to the value at 0 °C.

The storage modulus of the laminate EL-CF decreases with increasing
temperature throughout all the investigated temperature interval, but the decrease
below the glass transition is considerably less evident than for the unreinforced EL
sample. Moreover, the trend of the loss modulus does not present intense peaks in
the temperature range from 0 °C to 40 °C; the low-temperature transition of the EL
resin may be hampered by the constrains exercised by the carbon fibers. Another
possible reason could be related to the strong exothermicity of the polymerization of
acrylic resins.
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Figure IV - 26. DMA results (single frequency scans) of the samples EL-CF and EL-MCx-CF
(x = 20, 30, 40). The reported values represent the peak temperatures. (a) normalized
storage modulus E’ (solid lines) and loss modulus E” (dashed lines); (b) relative decrease
in E’ after PCM melting (60 °C) as a function of the melting enthalpy and the microcapsules
weight fraction, with the results of the linear fitting; (c) Cole-Cole plots.

Due to the presence of a highly thermally conductive phase such as the carbon
fibers, the local temperature can be different from that of the unfilled polymer, which
may affect the matrix properties and thus the DMA behavior. Nevertheless, further
research is required to verify any hypotheses. On the other hand, the peaks of the loss
modulus and the loss factor at the T, are still visible. In the MC-enhanced composites,
two main steps are observable in the trend of E”; the first at the paraffin melting, the
second at the glass transition of the EL phase. The drop of E' at the first step increases
with the MC fraction. Interestingly, the correlation between the drop amplitude and the
MC weight fraction or the melting enthalpy is linear, with RZ values higher than 0.98.
This implies that the DSC test allows one to predict, to a certain extent, the trend of
the viscoelastic properties of the composite in the temperature range around the PCM
phase change. At the PCM melting, the signals of E” and tand manifest peaks
(Figure IV - 26a and Figure IV - 27a); those of E” are markedly asymmetrical and
qualitatively analogous to those of tand. This was not observable on the
thermograms of the samples EL-MCx (Figure IV - 19), probably due to the contribution
of the low-temperature transition of the EL phase, not appreciable for the laminates.
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As for the EL-MCx samples, the peaks at the PCM melting shift to higher temperatures
and the intensity of the tand signals increase with the PCM content. It is worth
noticing that also the area under the tand signal shows a quite good linear correlation
with the MC fraction and melting enthalpy. This correlation was observed also on the
EL-MCx samples and is shown in Figure IV - 27b for both the classes of samples. The
slope of the fitting line is higher for the EL-MCx-CF laminates than for the EL-MCx
samples: that is, for a fixed value of enthalpy (or MC fraction), the intensity of the
tand peak is lower for the laminates than for the EL-MCx samples.

Another useful representation of E’ and E” is the Cole-Cole plot (Figure IV -
26¢), in which E” is plotted as a function of E”. This representation has been described
informative on the system heterogeneity and on the existence of secondary relaxations
and structural changes after filler addition (Flores et al., 1996; Devi et al., 2009) as
well as on the thermorheological simplicity or complexity of a system (Menard, 2008).
Homogeneous polymer systems, which are monophasic or with well dispersed fillers,
have semicircular Cole-Cole plots, while heterogeneous multiphasic compounds show
imperfect or elliptical curves (Chee et al., 2019). For the laminates described in this
section, the sample EL-CF exhibits an imperfect semicircle, similar to those reported
for other Elium®carbon laminates from the literature (Bhudolia et al., 2017) and
considered as indicative of a good adhesion between the matrix and the reinforcement
(Bagotia and Sharma, 2019; Chee et al., 2019). For the samples containing the PCM,
the E’ and E” data are spread on a smaller range, as the values of E’ and E” at the
beginning of the test decrease with increasing PCM concentration. The Cole-Cole
plots assume the form of two subsequent imperfect semicircles, representative of the
PCM melting and the glass transition of EL, respectively. The semicircles related to
the T, found at low £"-E” data close to the axes origin, shrinks and changes shape
with an increasing MC content. It is interesting to notice that also the PCM melting
transition appears in these plots as imperfect semicircles, which have a qualitatively
similar shape for the different samples and are shifted to lower values of E” and E”
with increasing MC concentration.
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Figure IV - 27. DMA results (single frequency scans) of the samples EL-CF and EL-MCx-CF
(x = 20, 30, 40). The reported values represent the peak temperatures. (a) loss tangent
(tand); (b) area under the tand melting peak as a function of the melting enthalpy and
the microcapsules weight fraction, for the samples EL-MCx and EL-MCx-CF (x = 20, 30,
40).

149



As the structural TES composites must withstand repeated thermal cycles
around the phase change temperature of the PCM, the variation of the
dynamic-mechanical behavior was investigated not only on heating, but also on
cooling, between -40 °C and 60 °C. This is not a common approach as, to the best of
the author's knowledge, the literature does not report any other studies that analyze
the trend of viscoelastic parameters PCM-enhanced polymers on cooling. The results
of this analysis are reported in Figure IV - 28 and Table IV - 26.
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Figure IV - 28. DMA heating(1)-cooling(2)-heating(3) scans on the samples EL-MCx-CF (x
= 20, 30, 40) in the temperature range around the phase change temperature of the PCM,
at different heating rates. (a) storage modulus at 3 °C/min; (b) tané at 3 °C/min; (c)
storage modulus at 1 °C/min; (d) tand at 1 °C/min.

Figure IV - 28 shows the trend of E’ in a heating-cooling-heating scan
performed at 3 °C/min on the three prepared MC-containing laminates. E' decreases
with increasing MC concentration and manifests a decreasing step at the PCM melting,
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which is almost completely recovered on cooling, as it reaches 90-95% of the initial
value, as reported in Table IV - 26 as E',..;(—40°C) (see Section 3.3.3.5). The
recovery happens with a certain hysteresis, as the crystallization is found at lower
temperatures than the melting, as also observed in DSC tests. This is due to reasons
related both to thermal inertia and to the thermodynamics of crystallization. The
temperature interval describing this delay, calculated for each sample at the middle
value of E, it is approx. 26-28 °C for all the compositions and it is reported in Table
IV - 26 as AT yr5¢q,. The values of E” (not reported) and tand also show that the
peak on cooling (crystallization) is found approx. 30 °C lower than the melting peak
(Table IV - 26). It is interesting to notice that the tand peak on cooling is the
superposition of two distinct signals, which are also observed in DSC. This suggests
that the liquid-solid and solid-solid thermal transitions of the PCM can be detected also
through DMA, as each of them affects the values of E” and tans.

The same considerations can be made on the cyclic DMA tests performed at
lower heating/cooling rate (1 °C/min) and reported in Figure IV - 28c-d. It can be
noticed that the hysteresis cycles are narrower: AT /50, is approx. 10 °C and the
difference between the tand peak temperatures is 12-14 °C.

Table IV - 26. Results of the heating/cooling DMA cycles performed on the laminates
EL-MCx-CF (x = 20, 30, 40).

3 °C/min EL-MC20-CF EL-MC30-CF EL-MC40-CF
AT gr5g0, (°C) 26.7 28.0 26.2
E'1e1(—40°C) (%) 933 948 89.4
Th1,tans (°C) 46.6 475 451
T ¢ tans (°C) 16.0 16.1 13.7
Thz.tans (°C) 455 466 44.4
Thz,tans = Te,tans (°C) 29.5 30.5 30.7
1 °C/min EL-MC20-CF EL-MC30-CF EL-MC40-CF
AT gr509, (°C) 9.6 10.7 12.7
E' o1 (—40°C) (%) 93.1 95.0 89.6
Thi,tans (°C) 38.0 39.1 402
Tetans (°C) 26.1 26.8 257
Th2,tans (°C) 38.5 40.3 401
Tha.tans - Tetans (°C) 124 135 144

AT 1509, = temperature interval between the middle value of E” in the first heating scan and in the cooling
scan; E',.;(—40°C) = ratio between the value of E” at-40 °C in the second heating scan and the first heating
SCan; Thijc/nz,cans = tand peak temperature in the first heating (h1), cooling (c) and second heating (h2)
scans.
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The last DMA characterization mode was the multifrequency analysis; it was
performed to assess the effect of frequency on the PCM melting and the glass
transition of the matrix in the prepared composites. The results of the laminates EL-CF
and EL-MC40-CF are shown in Figure IV - 29. For the composite EL-CF, the frequency
increase determines a shift of all the parameters to higher temperatures; this effect,
although present in the whole investigated temperature range, is more evident at the
glass transition of the EL phase. For the sample EL-MC40-CF, the frequency
dependence is observable not only at the glass transition, but also at the PCM melting,
and in this temperature range the frequency sensitivity is higher below the peak
temperature than above it. This can be appreciated more clearly in Figure IV - 29c,
reporting the tand peaks at the PCM melting for the four laminates and the DSC
melting peak of the neat MC acquired at the same heating rate (0.3 °C/min). At this
heating rate, the DSC peak temperature is higher than the tand maxima. The DMA
signals show a high frequency sensitivity before the peak temperature, but when the
PCM is almost completely molten the frequency dependence weakens considerably.
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Figure IV - 29. Results on the DMA multifrequency scans on the samples EL-CF and
EL-MCx-CF (x = 20, 30, 40). Investigated frequencies: 0.3-1-3-10-30 Hz. (a) sample EL-CF;
(b) sample EL-MC40-CF; (c) trend of tané in the multifrequency scans for the samples
EL-CF and EL-MCx-CF (x = 20, 30, 40), showing the peak of the melting process of the
PCM, compared with a DSC scan on the PCM performed at the same scanning speed.

Multifrequency DMA tests allowed the calculation of the activation energy of the
glass transition (E,) from the tand peak temperatures through the Arrhenius
approach, as described in Section 3.3.3.5. The results of this analysis are presented
in Figure IV - 30, while the calculated E, values are reported in Table IV - 27. It can
be observed that E,, is not considerably affected by the MC concentration. Since the
peaks of E" and tand at the PCM melting also appear to depend on frequency, an
attempt was made to apply the Arrhenius approach to calculate the activation energy
of this transition. The results of this attempt are reported in Figure IV - 30b. A linear
correlation could be estimated for the four lower frequency points, but the last point
deviates considerably from the linear trend, which makes the application of a precise
linear regression unfeasible. Nevertheless, this DMA investigation led to a better
understanding of how the viscoelastic parameters of the structural TES composites
are influenced by temperature and frequency and provided an interesting insight on
the use of DMA to study a melting phase change, as well as the effects of such
transition on the dynamic mechanical properties of the host laminate.
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the glass transition (a) and at the paraffin melting (b)) for the samples EL-CF and EL-
MCx-CF (x = 20, 30, 40).

Table IV - 27. Results of the multifrequency DMA scans on the samples EL-CF and
EL-MCx-CF (x = 20, 30, 40).

Sample EL-CF EL-MC20-CF _ EL-MC30-CF __ EL-MCA40-CF
E,, (kJimol) 328+ 12 320+4 339+ 8 341< 14
R? 0.995 0.999 0.998 0.995

E, = activation energy of the glass transition calculated from the tand peaks; R? = value of R? of the linear

regression.
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The last characterization technique applied on these laminates aimed to study
their mechanical properties. The results of the three-point bending tests are reported
in Figure IV - 31a-b.
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Figure IV - 31. Results of the three-point bending tests on the EL-MCx-CF laminates. (a)
representative load-deflection curves (t = laminate thickness); (b) flexural modulus,
strength and strain at break as a function of the nominal capsule content in the matrix.
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Figure IV - 31a shows representative load-displacement curves. It can be seen
that the curves of all the samples present an initial linear zone followed by a region of
decreasing slope until the maximum load is reached. After the maximum load, the neat
laminate undergoes a catastrophic failure, starting from the tensile-stressed mid-lower
region of the specimen. Such failure mode is often associated to a good interlaminar
adhesion (Abdel Ghafaar et al., 2006; Ary Subagia et al., 2014). On the other hand,
the PCM-containing laminates are subjected to a progressive failure and present a
drop-plateau sequence, which indicates a mechanical energy dissipation also during
damage propagation. The damage was observed starting either in the mid-upper zone,
subjected to compression, or in the interlaminar zone. This failure mode, commonly
reported for woven fabric composites (Abdel Ghafaar et al., 2006), has been described
as typical of materials having a tensile in-plane strength considerably higher than the
interlaminar shear strength, which is likely the case for the MC-containing laminates
reported in this work.

Figure IV - 31b reports the results of the three-point bending test. The elastic
modulus decreases with an increase in the MC fraction, but this is partially due to the
decreasing fiber volume fraction. The flexural strength follows the same trend, and this
is probably due to the presence of additional failure mechanisms such as delamination
and failure in the zone subjected to compression. Conversely, the flexural strain at
break is not dramatically affected by the presence of MC.

4.4.3 Conclusions

The results presented in this Subchapter clearly demonstrate that the
processing conditions of a reactive thermoplastic resin are milder than those of
traditional thermoplastic polymer matrices that must be processed in the molten state.
This makes it suitable to fabricate PCM-enhanced thermoplastic laminates.

This was evident in the production of EL-MCx-CF laminates, for which the
melting/crystallization enthalpy values increased with the capsule content, up to
66.8 J/g for the sample EL-MC40-CF. The considerably high phase change enthalpy
was at the basis of the good thermal management performance, measured through
thermal camera imaging. Microstructural analysis showed that the PCM phase was
preferentially distributed in the interlaminar region, and that the laminate thickness
increased with an increase in the capsule content, and so did the matrix (EL+MC)
volume fraction, as also evidenced by TGA tests. These two effects were the main
causes of the decrease in the mechanical properties of the laminates observed at
elevated PCM contents.

Moreover, the thorough DMA characterization gave interesting results. Single
frequency scans evidenced the PCM melting as a decreasing step in E’ and
asymmetric peaks in E” and tand, while the glass transition peaks of the acrylic

matrix are visible at 100-120 °C. At the PCM melting, the amplitude of the E” step and
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the intensity of the tand peak showed a linear correlation with the MC weight fraction
and the melting enthalpy, which suggests a new interesting approach to compare two
powerful techniques such as DSC and DMA to study the thermally activated
transitions. Multifrequency scans highlighted a strong dependency of E’ on the applied
frequency throughout the whole temperature range and pointed out that the not only
the T, peaks but also the PCM melting peaks shifted to higher temperatures with
increasing frequency. Cyclic DMA tests showed that the decrease in E’ at the PCM
melting is almost completely recovered (90-95 %) upon crystallization, and the
measured difference between the melting and crystallization points (supercooling)
increases with the heating/cooling rate. Multifrequency DMA tests allowed the
measurement of the activation energy of the glass transition, which appeared not to
be affected by the PCM fraction. The peaks related to PCM melting are also affected
by the applied frequency, and this is true mostly before than after the peak maximum,
when the melting process is only partially complete. As also the position of this peaks
changes with frequency, an attempt to apply the Arrhenius approach to these peaks
was made, but the strong nonlinearity of the correlation prevented a precise
application of the linear regression.

This work contributed to shed light on how the dynamic-mechanical properties
of polymers and laminates are affected by the presence of a PCM and by its phase
change, which is extremely important for composites designed to combine the
structural and TES functions. It also experimented the uncommon use of DMA to study
a melting/crystallization phase change and found noteworthy correlations between
DMA and DSC parameters.

Although the reactive processing is advantageous as its mildness allows
retaining most of the TES capability of the inserted PCM, this approach is
implementable only on some specific resin formulations, whereas the vast majority of
the thermoplastic polymers must be processed in the molten state. A possible strategy
to reduce the impact of processing on the PCM degradation is to change the process
from film stacking to commingled yarn compaction. The results of this approach are
presented in Subchapter 4.5.

45 Melt-spun polypropylene filaments containing a
microencapsulated PCM

This Subchapter presents a different approach to produce PCM-containing
continuous fiber composites with a traditional thermoplastic polymer as the matrix.
This approach involves the production of commingled yarns containing
PCM-enhanced thermoplastic filaments and continuous reinforcing fibers. This
technique not only allows the production of a component made of a traditional
thermoplastic laminate in fewer processing steps than the film stacking method, but it
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also shifts the multifunctionality from the level of the composite to the level of the yarn.
The approach comprises two steps: the first is the production of polymer filaments
containing the PCM, while the second is the combination of these filaments with
continuous reinforcing fibers to produce a yarn and the subsequent hot compaction to
produce a component. This Subchapter will present the results only of the first step,
as the second step will be object of future work. The methods and results presented
in this Subchapter were implemented at the research center Leibniz-IPF, in Dresden
(Germany).

45.1 Materials and methods

The present Section lists the materials used to fabricate these samples, and
then it describes in detail the techniques for the preparation of the same. It
subsequently lists all the characterization techniques applied on these samples. Since
the materials and the characterization techniques have been already detailed in
Chapter Il this Section will specify only the experimental parameters that are specific
of this Subchapter.

451.1 Materials

The materials used for the preparation of these laminates are listed in Table IV
- 28 (please refer to Section 3.2.4 for the details about the materials).

Table IV - 28. Materials employed in Section 4.5.

Phase Label Material
Polymer matrix PP Polypropylene
PCM MC Paraffin microcapsules

4512 Sample preparation

PP-MC monofilaments were produced via melt compounding and melt spinning.
The melt compounding step was needed to uniformly disperse the microcapsules and
to prevent clogging during spinning. The importance of this step was made evident
from a preliminary attempt to avoid the melt mixing phase and manually mix the
microcapsules and the PP granules: it resulted in severe inhomogeneity of the spun
flament and considerable obstruction of the die capillary. PP granules and
microcapsules were melt-mixed in a small-scale micro-compounder Xplore DSM 15
(Xplore Instruments BV, Sittard, The Netherlands), equipped with conical co-rotating
screws. The microcapsules were introduced in the compounding chamber gradually,
only after the PP was completely molten. The mixing was carried out in batches of
12 g, at 190 °C, for 5 minutes, at a rotor speed of 80 rpm. These mild parameters were
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chosen to limit the damage to the thin microcapsule shell, and they were proven
sufficient to obtain a homogeneous mixture. The compounded material was then
pelletized to ease its loading into the spinning chamber. Three compositions were
produced that contained 10, 20 and 30 % by weight of microcapsules.

The filament spinning was performed with a laboratory-scale piston spinning
device with a chamber size of 10 g, designed and built at IPF-Dresden. As observable
in Figure IV - 32a, the device features two cylindric chambers that make it possible to
co-extrude two different materials and to produce core-sheath filaments. In this thesis,
the filaments were produced using a single chamber. Monofilaments were spun
through a single-hole die with capillary length of 0.6 mm and diameter of 0.3 mm. The
spinning temperature was 180 °C up to a MC content of 20 wt%, and 185 °C for the
sample containing 30 wt% of MC (Figure IV - 32b). As-spun filaments were collected
at a take-up speed of 50, 100 and 200 m/min (Figure IV - 32c). The prepared
compositions will be from now on called PP-MCx, where x represents the MC weight
fraction in the sample.

collection
system _;

(@) (b) ©

Figure IV - 32. Laboratory-scale piston spinning device designed and built at IPF-Dresden.
(a) open chambers with heaters; (b) close chamber with monofilament; (c) collecting step.

4513 Characterization
Since the samples are monofilaments, the characterization techniques applied
on these samples were quite different from those reported so far for the other polymer

composites. Therefore, all the applied techniques are described here in detail, as most
of them were not described in Chapter IIl.
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The characterization involved both the compounded PP-MC mixtures and the
spun monofilaments, which will be identified from now on as ‘as-compounded’ (or with
a ‘c’ subscript) and ‘as-spun filament’ (or with a ‘f' subscript), respectively.

The morphology of the filaments and the collocation of the MC were investigated
through optical and scanning electron microscopy (OM and SEM). OM micrographs of
the lateral surface and the polished cross section of the filaments were acquired with
the optical microscope Keyence VHX-2000 (Osaka, Japan), equipped with a VHX-S15
stage control software and a VH-Z500 objective lens. The diameter of the single
filaments was measured on the polished cross sections through the software ImageJ.
The OM images of the fiber cross section were obtained by embedding the fibers in
cylindrical epoxy beads, which were subsequently grinded with a sequence of abrasive
papers of decreasing roughness and then polished with polishing clothes. The SEM
micrographs of the lateral surface of the filaments were acquired with a SEM Zeiss
Ultra Plus (Oberkochen, Germany), after Pt-Pd sputtering.

The density of PP and MC was measured with a helium Ultrapycnometer 1000
(Quantachrome Instruments, Boynton Beach, FL, US). Approx. 5 g of material were
loaded in the instrument chamber and several measurements were acquired until a
stable output was obtained. The density was calculated as the average of the last 15
measurements. The density of the compounded and as-spun filaments was calculated
with the mixture rule considering a pore volume fraction equal to zero. As the density
of a composite with no porosity can be calculated by the average density of the
constituents weighted by the their volume fraction, the MC volume fraction (9,¢) for
each sample was first calculated with Equation (IV - 6) as

9. = Wyc
Mc = Puc ’ (IvV-6)

wye + (11— wyc) oo

where wy, is the MC weight fraction, and p,,c and ppp are the density of MC and
PP, respectively. The density of the prepared samples (p) was then calculated via the
mixture rule through the Equation (IV - 7) as

p = PucOuc + prp* (1= Iyc)- (v-7)

The density calculated in this way was compared with that measured on some
selected samples, i.e. the three filaments collected at 100 m/min.

Rheological tests were carried out on the as-compounded samples, to assess
the effect of MC on the viscosity and the other rheological parameters affecting the
spinnability of the polymer melts. These tests were performed on an ARES G2
rotational rheometer (TA Instruments, New Castle, DE, US) under small-amplitude
oscillatory frequency sweeps, in a parallel-plate configuration (gap 1.5 mm, diameter
8 mm), at 190 °C under nitrogen flow. Each test started 4 minutes after the specimen
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insertion, to ensure the thermal equilibrium. The test allowed the measurement of the
storage modulus and loss modulus and the calculation of the loss factor (tand) and
the complex viscosity. The tests were performed on the neat PP and the three
as-compounded PP-MC mixtures. To isolate the effect of the MC addition and exclude
that of compounding, the test on the neat PP was not performed on virgin PP granules,
but on a PP sample previously subjected to melt compounding with the same
parameters used for the PP-MC mixtures. the test was performed also on compounded
samples containing 2 wt%, 5 wt% and 15 wt% of MC, to achieve a better
understanding of the MC effect on the rheological properties of PP.

DSC was performed with a TA Instruments Q2000 calorimeter (New Castle, DE,
US) on specimens of approx. 3 mg. Each sample was subjected to a heating-cooling-
heating cycle from -20 °C to 180 °C, at 10 °C/min, under nitrogen atmosphere. As for
other polymer/PCM samples presented in this thesis, the tests allowed the
measurement of the melting/crystallization temperatures and enthalpy values of the
PCM (T, T,, AH,,, AH,) related to the effective microcapsule content and integrity.
The test was carried out on all the as-compounded and the as-spun samples, but also
on the neat MC and the PP granules.

TGA was performed on a TA Instruments Q500 thermobalance, on samples of
approx. 3-4 mg, at a heating rate of 10 °C/min up to 700 °C, under nitrogen
atmosphere. The tests allowed the calculation of the temperatures corresponding to a
mass loss of 1 wit%, 3 wt% and 5 wt% (Tyo,, T30, Tse4), @s well as the peak
temperature of the mass loss derivative, measured as the temperature at the
maximum degradation rate (T,). As the residence time of the material in the spinning
chamber is of up to 10 minutes, isothermal tests were also performed on the neat MC
and the as-compounded samples, to investigate the thermal stability of the MC phase
at the selected spinning temperature. The specimens were subjected to a heating
ramp of 50 °C/min up to 180 °C, 190 °C or 200 °C, followed by an isothermal step of
20 minutes.

The mechanical properties of the as-spun monofilaments were investigated
through single-filament tensile tests, performed with the single-fiber analyzer
Textechno Favigraph (Monchengladbach, Germany). Single filaments were clamped
with an initial length of 10 mm and tested at 15 mm/min, with a preload of 1 N. At least
20 specimens were tested per composition. The test allowed the measurement of the
strain at break (g,,) and the filament tenacity (a;,), calculated as the maximum load
divided by the fiber fineness and measured in cN/tex. The elastic modulus (E) was
measured as the slope of the secant to the stress-strain curve between the strain
values 0.05 % and 0.25 %.
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45.2 Results and discussion

45.2.1 Microstructure

The OM micrographs of the filaments are displayed in Figure IV - 33a-f.

(a) (b)

Figure IV - 33. Optical microscope images of the lateral surfaces of the as-spun filaments.
(a) PP (100 m/min); (b) PP-MC10 (100 m/min); (c) PP-MC10 (100 m/min), higher
magnification; (d) PP-MC10 (200 m/min); (e) PP-MC20 (100 m/min); (f) PP-MC30
(100 m/min).
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The surface of the neat PP fibers (Figure IV - 33a) is smooth and regular, and
this is observed on the samples collected at all the collection speeds. Conversely, the
surface of the MC-containing fibers is irregular; some capsules are visible as
projections underneath the fiber surface, and this effect increases with the MC content.
This peculiar fiber morphology depends largely on the capsule dimensions, as they
are of the same order of magnitude as the fiber diameter. Some possible strategies to
avoid this effect include the use of smaller capsules (Leskovsek et al., 2004) or their
confinement in the fiber core by producing core-sheath filaments, as exemplified by
Zhang et al. (Zhang et al., 2005). However, even though a rough fiber surface may be
an issue for fibers intended for the textile industry, it is not a concern for the production
of hybrid yarns, as these PP-MC filaments are only a way to distribute the PP matrix
and the MC more homogeneously. For this application, an increased fiber roughness
may rather improve the mechanical interlocking between the different fiber types in the
hybrid yarn and ease the yarn handling (Brody, 1985). Moreover, the capsules are
completely covered with PP matrix, as more clearly observable from the SEM
micrographs (Figure IV - 34), which prevents capsule damage and removal in the
operations after spinning.

Figure IV - 34. SEM micrographs of the lateral surface of the as-spun filaments. (a) PP,
spun at 100 m/s; (b) PP-MC10, spun at 100 m/s.

Figure IV - 34 also shows that the surface of the fibers collected at 50 and
100 m/min have the typical pattern of polymer crystals; this implies that the drawing
imposed by the set collection speed was not sufficient to strongly orient the polymer
chains, which is one of the reasons for the scarce mechanical properties of these
filaments (see Section 4.5.2.4). This phenomenon is slightly reduced for fibers
collected at 200 m/min. Nevertheless, once again, this is not fundamental for the
application intended for these fibers.

Considerably more important are the capsule distribution and the filament
homogeneity. It can be noticed that, in the samples PP-MC10 and PP-MC20, the
capsules are homogeneously distributed along the fiber length and they are not
aggregated, but in the sample PP-MC30 the diameter varies remarkably, which was
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also appreciable from a visual observation of the as-spun fibers, especially for the
filaments collected at the highest speed. This effect prevents a consistent
characterization of the mechanical properties, which will be described in Section
4.5.2.4. More information on the fiber diameters and morphology can be acquired from
the filament cross-sections, shown in Figure IV - 35a-f.

(@) (b)

Figure IV - 35. Optical microscope images of the polished cross section of the as-spun
filaments, collected at 100 m/min. (a) PP; (b) PP-MC10; (c) PP-MC20; (d,e) PP-MC20 (higher
magnification); (f) PP-MC30.

The neat PP fibers have a regular circular cross section, while the profile of the
PP-MC fibers is irregular and presents protuberances in correspondence of the
capsules. The capsules are homogeneously distributed in the cross section and are
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visible as well-defined domains. Their core-shell morphology is clearly observable,
especially at high magnifications, which suggests that the integrity of most of them is
preserved during spinning. As observable from the data reported in Figure IV - 36, the
fiber diameter decreases with increasing collection speed, but, at a fixed collection
speed, it is not significantly different for fibers containing different amounts of capsules.
What is remarkably affected from the MC concentration is the measurement scatter,
as the standard deviation increases with the MC fraction.

These results suggest that smaller capsules could allow the production of more
regular filaments. However, smaller capsules generally have a lower core-to-shell
mass ratio, and thus a lower total phase change enthalpy, and for the intended
application it is probably not appropriate to reduce the TES performance to maximize
the fiber homogeneity and mechanical properties.
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Figure IV - 36. Filament diameters (mean values and standard deviation) obtained from the
micrographs of the polished cross-sections.

4522 Physical properties

Table IV - 29 reports the results of the density measurements. These values
were useful to calculate the elastic modulus from the measured fineness of the
filaments and the stress values reported in cN/tex (see par. 4.5.2.4), and to obtain
values of the diameters to be compared with those acquired from the OM analysis.

The measured density for the neat PP is 0.8654 g/cm3, while the bulk density
of the microcapsules is 0.9425 g/cm3, in good accordance with the nominal value
reported on the datasheet (0.9 g/cm3) and slightly higher than that of PP. Such
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similarity in density between PP and MC is advantageous for the preparation of the
PP-MC mixtures, as it favors a homogeneous dispersion and limits phase separation.
Table IV - 29 also reports the calculated density and capsule volume fraction (9¢)
for each sample. These values of density, calculated via the Equation (IV - 7), were in
good agreement with those measured on some selected compositions, i.e. the
filaments PP-MC10-f, PP-MC20-f and PP-MC30-f collected at 100 m/min. Their
density resulted as 0.8698+0.0005 g/cm3, 0.8805+0.0004 g/cm3, and 0.8938+0.0004
gl/cm3, respectively.

Table IV - 29. Results of the density measurements on PP and MC and calculation of the
MC volume fraction and density for the samples PP-MCx (x = 10, 20, 30).

Sample Density (g/cm3) Iy (vol %)
PP 0.8654 + 0.0001 0

mC 0.9425 +0.0014 100
PP-MC10 0.8731 +0.0001 0.0925 + 0.0004
PP-MC20 0.8807 + 0.0002 0.1867 + 0.0006
PP-MC30 0.8885 + 0.0003 0.2824 + 0.0007

I = MC volume fraction.

Dynamic rheological tests were performed on the as-compounded mixtures, in
order to assess the effect of the microcapsules on the rheological behavior of the
melted PP. The values of complex viscosity are presented in Figure IV - 37a.

All the compositions show a typical non-Newtonian pseudoplastic behavior, as
their complex viscosity decreases with increasing shear rate, and this shear-thinning
effect is stronger at high shear rates. As expected, the complex viscosity increases
with the MC content, and this effect is more evident at lower shear stresses, as also
observed for the polyamide-based composites containing paraffin microcapsules
described previously in this Chapter (Section 4.3) and widely reported in the literature
for polymer systems containing microfillers (Doumbia et al., 2015; Rueda et al.,
2017b). The neat PP shows a Newtonian plateau at low frequencies and a noticeable
shear-thinning zone above approx. 30 rad/s. This behavior is observed also in the
samples containing up to 10-15 wt% of microcapsules. Above this MC loading, the
noticeable viscosity increase at the lowest limit of the considered shear rate interval
implies the presence of a yield stress. This is commonly reported for highly-filled
polymer microcomposites, and it is generally attributed to the increasing
particle-particle interaction and the formation of a filler network (Rueda et al., 2017a).
As the MC fraction increases, the transition from the Newtonian plateau to the shear-
thinning region becomes broader and occurs at lower shear rates, while the slope of
the power-law region increases. These trends are consistent with those reported in
the literature for micro- and nano-filled polymer composites (Poslinski et al., 1988;
Dorigato et al., 2010).
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Figure IV - 37. (a) Complex viscosity as a function of the shear rate for the compounded
samples PP and PP-MCx (x = 2, 5, 10, 15, 20, 30), with the results of the fitting with the
Carreau and the Carreau-Poslinski model; (b) Parameters derived from the fitting with the
Carreau-Poslinski model: zero-shear viscosity (no) and yield stress (o) as a function of
the MC weight fraction.
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An attempt was made to fit the experimental data with the Carreau model
(Carreau, 1972; Osswald and Rudolph, 2015), one of the most common models to
describe the rheological behavior of polymer melts. The model is reported in Equation
(IV - 8):

Ny =N Syt

— @+ eyl*) e, (IV-8)
where 7, is the value of viscosity at a specific shear rate, 7, and 7., are the values
of viscosity at zero and infinite shear rate, respectively, y is the shear rate, t is a time
constant, n is the power law or flow index, which accounts for the shear thinning
behavior, and a is related to the width of the transition region between the Newtonian
plateau and the power law region (Osswald and Rudolph, 2015).

The results of the fit are reported in Figure IV - 37a. This model is able to fit
properly the experimental data only up to a MC content of 15 wt%, above which it fails
in predicting the experimental trend. This derives from the fact that the Carreau model
does not take into account the rise in viscosity at lower shear stresses, which implies
the presence of a yield stress that must be overcome to initiate the flow. The Carreau
model can be modified by adding a term that includes the yield stress, according to
the model presented by Poslinski et al. (Poslinski et al., 1988), reported in Equation
(V-9

Ny —Nw
Mo — Neo

T Lot
=70+(1+|t7|“) “, (Iv-9)

where 7, is the yield stress and the other parameters have the same values as for
Equation (IV - 8). In the model presented by Poslinski et al. (Poslinski et al., 1988), a
was kept equal to 2 as in the former Carreau model, while in the present work, a is a
free parameter. Figure IV - 37a also reports the results of the fitting with this model.
With the additional term, the fitting for the highly filled samples improves remarkably.
Figure IV - 37b reports the trends of ny and 7, obtained from the fit, presented with
their standard error. Both these parameters increase with an increase in the MC
content and the value of  is significantly higher than 0 for an MC concentration higher
than 15-20 wt%, which explains the suitability of the unmodified Carreau model
(Equation (IV - 8)) to fit the experimental data for the less concentrated compositions.

Figure IV - 38 reports the values of the storage modulus (G'), the loss modulus
(G™), and the loss factor (tand) as a function of the applied shear rate.
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Figure IV - 38. Storage modulus G’, loss modulus G” and tand as a function of the shear
rate for the compounded samples PP and PP-MCx (x = 2, 5, 10, 15, 20, 30).
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G’ and G" increase with the MC fraction, which is more evident at lower shear
rates, and the values of G’ especially evidence the occurrence of a yield stress for the
highly filled compositions. Conversely, the values of tand follow the opposite trend,
as the tand curve is shifted to lower values with an increase in the MC fraction;
moreover, the shape of the trend of the MC-loaded samples differs sensibly from that
of the neat PP, especially for MC loadings higher than 15 wt%.

4523 Thermal properties

One of the most important properties that these PCM-enhanced fibers should
exhibit is a high phase change enthalpy, which depends on the effective PCM weight
fraction at the end of the filament production. This was assessed through DSC tests,
performed to evaluate the TES properties after each processing step, i.e. the melt
compounding and the melt spinning. The DSC thermograms obtained on the filaments
collected at 100 m/min are reported in Figure IV - 39a, while Figure IV - 39b reports
the first heating scan of the filaments and the compounded samples and also shows
the enthalpy values and the peak temperatures.

Similarly to the results found for the samples previously reported in this Chapter,
for all the thermograms reported in Figure IV - 39a, the heating scan presents two
main endothermic signals: the first at 40-50 °C, related to the PCM melting, and the
second at 140-160 °C, associated to the PP melting. The cooling scan shows the
exothermic signals of the crystallization of the two phases, at 30-40 °C and
110-130 °C, respectively. For the transition of the PCM, the signals show two main
peaks, which resemble those visible in the DSC thermogram of the neat MC. As
already described previously in this Chapter and elsewhere in the literature (Wang et
al., 2003) for various types of paraffinic PCMs, the presence of two or more peaks
derive from a sequence of transitions on heating and on cooling. The first smaller peak
encountered on heating is associated to the solid-solid transition from the crystalline
phase to the so-called “rotator phase”, while the second peak could be related to the
solid-liquid melting transition. Analogous transitions are observable on cooling. This
explanation is in good agreement with the detailed investigation performed by Wang
et al. (Wang et al.,, 2003) on the transitions of n-docosane (Ca2Hss), which has
approximately the same melting temperature as the PCM contained in the MC. This
aspect will be described more in detail in Chapter VII. Since all the mentioned
transitions contribute to the total enthalpy and occur in a relatively narrow temperature
interval, the precise assignment of each peak is out of the scope of this work, and it
would be also relatively difficult, as the PCM contained in the microcapsules is
probably a mixture of alkanes and the precise molecular weight distribution has not
been measured.
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Figure IV - 39. (a) DSC thermograms of the MC-containing filaments collected at 100 m/min
(first heating scan and cooling scan); (b) thermograms of the as-compounded mixtures
and the MC-containing filaments (100 m/min), with a focus on the melting peak of the PCM.
The plot shows the peak temperatures and the melting enthalpies.

As reported in Figure IV - 39b and in Table IV - 30, the melting enthalpy of the
PCM increases with the nominal MC content. If considered that the phase change
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enthalpy of the neat MC in this specific work is 208.0 J/g, the enthalpy of the filaments
is lower than expected, being approx. 70 % of the value calculated considering the
nominal PCM content. These results are detailed in Table IV - 30.

Table IV - 30. expected and measured phase change enthalpy and nominal and
experimental PCM content in the prepared filaments (samples PP-MCx-f, x = 10, 20, 30).

Sample Nominal Expected Measured Relative  Experimental
PCMcontent  enthalpy  enthalpy  enthalpy = PCM content
(wt%) ig) (Jrg) (%) (wt%)
PP-MC10-f 10 20.8 13.9 66.8 6.7
PP-MC20-f 20 41.6 28.3 68.0 13.6
PP-MC30-f 30 62.4 475 76.1 22.8

From the measured enthalpy data, an experimental residual PCM weight
fraction can be calculated for each sample, by applying an approach similar to that
employed in Subchapter 4.4 for the EL-MC-CF laminates and also reported by Rezaie
et Montazer (Rezaie and Montazer, 2018); these data are also presented in Table IV
- 30. The PCM mass fraction measured at the end of the process is lower than the
initial one. This is a consequence of the thermo-mechanical degradation of the MC
during processing and could be alleviated by applying milder processing parameters.

It is important to understand which processing step is the major responsible for
the PCM degradation, and this was evaluated through a comparison between the DSC
scans of the filaments and the compounded mixtures (Figure IV - 39b). The signals of
the filament samples are narrower and their peak temperatures (also reported in
Figure IV - 39b) are slightly lower than those of the corresponding compounded
mixtures. This could derive from the different specimen geometry, which may have
influenced the contact with the crucible and the heat transfer during the test, even
though the specimen mass is similar. However, the melting enthalpy of the filaments
is approximately the same (never less than 88 %) as that measured on the
compounded mixtures, which implies that the majority of the PCM degradation
happens during the melt compounding step. Therefore, although the employed PP
grade has a remarkably low viscosity, the shear stresses developed during melt
compounding are sufficient to damage a certain fraction of MC. This effect was
observed also on the PA-MC composites mixtures presented in Subchapter 4.3. The
results could be improved by employing microcapsules with a mechanically stronger
shell or by changing the compounding parameters to reduce the shear stresses.
Conversely, the decrease in enthalpy is considerably lower during melt spinning, which
suggests that in this case the processing parameters are mild enough to preserve the
residual microcapsule integrity and PCM fraction.

A measured specific enthalpy lower than the nominal one can be not only due
to PCM degradation, but also to the fact that a fraction of PCM has leaked out of the
capsules and dissolved into the PP phase, which prevents the single PCM chains from
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mass (%)

mass loss derivative (-%/°C)

crystallizing properly and contributing to the total developed phase change enthalpy
(Zhang et al., 2010b). This aspect could be evaluated through TGA, which allows the
estimation of the weight fraction of the different constituents. TGA tests were
performed also to assess the thermal stability of the virgin materials, the compounded
mixtures and the filaments. The results of this investigation are reported in Figure IV -
40 and Table IV - 31.
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Figure IV - 40. TGA thermograms of the virgin and as-compounded (left) and the as-spun
samples (right). Residual mass and mass loss derivative as a function of temperature.

The virgin PP degrades in a single step at approx. 450 °C, and the same
behavior is observed also on the PP filament, which suggests that the spinning step
does not decrease the thermal stability of PP. Conversely, the thermal degradation of
the microcapsules, as already described in the previous Subchapters, begins with
several small steps, related to free (non-encapsulated) paraffin and some low
molecular weight compounds, while the subsequent steps are related to the thermal
degradation of the paraffin and the melamine-formaldehyde shell. The sharp peak in
the mass loss derivative signal indicates that most of the mass loss happens in a
relatively narrow temperature interval. This mass loss can be associated to the
damage of the microcapsule shell and the sudden release of the PCM core. This spike
was observed also on repeated measurement, but it is not observed in any of the other
PP-MC composites, as the surrounding matrix may modify the thermal conductivity of
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the specimen and the mass loss rate. The degradation curves of the as-compounded
mixtures and the as-spun filaments consist in an initial mass loss at 200-300 °C, which
increases with the MC content, followed by a second step at 400-500 °C that
corresponds to the degradation of the PP phase. Generally speaking, the thermal
stability of the blends decreases with an increase in the MC content, as the MC phase
is less thermally resistant than PP. This is deducible both from the trend of the mass
loss (Figure IV - 40) as an anticipation in the degradation onset, and from the data
reported in Table IV - 31.

Table IV - 31. Main results of the TGA tests on the virgin, as-compounded and as-spun
samples.

Sample Ty, (°C) T3y, (°C) Tsy, (°C) T, (°C)
PP-neat 359.5 395.8 407.7 450.8
PP-f 335.3 384.8 402.5 450.7
PP-MC10-c 205.0 302.0 361.7 4443
PP-MC10-f 197.0 3244 361.6 4424
PP-MC20-c 169.3 207.6 231.2 4428
PP-MC20-f 153.7 198.2 276.5 4434
PP-MC30-c 155.7 189.2 208.3 440.6
PP-MC30-f 148.3 193.3 271.0 443.0
MC 125.3 164.0 235.3 402.6

T1o6, T3, Ts0,= temperatures corresponding to a mass loss of 1 wt%, 3 wt% and 5 wt%; T,; = peak temperature
of the mass loss derivative; PP-neat = virgin granules of PP; -f = as spun; -c = as compounded.

It can be further observed that, especially for the samples PP-MC20 and
PP-MC30, the initial mass loss is significantly higher for the compounded samples
than for the filaments. This suggests that the filaments contain less PCM than the
compounded specimen, but the almost negligible decrease in melting enthalpy after
spinning (see DSC results, Figure IV - 39b) seems to disagree with this hypothesis.
These results can be explained by considering that the compounding step causes the
breakage of a consistent fraction of microcapsules, but a portion of the leaked paraffin
does not degrade, but it rather dissolves in the PP matrix. As observed in other studies
(Zhang et al., 2010b), the surrounding matrix could prevent this PCM fraction to
crystallize properly, and therefore it does not contribute to the total phase change
enthalpy. Since it is not protected by the shell, the fraction of free paraffin degrades at
low temperatures and could also partially degrade during the spinning step.

These TGA tests, performed by applying a heating ramp, have been useful to
investigate the thermal degradation temperatures of the PP-MC mixtures. However, a
complete thermal analysis must ensure that the materials do not degrade during
processing: the thermal history applied during melt compounding and melt spinning is
more complex than a temperature ramp, and it is important to take into account the
residence times at certain temperatures during the compounding and spinning steps.
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Therefore, isothermal TGA tests were performed at three different temperatures
on the neat PP and MC, as well as on the three as-compounded samples. The results
of this analysis are reported in Figure IV - 41 and Table IV - 32.
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Figure IV - 41. Isothermal TGA tests on the samples PP, MC and as-compounded PP-MCx
(x =10, 20, 30). The residual mass and the applied temperature profiles are reported as a
function of time. Solid = test at 180 °C; dashed = test at 190 °C; dash-dot = test at 200 °C.

As expected, the neat PP experiences a negligible mass loss in the investigated
time span for all the considered temperatures. The neat microcapsules undergo an
initial mass loss of approx. 3-4 wt%, as happens in the TGA ramp tests. The residual
mass is then stable over time for all the considered temperatures, which agrees with
the results of the ramp TGA tests and the indication of the thermal stability provided in
the producer’s datasheet. This suggests that the chosen microcapsules can withstand
the temperatures needed to process a polymer melt, unlike most of the
non-encapsulated organic PCMs mentioned in the literature (Jeong et al., 2014;
Huang et al., 2017; Cherif et al., 2018; Yuan et al., 2018). Conversely, the behavior of
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the compounded mixtures deviates markedly from this trend, as the mass loss
continuously increases with time, temperature and MC concentration. As the PP phase
has proven to be thermally stable, the mass loss can be ascribed to the degradation
of free paraffin released from the capsules broken during compounding. This implies
that the thermo-mechanical stresses during compounding are the main reason for the
decreasing thermal stability of the PCM, which suggests that a milder compounding
would help in preserving the MC integrity and the overall thermal stability. This
degradation must be considered when setting the subsequent processing parameters
(i.e. those of the melt spinning). Nevertheless, the mass loss at the chosen spinning
temperature (180 °C) and after the maximum residence time during spinning (10 min)
never exceeds 3 wt%, which proves the suitability of the chosen parameters and
processes.

Table IV - 32. Results of the isothermal TGA tests on the as-compounded samples. Values
of mass loss (wt%) after 10 minutes at the three test temperatures.

Sample 180 °C 190 °C 200 °C
PP 0.09 0.05 0.07
MC 3.53 3.87 3.93
PP-MC10 2.03 1.52 1.80
PP-MC20 1.90 250 432
PP-MC30 3.22 5.09 5.26

4524 Mechanical properties

Figure IV - 42 illustrates the main results of the single-fiber tensile tests. Since
the tensile testing dynamometer measures directly the fineness of each tested fiber
specimen, the values of stress are indicated in cN/tex, a common procedure for fibers
and filaments. It was not possible to test the filaments containing an MC fraction of
30 wt%, as they broke always before the beginning of the test or in the preload phase;
this was probably due to the strong inhomogeneity of the cross section (see Section
4.5.2.1). The PP filaments collected at 50 m/min (PP-50) could not be brought to
breakage, because their elongation at break was higher than the maximum
displacement allowed by the testing device. Therefore, the values of tenacity and
strain at break reported in Figure IV - 42 concern the last measured point in the
stress-strain curve.

It can be observed that the fineness decreases as the collection speed
increases, but it does not change significantly for fibers collected at the same speed
containing different amounts of MC. On the other hand, the MC addition dramatically
affects the stress-strain behavior. The tenacity of the fibers increases with the
collection speed, thanks to a higher chain orientation, but it decreases with an increase
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in the MC content. For example, the PP filaments collected at 100 m/min feature a
tenacity of 7.0 £ 0.4 cN/tex, whereas for the sample PP-MC20-100 the tenacity is
2.3 £ 0.5 cN/tex, being approx. 33% of the original value. The elongation at break
decreases with increasing MC fraction and collection speed.
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Figure IV - 42. Mechanical properties of the produced filaments: main parameters obtained
from the single-fiber tensile tests.

It can be observed that the tenacity of all the produced filaments is rather low
and the elongation at break remarkably high compared to other polymeric fibers for
textile applications (Morton and S., 2008); this is likely due to the limited draw ratio,
not sufficient to significantly align the polymer chains along the fiber axis. The density
values reported in Table IV - 29 were used to calculate the filament diameters from
the fineness values measured by the tensile testing machine. It was observed that
these values were not significantly different from those measured with the optical
microscope and reported in Figure IV - 35; therefore, the values of density were
employed to calculate the elastic modulus in MPa. The results of this calculation are
also reported in Figure IV - 42. The filament stiffness is also negatively affected by the
MC introduction. The decreasing mechanical performance of polymer filaments after
the addition of a PCM is a common phenomenon, and it is reported elsewhere in the
literature (Igbal and Sun, 2015; Cherif et al., 2018). It could be mitigated by a
post-drawing process (Cherif et al., 2018), or by employing microcapsules with a
smaller diameter and/or a narrower particle size distribution (Cho et al., 2002).

178



However, as these filaments are intended for the production of hybrid yarns and not
for the textile industry, the mechanical properties are not the most important
parameter, and their optimization lies outside the scope of this thesis.

45.3 Conclusions

PCM-enhanced polypropylene filaments were successfully produced via
small-scale melt compounding and piston-type melt spinning devices, and the
subsequent characterization of the physical, thermal and mechanical properties
demonstrated their suitability for the production of multifunctional hybrid yarns where
they are considered to serve as polymer matrix. Isothermal TGA on the neat PP and
MC revealed that their thermal stability is sufficiently high to withstand the applied
processing temperatures, but the same test on the as-compounded mixtures showed
a not negligible mass loss, which is due to the degradation of the PCM leaked out from
those microcapsules that were damaged during compounding. Nevertheless, the
mass loss after 10 minutes, which is the maximum residence time in the spinning
chamber, is still acceptably low, which indicates that the compounding parameters
were mild enough to preserve the integrity of a considerable fraction of MC. For the
characterization of the filaments, microscopy techniques highlighted that the inclusion
of MC increased the filament surface roughness, but it did not significantly influence
the diameter, which varied in the range 70-140 um according to the collection speed.
DSC tests revealed that the melting enthalpy increases with an increasing MC fraction,
up to 48 J/g, while single-filament tensile tests evidenced a decrease in the mechanical
properties with an increase in the MC content.

These results are promising for the production of PCM-enhanced hybrid yarns.
Future work will involve the use of these MC-containing filaments to produce a
thermoplastic laminate via hot compaction, as well as the study of the scalability of the
process with the use of a twin-screw extruder and the co-winding with reinforcing fibers
for the production of hybrid yarns.

4.6 General conclusions of Chapter IV

This Chapter presented the method and the results of four case studies of
PCM-enhanced composites having thermoplastic matrices.

In Subchapter 4.2, the characterization of the PA/PCM/GF laminates evidenced
that the microcapsules are more suitable than CNT-stabilized paraffin (ParCNT) to be
compounded with a traditional thermoplastic matrix, due to their higher thermal
resistance. However, the melt-compounding and the two hot-pressing operations
damage the microcapsule shells considerably, thereby causing paraffin leakage and
degradation and diminishing the total final phase change enthalpy.
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A remarkable improvement of the final TES properties was obtained by
reinforcing the PA-based composites with discontinuous carbon fibers, as described
in the Subchapter 4.3. This was possible because this strategy allows avoiding one of
the two hot-pressing steps. However, this approach is only applicable to discontinuous
fiber composites.

Further increases in the mechanical and TES properties were achieved by using
a reactive thermoplastic matrix, as reported in Subchapter 4.4. Such resin allows
avoiding all the processing steps at high temperature in the molten state, thus requiring
considerably milder processing conditions that do not cause PCM degradation.

Since reactive processing is not applicable to the most common thermoplastic
matrices, an additional approach was explored that involves the production of
multifunctional commingled yarns, where the PCM phase is embedded in the polymer
filaments. Subchapter 4.5 illustrates the results of this approach, which was limited to
the production of PP filaments containing PCM microcapsules. The approach is
promising, but the processing parameters still need adjustment to limit the PCM
degradation. Future work in this topic will involve experimental trials to produce the
multifunctional commingled yarn by coupling the produced PP-MC filaments with
continuous glass or carbon fibers, and further experimental work will be then needed
to produce a composite part starting from this hybrid yarn.
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5.1 Introduction

The aim of this Chapter is to illustrate the experimental techniques and the
results of the characterization of PCM-containing composites having a thermosetting
matrix. Since epoxy resins are the most widely used thermosetting matrices for
high-performance composites, one resin of this type was selected as the matrix for
this thesis work. It was combined with both microencapsulated and shape-stabilized
PCMs and with continuous and discontinuous carbon fibers.

Subchapter 5.2 deals with the incorporation of CNT-stabilized paraffin powder
(ParCNT) in an epoxy resin and the study of the thermo-mechanical properties of the
resulting samples. The prepared mixtures were then employed to prepare laminates
via the introduction of a bidirectional carbon fiber fabric.

The same epoxy resin was then combined with a different PCM, the
microencapsulated paraffin MC, and the results of the characterization of these
systems are the subject of the Subchapter 5.3.

Such epoxy/MC systems were then employed with continuous carbon fibers
and discontinuous milled carbon fibers, and the resulting reinforced composites are
analyzed in Subchapters 5.4 and 5.5, respectively.

5.2 Carbon fiber/epoxy laminates containing paraffin
shape-stabilized with carbon nanotubes

This Subchapter presents the results of the characterization of carbon/epoxy
laminates containing paraffin powder shape-stabilized with carbon nanotubes (CNTs).
The preparation of this kind of PCM powder, called ParCNT, was described in Section
3.2.1.1 together with partial preliminary results of its characterization, comprising
particle morphology and size distribution. This shape-stabilized PCM was also already
applied in the fabrication of the multifunctional glass/polyamide laminates described in
Subchapter 4.2. However, the characterization of those laminates indicated that the
CNT-stabilized paraffin is a less performant choice than the paraffin microcapsules
(MC), mostly because ParCNT exhibited a lower thermal resistance than MC. The
CNT content brought a considerable viscosity rise in the processing of the polyamide
matrix in the molten state. Since most of the problems of using ParCNT stem from the
high temperatures and shear stresses involved during processing of a thermoplastic
matrix, an attempt was made to combine it with a thermosetting matrix, namely an
epoxy resin, whose production process is milder and especially requires a lower
temperature. This Subchapter will first present the results of the characterization of
epoxy/ParCNT mixtures and then introduce the methods and results of using such
mixtures as matrices for carbon-fiber thermosetting laminates.
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5.2.1 Materials and methods

The present Section lists the materials used to fabricate these samples, and
then it describes in detail the techniques for the preparation of the same. It
subsequently lists all the characterization techniques applied on these samples. Since
the materials and the characterization techniques have been already detailed in
Chapter IlI, this section will specify only the experimental parameters that are specific
of this Subchapter.

5.2.1.1 Materials

The materials used for the preparation of these laminates are listed in Table V
- 1 (please refer to Section 3.2.4 for the details about the materials).

Table V - 1. Materials employed in Subchapter 5.2.

Phase Label Material
Polymer matrix EP Epoxy resin
Reinforcement CF Bidirectional carbon fiber fabric
Paraffin shape-stabilized with carbon nanotubes
PCM ParCNT (CNTSs) in a weight fraction of 10 wt%, and

cryogenically pulverized

As observable from the data reported in Table V - 1, the PCM contained in the
matrices and laminates described in this Subchapter is a paraffin shape-stabilized with
CNTs, prepared as described in Chapter Ill, Section 3.2.3.1, similar to that employed
for the preparation of the polyamide/glass laminates described in Subchapter 4.2.

The aim of this work was to assess if the processing conditions of a
thermosetting laminate, which require lower temperature and pressure than those
applied for a traditional thermoplastic laminate, are mild enough to prevent the
degradation of a shape-stabilized PCM, thus preserving its TES capability. In this
case, the shape-stabilized PCM was prepared with the minimum CNT content required
to reach a proper shape-stabilization, i.e. 10 wt%, lower than that used in the
polyamide/glass laminate (15 wt%), in order to maximize the melting enthalpy per unit
mass and avoid superfluous filler content (see Chapter Ill, Section 3.2.3.1).

5.2.1.2 Sample preparation

The epoxy base and the hardener were mixed at room temperature at a weight
ratio of 100:30, as suggested by the producer, and magnetically stirred at 500 rpm for
5 min. The ParCNT powder, containing the paraffin wax (Par) and the carbon
nanotubes (CNTs), was then added at different weight concentrations (20 wt%,
30 wt% or 40 wt%), and the resulting mixture was vigorously stirred to obtain a
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homogeneous dispersion of the powder in the resin. The mixtures were degassed by
means of a vacuum pump, casted in silicon molds, cured at room temperature for
24 hours and post-cured at 80 °C for 10 hours. The same procedure was followed to
prepare neat epoxy samples. Table V - 2 lists the prepared samples and their nominal
weight composition.

Table V - 2. List of the prepared EP-ParCNTx samples with weight compositions.

Sample EP (wt%) Par (wt%) CNTs (wt%)
ParCNT 0 90 10
EP 100 0 0
EP-ParCNT20 80 18 2
EP-ParCNT30 70 27 3
EP-ParCNT40 60 36 4

The prepared EP/ParCNT mixtures were also used as matrices to prepare
laminates. The laminates were produced via a wet lay-up technique and the relative
amounts of components were chosen to obtain a nominal fiber weight fraction of 50 %.
Five plies were stacked together, and the resulting laminates had an in-plane area of
120x120 mm2. The laminates were vacuum-bagged, left to cure at room temperature
for 24 h under a variable pressure and post-cured at 100 °C for 10 h in a hot-plate
press. A carbon fiber/epoxy laminate without ParCNT was prepared with the same
procedure. The results described in the previous chapters showed that the fiber weight
(and volume) fractions of PCM-containing laminates decreased with an increase in the
initial PCM content, due to an increase in viscosity of the matrix that partially hindered
its flowing out of the fiber fabric and resulted in a higher matrix fraction in the final
composite. To try to compensate this effect, in the preparation of the laminates object
of this Chapter the applied pressure during curing was increased with the starting
fraction of ParCNT in the epoxy/ParCNT mixture. This was not done for the laminates
containing microcapsules to prevent MC breakage due to excessive applied pressure.

Table V - 3 displays the list of prepared laminates with the nominal weight
fractions of constituents. The composites were denoted as EP-ParCNTx-CF, where x
represents the weight percentage of ParCNT powder on the total mass of the matrix.
As mentioned before, x assumes the values of 20, 30 and 40.

Table V - 3. List of the EP-ParCNTx-CF samples with nominal weight compositions.

Sample CF (wt%) EP (wt%) Par (wt%) CNTs (wt%)
EP-CF 50 50 0 0
EP-ParCNT20-CF 50 40 9 1
EP-ParCNT30-CF 50 35 135 1.5
EP-ParCNT40-CF 50 30 18 2
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5.2.1.3 Characterization

The prepared EP-ParCNTx samples were investigated through the
characterization techniques listed in Table V - 4 together with the experimental
parameters applied specifically on these samples (see Section 3.3 for the full
description of the characterization parameters and specimen preparation).

Table V - 4. Characterization techniques and experimental parameters applied on the
samples EP-ParCNTx.

Technique Specific experimental parameters

SEM Cryofracture surface; Instrument Jeol IT300 SEM
DSC Temperature interval 0-150 °C

TGA TA Q5000 IR thermobalance; specimen mass 10 mg

The prepared EP-ParCNTx-CF laminates were investigated through the
characterization techniques listed in Table V - 5.

Table V - 5. Characterization techniques and experimental parameters applied on the
samples EP-ParCNTx-CF.

Technique Specific experimental parameters

SEM Cryofracture surface; Instrument Jeol IT300 SEM
Optical microscope Polished cross section

Liquid displacement Density measurements; ethanol

DSC Temperature interval 0-150 °C

TGA Mettler TG50 thermobalance; specimen mass 25 mg
DMA Single-frequency scans; multifrequency scans
LFA As described in Section 3.3.3.4

Thermal camera imaging

Specimen in-plane dimensions: 70x100 mm?

Three-point bending test

As described in Section 3.3.5.1

Short-beam shear test

As described in Section 3.3.5.5

5.2.2

Results and discussion

The present Section reports the results of the characterization of the samples

EP-ParCNTx and the laminates EP-ParCNTx-CF. The results of the first class of
samples are only hinted, and only the results important for the comprehension of the
properties of the laminates will be described.
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5.2.2.1 Results of the EP/ParCNT samples

Figure V - 1 reports the SEM micrographs of the cryofracture surface of the
samples EP-ParCNTXx. In the micrographs at low magnification, ParCNT particles are
observable with an irregular shape and a rough surface topography, while the epoxy
matrix shows a smooth profile, due to its brittle fracture behavior. In the sample with
the highest PCM content, i.e. EP-ParCNT40, the PCM and the epoxy resin assume a
co-continuous structure. Some spherical pores can be noticed in all samples, which
are due to the air entrapped during processing.

In the micrographs at high magnification, the interface between the two phases
can be better appreciated. Some interfacial debonding phenomena are visible, but the
adhesion seems rather good. A parallel research activity (not reported) showed that
the adhesion in these samples is better than that between epoxy and neat paraffin
particles (without CNTs), which highlights the positive role played by CNTs in the
adhesion enhancement.

Figure V - 2 shows the TGA thermograms of the neat paraffin powder (Par),
ParCNT powder, neat epoxy (EP) and samples EP-ParCNTx. By a comparison
between the samples Par and ParCNT, it can be observed that the degradation of
paraffin occurs in a single step in both samples, and the ParCNT sample shows a
residual mass of approx. 10 wt%, attributable to the CNT fraction. The derivative peak
of the degradation process occurs at a higher temperature for ParCNT (218.0 °C) than
for Par (209.4 °C), which is an index that the CNTSs slightly improve the thermal stability
of the paraffin. However, the effect is much more modest than that observed on the
PCM microcapsules, previously reported in this thesis. Since the paraffinic core of the
microcapsules has a similar melting point than the paraffin described in this
Subchapter, these two PCMs reasonably show a similar chain length and thermal
degradation behavior, but the shell is remarkably more effective in protecting the core
from thermal degradation than CNTSs.

For the samples EP-ParCNTX, the degradation occurs in two distinct steps,
located at 220 °C and 360 °C and associated to the degradation of paraffin and epoxy
resin, respectively. From the degradation step of the paraffin (regarded as complete
at 280 °C) and considering the mass loss of the epoxy resin at that temperature, it is
possible to estimate the effective paraffin amount contained in each sample.
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Figure V - 1. SEM micrographs of the cryofracture surface of the samples EP-ParCNTXx, at
two magpnification levels. (a,b) EP-ParCNT20; (c,d) EP-ParCNT30; (e,f) EP-ParCNT40.
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Figure V - 2. TGA thermograms of the samples EP, Par, ParCNT and EP-ParCNTx.

The data reported in Table V - 6 show that the experimental paraffin weight
fraction is very close to the nominal one, which indicates that the CNTs perform an
effective shape-stabilization and prevent the paraffin from exuding out of the epoxy
sample during the curing step performed at 100 °C. A parallel research activity (not
reported) showed that, when CNTs are not present, the experimental fraction of
paraffin after curing is considerably lower (approx. 60 %) than the nominal one, and
the specimens appear oily after curing, due to the paraffin exudate. This evidences
the importance of CNTSs in preventing loss of PCM during the processing steps.
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Table V - 6. Nominal and experimental paraffin weight fraction in the samples EP-ParCNTXx.

Sample Nominal paraffin content Experimental paraffin content
(wt%) (wt%)

ParCNT 90 90.0

EP-ParCNT20 18 175

EP-ParCNT30 27 27.2

EP-ParCNT40 36 35.7

The results of the DSC tests are reported in Figure V - 3 and Table V - 7. The
T, of the epoxy resin is not substantially affected by the presence of paraffin, and the
melting and crystallization temperature peaks and intervals of the PCM do not change
when the PCM is embedded in the epoxy resin, as they are very similar to those of the
neat PCM.
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Figure V - 3. DSC thermograms of the samples EP-ParCNTXx (first heating scan and cooling
scan).

On the other hand, the effect of the blending process on the melting and
crystallization enthalpies can be evaluated by considering the relative melting (and
crystallization) enthalpies with respect to the nominal paraffin content
AHZEY™ (AHT®Y™), and to the experimental paraffin content calculated from TGA
tests AH€Y¢ (AH®"®).
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AHJEY™ and AHZ®Y™ are around 80-85 %, similar to what is found in the
literature for other polymer/organic PCM blends (Zhang et al., 2010b). These results
are commonly explained in the literature by considering an exudation of paraffin from
the epoxy sample. However, the results from TGA confirm that the experimental
fraction of PCM is very close to the nominal one, thereby excluding the hypothesis of
conspicuous exudation. In fact, if the enthalpy values are normalized to the effective
paraffin content calculated with TGA (Table V - 6), all the samples still show values of
AHL?%® and AHZ®"* close to 80-90 %. Another explanation commonly found in the
literature is a non-homogeneous dispersion of the PCM in the matrix (Luyt and Krupa,
2009), but it is probably not the case of this work, since TGA and DSC analyses on
multiple specimens of the same sample gave consistent results. Other possible
reasons involve the confinement of paraffin macromolecules played by the
surrounding matrix, or the partial dissolution in the matrix of a fraction of paraffin
(Zhang et al., 2010b). However, further tests would be needed to fully understand this
aspect.

Table V- 7. List of the prepared EP-ParCNTx samples with weight compositions.

Ty Twm AHy  AHZ™ AHRY T, AH,  AHP™ AHCS

Sample ) (0 W) () () (O (g (%) (%
Par - 445 2421 100.0 100.0 320 241.2 100.0 100.0
ParCNT - 46.4 219.1 100.6 100.6 324 215.5 99.1 99.1
EP 92.2

EP-ParCNT20 927 462 371 85.1 87.6 336 338 77.9 80.1

EP-ParCNT30 91.8 4741 56.2 86.0 85.2 325 531 81.5 80.8

EP-ParCNT40 89.3 476 714 81.9 82.7 323 707 81.4 82.2
T, = glass transition temperature of the epoxy resin; T,,, = melting temperature of the PCM; AH,,, = melting
enthalpy; AHLE*™ = melting enthalpy relative to the nominal paraffin content; AH¢“® = melting enthalpy
relative to the experimental paraffin content; T = crystallization temperature; AH,. = crystallization enthalpy;

AHT®'™ = crystallization enthalpy relative to the nominal paraffin content; AHZ®"= crystallization enthalpy
relative to the experimental paraffin content.

5.2.2.2 Results of the EP/ParCNT/CF laminates

The optical microscope images of the prepared laminates are shown in Figure
V - 4. ParCNT particles tend to aggregate, probably because of the compaction
pressure and temperature applied during the curing and the post-curing processing
steps. The PCM phase is mainly distributed in the interlaminar zones between two
subsequent fiber layers, while the portion of matrix infiltrating the tows and wetting
each single fiber is almost exclusively composed by epoxy resin. This is mainly due to
the size of PCM particles (approx. 50 um at the beginning of the production process).
Thus, the interlaminar zone is enriched in PCM, which is present in a higher amount

in these regions. This is even more clearly visible in Figure V - 4(e-f), taken at higher
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magnifications. Additionally, since the ParCNT domains are solid in the first part of the
curing process at room temperature, they tend to deform the tows.

(e)

Figure V - 4. optical microscope images of the polished cross sections of the laminates
EP-ParCNTx-CF (a) EP-CF; (b) EP-ParCNT20-CF; (c) EP-ParCNT30-CF; (d) EP-ParCNT40-
CF; (e) and (f) EP-ParCNT30-CF at higher magnification.

A more detailed analysis of the microstructural behavior of the prepared
laminates can be appreciated with the SEM micrographs at different magnifications of
the cryofracture surface of the samples EP-CF (Figure V - 5(a-b)) and
EP-ParCNT40-CF (Figure V - 5(c-d)). These SEM micrographs confirm that there are
no evident traces of ParCNT particles between the fibers, as suggested by the fact
that there are no noticeable microstructural differences between Figure V - 5b and
Figure V - 5d. The differences are instead clearly visible between the interlaminar
zones of the two laminates; in Figure V - 5c the interlaminar zone (indicated by red
arrows) is rich in ParCNT, which is not present in the EP-CF sample (Figure V - 5a).
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Figure V - 5. SEM micrographs of the cryofracture surface of the laminates. (a,b) EP-CF
and (c,d) EP-ParCNT40-CF. The red arrows in Figure (c) indicate the ParCNT-rich zone.

Figure V - 6 reports the TGA thermograms of the laminates, compared with that
of the neat epoxy resin, the carbon fibers and the ParCNT particles. As observed for
the EP-ParCNTx samples, the degradation of the polymeric fraction of the samples
occurs in two distinct steps, associated to the degradation of paraffin and the epoxy
resin, respectively. As expected, the addition of paraffin leads to a decrease in the
thermal degradation resistance of the laminates, with a decrease in the values of Tq.
The residual mass after the test is mainly represented by carbon fibers and CNTs, but
it also partly consists of epoxy resin, as evidenced by the thermogram of the neat
€poxy.
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Figure V - 6. TGA thermograms of EP, ParCNT and the laminates EP-ParCNTx-CF.

From the degradation profiles, it is possible to determine an experimental mass
fraction of paraffin in the samples, also considering the mass loss of the epoxy resin.
The matrix and fiber weight fractions (wfr¢4) can be determined from the mass
residues. These values, reported in Table V - 8, are close to the nominal ones reported
in Table V - 3 and to those determined by weighing the whole laminates and
subtracting the weight of the fibers, known through the areal mass of the fabric and
the in-plane surface of the laminates. These values are reported in Table V - 8 as
Wg mass- TNis is an indication of the homogeneity of the produced samples, as the
TGA tests are performed on specimens of few milligrams.

After the determination of the weight fractions of paraffin and epoxy in the
laminates, the paraffin-to-epoxy ratio was calculated. From Table V - 8 it can be seen
that also this value is close to the nominal one, which suggests that not only the total
paraffin content is preserved, but also the relative amount of components in the matrix.

Table V - 8. Results of the TGA tests on the laminates EP-ParCNTx-CF.

Paraffin- Paraffin-to-

T3y i = w @ f mass
Sample 0) P&r:';?)n E.:gxy — i) et
ratio ratio
EP-CF 3334 0 0 0 50.0 50.7+0.7
EP-ParCNT20-CF 222.8 9.02 0.237 0.225 51.6 492 +0.6
EP-ParCNT30-CF 215.0 12.78 0.345 0.386 48.2 48.9+0.3
EP-ParCNT40-CF 208.3 19.52 0.598 0.600 49.2 52204

T3q,=temperature corresponding to a mass loss of 3 wt%.

193



The data on the weight composition of the prepared laminates are summarized
in Table V - 9. It specifically shows the CF weight fraction, determined for each
composition as the average of wy rg4 @Nd W mqss, and the ParCNT weight fraction,
calculated from the TGA results of the paraffin content. With these data, the theoretical
density of the samples (p;;) could be calculated, by knowing the density of each
constituent: the density of the CF phase, ParCNT phase and EP phase was
1.816 glcm?, 1.154 glcm? and 0.985 g/cm3, respectively, all determined through helium
pycnometry techniques. The experimental density of the prepared laminates (py;)
was obtained through the displacement method in ethanol. The comparison between
Per and pg,,, allowed the calculation of the porosity (9,,), and then of the volume
fraction of the fibers (9¢), ParCNT (9pgycnr) and EP phase.

The obtained fiber volume fraction is similar for all the produced composites,
which allows a direct comparison of the mechanical properties. The obtained fiber
volume fraction is rather low with respect to traditional structural composites (Michaud
etal., 2006), but it is compatible with the hand lay-up process, compared with previous
studies (Deng et al., 1999; Abdel Ghafaar et al., 2006; Sudarisman and Davies, 2008;
Poyyathappan et al., 2014). Furthermore, for the production of multifunctional
composites, a low fiber volume and weight fraction leads to a high matrix weight
fraction, which enhances the thermal energy storage properties of the laminates.

Moreover, the porosity ranges between 2.1 vol% and 4.9 vol% with values
increasing with the ParCNT content in the laminates.

Table V - 9. Theoretical and experimental density and weight and volume compositions of
the laminates EP-ParCNTx-CF.

Sample or Wpgrent Pth Pexp 9, 95 Oparcat

(Wi%)  (Wt%)  (glem?)  (gfcm3)  (vol%)  (vol%)  (vol%)
cr B w e B B 5 o
srwcNber 9100 1385 R o w5 a0
oo 85 w0 w4 %
I SIS AR

*average between CFr¢4 and CFy, 4, See Table V - 8; density of ethanol = 0.7995 g/cm?

The DSC thermograms on the laminates during the first heating scan and the
cooling scan are reported in Figure V - 7. The most important parameters obtained
from these tests are summarized in Table V - 10. The glass transition temperature of
the epoxy resin is not remarkably affected by the presence of the PCM, even though
it is significantly lower than that measured on the EP-ParCNTx samples (Table V - 7),
which can be due to the higher total filler content. However, also in the case of the
laminates, the curing was brought to completion, as demonstrated by the absence of
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a residual curing reaction peak in the first DSC thermogram and by the similarity
between the T, measured in the first and in the second (not reported) heating scans.
Moreover, as for the EP-ParCNTx samples, the T,,, of the paraffin is not influenced by
the presence of the surrounding epoxy phase. The effect of the production process of
the laminates on the phase change enthalpies of the PCM can be evaluated by
considering the values of relative enthalpies (AHZ¢!, AHZ®Y), which are in the range
80-90 %. Values in this range were found also for EP-ParCNTx samples. Therefore,
also the lamination process does not impair the thermal properties of this PCM, nor
does it cause its degradation more than the process of fabrication the EP-ParCNTx
samples.
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Figure V - 7. DSC thermograms of the laminates EP-ParCNTx-CF (first heating scan and
cooling scan).

Table V - 10. Results of the TGA tests on the laminates EP-ParCNTx-CF.

Ty T, AH, AHY¥' AH, T AH, AH?

Sample () (°C)  Wg) (%) _ Wem) () (g (%)

EP-CF 84.0

EP-ParCNT20-CF 857 450 20.3 91.5 26.9 343 195 88.6

EP-ParCNT30-CF 821 438 273 81.8 354 350 263 79.1

EP-ParCNT40-CF  82.0 451 364 87.4 474 339 362 87.3

Ty = glass transition temperature of the epoxy resin; T,,, = melting temperature of the PCM; AH,,, = melting
enthalpy; AHEE! = melting enthalpy relative to the nominal paraffin content; T, = crystallization temperature;
AH, = crystallization enthalpy; AHZ®! = crystallization enthalpy relative to the nominal paraffin content.

The retention of TES properties after several thermal cycles was evaluated
through cyclic DSC tests. Tests were run in the temperature interval 10-70 °C for
50 times at 10 °C/min. For all the samples, the thermograms of all the 50 cycles (not
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reported) almost overlap each other, and there are no appreciable differences in the
phase change temperatures and enthalpies measured at different cycles. This
suggests that the thermal properties of the laminates are stable up to fifty cycles in the
analyzed temperature range, which is an indication of the thermal reliability of the
prepared composites.

The values of thermal diffusivity, specific heat and thermal conductivity of the
investigated laminates are reported in Figure V - 8. Each column represents the mean
value and the standard deviation of all the measurements performed on each
composition (at least two specimens, three pulses each). The values observed for the
sample without ParCNT (EP-CF) are compatible with similar measurements found in
literature for polymer-matrix composites analyzed in the thickness direction (Kandare
etal., 2015; Yu et al., 2015). For the laminate without ParCNT (EP-CF), the diffusivity
does not change significantly with temperature, while the specific heat and the thermal
conductivity slightly increase. For the laminates containing paraffin, the trends of
specific heat and thermal conductivity show a maximum at 35 °C, as the PCM is
approaching the solid-liquid phase change, as already observed in the literature (Fang
et al., 2014). For these laminates, at a given temperature the values of thermal
conductivity and diffusivity increase with the content of ParCNT, as a consequence of
the presence of the CNTSs. The results of this test are important as they show that the
addition of a CNT-stabilized PCM positively increase the thermal conductivity through
the thickness of a carbon/epoxy laminate, both below and above the melting
temperature of the PCM.

Figure V - 9 reports the results of the thermal imaging test. The starting
temperature is lower than the temperature of the oven because the laminates slightly
cooled down during the time required to take them out of the oven and begin the
measurements, but it is still above the onset crystallization temperature of the PCM.
In the laminates containing the PCM the temperature decreases with a plateau-like
trend induced by the heat released during PCM crystallization, which is not occurring
in the neat EP-CF laminate. As a consequence, the time to reach room temperature
increases considerably. For example, the time required to reach 30 °C is approx. 200 s
for the laminate EP-CF and increases up to approx. 700 s for the laminate
EP-ParCNT40-CF. Although this is a simple test that investigates only the cooling
stage, it clearly highlights the remarkable differences in the thermal behavior of the
laminates as a function of the PCM content.
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Figure V - 8. Results of the LFA measurements on the laminates EP-ParCNTx-CF
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Figure V - 9. Results of the thermal imaging camera tests performed on the laminates EP-
ParCNTx-CF. Surface temperature as a function of time during cooling to room
temperature.

The following paragraph describes the results of the DMA characterization,
which comprises single-frequency and multifrequency scans performed in
single-cantilever mode, as described for the laminates containing a microencapsulated
PCM described in Subchapter 4.4. The results of the single-frequency scans are
reported in Figure V - 10. The values of E’ and E” as a function of temperature are
plotted in Figure V - 10a. To facilitate the comparison among the samples, the values
of E’ have been normalized to the value at 0 °C.

As observed for the EL-MCx-CF laminates described in the Subchapter 4.4, the
storage modulus of the laminate EP-CF decreases with increasing temperature
throughout all the investigated temperature interval, but with a more marked decrease
at the T, of the epoxy matrix. In the EP-ParCNTx-CF laminates, two main steps are
observable in the trend of E”; the first at the PCM melting, the second at the glass
transition of the EP phase. Also in this case, the drop of E’ at the first step increases
with the MC fraction, and again the correlation between the drop amplitude and the
PCM weight fraction or the melting enthalpy is linear, with high R2 values (Figure V -
10b). This confirms that the DSC test allows one to predict, to a certain extent, the
trend of the viscoelastic properties of the composite in the temperature range around
the PCM phase change. At the PCM melting, the signals of E” and tand manifest
peaks; those of E” (not reported) are markedly asymmetrical and qualitatively
analogous to those of tand (Figure V - 10c). As for the EL-MCx-CF samples, the
intensity of the tand signals increase with the PCM content, but unlike those samples,
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the peaks at the PCM melting do not shift to higher temperatures with an increase in
the PCM content.
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Figure V - 10. DMA results (single frequency scans) of the samples EP-CF and EP-
ParCNTx-CF. (a) normalized storage modulus; (b) relative decrease in E’ after PCM melting
(60 °C) as a function of the melting enthalpy and the PCM weight fraction, with the results
of the linear fitting; (c) loss tangent (tand), with an inset showing the region of the peak of
the PCM melting; (d) Cole-Cole plots.
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The Cole-Cole plot, in which E” is plotted as a function of E’, is reported also
for these samples and it is shown in Figure V - 10d. For the samples containing the
PCM, the E’ and E” data are spread on a smaller range, as the values of E” and E”
at the beginning of the test decrease with increasing PCM concentration. For these
samples, the Cole-Cole plots assume the shape of two subsequent imperfect
semicircles, representative of the PCM melting and the glass transition of EP,
respectively. The semicircles related to the T}, found at low E"-E” data close to the
axis origin, shrink and change shape with an increasing MC content. Also for these
samples, it is interesting to notice that the PCM melting transition appears in these
plots as imperfect semicircles, which have a qualitatively similar shape for the different
samples and are shifted to lower values of E’ and E” with increasing MC
concentration.

DMA multifrequency tests were performed to assess the effect of frequency on
the PCM melting and the glass transition of the matrix in the prepared composites.
The results of the laminates EP-CF and EP-MC40-CF are shown in Figure V - 11a and
Figure V - 11b, respectively. For the composite EP-CF, the frequency increase
determines a shift of all the parameters to higher temperatures; this effect, although
present in the whole investigated temperature range, is more evident at the glass
transition. For the sample EP-MC40-CF, the frequency dependence is observable not
only at the glass transition, but also at the PCM melting, although in this temperature
range the frequency sensitivity is higher below the peak temperature than above it.

This can be better appreciated in Figure V - 11c, which shows the tand peaks
in the PCM melting interval for the four laminates and the DSC melting peak of the
neat paraffin acquired at the same heating rate (0.3 °C/min). Itis interesting to observe
that the two components of the DSC peak, associated to the subsequence of a solid-
solid and a solid-liquid phase change, are visible also in the DMA peaks, which implies
that it is possible to distinguish the contributions of each transitions to the variations in
the viscoelastic parameters. Moreover, the height of the tand peak increases with the
weight fraction of the PCM like the single frequency scans, and the tand peak is at a
slightly lower temperature than the melting DSC peak with the same scanning speed
(0.3 °C/min). The position of this peaks is not influenced by the applied frequency (the
same is true for the loss modulus peaks at the melting of the PCM), and this differs
from the case of the laminates EL-MCx-CF, for which also the melting peaks were
shifted to higher temperature with an increase in the applied frequency.

This interesting difference may stem from the different PCMs applied in the two
cases, namely the paraffin microcapsules MC in the laminates EL-MCx-CF (Figure IV
- 29), and a mixture of paraffin and CNTs in the laminates EP-ParCNTx-CF. As
observable by a comparison between Figure V - 11 and Figure IV - 29, ParCNT shows
a sharper solid-liquid phase transition than the microcapsules MC. Moreover, after
melting, ParCNT does not flow under its weight, unlike the paraffin contained in the
capsules, which shows a negligible dependence on the applied frequency after
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melting. The different physical state of the melted paraffin in the two laminates may
affect the way in which the melting phenomenon influences the viscoelastic
parameters of the host laminate.
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Figure V - 11. Results on the DMA multifrequency scans on the samples EP-CF and EP-
ParCNTx-CF. Investigated frequencies: 0.3-1-3-10-30 Hz. (a) sample EP-CF; (b) sample EP-
ParCNT40-CF; (c) trend of tané in the multifrequency scans for the samples EP-CF and
EP-ParCNTx-CF (x = 20, 30, 40), showing the peak of the melting process of the PCM,
compared with a DSC scan on the PCM performed at the same scanning speed.

The DMA multifrequency tests also allowed the calculation of the activation
energy of the glass transition (E,) from the tand peak temperatures through the
Arrhenius approach, as described in Section 3.3.3.5. The results of this analysis are
presented in Table V - 11. E, is not considerably affected by the MC concentration,
even tough the average value slightly increases with the ParCNT content.

Table V - 11. Results of the DMA multifrequency scans on the samples EP-CF and EP-
ParCNTx-CF.

EP-CF EP-ParCNT20- EP-ParCNT30- EP-ParCNT40-

Sample CF CF CF
F, (kimol) 3489 36954 35554 3852 11
R? 0998 0.999 0.999 0998

E, = activation energy of the glass transition calculated from the tand peaks; R? = value of R? of the linear
regression.

The results of the mechanical characterization are reported in Figure V - 12 and
Figure V - 13. Figure V - 12 shows experimental representative load-deflection curves
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obtained from three-point bending tests. For all the compositions, after the initial linear
portion of the curve, the slope decreases until the maximum load, but for higher
deflections the behavior of the EP-CF laminate is remarkably different from that of the
laminates containing ParCNT. For the EP-CF laminate, the load reaches a maximum
value and suddenly drops to zero, and the specimens break with a catastrophic failure.
This phenomenon, observed for all the tested specimens, is generally indicated as a
sign of a quite strong interlaminar adhesion (Abdel Ghafaar et al., 2006; Pegoretti et
al., 2008; Ary Subagia et al., 2014). On the other hand, the samples containing
ParCNT show a progressive failure, and the load-displacement curves present a
sequence of drops and plateaus. Thus, the specimens absorb mechanical energy also
during the damage propagation.
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Figure V - 12. Representative load-deflection curves obtained during three-point bending
tests on the laminates EP-ParCNTx-CF. The values in brackets in the legend represent the
average thickness of the specimens.

Moreover, the maximum load is decreasing as the PCM content in the laminates
increases. From a visual observation of the specimens during the test, it was seen that
in the EP-CF laminate the failure starts from the mid lower region of the specimen,
subjected to tensile stress, and quickly propagates through the specimen thickness,
while for the laminates with ParCNT the failure is a combination of delamination and
damage in the mid-upper zone, subjected to compression. This failure mode,
associated with a multi-stage failure in bending, was previously reported in the
literature for woven-fabric-reinforced composites (Abdel Ghafaar et al., 2006). The
presence of delamination in the early stages of failure suggests that the tensile
strength is remarkably higher than the in-plane shear strength of the laminates with
PCM.
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The most important mechanical parameters measured in bending tests are
summarized in Figure V - 13. The flexural modulus decreases only slightly with the
increase of the PCM content. This result was expected, since the flexural modulus is
evaluated at low deformations and strongly depends on the volume fraction of the
reinforcement phase (Abdel Ghafaar et al., 2006), which is almost the same for the
investigated composites. Although early-stage delamination can reduce the elastic
modulus (Sudarisman and Davies, 2008), this is likely not the case in the present work,
because the delamination mechanisms were observed to start at values of deflection
higher than those considered for the measurement of the elastic modulus. This
suggests that the chosen span-to-thickness ratio was sufficiently high to correctly
evaluate the modulus. The fact that the modulus does not decrease with the PCM
content is positive for the development of composites in which both high stiffness and
thermal energy storage capabilities are combined. However, the appearance of these
new failure mechanisms is most probably the cause of the decrease in both flexural
strength and strain at break with the PCM content. It should be noted that, as already
mentioned in Chapter Il (Section 3.3.5.2), the calculated value of oy, represents an
apparent flexural strength, because the stress is not linear through the thickness and
because, since the failure is not due to the pure bending moment, the calculated stress
differs from the real stress in the mid-lower portion of the specimen, subjected to the
highest tensile stress (Dong and Davies, 2015). Nevertheless, these results clearly
highlight the differences in the failure mode and in the behavior during the damage
propagation, after the maximum load is reached.

The effects of PCM introduction on the interlaminar shear strength of the
laminates were investigated through short-beam shear tests. The obtained values of
short-beam interlaminar shear strength (ILSS) are reported in Figure V - 13. The
results are in good agreement with the three-point bending tests, since the values of
ILSS decrease almost linearly with the PCM content in the matrix. This is probably
due to the uneven distribution of PCM, preferentially located in the interlaminar region,
as evidenced by microscopical observations. This is believed to reduce the
interlaminar shear strength, as the PCM phase could create a preferential site for
damage propagation, since it is formed by paraffin wax and CNTs and has a low
strength and ductility. During short-beam shear tests, many mechanisms of failure can
generally be observed, such as delamination in several planes, failure in compression
or in tension due to the bending moment, damages due to the stresses applied by the
loading nose and the supports on the lower face, crushing of the specimens between
the nose and the supports, etc. (Cui et al., 1994; Demirbas, 2006). Some of these
phenomena were also observed during the present study, at the final stages of the
test. However, the main observed failure mode, corresponding to the first drop in the
load, was associated to delamination. Thus, although the reported values of ILSS may
not coincide with the real interlaminar shear strength of the composite, they are still
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important for a comparison of the shear properties of the different laminates (Deng et
al., 1999).
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Figure V - 13. Results of the three-point bending test and the short-beam shear test on the
laminates EP-ParCNTx-CF. Values of flexural modulus (Ej), flexural strength (o),
flexural strain at break (£,) and interlaminar shear strength (ILSS).

5.2.3 Conclusions

This Subchapter presented the results of the characterization of carbon/epoxy
laminates containing ParCNT as the PCM. DSC revealed that the paraffin keeps its
thermal properties also in the laminates, and the melting enthalpy was 80-90 % of the
expected enthalpy. The thermal properties of the laminates were retained even after
fifty thermal cycles. Moreover, the thermal conductivity increased proportionally to the
content of stabilized PCM. This effect could be attributed to the presence of CNTs as
a stabilizing filler in the PCM domains. The positive contribution of the developed TES
laminates to the thermal management was also proven by monitoring their cooling
rates through thermal imaging.

Three-point bending test showed that the flexural modulus was only slightly
impaired by the presence of PCM, while the flexural strength and strain at break were
significantly reduced. For example, for EP-ParCNT40-CF, which was the least
performant in the mechanical tests, the flexural strength and strain at break were 30 %
and 35 %, respectively, of the values of the laminate without ParCNT. The interlaminar
shear strength was also negatively affected by PCM addition. As revealed by optical
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microscope images, it could be attributed to the preferential location of the PCM in the
interlaminar region rather than between the fibers of the same tow.

The results of the DMA tests were in agreement with those found on the
laminates EL-MCx-CF (Subchapter 4.4). Single frequency scans evidenced the PCM
melting as a decreasing step in E” and asymmetric peaks in E” and tand, while the
glass transition peaks of the epoxy matrix are visible at approx. 100 °C. From a
comparison with the EL-MCx-CF laminates, it was found that ParCNT shows a sharper
solid-liquid phase transition than the microcapsules MC. Moreover, after melting,
ParCNT does not flow under its weight, unlike the paraffin contained in the capsules,
which shows a negligible dependence on the applied frequency after melting. The
different physical state of the melted paraffin in the two laminates affects the way in
which the melting phenomenon influences the viscoelastic parameters of the host
laminate.

The results of this Subchapter evidence that ParCNT is a better PCM in
thermosetting matrices than in thermoplastic ones, because the milder production
process and the lower processing temperatures limit the PCM degradation. However,
it was found that the surrounding matrix influences and partially hinders the
melting-crystallization process. Therefore, it is worth it to explore, in combination with
the epoxy resin, a PCM that is completely insulated from the environment, i.e. a
microencapsulated PCM. This is the object of the following parts of this Chapter.

5.3 Effect of paraffin microcapsules on the thermo-
mechanical properties of an epoxy resin

This Subchapter presents a detailed theoretical and experimental investigation
on epoxy matrices containing paraffin microcapsules, with the aim of using them as
matrices in combination with continuous or discontinuous carbon fibers.

More specifically, the processability and flowability of the epoxy/MC mixtures
was assessed through measurements of the viscosity before curing. To the best of the
author’s knowledge, no studies can be found that investigate how the addition of PCM
microcapsules affects the viscosity of an epoxy formulation. The thermal properties
were evaluated with a broad spectrum of characterization techniques. They comprise
not only the state-of-the-art experimental methods normally applied on
PCM-containing systems, e.g. the assessment of the phase change enthalpy though
differential scanning calorimetry (DSC), but also more sophisticated techniques such
as the evaluation of the thermal conductivity. This is an important property influencing
the heat transfer inside the composite and thus the overall thermal management
performance. The importance of measuring and tuning the thermal conductivity on
PCM-filled polymer composites has already been stressed by Su et al. (Su et al.,
2011b; Su et al., 2012), who also started identifying the key parameters influencing
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the conductivity by considering potential theoretical models. However, they did not
apply the identified models to their experimental data. The present Subchapter aims
at doing so, by selecting the most appropriate theoretical models that take into account
the core-shell particle morphology and the elevated volume fraction of the most highly
loaded compositions. Finally, this Subchapter aims at investigating how the
introduction of microencapsulated PCM affects the mechanical performance of the
host epoxy resin, not only with quasi-static tests but also with fracture mechanics and
impact characterization techniques. The experimental data were then fitted with
theoretical models, to understand the role of the fillers’ stiffness and strength and the
interfacial properties on the overall mechanical performance.

This detailed analysis was performed only on epoxy/MC systems because the
microcapsules have shown better thermal stability and higher final TES properties also
when embedded in a thermosetting matrix. Even though this Subchapter is not strictly
about a multifunctional composite containing a reinforcing agent, it is a standalone
section because it represents a detailed thermo-mechanical investigation of an
important matrix/PCM system and because this system is the matrix for two classes
of composites, which will be described in Subchapters 5.4 and 5.5, respectively.

5.3.1 Materials and methods

The present Section lists the materials used to fabricate these samples, and
then it describes in detail the techniques for the preparation of the same. It
subsequently lists all the characterization techniques applied on these samples. Since
the materials and the characterization techniques have been already detailed in
Chapter lll, this section will describe only the experimental parameters that are specific
of this Subchapter.

53.1.1 Materials

The materials used for the preparation of these samples are listed in Table V -
12 (please refer to Section 3.2.4 for more details).

Table V - 12. Materials employed in Subchapter 5.3.

Phase Label Material
Polymer matrix EP Epoxy resin
PCM MC Paraffin microcapsules

5.3.1.2 Sample preparation

The epoxy base and the hardener were combined in a weight ratio of 100:30,
as indicated by the producer, and vigorously stirred for 5 min to ensure an intimate
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mixing. The PCM microcapsules (MC) were subsequently added in different weight
fractions (10, 20, 30, 40, and 50 wt%) and the mixtures were stirred to ensure a
homogeneous dispersion of the MC phase. The resulting mixtures were degassed
under vacuum and casted into rectangular silicon molds of different sizes and shapes,
to prepare specimens for the subsequent characterization. The specimens were left
cure at room temperature for 24 hours and then post-cured at 100 °C for 10 hours.
Neat epoxy specimens (EP) were also prepared for comparison. Table V - 13 lists the
prepared compositions with the nominal weight fractions of the components.

Table V - 13. List of the prepared EP-MCx samples with weight compositions.

Sample EP (wt%) MC (wt%)
EP 100 0
EP-MC10 90 10
EP-MC20 80 20
EP-MC30 70 30
EP-MC40 60 40
EP-MC50 50 50
MC 0 100
5.3.1.3 Characterization

The prepared samples were investigated through the characterization
techniques listed in Table V - 14 together with the experimental parameters applied
specifically on these samples (see Section 3.3 for the full description of the
characterization parameters and specimen preparation).

Table V - 14. Characterization techniques and experimental parameters applied on the
samples EP-MCx.

Technique

Specific experimental parameters

Brookfield viscosimetry

At 23 °C. As described in Section 3.3.2.4.

SEM

Cryofracture surface; Instrument Zeiss Supra 60 FE-SEM

Liquid displacement

Density measurements on the EP-MCx samples; ethanol

Pycnometry Density measurements on the MC

DSC Temperature interval 0-120 °C

TGA Mettler TG50 thermobalance; specimen mass 20-25 mg
Hot Disk test Sensor 5645; bulk isotropic module

Thermal camera imaging

As described in Section 3.3.3.3

Quasi-static tensile test

As described in Section 3.3.5.1

Flexural test

As described in Section 3.3.5.2

Mode | fracture toughness

SENB specimens; as described in Section 3.3.5.4

Charpy impact test

As described in Section 3.3.5.3
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5.3.2 Results and discussion

This Section describes the results of the characterization of the EP-MCx
samples.

5.3.2.1 Viscosity

The results of the Brookfield viscosity tests are reported in Figure V - 14. It was
not possible to test the mixture containing 50 wt% of MC (EP-MC50), because its
viscosity was out of the range investigable with the available equipment (>4-10* cP).
Due to the geometry of some of the spindles, a precise and uniform value of shear
rate could not be calculated. Therefore, the values of viscosity were reported as a
function of the rotation speed. However, since different spindles were used, a direct
quantitative comparison could not be made. In any case, the obtained results were
sufficient to draw important conclusions on the effect of MC on the sample viscosity
and processability. The neat base/hardener mixture (EP) exhibits a slight
pseudoplastic behavior, as the viscosity decreases with an increase in the rotation
speed; this is especially evident at the lower limit of the investigated rotation speed
range. This behavior is observable also in the MC-filled mixtures, which do not exhibit
the dilatant (shear-thickening) behavior commonly observed in fluids containing
particles (Glrgen et al., 2016). Since this behavior is generally associated to the
particle order loss and aggregate formation at high shear stresses, it can be concluded
that the aggregation tendency of MC is low, which is also reasonable if considering
that the particles are of micrometric size.

For a fixed rotation speed, the viscosity increases remarkably with the MC
loading, as commonly reported in the literature for uncured epoxy systems containing
micro- or nano-particles (Nguyen et al., 2019). For example, at 20 rpm, the viscosity
of the neat EP was measured as 390 cP, while that of the EP-MC30 mixture is 3200
cP and that of the EP-MC40 mixture is as high as 15400 cP. It should be stressed that
the comparison between the different compositions cannot be made from a
quantitative point of view because the test was performed by using different spindles.
However, these results give at least an idea of the increase in viscosity due to the MC
addition. Such a large increase was observed also on polypropylene melts containing
the same type of paraffin microcapsules, described in Subchapter 4.5. This result
suggests that an increase in the MC fraction decreases the processability of the
mixtures in terms of degassing and casting, thereby hindering the possibility to obtain
defect-free and perfectly dense specimens. This is confirmed by the increase in
porosity with the PCM content, described in Section 5.3.2.3.
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Figure V - 14. Results of the Brookfield viscosity tests on the EP/MC uncured mixtures.

5.3.2.2 Microstructural characterization

Figure V - 15 shows the SEM micrographs of the cryofracture surface of the
prepared samples. As already evidenced in the previous Subchapters, the core-shell
structure of the microcapsules is well visible, together with their spherical morphology
and diameter mainly in the range 10-30 um, in good agreement with what reported in
the producer’'s datasheet. From micrographs acquired at higher magnification (not
reported) and image processing with the ImageJ software, it was possible to estimate
the shell thickness as (0.150 + 0.011) pym. Micrographs at lower magnification (Figure
V - 15b-d-f) show that the microcapsules are homogeneously distributed in the matrix,
without evident aggregation or agglomeration. The micrograph of the sample
EP-MC50 (Figure V - 15e-f) shows that, at such a high MC concentration (50 wt%),
the microcapsules hinder one another, and this causes a deformation and partial loss
of spherical shape.
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Figure V - 15. SEM micrographs of the cryofracture surface of the EP and EP-MCx (x = 10,
20, 30, 40, 50) samples at different magpnification levels. (a,b) EP-MC10; (c,d) EP-MC30; (e,f)
EP-MC50; (g) EP-MC10, with the indication of the interphase region; (h) EP-MC30, with the
indication of the interphase region.
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Micrographs at higher magnification (Figure V - 15a-c-€) indicate that nearly all
the microcapsules are broken, which implies that the fracture propagates across the
capsules and not at the capsule-matrix interface. Nevertheless, the capsule-matrix
interfacial adhesion is poor, as evidenced by gaps and debonding zones. Poor
interfacial adhesion was observed previously on polymer composites containing this
kind of MC and having an acrylic matrix (see Subchapter 4.4) and is mainly due to the
lack of reactivity of the fully cured melamine-formaldehyde shell. The present work,
focused on the effects of PCM introduction in an epoxy matrix, allowed a deeper
investigation also on the properties of the interface and the interphase. As observable
in Figure V - 15g-h, the region surrounding the capsules and evidenced with a red
dashed line has a darker color than the matrix far from the capsules; it can be
described as an interphase zone and shows the formation of microcracks along the
stress propagation lines.

5.3.2.3 Density and porosity

Figure V - 16 reports the results of the evaluation of density and porosity of the
prepared samples. The neat cured EP has a measured density of 1.158 + 0.002 g/cm?,
while that of the MC phase was found to be 0.901 £ 0.005 g/cm?, in excellent
agreement with what reported on the datasheet. These two values allowed the
calculation of the theoretical density of the EP-MCx samples via the mixture rule by
using the volumetric compositions. These values, reported in Figure V - 16 as pyp,
decrease with an increase in the MC fraction. Figure V - 16 also reports the
experimental density (o) for these samples, which is increasingly lower than p.,
with an increase in the MC content. This leads to an increase in the calculated porosity,
which ranges from 1.64 vol% for Ep-MC10 to 7.78 vol% for EP-MC50. This confirms
the increasing difficulty to fabricate defect-free specimens for the highly-filled
compositions, already predictable by the considerable increase in viscosity (see
Section 5.3.2.1). The increase in porosity is modest up to an MC fraction of 30 wt%
and increases considerably at higher MC fractions.
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Figure V - 16. Theoretical density (p,, ), experimental density (pexp) and porosity of the

EP and EP-MCx (x = 10, 20, 30, 40, 50) samples, as a function of the nominal MC weight
fraction. p,;on = 0.793 £ 0.004 g/cm? (liquid displacement method).

5.3.2.4 Thermal characterization

The results of the DSC tests are shown in Figure V - 17. Figure V - 17(a-b)
shows the DSC thermograms of the first heating scan and the cooling scan on the
prepared samples, while the main results of the DSC tests for all the three scans are
summarized in Table V - 15. All EP and EP-MCx samples show glass transition of the
epoxy at 80-90 °C, and small fluctuation in these values do not seem to show a trend
with the MC weight fraction. The thermograms of all the samples containing MC show
an endothermic peak at 45-49 °C, which corresponds to the melting of the PCM
contained in the microcapsules, and an exothermic peak at 25-30 °C corresponding
to the crystallization transition. For all compositions, both thermal transitions interest a
temperature range of approx. 20-30 °C; the melting transition is found in the
temperature range between 35 °C and 60 °C, while the crystallization transition
between 40 °C and 15 °C. Moreover, the breadth of the peak and the involved
temperature range slightly increases with the MC fraction, which indicates that the
interval in which the material is active as a TES medium increases. Although the
indicated temperature intervals are strictly a function of the applied heating/cooling
rate (10 °C/min), these results suggest that it is important to evaluate the intervals of
thermal transition for a specific sample, as they determine the temperature range in
which the sample is actively performing TES.
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Figure V - 17. DSC thermograms of the samples EP and EP-MCx (x = 10, 20, 30, 40, 50). (a)
first heating scan; (b) cooling scan; (c) representative thermograms of the cyclic DSC test
on the sample EP and EP-MC30, with the values of melting enthalpy measured at each
cycle.

As observable especially in the cooling scan (Figure V - 17b), these peaks are
the superposition of at least two peaks, imputable to the subsequence of a solid-solid
and a solid-liquid transition, as already observed and explained in the previous
Chapters. The intensity of these peaks increases with the MC weight fraction. From
the peak areas, the experimental values of the melting and crystallization enthalpy
were calculated and reported in Table V - 15 as AH,,, and AH,, for the first heating
and cooling scans, respectively. These values are in good agreement with those
expected by considering the nominal MC weight fraction, and this is evident from the
values of AH7¢! and AHZ®!, always close to 100 %. This indicates that the processing
parameters are mild enough to preserve the integrity of the microcapsule shells and
the melting-crystallization capability of the PCM, and the small deviations from 100 %
could be attributed to slight inhomogeneities of the MC distribution inside the samples.
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The values of the second heating scan are nearly the same as those of the first,
which indicates that the TES capability of the contained PCM are preserved after the
first cycle. The aptness of the prepared samples to undergo many subsequent thermal
cycles was studied more in detail through a cyclic DSC test. The results of this test for
the sample EP-MC30 are reported in Figure V - 17¢c, which shows DSC thermograms
relative to some representative cycles and the measured melting enthalpy for all the
cycles. The shape of the thermograms and the phase change temperatures and
enthalpies do not vary remarkably over the whole test, which is sign of a good thermal
stability. This is even more significant considering that these cyclic DSC tests were
run between 0 °C and 100 °C, a temperature interval abundantly broader than that to
which the material will be subjected in service; these composites are intended to work
in the temperature interval around the phase change temperature of the PCM, but not
above the glass transition temperature of the epoxy resin.

Table V - 15. Results of DSC tests on EP and EP-MCx (x = 10, 20, 30, 40, 50) samples.

T, T, AH, AH, AH}' T, AH, AH?® Ty, Ty, AH,, AHTY

Sample od) (°C)  (Wig)  (em) (%) (O (o) (W (C) (O (g (%

EP %2 - - - - - - - o6 - - -

EP-MC10 889 462 216 23.9 949 256 222 98.1 896 461 218 96.4

EP-MC20 949 465 439 46.7 964 254 440 973 966 465 434 95.9

EP-MC30 892 481 67.7 69.5 99.1 247 688 1014 911 479 677 99.8

EP-MC40 953 511 86.3 84.3 948 219 889 983 963 509 882 975

EP-MC50 917 506 107.0 99.9 940 222 1064 941 986 508 1064  94.1

MC - 447 2217 204.9 1000 200 2262  100.0 - 444 2262 100.0

T, = glass transition temperature of the epoxy phase in the first heating scan (°C); T,,, = melting temperature
of the PCM in the first heating scan (°C); AH,,, = PCM melting enthalpy in the first heating scan (J/g); AH}¢!
= relative PCM melting enthalpy in the first heating scan (%); T.= crystallization temperature of the PCM (°C);
AH, =PCM crystallization enthalpy (J/g). T,,, = glass transition temperature of the epoxy phase in the second
heating scan (°C); T, » = melting temperature of the PCM in the second heating scan (°C); AH,, , = PCM
melting enthalpy in the second heating scan (J/g); AHLZS = relative PCM melting enthalpy in the second
heating scan (%).

Figure V - 18(a-b) reports the thermograms relative to the TGA test, while the
main TGA results are shown in Table V - 16. As already observed in the previous
Chapters, the initial thermal degradation of the MC presents several small subsequent
steps. The mass loss at lower temperature can be related to free (non-encapsulated)
paraffin and some low molecular weight compounds present as residuals of the
capsule synthesis.
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Figure V - 18. TGA thermograms of the EP and EP-MCx (x = 10, 20, 30, 40, 50) samples. (a)
residual mass as a function of temperature; (b) mass loss derivative as a function of

temperature.

A certain mass loss between 200 °C and 300 °C is observable also on the
EP-MCx samples, and it is responsible for the decrease in Ty, T3¢, and Tso, With
an increase in the MC loading. On the other hand, for MC the main degradation step
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is related to the thermal degradation of the paraffin and the melamine-formaldehyde
shell. The narrow derivative peak indicates that most of the mass loss occurs in a small
temperature interval. This mass loss can be associated to the damage of the
microcapsule shell and the sudden release of the PCM core. This spike was observed
also on the repeated measurements and in previous works on the same PCM, but it is
not observed in any of the EP-MCx sample, as the presence of the surrounding matrix
may modify the heat transfer and the mass loss rate. In these samples, the
degradation of the EP phase and the MC happen in a relatively narrow temperature
interval, which makes it difficult to separate the degradation steps and employ them to
evaluate the weight composition of the samples. Finally, the peak derivative
temperature T, is only marginally affected by the MC content, which implies that the
MC addition does not impair the thermal degradation resistance of the EP phase.

Table V - 16. Results of TGA tests on the samples EP and EP-MCx (x = 10, 20, 30, 40, 50).

Sample Ty, (°C) T34, (°C)  Tsy (°C) T, (°C) m, (%)
EP 2136 325.0 351.8 3788 5.99
EP-MC10 199.2 293.8 325.2 390.3 6.50
EP-MC20 201.4 294.7 324.4 370.0 5.40
EP-MC30 191.2 272.4 318.0 378.3 5.56
EP-MC40 189.1 239.5 294.9 379.8 5.55
EP-MC50 163.8 2411 299.3 386.0 5.18
MC 184.8 2336 299.7 465.8 0.46

Ty, = temperature corresponding to a mass loss of 1 wt% (°C); Ty, = temperature corresponding to a mass
loss of 3 wt% (°C); Tsy, = temperature corresponding to a mass loss of 5 wt% (°C); T, = degradation
temperature, corresponding to the peak of the mass loss derivative (°C); m,. = residual mass at 700 °C (%).

The thermal imaging test, although simple, was able to give immediate
information on the thermal management capability of the prepared EP-MCx samples.
The results of this characterization for some compositions are displayed in Figure V -
19(a-b). Figure V - 19a reports some thermographic images acquired during the tests,
while Figure V - 19b shows the trends of surface temperature (measured in the center
of the specimen) as a function of time after extraction from the oven. For the neat EP
sample, the temperature decreases quickly, while in the samples containing MC the
temperature exhibits a plateau-like trend, due to the heat released during
crystallization of the PCM. This effect delays the cooling to room temperature and is
increasingly evident with an increase in the MC weight fraction, as also appreciable
from the reported thermographic images (Figure V - 19a). For example, the sample
EP takes 11.9 minutes to reach 35 °C, while almost 35.0 minutes are needed for the
sample EP-MC20 and 48.5 minutes for the sample EP-MC40, with an increase of
194 % and 307 %, respectively.
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Figure V - 19. Results of the thermal imaging camera tests on the EP and EP-MCx (x = 20,
30, 40) samples. (a) Selected thermography images acquired during the test. (b) Values of
surface temperature as a function of the cooling time.

The results of the Hot Disk test are reported in Table V - 17. The thermal
conductivity of the neat epoxy resin is 0.222 W/mK; in good agreement with literature
data (Fu et al., 2014), and it increases slightly but significantly with the MC loading.
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Table V - 17. Results of the Hot Disk tests on the EP and EP-MCx (x = 20, 30, 40) samples.

Sample A (WimK) a (mm?/s) cp (MIIm’K)
EP 0.222 +0.003 0.156 + 0.009 1.55+0.07
EP-MC20 0.242 +0.002 0.170 + 0.003 1.52 +0.02
EP-MC30 0.257 + 0.002 0.173 £ 0.006 1.54 +0.04
EP-MC40 0.267 +0.002 0.156 + 0.004 1.55+£0.03

A = thermal conductivity (W/mK); e = thermal diffusivity (mm?/s); cp = specific heat capacity (MJ/m3K).

This was found also for other epoxy-based systems filled with
microencapsulated PCM in the solid state and/or approaching the melting transition
(Su et al., 2011b), even when the shell was not made of a highly conductive metallic
or ceramic material. On the other hand, the values of thermal diffusivity and specific
heat capacity do not follow a trend with the MC content. However, it is well known that
these values are not as reliable as the thermal conductivity when measured with a Hot
Disk Thermal Constant Analyzer.

Although the scientific literature reports many experimental, theoretical and
numerical studies on the thermal conductivity of two-phase polymer composites, little
has been done to investigate the thermal conductivity of polymers filled with core-shell
particles. Felske (Felske, 2004) developed a model to predict the thermal conductivity
(4) of a non-diluted composite (volume fraction of filler does not tend to zero) filled
with core-shell particles, as a function of the conductivity of the matrix (4,,,), particle
shell (4s) and particle core (4,), the filler volume fraction (9y;), and the ratio between
the outer and the inner particle radius (6). The model describes the behavior of the
relative thermal conductivity of the composite (4,.), defined as the ratio between the
conductivity of the composite and that of the matrix. The model is reported in Equations
(V-1),(V-2),(V-3)as

A 2(1=9p) + (14 29)(B/A)

= — = V-1
A A (2494) + (1 —9)(B/A) V-1
where
A=1+4263—1 =6/ A) (V-2)
3 _ _ S3
B=(2+5MC 2(1 =634, V-3

A

More recently, Pal (Pal, 2008) pointed out that the model described in Equation
(V - 1) succeeds in predicting the thermal conductivity of a composite only when 9;
is less than approx. 0.2, while it is less accurate when ¥;; approaches Jp,q,, Where
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Imax 1S the maximum packing volume fraction. Therefore, Pal proposed a new model
that is illustrated in Equations (V - 4) and (V - 5) as

ﬁ — 1 _ l9fl _ﬁmax .
U)oy = (1 —ﬁmax) V-4

@+ 8% e Am) — 201 = 8%) (A /)
P =269 - - oD/

(V-5)

If, as in the present work, the particle shell is thin, and the shell material exhibits
a thermal conductivity of the same order of magnitude as the core and the surrounding
matrix (45 does not tend to <), then the value of & can be approximated to 1 and
Equation (V - 4) can be rewritten as the Equation (V - 6) as

_ﬁmax
(4)1/3M= (1_1919i) (V-6)

(Ae/ Pm) = A

The model described in Equation (V - 6) was used to fit the experimental data
of thermal conductivity. The value of 9,,,,, was fixed at 0.637, which is the maximum
packing volume fraction in the case of spherical particles (Pal, 2008). The value of 4,,
was put equal to the measured thermal conductivity of the neat epoxy, while 1, was
treated as a free parameter. The results of this analysis are reported in Figure V - 20.
The model is suitable to estimate the thermal conductivity of the prepared composites,
as the fitting converged with a value of RZ equal to 0.999. The value of the parameter
A, the thermal conductivity of the core material, resulted as (0.308 + 0.003) W/(mK),
which is in good agreement with literature data on paraffinic PCMs
(Rastgarkafshgarkolaei, 2014; Matias et al., 2018). These results prove that the Pal
model with the approximation of thin shell is suitable to predict the thermal conductivity
of these epoxy composites filled with core-shell paraffinic PCMs.
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Figure V - 20. Relative thermal conductivity of the prepared samples (4, as a function of
the MC volume fraction. Experimental data and fitting with the modified Pal model. The
fitting converged with a value of R? of 0.999. (1 = thermal conductivity of the EP-MCx
samples; 4, = thermal conductivity of the neat EP)

According to the model introduced by Pal (Pal, 2008) and the results presented
by Su et al. (Su et al., 2012), when interfacial debonding happens between the MC
and the epoxy matrix, then the model can be rewritten as the ratio A./4,, tended to
zero, as a considerable thermal resistance hinders the heat transfer between the
matrix and the particles. Therefore, the model can be rewritten as shown in Equation
(V-7):

/er(l_ 19fi) : (v-7)

Following Equation (V - 7), the overall thermal conductivity of the composite
should decrease with an increase in the MC fraction, but this is not the case with the
experimental results. The tests were made on as-produced undeformed samples, and
the results of the fitting implies that the condition of zero thermal resistance (and no
gaps at the interface) is closer to reality than the condition in which gaps are present.
This implies that the gaps at the interface observed on the SEM micrographs are not
generated during sample preparation (due to the different thermal expansion
coefficient of MC and epoxy during cooling after the post curing step, for example), but
are generated at higher deformation levels, during the specimen fracture. These
results agree with the modelling of the elastic modulus with the Lewis-Nielsen model,
presented in Section 5.3.2.5.
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5.3.25 Mechanical characterization

The results of the flexural tests are reported in Figure V - 21(a-b), which show
representative load-displacement curves and the trends of the flexural modulus,

strength and strain at break as a function of the MC weight fraction.

MC content (wt%)
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Figure V - 21. Results of the three-point bending tests on the EP and EP-MCx (x = 10, 20,
30, 40, 50) samples. (a) Representative load-displacement curves; (b) values of flexural
modulus, strength and strain at break as a function of the nominal MC weight content.

As already observed for MC-filled acrylic resin (see Subchapter 4.4), the elastic
modulus decreases with an increase in the MC content. The lowest value is measured

on the sample EP-MC50 and is equal to (0.87 + 0.02) GPa, which implies a decrease
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of 68.7 % compared to the neat EP resin, exhibiting a modulus of (2.78 + 0.21) GPa.
The flexural strength is also negatively affected by the MC addition, as it decreases
from (112 £ 15) MPa of the neat EP to (28 £ 2) MPa of the sample EP-MC50. This is
probably associated to the lower stiffness and strength of the MC phase compared to
EP, as well as to a non-optimal adhesion with the matrix. On the other hand, the strain
at break is less affected by the MC fraction.

Similar comments can be made for the results of the quasi-static tensile tests,
reported in Figure V - 22(a-b). Also in this case, the mechanical properties are
negatively affected by an increase in the MC fraction. The experimental data of elastic
modulus were fitted with the Halpin-Tsai model, a useful tool to predict the stiffness of
a composite containing a particulate filler (Halpin and Kardos, 1976; Shokrieh and
Moshrefzadeh-Sani, 2016). According to the Halpin-Tsai model, the modulus of the
composites (E) can be computed through the Equation (V - 8) as

_ 1+ {T]ﬁﬁ

= E V-8
1_n19fl m» ( )

where E,, is the elastic modulus of the matrix, J; is the filler volume fraction, ¢ is the
shape factor of the filler, equal to 2 in the case of spherical particles, and 1 can be
computed through Equation (V - 9) as

Ef
e

anf ) (V-g)
CRa

where Er = E is the elastic modulus of the filler (the MC phase).

Considering an estimation of the value of E, it depends on the elastic moduli
of the shell and the core. Since the shell is a thin membrane with a thickness of approx.
150 nm, if an average particle diameter of 20 um is considered, the shell accounts for
only 4.5 % of the total MC volume. Since also the shell is polymeric (melamine-
formaldehyde resin), it is reasonable to suppose that its elastic modulus is of the same
order of magnitude of the epoxy resin and the paraffinic core, and not orders of
magnitude grater as if it was made of a ceramic or metallic material.
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Figure V - 22. Results of the quasi-static tensile tests on the samples EP and EP-MCx (x =
10, 20, 30, 40, 50). (a) Representative stress-strain curves; (b) values of tensile modulus,
strength and strain at break as a function of the nominal MC weight content.

Therefore, the shell contribution to the total elastic modulus can be in first
approximation neglected. The elastic modulus of a solid paraffin wax with a melting
temperature of approx. 50 °C is in the range of 150-250 MPa (DeSain et al., 2009),
therefore a tentative value of 200 MPa was put in the model as Ey, and the results of
this evaluation are reported in Figure V - 23a. The model succeeds in predicting the
elastic modulus for low MC volume fraction, but it tends to overestimate the
experimental results above a MC content of 20 vol%. A more accurate fit is found if

the value of Ey is put equal to 0.028 GPa. This value was found in a previous work
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from our group on PCM-enhanced thermoplastic polyurethane (TPU) blends (Dorigato
etal., 2018). In that work, the employed microcapsules had a liquid core, as the melting
temperature of the paraffin applied in that work was below room temperature. It is also
interesting to observe that the results of the model would not be considerably different
if Eyc is put equal to 0 GPa, which would result if the filler behaved mechanically like
spherical porosity.

The effect of the adhesion between the epoxy matrix and the MC shell can be
taken into account by applying the Lewis-Nielsen model (Lewis and Nielsen, 1970;
Giannakopoulos et al., 2010), reported in Equation (V - 10) as

14 (kg = 1By

E,,, (V-10)
1 — Budy "

where kg, is the generalized Einstein coefficient, 9y; is the filler volume fraction, E,;,
is the modulus of the matrix, and 8 and p are coefficients defined through Equations
(V-11) and (V - 12), respectively, as

E _
E
p=7"-, (vV-11)
ot (k= 1)
Em
1—19¢
u=1+ ) I [ﬁmaxﬁfi +(1- 19max)(1 - 19fi)]' (V-12)
max

where Ep=E) is the elastic modulus of the filler (the MC phase) and ¥, is the
maximum volume fraction. The value of k; depends on the filler-matrix adhesion.
According to Nielsen and Landel (Nielsen and Landel, 1994), for a matrix with a
Poisson’s ratio of 0.5 containing dispersed spheres, k assumes the value 2.5 if there
is no slippage at the interface and 1.0 if there is slippage, but kj is decreased if the
Poisson’s ratio of the matrix is lower than 0.5. The literature value for the Poisson’s
ratio of epoxy resins is 0.30-0.35, so a value of 0.35 was selected here, following also
what reported elsewhere in the literature for particulate-filled epoxy composites
(Giannakopoulos et al., 2010; Chaudhary et al., 2015), so values of kg are reduced
by a factor of 0.867. Hence, ky = 2.167 if there is no slippage and kg = 0.867 if there
is slippage (Nielsen and Landel, 1994). Both values were used to fit the data and the
results are reported in Figure V - 23b. For the case with kg = 2.167, the value of Ey¢
was alternatively set to 0.200 GPa or 0.028 GPa.
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Figure V - 23. Application of theoretical models to the values of tensile modulus of the EP

and EP-MCx (x = 10, 20, 30, 40, 50) samples. (a) Halpin-Tsai model; (b) Lewis-Nielsen
model.

The model with k5 = 2.167 results in a good fitting of the experimental data
when E);-=0.200 GPa and slightly underestimates the data when Ey,-= 0.028 GPa,
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although the two trends do not differ remarkably. On the other hand, the model with
the hypothesis of slippage (kz = 0.867) largely underestimates the data and fails in
fitting the experimental results. This suggests that the hypothesis of no slippage is
closer to the experimental data, thus the adhesion is good, there are no evident gaps
at the interface and the interphase is able to transfer load from the matrix to the fillers,
at least at zero or low deformation levels where the elastic modulus is calculated.
These consideration agree with those made for the thermal conductivity results.

On the other hand, considering the data of tensile strength, they were fitted with
two theoretical models that both take into account the adhesion and interfacial
properties intended as the capability of the interface to transfer load from the matrix to
the fillers. The selected model were that proposed by Nicolais-Narkis and that
developed by Pukanszky. The model of Nicolais-Narkis is reported in Equation (V -
13) as

Omaxe _ 4 _ K (9)%/3 (V-13)
OMAX,m
where oy ax - and oy ax ., are the tensile strength of the composite and the matrix,
respectively, ¥;is the filler volume fraction and K is a parameter that takes into
account the interfacial adhesion between the filler and the matrix and assumes a
maximum value of 1.21 for a scarce adhesion. The model of Pukanszky is reported in
Equation (V - 14) as
Omaxe _ 1= B9
Omaxm 1+ 2.59

(V-14)

where oy ax ¢ Omax,m, and ¢$f assume the same meanings as for Equation (V - 13),

and B is an empirical parameter that considers the load-transfer capability of the
interphase.

The experimental data of tensile strength were fitted with both models with
either K or B as free parameters. The results of the fitting are reported in Figure V -
24. The model of Nicolais-Narkis converged (R? = 0.992) with a value of K equal to
1.21, which evidenced a scarce capsule-matrix interfacial adhesion. Analogous results
emerged from the fitting with the Pukanszky model, which converged with a value of
R20f 0.993 and a coefficient B equal to 0.272. This value of B indicates an interphase
with low mechanical properties that, although able to transfer load between the matrix
and the fillers, is a weak point in the composite.
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Figure V - 24, Application of Nicolais-Narkis and Pukanszky models to the values of tensile
strength of the EP and EP-MCx (x = 10, 20, 30, 40, 50) samples.

The prepared composites were also investigated trough a Charpy impact tests,
and the results of this characterization are reported in Figure V - 25(a-b). Also in this
case, the MC addition impairs the mechanical properties of the composites, as both
the absorbed total specific energy and the maximum load decrease noticeably with an
increase in the MC fraction. For example, the total specific energy decreases from
6.37 kd/m?2 of the neat EP sample to 1.21 kJ/m2 of the sample EP-MC30 and 0.87
kd/mZ of the sample EP-MC50, with a decrease of 81 % and 86 %, respectively. This
effect is another consequence of the embrittlement and the defectiveness brought by
MC insertion.

Lastly, the results of the fracture toughness test are reported in Figure V - 26
and in Table V - 18. It is important to point out that, for all the specimens considered
in the calculation, both the condition expressed in Equation (IIl — 16) and the condition

Pax/Po < 1.1 were always verified, as recommended by the ASTM standard.
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Figure V - 25. Results of the Charpy impact tests on the EP and EP-MCx (x = 10, 20, 30, 40,
50) samples. (a) Representative load-time curves; (b) values of total specific energy
(kJ/m2) and maximum force (N) as a function of the nominal MC weight fraction.

The values of fracture toughness K are negatively affected by an increase in
the MC weight fraction. The decreases are not statistically significant for a capsule
weight fraction of up to 20 %, while the decrease becomes significant for MC contents
of 30 wt% and above. For example, the value of K;. is 1.28 + 0.34 MPa-m"2 for EP
but decreases to 1.11 £ 0.10 MPa-m"2 for EP-MC20 and 0.57 + 0.04 MPa-m"? for
EP-MC50. In a similar way, the value of G slightly increases up to 20 wt% of MC,
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and then decreases with a further increase in the MC content. The value of G,
increases from 400 + 158 J/m? of the neat EP to 634 + 42 J/m? of the sample EP-
MC20, with an increase for the mean value of 58.5 %.

—EP

- = EP-MC10

- = +EP-MC20

= =EP-MC30
EP-MC40

---- EP-MC50

load (N)

______

T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
displacement (mm)

Figure V - 26. Representative load-displacement curves obtained during the fracture
toughness tests on the EP and EP-MCx (x = 10, 20, 30, 40, 50) samples.

MC addition modifies also the behavior of the material during the test. The
compositions with up to 20 wt% of MC fail suddenly and break in two pieces after
reaching the maximum load, whereas the formulations with an MC content above
30 wt% absorb a significant amount of energy also after the maximum load. This can
be quantified through the parameter E,,/E;, which is the ratio between the energy
absorbed after the maximum load (E,, propagation energy) and that absorbed before
the maximum load (E;, initiation energy), reported in Table V - 18. This parameter
increases considerably with MC addition, especially for an MC content above 30 wt%,
and is probably due to the crushing and deformation of the capsules that collapse onto
each other. Although the maximum load and thus the value of K, decrease with an
increase in the MC content, the ability of the material to absorb a non-negligible
amount of energy during crack propagation helps slow crack advancement, thus
making the material somewhat more reliable.
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Table V - 18. Results of the fracture toughness tests on the EP and EP-MCx (x = 10, 20, 30,
40, 50) samples.

Sample K¢ (MPa-m'?) E,/E; (%) Gic (JIm?)
EP 1.28 +0.34 43+10 400 + 158
EP-MC10 0.95 +0.12 4417 404 +£72
EP-MC20 1.11+0.10 36+0.1 634 + 42
EP-MC30 0.77 £ 0.10 50.7 + 11.6 417 +£102
EP-MC40 0.64 +0.07 61.9+6.2 333+23
EP-MC50 0.57 +0.04 775+32 269 + 25

K¢ =mode | fracture toughness (MPa-m'?); E,, / E; = ratio between the energy absorbed after the maximum
load (Ey,, propagation energy) and the energy absorbed before the maximum load (E;, initiation energy).

5.3.3 Conclusions

This Subchapter reported a detailed thermal and mechanical characterization
of epoxy samples filled with microencapsulated paraffin. Brookfield viscosity tests
evidenced that the MC addition strongly increases the viscosity of the resin/hardener
mixtures, thereby decreasing their processability and making the degassing and
casting steps more difficult. This caused an increase in porosity with the MC content,
as evidenced by density measurements and SEM microscopy.

The microstructural characterization also highlighted that the MC phase is
uniformly distributed in the matrix and that the adhesion between the matrix and the
MC shell is not optimal. This was at the basis of the considerable decrease in the
mechanical strength of the prepared samples, as also demonstrated by the fitting of
the experimental data with the models of Nicolais-Narkis and Pukanszky, both of which
evidenced scarce adhesion and considerable interphase weakness. The Halpin-Tsai
model was used to predict the tensile elastic modulus of the composites. When
employing a filler modulus of 0.2 GPa, which is that of a solid paraffin wax, the
Halpin-Tsai model resulted in a slight overestimation of the experimental data for a
high MC concentration (above 30 wt%), while a much more accurate prediction
resulted when employing a filler modulus of 0 GPa (porosity) or 0.028 GPa (found in
a previous work for microcapsules containing a liquid PCM). The modelling of the
elastic modulus with the Lewis-Nielsen approach evidenced that, at low deformations,
the interfacial interaction between fillers and matrix is good, and this also agrees with
the data of thermal conductivity, which resulted in excellent agreement with the Pal
model calculated considering no gaps at the interface. The fitting of the thermal
conductivity data also allowed estimating the thermal conductivity of the MC phase as
0.308 £ 0.003 W/mK, in good accordance with data from the literature. The fracture
mechanics experiments also evidenced that an increase in MC content causes a
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decrease in fracture toughness, but above an MC fraction of 30 wt% the material
absorbs a considerable amount of energy also after the maximum load. In this
perspective, the sample EP-MC30 can be considered the most promising composition,
as it shows good TES capability, but also reasonably low porosity, acceptable
mechanical properties and an interesting behavior in fracture propagation tests.

The thermal characterization evidenced that the phase change enthalpy of the
prepared composites was proportional to the MC weight fraction, which indicated that
the processing parameters were mild enough to preserve the MC integrity and avoid
PCM degradation. Further assessment of the thermal management capability of the
prepared samples was made through a test with a thermal camera, which evidenced
that the heat released during PCM crystallization slows down the cooling of the
material considerably. The presented characterization contributes to shed light on the
impact of adding a core-shell PCM to an epoxy matrix and paves the way for using
such systems in applications of thermal energy storage and temperature
management. The comparison between these results and those reported in
Subchapter 5.2 evidences the superiority of a microencapsulated PCM compared to a
shape-stabilized one when embedded in an epoxy resin, in terms of thermal resistance
and final TES capability.

The two following Subchapters describe the use of the presented epoxy/MC
systems in combination with continuous (Subchapter 5.4) or discontinuous milled
(Subchapter 5.5) carbon fibers.

5.4 Unidirectional carbon fiber/epoxy laminates
containing PCM microcapsules

The previous Chapter illustrated the effect of the additon of a
microencapsulated PCM on the microstructural, thermal and mechanical properties of
an epoxy resin. In the present Chapter, those PCM/epoxy mixtures are used as
matrices to fabricate unidirectional carbon-fiber composites. The aim of this Chapter
is to understand the impact of the addition of PCM microcapsules on the
thermo-mechanical behavior of these composites and to highlight the differences
compared to the bidirectional carbon fiber fabric used so far, in terms of processing,
final properties and ability to accommodate the PCM.

54.1 Materials and methods

The present Section lists the materials used to fabricate these samples, and
then it describes in detail the techniques for the preparation of the same. It
subsequently lists all the characterization techniques applied on these samples. Since

the materials and the characterization techniques have been already detailed in
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Chapter I, this section will specify only the experimental parameters that are specific
of this Subchapter.

54.1.1 Materials

Table V - 19 lists the materials used for the preparation of these samples
(please refer to Section 3.2.4 for more details).

Table V - 19. Materials employed in Subchapter 5.4.

Phase Label Material

Polymer matrix EP Epoxy resin

Reinforcement CFu Unidirectional carbon fiber fabric
PCM MC Paraffin microcapsules

5.4.1.2 Sample preparation

The epoxy base and the hardener were mixed at room temperature at a weight ratio
of 100:30, as suggested by the producer, and magnetically stirred at 500 rpm for 5
min. The MC phase was then added at different weight concentrations (20 wt%,
30 wt% or 40 wt%), and the resulting mixture was vigorously stirred to obtain a
homogeneous dispersion of the microcapsules in the resin. These mixtures were used
as matrices to prepare laminates via a wet lay-up technique. Eight plies were stacked
together, and the resulting laminates had an in-plane area of 130x200 mm2. The
laminates were vacuum-bagged, left to cure at room temperature for 24 h and
post-cured in an oven at 100 °C for 10 h. A carbon fiber/epoxy laminate without MC
was prepared with the same procedure for comparison. The same procedure was
applied to produce additional laminates made of 16 laminae. In such laminates, a PET
film with a thickness of 26 um and half the in-plane area of the laminates was placed
in the mid plane to generate a pre-crack, necessary for the sample preparation of the
mode | fracture toughness tests. Table V - 20 displays the list of prepared laminates,
with the nominal weight fractions of constituents and the average thickness. The
composites were denoted as EP-MCx-CFu, where x represents the initial weight
percentage of MC on the total mass of the matrix. As mentioned before, x assumes
the values of 20, 30 and 40. From the thicker laminates, labelled “B”, specimens were
cut for the sole tests of mode | fracture toughness and short-beam shear strength. Al
the other mechanical and dynamic-mechanical tests were performed on the thinner
laminates, labelled “A”.
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Table V - 20. List of the prepared EP-MCx-CFu laminates with nominal compositions. The
matrices were labelled as in Subchapter 5.3.

. Number of PET film Thickness

Sample Matrix .
laminae (y/n) (mm)

EP-CFu-A EP 8 n 1.33+0.03
EP-MC20-CFu-A EP-MC20 8 n 2.00 £0.05
EP-MC30-CFu-A EP-MC30 8 n 2.13£0.03
EP-MC40-CFu-A EP-MC40 8 n 242 £0.07
EP-CFu-B EP 16 y 3.00+0.17
EP-MC20-CFu-B EP-MC20 16 y 471+£0.19
EP-MC30-CFu-B EP-MC30 16 y 4.84 +0.04
EP-MC40-CFu-B EP-MC40 16 y 558 +0.13

5.4.1.3 Characterization

The prepared samples were investigated through the characterization
techniques listed in Table V - 21 together with the experimental parameters applied
specifically on these samples (see Subchapter 3.3 for the full description of the
characterization parameters and specimen preparation).

Table V - 21. Characterization techniques and experimental parameters applied on the

samples EP-MCx-CFu.

Technique Specific experimental parameters

SEM Cryofracture surface; Instrument Zeiss Supra 60 FE-SEM

Optical microscope Polished cross section

Pycnometry As described in Section 3.3.2.1

DSC Temperature interval -20-120 °C

TGA Mettler TG50 thermobalance; specimen mass 20-25 mg

DMA Single-frequency scans; multifrequency scans;
heating/cooling cycles

LFA As described in Section 3.3.3.4

Thermal camera imaging

As described in Section 3.3.3.3

Quasi-static tensile test

Elastic modulus; as described in Section 3.3.5.1

Flexural test

As described in Section 3.3.5.2

Mode | fracture toughness

As described in Section 3.3.5.4
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5.4.2 Results and discussion

The optical microscope (OM) images of the polished cross sections of the
laminates are shown in Figure V - 27. The neat EP-CFu laminate (Figure V - 27a)
shows fibers homogeneously distributed in the laminate thickness, without evident
matrix-rich zones. The porosity present in this laminate derives from the hand lay-up
technique and is evident also in the other compositions. As already reported for
bidirectional carbon fiber composites containing MC (See Subchapter 4.4), the PCM
phase is preferentially distributed in the interlaminar region and not among the fibers
of the same tow. Moreover, the thickness of the interlaminar region increases with the
initial MC fraction in the epoxy, which causes an overall increase in the laminate
thickness and a decrease in the fiber volume fraction.

Figure V - 27. Optical microscope micrographs of the polished cross section of the
laminates EP-MCx-CFu-A. (a) EP-CFu-A; (b) EP-MC20-CFu-A; (c) EP-MC30-CFu-A; (d) EP-
MC40-CFu-A.

Figure V - 28 shows representative DSC thermograms of the laminates
EP-MCx-CFu-A, while the main DSC results for all the prepared laminates (types A
and B) are summarized in Table V - 22. The thermograms of the type B laminates are
not reported for the sake of brevity, as they are qualitatively similar to those reported
for the type A laminates. As already shown for the EP-MCx samples described in

237



Subchapter 5.3, all samples exhibit glass transition at approx. 100 °C, while the
samples containing MC also show endo-/exothermic peaks at the PCM phase change.
The glass transition slightly increases with the MC loading, while the increase in
melting temperature and the decrease in crystallization temperature are probably
linked to a decrease in the thermal diffusivity and conductivity of the samples, as
confirmed by the results of the LFA analysis presented hereafter. However, the melting
and crystallization temperature intervals are not heavily affected by the composition of
the laminate, which indicates that the working temperature interval does not change
with the MC content.
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Figure V - 28. Representative DSC thermograms of laminates EP-MCx-CFu-A. First heating
scan and cooling scan.

The phase change enthalpy also increases with the MC loading, up to 48.7 J/g
for the sample EP-MC40-CFu-A. While preparing the laminates, the nominal and
experimental weight fractions of MC in the initial EP/MC mixtures were known, but the
MC weight fraction in the laminates is also influenced by the resultant weight fraction
of fibers and matrix, which is affected by the matrix viscosity that in turn depends on
the starting MC loading, if the processing conditions (applied pressure) are not
modified. As in the case of the Elium-based laminates reported in Subchapter 4.4,
since the nominal MC weight fraction in the laminates is not known a priori, it is not
possible to calculate a relative melting enthalpy (AHZE). However, an experimental
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MC weight fraction can be still calculated from the values of phase change enthalpy
measured with DSC, by dividing the melting enthalpy measured on the laminates by
that measured on the neat MC. This can be done by assuming that the MC maintain
their energy storage efficiency also after the lamination process, which is a reasonable
hypothesis considering the results of the characterization of the EP-MCx samples
(Subchapter 5.3). These values of experimental MC weight fraction (wp) are
reported in Table V - 22 with the other DSC results. The MC weight fraction increases
with the initial MC loading in the epoxy mixture and spans from 13.2 wt% to 22.0 wt%,
without remarkable differences between the type A and type B laminates, which
indicates that the final MC loading is not significantly influenced by the number of
layers in the laminate.

Table V - 22. Results of the DSC tests on the laminates EP-MCx-CFu-A and EP-MCx-CFu-
B (first heating scan and cooling scan).

T T AH T AH ®
Sample R I I W )
MC - 46.5 221.7 27.6 2235 100
EP-CFu-A 87.1 - - - - 0
EP-MC20-CFu-A 89.0 45.4 29.3 27.0 29.8 13.2
EP-MC30-CFu-A 95.9 478 40.3 255 40.2 18.2
EP-MC40-CFu-A 93.4 48.2 48.7 24.9 48.7 22.0
EP-CFu-B 84.7 - - - - 0
EP-MC20-CFu-B 90.5 49.2 30.6 23.8 30.5 138
EP-MC30-CFu-B 93.1 51.0 420 21.9 419 19.0
EP-MC40-CFu-B 94.2 53.7 475 19.4 471 214

T, = glass transition temperature of the epoxy phase (°C); T,,, = melting temperature of the PCM (°C); AH,, =
PCM melting enthalpy (J/g); T, = crystallization temperature of the PCM (°C); AH, = PCM crystallization
enthalpy (J/g); wp = experimental capsule weight fraction calculated from the measured melting enthalpy
(Wt%).

The effective fiber weight fraction of the laminates was then investigated
through TGA, which was also useful to assess their thermal stability. The results of
this characterization are reported in Figure V - 29 and Table V - 23. All the tested
samples present a single degradation step, which represents the degradation of the
epoxy and MC phases and is observable as a single peak also in the signal of the
mass loss derivative. The residual mass after the test (m,.) allowed the calculation of
the fiber weight fraction, which was computed by considering the residual mass of the
EP/MC systems determined in Subchapter 5.3 and that of the employed carbon fibers
that resulted as 96.0 wt%.
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Figure V - 29. TGA thermograms of the laminates EP-MCx-CFu-A and EP-MCx-CFu-B.
Residual mass and mass loss derivative as a function of temperature.

The weight fractions of carbon fibers calculated from these results (wy rg4) are
reported in Table V - 23. It decreases with an increase in the MC loading and it is lower
for the type B laminates, which indicates that the flow of the matrix out of the CF fabric
is hindered by the increase in the laminate thickness and by the viscosity increase
determined by the MC addition. wsrg4 ranges from 71.5 wt% of the sample
EP-CFu-A to 41.8 wt% for the sample EP-MC40-CFu-B, and the decrease does not
follow a linear trend with the MC content. As the TGA is performed on specimens of
few milligrams, the test was repeated on at least three specimens and the standard
deviation never overcame 1.5 wt%. The lower fiber content and the consequent higher
epoxy and MC weight fraction are probably at the basis of the decreased thermal
stability of the laminates with the highest MC loading, as can be appreciated from the
lower values of Ty, T34, and Tsq,. On the other hand, the degradation interval is not
remarkably affected by the composition of the laminate, and the lowest degradation
peak temperature is 387.6 °C, which is 14 °C lower than that of the laminate EP-CFu-
A. In all cases, the thermal degradation is far below the operative temperature interval
for which these materials are intended.

A comment shall be made on the degradation behavior in TGA of the carbon
fibers used in this Chapter, for which the residual mass is 96.0 wt%, with a mass loss
of 4.0 wt%. For the other continuous carbon fibers object of this thesis (the bidirectional
carbon fiber fabric labelled CF), the mass loss in TGA performed in inert atmosphere
resulted as approx. 99 wt%, with a mass loss of less than 1 wt% attributed to the sizing
agent. This implies that the fraction of organic degradable phase over these CFu is
not negligible and claimed a deeper investigation of their surface. Such investigation,
performed with SEM (not reported for the sake of brevity), revealed a certain amount

240



of organic residues on the fiber surface, which could explain the degradation behavior;
in fact, this residues were not anymore present on the surface of the fibers after TGA.
This surface state could not only influence the mechanical properties of the fibers, but
also impair the adhesion with the host matrix and thus the mechanical performance of
the final composite. However, the aim of this work is to study the effect of the
introduction of microcapsules in a host unidirectional composite and make a
comparison between the neat epoxy/carbon laminate and those containing MC.
Therefore, the fibers were used as received and the properties of the MC-containing
laminates were compared to those measured on the neat laminate without MC.

Table V - 23. Results of the TGA tests on the laminates EP-MCx-CFu-A and EP-MCx-CFu-
B (first heating scan and cooling scan).

Ty T3y, Tsy, Ty m, WrTGA
Sample (°C) () (C)  (C) (%) (wt%)
EP-CFu-A 3105 358.1 368.9 401.2 70.6 715
EP-MC20-CFu-A 199.2 307.6 330.2 388.1 53.2 526
EP-MC30-CFu-A 207.3 3011 3284 387.2 519 51.0
EP-MC40-CFu-A 226.4 307.6 3334 387.6 50.9 50.0
EP-CFu-B 301.3 357.5 365.5 397.2 67.0 67.5
EP-MC20-CFu-B 237.6 3104 3305 390.3 50.6 496
EP-MC30-CFu-B 215.3 306.6 329.5 388.2 48.4 472
EP-MC40-CFu-B 192.5 282.6 323.6 387.6 436 418

T19, T30, T50,,= temperature corresponding to a mass loss of 1 %, 3%, 5%; T, = temperature of the maximum
degradation kinetics (peak of the mass loss derivative); m,. = residual mass; wy 14 = weight fraction of carbon
fibers determined from the TGA residual mass.

The DSC and TGA data allowed the calculation of the weight fractions of MC
and CFu in the laminates, respectively. These data, summarized in Table V - 24,
allowed the calculation of the theoretical density (p;;,) of the laminates, by knowing
the density of the microcapsules (0.923 + 0.002 g/cm3), of the CFu (1.633 + 0.027
g/lcm3) and of the EP phase (1.158 £ 0.002 g/cm?), all measured via helium
pycnometry. It is worth noticing that the density measured for the fibers is lower than
that indicated on the producer’s datasheet (1.75-1.80 g/cm3), which matches the
values of density for carbon fibers generally reported in the literature. This could
partially be attributed to the organic residues on the fiber surface.

The same technique was employed to measure the experimental density (0,;)
of the prepared laminates, also reported in Table V - 24. The comparison between p,,
and p,,, allowed the calculation of the porosity, and then of the volume fraction of the
fibers, the microcapsules and the EP phase. As already reported elsewhere in this
thesis, the fiber volume fraction and the MC volume fraction follow opposite trends.
This is mainly due to the viscosity increase of the EP/MC mixtures, which reduces the
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matrix flow out of the carbon fabric during the vacuum bag process. For the same initial
MC fraction, the fiber volume fraction decreases with an increase in the laminate
thickness, as it is lower for the laminates type B than for the type A. On the other hand,
this parameter does not heavily influence the volume fraction of MC. It can be also
observed that the experimental MC weight fraction in the matrix mc/(Mc + EP) is
almost everywhere higher than the initial nominal one, equal to 0, 20, 30 or 40 wt%.
This implies that during the vacuum bagging operations the EP phase flows out of the
CFu fabric more easily than the microcapsules, thereby increasing the resulting MC
concentration with respect to the total matrix faction.

The porosity (9,,) also increases with the MC concentration, which is once again
linked to the increased matrix viscosity, but is not remarkably different for the laminates
type A and type B.

Table V - 24. Theoretical density, experimental density, and compositions of the laminates
EP-MCx-CFu.

McC
Sample o M (Cw:“/‘)g P (97::13) (52:3) (vgﬁﬁ,) (ng{’A;) (fo”fi)
EP-CFu-A 7.5 0 0 1.462 1.428 2.31 62.5 0.0
EP-MC20-CFu-A 52.6 13.2 278 1.315 1.226 6.78 39.4 175
EP-MC30-CFu-A 51.0 18.2 3741 1.290 1.223 5.14 38.2 241
EP-MC40-CFu-A 50.0 22.0 440 1.272 1.163 8.53 35.6 217
EP-CFu-B 67.5 0 0 1.441 1.423 1.25 58.8 0.0
EP-MC20-CFu-B 49.6 13.8 274 1.300 1.236 4.90 376 18.5
EP-MC30-CFu-B 472 19.0 36.0 1.271 1.225 3.68 35.4 251
EP-MC40-CFu-B 418 214 36.8 1.241 1.140 8.14 29.2 26.5

pen = theoretical density; p,.,, = experimental density measured via pycnometry; wy g4 = fiber weight
fraction determined through TGA; wy,c = MC weight fraction determined via DSC; 9, = porosity; 9y = fiber
volume fraction; 9y, = MC volume fraction.

Although the DSC test is the main characterization technique that gives quantitative
information on the heat absorption and release in a certain temperature range, it has
the limitation of being performed on samples of few milligrams. Therefore, to study
the thermal management properties of the prepared laminates on a slightly bigger
scale, a simple yet effective test was performed with thermal imaging techniques
also on these samples. For the laminates described in this Subchapter, this test was
performed both on heating and on cooling stages. For the tests on heating ramp, an
oven was heated up to 70 °C, then the laminates were inserted in the oven one by
one and their surface temperature was recorded with a thermal camera while the
laminates were heating up to equilibrate their temperature to that of the oven. For the
tests on cooling ramp, the laminates were first heated in an oven at 70 °C, then
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taken out and left cooling to room temperature, while their surface temperature was
measured with a thermal camera.

Figure V - 30 reports the values of temperature as a function of time during both
the heating and the cooling stages. As observed for other PCM-containing laminates,
the temperature trend shows plateau-like regions, caused by the latent heat absorbed
during melting and released during crystallization of the PCM, and this phenomenon
causes a remarkable increase in the temperature needed to reach that of the
surrounding environment.

Also for these samples, It should be noticed that the rate of heating/cooling is
dependent on the laminate mass, which varies as a consequence of the variation in
the matrix content. However, the observed plateau-like trends are a clear sign of the
variation in the thermal behavior of the laminates (and therefore of the thermal
management capability) as a function of the MC content.
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Figure V - 30. Results of the thermal camera imaging tests on the laminates
EP-MCx-CFu-A. Surface temperature of the laminates as a function of the testing time.

The results of the LFA test on the laminates EP-MCx-CFu-A are shown in Figure
V - 31. The thermal diffusivity of the neat EP-CFu-A decreases slightly with an increase
in temperature from 0.42 mm?2/s and 0.40 mm2/s and, while the specific heat capacity
and the thermal conductivity slightly increase with temperature. The thermal
conductivity varies in the range 0.61-0.63 W/mK. For the laminates containing MC, the
thermal diffusivity and thermal conductivity are lower than for the neat laminate
EP-CFu-A, which is in large part due to the lower fraction of carbon fibers and not to
the thermal conductivity of the MC phase, since it was observed that the thermal
conductivity of the epoxy/MC samples increases with the MC content (see Subchapter
5.3). On the other hand, the specific heat capacity increases with the MC content due
to the PCM phase change.

243



Il EP-CFu-A
087 B =P-MC20-CFu-A
E=1 EP-MC30-CFu-A
0.51 Il EP-MC40-CFu-A

thermal diffusivity a. (mm?/s)

specific heat ¢, (J/(g K))

©
o
n

o
o
!

o
3
!

I
~
1

o
w

thermal conductivity A (W/(m K))
o

35 45
temperature (°C)

Figure V - 31. Results of the LFA measurements on the laminates EP-MCx-CFu-A.

The following paragraph describes the results of the DMA characterization,
which comprises single-frequency, multifrequency and heating/cooling cyclic tests, all
performed in single cantilever mode. The results of the single-frequency scans are
illustrated in Figure V - 32(a-b) and Figure V - 33.
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Figure V - 32. Results of the single-frequency DMA tests on the laminates EP-MCx-CFu-A.
(a) storage modulus as a function of temperature, normalized to the value at the beginning

of the test (-20 °C); (b) value of E’ after PCM melting (60 °C) normalized to the value at 0
°C, as a function of the melting enthalpy, with the results of the linear fitting.

To facilitate the comparison among the samples, the values of E’ have been
normalized to the value at -20 °C. The storage modulus of the laminate EP-CFu-A
(Figure V - 32a) decreases with increasing temperature throughout all the investigated
temperature interval, but the decrease is particularly evident at the glass transition of
the epoxy phase, where the trends of E" and tand exhibit peaks (Figure V - 33).
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Figure V - 33. Results of the single-frequency DMA tests on the laminates EP-MCx-CFu-A.
Loss modulus and tand as a function of temperature.

In the MC-containing composites, two main steps are observable in the trend of
E’; the first at the paraffin melting, the second at the glass transition of the EP phase.
The drop of E’at the first step increases with the MC fraction. Interestingly, the
correlation between the drop amplitude and the MC weight fraction or the melting
enthalpy is linear, with R2 values of 0.998. The trends in Figure V - 33 were obtained
with a normalization to the value of E” at 0 °C, to facilitate the comparison with the
analysis performed on the laminates EL-MCx-CF described in Subchapter 4.4.
However, if a normalization is made to the initial value of E” at -20 °C, the slope of the
linear fitting and the value of R2would have resulted 89 + 3 J/g and 0.998, respectively.
These values are not significantly different from those reported in Figure V - 32b, which
indicates that the variation in E’ between -20 °C and 0 °C is negligible. The trends of
E" and tand show peaks in correspondence of the melting step. These peaks shift
to higher temperatures and their intensity increases with the PCM content.

As the structural TES composites must withstand repeated thermal cycles
around the phase change temperature of the PCM, the variation of the
dynamic-mechanical behavior was investigated not only on heating, but also on
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cooling, between -40 °C and 60 °C. The results of this analysis are reported in Figure
V - 34, which shows the trend of E’ in a heating-cooling-heating (h-c-h) scan
performed at 3 °C/min on the prepared laminates. To verify the behavior after the first
cycle and detect any first-cycle effects, two complete cycles (sequence h-c-h-c-h) were
performed on the laminate with the highest PCM content, i.e. EP-MC40-CFu-A.

E' decreases with increasing MC concentration and manifests a decreasing
step at the PCM melting, which is almost completely recovered on cooling, as it
reaches approx. 95% of the initial value. More specifically, this value is 99.6 % of the
initial value for the neat EP-CFu-A laminate, 94.4 % for the laminate EP-MC20-CFu-A,
946 % for the laminate EP-MC30-CFu-A, and 958 % for the laminate
EP-MC40-CFu-A (95.0 % of the initial value after the second cycle), similarly to what
reported for the Elium-based laminates described in Subchapter 4.4. Also the trends
of E" and tand (not reported) show similar features and behavior as those of the
Elium-based laminates.
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Figure V - 34. Cyclic DMA tests. Storage modulus as a function of temperature during the
thermal cycles.

Multifrequency DMA scans were performed to assess the effect of frequency on
the PCM melting and the glass transition of the matrix in the prepared composites.
The results of the laminates EP-CFu-A and EP-MC40-CFu-A are shown in Figure V -
35(a-b).
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Figure V - 35. Results on the DMA multifrequency scans on the samples EP-MCx-CFu-A.
Investigated frequencies: 0.3-1-3-10-30 Hz. (a) sample EP-CFu-A; (b) sample EP-MC30-
CFu-A. Investigated frequencies: 0.3-1-3-10-30 Hz.

For the composite EP-CFu-A, the frequency increase determines a shift of all
the parameters to higher temperatures; this effect, although present in the whole
investigated temperature range, is more evident at the glass transition of the EP
phase. For the composite EP-MC40-CFu-A (and for the other MC-containing
laminates) the frequency dependence is observable not only at the glass transition,
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but also at the PCM melting, and in this temperature range the frequency sensitivity is
higher below the peak temperature than above it, so when the PCM is almost
completely melted the frequency dependence weakens considerably, as observed for
the Elium-based laminates described in Subchapter 4.4.

These tests allowed the calculation of the activation energy of the glass
transition (E,) from the tand peak temperatures through the Arrhenius approach, as
described in Section 3.3.3.5. The results of this analysis are presented in Figure V -
36 and Table V - 25. E, generally increases with the MC concentration, which implies
that the glass transition is hindered by the presence of an increasing amount of fillers
(Palumbo et al., 1996; Park et al., 2005). Since the peaks of E" and tané at the PCM
melting also appear to depend on frequency, an attempt was made to apply the
Arrhenius approach to calculate the activation energy of this transition. The results of
this attempt are reported in Figure V - 36b. A linear correlation could be estimated for
the four lower frequency points, but the last point deviates considerably from the linear
trend, which makes the application of a precise linear regression difficult.
Nevertheless, this DMA investigation contributed to provide an interesting insight on
the use of DMA to study a melting phase change, as well as the effects of such
transition on the dynamic mechanical properties of the host laminate.
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Figure V - 36. Natural logarithm of frequency as a function of 1000/T (peaks of tané at the
glass transition (a) and at the paraffin melting (b)) for the samples EP-MCx-CFu-A.

Table V - 25. Results of the multifrequency DMA scans on the samples EP-MCx-CFu-A

EP-CFu- EP-MC20-CFu-A  EP-MC30-CFu-A EP-MC40-CFu-A
Sample A
E, (kd/mol) 365+ 14 395+9 434 £ 17 419+13
R? 0.996 0.998 0.995 0.997
E, = activation energy of the glass transition calculated from the tand peaks; R? = values of R? of the linear
regression.

The following paragraphs describe the results of the mechanical
characterization on the prepared laminates. Three techniques were applied, i.e.
quasi-static tensile tests, three-point bending tests and mode | interlaminar fracture
toughness tests. The results of the tensile tests are reported in Table V - 26, which
shows the values of tensile moduli in the fiber direction (longitudinal, E;) and in the
transversal direction (E;). E;, decreases with an increase in the MC fraction, which is
mostly due to the decrease in the fiber volume fraction. To separate the contribution
of the decrease in the fiber content to that of the change in the properties of the matrix
due to MC addition, a theoretical elastic modulus was calculated via the mixture rule
reported in Equation (V - 15):
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where E_; is the longitudinal modulus of the composite, E¢ and E,, are the moduli of
the fibers and the matrix, respectively, and J is the fiber volume fraction.

Table V - 26. Experimental longitudinal and transversal tensile moduli measured on the
laminates EP-MCx-CFu-A.

E; Er
Sample (GPa) (GPa)
EP-CFu-A 12+7 5706
EP-MC20-CFu-A 865 44+06
EP-MC30-CFu-A 72+7 3103
EP-MC40-CFu-A 66+ 2 3403

E; = longitudinal tensile modulus; E = transversal elastic modulus;

The calculation of the theoretical elastic modulus was performed as follows.
First, the experimental value of elastic modulus of the neat laminate EP-CFu-A was
used to calculate an experimental value of Ef via the mixture rule, by knowing 95
(from previous measurements) and E,,, (from the data of the Subchapter 5.3). This
value of E was applied to calculate theoretical values of E, with values of 9, equal
to those calculated on the MC-containing laminates. For the value of E,,, two
approaches were adopted; the first was to put E,,, equal to that of the neat epoxy resin
for all compositions, and the second was to vary E,,, according to the MC content, by
considering the elastic moduli of the samples EP-MCx described in Subchapter 5.3.
The results of the calculations with these two approaches are reported in the upper
part of Figure V - 37, as “EL theoretical (matrix is EP)” and “EL theoretical (matrix
varies)’, respectively.

The two theoretical approaches give approximately the same results, which was
expected as the elastic modulus of the matrix has little relevance when calculating the
modulus of a unidirectional carbon-reinforced composite in the fiber direction.
Additionally, the theoretical values are equal to (or in some cases even lower than) the
experimental values, which means that the decrease in the elastic modulus with an
increase in MC concentration is entirely due to a decrease in the fiber volume fraction,
and the MC phase does not actively contribute to decrease it, for instance by
decreasing the fiber alignment. In some cases, as for the laminate EP-MC20-CFu-A,
the MC phase seems even to contribute positively to the elastic modulus, as the
experimental value deviates positively from the theoretical trend, but further analysis
is needed to verify this hypothesis. This approach is conservative, as it does not take
into account the pore volume fraction in the calculation of the theoretical moduli, which
would have resulted in even lower values.
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Figure V - 37. Experimental and theoretical tensile moduli of the laminates EP-MCx-CFu-A.
The theoretical moduli E; and E were calculated via the direct and inverse mixture rule,
respectively, starting from the properties measured on the neat laminate EP-CFu-A.

A similar analysis was performed on the values of the transversal modulus, but
in this case the inverse mixture rule was applied, as reported in Equation (V - 16):

L_9 1-%

E. E  Ep

(V-16)

The results of this calculation are reported in Figure V - 37. In this case, the two
approaches for the calculation of the theoretical moduli gave different results, because
a variation in E,,, determines important variations in the transversal modulus, and
since the elastic modulus of the epoxy/MC samples decreases with an increase in the
MC content, also the theoretical transversal modulus of the composites is lower when
in is calculated with the approach “matrix varies”. The experimental values of E; are
higher than the theoretical values calculated with this approach, so a much lower
decrease in E was expected if considering the elastic moduli of the epoxy/MC
samples. On the other hand, the experimental values of E; are closer to those
calculated only by considering a decrease in the fiber volume fraction.
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Therefore, it can be concluded that the longitudinal and transversal moduli of
these composites are affected by the MC phase only because it determines an
increase in the matrix viscosity and thus a decrease in the final fiber volume fraction.
This conclusion is similar to that obtained from the evaluation of the elastic modulus
of the epoxy/carbon laminates containing ParCNT (Subchapter 5.2). In those
laminates, the fiber volume fraction was almost independent from the PCM content,
and the flexural elastic modulus was not significantly affected by the laminate
composition.

The results of the three-point bending tests are shown in Figure V - 38 and
Figure V - 39. Figure V - 38 reports representative load-displacement curves, which
show a behavior similar to that observed on other PCM-containing laminates
described in the previous chapters of this thesis. The curves of all the samples present
an initial linear zone, but the behavior after the maximum load of the neat EP-CFu
laminate is different from that observed on the MC-containing laminates.

180
EP-MG40-CFu-A (2.42 mm)
160 4 EP-MC30-CFu-A (2.09 mm)

140 4 EP-MC20-CFu-A (2.00 mm)

120 N

100 A

EP-CFu-A (1.33 mm)

load (N)

80

60

40

20 +

0 T T T T T T T T
0.0 2.5 5.0 75 100 125 150 175 200 225

displacement (mm)

Figure V - 38. Representative load-displacement curves obtained in three-point bending
tests on the laminates EP-MCx-CFu-A. The value in brackets represents the laminate
thickness.

The neat laminate is subjected to a catastrophic failure, which always started
from the tensile-stressed mid-lower region of the specimen. Such failure mode is often
associated to a good interlaminar adhesion (Abdel Ghafaar et al., 2006; Ary Subagia
et al., 2014). On the other hand, as already observed elsewhere in this thesis, the
PCM-containing laminates are subjected to a progressive failure and present a
drop-plateau sequence, which indicates a dissipation of mechanical energy also
during damage propagation. The damage was observed starting either in the
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mid-upper zone, subjected to compression, or in the interlaminar zone. This is
observable also from the optical microscope micrographs of the specimens after the
test shown in Figure V - 40. This failure mode has been described as typical of
materials having a tensile in-plane strength considerably higher than the interlaminar
shear strength, which is the case for the MC-containing laminates reported in this work.

Figure V - 39 summarizes the main results of the three-point bending tests, as
it shows the trends of the flexural elastic modulus, stress and strain at break as a
function of the MC weight fraction. Figure V - 39 also shows the values of interlaminar
shear strength (ILSS) obtained during short-beam shear tests on the type B laminates.
The elastic modulus is seen decreasing with an increase in the MC content, which is
due to the reduction in the fiber volume fraction. However, also the flexural strength
decreases, and this is probably related to the introduction of new damaging
mechanisms such as the delamination and interlaminar fracturing. The same
phenomena are also at the basis of the reduction of the ILSS.
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Figure V - 39. Main results of the three-point bending tests on the laminates EP-MCx-CFu-
A. Flexural modulus (E ), strength (o ¢y), and strain at break () as a function of the MC
weight fraction. Results of the short-beam shear tests on the laminates EP-MCx-CFu-B.
Interlaminar shear strength (ILSS) as a function of the MC weight fraction.
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Figure V - 40. Optical microscope micrographs of the specimens after three-point bending
tests at room temperature. (a-b) EP-MC20-CFu-A; (c-d) EP-MC30-CFu-A; (e-f) EP-MC40-
CFu-A.

The same three-point bending tests were performed at 65 °C, above the PCM
melting temperature. The results of this characterization are reported in Table V - 27.
The elastic modulus is only marginally affected by temperature, as the values are
approx. the same as those measured at room temperature for the laminate
EP-MC20-CFu-A and slightly lower for greater MC concentrations. On the other hand,
the decrease in the properties at failure (flexural strength and strain at break) is more
dramatic, and the decrease is higher for higher MC content. This is probably due to a
decrease in the mechanical properties of the microcapsules when the core is melted,
thus causing a further decrease in the mechanical properties of the interlaminar region.
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Moreover, the behavior of the load-deflection curve in the region of the defect
propagation was different from that observed at room temperature (Figure V - 41); all
the tested specimens containing MC presented a long plateau, and for some of them
the load did not drop to zero.

Table V - 27. Results of the three-point bending tests on the laminates EP-MCx-CFu-A
performed at 65 °C. Values of flexural modulus (Ey), strength (o), and strain at break
(££1) and relative values compared to the results at room temperature.

Sample ESC  EFC o5 o%C  enC  en©
ERT O'RT SRT
f M fb
(GPa) (%) (MPa) (%) (%) (%)

EP-MC20-CFu-A  69.8 +0.9 99.2 447 £ 26 741 0.69 +£0.05 78.6

EP-MC30-CFu-A  50.1+2.2 85.3 290 £1 59.2 0.60 +0.06 70.2

EP-MC40-CFu-A  40.9 +2.1 92.6 238+1 58.9 0.67 £0.10 70.0

140+

120 RT

100 -

°C

load (N)
&

o

0 2 4 6 8 10 12 14 16 18
deflection (mm)

Figure V - 41. Representative load-deflection curves obtained during three-point bending
tests on the laminate EP-MC20-CFu-A at room temperature (RT) and at 65 °C.

Figure V - 42 shows representative load-displacement curves obtained in the
mode | interlaminar fracture toughness tests, while Figure V - 43 shows the obtained
R-curves, i.e. the delamination resistance as a function of the crack length, for the four
prepared compositions. All the load-displacement curves are a subsequence of load
drops and plateaus, especially that of the neat laminate EP-CFu-B, which may impair
the reliability of the results.
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Figure V - 42. Load-displacement curves obtained in mode | interlaminar fracture
toughness tests on the laminates EP-MCx-CFu-B.

Table V - 28 collects the mode | critical strain energy release rates for crack
initiation (G;;) and steady-state propagation (G,.). The Gy; is determined at the initial
delamination of the specimen, when the pre-crack start to grow. The first point of G,;
could be evaluated in different ways; the way adopted in this work is the deviation from
the linearity of the load-displacement curve. The G, is obtained as the average value
in the steady state region, after approx. 5-10 mm of crack propagation (a > 60 mm).
Generally, G;; is independent from the fiber volume fraction, while G, can vary as a
function of this parameter (Compston and Jar, 1999; Thakre et al., 2011). For the
laminate EP-MC20-CFu-B, both G;; and G, are higher than those of the neat
EP-CFu-B, which implies that the introduction of a modest amount of MC activates
different toughening mechanisms; such mechanisms could be the particle debonding,
crack pinning, crack deflection and micro-cracking. On the other hand, above a certain
MC concentration, both G;; and G, decrease with increasing MC content, which can
be due to an excessive thickening and decrease in the mechanical properties of the
interlaminar region, in turn caused by a poor capsule/matrix adhesion and by their
intrinsic low mechanical properties. From a visual observation of the specimens during
the test, the samples EP-CFu-B and EP-MC20-CFu-B showed fiber bridging, while
this phenomenon was not observed for the laminates with a higher MC concentration,
for which the crack propagated mostly through the matrix (

Figure V - 44).
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Figure V - 43. R-curves of the laminates EP-MCx-CFu-B. The results of two to four
specimens are shown for each sample.

Table V - 28. Mode I critical strain energy release rates for crack initiation (G,;) and steady-

state propagation (G,.) for the laminates EP-MCx-CFu-B

Gy G
Sample (Mpa.’:nwz) (MPa{rLT'I”Z)
EP-CFu-B 0.15+0.03 0.27 £0.01
EP-MC20-CFu-B 0.34 +0.02 0.40 +£0.01
EP-MC30-CFu-B 0.27 +£0.02 0.32 +£0.01
EP-MC40-CFu-B 0.24 +0.02 0.30 +0.02

(@)

(b)

Figure V - 44. Specimens of the mode | interlaminar fracture toughness tests. (a) EP-MC20-
CFu-B, with evidence of fiber bridging; (b) EP-MC40-CFu-B, without evidence of fiber

bridging.
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5.4.3 Conclusions

The present Subchapter described the thermo-mechanical evaluation of
unidirectional carbon/epoxy composites containing paraffin microcapsules. As already
reported elsewhere in this thesis, the MC phase increased the viscosity of the epoxy
matrix, which limited the flow of the epoxy/MC mixtures out of the fiber fabric, thereby
increasing the matrix weight and volume fraction and reducing that of the fibers. This
was at the basis of a decrease in the mechanical properties of the prepared laminates
with high MC concentration, but the application of theoretical models showed that this
decrease was only due to the decrease in volume fraction of the reinforcement and
not due to a change in the properties of the constituents and the fiber-matrix
interaction.

The MC phase was preferentially distributed in the interlaminar region, which
lead to a thickening of this region and a decrease in properties such as the interlaminar
shear strength. On the other hand, a modest MC fraction lead to an increase in the
mode | interlaminar fracture toughness, probably due to the introduction of new
toughening mechanisms such as the debonding, crack deflection, and microcracking.
However, an excessive MC content reduced the values of G,., because the crack
propagated through the matrix and not at the fiber/matrix interface, thereby reducing
the toughening mechanism of the fiber bridging.

For the thermal properties, the melting enthalpy increased with the initial MC
fraction and reached a value of 48.7 J/g. Therefore, the TES and thermal management
capability of the prepared laminates increased with the MC fraction, as also
demonstrated by thermal imaging tests. The DMA characterization confirmed that this
techniques is an useful complement to DSC to study the melting and crystallization of
a PCM when embedded in a polymer composite, in terms of the effects of the phase
change on the viscoelastic properties of the host composite.

The following Subchapter will illustrate the application of the same epoxy/MC
systems in combination with discontinuous reinforcements.

5.5 Epoxy/milled carbon fibers composites containing
paraffin microcapsules

Short carbon fibers are one of the most widely used reinforcements to improve
the mechanical and tribological performance of polymers. Compared to continuous
fiber reinforced composites, short fiber reinforced composites (SFRCs) combine
easier processability with a low manufacturing cost and fill the mechanical property
gap between the continuous-fiber laminates used as primary structures and the
unreinforced polymers used for non-structural applications (Rezaei et al., 2009). This
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is the main reason why in the last few years the use of SFRCs has grown rapidly in
various engineering applications, especially in the automotive and mechanical
engineering sectors, in combination with thermoplastic and thermosetting resins.
These fields could benefit from the introduction of novel semi-structural composites
combining good mechanical properties and thermal management capability.

Therefore, the aim of this Subchapter is to explore the thermomechanical
properties of epoxy resins reinforced with discontinuous carbon fibers and containing
paraffin microcapsules.

55.1 Materials and methods

The present Section lists the materials used to fabricate these samples, and
then it describes in detail the techniques for the preparation of the same. It
subsequently lists all the characterization techniques applied on these samples. Since
the materials and the characterization techniques have been already detailed in
Chapter Il this section will illustrate only the experimental parameters that are specific
of this Subchapter.

55.1.1 Materials

Table V - 29 lists the materials used for the preparation of these composites
(please refer to Section 3.2.4 for the details about the materials).

Table V - 29. Materials employed in Subchapter 5.5.

Phase Label Material

Polymer matrix EP Epoxy resin

Reinforcement CFS Discontinuous carbon fibers (length 100 um)
PCM MC Paraffin microcapsules

5.5.1.2 Sample preparation

The epoxy base and the hardener were mixed at a constant weight ratio of
100:30 together with the CFS and MC at different relative concentrations. The resulting
mixtures were degassed under vacuum and poured in silicone molds. The samples
were cured at r.t. for 24 hours and post-cured for 10 hours at 100 °C. The prepared
neat epoxy and composite samples with various fiber and MC concentrations are listed
in Table V - 30. A first sample series was prepared by keeping a constant fiber amount
of 10 wt% and varying the MC content from 5 wt% up to 30 wt% of the total matrix
(epoxy + MC). In a second group, the MC amount was kept constant at 20 wt% of the
total matrix, and the reinforcement varied between 5 wt% and 20 wt%.
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Table V - 30. List of the prepared EP-MC-CFS samples with nominal weight compositions.

Sample EP (wt%) MC (wt%) CFS (wt%)
EP 100.0 0.0 0.0
MC 0.0 100.0 0.0
EP-CF10 90.0 0.0 10.0
EP-MC5-CFS10 85.5 45 10.0
EP-MC15-CFS10 76.5 135 10.0
EP-MC30-CFS10 63.0 27.0 10.0
EP-MC20 80.0 20.0 0.0
EP-MC20-CFS5 76.0 19.0 5.0
EP-MC20-CFS10 72.0 18.0 10.0
EP-MC20-CFS15 68.0 17.0 15.0

EP = epoxy resin; MC = paraffin microcapsules; CFS = short discontinuous carbon fibers.

5.5.1.3 Characterization

The prepared samples were investigated through the characterization
techniques listed in Table V - 31 with the experimental parameters applied specifically
on these samples (see Section 3.3 for the full description of the characterization
parameters and specimen preparation).

Table V - 31. Characterization techniques and experimental parameters applied on the
samples EP-MC-CFS.

Technique Specific experimental parameters

SEM Cryofracture surface; Instrument Zeiss Supra 60 FE-SEM
Liquid displacement As described in Section 3.3.2.1

DSC Temperature interval 0-130 °C

TGA TA Q5000 IR thermobalance; specimen mass 10 mg
Flexural test As described in Section 3.3.5.2

Charpy impact test As described in Section 3.3.5.3

55.2 Results and discussion

Figure V - 45(a-d) shows the SEM micrographs of the composites with a MC
content of 20 wt%, at two different CF amounts (5 and 15 wt %).

As for the unreinforced EP-MCx samples described in Subchapter 5.3, the
capsules have a dimension of approx. 20 um and are homogeneously distributed
within the polymer matrix. The same considerations can be done also for the adhesion
between the MC shell and the epoxy matrix, which is not optimal, but it is still enough
to allow the fracture propagate across the microcapsules and not at the interface. The
adhesion between the matrix and the fibers is also not optimal and the failure of the
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interphase is adhesive, which can partially depend on the fact that these fibers are not
sized. No substantial morphological differences can be detected by varying the CF
content. The fracture morphology resembles that of the polyamide/short carbon fiber
composites containing paraffin microcapsules described in Subchapter 4.3.

Table V - 32 reports the values of the theoretical density (p;5,), experimental
density (pexp) and pore volume fraction (9,,). As done for EP-MCx samples, for the
neat epoxy sample only an experimental value can be determined (the theoretical
values may depend on the base/hardener ratio and the curing conditions), and
therefore the theoretical density was set equal to the experimental density, thereby
determining a pore volume fraction equal to zero. The density of the neat
microcapsules was put equal to 0.901 + 0.005 g/cm3, as found for the EP-MCx
samples.

Figure V - 45. SEM micrographs of the cryofracture surfaces of the composites
EP-MC-CFS. (a) EP-MC20-CF5, 500x; (b) EP-MC20-CF5, 5000x; (c) EP-MC20-CF15, 500x;
(d) EP-MC20-CF15, 5000x.
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Table V - 32. Theoretical density (p,), experimental density (p.,,), and pore volume
fraction (9,) of the EP-MC-CFS samples.

Sample Pen (@) Pesy (glem?) 9, (vol %)
EP 1.1470% 1.1470 £ 0.0014 -

EP-CFS10 1.2093 1.2005 + 0.0002 0.73+0.02
EP-MC5-CFS10 1.1982 1.1774 £ 0.0018 1.73+£0.15
EP-MC15-CFS10 1.1760 1.1310 £ 0.0028 3.82+0.24
EP-MC30-CFS10 1.1426 1.0686 + 0.0009 6.48 £ 0.08
EP-MC20 1.0976 1.0573 £0.0014 3.67+0.13
EP-MC20-CFS5 1.1312 1.0736 £ 0.0013 5.09+0.11
EP-MC20-CFS10 1.1648 1.0998 + 0.0012 558 £0.10
EP-MC20-CFS15 1.1985 1.1184 £ 0.0006 6.68 = 0.05

Peton = 0.7848 glcm?.

Also in this case, the introduction of an increasing amount of MC leads to a
decrease in the density values. This is not surprising, since the density of MC is lower
than that of the neat epoxy. On the other hand, MC addition produces a progressive
increase in the pore volume fraction. For instance, a 9, value of 6.5 % was determined
for the EP-MC30-CF10 sample, which is imputable to the increase in viscosity and
decrease in processability with an increase in the MC fraction. The same trend in pore
concentration can be seen in samples with an increasing amount of CF at a constant
MC loading. Also in this case, this result can be ascribed to the rise in the viscosity of
the mixtures.

Thermogravimetric analysis (TGA) was performed to investigate trends in the
thermal degradation resistance. Figure V - 46 reports TGA thermograms of
EP-MCx-CFS10 (x = 5, 15, 30) samples (left) and EP-MC20-CFSx (x = 5, 10, 15)
samples (right). The most important results of TGA tests are summarized in Table V -
33.

The tests allowed the measurements of the temperature corresponding to a
mass loss of 1 wt% (T}o,), the temperature at the peak of mass loss derivative, which
is the temperature at the maximum degradation kinetics (T,;), and the mass residue
after the test (m,.). Then, an experimental mass fraction of CFS (wy) could be
calculated with Equation (V - 17), as

wr =my —mEP - wgp (V-17)
where m,. is the residual mass of the composite at the end of the test, mE? is the

residual mass of the neat epoxy and wgp is the weight fraction of epoxy in the
composites.
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Figure V - 46. TGA thermograms of the samples EP-MC-CFS. Mass and mass loss
derivative as a function of temperature.

As expected from the EP-MCx results described in Subchapter 5.3, the introduction of
MC leads to a decrease in the thermal stability, as T, decreases with an increase in
the MC fraction. On the other hand, the CFS phase has a positive impact on the
thermal resistance of the composites. However, in all the considered compositions, T,
is not remarkably affected by the CFS and MC content, and the degradation
temperature is everywhere far above the processing and service temperatures of the
composites. The experimental weight fraction of CFS is close to the nominal value in
all compositions, which is index of the compositional homogeneity of the prepared
composites.

264



Table V - 33. Results of the TGA tests on the samples EP-MC-CFS.

Sample T4y, (°C) T, (°C) m,. (wt %) Wy (wt %)
EP 171.7 346.7 7.35 -
EP-CFS10 208.2 3404 16.79 10.20
EP-MC5-CFS10 196.6 3414 16.86 10.60
EP-MC15-CFS10 162.6 338.2 17.40 11.50
EP-MC30-CFS10 156.6 3424 15.42 10.80
EP-MC20 165.0 339.9 4.96 -
EP-MC20-CFS5 163.5 3291 10.43 4.84
EP-MC20-CFS10 163.8 330.8 16.42 11.13
EP-MC20-CFS15 158.3 327.9 2017 15.17

T19, = temperature corresponding to a mass loss of 1 wt%; T, = degradation temperature, corresponding to
the peak of mass loss derivative; m, = residual mass faction after the test; m¢rs = mass fraction of CFS,
calculated from m,..

Figure V - 47 reports the DSC thermograms of the first heating scan and the
cooling scan of the samples EP-MCx-CFS10 (x = 5, 15, 30), while the most important
DSC results are listed in Table V - 34. The values of the second heating scan are not
reported as they are not remarkably different from those of the first. As for the samples
EP-MCx described in Subchapter 5.3, the thermograms show both the
endo/exothermic signals of the PCM phase change and the inflection point of the glass
transition of the epoxy phase.
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Figure V - 47. DSC thermograms of the samples EP, EP-CF10 and EP-MCx-CF10 (x = 5, 15,
30). First heating scan (left) and cooling scan (right).

The T, is not significantly affected by the introduction of MC and CFS, while, if

the CFS fraction increases, the T,,, of the PCM phase slightly decreases and the T,

increases, which is probably due to the increase in the thermal conductivity caused by
265



the addition of a very conductive filler. However, in all the cases, the variation is quite
small.

Table V - 34. Results of DSC tests on the samples EP-MC-CFS (data from the first heating
scan and cooling scan).

T, T, AH,, AHT T, AH,  AHTe
(°C) (°C) () (%) (°C)  (Jg) (%)
EP 94.3 - - - - - -
mc - 4441 2277 1000 296 2242 1000
EP-CFS10 94.7 - - - - -
EP-MC5-CFS10 93.3 428 106 1034 282 105  104.1
EP-MC15-CFS10 928 465 295 960 258 291 96.1
EP-MC30-CFS10 936 464 608 989 262  60.8 1004
EP-MC20 958 478 473 1039 242 469 1046
EP-MC20-CFS5 927 457 430 994 267 425  99.8
EP-MC20-CFS10 900 459 402 981 263 396 981

EP-MC20-CFS15 90.1 45,0 39.8 102.8 27.8 39.3 103.1
Ty, = glass transition temperature of the epoxy phase (°C); T,,, = melting temperature of the PCM (°C); AH,, =
PCM melting enthalpy (J/g); AHZ¢* = relative PCM melting enthalpy (%); T, = crystallization temperature of
the PCM (°C); AH,. = PCM crystallization enthalpy (J/g); AHZ€" = relative PCM crystallization enthalpy (%).

Sample

The values of phase change enthalpy are proportional to the MC weight fraction,
as indicated by the values of AHZE! and AHZ®! always close to 100 %. This indicates
that the production process is mild enough to preserve the shell integrity and avoid
loss of PCM. As already indicated elsewhere in this thesis work, values of relative
enthalpy slightly above 100 % can be due to slight compositional inhomogeneities.

The mechanical behaviour of the prepared composites was investigated
through three-point bending tests. Figure V - 48(a-b) shows representative
load-displacement curves, while Table V - 35 summarizes the most important flexural
properties. The addition of CFS determines a considerable increase in the flexural
modulus (Ef) and a strong reduction of the strain at break (es,,), as expected. For
instance, for the EP-CFS10 sample an enhancement of the elastic modulus of 65 %
compared to the neat epoxy can be determined, while ¢, is reduced of 50 %. The
flexural strength (a7y,) is also slightly reduced. The observed reduction of the failure
properties is not surprising, since the utilized fibers are unsized. The application of a
surface treatment with silane- or other types of coupling agents could probably help to
improve the fiber-matrix adhesion, thereby increasing the failure properties. The
introduction of an increasing amount of MC determines a systematic reduction of the
stiffness, which is probably due to the fact that the intrinsic stiffness of the MC is much
lower than that of a thermosetting matrix, in good accordance with what described in
Subchapter 5.3.
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Figure V - 48. Representative load-displacement curves obtained in the three-point

bending tests. (a) Samples EP-MCx-CF10 (x = 5, 15, 30); (b) samples EP-MC20-CFx (x = 5,
10, 15).

However, the Ef of the sample EP-MC20-CFS10 is still higher than that shown

by the neat epoxy, which evidences the positive contribution of CFS in retaining the
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original mechanical properties of the host epoxy matrix, even with a high MC fraction.
This effect is increasingly evident with an increase in the CFS fraction. The decrease
in the failure properties elevated MC concentrations is probably intensified by the
non-optimal adhesion between MC and the polymer matrices. In these conditions, MC
represent micrometric defects within the materials, which lead to the premature failure
of the samples. It is also important to underline that the presence of CFS could also
increase the thermal conductivity, thereby leading to a more efficient heat diffusion
and a higher heat exchange efficiency.

Table V - 35. Results of the three-point bending tests on the samples EP-MC-CFS.

Sample E; (GPa) a sy (MPa) g5y, (%)
EP 2805 1M17£19 5104
EP-CFS10 46+0.2 100+ 7 24+02
EP-MC5-CFS10 41+£03 93+2 25+03
EP-MC15-CFS10 39+0.2 77+2 24+0.1
EP-MC30-CFS10 36+0.1 60 +1 20+0.1
EP-MC20 20+04 52+3 3.1+£0.2
EP-MC20-CFS5 2502 53+2 26+03
EP-MC20-CFS10 35+0.2 60+7 20+02
EP-MC20-CFS15 45+03 72%2 20+01

E ¢ = flexural modulus; o ¢y = flexural strength; £, = strain at break.

Charpy tests were carried out to evaluate the effect of MC and CFS on the
impact properties of the host matrix. The results of this characterization are
summarized in Figure V - 49, which shows load-time curves, and Table V - 36, which
reports the values of maximum force reached during the test (Fpqy ), and total
absorbed energy normalized by the load-bearing section (Ep :0¢). The sample
EP-CFS10 shows both Fy,q, and Ey, ¢ slightly lower than those of EP, which can
be due to a non-optimal fiber-matrix interfacial adhesion. It is interesting to note that,
with the introduction of MC, F;,,, and Ey, ¢, are higher than those of EP-CFS10, but
both parameters do not follow a trend with the MC fraction. These results can be
explained by considering a synergistic plasticizing effect played by paraffin
microcapsules within the material under impact conditions. However, the data
dispersion is not negligible and the results of this class of samples are not significantly
different from one another. On the other hand, the impact properties displayed by the
EP-MC20 sample are lower than those of the neat matrix, in good agreement with
what reported for the EP-MCx samples described in Subchapter 5.3, but the addition
of an increasing CFS loading determines an increase in the F,,,, values up to a level
comparable to that of the neat epoxy, and also Ej, . slightly increases. As reported
for flexural tests, it can be generally concluded that the reduction in the impact
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properties of the prepared composites is not dramatic, and the presence of CFS brings
a positive contribution also in this case.
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Figure V - 49. Representative load-time curves obtained in the Charpy impact tests. (a)
samples EP-MCx-CF10 (x=5, 15, 30); (b) samples EP-MC20-CFx (x = 5, 10, 15).
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Table V - 36. Results of the Charpy impact tests on the samples EP-MC-CFS.

Sample Finax (N) E g toc (KIIM?)
EP 138 £ 52 3623
EP-CFS10 110+22 1.7£06
EP-MC5-CFS10 131+3 30+05
EP-MC15-CFS10 123+5 25+02
EP-MC30-CFS10 116+ 13 1.8+0.1
EP-MC20 97 £10 1705
EP-MC20-CFS5 126 £ 19 2204
EP-MC20-CFS10 132+6 1.9+0.1
EP-MC20-CFS15 163+9 22+041

FEpax = maximum value of load reached during the test; E, ;. = total absorbed specific energy.

5.5.3 Conclusions

This Subchapter illustrated the results of the characterization of thermosetting
discontinuous-fiber composites with TES capability, obtained by combining EP with
MC and discontinuous milled carbon fibers. Even though the fiber-matrix adhesion is
not optimal due to the surface conditions of the fibers, CFS increase the mechanical
and impact properties of EP-MC samples and help in retaining the original mechanical
properties of the host epoxy matrix. Moreover, CFS could contribute to increase the
thermal conductivity of the composites.

Therefore, even though the mechanical properties are not comparable with
those of the continuous-fiber laminates, the addition of (milled) discontinuous fibers to
polymer/PCM systems is a fast, effective and relatively cheap way to increase their
mechanical properties.

5.6 General conclusions of Chapter V

This Chapter illustrated the results of the thermo-mechanical characterization
of three PCM-enhanced composites having an epoxy matrix.

In Subchapter 5.2, the shape-stabilized PCM powder ParCNT was mixed with
an epoxy resin and used to prepare bidirectional carbon fiber laminates. The use of a
shape-stabilized PCM in this case gave better results than when it was used in
combination with a thermoplastic matrix, as the milder processing conditions allowed
avoiding the PCM degradation and loss of melting enthalpy. However, it was found
that the surrounding matrix influences and partially hinders the melting-crystallization
process. Therefore, the epoxy resin was used in combination with a PCM that is
completely insulated from the environment, i.e. a microencapsulated PCM, and
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specifically the microcapsules MC. This has been the objective of the Subchapters
5.3,5.4and 5.5.

The results of Subchapter 5.3 provided an interesting insight on the effect of the
MC and their phase change on the physical-mechanical properties of an epoxy resin,
from the experimental and the theoretical point of view. It was found that the
capsule/matrix interface plays a fundamental role not only for the mechanical
performance, but also for the thermal conductivity.

The results of this Chapter were preliminary to those presented in Subchapters
5.4 and 5.5, in which the epoxy/MC systems were combined with continuous and
discontinuous carbon fibers, respectively. These results confirmed that the processing
conditions of an epoxy composite are mild enough to preserve the integrity of the
microcapsules and their TES capability. For the continuous fiber composites, it was
also confirmed that an increase in the MC fraction impairs the mechanical properties
mostly because of the decrease in the final fiber volume fraction and because the MC
phase tends to concentrate in the interlaminar region, thereby lowering the
interlaminar shear strength. On the other hand, it was found that a small amount of
microcapsules can enhance the mode | interlaminar fracture toughness, as the MC
introduced other energy dissipation mechanisms such as the debonding, the crack
deflection, crack pinning and micro-cracking, which add up to the fiber bridging.
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Chapter VI

Biodegradable TES laminates:
thermoplastic starch/wood laminate containing
poly(ethylene glycol)
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A. Dorigato, G. Fredi, M. Negri, A. Pegoretti,

Thermo-mechanical behaviour of novel wood laminae-thermoplastic starch biodegradable
composites with thermal energy storage/release capability,
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6.1 Introduction

This Chapter illustrates the methods and the results of the characterization of a
thermoplastic starch/wood laminate containing poly(ethylene glycol) (PEG) as a PCM.
There are three main differences between this laminate and the other TES composites
presented in this thesis. The first novelty is its full biodegradability, as all the three
constituents are biodegradable. This is positive especially if considering that the life
cycle assessment of traditional composite materials generally evidences their limits in
terms of recyclability and final disposal operations.

The second peculiarity of this laminate is the non-fibrous nature of the employed
reinforcement. All the other composites described in this thesis feature a traditional
fibrous reinforcement, while this biodegradable laminate is reinforced with thin wood
laminae, prepared as described in Section 3.2.3.5.

The third novelty is that the reinforcement is also the shape-stabilizing agent for
the PCM. In fact, due to its porous microstructure, wood is also an interesting
candidate for the shape-stabilization of organic PCMs in the molten state. In this way,
the wood laminae represent multifunctional elements themselves, thereby shifting the
level of multifunctionality from the composite level to the phase level.

6.2 Materials and methods

The present Subchapter lists the materials used to fabricate these wood
laminates, and then the techniques for their preparation and characterization are
described. Since the materials and the characterization techniques have been already
detailed in Chapter Ill, this section will specify only the experimental parameters that
are peculiar of this Subchapter.

6.2.1 Materials

The materials used for the preparation of these laminates are listed in Table VI
- 1 (please refer to Section 3.2.4 for the details about the materials).

Table VI - 1. Materials employed in Chapter VI.

Phase Label Material

Polymer matrix A Thermoplastic starch
Reinforcement FA Wood laminae

PCM PEG Poly(ethylene glycol) 2000 g/mol
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6.2.2  Sample preparation

Wood laminae (Figure VI - 1a) were cut in square sheets of 120x120 mm2, with
the wood fibers oriented either parallel or at 45 ° with respect to the square edge. The
sheets were immersed in PEG melted at 70 °C for 5 min, then removed and
immediately gently blotted with absorbent paper to remove excess PEG from the
surface (Figure VI - 1b). The weight fraction of absorbed PEG was evaluated by
weighing each wood lamina before and after the immersion in liquid PEG. Preliminary
experiments showed that a soaking time of 5 min is enough to reach the maximum
weight increment due to PEG absorption, as a longer soaking time (up to 24 h) did not
result in a further weight increase.

The wood/PEG laminae were interleaved with starch foils of 120x120 mm? and
compacted in a hot-plate press at 170 °C for 7 min, with an applied pressure of 1 MPa.
Each laminate (Figure VI - 1c) consisted of 5 wood/PEG laminae interleaved with 6
starch sheets. The samples were produced by following two stacking sequences, i.e.
[0s] (unidirectional) and [+45/-45/+45/-45/+45] (angle ply). Laminates with virgin wood
laminae (without PEG impregnation) were prepared for comparison. The mass of each
constituent of each laminate was measured before the hot-pressing stage and
compared to the final mass of the prepared laminates, to assess the PEG leakage
during the preparation of the laminate.

Specimens with different orientations were cut out of the prepared laminates for
the subsequent characterization. The characterization was performed also on the
constituents, i.e., the starch foils, the virgin wood laminae, and the PEG-impregnated
laminae. The list of the prepared samples is reported in Table VI - 2. From now on, the
constituents will be labelled as following: thermoplastic starch (A), single wood lamina
(F), single PEG-impregnated wood lamina (FP), laminate without PEG (FA), laminate
with PEG (LAM). When applicable, a reference to the wood fiber orientation will be
added to the label: longitudinal (L), transversal (T), angle ply (O).

All composite laminates and their constituents were stored at 23 °C and at a
relative humidity of 50%. This production process, which consists of embedding the
PCM directly in the reinforcing phase and employing matrix foils, allows the
preparation of thermoplastic laminates by avoiding mixing the PCM in the
thermoplastic matrix via melt compounding, which was shown to partially degrade the
PCM (see Chapter IV).
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Figure VI - 1. Representative images of (a) neat wood lamina; (b) wood laminae after PEG
impregnation; (c) wood/PEG/starch laminate.

Table VI - 2. List of the prepared samples of Chapter VI.

Acronym  Description of the constituents Wood fiber orientation
F-L Single wood lamina Longitudinal

F-T Single wood lamina Transversal

PEG Poly(ethylene glycol) -

A Single starch foil -

FP-L Single wood lamina impregnated with PEG Longitudinal

FP-T Single wood lamina impregnated with PEG Transversal

FA-L 5 wood laminae and 6 starch foils Unidirectional (longit.)
FA-T 5 wood laminae and 6 starch foils Unidirectional (transv.)
FA-O 5 wood laminae and 6 starch foils Angle ply

LAM-L 5 wood laminae impregnated with PEG and 6 starch foils ~ Unidirectional (longit.)
LAM-T 5wood laminae impregnated with PEG and 6 starch foils  Unidirectional (transv.)
LAM-O 5 wood laminae impregnated with PEG and 6 starch foils  Angle ply
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6.2.3 Characterization

The samples were investigated through the characterization techniques listed
in Table VI - 3 together with the experimental parameters applied specifically on these
samples (see Section 3.3 for the full description of the characterization parameters
and specimen preparation).

Table VI - 3. Characterization techniques and experimental parameters applied on the
wood/starch/PEG laminates.

Technique Specific experimental parameters

SEM Instrument Jeol IT300; cryofracture surface

DSC Temperature interval -20-100 °C

TGA TA Q5000 IR thermobalance; specimen mass 10 mg
DMA Single-frequency tests

Quasi-static tensile test As described in Section 3.3.5.1

Charpy impact test As described in Section 3.3.5.3

6.3 Results and discussion

Table VI- 4 reports the weight composition of a single wood lamina impregnated
with PEG (FP), the nominal mass of each component before the hot-pressing step,
and the nominal weight composition for each of the two prepared laminate types,
namely that with PEG (LAM) and that without PEG (FA). It can be observed that the
quantity of PEG absorbed by a single lamina is approx. 86 wt% of its initial mass. On
the other hand, if five of these laminae are alternated to 6 starch foils, the experimental
mass of the laminate obtained through hot-pressing (LAM) is approx. 25 wt% lower
than the sum of its components. This mass loss can be almost entirely attributed to
the leakage of PEG out of the wood laminae, as the mass loss of the laminate without
PEG (FA) is almost negligible, which means that the mass loss of the thermoplastic
starch (A) and wood (F) phases is almost negligible. Therefore, the effective PEG
weight fraction in the laminate is approx. 11 wt%. This loss of PEG is probably entirely
due to leakage and not to degradation, as the hot-compaction temperature (170 °C)
is below the degradation temperature of PEG (see results of the TGA characterization
reported hereafter). The leakage of PEG suggests that a considerable fraction of the
absorbed PEG has just solidified on the surface of the laminae and is not properly
confined in the wood porosity, and the gentle blotting is not sufficient to remove excess
PEG. However, a conspicuous fraction of PEG was successfully stabilized into the
wood laminae and remained in the laminate after the hot-compaction stage.
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Table VI - 4. Mass and mass composition of the single PEG-impregnated wood lamina (FP)
and the two laminates, without (FA) and with PEG (LAM).

Nominal weight Experimental

Sample Constituent Mass (g) fraction (%) total weight (q)

F (wood) 29+0.1 53+6

FP 54+05
PEG 25+04 46 + 11
A (starch) 10.1£0.3 41+2

FA 243£09
F (wood) 146 £0.6 59+3
A (starch) 10.1£0.3 2712

LAM 282+0.8
F (wood) 146 £0.6 39+3

Figure VI - 2(a-f) shows the SEM micrographs of the cryofracture surface of the
prepared samples. Since this technique allowed the investigation of the cross section,
in the samples with longitudinal wood fibers (L) the wood fibers are perpendicular to
the fracture plane, while they are parallel in the samples with transversal fibers (T).
Figure VI - 2(a-b) shows micrographs of the wood laminae cut in the transversal and
in the longitudinal direction, respectively. As reported in a previous paper on ultra-thin
wood laminae impregnated with poly(vinyl alcohol) in the longitudinal direction
(Dorigato et al., 2018a), the laminae show the peculiar structure of beechwood, with
tracheids, wood fibers and vessels, while the parenchymal cells are less clearly visible
(Giordano, 1981). Tracheids and wood fibers are characterized by a mean diameter
of approx. 10 pm, while wood vessels present an average size of 40 um. The
presence of some tracheids in radial direction can be appreciated in the transversal
section. From the micrographs of the laminae impregnated with PEG (Figure VI - 2(c-
d)), it can be observed that PEG fills the wood porosity only partially. This could be
explained by assuming that the volume fraction of the closed porosity is not negligible,
and that the viscosity of the molten PEG is too high to allow the smallest pores to be
filled in the time window of the impregnation process (up to 24 h). The surface of the
lamina hosts a considerable amount of PEG, as suggested by the smoothness of the
surfaces of the laminae containing PEG (indicated by arrows), compared to the
remarkably rough surfaces of the neat wood laminae. This may complicate the
adhesion between the wood laminae and the starch matrix, as partially visible from the
fracture surface of the two laminates (Figure VI - 2(e-f)). In the laminate containing
PEG (Figure VI - 2f) the interlaminar adhesion between starch and wood seems worse
than that of the neat laminate, as the cryofracturing operations caused delamination
(indicated by the arrows), which is not observed in the neat laminate. However, this
apparent worsening in the interlaminar adhesion due to the PCM does not negatively
affect the mechanical and impact properties, as reported hereafter.
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Figure VI - 2. SEM micrographs of the cryofracture surface (cross-section) of the prepared
samples. (a) F-T; (b) F-L; (c) FP-T (red arrow indicates PEG deposited onto the surface);
(d) FP-L (red arrow indicates PEG deposited onto the surface); (e) FA-T; (f) LAM-T (red
arrows indicate delamination).

TGA analysis was performed to evaluate the resistance to the thermal
degradation of the laminates and of each constituent. Figure VI - 3 shows the TGA
thermograms (with the residual mass and the derivative of the mass loss) of the
sample LAM and of its three constituents, i.e., PEG, F, and A, while Table VI - 5 also
reports the results on the sample FP. Table VI - 5 shows the values of the
temperatures corresponding to a mass loss of 1 wt% and 5 wt% (T, and Tse,), the
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degradation temperature, corresponding to the peak of the mass loss derivative and
to the maximum degradation kinetics (T;), the temperature corresponding to the initial
stages of degradation, after water evaporation (T,,,se¢), the initial mass loss before
Tonser (M;), and the residual mass at 700 °C ( m,.).

For the sample F, the initial mass loss (m;) of approx. 5.8 wt% is imputable to
water evaporation. This behavior is also observed in the samples FP and LAM, but to
a lesser extent, as for these samples the wood laminae are only a fraction of the total
mass. After water evaporation, the thermal degradation of the wood phase becomes
appreciable above 250 °C and occurs in two main steps. Conversely, no water was
detected on the starch (A) and PEG, which indicates that the total water fraction of the
composites is entirely absorbed by the wooden phase. The thermal degradation of
these two polymer phases starts to be evident at 320-350 °C (T, ,se¢) and reaches
the maximum rate at approx. 400 °C. From these resullts, it can be concluded that the
thermal stability of all the constituents is sufficient to withstand the processing
temperature of 170 °C. Moreover, as expected, the degradation thermogram of the
PEG-impregnated lamina (FP) lies between those of its constituents, i.e., F and PEG.
The thermal degradation of the sample LAM shows all the degradation steps of its
three constituents, as can be better appreciated from the mass loss derivative signal.
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Figure VI - 3. Results of the TGA tests on the samples F, A, PEG and LAM: residual mass
and mass loss derivative as a function of temperature.
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Table VI- 5. Results of the TGA tests on the prepared wood laminates and the constituents.

Sample  T14,(°C) T5y(°C)  T4(°C)  Tonee (°C)  m;(%)  my (%)

F 53.0 2413 345.0 263.0 5.76 0.38
PEG 208.4 2745 396.9 352.4 0.00 0.00
A 281.3 316.0 400.0 316.8 0.00 0.00
FP 89.3 2654 405.1 317.8 2.01 0.04
LAM 29.4 260.7 365.5 2935 2.04 0.27

T194. Tso, = temperature corresponding to a mass loss of 1 wt% and 5 wt% (°C); T,; = degradation temperature,
corresponding to the peak of the mass loss derivative (°C); T,,se: = temperature corresponding to the initial
stages of degradation, after water evaporation (°C); m; = initial mass loss before T,,,s¢¢ (%); m, = residual
mass at 700 °C (%).

DSC tests were performed to investigate the thermal transitions of the
constituents and to assess the thermal energy storage capability of the PEG within the
laminates. In the present paper, this test allowed the determination of the melting and
crystallization temperatures and enthalpy values of the PEG phase within the
laminates (T,2E¢, TPEG, AHEEG, AHEPEG), but also of the starch phase (T4, TA,
AHZ, AHZ). The DSC thermograms of the prepared samples are reported in Figure
VI - 4, while the most important results are collected in Table VI - 6.
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Figure VI - 4. DSC thermograms of the prepared wood laminates, showing the three scans
(first heating, cooling, second heating). Samples F, FP, FA, and LAM.
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The DSC thermogram of the neat starch (A) was not reported here for the sake
of brevity, but this test was performed as a preliminary experiment to find a suitable
hot-pressing temperature of the laminates, and some results of the DSC on the starch
sample are reported in Table VI - 6. The thermogram of the neat beech (F) shows a
broad endothermic peak on the heating scan that is not present in the cooling and
second heating scan. This peak, associated with water evaporation, has an enthalpy
of 161.5 J/g. Considering that the latent evaporation heat of water is 2,272 J/g, the
water fraction in the neat beech can be estimated at approx. 7.1 wt%, which is in good
agreement with the mass losses observed by TGA in the low temperature region
(below Ty pser)- The other DSC signals of the F sample, such as those associated with
the glass transitions of the amorphous wood components, are not clearly visible in this
plot, but they have been thoroughly described in a recent work on wood/starch
composite laminates (Dorigato et al., 2018b). The signal of water evaporation is
partially visible also in the first heating scan on the sample FP, which also presents
the signals of the melting and crystallization transitions of PEG, through the presence
of narrow peaks at 55 °C and 25 °C, respectively. The phase change enthalpy
measured in the first heating scan is 88.5 J/g. Assuming that the phase change
performance and the crystallization behavior of the PEG embedded in the wood are
not different from those of the virgin PEG, the total PEG weight fraction in the sample
FP can be calculated from the phase change enthalpy of the neat PEG (169 J/g), with
the result being 52.4 wt%, in good agreement with the nominal PEG content (Table VI
-4).

Table VI- 6. Results of the DSC tests on the prepared wood laminates and the constituents.

TEEC  AHFFC  TPEC  AHPES T, AH,, T2 AH?
(°C) (g (°C) (g  (°C) Qg (°C) g
PEG 526 1689 309 1553 - - -

A - - - - 1681 98 711 10.09

Sample

FP 56.1 88.5 25.8 86.7 - - - -
FA - - - 168.7 4.6 70.9 5.1

LAM 54.7 274 215 24.1 166.8 44 718 48
T,PEG, TPEG = melting and crystallization temperatures of PEG (°C); AHFEG, AHEPEC = melting and
crystallization enthalpy values of PEG (J/g); T4, T4 = melting and crystallization temperatures of thermoplastic
starch (°C); AHA, AHZ = melting and crystallization enthalpy values of thermoplastic starch (J/g).

The peak of water evaporation is also present in the thermograms of the two
prepared laminates (FA and LAM). The sample FA also clearly shows all the thermal
transitions of the starch phase, which are visible in the second heating scan, i.e., a
glass transition at approx. 60 °C, post-crystallization at 110 °C and a melting peak at
168 °C. The thermal transitions of the starch phase are also visible in the thermogram
of the sample LAM (except for the post-crystallization in the second heating scan),
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although the most intense signal is represented by the phase change transitions of
PEG, whose enthalpy is 27.4 J/g (first heating scan). From this signal, the effective
PEG weight fraction in the LAM can be calculated as 16.2 wt%, slightly higher than
that calculated from the masses of the laminates, but in the same order of magnitude.
This DSC signal clearly demonstrates that the prepared composites could be
potentially applied for TES applications.

Figure VI - 5(a-d) shows the thermograms obtained from DMA on the tested
materials, performed to investigate their viscoelastic response below and above the
melting temperature of PEG. Figure VI - 5(a-b) shows the thermograms of the samples
A, F and FP. The latter two samples have been tested with the wood fibers oriented
parallel (L) and perpendicular (T) to the applied load. The thermogram of the neat
starch (A) has been reported together with the samples in the T directions for a better
comprehension of the plots. The starch phase (A) exhibits a storage modulus at 0 °C
of approx. 250 MPa, and it shows a considerable drop at approx. 60 °C in
correspondence of the glass transition, in good agreement with the DSC results. The
same phenomenon is visible through peaks in the signals of E” and tand. For the
neat wood lamina (F), the value of E’ in the L direction is one order of magnitude
higher than that in the T direction, and in both cases it shows a slight decrease at
approx. 50 °C, because of the transitions of wood amorphous fraction (i.e. lignin)
(Kelley et al., 1987). From a comparison between the signals of the neat wood (F) and
the PEG-impregnated wood (FP) laminae, is it immediately evident that the presence
of PEG significantly contributes to increase the storage modulus of the wood laminae
in both directions, probably due to a partial filling of the wood porosity. The major
signals in the FP thermograms are those related to the PEG phase transition,
evidenced by a drop in E’ and peaks in E” and tand signals and appreciable
especially in the L direction (Figure VI - 5a).

The positive contribution of PEG in increasing E’ is also transferred to the
laminates (Figure VI - 5(c-d)), even though to a less extent. Also in this case, the
thermograms present all the signals related to the thermal transitions of the PEG and
starch phases. For example, the PEG melting is clearly detectable through the DMA
thermograms. This effect, which evidences the interesting and unusual possibility to
study a melting event through DMA, was also observed in the other PCM-containing
composites presented in the other Chapters of thesis work.
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Figure VI - 5. DMA thermograms of the wood laminates and the constituents, showing the
storage modulus E’, the loss modulus E”, and the loss factor tand. (a) samples F and FP
(longitudinal direction); (b) samples F, FP (transversal direction) and A; (c) samples FA
and LAM (longitudinal direction); (d) samples FA and LAM (transversal direction).

Finally, two tests were performed to investigate the effect of PEG on the
mechanical properties of the wood laminae and the prepared laminates, i.e.
quasi-static tensile tests and Charpy impact tests. For the tensile tests, representative
curves of the sample FA and LAM in all the three considered directions are reported
in Figure VI - 6(a-b), while Figure VI - 6(c-d) shows the trends of the elastic modulus
and the tensile strength. The neat wood lamina (F) has a linear stress-strain curve until
failure in both the L and T directions, with a rather low strain at break (approx. 1 %).
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PEG-impregnated laminae (FP) show an initial linear behavior, followed by a region in
which the slope decreases until failure. By a comparison of the tensile properties of
the samples F and FP in Figure VI - 6(c-d), it is clear that PEG positively influences
the mechanical properties of the wood laminae, especially in the T direction, as the
average elastic modulus increases from 120 MPa to 310 MPa and the tensile strength
from 60 MPa to 170 MPa, while the properties in the L direction of the two samples
are not significantly different from each other.

The mechanical properties measured on these thin laminae are remarkably
lower than those reported for bulk beech, which exhibits a flexural elastic modulus of
14.5 GPa and a flexural strength of 120 MPa (Giordano, 1981). This effect, already
observed in previous works of our group (Dorigato et al., 2018a), is attributable to the
destroying of the pristine cellular morphology to which the ultrathin laminae are
subjected during cutting.

The stress-strain curve of the starch film (A) is typical of a thermoplastic, highly
ductile polymer. The initial linear region terminates with a relative maximum,
conventionally regarded as the yield point, followed by a strain-hardening region until
failure, which happens at high strain values (approx. 450 %). The properties measured
on this starch film are consistent with those reported in the literature for similar
materials (Bastioli, 1997; Mark, 1999). From Figure VI - 6(a-b) it is immediate to
observe that, as expected, for both the prepared laminates, the mechanical properties
of the angle ply (O) laminates are intermediate in respect to those of the samples L
and T. From the results reported in Figure VI - 6(c-d), it is also evident that the
properties measured on the laminates are considerably higher than those expected
from the traditional rule of mixture, largely used to predict the performance of
composites. This effect, already observed in previous works (Dorigato et al., 2018b)
stems from the partial filling of the wood porosity by the interpenetrated matrix, which
reduces the total pore volume fraction. As reported before for the single lamina, this
porosity filling effect is also the reason of the enhanced tensile stiffness and strength
of the sample LAM (containing PEG) compared to FA (not containing PEG), in all the
investigated directions.

Considering the elastic modulus results reported in Figure VI - 6¢, it should be
pointed out that the laminates (i.e. FA and LAM) and the constituents (i.e. FP, F, and
A) were not tested at the same speed, and therefore the results can be directly
compared only from a qualitative point of view. However, the most important
comparison in the mechanical properties should be performed between the laminates
FA and LAM in different orientations, which were tested at the same speed.
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Figure VI - 6. Results of the quasi-static tensile tests (a) Representative stress-strain
curves of the sample FA (all the three considered directions); (b) Representative stress-
strain curves of the sample LAM (all the three considered directions); (c) tensile modulus
of the prepared wood laminates and the constituents; (d) tensile strength (stress at break)
of the prepared wood laminates and the constituents.

Similar conclusions can be drawn by analyzing the results of the Charpy impact
tests, summarized in Table VI - 7. The maximum load (F,,,,) measured during the
test is considerably higher for the LAM samples, and so is the absorbed specific
energy (Ep,coc), for all the considered fiber orientations. This suggests that, contrarily
to what has been reported up to now for PCM-containing polymer composites, the
PCM contributes positively to the mechanical properties of the host composite.

Table VI - 7. Results of Charpy impact tests on the prepared wood laminates, performed
in different orientations.

Sample Fax (N) E g toc (JIM?)
FA-L 24 12402
FA-T 1 06+0.3
FA-O 18 1.0£0.2
LAM-L 138 23.7+36
LAM-T 52 75+16
LAM-0 95 148149

Fnax = maximum value of load reached during the test; E,, ., = total absorbed specific energy.
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6.4 General conclusions of Chapter VI

This Chapter presented the preparation and thermo-mechanical properties of
multifunctional fully biodegradable laminates with thermal energy storage/release
capability, based on thermoplastic starch and thin wood laminae impregnated with
PEG. It was found that not all the PEG introduced in the samples is effectively confined
within the wood pores, due to the not negligible fraction of porosity that is closed or
interconnected with too small channels; nevertheless, a PEG fraction of approx.
11 wt% of the whole laminate remained effectively entrapped within wood laminae.
This was confirmed through DSC tests, which evidenced that the stabilization of PEG
within the wood pores was responsible for the endothermic signal at 55 °C, with a total
specific melting enthalpy of 27.4 J/g. DMA analysis revealed that the presence of PEG
significantly contributed to increasing the dynamic moduli of the laminates, likely
because of the partial filling of the wood porosity. For the same reason, the quasi-static
properties (stiffness and strength) measured on the laminates were considerably
higher than those expected from the traditional rule of mixture on the constituents, and
Charpy tests also showed that the impact resistance of the composites was
considerably higher than that of their constituents and of the neat wood/starch
laminate.

For the first time, contrarily to what has been reported up to now for
PCM-containing polymer composites, the presence of PCM resulted in a positive
contribution to the mechanical properties of the host composite. Therefore, the
mechanical and TES properties can be considered as synergistic and not parasitic.
This is remarkably important in the perspective of developing multifunctional materials
combining structural and thermal management functions. This also evidences that the
wood laminae, which perform both the roles of reinforcement and shape-stabilizing
agent for the PCM, are not the only multifunctional component, but also PEG can be
regarded as multifunctional, since, besides absorbing and releasing heat, it also
enhances the tensile and impact properties.
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Chapter VII

Tailoring the properties of PCM microcapsules
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7.1 Introduction

The thermal and mechanical properties of a polymer composite containing PCM
microcapsules are affected by the intrinsic properties of the capsules and the
filler-matrix adhesion. This Chapter focuses on tailoring the thermo-mechanical or
interfacial properties of paraffin microcapsules and is divided into two Subchapters.
Subchapter 7.2 deals with the exploration of sol-gel techniques to synthesize paraffin
microcapsules with an organosilica shell. Subchapter 7.3 concerns the deposition of
polydopamine (PDA) on the surface of commercial paraffin microcapsules to enhance
the interfacial adhesion with an epoxy resin.

7.2 Encapsulation of docosane in organosilica
microcapsules via a sol-gel approach

As already introduced in Chapter I, the shell of PCM microcapsules can be
made of polymeric or inorganic material. Polymeric shells are often the preferred
choice, as they can be prepared with well consolidated and industrially available
chemical techniques and feature a low density, which allows a high core-to-shell
weight ratio and therefore an enhanced total TES performance. On the other hand,
organic shells are often highly flammable, can release toxic gases, and exhibit lower
thermal and mechanical stability and lower thermal conductivity than their inorganic
counterparts (Yu et al., 2014).

The most common inorganic shell material is silica prepared via sol-gel
techniques, for which the most widely used precursor is tetraethyl orthosilicate (TEOS)
(Wang et al., 2006; Fang et al., 2010; Chen et al., 2013b). However, the resulting shell
is often too brittle and easily subjected to damages and cracks (Chen et al., 2013a). A
valid alternative is methyltriethoxysilane (MTES), which leads to the formation of an
organosilica network.

This Subchapter deals with the identification of an effective sol-gel route to
encapsulate paraffin within organosilica shells of various dimensions, and to deeply
investigate how the confinement influences the microstructural and phase change
properties of the PCM with a broad range of characterization techniques. Commercial
paraffins are often a mixture of alkanes, and therefore it can be challenging to
investigate a PCM with a broad MW distribution from the microstructural and molecular
point of view. Hence, it was important to select a PCM with a known and well-defined
chemical formula and molecular weight. The selected alkane was the n-docosane,
having chemical formula CH3(CHz2)20CHs, (purity = 98.5%). This specific n-alkane was
chosen as it has a nominal melting temperature of 42-45 °C, close to that of the
previously used commercial PCMs.
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To the best of the author's knowledge, only one study has been reported on the
production of organosilica microcapsules with docosane as the PCM (Sun et al.,
2019b), which specifically refers to the encapsulation of n-docosane in ZnO/SiO2 shells
prepared from TEOS. Moreover, although the reported research investigates the
microstructural properties of the microcapsules to some extent, no studies have been
found that use powerful techniques such as the nuclear magnetic resonance (NMR)
to deeply examine the phase change behavior in a confined volume and relate the
results to the outcome of microstructural and thermal analyses such as X-ray
diffraction (XRD) and differential scanning calorimetry (DSC).

721 Materials and methods

The present Section lists the materials used to produce these microcapsules
and describes in detail the sample preparation and the characterization methods.

7.2.1.1 Materials

To prepare PCM microcapsules, n-docosane CHa(CHz2)20CHs (purity = 98.5 %)
and absolute ethanol (purity = 99.8 %) were purchased from Sigma-Aldrich (Saint
Louis, MO, US), methyltriethoxysilane (MTES) (purity = 98 %) was provided by ABCR
GmbH (Karlsruhe, Germany), and cetyltrimethylammonium bromide (CTAB) was
purchased from Sigma-Aldrich (Saint Louis, MO, US). Distilled water was used
throughout the whole process. All materials were used as received, without further
purification.

7212 Sample preparation

Docosane-organosilica microcapsules were prepared with a protocol based on
the indications reported in (Tang et al., 2017), which was modified in some key
synthesis parameters in order to improve the emulsion stability and to obtain capsules
with two remarkably different sizes. The masses of the reagents for the three different
preparations are reported in Table VII - 1, while Figure VII - 1 reports a schematic
overview of the experimental protocol.

Table VII - 1. Composition of the docosane o/w emulsion and the MTES solution for all the
prepared microcapsules.

Sample Docosane o/w emulsion MTES solution
docosane CTAB water MTES HCI 102 ethanol
(@) (@) (ml) (ml) M (ml) (ml)
MC1 5.1
MC2 5 0.05 50 42 6.7 25.5
Si - - 5.1
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Figure VII - 1. Experimental steps followed for the synthesis of docosane microcapsules.

The docosane o/w emulsion was prepared by adding 4 g of docosane and 0.05
g of CTAB to 50 ml water. The mixture was stirred for 30 min at 2500 rpm via a
Dispermat F1 laboratory dissolver (VMA-Getzmann GmbH, Reichshof, Germany), and
then sonicated for 10 min with a UP400S ultrasonic processor (Hielscher GmbH,
Teltow, Germany). During stirring and sonication, the temperature was kept at 60 °C,
above the melting point of the docosane. After sonication, the pH was adjusted to 8-9
by adding NHs(aq) 1M solution. The MTES solution was prepared in a different beaker,
by adding 4.2 ml of MTES to ethanol at 45 °C under stirring. Then, 6.7 ml of HCl(aq)
102 M were added drop by drop to promote the acid-catalyzed hydrolysis of MTES,
and the solution was magnetically stirred at 45 °C for 20 minutes at 350 rpm. The
MTES solution was then dropped into the docosane emulsion, and the total mixture

was magnetically stirred at 60 °C for 4 h at 350 rpm. Finally, the suspension was
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filtered, and the filtrate was washed with hot water and ethanol (to remove free
docosane and unreacted species) and dried overnight in a vacuum oven at 80 °C. The
MTES solution was prepared with two different volumes of ethanal, i.e. 5.1 ml and
25.5 ml, respectively, to modify the concentration, the polarity of the synthesis medium
and the micelle size in the final suspension (MC1 and MC2). Each synthesis yielded
approximately 2.5 g of microcapsules. Neat organosilica microparticles (Si) were also
prepared without docosane and CTAB, under the same hydrolysis-condensation
conditions (Dire et al., 2011; Tang et al., 2017).

7.2.1.3 Characterization

The morphology of the microcapsules was investigated through a field-emission
scanning electron microscope (FE-SEM) Zeiss Supra 60 operating in high vacuum
mode, after Pt-Pd sputtering at 30k and 70k magnifications.

Fourier-transformed infrared spectroscopy (FTIR) was performed in attenuated
total reflectance (ATR) mode with a Perkin Elmer Spectrum One instrument. Data were
collected in the wavenumber interval between 650 and 4000 cm-!, and four scans were
superimposed for each spectrum (resolution 4 cm').

X-ray diffraction (XRD) measurements were collected by means of a Rigaku
D-Max Il powder diffractometer using Cu-Ka radiation (A = 0.154056 nm) and a
graphite monochromator in the diffracted beam. A 8-28 Bragg-Brentano configuration
was adopted with the following scan conditions: scan range: 5-50° (in 28); sampling
interval and counting time: 0.025° and 2 s, respectively.

Nuclear magnetic resonance (NMR) has been used to further investigate the
structure and molecular dynamics of the microcapsules. Solid state NMR analyses
were carried out with a Bruker 400WB spectrometer operating at a proton frequency
of 400.13 MHz. 3C and 2°Si cross-polarization (CP) magic angle spinning (MAS)
spectra and proton-decoupled MAS spectra were collected. Spectra with CP pulse
sequences were acquired under the following conditions: 13C frequency: 100.48 MHz,
T1/2 pulse: 3.5 ps, decoupling length: 5.9 ps, recycle delay: 4 s, 512 scans; contact
time: 2 ms. 29Si frequency: 79.48 MHz, contact time: 5 ms, decoupling length: 6.3 ps,
recycle delay: 20 s, 2k scans. 13C proton-decoupled MAS spectra were acquired under
the following conditions: 3C frequency: 100.48 MHz, /4 pulse: 2.5 s, decoupling
length: 5.9 ps, recycle delay: 10 s, 300 scans. Samples were packed in 4 mm zirconia
rotor and spun at 8 kHz under air flow. 13C spin-lattice relaxation times (T1c) were
measured at room temperature with a CP Inversion Recovery Experiment (Alamo et
al., 2002) with  from 1 ms to 30 s and using the already reported CP MAS parameters.
The decay curves were fitted with the nonlinear least-square method. The T1c
constant represents the rate needed by the z-component of net magnetization vector
(represented by the NMR signal intensity) to go back exponentially to the equilibrium
state aligned to the external magnetic field. The process depends on the interaction

between the spin system and the close environment. Crystallinity and molecular
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mobility, together with the closeness to paramagnetic centers or unpaired electrons,
strongly affect the relaxation mechanism generally described by the Bloch equation
(Bloch, 1946).

Samples were packed in 4 mm zirconia rotor and spun at 8 kHz under air flow.
Adamantane and QsMs were used as external secondary references. Si units were
labeled according to the usual NMR notation, T representing trifunctional Si units with
n bridging O atoms.

Differential scanning calorimetry (DSC) was performed to study the variation in
the phase transition temperature and enthalpy values of docosane in its bulk and
encapsulated state. Specimens of approx. 8 mg were sealed in aluminum crucibles
and tested in a Mettler DSC 30 calorimeter, at 10 °C/min, between 0 and 70 °C, under
a nitrogen flow of 100 mi/min. The employed cooling medium was liquid nitrogen. A
heating scan, a cooling scan and a second heating scan were performed for each
specimen. The test allowed the measurement of the melting and crystallization
temperatures (T, T.) and enthalpy values (AH,,, AH,,) of the PCM phase. The
encapsulation efficiency n was evaluated for each sample as the ratio between its
phase change enthalpy and that of the neat docosane, through Equation (VII - 1), as

AHMC 4 AHMC
N=——"p5 T np (VI -1)
AHE, + AHE

where AHMC and AHYC are the melting and crystallization enthalpy values of the
microcapsules and AH2, and AHP are those of the neat docosane.

Moreover, a kinetic analysis was performed on neat docosane and MC1 to
investigate the effect of encapsulation on the activation energy of the phase change.
Tests were performed a 10 °C/min, 1 °C/min and 0.2 °C/min. The activation energy
E, was determined as the slope of the linear regression, through a standard Arrhenius
approach, as reported in Equation (VII - 2):

dln(p)  E,

T/Tpc) R’ (VII-2)

where ¢ is the heating or cooling rate, T, is the peak phase change temperature (in
K) and R is the universal gas constant, equal to 8.314 J/mol-K.

Lastly, thermogravimetric analysis (TGA) was performed to study the thermal
stability of the docosane and the microcapsules. The tests were performed on a Mettler
TG50 instrument. Specimens of approx. 15 mg were tested at 10 °C/min up to 700 °C,
under a nitrogen flow of 10 ml/min. The test allowed the measurement of the
temperatures corresponding to a mass loss of 1 Wt% (T,), 3 Wt% (T30;), and 5 wt%
(Tse,), @s well as the peak temperatures of the mass loss derivative signal,
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corresponding to the maximum degradation rate of the docosane (T,?) and

organosilica (T;5*) phases. Moreover, the weight fraction of docosane (wp%# ) could

be estimated for each sample from the mass loss after the degradation of this phase,
and the residual mass after the test (m,.) was also measured.

7.2.2  Results and discussion
7.22.1 Sample preparation and quality of the docosane o/w emulsion

The first part of the activity was focused on optimizing the emulsion parameters,
to maximize the amount of encapsulated docosane. Since an important factor is the
type of surfactant, a first attempt was made with sodium dodecyl sulphate (SDS),
employed in many research works to obtain o/w emulsions with different types of
paraffins (Fang et al., 2010; Chen et al., 2013a; Chen et al., 2013b; Cao et al., 2014b;
Jamekhorshid et al., 2014; Tang et al., 2017; Lin et al., 2019).

However, in the present work, it was found that SDS is not highly effective with
docosane and leads to low fractions of emulsified paraffin. This behavior could be
related to the higher molecular weight of docosane with respect to the paraffins
employed in other studies (e.g. octadecane, eicosane). Nevertheless, most of the
considered works do not report information on the quality of the emulsion nor on the
synthesis yield, related to the ratio of encapsulated paraffin with respect to the initial
amount, and therefore it is difficult to make a direct comparison. It should be pointed
out that the study of PCM emulsion stability is important not only to maximize the final
encapsulation yield, but also for other applications of PCMs, for example the
development of highly performing heat transfer fluids (Shao et al., 2015; Wang et al.,
2017; Wang et al., 2019), which often contain emulsified PCM.

In the present study, a considerably more effective emulsification of docosane
was obtained with CTAB, probably due to its higher hydrophobic character denoted by
its lower hydrophile-lipophile balance (HLB) number (Park et al., 2003; Proverbio et
al., 2003; Ciriminna et al., 2011; Cardoso et al., 2017).

7.2.2.2 SEM microscopy

Figure VII - 2(a-f) reports SEM micrographs of the prepared microcapsules.
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Figure VIl - 2. SEM micrographs of the prepared microcapsules. (a, b) Si; (c, d) MC1; (e, f)
MC2; the red arrow indicate a microcapsule showing core-shell structure.

The neat organosilica particles (Si, Figure VIl - 2(a-b)) present a spherical
shape, a smooth surface, and dimensions of 606 £ 110 nm. They are monodispersed
with a relatively narrow size distribution in agreement with previous results (Alkan et
al., 2009; Felix De Castro and Shchukin, 2015). However, microparticles appear
strongly aggregated, as clearly observable at higher magnification in Figure VII - 2b.
For the samples containing microencapsulated docosane, the first manifest difference
between MC1 (Figure VII - 2(c-d)) and MC2 (Figure VII - 2(e-f)) is the particle size.
The sample MC1 is composed of strongly aggregated and extremely small particles,
with a diameter of approximately 50 nm. It was not possible to acquire images at higher
magnifications, due to the instability of the sample under the electron beam during
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focusing, and thus the analysis of the particle size was performed manually (with the
software ImageJ) on a zoomed micrograph. Due to the blurriness of the resulting
image, it was difficult to perform an accurate analysis, but the measured diameters fell
in the range 35-60 nm. The particles of the sample MC2 are bigger, spherical, and
with shape, surface roughness and state of aggregation resembling those of neat
organosilica spheres. MC2 particles are smaller than those of the sample Si (244 +
98 nm) and have a higher coefficient of variation. The majority of the capsules are
intact, but a core-shell morphology can be observed from the sporadic broken
capsules, as indicated with a red arrow in Figure VII - 2f.

7.2.2.3 FTIR spectroscopy

Figure VII - 3 reports the FTIR spectra obtained on the bulk docosane (D), MC1
and MC2 microcapsules and the neat organosilica microparticles (Si).
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Figure VII - 3. FTIR spectra of the bulk docosane (D), docosane-organosilica core-shell
microparticles (MC1 and MC2) and neat organosilica microparticles (Si).

The spectrum of the neat docosane is characterized by the typical vibrations of
methylene groups; the peaks at 2954, 2913, 2872 and 2848 cm! can be assigned to
the C-H bond stretching vibration in -CHz and -CHs groups, while the peaks at 1471,
1454 and 1370 cm can be attributed to the asymmetric and symmetric bending
of -CH2 and -CHs groups, respectively, and the peak around 717 cm" is due to the
rocking vibration of the -CHz group (Alkan et al., 2009; Felix De Castro and Shchukin,
2015).

On the other hand, the sample Si shows the peaks of the organosilica network
originated from MTES. The small peaks in the interval 3000-2800 cm-! are related to
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the stretching vibration of the C-H bond in the methyl group, and the peak at 1271 cm!
is due to the bending vibration of the Si-CH3 bonds (Socrates, 2001). The two broad
bands around 1117 and 1021 cm" and the weak signal at 924 cm' are due to the
asymmetric stretching vibrations of siloxane bonds and silanols, respectively (Diré et
al., 2018). The peak at 853 cm! is due to Si-O symmetric stretching and the signal at
777 cm' can be attributed to the Si-C bond vibration (Diré et al., 2018). Both docosane
and organosilica signals are present with different relative intensity in the spectra of
the two prepared microencapsulated samples, thus proving the presence of the
paraffin core in MC1 and MC2. The peaks associated to docosane are more intense
in MC2 than in MC1, indicating a higher docosane content in the larger microcapsules.
The siloxane band appears narrower in comparison with Si sample, particularly in the
case of MC2.

From the FTIR analysis it is possible to make some semi-quantitative
considerations based on sharp peaks belonging to the same spectral region. By
measuring the intensity ratio of the two peaks indicated with dotted lines in Figure VII
- 3, i.e. the signal at 1471 cm' related to methylene docosane, and the one at
1271 cm™ attributed to Si-CH3 in organosilica, the docosane-to-organosilica molar
ratios result of 0.15 and 0.55 for MC1 and MC2, respectively, in agreement with the
results of NMR and TGA analyses reported below.

7224 XRD analysis

Figure VII - 4 reports the XRD spectra of the samples D, MC1, MC2 and Si.

MC2

intensity (a.u.)
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Figure VII - 4. XRD spectra of the bulk docosane (D), MC1 and MC2 microcapsules and the
neat organosilica microparticles (Si).
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For the spectrum of the neat docosane, the signals can be attributed to the
triclinic phase of solid docosane, stable up to approx. 40 °C (Lth et al., 1974; Nouar
etal., 1998). This phase is characterized by the spatial group P1, generally indicated
as yo(C22), with cell parameters a=4.2805 A, b=4.8212 A, ¢=28.2877 A, 0=91.14°,
$=94.63°, y=106.39°. On the other hand, the Si spectrum displays the typical
diffraction pattern of the amorphous MTES-derived organosilica, with two broad halos
located at around 10° and 23° (Chen et al., 2013a; Tang et al., 2017; Lin et al., 2019).

The XRD spectrum of the microcapsules MC1 resembles that of the neat
organosilica, and the diffraction pattern of the docosane phase is not detectable,
unless a broad and less intense peak centered at 21°. On the contrary, in the spectrum
of MC2 both the broad halos of the organosilica phase and the sharp peaks of the
docosane phase, especially between 18° and 28°, are clearly detectable, whereas the
peaks at lower angles are not visible. In this spectrum, the docosane reflection at 21.4°
is relatively more intense with respect to the spectrum of D. This may indicate the
presence of a different solid crystallographic phase, the so-called rhombohedral
rotator phase R-Il, which in normal conditions is stable near the melting temperature.
This rotator phase is a crystalline mesostate with rotational degree of freedom along
the chain axis (Peng et al., 2018). This finding therefore suggests that the confinement
of the paraffin chains inside the organosilica shells induces a structural disorder; in
fact, the absence of (00l) peaks in MC2 spectrum, located at angles lower than 18°,
can be attributed to the disappearance of the lamellar ordering of the yo(Cz22) structure,
whereas the lateral arrangements of the chains remain unchanged (peaks located at
angles greater than 18°) (Wang et al., 2019a). On the other hand, the reduction of the
particle size in MC1 sample, as revealed by SEM analysis, leads to a more
pronounced distorted situation, and only the finding of the rotator state appears with a
shift towards lower angle than for MC2 sample. These evidences suggest that the
degree of confinement of docosane in organosilica microcapsules can be related to
the particle size (Wang et al., 2019a).

7.2.25 Solid state NMR analysis

Solid state NMR analysis was performed to deeply investigate the
microstructure, morphology and confinement effect of the different microcapsules.
Figure VII - 5(a-b) shows the 3C and 2°Si CP MAS spectra of the neat docosane, the
two microencapsulated PCMs and the organosilica particles.
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Figure VII - 5. NMR spectra of docosane (D), MC1 and MC2 microcapsules and the neat
organosilica microparticles (Si): (a) *C CP MAS spectra with docosane carbon labeling
and arrows to highlight rotator phase signals; (b) 22Si CP MAS spectra.

The spectrum of bulk docosane in Figure VII - 5a shows the typical signals of
the n-alkanes, associated to the first four carbon atoms in the chain (indicated as a, ,
Y, & in the structural scheme, Figure VII - 5a), while the chemical shifts are not anymore

resolvable from the fifth () carbon atom (Speight et al., 2011).
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For the neat organosilica microcapsules (Si), the only signal is found at approx.
-4 ppm and it is due to the methyl carbon atoms linked to silicon, while the absence of
signals associable to the ethoxy groups indicates the completion of MTES hydrolysis
(Dire et al., 2018). Together with all the paraffin and MTES signals, the docosane
phase in the sample MC2 shows also some minor upfield shifted peaks (approx. 2
ppm) close to the a, B and ¢ signals, indicated with arrows in Figure VII - 5a, which
can be associated to a, B and & methylene groups in a different environment.
Interestingly, in the spectrum of MC1, the chemical shift of docosane signals fits with
the weak upfield resonances of MC2 spectrum, and there are no signals in the original
positions. The upfield shifted resonances can be due to the presence of the rotator
phase or also to the y-gauche effect near the chain ends, which causes a non-uniform
distribution of the conformational disorder, thereby broadening the peaks (Okazaki and
Toriyama, 1989). This behavior could be attributed to the confinement effect of the
docosane inside the capsules, and the fact that it is more evident for the smaller (MC1)
capsules supports this hypothesis (Moller et al., 1987) in agreement with XRD
conclusions.

In this sense, it could be useful to evaluate the signals of the *3C
proton-decoupled MAS spectrum, reported in Figure VII - 6.
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Figure VII - 6. 13C proton-decoupled MAS NMR spectra of docosane (D), MC1 and MC2
microcapsules and the neat organosilica microparticles (Si).

As the spin-lattice relaxation times of the various carbon atoms are remarkably
different from each other (e.g. for a-C itis 1.2 s, for §-C 16 s, for y-C and €-C >700 s),
with the selected experimental parameters it is possible to make a quantitative
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comparison among the methyl groups. From the ratio between the areas of H3C-Si
(-4 ppm) and H3C-CHz (14 ppm) signals, the molar ratio organosilica/docosane can be
deduced, considering that the signal at -4 ppm counts for one carbon atom and that at
14 ppm for two. The results of this calculation give docosane-to-organosilica molar
ratios of 0.09 and 0.53 for MC1 and MC2, respectively. What is immediately evident is
that for the sample MC1 the silica fraction is approx. 6 times higher than for MC2,
which is in good agreement with both the ratios calculated from FTIR peaks and the
DSC results. Moreover, by integrating the area of a and o’ signals it is possible to
estimate that the rotator phase (represented by o) is the 20 % of all the encapsulated
alkane for sample MC2, while for the MC1 it represents the 100 %.

Furthermore, through molecular dynamics NMR experiments (Figure VII - 7),
and especially from the evaluation of 13C spin-lattice relaxation times (T1c), it is
possible to prove that the two detected phases represent respectively a free bulk
paraffin fraction and a docosane fraction interacting with the inner silica shell, since
the interaction causes a remarkable reduction of T1c. A similar effect was already
observed by Inoue et al. (Inoue et al., 1995), who studied the behavior of polyethylene
on silica surfaces and imputed the constraints of the molecular motions of the polymer
chains to the interaction with the silica surface. As evidenced by the XRD
measurements, the inclusion can cause an alteration of the crystalline structure. This
effect was already mentioned by Okazaky and Toriyama (Okazaki and Toriyama,
1989), who studied through T1 analysis the different behavior of even and odd
alkanes. As a matter of facts, despite the very long T1c of main chain carbons of neat
docosane measured by Okazaky and Toriyama, the present samples show a reduced
and capsule size-dependent T1 value for main chain methylenes, whereas it is
practically unchanged for methyls (Table VII - 2). No effects due to interaction can be
detected for silica methyls, as showed also by Okazaky and Toriyama’s samples. The
overall size-dependent T1c reduction is a proof of the effective paraffin inclusion and
the lower values shown by o' and B’ with respect to a and B further indicate the
interaction of a docosane fraction with the silica shell, which leads to the alteration of
the crystal structure, in agreement with XRD conclusions.

Table VII - 2. T1c relaxation times of MC1 and MC2 expressed in seconds.

C type MC1 Mc2
61.6 117.0

€ 61.5 109.6

3 36.5 44.3

B - 33.7

p 2.1 4.1

a - 1.6

a 1.3 1.2

Si-CHs 5.0 46

302



120 105
-CH2-y

a8
"

normalized intensity
& 2 3
normalized intensity
=

0 5 10 15 22 % N 0 5 10 15 20 % N
t(s) t(s)

-CHz- & .

. l - &- -CH2-p

normalized intensity
.

]
normalized intensity
.
=]

»e
.

0 5 10 15 2 % W 0 5 W 15 2 2% PN
t(s) t(s)

-CH3 « Si-CH3

8 3
...-
8 3
-

=
-

0 . ]

normalized intensity
=
]
normalized Intensity
=
]

0 5 10 15 20 % 30 ) 0 5 10 15
t(s) t(s)

(e) (f)

20 25 30

Figure VIl - 7. T1c curves of the carbons detected in the 1*C CP MAS spectra for MC2 (black
squares for original signals, blue triangles for interfacial peaks) and MC1 samples (red
circles): (a)+ (b)+ (c) chain methylenes from C-3, (d) C-2 methylenes, (e) methyls, (f) MTES
methyls.

Finally, Figure VII - 5b shows the 2°Si CP MAS of the samples MC1, MC2 and
Si, to investigate the degree of condensation of the organosilica phase. All the samples
show the signals of the T2 (R-Si(OSi)2(OH)) and T3 (R-Si(OSi)s) units, at -55.7 ppm
and -65.6 ppm, respectively (Diré et al., 2018), and the intensity ratios are comparable
in the three cases, which implies that the presence of docosane and CTAB surfactant
does not influence MTES hydrolysis-condensation process. The quantitative analysis
was performed on the 2°Si proton-decoupled MAS spectra (not reported), and confirms
the trends observed in the CP MAS spectra, being the condensation levels approx.
96% for the sample Si and 94% for the sample MC2.

303



7.2.2.6 DSC analysis

Figure VII - 8a shows the DSC thermograms of the samples Si, D, MC1 and
MC2. The neat organosilica does not manifest any thermal transition in the considered
temperature interval. On the other hand, in the heating scan, all the samples containing
docosane experience the melting phase change, visible as a single broad peak at the
adopted heating scan (10 °C/min).

The data reported in Table VII - 3 show that the peak melting temperature (T,,,)
measured on the microcapsules is lower than that of the neat docosane, and this is
more evident for the smaller (MC1) than for the bigger (MC2) capsules. This effect,
also reported by other literature studies (Wang et al., 2006; Chen et al., 2013a; Li et
al., 2013; Liu and Lou, 2015; Felix De Castro et al., 2016; Sun and Xiao, 2017; Tang
etal., 2017), can be ascribed to the fact that the confinement in a small volume hinders
the crystallization, but in this specific case also to the interaction of docosane with the
inner shell surface, which limits the chain mobility as evidenced by NMR studies. This
hypothesis is supported by the reduction in melting enthalpy, which is more evident for
the smaller capsules presenting a higher surface-to-volume ratio. The same effect is
at the basis of the decrease in the peak crystallization temperature for the sample
MCH1; as the paraffin domains are confined in smaller volumes, a higher supercooling
degree is needed to initiate the crystallization. This phenomenon must be taken into
account when designing a microencapsulated PCM, as it could change its application
temperature interval. The cooling scans are characterized by the presence of several
peaks. The neat docosane shows two peaks, the first (33.5 °C) related to the
liquid-solid phase change, and the second (28.5 °C) associated to a solid-solid
transition (Wang et al., 2003), while the microcapsules show several peaks, visible
especially in the sample MC2, which can be due to confinement effect and the
presence of different crystalline phases. The measured phase change enthalpies are
reported in Table VII - 3. The neat docosane develops 234.2 J/g, and the melting
enthalpies measured on MC1 and MC2 provide information about the docosane
fraction in each sample, described by the efficiency (n) reported in Table 3. The
sample MC2 contains approx. 60 % of docosane, while the PCM fraction decreases
to 14 % for MC1. These data are in good agreement with the results of NMR and TGA.

Figure VII - 8(b-c) reports the DSC thermograms of D and MC2 acquired at
0.2 °C/min. As the lower heating rate allows a better resolution of the signals, the neat
docosane (Figure VII - 8b) shows two endothermic peaks in the heating scan, one (at
lower temperature) associated to the solid-solid transition from the crystalline phase
to the rotator phase, and the other due to the solid-liquid phase transition, in good
agreement with the detailed investigation performed by Wang et al. (Wang et al.,
2003). The cooling scan shows two sharp peaks with a broad halo in between, which
is better visible from the inset plot. Following Wang's analysis, the peak at higher
temperature can be attributed to the transition from the liquid state to the rotator phase,
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Table VII - 3. Main results of the DSC tests on the bulk (D) and microencapsulated (MC1
and MC2) docosane. The table reports data of the phase change temperatures and
enthalpies, as well as the encapsulation efficiency.

Sample T, (°C) T.(°C) AH,, (JIg) AH . (Jlg) 1 (%)
D 46.2 33.5 2346 2342 100
MC1 412 251 33.0 32.9 14.1
MC2 43.8 345 142.7 141.4 60.6

T, T, = melting and crystallization temperatures of the PCM; AH,,,, AH, = melting and crystallization
enthalpies of the PCM; n = encapsulation efficiency.

exo|
coolin
E MC2
< MC1
5 Si
= Si
o MC1
<= ~MC2
; D
heating
2 Wig
T T T T T
10 20 30 40 50 60 70
T (°C)
(@)
3.0
0.06
0.04
2.5~
o
§ 05 0.02
2 3 35 40 45
o
§ cooling
Lo0
heating D
-0.54
1exo
20 25 30 35 40 45 50
T (°C)
(b)

305



Texo

9 .
E / cooling
; —_—
2 0.0+ heating N Mc2
w
]
<-0.11
-0.24
-0.3 T T T T T
20 25 30 35 40 45 50
T (°C)
©)

Figure VII - 8. (a) DSC thermograms of the bulk (D) and microencapsulated (MC1 and MC2)
docosane and the neat organosilica microparticles (Si). The first heating scans and the
cooling scans are reported. (b) DSC thermogram of the neat docosane acquired at
0.2 °C/min (heating and cooling scan). (c) DSC thermogram of the microcapsules MC2,
acquired at 0.2 °C/min (heating and cooling scan).

the broad halo is related to the rotational action of CH2 bonds, and the last sharp peak
due to the last solid-solid transition, which ends with the formation of an ordered
crystalline phase. The encapsulated docosane MC2 shows the same two peaks as
the sample D in the heating scan, but at a slightly lower temperature, and at least five
intense peaks in the cooling scan. This implies a different crystallization behavior due
to confinement and interaction with the organosilica shell. A very small peak (indicated
with arrows on Figure VII - 8c) can be also observed both on heating and on cooling.
This is probably due to the surface freezing phenomenon, ie. to the
fusion/crystallization of a monolayer formed on the surface of liquid docosane,
observable here due to the high surface-to-volume ratio of the microencapsulated
docosane and not normally observable on bulk samples (Wang et al., 2003).

The DSC tests at different heating scans were also performed to determine the

apparent activation energy (E,) of the phase transition of the bulk and
microencapsulated docosane. The results are reported in Figure VII - 9.
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Figure VII - 9. Activation energy for the melting and crystallization processes calculated
through the Arrhenius equation (slope of the linear regression).

The value of E,, for docosane melting is 501 kd/mol, in good agreement with
similar systems (Anghel et al., 2014). Despite the not negligible error bands, related to
the values of R well lower than 1 in the linear regressions of the phase change
temperatures, it can be appreciated that the values of E, increase upon
encapsulation, probably due to steric effects and interaction with the capsule shell.

7.2.2.7 TGA tests

Figure VIl - 10(a-b) shows the TGA thermograms on the prepared
microcapsules, while the most important results are displayed in Table VII - 4. The
bulk docosane undergoes a single-step thermal degradation with T,” at 291 °C, while
the neat organosilica is thermally stable until approx. 500 °C. Both the degradation
steps are present in the samples MC1 and MC2, but the derivative peak temperatures
are of some degrees lower than those of the neat samples, which was already reported
in the literature, especially for the PCM phase (Tang et al., 2017).

From the amplitude of the degradation step of docosane, it is possible to
estimate the docosane weight fraction for the samples MC1 and MC2, which are
reported in Table VII - 4. The fraction of docosane calculated for MC2 is 65 wt%, and
this is in good agreement with the DSC results, while that determined for MC1, 26 wt%,
is slightly higher than that calculated via DSC, and this can be due to sample
inhomogeneity, but also to the fact that the crystallinity degree of the docosane
encapsulated in small microcapsules such as the sample MC1 is lower than that of the
free docosane, and thus the developed enthalpy is lower than expected, which is in
agreement with the XRD results. It is worth of noting that the docosane weight content
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calculated by TGA is in good agreement with the molar amount estimated by both
FTIR and NMR analyses.
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Figure VII - 10. TGA thermograms of the bulk (D) and microencapsulated (MC1 and MC2)
docosane and the neat organosilica microparticles (Si). (a) mass; (b) mass loss derivative.
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Table VII - 4. Main results of the TGA tests on the bulk (D) and microencapsulated (MC1
and MC2) docosane and the neat organosilica microparticles (Si).

Sample Ty, T30, Tso, T? T3 wht4 m,
(°C) (°C) (°C) (°C) (°C) (%) (%)
D 179.8 203.5 214.8 291 - 100 -
MC1 175.3 212.8 227.0 278 572 26 30
MC2 156.2 184.0 195.5 255 547 65 10
Si 4218 479.3 498.7 - 563 - 26

T19, T30, Tso, = temperatures corresponding to a mass loss of 1 wt%, 3 wt% and 5 wt%; TpD= peak
temperature of the mass loss derivative, at the degradation of the docosane phase; T;;* = peak temperature
of the mass loss derivative, at the degradation of the organosilica phase; w5 = weight fraction of docosane;
m,. = residual mass after the test.

7.2.3 Conclusions

In this work, docosane was encapsulated via a sol-gel process in organosilica
shells of two different sizes. The microcapsules (MC1 and MC2) were extensively
characterized and compared to bulk docosane (D) and neat organosilica microspheres
(Si).

The FTIR spectra of MC1 and MC2 showed all the signals of D and Si, and the
analysis suggested that the docosane fraction was considerably higher in MC2 than
in MC1, as confirmed by other techniques. The XRD spectrum of MC1 resembled that
of the neat organosilica, due to the low docosane fraction, while the spectrum of MC2
contained the patterns of both organosilica and docosane phases, with probable
indication of the presence of the solid rotator phase R-II. Solid state NMR has proved
to be a powerful technique to investigate microencapsulated PCMs, providing an
in-depth insight into the different microstructures and phases of the samples. In the
13C CP MAS spectra, the sample MC2 showed some minor peaks with an upfield shift
of approx. 2 ppm next to the a, B and ¢ signals, appreciable also in the
proton-decoupled spectrum, while the spectrum of MC1 contains only the upfield
shifted signals. This shift is related to the presence of rotator phase or to the reduced
docosane chain mobility and interaction with the shell wall (y-gauche effect). From the
areas of a and o’ signals it was possible to estimate that the rotator phase is the 20 %
of all the encapsulated alkane for sample MC2, while for the MC1 it represents the
100 %. DSC analysis revealed that the melting and crystallization temperatures
decreased upon encapsulation, which is due to the difficulty to form perfect crystals in
a confined volume and the need for a higher supercooling to start the crystallization.
The melting enthalpy measured on MC2, the top-performing microcapsules, was
143 JIg, which implies an encapsulation efficiency of approx. 60 %.

This work contributed to highlight the potentialities of the sol-gel route as a PCM
encapsulation technique and to shed light on the change in structural, microstructural
and thermal properties due to confinement effect and interaction with the shell walll.
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7.3 Bioinspired polydopamine coating as an adhesion
enhancer between paraffin microcapsules and an
epoxy matrix

In a polymer composite, the interface between the matrix and the discontinuous
phase(s) plays a fundamental role in determining the final thermo-mechanical
properties and aging resistance. In a composite containing PCM microcapsules, an
additional issue is represented by repeated thermal cycles, which cause cyclic volume
variations of the PCM. This could further damage the interphase zone, thereby causing
microcracks and debonding phenomena that deteriorate the mechanical properties
and thermal conductivity and shorten the service life of the component. The damage
at the interface could also undermine the mechanical integrity of the capsule shell,
thus favoring PCM leakage and reducing the energy storage capability of the
composite (Keblinski et al., 2002; Su etal., 2011a; Su et al., 2012; Burger et al., 2016).

Despite being such a critical aspect, the adhesion between PCM microcapsules
and polymer matrices has not been object of intensive investigation so far. The
scientific literature reports numerous studies on the modification of polymer
microcapsules for other applications, via the addition of silane compounds during (in
situ) (Wang et al., 2009; Wang et al., 2010) or after (a posteriori) (Tong et al., 2013;
Cai et al., 2014; Cai et al., 2015; Mirabedini et al., 2019) the microcapsule synthesis.
However, these works focus almost exclusively on the modification of
urea-formaldehyde resin, while there is a considerable lack of investigation on
melamine-urea-formaldehyde (MUF) or melamine-formaldehyde (MF) microcapsules,
which are by far the most common and commercially available shells containing a
PCM, due to cheapness, thermal stability, and the easily controlled production process
(Su et al., 2011a). Due to the lack of reactive functional groups of a fully cured MF
surface, the a posteriori modification of the microcapsule surface presents
considerable challenges, especially when addressed with traditional surface
modification techniques like the silane chemistry.

Among the possible alternative treatments, a method that has attracted
increasing attention in the last decade is the deposition of polydopamine (PDA) (Ryu
et al., 2018). PDA is a bioinspired synthetic polymer that has emerged as one of the
most powerful tools for broad applications, as it allows the production of continuous
layers with relative simplicity and noteworthy versatility and exhibits great adhesion
onto a great variety of metallic, polymeric and ceramic surfaces (Lynge et al., 2011;
Jeong et al., 2018). It is particularly appealing to functionalize chemically inert
surfaces; it has been employed to improve the fiber/matrix interfacial adhesion of
highly inert reinforcing fibers, such as ultra-high molecular weight polyethylene
(UHMWPE) and poly(p-phenylene-2,6-benzobisoxazole) (PBO) fibers (Tang et al.,
2018; Shanmugam et al., 2019).
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Produced by the self-polymerization of dopamine, PDA contains catechol and
amine groups and presents a chemical composition analogous to that of the mussel
adhesive proteins (Liu et al., 2016b; Kwon and Bettinger, 2018). Due to its unique
chemistry and the interesting assortment of reactive functional groups, this bicinspired
coating can act as compatibilizer in multiple filler/matrix systems and can be further
functionalized with additional surface chemistry techniques (Tang et al., 2018).

This Subchapter presents the results of the surface modification through PDA
of the commercial PCM microcapsules used also in other Chapters of this thesis, which
have a shell of fully cured formaldehyde-based resin. The PDA layer, instantly formed
by the oxidative polymerization of the applied dopamine, improved the interfacial
adhesion with an epoxy matrix. This work specifically focuses on employing
microscopy techniques to study how the interphase between the microcapsules and
the epoxy matrix varies between uncoated and coated capsules, on relating the PDA
deposition parameter to the layer thickness and morphology, and on investigating how
the PDA layer influences the heat storage properties of the microcapsules.

The sample preparation and most of the characterization were carried out at the
Leibniz Institute of Polymer Research (Dresden, Germany).

7.3.1 Materials and methods

7.3.1.1 Materials

The microencapsulated PCM Microtek MPCM43D and the bi-component epoxy
system Elan-tech® EC157 / W342 were already introduced in Chapter Ill. Dopamine
hydrochloride and tris(hydroxymethyl)aminomethane (TRIS buffer, Trizma®) were
purchased from Sigma-Aldrich (Steinheim, Germany). Acetone was supplied by Fisher
Scientific (Nidderau, Germany). Deionized water was prepared employing a
PURELAB Chorus 2+® water purification system (Elga LabWater, High Wycombe,
UK). Bisphenol A diglycidyl ether (DGEBA) was supplied by Sigma-Aldrich (Steinheim,
Germany).

7.3.1.2 Sample preparation

2.0 g dopamine hydrochloride (as supplied) were added to 600 ml of TRIS
solution (0.1 mol/L) in an uncovered beaker and dissolved in an ultrasonic bath (VWR
International, Leuven, Belgium) at room temperature. Then, the microcapsules were
slowly added to the dopamine solution under vigorous magnetic stirring (1000 rpm). In
the uncovered beaker the suspension was stirred for 24 hours at room temperature.
The PDA-coated microcapsules were filtered off under vacuum by a Biichner funnel
lined with a Sartorius 389 filter (Sartorius AG, Géttingen, Germany). The coated
microcapsules were rinsed twice with 50 ml deionized water before each cycle of
drying under vacuum at room temperature for 4 hours. Washing and drying cycles
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were repeated to constant weight of the surface-modified microcapsules. After their
modification the formerly white microcapsules were dark brown, which indicated the
presence of insoluble and irreversibly bonded PDA layers on their surfaces. The same
procedure was repeated with a more diluted dopamine hydrochloride solution (1.2 g
in 600 ml).

PDA reference material was synthesized by adding 2.0 g dopamine
hydrochloride (as supplied) to 600 ml of TRIS solution (0.1 mol/l) in an uncovered
beaker. Dopamine polymerization was performed at room temperature for 24 hours.
The black-brownish polymer was filtered, washed twice with deionized water and dried
under vacuum to constant weight.

7.3.1.3 Reaction of neat and PDA-coated microcapsules with oxirane-
carrying molecules

The surface reactivity of the PDA-coated microcapsules was assessed by
investigating the crosslinking reaction with two oxirane-carrying molecules, namely the
DGEBA and the commercial epoxy base Elan-tech® EC 157. 1 g of coated
microcapsules was introduced into a 20 ml glass vial. Then, 5 ml of either DGEBA or
Elan-tech® EC 157 were added. The suspension was stirred for 4 h with a magnetic
stirrer. The microcapsules were separated by vacuum filtration with a Sartorius 389
filter. To remove unbound resin, the microcapsules were rinsed twice with 20 ml
acetone. The epoxy-crosslinked PDA-coated microcapsules were dried under vacuum
at room temperature for approx. 1 h. The surface investigation was performed through
X-ray photoelectron spectroscopy (XPS). It should be noted that the epoxy base
EC157 is a commercial name for DGEBA. This experiment was designed and
performed entirely by Dr. Frank Simon at Leibniz-IPF and was added to this thesis for
completeness.

7.3.1.4 Preparation of the MC-filled epoxy composites

MC-filled epoxy composites were produced by mixing the epoxy base and the
hardener in a weight ratio of 100:30, as suggested by the producer. Neat or
PDA-coated microcapsules were added to the epoxy preparation in a weight fraction
of 10 wt% and stirred with a SpeedMixer DAC 400 FVZ (Landrum, SC, USA) at 1000
rpm for 1 min, to ensure a homogeneous dispersion. The mixtures were degassed for
5 min, casted in stainless steel molds and cured at 100 °C for 10 h. The curing was
followed by a slow cooling to room temperature.

7.3.1.5 Characterization

The morphology and roughness of the neat and PDA-coated microcapsules
were studied by a Zeiss Gemini Neon 40ESB scanning electron microscope
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(Oberkochen, Germany). The powder samples were prepared on SEM stubs equipped
with conductive tape. No further conductive coating was applied, not to alter the
surface morphology of the samples.

AFM tests were carried out to study the morphology and the surface roughness
before and after PDA coating. Neat and PDA-coated microcapsules were glued with a
double-sided tape on glass slides. The measurements were done in the peak force
tapping mode by a Dimension FastScan atomic force microscope (Bruker-Nano,
Santa Barbara, USA), equipped with silicon nitride sensors ScanAsyst Fluid+ (Bruker,
USA) with a nominal spring constant of 0.7 N/m and tip radius of 2 nm. The setpoint
was 0.04 V. The mean roughness Sa was calculated through the program NanoScope
Analysis 1.9 (Bruker-Nano, Santa Barbara, USA) after removing the curvature of the
spheres by a 6t order flatten command.

XPS was carried out to study the surface chemistry and functional groups of the
neat and PDA-coated microcapsules, and to study the different surface reactivity,
molecular interactions and chemical bond formation when the microcapsules were
reacted with two oxirane-carrying compounds, namely the epoxy base Elan-tech 157
and the DGEBA molecule. Four samples were analyzed with this technique, namely
(i) neat microcapsules; (i) PDA-coated microcapsules; (iii) PDA-coated microcapsules
reacted with DGEBA, (iv) PDA-coated microcapsules reacted with the epoxy base
Elan-tech® EC 157. All the XPS studies were carried out by means of an Axis Ultra
photoelectron spectrometer (Kratos Analytical, Manchester, UK). The spectrometer
was equipped with a monochromatic Al Ko (h-v = 1486.6 eV) X-ray source of 300 W
at 15 kV. The kinetic energy of photoelectrons was determined with hemispheric
analyzer set to pass energy of 160 eV for wide-scan spectra and 20 eV for high-
resolution spectra. Employing double-sided adhesive tape (3M Company, Maplewood,
MN, USA), the powder samples were prepared as thick films on a sample holder that
allowed their introduction in the recipient of the XPS spectrometer. During all the
measurements, electrostatic charging of the sample was avoided by means of a low-
energy electron source working in combination with a magnetic immersion lens. All the
recorded peaks were shifted by the same value that was necessary to set the C 1s
peak to 285.00 eV. Quantitative elemental compositions were determined from peak
areas using experimentally determined sensitivity factors and the transmission
function of the spectrometer. Spectrum background was subtracted according to
Shirley (Shirley, 1972). The high-resolution spectra were deconvoluted by means of
the Kratos spectra deconvolution software (Kratos Analytical, Ltd., Manchester, UK).
Free parameters of component peaks were their binding energy (BE), height, full width
at half maximum (FWHM) and the Gaussian-Lorentzian ratio. This experiment was
designed entirely by Dr. Frank Simon at Leibniz-IPF. It was added to this thesis for
completeness.

The FTIR spectra of the neat microcapsules, PDA-coated microcapsules, and
PDA as reference coating material were recorded in the attenuated-total reflection
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(ATR) mode (Golden Gate accessory with diamond crystal, Specac Limited,
Orpington, England) using a FTIR spectrometer Tensor 27 (Bruker Optics GmbH,
Ettlingen, Germany). All samples were placed on the horizontal ATR diamond crystal.
A reference spectrum was recorded from the pure ATR crystal. 100 interferograms
were co-added at a spectral resolution of 2 cm!. The interferograms were Fourier
transformed applying Blackman-Harris-3 apodization and zero filling factor of 2.
Calculated absorbance spectra were subjected to atmospheric compensation, limited
to the fingerprint region (1900 cm' to 600 cm'), the baseline function of OPUS
software was used (2 pt. baseline- 2 iterations concave rubber band method), and
normalized to the height of band appearing at 716 cm-!.

DSC was performed to measure the most important thermal properties of a
PCM, such as the phase transition enthalpies and temperatures, and to evaluate their
changes after the coating process. Powder samples of approx. 5 mg were placed in
standard aluminum DSC pans and analyzed with a TA Instruments Q2000 calorimeter
(New Castle, DE, USA). Each sample was subjected to a heating/cooling/heating cycle
at 10 °C/min from -20 °C to 80 °C, under nitrogen atmosphere. The test allowed the
measurement of the peak temperature and enthalpy of each phase transition and an
evaluation of the variation in the core-to-shell mass ratio after the coating.

TGA was performed to assess the evolution of the thermal resistance of the
coated capsules. A TA Instruments Q5000 IR thermobalance (New Castle, DE, USA)
was employed to record thermograms from approx. 5 mg of the powder samples. The
samples were heated up to 700 °C with a heating rate of 10 °C/min, under nitrogen
atmosphere. The tests allowed the determination of the temperatures corresponding
to a mass loss of 1 wt%, 3 wt% and 5 wt% (T, T30, T504), the temperature at the
maximum degradation rate, corresponding to the peak of the mass loss derivative
(Ty), and the residual mass after the test (m,.).

The melting of the core of the microcapsules in dependence on temperature
has been investigated by an optical microscope equipped with a hot stage.
Microcapsules were placed on light microscopy glass-slide on a temperature
controlled stage LTS-420 (Linkam, Surrey, United Kingdom) and heated from r.t. to
50 °C and re-cooled to r.t. Visual images have been recorded with an Axio Imager
(Zeiss, Jena, Germany). Temperature controlled microscopy was performed on the
neat microcapsules and the PDA-coated microcapsules.

SEM micrographs of the fracture surface of the prepared epoxy/MC samples
(prepared as described in Section. 7.3.1.2) were recorded to visually observe the
modification of the adhesion and the interfacial region after PDA coating, to study the
fracture morphology and propagation, and to measure the thickness of the coating as
a function of the deposition parameters. Then, the composites were cryofractured in
liquid nitrogen and the fracture surface was investigate through SEM. The specimens
were glued on SEM stubs with a conductive tape and investigated with a Zeiss Supra
60 field emission scanning electron microscope, after Pt-Pd sputtering.
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7.3.2 Results and discussion

The whole results discussion refers to the comparison between neat MC and
MC modified in the solution with the highest concentration of dopamine hydrochloride,
called MC-PDAc, where “c” stands for “concentrated”. The MC modified with the least
concentrated solution (MC-PDAd, “diluted”) will be introduced only in final part of the
results discussion, dealing with the thermal and adhesion properties.

7.3.2.1 Surface morphology of neat and PDA-coated microcapsules

Figure VII - 11(a-f) shows the SEM micrographs of neat and PDA-coated
samples. The neat microcapsules appear smooth and spherical, while the roughness
increases considerably for the PDA-coated microcapsules. The PDA layer presents a
globular appearance, which could contribute to the filler-matrix interfacial strength by
mechanical interlocking. The PDA is deposited uniformly on the whole MC surface, as
observable from Figure VII - 11d. The coating caused a change in the microcapsule
color from white to brown, but this is not an issue for the proposed application.

Figure VII - 11. SEM micrographs of neat microcapsules (a, ¢, ) and PDA-coated
microcapsules MC-PDAc (b, d, f) at different magnification levels.
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The surface morphology and roughness of the PDA coating was studied
quantitatively with AFM. Figure VII - 12 shows the output of the AFM analysis. The
neat microcapsule has a relatively smooth surface, while the PDA-coated
microcapsule shows a nodular surface structure with varying nodule size. The mean
surface roughness (Sa) increases from 9 nm for the neat MC, to 86 nm for the
PDA-coated MC.

2.0um

-2.0 ym

Figure VII - 12. 3D AFM images of neat microcapsules (left) and PDA-coated microcapsules
(MC-PDACc) (right). Lateral image dimension 10 pm, color coded height range 4 pym.

7322 FTIR spectroscopy

Although FTIR is a widely used non-destructive method for many compounds,
complex samples, and coatings, an accurate investigation of the structure of PDA
through FTIR is still a challenge. The PDA polymer consists of a number of different
monomer units with various oxidation states and chemical and physical linking,
organized in different hierarchical aggregates (Roldan et al., 2014). Thus, absorption
spectra of PDA do not contain well-resolved bands, unlike single functional groups in
defined compounds. On the contrary, wide and featureless spectra are often detected,
which show the overlapping contributions of different functional units with absorption
energies close to each other.

This is clearly observable from the ATR-FTIR spectrum acquired on PDA,
shown in Figure VII - 13 with a dashed line. This spectrum was vertically translated, to
facilitate the interpretation of the results. A complex PDA spectrum with broad bands
was obtained as a result of different oxidation states, a variety of cyclic hetero- or
aromatic structures and different bridging bonds and positions. Figure VII - 13 also
shows the ATR-FTIR spectra of the neat and PDA-modified microcapsules, with a
dotted and solid line, respectively. Both spectra show narrow hydrocarbon bands of
the paraffin core, which is crystalline, and broader bands of the melamine-
formaldehyde shell, as elucidated in Table VII - 5.

The PDA-modification of the microcapsules can be evaluated by the intensity
increase between 1650 cm and 1050 cm'. The subtraction of the spectrum of neat
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microcapsules from that of the PDA-modified microcapsules results in a good
approximation of the PDA spectrum. Most characteristic band positions and intensities
are recovered for both the PDA spectrum and the subtracted one, shown as red line.
The spectral band positions of PDA, reported in Table VIl - 6, are consistent with other
reports (Roldan et al., 2014; Perna et al., 2016; Al Aani et al., 2018; Sun et al., 2019a;
Furtado et al., 2020) and assignments are based on literature data and on the
comparison with pyrrolic, indolic and catecholic structures (Socrates, 2004). These
results prove that ATR-FTIR technique is a fast and cost-effective characterization
method to detect and investigate polymer shells and thin PDA coatings, even though
they represent a small fraction of the total sample mass and their spectroscopic signals
are not identified by sharp peaks.

1118
1040

—— MC-PDA
MC

----- PDA

— difference

Absorbance (normalized) [a.u.]
Absorbance (difference) [a.u.]

. : . : . : .
1800 1600 1400 1200 1000
Wavenumber [cm?]

Figure VII - 13. ATR-FTIR spectra of neat microcapsules (MC, dotted line), polydopamine-
coated microcapsules (MC-PDAc, solid line), and a polydopamine layer (PDA, dashed
line). Difference spectrum (red line) was calculated by subtraction of MC from MC-PDAc.

Table VII - 5. FTIR band assignments for the microcapsules

wn Band Intensity  Molecular  Material Reference

(cm) assignment structure

1653 deformation  vw, N-H melamine- (Salaiin et al.,
shoulder formaldehyde  2009)
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1548 stretching s,broad  triazine melamine- (Weiss et al.,
ring formaldehyde ~ 2019)

1500 deformation  s,broad  C-H,in melamine- (Socrates,
CHz, CH,-  formaldehyde  2004),(Giinzler
OH, CHz- and Gremlich,
0O- 2003)

1470 asymmetric  vs CH, paraffin (Salalin et al.,

bending 2009)

1455 deformation s, broad C-H,in melamine- (Socrates,
CHz, CH,-  formaldehyde ~ 2004),(Weiss
OH, CHz- etal., 2019),
0- (Gtinzler and

Gremlich,
2003)

1367 deformation, w C-H,in melamine- (Salain et al.,
symmetric CHz, CH,-  formaldehyde  2009)
bending OH, CHz-

0-
CH2,
bridge

1341 stretching s,broad  Caromatic-N melamine- (Weiss et al.,

formaldehyde  2019)

1156 stretching s, broad C-N/- melamine- (Weiss et al.,
CH2-0- formaldehyde ~ 2019)

1070 symmetric w -CHa-O- melamine- (Weiss et al.,

stretching CHo-, formaldehyde  2019)
ether

891 twisting m C-Hin paraffin (Salatn et al.,
CH: 2009)

813 deformation s triazine melamine- (Weiss et al.,
ring formaldehyde  2019)

755 deformation ~ w N-H, in melamine- (Weiss et al.,
amines, formaldehyde ~ 2019)
triazine
ring

716 in-plane 'S C-Hin paraffin (Salatn et al.,
rocking CH2 2009)

Abbreviations for band assignments. v: stretching vibration; d: deformation vibration; w: wagging vibration
Abbreviations for band intensities. vw: very weak; w: weak; m: medium; s: strong; vs: very strong

Table VII - 6. FTIR band assignments for the PDA phase

wn

(em)

Band
assignment

Intensity

Molecular
structure

unit

Structure

Reference
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3612-  w-m,broad  v(OH) O-H, phenolic (Roldan et al.,
3140 v (NH) N-H 36 2014)
3033 m, broad v (CH) aromatic a!romatic (Roldan et al.,
C-H ring, pyrrol,
) 2014)
indole
2963 w Vas (CH) CHs (Roldan et al.,
2014)
2954 w Vas (CH) CH2 (Roldan et al.,
2014)
2916 m vs (CH) CHs (Roldén et al.,
2014)
2850 m vs (CH) CH: (Roldan etal.,
2014)
1725 w-m v (C=0) carbony! (Roldan etal.,
group 2014), (Perna
etal., 2016)
1574 s v (C-C), 8 (C- ring gromatic (Roldan et al.,
H) fing, YOl 014 (Al Aani
indole,
catechol etal., 2018)
1502 Vs v (CC), v aromatic aromatic (Roldén et al.,
C=N) C-C,C=N  ring, pyrrol, 2014),(Perna
indole etal., 2016)
1472 w v (C=C) C-H pyrrol, indole  (Pernaetal.,
ring 2016), (Wang
etal., 2018)
1436 s ving (C-C) + v C-H, aliphatic CHx (Roldén etal
f_lc,;.N) +8(0- CN,OH indole ring 2014)(Sun et
' al., 2019a),
5 (CH) + 5 (Furtado et
(N-H) + v (C- al, 2020)
N)
1347 m Ving (C-C)+v  C-N, O-H, aliphaticCHx, ~ (Roldan etal.,
(C-N) + & (O-  aromatic indole ring 2014),(Sun et
H) ring, C-N- al.,, 2019a)
C (Wang et al.,
2018)
1266 w v (C0) +§ CO catechol (Roldan etal.,
(N-H) + & (C- 2014),(Perna
H), etal., 2016)
v (C-0) + & (Furtado et
(C-H) + g, al., 2020),(Al
Aanietal.,
2018)
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1198 s S (OH) + § C-0C, C- (Roldan et al.,
(CH,v(c0) O 2014)

1153 w 5 (OH) + & C-O (Roldan et al.,
(CH), v (C-0) 2014)

1115 w 5 OH) + & CO (Roldan et al.,
(CH) +v (C-0) 2014)

1035 w S (CH) + & gromatlc indole ring (Roldsn etal,
(NH) + v (C- ring 2014)
0)

954 m Siing + & (C-H) indole ring (Roldan et al.,
2014)

864 m ¥(C-H) indole ring (Roldén et al.,
2014),(Sun et
al., 2019a)

807 s Y(C-H) + Yring indole ring (Roldan etal.,
2014),(Sun et
al., 2019a)

632 w

589 w

455 m

Abbreviations for band assignments. v: stretching vibration; 6: deformation vibration; w: wagging vibration
Abbreviations for band intensities. vw: very weak; w: weak; m: medium; s: strong; vs: very strong

7.3.2.3 XPS characterization

The XPS tests were carried out and analyzed entirely by Dr. Frank Simon at
Leibniz-IPF. They were added to this thesis for completeness.

The results of the XPS investigation are reported in Figure VII - 14. The C 1s
spectrum of a cured melamine-formaldehyde sample should present peaks relative to
the carbon atoms of the 1,3,5-triazine ring networks (expected at approx. 287.15 eV),
the carbon atoms carrying amino groups (expected at approx. 286 eV), and - as
usually found on all surfaces — saturated hydrocarbons (at 285.00 eV) (Beamson and
Briggs, 1992). However, the recorded C 1s spectrum of the neat microcapsules (Figure
VII - 14a) did not show the presence of amino groups; neither primary amino groups
(C-NH2) nor secondary amino groups (C-NH-C) could be detected. Amino groups
are able to open the oxirane rings of the epoxy molecules and initiate the formation of
epoxy networks. Their absence on the surfaces of the microcapsules explains the poor
adhesion in epoxy polymer matrices, as it frustrates the formation of covalent bonds
at the microcapsule-matrix interface.
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Figure VII - 14. Wide-scan (left column), C 1s (middle column), and N 1s (right column)
high-resolution XPS spectra recorded from: (a) neat microcapsules; (b) neat
microcapsules reacted with DGEBA; (c) PDA-coated microcapsules (MC-PDAc); (d) PDA-
coated microcapsules (MC-PDAc) reacted with Elan-tech® EC 157.

According to the shape of the recorded C 1s spectrum, it can be assumed that
the melamine-formaldehyde was cured in presence of urea. During the hardening
reaction, the urea molecules were condensed on the -OH groups of the intermediately
formed hexamethylolmelamine. The chemical structure of the reaction product
reported in Figure VIl - 15 confirms the C 1s spectrum recorded from the neat
microcapsules depicted in Figure VII - 14a.

e,
B K ‘
KN\ />B—LNfCCHszNHfF(‘,“fLNHfCCHszNHfFﬁ:fLNHW
5 "k 0
1

Figure VIl - 15. Presumed chemical structure (cut out from the polymeric network) of the
surface of the neat microcapsules derived from the C 1s high-resolution XPS spectrum
(Figure VII - 14a). The italic letters indicate the assignment of the carbon or nitrogen atoms
to the component peaks of the C 1s (B, C and F) and N 1s (K and L) spectra.
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Photoelectrons escaped from the carbon atoms of the 1,3,5-triazine rings
contributed to component peak B at 287.16 eV. The binding energy value found for
that component peak was slightly lower than the value of the tertiary amino groups
(I°C-]3N, component peak C at 287.91 eV), which were not involved in the conjugated
electron-rich m-electron systems of the triazine rings. According to the stoichiometry
of structure 1 (Figure VII - 15), the intensity of component peak C was equal to that of
component peak F at 289.03 eV that represents the carbonyl carbon atoms of the
condensed urea molecules ([NH-]2"C=0). Moreover, a further component peak A was
observed at 285.00 eV. This component peak was caused by photoelectrons from
carbon atoms bonded as saturated hydrocarbons (ACxHy). As mentioned above,
saturated hydrocarbons are always observed when the samples were prepared under
ambient conditions or came in contact with the atmosphere (Beamson and Briggs,
1992). However, this peak component could also be due to some paraffin diffused out
of the capsules and partly covering the outer shell surfaces. The chemical inertness
of the paraffin film also contributes to limit the chemical interaction between the epoxy
matrix and the microcapsule surfaces. The corresponding N 1s spectrum (Figure VII -
14a, right column) was clearly composed of the two component peaks K and L. The
binding energy value of the nitrogen atoms involved in the conjugated m-electron
systems of the triazine rings (component peak K) were found at 398.63 eV, at a slightly
lower energy than the value for the tertiary amines ([C-]3tN) and the urea units ([:NH-
]2C=0), which were observed as component peak L at 399.84 eV.

To investigate more in detail the poor chemical reactivity of the neat
microcapsule surface, an attempt was made to directly graft DGEBA on the untreated
MC shell, via the sample preparation route described in par. 2.3. Figure VII - 14b
shows the C 1s and N 1s spectra of these samples. As can be seen, neither the C 1s
nor the N 1s spectrum showed significant differences the spectra recorded from the
neat microcapsules. In the case of a successful grafting of DGEBA the corresponding
C 1s spectrum should be characterized by an intensive component peak at approx.
286.4 eV, resulted from alcohol (C-OH) and ether (C-O-C) groups formed after the
ring opening reaction of the oxirane groups. From the absence of this characteristic
component peak, it can be concluded that DGEBA were not bonded to the surface of
the microcapsule sample, which implies the impossibility of direct grafting of oxirane
groups-carrying substances on the microcapsule surface.

After the deposition of dopamine and its polymerization to PDA, the C 1s
spectrum of the PDA-coated microcapsules (Figure VII - 14c) showed the
characteristic shape found for PDA (Silva et al., 2019). Electron transitions between
7t- and rt*-orbitals cause not only the dark color observed after the polymerization of
dopamine, but also intense shake-up peaks (Sh) in the high-resolution C 1s spectrum
(Figure VII - 14c, middle column). The C 1s area remaining after subtraction the
shake-up peaks was deconvoluted into five component peaks, which confirmed the
number of different structural units in the PDA molecules. At low energy, the

322



component peak Ph (284.53 eV) evidences the presence of sp2-hybridized carbon
atoms of the PDA phenyl rings, whereas the 87C-N bonds in the amino groups led to
component peak B7 at 285.83 €V. Since its intensity was two-thirds of component
peak Ph, it can be concluded that preferably secondary amino (8C-NH-8C) groups
and cyclic imide (B’C=N-8'C) were formed during the polymerization of dopamine
(Figure VII - 16). Component peak C1 at 286.49 eV was assigned to the carbon atoms
carrying the phenolic OH groups of the catechol units (¢’C-OH). Its intensity was
smaller than that of the component peak C1, even though, according to the chemical
structures 2 and 3 suggested in Figure VII - 16, the intensities should be equal, [C1] =
[B1]. This may be due to the fact that some of the catechol groups were present in
their oxidized form. During the polymerization of dopamine, oxidation reactions are in
equilibrium with reduction reactions. Photoelectrons escaping from the carbon atoms
of remaining quinone-like structures 4 (°’C=0) were collected as component peak D1
at 287.29 eV. The sum of the intensities of the component peaks D1 and C1 exactly
equaled the intensity of component peak B ([D1] + [C1] = [B1]), which corresponds to
the stoichiometric ratio in the binding states of the carbon atoms suggested in Figure
VIl - 16. The findings also supported the assumption that cyclic amine and imine
structures were preferably formed during the oxidative polymerization of dopamine.

Bl

Figure VII - 16. Characteristic cut-outs from the chemical structure of PDA. Italic letters
denote the assignment of the carbon and nitrogen atoms to the component peaks in the
C 1s and N 1s high-resolution spectra.

Also the N 1s spectrum of the PDA-coated microcapsules is different from that
recorded on the neat microcapsules. Besides the component peaks K and L, it was
necessary to introduce a third component peak M (401.65 eV), showing protonated
amino groups (C—MN*H.—C). Unlike the reacted urea groups in the structure 1 (Figure
VII - 15), the secondary amines of the PDA (2) contain a basic nitrogen atom that can
be easily protonated in aqueous environment. The non-protonated nitrogen atoms of
the amino groups were identified as the component peak L at 399.93 eV.

The ratio of the intensities of the two component peaks [M]:[N] illustrates the
protonation/deprotonation equilibrium of the amino groups. For the subsequent
reaction with epoxides it is substantial that the intensity of component peak M is small
compared to that of component peak L, because the protonated species can neither
initiate the opening of the oxirane rings, nor be involved in the epoxy crosslinking
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reactions. Due to the high electron density at the nitrogen atom of the imide group (3)
(Figure VII - 16), which is involved in the delocalized n-electron system component
peak K was shifted to a lower binding energy value (398.74 V). From the high-
resolution element spectra (Figure VII - 14¢), it can be concluded that the surfaces of
the microcapsules were fully coated by thick layers of PDA. These findings are
supported by the complete absence of potassium in the wide-scan spectrum of the
PDA-modified sample and the brownish color of the microcapsules after the deposition
of dopamine and its polymerization.

The model reaction of the PDA-modified microcapsules with Elan-tech® EC 157
(Figure VII - 14d) strongly reduced the relative amount of nitrogen ([N]:[C]|roa = 0.094
— [N]:[Cllpoasects7 = 0.044) while the [O]:[C] ratio was not significantly affected
([OI[C]lpoa = 0.226 — [O]:[C]|Poa+Ects7 = 0.238). Obviously, the epoxy resin, which is
formed on the surface of the microcapsule shells, inelastically scatters the
photoelectrons emitted from the nitrogen atoms bonded to the microcapsule surface.
The inelastically scattered photoelectrons did not contribute to the spectral information
but were counted in the spectrum background. The high-resolution C 1s and N 1s
spectra provided more information about the success of the grafting of the Elan-tech®
EC 157 molecules on the PDA-modified microcapsule surfaces. The shape of the C
1s spectrum was changed by the epoxy resin formed during the ring opening reactions
of the oxirane units and their subsequent self-crosslinking. The recorded C 1s
spectrum is very characteristic of weakly cured epoxy resins. Beside the main
component peak A (285.00 eV), which showed saturated hydrocarbons, an intense
component peak C2 arose at 286.67 eV. This component peak resulted from ¢2C-0
bonds of alcohol (¢2C-OH) and ether (¢2C-0-C2C) groups, the typical reaction
products of the opened oxirane rings. Between the component peaks A and C2, the
component peak B1 (285.84 eV) shows the C-N bonds of amine groups. The intensity
of this component peak ([Bf] = 0.123) is significantly larger than twice of the
[NJ[Cl|ppa+ects ratio ([N]:[C]|roatects7 = 0.044), determined from the wide-scan
spectrum. This indicates that the secondary amino groups of the PDA molecules were
involved as tertiary amines in the depth of epoxy resin network. In principle, the -OH
groups of the catechol units are also able to open oxirane rings and form covalent
bonds with the epoxy resin. Non-reacted oxirane groups were detected from the
component peak D2 at 287.79 eV. Such groups, frequently observed in weakly cured
epoxy resins, can be reacted by a thermal curing process (Frenzel et al., 2015). Even
though its origin is unclear, the presence of component peak F2 at 289.16 eV shows
the presence of carboxylate ester groups in the epoxy resin network. While component
peak F resulted from photoelectrons escaped from the carbonyl carbon atoms
(O=F2C-0-C2C), the photoelectrons of the corresponding alcohol-sided carbon atoms
(0=F2C-0-C2C) contributed to component peak C2. The peak area above 290 eV can
be assigned to shake-up peaks (Sh), indicating small contribution of the PDA
interphase to the C 1s spectrum. The shape of the N 1s spectrum recorded from the
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epoxy-reacted, PDA-coated microcapsules was not very different to that acquired from
the PDA-coated microcapsules. The origin of the three component peaks K, L and M
is the same as that discussed for the spectrum in Figure VII - 14c. However, it is
interesting to observe that the relative intensities of the component peaks K were equal
in the two N 1s spectra ([K] = 0.166), which indicates that the imide-bonded nitrogen
atoms (C=KN-C) were not reacted with the oxirane species and therefore not bonded
to the resin.

This detailed investigation further establishes XPS technique as a powerful tool
to study the chemical structure, morphology and reactivity of surfaces and contributed
to elucidate how the potentialities of this technique can be applied to study PDA
coatings.

7324 Hot-stage optical microscopy

The results of the melting/crystallization test performed on an optical
microscope with a hot-stage equipment are shown in Figure VII - 17, which shows
selected micrographs of the neat and PDA-coated microcapsules during heating and
cooling ramps.

350 un
250 umt

4°C, cooling _ ~250pm

250 um_ | 4,

Figure VII - 17. Hot-stage optical microscopy images of microcapsules at different
temperatures: (a,b,c) neat MC; (d,e,f) PDA-coated MC (MC-PDAc).

This test was performed in order to follow the melting/crystallization process of
both samples and to visually detect any differences in the behavior due to the PDA
coating. At the beginning of the test, both the samples are solid and crystalline, as
observable from the bright cores in Figure VIl - 17a and Figure VII - 17d. As the
temperature rises, the core starts melting, and above the melting point all the capsule
cores are melted, and so almost transparent at the optical microscope, as observable
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from Figure VIl - 17b and Figure VII - 17e acquired at 46 °C. During cooling, the
recrystallization starts when the temperature falls below the crystallization temperature
of the paraffinic core, as observable from Figure VII - 17¢ and Figure VII - 17f, in which
some of the capsules have already crystallized. Such crystallization temperature is
different from that found via DSC, due to the different heating/cooling rate. The
analysis did not show any appreciable differences on the behavior of the neat and
PDA-coated microcapsules, which suggests that the PDA coating does not hinder the
melting/crystallization process of the core.

7.3.2.5 Thermal analysis

Figure VIl - 18 shows the DSC thermograms of the first heating scan and cooling
scan on the neat and PDA-coated microcapsules, while the most important DSC
results are reported in Table VII - 7. The neat microcapsules show an endothermic
peak at approx. 45 °C, indicating the melting of the PCM contained in the
microcapsules, while the cooling scan shows the corresponding crystallization peak at
approx. 29 °C, as already commented elsewhere in this thesis. The DSC thermograms
of both the PDA-coated microcapsules samples show the same features of the neat
sample, since the shape of the thermograms and the transition temperatures are not
significantly different, as also appreciable from Table VII - 7.

Since the PDA coating does not contribute to the phase change enthalpy, as it
does not show any phase transitions in the investigated temperature range, is it
reasonable to expect that the crystallization enthalpy per unit mass measured on the
PDA-coated microcapsules is lower than that of the uncoated sample. Since the
coating process was performed in mild conditions of temperature, pressure and stirring
speed, it can be assumed that the capsules were not damaged during the process and
the paraffin did not leak out of the capsule shell, as also confirmed by the SEM
micrographs that showed integer capsules.

Therefore, the whole enthalpy decrease can be imputed to the mass gaining
due to PDA coating. If this is the case, the total PDA weight fraction can be calculated

through the Equation (VII - 3) as

PDA
c

PDA (Wt%) =100 — W .

100, (VII-3)

where AHZ*% and AHFP4 are the crystallization enthalpy of the neat and PDA-
coated microcapsules, respectively. The PDA mass fraction calculated in this way
resulted as 14.3 wt% for the sample obtained from the concentrated dopamine
hydrochloride solution (MC-PDACc).

This decrease in phase change enthalpy negatively affects the TES capability
of the PCM. Therefore, it is interesting to observe that the modified MC sample
obtained from the diluted solution (MC-PDAd) exhibited a much lower decrease in
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melting enthalpy, as the deposited PDA was the 4.1 wt% of the total sample mass,
which is related to a thinner PDA layer, as better evidenced in Section 7.3.2.1.

This indicates, as expected, that the concentration of the solution affects the
total mass of deposited PDA and so the phase change enthalpy, but it does not
significantly affect the melting/crystallization temperatures. Therefore, a thinner PDA
layer could be beneficial in containing the decrease in TES properties of the coated
sample.
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Figure VII - 18. DSC thermograms of neat and PDA-coated microcapsules (first heating
scan and cooling scan).

Table VII - 7. Main results of the DSC tests on neat and PDA-coated microcapsules.

AH,, T AH,  wyc Wppy Ty AH,,,

Tm [
Sample oe)  (ig)  (C) (ig) (%) (W% () (g
MC 447 227.2 290 2241 100 0 44 4 224.0
MC-PDAc 443 189.2 29.7 1921 85.7 14.3 438 190.9
MC-PDAd 452 218.4 292 2180 95.9 41 455 218.0

T, AH,, = melting temperature and enthalpy (first heating scan); wyc, wppa= Weight fractions of MC and
PDA, calculated from the measured melting enthalpy; T, AH, = crystallization temperature and enthalpy
(cooling scan); Ty, 2, AH,, ,= melting temperature and enthalpy (second heating scan).

Figure VIl - 19 shows the TGA thermograms on the neat and PDA-coated
microcapsules, while the most important TGA results are reported in Table VII - 8. As
already observed elsewhere in this thesis, the thermal degradation of the neat
microcapsules starts with several small steps between 100 °C and 250 °C, related to
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the degradation ow low-molecular-weight compounds, while the degradation
phenomena at high temperature, related to the degradation of the capsule core and
shell, occur in a considerably narrow temperature interval.
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Figure VII - 19. TGA thermograms of the neat and PDA-coated microcapsules. Residual
mass and mass loss derivative as a function of temperature.

This spike, also observed in repeated measurements, is lower and broader in
the thermograms of both the PDA-coated microcapsule samples. Moreover, the peak
temperature was 7 °C (for MC-PDAd) or 22 °C (for MC-PDAc) higher than that of the
neat sample, which indicates an improvement in the thermal resistance. However, the
onset of the degradation shifts to lower temperatures, which is probably related to the
thermal degradation of the PDA coating, but further studies are needed to fully explain
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this decrease. Nevertheless, the temperature at the beginning of thermal degradation
is well above the processing temperature of the epoxy/MC composites (100 °C) and
far above the intended service temperatures, which are around the PCM phase
change interval (40-50 °C). It is interesting to observe that this phenomenon is more
evident for the MC-PDAc than for the MC-PDAGd, i.e. with an increase in the PDA mass
fraction. Therefore, a thinner PDA layer could also be beneficial in limiting the
decrease in thermal degradation resistance.

Table VII - 8. Main results of the TGA tests on the neat and PDA-coated microcapsules.

Sample T1%(°C) T35 (°C)  Tsy (°C) T4 (°C) m, (%)
mc 118.4 164.1 2412 421.2 0.34
MC-PDAc 1125 158.2 1725 4432 9.24
MC-PDAd 140.4 180.1 209.0 428.7 3.81

T19 T304, Tso, = temperature corresponding to a mass loss of 1 wt%, 3 wt% or 5 wt%; T, = temperature at
the maximum of the mass loss derivative; m,. = residual mass.

7.3.2.6 Interfacial adhesion and characterization of the epoxy/MC
composites

Figure VII - 20 and Figure VII - 21 show SEM micrographs of the cryofracture
surface of epoxy matrices containing neat and PDA-modified microcapsules. Most of
the capsules are broken due to the cryofracturing process, and this clearly confirms
their core-shell structure. From the low-magnification micrographs (Figure VII -
20(a-c)) it is evident that the microcapsules are uniformly dispersed in the epoxy
matrix, which is essential for producing a component with homogeneous
thermo-mechanical properties. This suggests that the PDA coating does not induce
agglomeration of the microcapsules. What is remarkably different between the neat
and PDA-coated capsules is the interfacial adhesion between the capsule shell and
the surrounding epoxy matrix, as appreciable from the medium- and high-
magnification micrographs (Figure VII - 20(d-i). The PDA coating reduces the gap
caused by filler-matrix debonding and promotes the chemical and mechanical
interaction between the capsule and the surrounding matrix. This is observed for both
the PDA-coated samples and seems to be independent from the amount of deposited
PDA.

The morphology of the thicker coating can be better appreciated in Figure VII -
21; the PDA coating has an irregular surface morphology and the thickness varies
significantly from point to point. The thickness was measured on several zones of
different microcapsules with the software ImageJ and resulted as 265 + 85 nm for the
sample MC-PDAc and 7510 nm for the sample MC-PDAd. The layer thickness is in
both cases comparable with the thickness of the shell (158+7 nm). If considered that
PDA has a density of 1.52 g/cm? (Nishizawa et al., 2016) and that the microcapsules
have an average diameter of 20 um and a density of 0.9 g/cm? (data from the
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producer’s datasheet), the mass fraction of PDA in the PDA-coated capsules can be
calculated as 12.1 wt% for the sample MC-PDAc and 3.7 wt% for the sample MC-
PDAd, in both cases in good agreement with the results from DSC.

The XPS analysis suggests that the main mechanism of adhesion enhancement
is the creation of covalent bonds with the epoxy matrix during curing. Therefore, the
same improvement of adhesion could probably be obtained with an even thinner PDA
layer; this would also reduce the total deposited PDA mass, which would decrease the
PDA weight fraction, thereby increasing the total phase change enthalpy. The
optimization of the PDA deposition parameters to tune the PDA layer thickness will be
the object of upcoming studies.

Figure VII - 20. SEM micrographs of the cryofracture surface of epoxy matrices containing
10 wt% of neat or PDA-modified microcapsules. (a,d,g) neat MC; (b,e,h) MC-PDAc; (c,f,i)
MC-PDAd.
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Figure VII - 21. SEM micrograph the cryofracture surface of epoxy matrix containing PDA-
modified microcapsules (MC-PDAc). Detail at high magnification level.

7.3.3 Conclusions

PDA layers of varying thickness were successfully deposited onto the outer
shell surface of paraffin microcapsules, and the resulting coating considerably
enhanced the adhesion with an epoxy matrix. The morphology and roughness of the
PDA layer was studied through microscopy techniques such as SEM and AFM, which
evidenced that after PDA coating the surface roughness increased from 9 nm to
86 nm, which is positive as it allows a further increase in the interfacial interaction by
mechanical interlocking. FTIR and XPS techniques have been fundamental to study
the surface chemistry and the assortment of reactive functional groups of the PDA
layer, in order to elucidate its complex chemical structure and configuration. XPS also
highlighted that, unlike the uncoated microcapsule shells, the PDA layer is able to
react with oxirane groups, thereby evidencing the possibility of forming covalent bond
with the epoxy matrix during the curing step.

Hot-stage optical microscopy and DSC tests highlighted that the PDA
modification does not hinder the melting/crystallization process of the paraffinic core.
DSC results were also useful to estimate the deposited PDA mass fraction, which
resulted as 14.3 wt% for the PDA-coated microcapsules modified in the more
concentrated dopamine hydrochloride solution (MC-PDAc) and 4.1 wt% for those
treated in the diluted solution. Finally, the SEM micrographs of the cryofracture surface
of epoxy composites containing neat or PDA-modified microcapsules clearly
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evidenced an improved adhesion between the capsule shell and the epoxy matrix and
allowed an estimation of the PDA layer thickness as 265 + 85 nm for MC-PDAc and
70 £ 10 nm for MC-PDAd. These results establish the PDA deposition as a promising
method to increase the interfacial adhesion in epoxy-matrix composites containing
polymer microcapsules, which is remarkably important not only for this specific
application, but also in the field of self-healing composites or toughened polymers.

Future work should focus on investigating how the parameters of PDA
deposition influence the morphology, roughness and thickness of the PDA layer, and
how these features in turn affect the enhancement of the interfacial adhesion.
Moreover, attention should be put on evaluating how the PDA layer and the interface
resist to multiple thermal cycles, and how this affects the mechanical and thermal
properties of the host epoxy matrix.

7.4  General conclusions of Chapter VI

This Chapter presented the results of the synthesis or surface modification of
paraffin microcapsules, in order to tailor their microstructural, thermal or interfacial
properties.

Subchapter 7.2 dealt with the encapsulation of docosane via a sol-gel process
in organosilica shells of two different sizes. This work contributed to highlight the
potentialities of the sol-gel route as an encapsulation technique for paraffins and to
shed light on the change in structural, microstructural and thermal properties due to
confinement effect and interaction with the shell wall. More specifically, solid state
NMR has proved to be a powerful technique to investigate microencapsulated PCMs,
providing an in-depth insight into the different microstructures and phases of the
samples and helping in the interpretation of XRD and DSC results, as the upfield shift
of some peaks was related to the presence of rotator phase or to the reduced
docosane chain mobility and interaction with the shell wall (y-gauche effect).

Subchapter 7.3 concerned the deposition of polydopamine (PDA) layers of
varying thickness onto the outer shell surface of paraffin microcapsules, and the
resulting coatings were proven effective to enhance the interfacial adhesion with an
epoxy matrix, as evidenced by SEM micrographs. XPS highlighted that, unlike the
uncoated microcapsule shells, the PDA layer is able to react with oxirane groups,
thereby evidencing the possibility of forming covalent bond with the epoxy matrix
during the curing step. Future work should focus on investigating how the parameters
of PDA deposition influence the morphology, roughness and thickness of the PDA
layer, and how these features in turn affect the enhancement of the interfacial
adhesion. Moreover, attention should be put on evaluating how the PDA layer and the
interface resist to multiple thermal cycles, and how this affects the mechanical and
thermal properties of the host epoxy matrix.
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Chapter VIii

Conclusions

8.1 Summary and comparison of the investigated
systems

The aim of this work was to develop novel polymer-matrix composites
containing both an organic PCM and a reinforcing phase (fibers), and to characterize
their properties as a function of their composition and PCM content. The intent was to
design materials that can combine both the elevated mechanical properties required
for structural/semi-structural applications, and heat storage/management capabilities.
Since the literature on this topic is scarce, the experimental work considered and
compared several polymer/PCM/reinforcement systems, to highlight the respective
advantages and drawbacks. The analyzed case studies were divided into three groups
according to the type of polymer matrix: (i) a thermoplastic polymer such as polyamide,
polypropylene, reactive thermoplastic acrylic resin (Chapter IV); (ii) a thermosetting
polymer such as epoxy resin (Chapter V) or (iii) a biopolymer such as thermoplastic
starch (Chapter VI).

Chapter IV started with the results discussion of the characterization of the
PCM-containing polyamide/glass fiber laminates. It emerged that a microencapsulated
PCM (MC) is more suitable than CNT-stabilized paraffin (ParCNT) to be compounded
with a traditional thermoplastic matrix, due to its higher thermal resistance. However,
also the microcapsules were damaged by the melt-compounding and hot-pressing
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steps, thereby causing paraffin leakage and degradation and diminishing the total final
phase change enthalpy measured on the laminate. A remarkable improvement of the
final TES properties was obtained by reinforcing the polyamide-based composites with
discontinuous carbon fibers, which allowed reducing the severity of processing
parameters such as the applied temperature, pressure, and number of thermal cycles.
However, a considerable step ahead in terms of mechanical and TES properties has
been obtained by using a reactive thermoplastic matrix. In fact, it allowed avoiding
completely all the processing steps at high temperature in the molten state, thus
requiring considerably milder processing conditions that did not cause PCM
degradation. However, since reactive processing is not applicable to the most common
thermoplastic matrices, an additional approach was explored that involved the
production of multifunctional commingled yarns, where the PCM phase is embedded
in the polymer filaments. In this thesis, this approach was limited to the production of
PP filaments containing PCM microcapsules. The approach was proven to be feasible,
but the processing parameters still need adjustment to limit the PCM degradation.

Chapter V illustrated the results of the thermo-mechanical characterization of
three PCM-enhanced composites having an epoxy matrix. First, the shape-stabilized
PCM powder ParCNT was mixed with an epoxy resin and used to prepare
bi-directional carbon fiber laminates. The use of a shape-stabilized PCM in this case
gave better results than when it was used in combination with a thermoplastic matrix,
as the milder processing conditions allowed avoiding the PCM degradation and loss
of melting enthalpy in the final composites. However, the surrounding matrix
influenced and partially hindered the melting-crystallization processes of the PCM
phase. Therefore, in a second approach, the epoxy resin was combined with a
microencapsulated PCM. The characterization of epoxy/MC samples provided an
interesting insight on the effect of the MC and their phase change on the
physical-mechanical properties of an epoxy resin, from the experimental and the
theoretical point of view. It was found that the capsule/matrix interface plays a
fundamental role not only for the mechanical performance, but also for the thermal
conductivity. This experimental campaign was preliminary to the characterization of
epoxy/MC systems combined with continuous and discontinuous carbon fibers. These
results confirmed that the processing conditions of an epoxy composite are mild
enough to preserve the integrity of the microcapsules and their TES capability. For the
continuous fiber composites, it was assessed that the mechanical properties decrease
as the MC content increases mostly because of the reduction of the final fiber volume
fraction and because the MC phase tends to concentrate in the interlaminar region,
thereby lowering the interlaminar shear strength. On the other hand, a small amount
of microcapsules can enhance the mode | interlaminar fracture toughness, as they
introduce other energy dissipation mechanisms such as debonding, crack deflection,
crack pinning and micro-cracking, which add up to the fiber bridging.
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However, the only case in this thesis in which the PCM enhances all the
mechanical properties is the starch/wood/PEG laminate, described in Chapter VI. The
addition of PEG significantly increased the tensile, impact and dynamic-mechanical
properties. Therefore, the wood laminae, which perform both the roles of
reinforcement and shape-stabilizing agent for the PCM, are not the only multifunctional
component, but also PEG can be regarded as multifunctional, since, besides
absorbing and releasing heat, it also contributes to the mechanical performance.

These results contribute to elucidate how mechanical and TES properties can
be combined in a polymer composite. The values of elastic modulus and mechanical
strength as a function of the melting enthalpy for all the considered laminates are
shown in Figure VIII - 1 and Figure VIII - 2, respectively. Table VIII - 1 helps recalling
all the prepared composites and their constituents, for a better interpretation of Figure
VIIL-1.

Table VIII - 1. List of the prepared composites and their constituents and the testing mode
for the elastic modulus reported in Figure VIII - 1.

Sample Matrix Reinforcement PCM

PA-ParCNT-GF Polyamide  Bidirectional glass fibers CNT-stabilized paraffin
PA-MC-GF Polyamide  Bidirectional glass fibers Paraffin microcapsules
EL-MC-CF Elium Bidirectional carbon fibers Paraffin microcapsules
Starch/PEG/wood  Starch Thin beechwood laminae PEG

EP-ParCNT-CF Epoxy Bidirectional carbon fibers CNT-stabilized paraffin
EP-MC-CFu-A Epoxy Unidirectional carbon fibers  Paraffin microcapsules
EP Epoxy

EP-MCx Epoxy - Paraffin microcapsules

Discontinuous carbon

fibers (“short’) Paraffin microcapsules

EP-MCx-CFSy Epoxy

PA Polyamide
PA-MCx Polyamide - Paraffin microcapsules
PA-CFLx Polyamide DlsconEmuoE’Js carbon
fibers (“long”)
) Discontinuous carbon
PA-CFSx Polyamide fiers (‘short)
PA-MCx-CFLy Polyamide Dlsconﬁmuo?s carbon Paraffin microcapsules
fibers (“long”)
Discontinuous carbon

PA-MCx-CFSy Polyamide Paraffin microcapsules

fibers (“short”)
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Figure VIII - 1. Relationship between elastic modulus and melting enthalpy of all the
composites characterized in this thesis (flexural modulus, except for the systems with a
PA matrix and the starch/PEG/wood composites, for which the tensile modulus is
reported). (a) Continuous-fiber composites; (b) Discontinuous-fiber composites.
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For almost all the considered systems, the elastic modulus decreases with an
increase in melting enthalpy. For continuous-fiber composites (Figure VIII - 1a),
especially those with a thermosetting or a reactive thermoplastic matrix, the decrease
is mainly due to the fact that the PCM addition determined an increase in viscosity of
the matrix system, which prevents it from flowing out of the fiber fabric, thereby
decreasing the final fiber weight and volume fraction. Therefore, the decrease in the
elastic modulus is mainly due to a decrease in the final volume fraction, which was
proven by the calculations on the laminates EP-MCx-CFu (Subchapter 5.4) and it is
also clear considering that the decrease in the elastic modulus is almost negligible for
those systems where the fiber volume fraction is almost constant, such as in the
laminates EP-ParCNT-CF.

The ideal case would be a combination of high stiffness and high melting
enthalpy, which would be represented in the top right corner in Figure VIII - 1a. On the
other hand, it is difficult to obtain a higher fiber volume fraction and a higher melting
enthalpy, because the enthalpy increases with the PCM content, but fiber and PCM
fractions follow opposite trends. Since the elastic modulus increases with the fiber
volume fraction and the phase change enthalpy with the PCM mass fraction, the best
materials for such composites would be a reinforcement with high specific (normalized
to density) mechanical properties and a PCM with a large specific (normalized to
mass) phase change enthalpy, so that the product between fiber volume fraction and
PCM mass fraction is maximized. In any case, the property that must be maximized
depends on the specific application, as well as the combination of properties to be
considered optimal.

Similar conclusions can be obtained from the results for discontinuous fiber
composites (Figure VIII - 1b). In this case, when the PCM fraction is kept constant, the
melting enthalpy is nearly constant and the modulus increases with the fiber content;
when the fiber fraction is kept constant, the melting enthalpy increases and the elastic
modulus slightly decreases with the PCM content. The same can be said for the trend
of mechanical strength as a function of the melting enthalpy (Figure VIII - 2), which
generally follow an opposite trend.

This is again because, for most of the studied systems, the reinforcement does
not contribute to the thermal energy storage and the PCM does not contribute to the
stiffness and strength. In order to make these properties truly synergistic and not
parasitic, the multifunctionality should be shifted at the level of the single component,
as done for the biodegradable laminate containing PEG and reinforced with wood
laminae, which acted also as shape-stabilizing agents for PEG.
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Figure VIII - 2. Relationship between mechanical strength (Log scale) and melting enthalpy
of all the composites characterized in this thesis (flexural strength, except for the systems
with a PA matrix and the wood/starch/PEG composites, for which the tensile strength is
reported).

To reconcile the competing design requirements of the presented
multifunctional structural TES composites, it is important to define objective
parameters that seize all the important functions of the investigated material. The
following analysis is made with an approach similar to that developed by O'Brien et al.
(OBrien et al., 2011) for multifunctional structural composite capacitors and used by
other authors for analogous systems (Snyder et al., 2015; Ferreira et al., 2016;
Gonzales et al., 2017). The objective here is to minimize the system mass for a unit
presenting both structural and TES requirements.

A conventional system made of two monofunctional units, which perform the
structural and the TES function and have masses mg and mygg, respectively, has a
total mass given in Equation (VIII - 1):

M = mg + Mrgs (VI" - 1)

The TES unit has a phase change enthalpy per unit mass of AH, measured in
JIg, and the structural unit has a specific (normalized by density) elastic modulus of E.
Hence, AH and E are the parameters describing the performance of the full system.
It is supposed that the TES unit does not perform any load-bearing function and does
not contribute to the mechanical stiffness, and the structural unit does not participate
to the thermal storage and management function. If this system is replaced with
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another made of a structural TES material of mass my, - performing both functions,
the mass of the system is now described by Equation (VIII - 2):

M* =mg,, (vill - 2)

This new system, having a specific enthalpy of AH, . and specific elastic
modulus of E;‘nf, should maintain the same structural and TES performance as that

made of two monofunctional units, in terms of total absorbed and released energy
(in J) and total elastic modulus (in GPa). The two conditions are satisfied if Equations
(VII-3) and (VIII - 4) are met:

E-msz _;‘nfm:nf (V|||-4)

if a unit volume is considered. Hence, an effective mass saving is verified if Equation
(VI - 5) is met:

Emg . AHny

M_M*ZT m f+A_.m*f_m*f—
o, . Vil - 5)
AH (
mf mf *
= = -1
(E Y > Mg >0

Or, as expressed in Equation (VIII - 6),

m VIl - 6
i + A >1 ( )

It is now possible to define a structural efficiency n, and a TES efficiency
Nrgs as described in Equations (VIII - 7) and (VIII - 8),

5*

ne = Tf (VIIl - 7)
AHy;

= vill -8

NrES AH ( )

and a multifunctional efficiency n,,,» as described in Equation (VIII - 9):

Nmg = Ns + NrES (Vi - 9)

Therefore, the multifunctional material allows an effective mass saving if
Nms > 1.

This requirement can be met even if n; and 71z are individually lower than 1,
i.e. if the multifunctional material has specific elastic modulus and specific phase
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change enthalpy lower than those of the monofunctional structural unit and the
monofunctional TES unit, respectively.

The presented analysis can be directly applied to the composites investigated
in this thesis, to assess if some of the prepared systems would allow an effective mass
saving. The parameters 75, nrgs and n,,r were calculated for the prepared
composites by considering as monofunctional structural units the respective
composite without PCM, i.e., the neat EP-CF composite, the neat EL-CF composite,
etc., which present an n, equal to 1 and an npgs equal to zero. Moreover, the
respective microencapsulated or shape-stabilized PCM was considered as the
monofunctional TES unit. In a true monofunctional TES unit, the PCM would be
probably somehow macro-encapsulated, but the enthalpy loss due to the
macro-encapsulation would be comparable to (or maybe slightly greater than) that of
the micro-encapsulation or the shape-stabilization performed in this thesis. Therefore,
the calculation of the TES efficiency reported here is realistic, or even conservative.

The data of ng, s and n.,,¢ calculated with average data of elastic modulus,
density and phase change enthalpy, are presented in Figure VIII - 3(a-b). For the
composites containing continuous fibers (Figure VIl - 3a), a considerable mass saving
is obtained for the system starch/wood/PEG, in which not only 7,,,+ is greater than 1,
but also 7, is. This result is probably the consequence of the fact that in this system
the multifunctionality is at the phase level, as the wood laminae are both the
reinforcement and the shape-stabilizing agent and PEG contributes to the mechanical
properties of the laminae.

However, n,,,; is greater than 1 also for some other systems. This means that,
even though the multifunctionality for these systems is not at the level of the single
constituent but at the level of the whole composite material, they allow a certain
(although lower) mass saving. For the composites EP-ParCNTx-CF and PA-MCx-GF,
the multifunctional efficiency increases with the PCM content. This depends on two
factors: (i) the fiber volume fraction was maintained constant, and (ii) the processing
parameters were mild enough to avoid the degradation of most of the PCM. For the
other systems, the maximum multifunctional efficiency is generally found at medium
PCM concentrations, as not only does the PCM decrease the elastic modulus per se,
but it also contributes to a decrease in the fiber content due to an increase in the matrix
viscosity. For the composites containing discontinuous fibers (Figure VIII - 3b), for
each system the pure monofunctional structural component was considered as that
having the same matrix type and fiber fraction, but without PCM. In these systems the
fiber content is generally lower than that of continuous fibers, and the introduction of
PCMs does not determine a decrease in the fiber weight fraction, even though it could
sometimes determine a slight decrease in the total fiber volume fraction because the
density of the used PCMs is generally slightly lower than that of the employed polymer
matrices. For the systems EP-MCx-CFS10 and PA-MCx-CFS20, the multifunctional
efficiency is generally higher than 1 and increases with the PCM content, again
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because the fiber content is fairly constant, and the processing conditions preserve
most of the PCM from degradation.
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Figure VIII - 3. Multifunctional efficiency presented as the sum of structural and TES

efficiencies of some of the characterized composites. An effective mass saving is
obtained when 7., is greater than 1.
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With this approach it is possible to identify the optimum composition that
maximizes the material’s multifunctionality. However, this analysis is valid only if it
considers the most important parameters for a specific application, as for other cases
it may be more important to perform a volume-saving analysis, or to maximize
properties such as the thermal conductivity, mechanical strength, or fracture
toughness.

8.2 Recommendations and future perspectives

At the end of this thesis work, some recommendations should be given for future
research works in this area, which can be divided into (i) studies about material
properties, (i) characterization techniques run more in detail or on a larger scale, and
(iif) suggestions about the design of composites.

(i) Further investigation on material properties should consider the following aspects:

e The characterization presented in this thesis allowed a comparison between
microencapsulated and shape-stabilized PCMs and assessed their suitability to
be embedded in thermoplastic and thermosetting matrices. It can be concluded
that microencapsulated PCMs perform better than shape-stabilized PCMs
because the shell enhances the thermal stability and protect the PCM and its
melting/crystallization process from the external environment, thereby leading to
a higher PCM content in the composite after processing and a higher phase
change enthalpy. However, the CNTs used to produce the shape-stabilized
paraffin (ParCNT) used in this thesis were proven to enhance the
through-thickness thermal conductivity of the host composite, which increases the
thermal exchange rate. Finding effective shape-stabilizing agents for organic
PCMs is an open research question in the field, and it should be considered also
when embedding a PCM in a polymer or a polymer composite. The right
shape-stabilizing agent could be a powerful, low-cost alternative to using
microencapsulated PCMs.

e In some applications, the use of microencapsulated PCMs can be the only
alternative. In these cases, it is important to tailor the properties of the
microcapsules to maximize the phase change enthalpy. However, the results
presented in this thesis showed that, when embedding PCM microcapsules in a
polymer matrix, other factors play a key role, such as the capsule size, mechanical
strength of the shell, and surface reactivity. Using smaller capsules than the
commercial microcapsules used in this thesis may facilitate the dispersion and the
obtainment of a homogeneous composition, but smaller capsules are likely to
have a lower core-to-shell mass ratio and therefore a lower specific enthalpy.

Moreover, the capsule size influences the PCM phase change in terms of
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temperature and enthalpy, due to the confinement effect and interaction with the
shell inner wall, as evidenced by the results on the synthesized sol-gel
microcapsules described in Subchapter 7.2. These results also evidenced that the
sol-gel route is an effective approach to obtain PCMs encapsulated in ceramic or
organoceramic shells, which can have higher stiffness and strength than the
traditional polymeric shell and may work as a reinforcement when embedded in a
polymer matrix, thereby enhancing the multifunctionality of the system. In this
sense, such microcapsules would act similarly to the hollow glass microspheres
generally used as a microfiller to produce polymer composites with low density. In
this thesis work, the matrix/capsule adhesion was also considered and enhanced
with a polydopamine (PDA) coating, as investigated in Subchapter 7.3. PDA was
successfully deposited onto the commercial microcapsules MC and the coating
was proven effective to increase the interfacial adhesion with an epoxy resin.
However, the mechanical properties were not tested, due to the scarcity of the
material prepared in this way. Further works should consider the effect of the
deposition parameters on the morphology, thickness, and stability of the PDA
layer and if an increased interfacial interaction effectively translates in an
enhancement of the mechanical and thermal properties.

(ii) A stronger emphasis on the characterization techniques should focus on the
following points:

The detailed DMA characterization, comprising single-frequency, multifrequency
and heating-cooling tests, led to a better understanding of how the viscoelastic
parameters of the structural TES composites are influenced by temperature and
frequency. It also provided an interesting insight on the use of DMA to study a
melting phase change, on the effects of such transition on the dynamic
mechanical properties of the host laminate, and on the correlation between DMA
and DSC parameters about a melting/crystallization transition. It could be
interesting to analyze these results more in depth and to apply these
characterization techniques to other systems containing a PCM.

The TES properties of the prepared composites were studied through DSC, but
tests on a slightly bigger scale were performed with a thermal camera. These tests
highlighted the thermal management properties of the samples containing a PCM,
since the latent heat stored or released during the phase change slowed down
the temperature variation and homogenization to the surrounding environment.
However, further studies should be performed on a larger scale and/or simulating
real working conditions, to assess the thermal management capacity with real
data of temperature and power.
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Since these composites are intended to work in a temperature interval around the
phase change temperature of the PCM, it is important to assess the mechanical
properties also above the melting temperature, when the PCM is in the molten
state. This was done through DMA techniques for some systems and with
quasi-static mechanical tests for the samples EP-MCx-CFu (Subchapter 5.4).
However, it would be significant to assess how the properties vary also for the
other developed systems.

Mode | fracture toughness tests highlighted that a small fraction of PCM in the
interlaminar region is beneficial to enhance the values of interlaminar fracture
toughness, because other toughening mechanisms like crack pinning and crack
deflection add up to fiber bridging. These results are important not only for
structural TES composites, but for the reinforced composites in general, and
therefore it may be worth it to explore this toughening effect, to find the optimum
PCM fraction in the interlaminar region, try with different PCMs and evaluate the
effect of capsule/matrix adhesion.

(iif) The important aspects of processing and material design can be listed as follows:

As observable from Figure VIII - 1 and Figure VIII - 2, the composites reinforced
with short fibers generally allow a higher enthalpy, due to the generally lower
required fiber volume fraction and, for traditional thermoplastic composites, also
to the milder processing conditions. Therefore, when the requirements of a higher
enthalpy are more stringent than those on the mechanical properties, a
semi-structural composite reinforced with short fibers should be considered as a
better option.

For the structural TES composites reinforced with continuous fibers, it was found
that the PCM is preferentially distributed in the interlaminar region rather than
among the fibers of the same tow. Since a high PCM fraction was seen to increase
the thickness of the interlaminar region and decrease its mechanical properties,
and since the outer layers of a laminate are generally those where the stress and
strain are higher (if considering bending moments), an improved design of the
stacking sequence could concentrate most of the PCM in the core layers and
leave the outer layers richer in the reinforcing phase. A further extension of this
concept may consider the production of sandwich structures where all the PCM is
concentrated in the core and the mechanical resistance is demanded to the outer
skins, thereby shifting the multifunctionality from the material level to the structure
level. In this sense, it may be interesting to evaluate the production of syntactic
foams as sandwich cores that contain a combination of PCM and reinforcing
hollow glass microspheres.
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To produce continuous-fiber thermoplastic composites containing a PCM, an
interesting approach could be the production of commingled hybrid yarns where
the PCM phase is dispersed in the polymer filaments. The characterization
presented in this thesis proved the production of polypropylene/PCM filaments
feasible, but the processing parameters should be optimized to avoid excessive
rupture of the microcapsules and PCM degradation. Moreover, future work in this
topic should involve experimental trials to produce multifunctional commingled
yarn by coupling the produced PP-MC filaments with continuous glass or carbon
fibers, and further experimental work will be then needed to produce a composite
part starting from these hybrid yarns.
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and aging properties of the resulting composites.

Properties of carboxymethylicellulose films containing nanoclays for active
wound dressing: characterization of the microstructural, thermal and
mechanical properties.

Scientific production from the side research activities

(1

2

(3]

Dorigato A., Fredi G., Fambri L., Lopez-Cuesta J.-M., Pegoretti A.:
Polyethylene-based single polymer laminates: synergistic effects of nanosilica
and metal hydroxides. Journal of reinforced plastics and composites, 38, 62-
73 (2019). https://doi.org/10.1177/0731684418802974

Fredi G., Dorigato A., Fambri L., Lopez-Cuesta J.-M., Pegoretti A.: Synergistic
effects of metal hydroxides and fumed nanosilica as fire retardants for
polyethylene. Flame Retardancy and Thermal Stability of Materials, 2, 30-48
(2019). https://doi.org/10.1515/flret-2019-0002

Fredi G., De Col A., Dorigato A., Lopez-Cuesta J.-M., Fambri L., Pegoretti A.
Combined effect of fumed silica and metal hydroxides as fire retardants in PE
single-polymer composites. in 9th International Conference on “Times of
Polymers and Composites”. AIP Conference Proceedings. 2018.
https://doi.org/10.1063/1.5045883

3N



372



Acknowledgements

The completion of this PhD thesis would not have been possible without the
help and support | received from many people.

I would like to express my gratitude my supervisors, Prof. Alessandro Pegoretti
and Prof. Luca Fambri, for the possibility to carry out research in their group, and for
their technical knowledge, patience and guidance in these years. | would like to thank
them also for the chance to work independently and for their availability when | needed
the most. | would like to acknowledge the reviewers of this thesis, Prof. Leif E. Asp
and Prof. Miroslav Slouf, for their valuable comments that led to a significant
improvement of the initial manuscript.

| wish to express my sincere gratitude to Prof. Andrea Dorigato, for his constant
advice, motivation and availability to discuss with me about every result, but also for
showing me the passion and effort he puts in his work every day: this is not “only a
job” for him, and this is crystal clear for everyone has the luck to share a good amount
of work with him. My sincere thanks also goes to Alfredo Casagranda and Claudia
Gavazza, the technicians of the laboratory of Polymers and Composites: thank you for
your expertise, your patience, and your help during my research. | kindly thank the
other professors and technicians of the Department of Industrial Engineering who
collaborated with me, shared their knowledge, and gave me their support on some
experimental activities. | would like to thank especially Prof. Sandra Dirg, Prof.
Riccardo Ceccato, Dr. Emanuela Callone, Prof. Devid Maniglio, Mr. Lorenzo Moschini
and Mr. Luca Benedetti.

Special acknowledgements are also due to the professors and technicians of
other departments and institutions, who helped me with some research activities. |
would like to thank Dr. Lia Vanzetti (FBK, Trento), Prof. José-Marie Lopez-Cuesta
(Ecole des Mines d'Alés), Prof. Maurizio Grigiante (DICAM, University of Trento), and
Dr. Seraphin Unterberger (Universitat Innsbruck).

| wish to express my gratitude to all my colleagues and friends of the Laboratory
of Polymers and Composites: thank you Haroon, Prumnea, Daniele, Francesco, and
Francesco, for the stimulating scientific discussions and for the fun-time we spent
together. | thank all the other PhD students of DIl Unitn who | had the chance to meet
in the office, in the laboratories or in the lunchroom: thank you for sharing part of your
PhD path with me and for making coffee- and lunch-breaks special. | wish to thank
also all the Bachelor and Master students that carried out their thesis research in the
Laboratory of Polymers and Composites. | especially thank those who worked with me
and honored me by putting my name on their thesis as the co-supervisor: thank you
Tiziano, Nicold, Andrea, Federico, Roberto, Francesco, Lorenzo, Giada, and Nicola.

373



| gratefully acknowledge the German Academic Exchange Service (Deutscher
Akademischer Austauschdienst, DAAD) for giving me a grant to spend six months of
my PhD research at the Leibniz Institute for Polymer Research (Dresden, Germany),
which was a truly enriching experience from the professional and personal point of
view and gave me the opportunity to establish many fruitful collaborations. | wish to
express my gratitude to Dr. Christina Scheffler, who gave me the chance to join her
research group during these months and made me feel part of the group from day one.
| also kindly thank the other researchers of the group (Ms. Alma Rothe, Mr. Matthias
Krlger, Ms. Janett Hiller, Mr. Enrico Wélfel, Mr. Robert Backes, Ms. Steffi PreRler, Ms.
Sabine Krause) for their personal and professional support and their patience with my
poor German skills (aber mein Deutsch verbessert sich!). Additionally, | would like to
thank Dr. Harald Briinig, Dr. Roland Vogel, Ms. Nicole Schneider, and Mr. Holger
Scheibner for their support to some experimental activity. | am also grateful to
Dr. Cordelia Zimmerer for her enthusiasm and valuable advice during the research on
polydopamine deposition.

My special gratitude is due to my family: | thank heartfully my parents Anna and
Tiziano, my brother Francesco, and my grandparents Gino and Teresa for their
endless support, trust, and encouragement for every goal | decide to chase.

Devo un ringraziamento particolare alla mia famiglia: ringrazio di cuore i miei
genitori Anna e Tiziano, mio fratello Francesco e i miei nonni Gino e Teresa per il loro
infinito supporto, la loro fiducia e il loro incoraggiamento per ogni obiettivo che decido
di perseguire.

Lastly, | wish to express my gratitude to Michele for his love, support, patience
and understanding he demonstrates me every day. Thank you for making me happy,
for being with me each day and for being sincerely invested in my life and interests.

374



	Abstract
	Table of contents
	List of acronyms and symbols
	Chapter I
	Introduction and aim of the work
	1 Title
	1.1 Motivations and objectives
	1.2 Methodological approaches
	1.3 Thesis outline

	Chapter II
	Background
	2.1 Introduction to thermal energy storage (TES)
	2.1.1 Importance of energy conservation and management
	2.1.2 Energy storage technologies
	2.1.3 Concept of thermal energy storage
	2.1.4 Classification of TES technologies
	2.1.4.1 Sensible heat storage (SH-TES)
	2.1.4.2 Latent heat storage (LH-TES)
	2.1.4.3 Thermochemical energy storage (TH-TES)


	2.2 Latent heat TES and phase change materials (PCMs)
	2.2.1 Principle and advantages of latent heat TES
	2.2.2 Selection and properties of a phase change material
	2.2.3 Classification of PCMs
	2.2.3.1 Organic PCMs
	2.2.3.2 Inorganic PCMs
	2.2.3.3 Eutectic PCMs

	2.2.4 Confinement techniques for organic PCMs
	2.2.4.1 Encapsulation
	2.2.4.2 Shape-stabilization

	2.2.5 Cost and sustainability of PCMs
	2.2.6 Thermal conductivity enhancement of organic PCMs

	2.3 Applications of PCMs for heat management
	2.3.1 Thermal management in buildings
	2.3.1.1 Passive storage systems
	2.3.1.2 Active storage systems

	2.3.2 Smart textiles
	2.3.3 Thermal management of electronics
	2.3.4 Biomedical applications
	2.3.5 Thermoregulating packaging
	2.3.6 Flame resistance of organic PCMs

	2.4 Structural and semi-structural polymer composites
	2.4.1 Introduction to polymer composites
	2.4.1.1 Definition and classification
	2.4.1.2 Significance and applications

	2.4.2 Reinforcements
	2.4.2.1 Continuous and discontinuous fibers
	2.4.2.2 Particles and other reinforcements

	2.4.3 Matrices
	2.4.3.1 Thermosetting matrices
	2.4.3.2 Thermoplastic matrices

	2.4.4 Fabrication of fiber-reinforced composites
	2.4.4.1 Continuous fibers and thermosetting matrices
	2.4.4.2 Continuous fibers and thermoplastic matrices
	2.4.4.3 Discontinuous-fiber composites


	2.5 Multifunctional composites and structural TES materials
	2.5.1 Multifunctional materials
	2.5.1.1 Multifunctionality of polymer composites
	2.5.1.2 Applications and examples

	2.5.2 Structural TES polymer composites

	2.6 PCMs in polymers and polymer composites
	2.6.1 PCMs in polymer matrices
	2.6.2 PCMs in structural polymer composites


	Chapter III
	Experimental
	3 Title
	3.1 Introduction
	3.2 Materials
	3.2.1 Phase change materials
	3.2.1.1 Paraffin shape-stabilized with carbon nanotubes
	3.2.1.2 Paraffin microcapsules
	3.2.1.3 Docosane
	3.2.1.4 Poly(ethylene glycol)

	3.2.2 Matrices
	3.2.2.1 Polyamide 12
	3.2.2.2 Liquid thermoplastic resin
	3.2.2.3 Polypropylene
	3.2.2.4 Thermoplastic starch
	3.2.2.5 Epoxy resin

	3.2.3 Reinforcements
	3.2.3.1 Bidirectional glass fiber fabric
	3.2.3.2 Bidirectional carbon fiber fabric
	3.2.3.3 Unidirectional carbon fiber fabric
	3.2.3.4 Discontinuous carbon fibers
	3.2.3.5 Ultra-thin wood laminae

	3.2.4 Summary and labels of the investigated materials

	3.3 Characterization techniques
	3.3.1 Microstructural properties
	3.3.1.1 Optical microscopy (OM)
	3.3.1.2 Scanning electron microscopy (SEM)

	3.3.2 Physical properties
	3.3.2.1 Density
	3.3.2.2 Melt flow index (MFI)
	3.3.2.3 Dynamic rheological properties
	3.3.2.4 Brookfield viscosimetry

	3.3.3 Thermal and thermo-mechanical properties
	3.3.3.1 Differential scanning calorimetry (DSC)
	3.3.3.2 Thermogravimetric analysis (TGA)
	3.3.3.3 Thermal camera imaging
	3.3.3.4 Thermal conductivity
	3.3.3.5 Dynamic-mechanical analysis (DMA)
	3.3.3.6 Vicat tests

	3.3.4 Weight and volume fraction of the constituents
	3.3.5 Mechanical properties
	3.3.5.1 Tensile tests
	3.3.5.2 Flexural tests
	3.3.5.3 Charpy impact tests
	3.3.5.4 Mode I fracture toughness
	3.3.5.5 Short-beam shear tests



	Chapter IV
	Thermoplastic TES composites
	4 Title
	4.1 Introduction
	4.2 PCM-enhanced glass/polyamide12 laminates
	4.2.1 Materials and methods
	4.2.1.1 Materials
	4.2.1.2 Sample preparation
	4.2.1.3 Characterization

	4.2.2 Results and discussion
	4.2.2.1 Characterization of the PA/PCM samples
	4.2.2.2 Characterization of the PA/PCM/GF laminates

	4.2.3 Conclusions

	4.3 Discontinuous carbon fiber/polyamide composites containing paraffin microcapsules
	4.3.1 Materials and methods
	4.3.1.1 Materials
	4.3.1.2 Sample preparation
	4.3.1.3 Characterization

	4.3.2 Results and discussion
	4.3.3 Conclusions

	4.4 Reactive thermoplastic resin as a matrix for carbon fiber laminates containing paraffin microcapsules
	4.4.1 Materials and methods
	4.4.1.1 Materials
	4.4.1.2 Sample preparation
	4.4.1.3 Characterization

	4.4.2 Results and discussion
	4.4.2.1 Characterization of the samples EL-MCx
	4.4.2.2 Characterization of the samples EL-MCx-CF

	4.4.3 Conclusions

	4.5 Melt-spun polypropylene filaments containing a microencapsulated PCM
	4.5.1 Materials and methods
	4.5.1.1 Materials
	4.5.1.2 Sample preparation
	4.5.1.3 Characterization

	4.5.2 Results and discussion
	4.5.2.1 Microstructure
	4.5.2.2 Physical properties
	4.5.2.3 Thermal properties
	4.5.2.4 Mechanical properties

	4.5.3 Conclusions

	4.6 General conclusions of Chapter IV
	4.7 Acknowledgements

	Chapter V
	Thermosetting TES composites
	5 Title
	5.1 Introduction
	5.2 Carbon fiber/epoxy laminates containing paraffin shape-stabilized with carbon nanotubes
	5.2.1 Materials and methods
	5.2.1.1 Materials
	5.2.1.2 Sample preparation
	5.2.1.3 Characterization

	5.2.2 Results and discussion
	5.2.2.1 Results of the EP/ParCNT samples
	5.2.2.2 Results of the EP/ParCNT/CF laminates

	5.2.3 Conclusions

	5.3 Effect of paraffin microcapsules on the thermo-mechanical properties of an epoxy resin
	5.3.1 Materials and methods
	5.3.1.1 Materials
	5.3.1.2 Sample preparation
	5.3.1.3 Characterization

	5.3.2 Results and discussion
	5.3.2.1 Viscosity
	5.3.2.2 Microstructural characterization
	5.3.2.3 Density and porosity
	5.3.2.4 Thermal characterization
	5.3.2.5 Mechanical characterization

	5.3.3 Conclusions

	5.4 Unidirectional carbon fiber/epoxy laminates containing PCM microcapsules
	5.4.1 Materials and methods
	5.4.1.1 Materials
	5.4.1.2 Sample preparation
	5.4.1.3 Characterization

	5.4.2 Results and discussion
	5.4.3 Conclusions

	5.5 Epoxy/milled carbon fibers composites containing paraffin microcapsules
	5.5.1 Materials and methods
	5.5.1.1 Materials
	5.5.1.2 Sample preparation
	5.5.1.3 Characterization

	5.5.2 Results and discussion
	5.5.3 Conclusions

	5.6 General conclusions of Chapter V
	5.7 Acknowledgements

	Chapter VI
	Biodegradable TES laminates:  thermoplastic starch/wood laminate containing poly(ethylene glycol)
	6 Title
	6.1 Introduction
	6.2 Materials and methods
	6.2.1 Materials
	6.2.2 Sample preparation
	6.2.3 Characterization

	6.3 Results and discussion
	6.4 General conclusions of Chapter VI
	6.5 Acknowledgements

	Chapter VII
	Tailoring the properties of PCM microcapsules
	Title
	7.1 Introduction
	7.2 Encapsulation of docosane in organosilica microcapsules via a sol-gel approach
	7.2.1 Materials and methods
	7.2.1.1 Materials
	7.2.1.2 Sample preparation
	7.2.1.3 Characterization

	7.2.2 Results and discussion
	7.2.2.1 Sample preparation and quality of the docosane o/w emulsion
	7.2.2.2 SEM microscopy
	7.2.2.3 FTIR spectroscopy
	7.2.2.4 XRD analysis
	7.2.2.5 Solid state NMR analysis
	7.2.2.6 DSC analysis
	7.2.2.7 TGA tests

	7.2.3 Conclusions

	7.3 Bioinspired polydopamine coating as an adhesion enhancer between paraffin microcapsules and an epoxy matrix
	7.3.1 Materials and methods
	7.3.1.1 Materials
	7.3.1.2 Sample preparation
	7.3.1.3 Reaction of neat and PDA-coated microcapsules with oxirane-carrying molecules
	7.3.1.4 Preparation of the MC-filled epoxy composites
	7.3.1.5 Characterization

	7.3.2 Results and discussion
	7.3.2.1 Surface morphology of neat and PDA-coated microcapsules
	7.3.2.2 FTIR spectroscopy
	7.3.2.3 XPS characterization
	7.3.2.4 Hot-stage optical microscopy
	7.3.2.5 Thermal analysis
	7.3.2.6 Interfacial adhesion and characterization of the epoxy/MC composites

	7.3.3 Conclusions

	7.4 General conclusions of Chapter VII
	7.5 Acknowledgements

	Chapter VIII
	Conclusions
	8 Title
	8.1 Summary and comparison of the investigated systems
	8.2 Recommendations and future perspectives

	References
	Scientific production
	Participation to Congresses, Schools and Workshops
	Side research activities
	Acknowledgements

