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Abstract 

Syntactic foams (SFs) are characterized by a unique combination of low density, 
high mechanical properties, and low thermal conductivity. Moreover, these 
properties can be tuned to specific applications. In contrast to traditional foams, 
where porosity is formed during the foaming process, porosity in syntactic foams 
can be obtained simply by incorporating pre-formed bubbles. Because of their high 
chemical stability and buoyancy, these type of foams found their first application 
in the marine industry. Nowadays, they are utilized in many other fields, such as in 
the aerospace and automotive industry. In this work, the multifunctionality of 
epoxy-based and polypropylene (PP)-based SFs was increased by including a 
microencapsulated Phase Change Material (PCM), able to impart Thermal Energy 
Storage (TES) capability at phase transition temperatures of 43 °C and 57 °C. The 
rheological, morphological, thermal, and mechanical properties of the prepared 
materials were systematically investigated. A final comparison of the two systems 
was performed to obtain a better comprehension of their potential in emerging 
industrial applications. 
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σC Maximum compressive stress   [MPa] 
σy Tensile stress at yield   [MPa] 
σ20 Compressive stress at 20% of strain  [MPa] ϕ� Volume fraction of glass in HGMs  [-] ϕ� Volume fraction of empty space in HGMs [-] ϕ��� Volume fraction of HGMs in the composite [-] χ Packing factor of the HGMs   [-] 
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Chapter 1 - Aim of the work 

1.1 Motivation and objectives 

One of the emerging technologies for more effective use of energy resources is 
Thermal Energy Storage (TES), which enables the temporary storage of excess heat 
that may be released when the demand for thermal energy outweighs its supply. 
Organic Phase Change Materials (PCMs), such as paraffin waxes, are among the 
most promising materials for TES in the low-medium temperature range (0-100 
°C). These store heat when they melt and release it upon crystallization. PCMs are 
applied for thermal management applications, such as controlling the indoor 
environment in buildings or preventing the overheating of batteries and other 
electronic devices, because they can store a significant amount of latent heat at a 
nearly constant temperature. As a result, they are frequently used to maintain the 
temperature in a specific interval. PCMs can be "shape-stabilized" in porous 
materials or nanofiller networks, or they can be enclosed in macro, micro, or 
nanoshells, to avoid their leakage above the melting point. 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, 
embedding heat storage/management functionality directly into structural or semi-
structural materials would be advantageous. Polymer matrix composites have the 
potential to be designed as multifunctional materials with both structural and non-
structural functionalities in this context. 

When lightness is a requirement, foams play an important role thanks to their high 
specific volume and specific strength. A special class of foams to be considered, 
especially when compressive strength is needed, is that of syntactic foams (SFs). 
Unlike traditional foams, where porosity is generated during the foaming process, 
in syntactic foams porosity can be obtained simply by incorporating pre-formed 
bubbles. When incorporated into a matrix, they can reduce the overall density and 
the thermal conductivity of the system. This class of foams found its first 
application in the marine field, thanks to their elevated chemical stability and 
buoyancy, but later they were also applied in many other fields like automotive, 
construction, and aerospace. One of the most utilized bubbles in SFs are the Hollow 
Glass Microspheres (HGMs), thanks to their simple production and low cost. By 
varying the HGM diameter, shell thickness, volume fraction, and surface reactivity, 
the final properties of the resulting SFs can be finely tuned. 

Lightweight polymer composites with good mechanical properties and TES 
capability may find applications in a wide variety of technical fields, including the 
automotive industry, where the diffusion of lightweight structures may complicate 
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thermal management of the environment in the cockpit, and the portable electronics 
industry, where the reduction in volumes and masses also limits the space available 
for the cooling system. Although in the scientific literature there are many examples 
of polymers containing PCMs, little has been done to comprehensively investigate 
their mechanical properties and to improve them with the addition of reinforcing 
agents. 

Therefore, the goal of this PhD Thesis is to develop multifunctional polymeric-
based syntactic foams incorporating encapsulated organic PCMs, to design novel 
systems coupling structural/semi-structural functions and heat storage/management 
capabilities. Because this research topic has not yet been systematically addressed 
in the scientific literature, this work highlights the advantages and disadvantages of 
two different systems, prepared by using a thermoplastic (polypropylene (PP)) and 
a thermosetting (epoxy (EP)) matrix, also defining the formulations with the highest 
potential in terms of mechanical and TES properties synergism. 

1.2 Thesis outline 

This PhD Thesis is divided into 6 Chapters. 

Chapter 2 -  presents a detailed literature review on the TES technology, with a 
special focus on the different classes of PCMs and their applications. This Chapter 
also provides a review of the HGMs world, concerning their manufacturing and 
application fields. 

Chapter 3 -  describes the materials and the experimental techniques used to 
characterize the produced foams. 

Chapter 4 -  and Chapter 5 -  report the results of the rheological, morphological, 
thermal, and mechanical analyses of the epoxy/HGMs/PCM and PP/HGMs/PCM 
systems, respectively. In both of them, the correlation among the considered 
properties were also depicted in the conclusion sections. 

Lastly, Chapter 6 -  contains concluding remarks, a comparison between the two 
systems, and the main recommendations for future research on this topic. 
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Chapter 2 - Background 

2.1 Syntactic foams 

2.1.1 Introduction 

Syntactic foams are composite materials that have two phases: one is a continuous 
phase that composes the matrix (usually polymeric), and the other is made up of 
rigid hollow particles. These composite materials were created to reduce density 
without sacrificing mechanical properties. The research began with the aim of 
finding new low-density materials for marine, automotive, and aerospace 
applications, but it was then applied also to other fields, such as thermal insulation 
in buildings and packaging [1,2]. Because of the decrease in density caused by the 
insertion of hollow elements, these materials are classified as foams. It is 
particularly important to distinguish between two types of foams, on the basis of 
the type of porosity. Open porosity is constituted by interconnected holes, while 
close porosity is made by confined hollow spaces, like in the case of syntactic 
foams. Close-cell porosities are suitable for thermal insulation because they do not 
allow the free movement of air within the foam, while open-cell porosities are 
typically used for sound insulation [3]. 

Numerous materials can be used as a matrix for hollow particles, ranging from 
metals to polymers and even ceramics. This, combined with the variation in filler 
content, allows for the creation of syntactic foams with a wide range of properties 
[4–6]. Of course, the recyclability of the final foam will depend on the chosen 
matrix. From an industrial perspective, only thermoplastic-based SFs seem to be 
easily recyclable, while the other matrixes show hard challenges like the high cost 
and low volume available. There is the possibility of recycling the filler (when made 
of glass) in the case of thermosetting matrixes by burning the polymeric part and 
leaving the rest [6]. This procedure is also commonly used for recycling glass fibers 
from thermosetting composites.  

2.1.2 Applications 

Syntactic foams are becoming more popular in a variety of fields of application due 
to their unique properties. Among these characteristics, the adaptability of the 
properties stands out. This is thanks to the fact that the matrix and sphere materials, 
as well as sphere dimensions, surface condition, and eventually the presence of 
other fillers, can all be finely tuned[7,8]. Furthermore, in most cases, the 
manufacturing process is straightforward and rather simple. In most cases, low-cost 
polymers are used as matrices, filled with borosilicate glass spheres, making SFs 



4  Chapter 2 

 

 
 

relatively inexpensive. In terms of properties, syntactic foams can withstand 
relatively high compressive stresses (especially the hydrostatic ones). They are  
good thermal insulators and have a high resistance to water absorption and 
degradation, if the matrix is carefully selected  [9]. Furthermore, one of the most 
important characteristics of SFs is their low density. Weight reduction is a 
significant achievement in many manufacturing fields like aerospace but also 
automotive. Then, syntactic foams can be considered a suitable material wherever 
there is a need to reduce the weight of moving components while maintaining a 
certain set of properties [8,10–12]. Another fascinating aspect is that of 
recyclability. Meeting the new standards for reducing plastic pollution has become 
a top priority for many countries. As already said, SFs may be a fully recyclable 
class of material due to the use of two components: a polymeric matrix (made of 
recyclable thermoplastic polymer) and glass microspheres. These two materials are 
very different and can be quite easily separated (for example through flotation) [3]. 

2.1.2.1 Marine applications 

The low density and good mechanical resistance to hydrostatic compressive stresses 
of syntactic foams make them an excellent candidate for marine applications. They 
are particularly popular as buoys for both surface and depth see conditions. 
Engineered Syntactic Systems LLC (Massachusetts, USA), for example, 
commercially produces a wide range of syntactic foams that can be used as buoys 
at various depths [13]. Figure 2-1 depicts a syntactic foam umbilical buoyancy. 
Aside from low density, thermal insulation is used for pipeline and subsea hardware 
insulation [14]. When the fluid temperature falls below a certain critical value, long 
underwater oil transfer systems can become clogged by the formation of paraffines 
and hydrates. This is why SFs are used for thermal insulation in underwater 
applications [13]. They can also be used as acoustic insulators in sound recorders, 
which are used to monitor biological sounds below sea level [15]. This material was 
chosen not only for its soundproofing capabilities but also for its compressive 
resistance and ability to resist aggressive environments, such as seawater. 
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Figure 2-1 DeepWater Buoyancy Inc. syntactic foam solution for deep see applications. 
2.1.2.2 Aerospace applications 

Because of their low weight and tailorable properties, syntactic foams have found 
their way into aerospace applications [16]. Companies such as Boeing Co have 
already developed SFs that are now used in their manufacturing lines. The Boeing 
Phantom Works R&D division developed patented thermoplastic syntactic foam to 
reduce electromagnetic interference of communication antennas, which are 
incorporated into the wings of the F/A-18E/F Super Hornet carrier-based aircraft 
[17,18]. Hohe et al. investigated the potential of sandwich composites with a SF 
core in aerospace applications [19]. Characterization tests revealed promising 
results in terms of perforation resistance and impact strength, thermal and acoustic 
insulation, and vibrational damping. 

2.1.2.3 Automotive 

The SFs capability of reducing weight and post-mold contractions seemed enticing 
for their application in automotive. Some original equipment manufacturers (OEM) 
are considering the use of thermoplastic syntactic foams for specific components 
like the air filter box, active grid shatter, and cowl grille. Even if the material is 
more expensive than "classic" materials like polypropylene with 20 wt% of talc 
(PP-T20), the reduction in weight could lead to an almost equal price per component 
with better features. To give an example, Ford is actually using thermoplastic based 
syntactic foams to manufacture their cowl grilles. 

2.1.3 Microspheres 

Microspheres play the role of filler in syntactic foams and are responsible for 
density reduction. Because of their hollow morphology, they are extremely 
lightweight. Depending on the application and on the matrix, there are numerous 
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options available, including glass, polymers, and ceramic microspheres of various 
dimensions and densities. Table 2-1 contains a list of microspheres commonly 
utilized in SFs. 

Table 2-1 Different kinds of microspheres utilized in syntactic foams. 
Microspheres Avg. Diameter 

µm 

Density 

g/cm3 

Matrix Ref. 

Poly methyl methacrylate (PMMA) 0.2 0.40 PP/EPR [20] 

Hollow glass microspheres (HGMs) 60.0 0.15 Epoxy resin [21] 

HGMs low density (LD) 70.0 0.12 PMMA [22] 

HGMs medium density (MD) 45.0 0.37 PMMA [22] 

HGMs high density (HD) 18.0 0.60 PMMA [22] 

Fly ashes cenospheres 63.0 0.40 HDPE [23] 

Expanded perlite 3500.0 0.18 Aluminum A356 [24] 

From Table 2-1 it is clear that there are various types of spheres commercially 
available with different dimension, density, and chemical composition. In 
particular, a relationship between particle dimensions and density can be noted. By 
increasing the particle diameter, thinning of the sphere wall occurs, therefore 
lowering the density. 

2.1.3.1 Hollow Glass Microspheres (HGMs) 

Hollow Glass Microspheres are, as the name implies, hollow spheres with 
micrometric dimensions made of boro-silicate glass. They can be filled with air or 
gas and frequently appear as a white fine powder. Their history begins in the 1930s 
when the 3M Srl Company produced solid glass beads used in reflective road paints 
from common window glass scraps. 3M used the same glass beads in 1950 to create 
special reflective sheets (called "Army Cardboard" at the time) to reduce night-time 
accidents among military vehicles during the second world war. However, the 
panels did not meet the brightness requirements, so 3M decided that the technology 
needed further development. At that point, a closer inspection revealed a series of 
micro-bubbles near the surface of the beads, reducing the brightness of the reflected 
light. The storage of crushed glass feed particles in a humid environment for an 
extended period determined the conditions that induced the formation of these 
bubbles. Shortening the storage time was enough to resolve this issue and meet the 
brightness requirements. 

Nevertheless, it was demonstrated that the production of hollow glass spheres, 
which 3M had been interested in since 1930, was feasible. A patent application was 
filed in 1963 for the production of hollow microspheres from glass and phenolic 
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resins using a two-step melting and forming process. This commercial development 
opened up a lot of different solutions and applications, including the production of 
hollow spheres from fly ashes (a coal combustion by-product) [25]. These are 
known as cenospheres, they have a higher density than normal HGM and are 
typically composed of alumino-silicate materials. When compared to conventional 
HGMs, the external surface is riddled with flaws. However, this disadvantage is 
offset by improved composition [23,26]. 

There are several types of commercially available HGMs with varying densities 
and dimensions, as shown in Table 2-1. This is accomplished by varying the ratio 
between the wall thickness and diameter of the bubbles, resulting in a wide range 
of densities. According to Ozkutlu et al., when producing HGM syntactic foams, 
flexural strength is heavily influenced by HGM density. In particular, it appeared 
to be enhanced with increasing density, most likely due to the higher crushing 
resistance [22]. Furthermore, spheres with thicker walls tend to withstand and 
survive the melting processing typically used in the production of syntactic foams 
at a higher rate [27,28]. The failure load as a function of the HGMs wall thickness 
is shown in Figure 2-2. 

 

Figure 2-2 HGMs failure load vs wall thickness [28]. 
Of course, the presence of glass defects could result in the HGM failing before its 
time, but modern HGM manufacturing techniques allow for almost defectless 
bubbles. The survival rate can be then calculated by comparing the expected density 
calculated theoretically (for example, using the rule of mixture) and the 
experimental density. If the true value is greater than the expected one, HGM has 
been broken during processing [29]. 
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The bulk isostatic compression strength of HGMs is an important mechanical 
property that is commonly measured. This is a parameter that is determined by the 
diameter and wall thickness of the spheres. There are several methods for 
determining HGM's compressive behavior. One of them involves subjecting a 
group of spheres to high isostatic pressure and then measuring the survival rate. The 
spheres are first placed inside a rubber container filled with glycerin, which is then 
placed inside a pressure chamber. Glycerin is used because it is one of the least 
compressible fluids. The measurement itself begins by pressurizing the chamber to 
a predetermined pressure and simultaneously recording volume and pressure. The 
process is then repeated with a higher value of pressure, while volume and pressure 
are again evaluated. Finally, a plot of pressure as a function of volume, like that 
shown in Figure 2-3, can be obtained. In this way, two sets of data will form two 
curves: the first is known as the collapse curve, and the second one is known as the 
compression curve [84-86] useful to determine the percentage of collapsed HGMs 
in the test. Percent volume survival (Vsurvival) calculations shown in Equation ((2-1). 

VEFGHIH�J K 1 L M100 ∙ PV� ∙ VQ L V�V�� L V�RS (2-1) 
Where Vt is the total volume collapse calculated by the difference in the collapse 
and compression curve values at zero pressure; V1 and V2 are the volume values of 
the compression and collapse curves, respectively, at the pressure of interest; Vap is 
the volume occupied by the HGMs, and Vm is the volume of the wall material. 

 

 

Figure 2-3 An example of bulk isostatic compression test curves [27]. 
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Uniaxial compression testing of individual HGMs is another mechanical 
characterization technique commonly used for these materials. It is carried out by 
testing the compression resistance of a single sphere with a modified nano-indenter. 
This is a newly developed technique that employs a cylindrical sapphire indenter 
with a diameter of 90 µm, while the sphere rests on an aluminum polished surface 
and serves as the compression plate. The alignment of the indenter is critical to 
achieve precise uniaxial testing of the sphere, and it is obtained by using an optical 
microscope. This technique measures not only the ultimate compressive stress of 
HGM but also the load and displacement at failure, as well as the work of fracture 
(calculated as the area under the load-displacement curve). The pseudo-stiffness (k) 
can be calculated using the initial linear relationship between load and 
displacement. The results of this test revealed an unusual aspect that was not 
highlighted by common bulk isostatic compression tests. There is a positive 
relationship between fracture work and failure load and sphere diameter. This 
means that HGM with larger diameters (and thus generally thinner walls) would 
sustain higher loads and energy of fracture in comparison to smaller spheres, which 
contrasts with the results of bulk isostatic compression and this is due to two 
reasons. First, HGMs with larger diameters (and thus thinner walls) have a lower 
number of defects and flaws than thicker spheres, and second, increasing the 
diameter of the sphere increases its radius of curvature, allowing for a larger contact 
area between the plates and the HGMs. This results in a more evenly distributed 
load [26,30,31]. 

Boro-silicate glass or aluminum-silicates are commonly used to make HGMs. 
When these fillers are inserted inside polymers, they can be considered thermally 
stable materials. Thermal characterization demonstrates how the thermal transitions 
of glass occur at relatively high temperatures. The glass transition temperature (Tg) 
is around 600 °C, while the melting temperature (Tm) of pure silica is 1710 °C. 
Despite having one of the highest melting temperatures (between 325 and 335 °C) 
[32], Tm of polytetrafluoroethylene (PTFE) is still much lower than those found in 
glass [26]. 

The thermal conductivity of HGMs is a difficult parameter to measure, both in the 
case of a single sphere (due to its small dimensions) and in powder form (because 
of the trapped air between spheres). For this reason, thermal conductivity (λ���) is 
typically calculated by using theoretical models [33–35]. The series model reported 
in Equation (2-2) is the simplest expression. 

Z[\](T) K ^_` ∙ Z`(a)b + (_d ∙ Zd(a)) (2-2) 
Where ϕ� and ϕ� are respectively the volume fraction of glass and interior empty 
space (containing gas), and λ� and λ� are respectively the values of thermal 



10  Chapter 2 

 

 
 

conductivity of glass and inner gas. However, this series model produces too 
simplistic results and frequently underestimates the actual value of conductivity. As 
a result, a more sophisticated flux-law model can be used to predict thermal 
conductivity of HGMs. A Maxwell flux model, as described in Equation (2-3), can 
be used [26]: 

Z[\](a) K Z`(a) ∙ Zd(a) + 2Z`(a) L 2_`^Z`(a) L Zd(a)bZd(a) + 2Z`(a) + _d^Z`(a) L Zd(a)b  (2-3) 
The values of thermal conductivity of the glass and the contained gas depend on the 
considered temperature.  

When incorporating HGMs inside a resin, it can be possible to estimate the thermal 
conductivity of the resulting composite material (λ) by using the Nielsen model 
reported in Equations (2-4), (2-5), (2-6), and (2-7). This model takes into account 
not only the shape of the particulate filler used (in the case of HGM, the shape is 
spherical) but also the packing factor [35–37]. 

Ze K Zf 1 + g h _[\]1 L  h i _[\] (2-4) 
g K kl L 1 (2-5) 

h K (Z[\] Zf) L 1⁄(Z[\] Zf) + g⁄  (2-6) 
i K 1 + _[\] 1 L pp�  (2-7) 

Where λ� is the thermal conductivity of the matrix, λ��� is the thermal 
conductivity of the HGMs, ϕHGM is the HGM volume fraction, k� is the Einstein 
coefficient (equal to 2.5 for spherical rigid particles suspended in a matrix), and χ 
is the packing factor for HGMs (for spheres around 0.63). 

 

2.1.3.2 Production methods 

Concerning the manufacturing of hollow microspheres (HMs), there is a distinction 
between cenospheres and synthetic HMs. The first are made of aluminosilicate from 
fly ashes (a byproduct of coal combustion). They have a variable composition and 
are filled with air or an inert gas [38]. Because their properties are highly 
unpredictable, a controlled process is required. The second starts with the typical 
glass production technology, thus making the manufacturing process much easier. 



Chapter 2 11 
 

 
 

Modern processes are based on the formation of a solid phase at the boundary 
between a droplet or a solid particle and the surrounding medium. The core is 
removed once the outside wall has been formed. The most important methods for 
producing HMs are reported in the following list [39]: 

• High-temperature smelting 
It involves blowing a powdery precursor into a stream of hot gas or flame. This 
precursor is primarily made up of silica, inorganic components, and a blowing 
agent. When exposed to high temperatures, the thermal decomposition of the 
blowing agent allows cavities to form inside the spheres. Following this 
reaction, the formed spheres are quenched with water. 

• Spray and dipping technologies 

A colloidal or molecular dispersion of a film-forming substance in a suitable 
medium is the starting point for the process. The solution is then atomized by 
a nozzle, resulting in droplets of liquid. These are then placed in a hot gaseous 
atmosphere, which causes the solvent to evaporate, causing the outer walls to 
form. 

• Emulsion processes  
These methods typically involve the emulsification of a water-based inorganic 
solution in an organic phase. This allows for the dispersion of single droplets 
within a continuous medium. Water is removed from the emulsion by diffusion 
or evaporation. This method can be used to create polymeric hollow 
microspheres. 

• Coating in suspension and fluidized beds processes 
Both of these processes entail coating solid template particles to create a 
surrounding wall. Evaporation or pyrolysis is then used to remove the 
sacrificial core. The dimensions of the spheres that can be obtained differ 
between the two processes. Fluidized bed processes necessitate proper particle 
fluidization, which is difficult for spheres with dimensions less than 50 μm. 
As a result, this process can produce spheres with dimensions ranging from 
100 to 3000 μm. 

 

2.1.4 Matrices 

Syntactic foams are composite materials composed of hollow elements embedded 
in a matrix that can be polymeric, metallic, or ceramic. Polymeric matrices are the 
most widely used, because of their easy processability and lower material and 



12  Chapter 2 

 

 
 

manufacturing costs [25,40–43]. Figure 2-4 depicts an overview of the various 
types of matrices used in the production of syntactic foams. 

 

Figure 2-4 Overview of matrices utilized for syntactic foams production [3]. 
2.1.4.1 Thermosetting matrices 

Thermosetting polymers have a structure in which polymeric chains are crosslinked 
together following a hardening procedure obtained through curing. This irreversible 
process involves the reaction of the resin and a curing agent, which may be aided 
by heat or radiation. The starting materials are liquids, and as the crosslinking 
reaction progresses, their viscosity increases as well until its flow is stopped. Aside 
from an increase in viscosity, heat evolution and the loss of potentially volatile 
components occur during curing. Once the two components are combined, the time 
available for shaping is limited. In general, all these parameters are often provided 
by the resin manufacturer [44]. The Pot Life is the time after which the viscosity of 
the resin doubles. The Gel Time is the time required for a resin to reach the point at 
which it will be defined as solid and no longer as viscous material, and thus it is no 
longer workable. Working Life is a parameter defined by the manufacturer 
representing the practical resin working time. Shelf Life is the time that precursors 
can be stored without losing their chemical reactivity. 

These materials are distinguished by their high stiffness, high glass transition 
temperature, good dimensional stability, thermal stability, and chemical resistance. 
Epoxy resins, phenol-formaldehyde (PF) resin, polyurethanes, phenolic resins, are 
examples of thermosetting polymers. For syntactic foams, thermosetting matrices, 
particularly epoxy resins, are among the most commonly used [4,40,45,46]. 



Chapter 2 13 
 

 
 

Epoxy resins have found their way into a wide range of applications, including 
adhesives, aerospace, automotive, sports equipment, biomedical systems, and so 
on. Epoxy resins are organic liquid pre-polymers that have a low molecular weight 
and contain multiple epoxide groups. Various hardeners can be used to induce 
crosslinking, and different properties can be achieved depending on the type of resin 
and curing agent [47]. A schematization of the epoxide group is shown in Figure 
2-5. 

 

Figure 2-5 Epoxy group schematization 
Commercial epoxy matrices are typically made up of one major and two minor 
epoxy prepolymers, as well as one or two curing agents. Minor epoxies are used to 
adjust viscosity and/or improve temperature resistance, toughness, and moisture 
absorption. Diglycidyl ether of Bisphenol A (DGEBA) and tetraglycidyl methylene 
dianiline (TGMDA) are the most commonly used major epoxies, particularly in the 
aerospace industry. Diluents are used in small amounts (3-5%) in the epoxy 
formulation to reduce curing shrinkage, increase shelf and pot life, and control the 
exothermicity of the curing reaction. Butyl glycidyl ether, cresyl glycidyl ether, 
phenyl glycidyl ether, and aliphatic alcohol glycidyl ethers are common diluents 
[48]. 

Higher temperatures and longer curing times in an epoxy resin result in a higher 
crosslink density and thus a higher glass transition temperature, especially if the 
precursors have high functionality (e.g., four reactive end groups per molecule). 
Toughening agents can be added to the resin to prevent excessive brittleness, but 
this may result in lower thermal resistance [48]. 

2.1.4.2 Thermoplastic matrices 

Thermoplastic polymers are plastics that, in principle, can be shaped and remelted 
an infinite number of times. In practice, the cycles are limited by the thermal 
degradation of the polymers. These plastics can be amorphous, with only a glass 
transition temperature (Tg), or semi-crystalline, with both Tg and melting 
temperature (Tm). These polymers can also be distinguished, from a molecular 
structure point of view, by linear or branched chains that can be ordered, allowing 
the formation of crystalline domains. Because of their lack of crystalline structure, 
amorphous thermoplastic polymers are frequently transparent and have a lower 
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resistance to chemical attacks [49]. Thermoplastic polymers can be synthesized 
through polymerization processes in which monomers with functionality (F) equal 
to 2 react with various mechanisms: 

• Chain Polymerization reaction: it can be free radical, ionic, ring opening, 
living, and others. 

• Polycondensation reaction. 

• Polyaddition reaction: that includes catalytic reaction (Ziegler-Natta) and 
isocyanate reactions. 

Polyethylene (HDPE and LDPE), polystyrene (PS), polypropylene (PP), polyvinyl 
chloride (PVC), polyamides (PAs), polycarbonate (PC), polymethyl methacrylate 
(PMMA) are examples of thermoplastic polymers. Regarding syntactic foams, the 
research with thermoplastic polymers is more limited with respect to thermosetting 
matrices, because thermosets are generally easier to process. Despite this, studies 
on HDPE, PP, and PMMA have shown promising results in terms of density 
reduction without compromising mechanical properties [20,22,25,29,50,51]. 

Polyolefins are primarily HDPE, LDPE, PP, and their copolymers produced by the 
polymerization of unsaturated aliphatic hydrocarbons. LDPE was the first 
commercially important polyethylene produced by free radical polymerization, 
which created branched macromolecules. Later, HDPE was synthesized through 
Ziegler-Natta polymerization, which allowed for longer linear chains and, as a 
result, higher density due to the presence of a catalyst. Figure 2-6(a,b) depict the 
polyethylene repeating unit and the chain morphologies of LDPE, LLDPE, and 
HDPE. 

 

Figure 2-6 (a) repeating unit of polyethylene, and (b) structure of different types of polyethylene. 
Polyethylene terephthalate (PET) is another important thermoplastic polymer. It is 
considered as one of the most important engineering polymers due to its widespread 
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use. Thanks to its excellent tensile and impact strength, clarity, processability, and 
chemical resistance it is commonly employed in many applications, particularly in 
plastic bottle manufacturing. In addition to these characteristics, its recyclability, 
combined with its dominance in the single-use plastic containers market, makes it 
the most recycled polymer [52]. 

Isotactic polypropylene (PP) is a thermoplastic polymer of the polyolefins group 
discovered in 1954 by Professor Giulio Natta in Milan, Italy [53]. Tacticity, which 
describes the characteristic stereochemistry of chiral centers inside a 
macromolecule, is an important concept for this plastic. It refers to the position of 
the methyl group of each repeating unit with respect to the main carbon chain in 
polypropylene [54]. Three possible configurations can be identified in isotactic, 
syndiotactic, and atactic, as reported in Figure 2-7(a,b).  

 

Figure 2-7 (a) PP repeating unit, and (b) tacticity in polypropylene 
When it first appeared, PP was distinguished by the presence of isotactic, 
syndiotactic, and atactic domains, indicating that it was polyhedric. However, 
thanks to catalyzed processes, it was possible to obtain a dominant isotactic 
behavior [55]. PP is created through the polymerization reaction of propylene [47]. 
The reaction can be catalyzed by Ziegler-Natta (isotactic), metallocene 
(syndiotactic), or free radical polymerization (atactic). Isotactic PP is the most 
technologically and commercially important type of polypropylene. It has a typical 
crystallinity value from 40 to 60%, a melting temperature between 150-170 °C, a 
glass transition temperature of -10 °C, and a decomposition temperature of 240 °C. 
Its low density (0.9 g/cm3) makes it one of the most lightweight thermoplastic 
polymers. It has good chemical resistance as well as mechanical properties due to 
its relatively high crystallinity, with a tensile modulus of up to 1.5 GPa and tensile 
strength around 30 MPa. Extensive research on commercially available PP enabled 
the achievement of a wide range of melt flow indexes , ranging from 1.9 to 31.0 
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g/10 min (at 230 °C, 2.16 kg) [56]. This can be a significant advantage during the 
processing phase because it allows for the selection of the appropriate 
polypropylene based on the desired value of melt viscosity. 

2.1.4.3 Metallic matrices 

Metal matrix syntactic foams (MMSFs) are made by dispersing hollow particles 
within a metallic matrix [57,58]. The inserted hollow particles give the composite 
closed-cell porosity, allowing for lighter materials than the matrix alloy [59]. These 
MMSF composite foams have found their way into the automotive and marine 
industries due to their high energy absorption, heat insulation, specific stiffness, and 
damping capabilities [60–62]. In recent years, several MMSFs have been 
investigated with different matrixes like aluminum [63–68], steel [69–72], or 
magnesium [73–76], with promising results. Recently, also MMSFs with zinc have 
been developed [59,77]. 

2.1.4.4 Ceramic matrices 

Ceramic-based syntactic foams are used in energy storage systems, automotive, 
aerospace, and the building industry. Because the matrix is made of ceramic 
materials, it can withstand harsh environmental conditions such as temperature and 
chemical presence [78]. 

 

 

2.2 Thermal Energy Storage (TES) technology 

Many efforts have been made to improve energy efficiency in both the domestic 
and industrial environment to reduce greenhouse gas emissions and fossil fuel 
consumption. Wasting less energy requires less intensive energy production. 
However, thermal energy management remains an important aspect in this time-
consuming and lengthy search for alternative and efficient technologies. Using 
thermal energy storage (TES) materials, that can store and release heat when 
needed, is a strategy that is gaining popularity. A sub-class of these materials is the 
Phase Change Materials (PCMs). They have a high enthalpy of fusion, which 
allows them to store and release a large amount of energy as latent heat during 
melting and solidification [79]. 

2.2.1 Introduction 

Concerns about the depletion of fossil fuels, climate change, and greenhouse gas 
emissions have recently attracted the attention of researchers, industries, and 
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governments in developing technologies for more efficient energy use. As fossil-
fuel-based energy production strategies have recently been linked to environmental 
pollution and global warming, the research attention has shifted to sustainable and 
renewable energy sources such as solar, wind, and geothermal energy [80]. The 
high initial plant costs and the intermittent nature of these sources are the two main 
barriers to their widespread adoption. If technological progress mitigates the first 
issue, increasing energy storage technologies can provide an effective solution to 
source intermittency. Because the amount of solar energy varies on a daily and 
seasonal basis, and wind and geothermal power can be unpredictable, energy 
production plants must be supplemented with energy storage systems to provide a 
significant and consistent output even during off-peak periods [80]. When used in 
buildings, vehicles, and industrial applications, energy storage systems can benefit 
the use of conventional energy sources as well [80,81]. In the transport industry, for 
example, improved battery performance could encourage the use of electric 
vehicles, reducing demand for traditional fuels. Energy storage systems can help to 
reduce equipment sizes and initial and maintenance costs, increase plant flexibility 
and efficiency, and reduce the need for emergency power generators that consume 
primary energy sources. [81,82]. 

2.2.2 Thermal energy storage (TES) concept 

Thermal energy storage (TES) is the temporary storage of heat that can be used later 
and/or in a different location. The TES systems are intended to reduce the mismatch 
between thermal energy availability and demand, thereby contributing to waste heat 
recovery and more efficient use of intermittent energy sources [83]. In comparison 
to the other energy storage systems, heat (or cold) storage has longer storage times 
and a higher efficiency [80]. 

TES technologies are classified based on how the internal energy of the storage 
medium varies. Thermal energy can be stored and released by varying the 
temperature of a material (sensible heat storage SHS), changing the 
endo/exothermic phase of a material (latent heat storage LHS), or through 
thermochemical reactions (thermochemical heat storage TCHS). The choice of one 
TES system over another is influenced by several factors, including the required 
heat storage period (hours, months, or days), economic considerations, working 
temperature, and available volume. Table 2-2 contains a list of the main parameters 
of the various TES systems [84]. Despite the fact that the TCHS system has a higher 
energy density per unit mass and volume and a higher efficiency, its technological 
maturity is lower than that of the other two classes, and some recent reviews on the 
topic suggest that significant efforts should be made to develop advanced materials 
and produce efficient prototypes [85]. LHS systems, on the other hand, such as 



18  Chapter 2 

 

 
 

underground thermal energy storage and domestic hot water storage, are 
characterized by low risk and high commercialization potential [80]. 

Table 2-2 Main features of sensible, latent, and thermochemical TES technologies [84]. 
TES system Capacity 

kWh/t 

Efficiency 

% 

Storage period 

h, d, m 

Cost 

(2017) 

€/kWh 

Sensible heat storage (SHS) 10-50 50-90 d/m 0.1-10 

Latent heat storage (LHS) 50-150 75-90 h/m 10-50 

Thermo-chemical heat storage (TCHS) 120-250 75-100 h/d 8-100 

2.2.3 Sensible heat storage (SHS) 

SHS materials, as previously stated, are based on the storage of thermal energy by 
heating a solid or a liquid. The amount of heat (Q) that can be stored is determined 
by the specific heat capacity (cp), mass (m), and temperature interval (Tf - Ti) of the 
material and can be calculated by using Equation (2-8). 

v K w x yz {a K x yz (a| L}~
}�

a�) (2-8) 
It should be noted that cp depends on the temperature [86]. Because of its low cost 
and high specific heat (4.18 J/g∙K), water is frequently used as a medium in this 
type of TES system. This technology has found its way into active heating systems 
in the form of water-filled panels and solar heating systems [79,87]. 

2.2.4 Latent heat storage (LHS) 

LHS materials, on the other hand, use the latent heat (ΔHm) of phase transitions (for 
example, from solid to liquid) to store energy. They deal with solid-solid, solid-
liquid, and other transitions. This TES system deals with PCMs, which can provide 
higher energy storage density with a narrower temperature range than SHS. 
Equation (2-9) can be used to calculate the storage capacity of LHS [88]. 

v K w x yz {a}�
}�

+ x ∆�f + w x yz {a}~
}�

 (2-9) 
2.2.5 Classification of PCMs 

Phase change materials (PCMs) collect numerous types of substances different in 
nature that work similarly, and for this reason, there are several ways to categorize 
them. Firstly, they can be simply classified according to their melting temperature 
[86–89]. 
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• Low-temperature PCMs (less than 15 °C) are used in air conditioning and the 
food industry. 

• Medium-temperature PCMs (between 15 and 90 °C) are typically employed 
in solar, medical, and construction applications. 

• High-temperature PCMs (above 90 °C) are mostly used in solar plants and 
automotive and aerospace applications. 

PCMs are also categorized based on the type of phase transition, as reported in 
Figure 2-8. 

In comparison to other transitions, liquid-gas and solid-gas have high latent heat 
values. Unfortunately, due to their difficult management, their use is impractical. 
PCMs characterized by solid-solid and solid-liquid transitions with a much more 
limited volume expansion are a more popular choice. In addition, solid-solid 
transition PCMs can also provide an added benefit by avoiding technical difficulties 
associated with the presence of the liquid phase, despite having a lower latent heat. 

 

 

Figure 2-8 Classification of PCMs 
Organic and inorganic solid-liquid PCMs compounds are both available. Paraffins 
are particularly interesting because of their wide range of operating temperatures. 
These materials are classified as low molecular compounds because they are made 
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up of saturated hydrocarbons, with the formula CnH2n+2. The majority of them are 
non-toxic and non-hazardous to the environment. Paraffines have a relatively high 
TES density with low thermal conductivity. This could slow charging and 
discharging processes, necessitating a larger surface area [86,88,89]. The melting 
temperature of paraffins unusually depends on their molar mass. Furthermore, the 
ability to select different phase transition temperatures makes them extremely 
versatile and simple to select based on the application. The average length of the 
hydrocarbon chain influences the melting temperature and heat of fusion. It is 
possible to tune both of these parameters by modulating the molecular weight, and 
it is frequently obtained by mixing paraffines. A review of the performance of n-
paraffin waxes as PCM can be found in the studies conducted by He et al. on 
Hexadecane, tetradecane, and their mixtures. The results demonstrated a high heat 
of fusion as well as adequate stability and repeatability even at elevated  
heating/cooling cycles [90]. Furthermore, the melting and freezing of the PCM 
occurs over a temperature range rather than at a fixed temperature. Volume 
expansion and contraction were also evaluated, with less than 10% contraction 
during solidification. 

Interactions with other materials may occur when working with these PCMs. Metal 
coupling is considered safe because it does not promote corrosion or other 
phenomena. However, with polymers, the situation is more complicated. Because 
of chemical affinity and similarity, PCM can cause polymer softening, particularly 
in polyolefins. PCMs are encapsulated to avoid also this phenomenon [91–94].  

2.2.6 Encapsulation technologies 

Microencapsulation is a process in which a specific material, which serves as the 
core, is contained within a particle that serves as the external shell [93]. It is 
performed on PCMs for the following reasons: it increases the heat transfer area, 
reduces chemical interaction with the surrounding environment, and aids in volume 
control when a phase transition occurs. Microencapsulation is a technique that is 
now widely used in industries such as food and agriculture, pharmaceuticals, 
cosmetics, and textiles [95–100]. It has obtained more attention in recent years for 
PCMs as well [98,101–108], even if its use in thermal energy management 
applications is still limited due to the high costs involved. In terms of materials, the 
following are commonly used as shells for the microcapsules: urea-formaldehyde 
resins (UF), melamine-formaldehyde resins (MF), and polyurethanes [87,93,106]. 
There are various methods that can be used to achieve encapsulation. The following 
paragraphs contain some additional information about common shell-forming 
techniques. 
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2.2.6.1 Coacervation 

It is defined in colloidal chemistry as the separation of two phases through the 
modification of the environmental conditions (pH, temperature, or solubility). The 
method involves the deposition of a coacervated polymer (rich in colloids) around 
the active component (the core). The mechanism is controlled by complex ionic 
interactions between charged macromolecules present in the solution that 
eventually form the shell itself. Coacervation is one of the most effective methods 
of encapsulation and it is widely used in the food and pharmaceutical industries. 
Gelatin, various proteins, Arabic gum, and cellulose are examples of shell materials 
that can be used [109]. Figure 2-9 shows a scheme of the working principle of 
coacervation. 

 

Figure 2-9 Representation of the coacervation process, (1). Dissolution of the polymer, (2) formation of immiscible phases, (3) deposition of liquid coating on core material, and (4) rigidization of coating. 
2.2.6.2 Suspension polymerization 

This method creates polymeric microcapsules by dispersing a monomer (in the form 
of liquid droplets) within a stabilizing medium (usually water) as shown in Figure 
2-10. The polymerization initiator can also be found within this dispersion. Because 
the goal is to form an external shell around the PCM, the free radicals required for 
polymerization are generated at the interface between the medium and the 
suspended oil droplets. To accomplish this, the initiator must be of the appropriate 
polarity. Examples of this process can be found in the work of Sànchez et al. [110] 
where they obtained a polystyrene shell or by Jonsson et al. [111] where they 
developed a copolymer shell in Acrylonitrile/methacrylonitrile (AN/MAN). 
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Figure 2-10 Suspension polymerization scheme [112] 
2.2.6.3 Emulsion polymerization 

This is a heterogeneous free radical polymerization in which a hydrophobic 
monomer is emulsified in water, as shown in Figure 2-11. The reaction begins with 
a water-insoluble initiator. Styrene, butadiene, acrylonitrile, and methacrylate ester 
monomers are examples of commonly used monomers. This polymerization 
process is rather complex because the nucleation, growth, and stabilization of 
polymer particles are controlled by a combination of factors that regulate free 
radical polymerization and colloidal phenomena [113]. Zhang et al. used emulsion 
polymerization to create a Polystyrene/Cellulose Nanocrystal Hybrid Shell for 
PCMs with promising results [114]. 
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Figure 2-11 Emulsion polymerization scheme (by Encyclopædia Britannica) [115]. 
2.2.6.4 Polycondensation 

Interfacial polycondensation is a popular encapsulation method that is distinguished 
by its ease of use, high reaction rates, and low penetrability of the resulting shells. 
The core materials are formed into droplets in this process via emulsion in an 
aqueous solution containing a dissolved reactive monomer that serves as the shell. 
When the reaction begins, a thin monolayer membrane forms around the core 
droplets, and the shell is formed as a result of the polycondensation reaction [116]. 
The shell can be made from a variety of materials, including polyurethane, 
polyurea, polyamide, and amine resin, using this technique. Using an interfacial 
polycondensation method, Liang et al. were able to encapsulate butyl stearate 
(PCM) inside polyurea microcapsules. The monomers chosen for the shell 
formation are toluene-2,4-diisocyanate (TDI) and ethylenediamine (EDA) [83]. 

2.2.7 Applications 

The construction industry is a significant user of Phase Change Materials [102,117–
121]. It is demonstrated in the literature how, by employing these PCM-based 
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thermal energy management systems, it is possible to reduce energy consumption 
in areas where temperature changes significantly during the day-night cycle. 
Feldman et al. [122] in 1990 investigated the effects of incorporating butyl stearate 
(PCM) into gypsum during the conventional mixing stage with water. The results 
demonstrated the viability of this method for obtaining thermal energy storage 
capability. An important aspect to consider is the effective thermal comfort 
enhancement that these systems can provide. Kuzink et al. [123] investigated this 
by monitoring a renovated office building with PCM wallboards in the lateral walls 
and ceiling for about a year. Two rooms were specifically controlled: one with PCM 
and one without. The results showed an increase in thermal comfort due to 
improved control of both walls and air temperature. Another intriguing application 
is in thermo-solar energy systems [124–130]. PCMs, in particular, are commonly 
used to store solar heat collected during the day for use during the night. These 
systems are typically coupled with a solar water heater. Fazilati et al. [131] used an 
encapsulated paraffin PCM to store energy on a solar water heater. The results 
showed a nearly 40% increase in energy storage density and a 15% increase in 
energy storage efficiency. 

Another intriguing application is the incorporation of PCMs into textile fabrics, 
which results in the creation of smart textiles that aid in the regulation of body 
temperature and are especially useful in extreme weather conditions. NASA 
developed one of the first examples of PCM-enhanced textiles. Nonadecane was 
added to garment fabrics (e.g., space suits) to reduce the impact of the extreme 
temperature changes to which astronauts are subjected during space missions [132]. 
Such intelligent thermoregulating textiles were later used to improve the thermal 
comfort of mountain outdoor clothing and apparel, as well as blankets, mattresses, 
and pillowcases [79]. 

Electronic devices are well known to be temperature sensitive, as their performance 
and lifetime span are entirely dependent on maintaining them within a specific 
temperature range, with special care taken to avoid overheating. As electronic 
components have become more sophisticated in terms of electronics while 
shrinking in size, the risk of overheating has increased. Without a proper thermal 
management system, heat generation and temperature rise can degrade 
performance, cause critical components to fail, and reduce user-device interaction 
comfort [133]. As roughly 55% of electronic component failures can be attributed 
to high-temperature issues or inadequate thermal management, overheating is one 
of the most frequent reasons for the failure of electronic components [134]. 
According to research, a 1°C drop in temperature can reduce failure rates by up to 
4%, whereas a 10 to 20 °C rise can double the likelihood of failure [134]. Tan and 
Tso [135] conducted ground-breaking experimental research on the use of PCMs in 
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mobile electronic devices, evaluating the effectiveness of a passive cooling unit 
based on n-eicosane for the thermal control of small hand-held personal computers 
(personal digital assistants). The PCM was housed in an aluminum case and placed 
beneath heaters that mimicked the heat generation units of such a device, namely 
the processor and other integrated circuit packaging. The authors concluded that the 
PCM units were required to keep the device's working temperature below an 
acceptable threshold of 50 °C and that the efficacy of the heat storage unit was 
determined not only by the amount of PCM but also by its orientation, which 
determined the heat flux distribution throughout the device. 

Aside from the construction materials field, there are surprisingly few publications 
on materials designed to combine structural and TES functions. Wirtz et al. [136] 
presented one of the first reported examples, a sandwich structure made of graphitic 
foam impregnated with paraffin (Tm=56 °C) as the core and carbon/epoxy laminates 
as the skin, intended for thermal management of electronic devices. The graphitic 
foam served two purposes: it immobilized the molten paraffin and increased 
thermal conductivity, while the carbon/epoxy skins increased flexural stiffness. The 
higher the foam porosity, the more paraffin that can be accommodated into the foam 
pores, and the lower the foam's mechanical properties. As a result, even though the 
carbon-fiber-based skins were the main enhancers of the mechanical performance 
of the entire sandwich structure, the foam porosity was the main parameter 
dominating the balance between the core mechanical properties and the overall TES 
performance, which acted competitively in this system. Several other studies on 
carbon foams as shape-stabilizers for organic PCMs have been published in the 
literature, but they are mostly used to improve thermal conductivity, with little 
attention to mechanical performances [137–139]. 

 

2.3 Multifunctional syntactic foams 

The combination of different properties in one material that allows it to perform 
different tasks without the use of additional components is known as 
multifunctionality. Thermal stability, sensing functions, electrical conductivity, 
energy storage (electrical and thermal), electro-magnetic interference (EMI) 
shielding, and self-healing are some of the properties developed in the field of 
multifunctionality [140,141]. Because of multifunctionality, it is possible to reduce 
the number of devices and components in a given system, allowing for mass, 
volume, and cost savings. Furthermore, one of the goals in the design of 
multifunctional materials is to achieve the additional function without 
compromising other properties and structural capabilities. Different materials are 
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combined to achieve such coexistence, resulting in the field of composite materials. 
Polymeric matrix composites are an advantageous choice due to their inherent 
characteristics such as low density, processability, low cost, and mechanical 
resistance. Carbon fiber reinforced composites are a popular class of 
multifunctional composite materials [142]. Aside from their light weight and 
mechanical properties, their electrical properties are also intriguing. This is because 
carbon fibers, unlike the equally popular glass and Kevlar fibers, are electrically 
conductive. However, the insertion in a non-conductive polymeric matrix causes 
conductivity to be dependent on the arrangement and microstructure of the 
reinforced composite. Furthermore, this electrical conductivity allows for the 
shielding of electromagnetic radiation, which is used for both radio wave absorption 
and reflection [141]. 

The work of Akbar et al. [143] was focused on the development of a wing box with 
electrical energy harvesting capabilities. Because of the presence of embedded 
piezoelectrical materials, this structural component can collect electrical energy. H. 
Kim et al. [144] investigated the fatigue resistance and life of components that could 
be used to conduct electricity as well as being part of the load bearing structure, 
which is another example of multifunctionality in the field of electrical properties. 

Another intriguing property is self-healing, which refers to the material's ability to 
heal itself after being damaged. To accomplish this, four techniques are used: 
encapsulated healing agents, thermoplastic polymers, and solvents [141]. 

The multifunctionality considered in this work is related to Thermal Energy Storage 
capability together with lightness. This was accomplished through the use of Phase 
Change Materials, which effectively store and release thermal energy by utilizing 
the latent heat of solidification/fusion in syntactic foams well known to be lighter 
and more stable from a geometrical point of view. The resulting composites would 
consider epoxy and polypropylene resins as matrix to cover both thermosets and 
thermoplastics. By incorporating HGMs, several advantages can be mentioned 
other than lightness, like a low thermal expansion coefficient and thermal 
conductivity useful in injection molding to lower the cycling time. The 
incorporation of PCMs in such foams could give them an extra property useful for 
the thermal management of the components. 

Therefore, this research intends to investigate and better understand the resulting  
combination of properties provided by these novel composites, as well as the 
specific uses they may have. 
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Chapter 3 - Experimental Part 

This Chapter introduces all of polymer matrices, reinforcements, and PCMs used 
in this Thesis and characterization techniques utilized to investigate the properties 
of the prepared SFs. The sample preparation methods and the description of the 
specimens for each test will be reported in Chapter 4 -  and Chapter 5 - . 

3.1 Materials 

The present section lists the materials employed in this Thesis, divided into 
matrices, PCMs, hollow glass microspheres (HGMs), compatibilizer, and silane. 

3.1.1 Matrices 

3.1.1.1 Epoxy resin 

Elantas Europe Srl (Collecchio, Italy) kindly provided the epoxy resin Elan-tech® 
EC 157 and the hardener Elan-tech® W342. According to the datasheet, this epoxy 
system is ideal for producing high-performance structural composite parts of small 
and medium size using the hand lay-up process. The producer indicated in the 
datasheet a resin/hardener mass ratio of 100:30. Table 3-1 and Table 3-2 report the 
viscosity and density of the two precursors from the technical datasheet. The initial 
mixture's viscosity is in the 200-600 mPa∙s range with a pot life of 30 min. After 
2.5 hours the mixture reaches the gelation time. The fully cured product exhibits a 
glass transition temperature of 80-110 °C and a flexural elastic modulus of 3.1-3.3 
GPa. 

Table 3-1 Properties of Elan-tech® EC 157 resin from technical data sheet. 
Property Value Unit Test method 

Viscosity (25°C) 700 ± 100 mPa∙s EN13702-2 
Density (25°C) 1.15 ± 0.01 g/cm3 ASTM D 1475 

 

Table 3-2 Properties of Elan-tech® W342 hardener from technical data sheet. 
Property Value Unit Test method 

Viscosity (25°C) 50 ± 20 mPa∙s EN13702-2 
Density (25°C) 0.95 ± 0.01 g/cm3 ASTM D 1475 
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3.1.1.2 Polypropylene 

Lyondell-Basell (U.S.) provided the polypropylene used in this work, Moplen 
HP456J, in form of granules. This product is a polypropylene homopolymer 
designed for extrusion and thermoforming operations, with technical data sheet 
characteristics listed in Table 3-3. 

Table 3-3. Properties of polypropylene Moplen HP456J from technical data sheet. (*T K 23 °C, testing speed K 50 mm/min). 
Property Value Unit Test method 

Melt flow rate (5 kg / 230 °C) 3.4 g/10min ISO 1133-1 
Density 0.90 g/cm3 ISO 1183-1 
Melting temperature 170 °C ISO 11357 
Flexural modulus 1500 N/mm2 ISO 178 
Tensile stress at yield* 34 N/mm2 ISO 527-1,2 
Tensile stress at break* 21 N/mm2 ISO 527-1,2 
Tensile strain at yield* 11 % ISO 527-1,2 
Tensile strain at break* 200 % ISO 527-1,2 
Vicat grade (A50) 156 °C ISO 306 
Deflection temperature (0.45 MPa) 91 °C ISO 75B-1,2 

 

3.1.2 Phase Change Materials (PCMs) 

In this thesis, two different encapsulated Phase Change Materials (PCMs) were 
used, the MPCM43D and MPCM57D. They were chosen for their melting point in 
the 40-60 °C range, which may be useful for applications in the thermal 
management of food packages, electronic devices, and automotive components. 
This melting temperature range was also chosen since these PCMs are solid at room 
temperature. 

Microtek laboratories Inc. (Dayton, USA) provided MPCM43D, which has a 
density of 0.9 g/cm3 and a mean size of 17-22 µm. The melamine-formaldehyde 
shell, which accounted for 15% of the total mass, ensured thermal stability up to 
250 °C. The melting temperature of the paraffinic core was 43 °C, with a melting 
enthalpy of 190-200 J/g. 

MPCM57D were again provided by Microtek laboratories Inc. (Dayton, USA). The 
technical data sheet was not provided by the manufacturing company. The shell was 
composed of melamine-formaldehyde and delivers thermal stability up to 250 °C, 
while the paraffinic core possessed a melting temperature of 57 °C. More features 
were investigated through characterization techniques such as pycnometry and 
differential scanning calorimetry (DSC). The capsules showed a melting enthalpy 
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of 207 J/g and a density of 0.94 g/cm3. Figure 3-1 shows the MPCM57D as 
received. Mechanical sieving was used to study the microcapsules size distribution, 
as reported in Figure 3-2. The resulting mean size was 43 ± 13 µm. 

 

Figure 3-1 Paraffin microcapsules MPCM57D (Microtek Laboratories Inc), as received. 

 

Figure 3-2 MPCM 57D particle size distribution obtained from sieving process. 
3.1.3 Hollow glass microspheres (HGMs) 

There are various solutions on the market, for this Thesis two different types of 
hollow glass microspheres, K15 and iM16K, were chosen. These were both 
supplied by 3M Italia Srl. (Pioltello, Italy) as dry powder. 

K15 HGMs were made of soda-lime-borosilicate glass and had a density of 0.15 
g/cm3, a mean particle size (D50) of 60 µm, a thermal conductivity of 0.055 
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W/(m∙K), and a crush strength (90% survival) of 2.07 MPa, according to the 
producer's technical datasheet. These HGMs were chosen due to their low density 
which maximizes the lightness of components. Mechanical sieving was used to 
study the powder's size distribution, as reported in Figure 3-3. The sieves used were: 
150, 100, 80, 63, 50, 40, 32, and 25 μm. 

 Figure 3-3 K15 HGMs particle size distribution obtained from sieving process 
iM16K HGMs were made of soda-lime-borosilicate glass, as K15 microspheres, 
but because of their high wall thickness/diameter ratio, they showed a higher 
density (0.45 g/cm3) and crush strength (90% survival near 110 MPa). They had a 
D50 mean particle size of 27 µm and a thermal conductivity of 0.153 W/(m∙K). 
Figure 3-4 reports a picture of iM16K HGMs as received from the producer. A 
granulometric analysis was also performed on these microspheres, as reported in 
Figure 3-5. 

 Figure 3-4 iM16K HGMs as received. 
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Figure 3-5 iM16K HGMs particle size distribution obtained from sieving process. 
 

3.1.4 Compatibilizer 

Due to the difficulties in obtaining good adhesion between polypropylene and 
HGMs the use of a compatibilizer was necessary, as also reported in the work of 
Gogoi et al. [145]. The compatibilizer used in this work was a maleic anhydride-
grafted-polypropylene (MA-g-PP), commercially known as Compoline CO/PP 
H60, supplied by Auserpolimeri srl (Italy). This coupling agent is a polypropylene 
that has been modified with maleic anhydride and is commonly used as a 
compatibilizer in glass fiber filled polypropylene composites. It is used to maintain 
excellent adhesion between matrix and fillers, resulting in improved mechanical 
properties. Table 3-4 shows the properties of this compatibilizer based on the 
technical datasheet provided by the producer. 

Table 3-4 Properties of Compoline PP/H60 compatibilizer from the technical datasheet  
Property Value Unit 

Melt flow index (230 
°C, 2.16 kg) 

180 g/10 min 

Flexural modulus 1500 MPa 
Melting temperature 160 °C 
Graft level High - 
Density 0.87 g/cm3 
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3.1.5 Silane 

As suggested by Gogoi et al. [145] and also by Kumar et al. [25] and by Huang et 
al. [146], silanes play a vital role in connecting the glass surface with the 
compatibilized matrix, improving the adhesion and consequently the mechanical 
properties. Figure 3-6 schematizes a general silane molecule where “X” are the 
hydrolyzable groups that, in presence of water, hydrolyze becoming capable to 
bond with -OH groups already present on the surface of glass, while “Y” is an 
organofunctional group that is compatible with the polymeric matrix. 

 

Figure 3-6 Schematization of a general silane organic molecule. 
The chosen silane is γ-Aminopropyl-Triethoxysilane (commonly abbreviated as 
APTES), which is a popular choice for this type of application. The chemical 
structure of APTES is shown in Figure 3-7. The organofunctional group is 
represented by an amine group, while the hydrolyzable elements are constituted by 
ethoxy groups. It is a liquid with 0.946 g/ml of density and it boils at 217 °C. 

 

Figure 3-7 Schematization of γ-Aminopropyl-Triethoxysilane (APTES). 
 

3.2 Experimental techniques 

This section describes the general experimental techniques used to analyze the 
prepared materials. The techniques applied to a specific system will be described in 
the  Chapter 4 -  (for epoxy/HGM/PCM SFs) and Chapter 5 -  (for PP HGM/PCM 
SFs). 

3.2.1 Rheological properties 

The rheological properties play an important role in determining the processing 
window of thermosetting and thermoplastic materials. Rheological analysis allows 
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the determination of properties like the viscosity (η) as a function of the shear rate 
(γ� ) through flow sweep tests, as well as the storage and loss dynamic shear modulus 
(G' and G" respectively) through frequency sweep tests. Discovery HR-2 rheometer 
from TA instrument (USA), reported in Figure 3-8, was used to perform the 
measurements. For both thermosetting and thermoplastic composites, a plate-plate 
configuration was utilized, by using disks with a diameter of 25 mm and setting a 
gap of 1 mm. 

 

Figure 3-8 Plate-plate rheometer (DHR-2) used for the rheological measurements. 
Flow sweep tests measure how viscosity (η) changes within a shear rate (γ� ) window. 
The upper plate spins from low to higher frequencies to see how the analyzed 
material responds to the imposed stresses. In the case of epoxy/HGM/PCM 
composites, the shear rate sensitivity was measured between 0.1 and 1 1/s on non-
cured compositions at a constant temperature of 30 °C. In the case of 
PP/HGM/PCM samples, disks of 25 mm in diameter were tested at 200 °C in a 
shear rate interval between 0.01 and 200 1/s. 

In Frequency sweep tests the upper plate continuously changes the spin direction 
with a predetermined frequency, to determine the viscoelastic response of the 
material at a specific temperature and shear stress. For thermosetting systems, it 
also allows the determination of the gel time (tgel), which is defined as the time at 
which the curve of the shear storage modulus (G') intercepts the curve of the shear 
loss modulus (G"). The Arrhenius equation was used to calculate the activation 
energy of crosslinking (Ea), as shown in Equation (3-1).  

�� K � P{^�� �̀ ��b{(1 a⁄ ) R (3-1) 



34  Chapter 3 

 

 
 

where R is the universal gas constant, equal to 8.314 J/(mol∙K), and T is the testing 
temperature in K. 

For Epoxy/HGM/PCM systems, the rheological behavior of non-cured mixtures  
has been measured at 70 °C, 80 °C, 90 °C, and 110 °C by using a maximum shear 
stress of 1000 Pa at a constant frequency of 1 Hz. This test was carried out on four 
uncured compositions, allowing the gel time (tgel) to be determined.  

For PP-based SFs the tests were conducted on disk samples at 200 °C with an 
oscillation frequency between 0.1 and 600 rad/s, with a fixed strain amplitude of 
1%. Three specimens for each composition were tested. 

3.2.2 Morphological properties 

3.2.2.1 Density 

Density measurements were used to determine the pore volume fraction in the 
prepared SFs. The experimental density was measured via helium pycnometry 
(ρ���). A small amount of material was tested using a Micromeritics AccuPyc 
1330TC (Micromeritics Instrument Corp., USA) helium pycnometer at 23.0 °C, by 
using a 1 cm3 testing chamber. For each composition, one specimen was tested 30 
times, and the experimental density was determined as the average values of these 
measurements. The instrument used is shown in Figure 3-9. 

 

Figure 3-9 Helium pycnometer (Micromeritics AccuPyc 1330TC). 
In addition, the theoretical density values (ρ��) were also calculated by using the 
mixture rule, as reported in Equation (3-2). 

��d K � �� ∙ _�
�

��Q
 (3-2) 

Where �� is the pycnometric density of the i-th component, and _� is its volume 
fraction. The void content (VC%) was then calculated by using Equation (3-3). 
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��% K ��d L ���z��d ∙ 100 (3-3) 
3.2.2.2 Light microscopy (LM) 

In order to understand the morphology and size distribution of PCM capsules and 
HGMs within the matrix, optical microscopy was used. The samples were 
incorporated inside a small cylinder of epoxy resin that, after curing, has been 
polished on one surface. The microscope used was a Zeiss Axiophot (Carl Zeiss 
AG, Germany) optical microscope, equipped with an Epiplan Neofluar objective 
and a digital camera, as reported in Figure 3-10. 

 

Figure 3-10 Zeiss Axiophot light microscope. 
3.2.2.3 Scanning electron microscopy (SEM) 

SEM micrographs were acquired to investigate the microstructure and morphology 
of syntactic foams. SEM investigation was performed on cryofracture surfaces, 
obtained by fracturing the specimens after soaking them in liquid nitrogen for at 
least 5 minutes. This analysis was carried out with a Zeiss Supra 60 field-emission 
scanning electron microscope (FE-SEM) operating at 3.5 kV. As all the investigated 
samples were not good electrical conductors, a thin layer of Pt-Pd was sputtered on 
their surface to render them conductive. Figure 3-11 reports the picture of the 
instrument used. 
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Figure 3-11 Scanning Electron Microscope Zeiss Supra 40 SEM. 
3.2.3 Thermal and thermo-mechanical properties 

3.2.3.1 Differential scanning calorimetry (DSC) 

Differential scanning calorimetry is essential for determining material thermal 
properties, such as melting and crystallization enthalpies (∆H�, ∆H) and 
temperatures (Tm and Tc), glass transition temperatures (Tg), and specific heat 
capacity (cp). Figure 3-12 shows the Mettler DSC30 instrument (Mettler Toledo 
LLC, Columbus, OH, USA) used to investigate these properties, testing specimens 
in aluminum crucibles under a nitrogen flow of 10 mL/min. 40 mg of material was 
inserted in 160 μl aluminum crucibles for epoxy/HGM/PCM samples, and 10 mg 
in 40 μl aluminum crucibles for PP/HGM/PCM samples. Three scans were 
performed at a heating/cooling rate of 10 °C/min in a temperature range between 
10 and 160 °C for the epoxy-based syntactic foams, and between -50 and 220 °C 
for PP-based syntactic foams. One specimen for each composition was tested.  

 

Figure 3-12 Differential scanning calorimetry Mettler DSC30 calorimeter 
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For epoxy matrix composites, the specific heat capacity at 30 °C (cp30) was 
calculated from the DSC thermograms in the first heating scan by dividing the 
specific heat flow by the heating rate at 30 °C. Although this method did not meet 
the ASTM E-1269 standard, the cp values obtained were used to determine, at least 
qualitatively, the thermal conductivity (λ��) of the prepared foams (see Section 
3.2.3.2).  

For PP matrix composites, the specific heat capacity (cp) was determined using the 
procedure outlined in the ASTM E-1269 standard. For each composition, three 
specimens were tested with a single heating run at 20 °C/min in the temperature 
range from -50 to 200 °C, with a nitrogen flux of 10 ml/min Aside from the heat 
capacity of the composite materials, the specific heat capacity of the constituents 
was also measured. For each composition, 10 mg of material was placed inside a 
40 μl aluminum crucible. However, a procedure was carried out to achieve a 0.1% 
weight matching between the specimen, the sapphire standard, and the empty 
specimen holders, as specified by the standard. After that, the specific heat was 
calculated using Equation (3-4). 

yz(¡) K yz(¡�) ∙ ¢£ ∙ ¤£�¢£� ∙ ¤£  (3-4) 
Where c�(s) is the specific capacity of the specimens (J/g K), c�(st) is the specific 
heat capacity of the sapphire standard, Ds is the vertical displacement between the 
specimen and the empty crucible DSC curves at a given temperature (mW), Dst is 
the vertical displacement between the sapphire and the empty crucible DSC curves, 
Wst is the sapphire mass, and Ws is the specimen mass. A schematization of the 
thermogram is reported in Figure 3-13. 

 

Figure 3-13 Schematization of the DSC thermograms of empty sample holder, of the standard, and of the specimen, utilized in the determination of the cp values. 
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3.2.3.2 Thermal conductivity 

Light flash analysis (LFA) is a characterization technique that measures the thermal 
diffusivity of materials by exposing them to a light pulse and monitoring the 
temperature over time. This test was performed on square specimens (12.7x12.7x4 
mm3) for epoxy matrix samples and small circular samples (12.5 mm diameter and 
1 mm thickness) for PP matrix samples. The specimen preparation procedure 
involved the application of a graphite coating to the surface of both flat sides to 
improve light pulse absorption. The experiment was conducted using a light flash 
analyzer LFA 467 (Netzsch Holding, Germany), as shown in Figure 3-14.  

 

Figure 3-14 Laser flash analyzer Netzsch LFA 467. 
For epoxy matrix composites, seven specimens, one for each considered 
composition, were tested at 30 °C, while PP matrix composites were tested at 20, 
45, and 70 °C. A ceramic reference called Pyroceram 9606 was included in the 
evaluation along with the other specimens to estimate the specific heat of materials 
directly from LFA. The value of diffusivity was calculated using a fitting procedure 
of the obtained data through the Netzsch Analyzer software. The transparent 
materials fitting model was used because it demonstrated the best fitting accuracy. 
The thermal conductivity (λ(T)) of the prepared foams at a certain temperature was 
determined by using Equation (3-5).  

Z(a) K ¦(a) ∙ �(a) ∙ yz(a) (3-5) 
where ρ(T) is the pycnometer density and α(T) is the thermal diffusivity.  
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3.2.3.3 Evaluation of TES properties 

To understand the potential related to the Thermal Energy Storage capability of the 
prepared SFs, a specific test was conducted on the most representative compositions 
by monitoring the evolution of their temperature upon heating/cooling stages. For 
this purpose, bulk samples (cylindrical and cubic) were prepared with a blind hole 
reaching their core. Type-K thermocouples, connected to a recording system, were 
inserted in these holes to monitor the material temperature. The samples were then 
placed in a preheated oven (60 °C for epoxy/HGM/PCM, and 100 °C for 
PP/HGM/PCM) and the time required to increase their temperature was recorded 
(from 26 to 55 °C (t26–55) for epoxy/HGM/PCM samples, and from 35 to 80 °C (t35-

80) for PP/HGM/PCM samples). After that, the samples were extracted from the 
oven to cool, and the cooling time was recorded (from 55 to 26 °C (t55-26) for 
epoxy/HGM/PCM samples, and from 80 to 35 °C (t80-35) for PP/HGM/PCM 
samples). Figure 3-15 shows a scheme of the developed setup. 

 

Figure 3-15 Setup used for temperature profiling of the foams 
3.2.3.4 Dynamic mechanical thermal analysis (DMTA) 

To evaluate the dynamic-mechanical behavior of the prepared foams, dynamic 
mechanical analysis was carried out. It was helpful to investigate how the PCM and 
HGM addition affects the viscoelastic properties of the foams, below and above the 
melting temperature of the PCM. DMTA tests were carried out through a TA Q800 
DMA instrument (shown in Figure 3-16) in single cantilever bending mode, with a 
17.5 mm distance between the grips. Tests were conducted from 0 °C to 150 °C at 
3 °C/min, while the strain amplitude and frequency were set to 0.05 % and 1 Hz, 
respectively. These experiments made possible to determine the trends of the 
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storage modulus (E’), loss modulus (E”), and loss tangent (tanδ) at different 
temperatures. Three distinct ternary plots were developed using the storage 
modulus E’ values at 25 °C, 60 °C, and 130 °C. For the specific storage modulus 
(E’/ρ), these values of E’ were divided by the pycnometer density determined at 23 
°C. For these tests, one specimen for each composition was tested. 

 

Figure 3-16 Dynamic mechanical thermal analyzer TA Q800 DMA instrument 
3.2.4 Mechanical properties 

The following section addresses how the mechanical properties of the developed 
material were evaluated. In particular, five tests were performed: quasi-static tensile 
tests, quasi-static compression tests, evaluation of the plane-strain fracture 
toughness (KIC) and of the critical strain energy release rate (GIC), evaluation of the 
plane-strain fracture toughness (KIC) under impact condition, and Charpy impact 
tests. These tests were all conducted at 23 °C and with a relative humidity of 
approximately 50%. 

3.2.4.1 Quasi-static tensile tests 

For the Epoxy/HGM/PCM samples, an Instron 4502 (Instron, Turin, Italy) universal 
machine (shown in Figure 3-17a) equipped with a 10 kN load cell was used. 
Following the ISO-527-2 standard, ten type-1B specimens were tested for each 
composition to determine the tensile elastic modulus (Et) and the stress at break 
(σB). The tests for measuring the elastic modulus were all conducted with an 
extensometer having a gauge length of 50 mm, at a crosshead speed of 0.5 mm/min, 
until a strain level of 0.8% was reached. The steepest tangent line to the curve was 
used to determine the elastic modulus. The tests for determining the strain at break 
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(εB) were performed without the extensometer at a crosshead speed of 2 mm/min, 
setting a gauge length of 115 mm, until the failure of the specimens was reached. 

For the PP/HGM/PCM foams, an Instron 5969 (Instron, Turin, Italy) universal 
machine (shown in Figure 3-17b) equipped with a 1 kN load cell was used. Ten 
type-1BA specimens having a gage length of 55 mm were tested in accordance with 
the ISO-527-2 standard. The determination of the elastic modulus (Et) was 
performed at a testing speed of 0.25 mm/min, by using an extensometer having a 
gauge length of 25 mm, and the stress levels associated with deformations of 0.05% 
and 0.25% were considered to calculate a secant modulus. Tensile properties at 
break were determined at a crosshead speed of 20 mm/min without the 
extensometer until failure was reached. In this way, it was possible to determine the 
stress and the strain at yield (σy, εy) and at break (σB, εB). 

 

Figure 3-17 Representative images of (a) Instron 4502 and (b) Instron 5969 tensile testing machines. 
3.2.4.2 Quasi-static compression tests 

All the performed tests were conducted by using an Instron 5969 tensile testing 
machine (Figure 3-17b), used also for the tensile test of PP/HGM/PCM foams. The 
tests on the epoxy-based foams were carried out according to the ASTM-D695 
standard by using the machine equipped with a 50 kN load cell. The elastic modulus 
at compression (EC) and the maximum stress (σC) were evaluated by testing 

a) b) 
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cylindrical specimens (diameter 20 mm, height 40 mm) at a crosshead speed of 1.3 
mm/min. The elastic modulus was determined from the slope of the line tangent to 
the steepest linear part of the stress-strain curve. Ten specimens were tested for each 
composition. 

The tests on the PP-based foams were conducted by using the same machine 
equipped with a 10 kN load cell. A total of nine cubic specimens (1x1x1 cm3) were 
tested for each composition at a crosshead speed of 1.3 mm/min. In this way, the 
stress at 20% of strain (σ20) and the elastic modulus at compression (EC), calculated 
using the tangent approach, were determined. 

3.2.4.3 Charpy impact tests 

This test was performed only on epoxy-based syntactic foams. Charpy impact tests 
were carried out following the ISO 179-2 standard with a Ceast 3549/000 impact 
testing machine (Instron, Turin, Italy), shown in Figure 3-18. The hammer used in 
this work was an ISO 5J set to a starting angle of 51°, resulting in a maximum 
potential energy of 1 J and an impact speed of 1.29 m/s. The test was performed on 
single-notch rectangular specimens with dimensions 80x10x4 mm3, with a notch 
depth of 2 mm and a notch tip radius of 0.25 mm. At least 10 specimens, having a 
span length of 62 mm, were tested for each composition. In this way, it was possible 
to determine the specific energy absorbed under impact conditions (acN), by 
dividing the total absorbed energy for the cross-section of the specimens (J/m2). 

 

Figure 3-18 Ceast 3549/000 Charpy pendulum. 
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3.2.4.4 Evaluation of the fracture behavior (KIC and GIC) 

Because of the different stiffness of the two polymeric matrices investigated, two 
different procedures were used to evaluate the fracture behavior of the prepared 
SFs. Epoxy-based syntactic foams ensure plane strain condition allowing the 
application of the ASTM D5045 standard while PP does not. An Instron 5969 
testing machine equipped with a 1 kN load cell was used for this purpose. Ten 
Single-edge notched specimens having the dimension of 50x12x6 mm3 were tested 
for each composition in a three-point bending configuration, at a crosshead speed 
of 10 mm/min. The support span was four times the width (48 mm) and the notch 
of the specimens was produced by sawing with a razor blade until reaching their 
half-width. The detailed procedure for calculating GIC can be found in the ASTM 
D5045 standard. 

For PP-based syntactic foams, KIC was determined under impact conditions, as 
described in ISO 13586 and ISO 17281 standards. A Ceast 3549/000 impact testing 
machine (Instron, Turin, Italy) equipped with a 5 J instrumented hammer was used. 
A three-point bending configuration, with a span length of 62 mm was adopted. A 
starting impact angle of 39° was set, to hit the specimens with a speed of 1 m/s. For 
each composition, ten rectangular specimens (10x80x4 mm3) with a sharp notch 
having a depth of 5 mm were tested. 

In the ASTM D5045 standard, the conditional value (KQ) of the critical stress 
intensity factor was determined for each specimen through Equation ((3-6). 

¨© K ª «©h√¤ ®(¯) (3-6) 
Where PQ is the load value determined as described in the standards, B and W are 
the specimen thickness and depth, respectively, and f(x) is a geometrical function 
defined by Equation ((3-7). 

®(¯) K 6√¯ 1.99 L ¯(1 L ¯)(2.15 L 3.93¯ + 2.7¯�)
(1 + 2¯)(1 L ¯)� �°  (3-7) 

Where x is the ratio between a and W. The calculated KQ can be considered as the 
critical stress intensity factor KIC only when Equation (3-8) is satisfied. 

h, ±, (¤ L ±) > 2.5 P¨©³´ R� (3-8) 
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Where σy is the yield stress, evaluated as the maximum load in the uniaxial tensile 
tests. The criteria require that B must be sufficient to ensure plane strain and that 
(W-a) be sufficient to avoid excessive plasticity in the ligament. 

In the ISO 17281 standard, the term PQ is calculated using a computer-aided fitting 
procedure of the load-time curve. However, in this case, Pmax was chosen as PQ. The 
actual critical stress intensity factor (KIC) could be calculated after the provisional 
result KQ was evaluated. This was done following the verification of the criteria for 
the characteristic length (µ̅) as reported in Equation ((3-9). 

µ̅ K ¨©�³�́  (3-9) 
3.2.5 Statistical analysis of the experimental data 

The analysis of the properties of a ternary system can be a very complex process 
due to the wide variety of possible compositions. To set up experiments and analyze 
the results, preliminary and post-production statistical approaches can be very 
useful. A statistical approach based on a mixture design was used to define the most 
representative compositions and to represent the results with ternary phase 
diagrams for both SFs systems [4,45,147,148]. The “mixexp” package in the 
Rstudio v.1.4.1103 software (Rstudio, Inc., Boston, MA, USA) was used to perform 
the mixture design, while the “lm” function was used to fit the experimental results 
using a quadratic linear model called the “Scheffé quadratic model” (see Equation 
((3-10)). 

· K � �̧¯�
¹

��Q
+ � � �̧º¯� º̄ + »¹

º��¼Q

¹½Q

��Q
 (3-10) 

where y is the response variable, xi, and xj are the binary mixture compositions, βi 
represents the expected response at the vertex, and βij are the coefficients indicating 
the amount of the quadratic curvature along the edge of the simplex region [147]. 
After a first fit, the most significant components of the model (xi, xj) were evaluated 
through the analysis of variance (ANOVA). At this point, all non-significant 
components and combinations were removed from the model and a new fit with the 
corrected model was performed. This procedure was repeated until only the 
statistically significant terms remained. At this point, the model could be considered 
statistically correct and therefore used to represent the analyzed data. The function 
“ModelPlot” was used to represent the ternary models. Each plot also reported the 
resulting R����  which represents the goodness of the fit reported in Equation ((3-11) 

and the Sy.x, which represents the residual standard error of the model shown in 
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Equation ((3-12). The Pr(>|t|) (which is the upper limit value of the statistical 
probability of the components from ANOVA procedure) of the less important but 
still statistically relevant components or combination of components, and the list of 
the considered components and/or combination of components for the model are 
also represented in each graph. 

��¾º� K 1 L P(1 L ��) ∙ (� L 1)� L k L 1 R (3-11) 
 

¿´.� K À∑(µÂ¡Ã{Ä±��)� L k  (3-12) 

where n are the experimental values and k is the number of parameters fit by 
regression, and R2 is the coefficient of determination that gives information about 
the goodness of fit of a model. 
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Chapter 4 - Multifunctional epoxy-based 

syntactic foams with TES properties 

This chapter presents the methods and the experimental results concerning the 
epoxy/HGM/PCM system. 

Part of this Chapter has been published in: 

• Galvagnini, F.; Dorigato, A.; Fambri, L.; Fredi, G.; Pegoretti A., 
Thermophysical Properties of Multifunctional Syntactic Foams Containing 

Phase Change Microcapsules for Thermal Energy Storage. 

Polymers (Basel). 2021, 13. 

• Galvagnini, F.; Fredi, G.; Dorigato, A.; Fambri, L.; Pegoretti, A. 
Mechanical Behaviour of Multifunctional Epoxy/Hollow Glass 

Microspheres/Paraffin Microcapsules Syntactic Foams for Thermal 

Management. 

Polymers (Basel). 2021, 13. 

4.1 Materials and methods 

The components needed to prepare these samples and the procedures utilized for 
sample preparation are presented in this section, together with the list of the 
experimental techniques applied. A detailed description of the materials and the 
experimental techniques have been already presented in Chapter 3 - . 

4.1.1 Materials 

The materials employed for the preparation of these foams are listed in Table 4-1 
(please refer to Subchapter 3.1 for the details about the materials). 

Table 4-1 List of materials employed for the preparation of epoxy/HGM/PCM syntactic foams. 
Constituent Label Material 

polymer matrix EP epoxy resin 

hollow filler HGMs hollow glass microspheres (K15) 

PCM PCM paraffin microcapsules (MPCM43D) 
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4.1.2 Sample preparation 

Epoxy/HGM/PCM syntactic foams were prepared by mixing the epoxy base, PCM, 
and HGMs in a becker for 5 minutes at 100 rpm with a Dispermat F1 mechanical 
mixer (VMA-Getzmann GmbH, Reichshof, Germany), and then degassing the 
mixtures for 5 minutes with a vacuum pump. The hardener was then added, and the 
mixing and degassing processes were repeated. The mixtures were then cast in 
silicone molds with different geometries (shown in Figure 4-1(a-b)) and cured at 
room temperature for 24 hours, before being post-cured in an oven at 80 °C for 6 
hours.  

 

 

Figure 4-1 Silicon molds utilized to prepare samples for (a) tensile, Charpy, and fracture toughness tests, and (b) compression tests. 
 

The samples were labeled as EPG-x.y, where x represents the PCM volume content 
and y represents the HGM concentration, both of which ranged between 0 vol% and 
40 vol%. The fifteen compositions chosen for this study, with a maximum total 
filler content (PCM+HGM) of 40 vol%, are listed in Table 4-2 and reported on the 
ternary diagram shown in Figure 4-2, with the prepared formulations indicated by 
red dots. Furthermore, Figure 4-2 shows a general example of how to read a ternary 
phase diagram. 
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Table 4-2 List and designation of the prepared epoxy-based syntactic foams with their relative composition  
# Sample Epoxy 

vol%/wt% 

PCM 

vol%/wt% 

HGM 

vol%/wt% 

1 EPG-0.0 100.0/100.0 0.0/0.0 0.0/0.0 
2 EPG-10.0 90.0/91.6 10.0/8.4 0.0/0.0 
3 EPG-20.0 80.0/83.0 20.0/17.0 0.0/0.0 
4 EPG-30.0 70.0/74.0 30.0/26.0 0.0/0.0 
5 EPG-40.0 60.0/64.6 40.0/35.4 0.0/0.0 
6 EPG-0.10 90.0/98.5 0.0/0.0 10.0/1.5 
7 EPG-0.20 80.0/96.7 0.0/0.0 20.0/3.3 
8 EPG-0.30 70.0/94.5 0.0/0.0 30.0/5.5 
9 EPG-0.40 60.0/91.6 0.0/0.0 40.0/8.4 

10 EPG-10.10 80.0/89.3 10.0/9.2 10.0/1.5 
11 EPG-10.20 70.0/86.5 10.0/10.1 20.0/3.4 
12 EPG-10.30 60.0/83.0 10.0/11.3 30.0/5.7 
13 EPG-20.10 70.0/79.7 20.0/18.7 10.0/1.6 
14 EPG-20.20 60.0/75.8 20.0/20.7 20.0/3.5 
15 EPG-30.10 60.0/69.8 30.0/28.6 10.0/1.6 

 

Figure 4-2 Graphical representation on the ternary diagram of the prepared samples (red dots), the number are referred to the compositions reported in Table 4-2. As an example, the black-bordered dot represents the EPG-10.10 foam, which contains 10 vol% of PCM and 10 vol% of HGM. 
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4.1.3 Characterization techniques 

These compositions were studied through the characterization techniques listed in 
Table 4-3, together with the experimental parameters specifically applied (see 
Subchapter 3.2 for the detailed description of the experimental techniques). 

Table 4-3 Characterization techniques and experimental parameters applied to investigate the properties of the epoxy/HGM/PGM samples. 
Technique Specific experimental parameters 

Rheometry 
See section 3.2.1 on page 32 

Flow sweep 
      shear rate interval = 0.1-1 1/s 
      T = 30 °C 
Frequency sweep 
      maximum shear stress 1 kPa  
      frequency = 1 Hz 
      T = 70/80/90/110 °C 

Helium pycnometry 
See section 3.2.2.1 on page 34 

      T = 23 °C  
      1 cm3 chamber  
      30 measurements 

SEM 
See section 3.2.2.3 on page 35 

      potential = 3.5 kV 
      Pt-Pd coating 

DSC 
See section 3.2.3.1 on page 36 

      T =10-160 °C 
      heating rate = 10 °C/min 
      nitrogen flow = 100 ml/min 

LFA 
See section 3.2.3.2 on page 38 

      T = 30 °C 

Evaluation of TES capability 
See section 3.2.3.3 on page 39 

      T = 25-55 °C 

DMTA 
See section 3.2.3.4 on page 39 

      T = 0-150 °C 
      heating rate =3 °C/min,  
      frequency =1 Hz 

Quasi-static tensile tests 
See section 3.2.4.1 on page 40 

for elastic modulus 
      gauge length = 50 mm 
      crosshead speed = 0.5 mm/min 
for stress at break 
      gauge length = 115 mm 
      crosshead speed = 2.0 mm/min 

Quasi-static compression tests 
See section 3.2.4.2 on page 41 

      crosshead speed = 1.3 mm/min 

Charpy impact tests 
See section 3.2.4.3 on page 42 

      starting angle = 51° 
      potential energy = 1 J 
      notch radius = 0.25 mm 

Fracture toughness tests 
See section 3.2.4.4 on page 43 

      crosshead speed = 10 mm/min 
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4.2 Results and discussions 

4.2.1 Rheological properties 

Measuring the rheological features of an uncured thermosetting system after the 
mixing stage is an efficient way to determine its processability window. Figure 
4-3(a,b) shows the results of the dynamic rheological tests that were conducted on 
the uncured mixtures. For all the compositions under investigation, the viscosity (η) 
decreases as the applied shear rate (γ� ) increases (Figure 4-3a). This behavior was 
expected since the system is still in the liquid state and the very beginning of the 
curing process is not yet detectable [108]. On the other hand, the addition of solid 
particles (PCM and/or HGM) results in a considerable rise in η, which is 
particularly noticeable at higher values of γ� , and this aspect could make the system 
less workable. For example, the value of η at 0.2 s-1 for the sample EPG-10.10 is 
5.5 Pa∙s (+77% compared to EPG-0.0 mixture) and for the sample EPG-40.0 is 21.8 
Pa∙s (+603% compared to EPG-0.0 sample). 

 

 

Figure 4-3 Results of dynamic rheological tests on uncured resins. (a) Viscosity (η) as a function of the shear rate (�� ) of some selected compositions (T K 30 °C). (b) Gel time (tgel) as a function of the curing temperature (1000/T) of some selected compositions. Experimental data (symbols) were fitted with Equation ((3-1) (dashed lines) to obtain the activation energy of the crosslinking process. 
The effect of the type and concentration of solid particles on the viscosity of the 
liquid resin deserves a deeper insight. Particle type has little impact on viscosity in 
samples with only one particle type (PCM or HGM) up to a concentration of 20 
vol%. In fact, the samples EPG-0.20 and EPG-20.0 show extremely similar 
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viscosity values over the whole range of shear rates. On the other hand, at larger 
filler concentrations, the particle type does affect the rheological properties, with 
the PCM increasing viscosity more than the HGM, particularly at low shear rates. 
The viscosity of sample EPG-0.40, which contains 40 vol% of PCM, is 13.1 Pa∙s at 
0.2 s-1, which is 66% greater than the viscosity of sample EPG-40.0, which contains 
40 vol% of HGM. This is correlated with the average particle size. Since PCM has 
a smaller particle size than HGM (approximately 20 µm vs. 60 µm), the matrix-
filler contact area is larger, and therefore the tendency to form a percolative network 
increases, thus leading to a more severe increase in viscosity [149]. 

In comparison to samples containing a single particle type at the same filler 
concentration, EPG-10.10 and EPG-20.20 samples have a lower viscosity. Again, 
the varied particle sizes are to blame for this, since they have an impact on the 
greatest theoretical particle volume fraction that can be achieved with a random 
close packing configuration and, consequently, the viscosity. When the size 
distribution is unimodal, the highest theoretical volume fraction for closely packed 
spherical particles is 64 vol%. However, this value can increase for bimodal or 
multimodal distributions, because fine particles can settle within the interstices of 
coarser particles [108]. This phenomenon, widely described in the literature, helps 
to explain the lower viscosity of samples containing both PCM and HGM. In fact, 
the higher the maximum theoretical packing density, the lower the viscosity at a 
given concentration [149–153]. 

Rheological tests carried out on the uncured mixtures at a constant shear rate and at 
four different temperatures (from 70 °C to 110 °C) provide information on the gel 
time (tgel) and allow the calculation of the activation energy of the crosslinking 
process for the different compositions (see Equation (3-1)). The results of these 
tests are illustrated in Figure 4-3b, which reports the natural logarithm of tgel as a 
function of 1000/T and the values of activation energy of crosslinking determined 
from the slope of the linear fitting lines. Interestingly, the activation energy is not 
significantly different in the four analyzed compositions, as was found in previous 
studies on epoxy/HGM systems [154]. This suggests that the inclusion of PCM 
and/or HGM does not influence the crosslinking mechanism of the epoxy resin and 
does not substantially alter the processing window. 

4.2.2 Morphological properties 

4.2.2.1 Density 

The capacity of syntactic foams to achieve a very low density while maintaining 
excellent stiffness and strength is one of their most significant and interesting 
features. In order to create the ternary diagram shown in Figure 4-4, the density of 
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the prepared samples was measured through helium pycnometry, and the resulting 
data, reported in Table 4-4, were fitted using a linear statistical model (as discussed 
in Section 3.2.5). The bulk density of neat and cured epoxy is 1.137 g/cm3. Since 
the bulk density of HGM (0.150 g/cm3) is lower than that of PCM (0.955 g/cm3), it 
is not surprising that the density decreases more with the HGM introduction. For 
example, the density of EPG-20.20 is 0.872 g/cm3 (23% less than neat epoxy), 
whereas the density of EPG-0.40, which contains only HGM but has the same total 
filler amount, is 0.735 g/cm3 (35% less than neat epoxy). Some compositions 
containing HGMs (like the blue rows) present higher experimental densities than 
expected from the mixture rule. This can be attributed to two main effects: possible 
HGMs rupture due to the stirring process and possible heterogeneity in the material. 
In any case, the discrepancy between the two values is relatively small, less than 
5%. 

The experimental values of density, thanks to the application of the linear model, 
can also be applied to evaluate the density for the intermediate compositions. The 
results of the linear model, obtained with a high R����  value (0.988), are in good 

agreement with the mixture rule, which suggests that most of the HGM and PCM 
capsules survived the processing step. 

Table 4-4 Results of density measurements on the prepared epoxy syntactic foams 
Sample ρth 

g/cm3 

ρexp 

g/cm3 

EPG-0.0 1.137±0.002 1.137±0.002 
EPG-10.0 1.116±0.002 1.108±0.001 
EPG-20.0 1.097±0.002 1.081±0.002 
EPG-30.0 1.080±0.001 1.026±0.001 
EPG-40.0 1.067±0.001 1.009±0.001 
EPG-0.10 1.031±0.002 1.086±0.002 
EPG-0.20 0.931±0.001 1.031±0.002 
EPG-0.30 0.831±0.001 0.882±0.001 
EPG-0.40 0.733±0.001 0.735±0.001 
EPG-10.10 1.014±0.001 1.037±0.002 
EPG-10.20 0.913±0.001 0.935±0.001 
EPG-10.30 0.813±0.001 0.826±0.001 
EPG-20.10 0.995±0.001 0.962±0.002 
EPG-20.20 0.895±0.001 0.872±0.001 
EPG-30.10 0.978±0.001 0.937±0.001 
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Figure 4-4 Fit-model of the pycnometer density of the prepared epoxy syntactic foams. 
 

4.2.2.2 Scanning electron microscopy (SEM) 

SEM was used to study the microstructure of the cured samples, and Figure 4-5(a-
d) displays SEM micrographs of the fracture surface of some representative 
compositions (i.e., EPG-0.0, EPG-0.40, EPG-40.0, and EPG-20.20).  
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Figure 4-5 SEM micrographs of the fracture surface of some selected compositions: (a) EPG-0.0, (b) EPG-0.40, (c) EPG-40.0, and (d) EPG-20.20 (the blue arrow in figure (b) indicates a cracked HGM). 
Figure 4-5a shows the typical brittle fracture surface of epoxy matrix similar to 
what has been already found in literature [108,155,156]. All samples exhibit a 
brittle fracture, as evidenced by the flat fracture surface. HGMs are homogeneously 
dispersed within the epoxy matrix (Figure 4-5b) and with good interfacial adhesion, 
as evidenced by the absence of gaps between the outer shell surface and the epoxy 
matrix. HGMs show a brittle behavior, observable from the cracks on some shell 
fragments (see Figure 4-5b). Additionally, the fact that the majority of HGMs are 
empty with clean inner surfaces suggests that the breakage happened during the 
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fracture process rather than during the mixing phase, confirming that the adopted 
processing conditions are suitable to maintain the integrity of the HGMs. 

Figure 4-5c depicts the microstructure of the sample EPG-40.0, which contains 40% 
PCM. The PCM is made up of core-shell spherical microcapsules with an average 
diameter of about 20 µm, which is consistent with previous literature evidences 
[108] and the manufacturer's datasheet. The adhesion between the outer PCM shell 
and the epoxy matrix is rather poor, as it can be seen in higher magnification 
micrographs (not reported for brevity). However,  the fact that the majority of PCM 
microcapsules are broken suggests that the fracture propagates across the 
microcapsules rather than at the interface with the epoxy matrix [120,157]. 

In any case, the low interfacial adhesion evidenced in these samples could be a 
drawback, which will be addressed in future research works. Moreover, most PCM 
capsules still show a rough and irregular paraffinic core, while the core of the 
smooth empty capsules has probably remained on the other side of the fracture 
surface. This suggests that the integrity of the PCM is preserved during processing, 
thereby excluding any possibility for the paraffinic core to leak out of the 
composite. A comparison between Figure 4-5b and c evidences the size difference 
between PCM and HGM, and this is confirmed by the micrograph of the sample 
EPG-20.20 (Figure 4-5d), which also highlights the different size distributions of 
the fillers. The smaller PCM capsules are located in the interstices of the bigger 
HGMs, in good agreement with the results of the rheological measurements (see 
Figure 4-3a). 

4.2.3 Thermal and Thermo-mechanical properties 

4.2.3.1 Differential scanning calorimetry (DSC) 

The addition of PCM to epoxy/HGM syntactic foams imparts TES properties to 
these systems. DSC is one of the most widely used techniques for measuring TES 
properties because it requires a small amount of sample and allows the 
measurement of latent heat stored and released through the evaluation of the total 
phase change enthalpy. In this work, DSC was employed to measure not only the 
melting/crystallization enthalpy of the PCM (ΔHm, ΔHc) and the corresponding 
phase change temperatures (Tm, Tc) but also the glass transition temperature of the 
epoxy matrix (Tg) and the specific heat of the foams at 30 °C (cp30). All these results 
were obtained by performing heating/cooling/heating DSC scans, but only the data 
from the first heating scan are shown in Figure 4-6a and b, while Table 4-5 reports 
also the results collected in the cooling scan. Table 4-5 also includes the DSC results 
for neat PCM. As already observed in previous works on this  PCM [158,159], neat 
PCM exhibits a prominent endothermic peak between 35 °C and 60 °C, associated 
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with the melting of the paraffinic core. Figure 4-6a shows this signal in all PCM-
containing samples in the same temperature range. Table 4-5 reports the melting 
temperature and enthalpy values respectively denoted as Tm and ΔHm. Tm values 
increase slightly with PCM concentration, which is likely due to increased thermal 
inertia, as previously observed in other works in which the same PCM was utilized 
[108]. In any case, the temperature interval over which heat is exchanged is very 
similar for all the samples studied. It is evident that Tc is generally lower than Tm. 
This phenomenon, which is due to thermal inertia and undercooling, is already 
visible for neat microcapsules, with Tm and Tc of 45.9 °C and 27.9 °C, respectively, 
and is even more visible for all the other samples. In fact, while Tm ranges from 47 
to 53 ° C, Tc ranges from 19 to 24 ° C. 

 

Figure 4-6 (a) DSC thermograms of some prepared foams (first heating scan); (b) fit-model of the melting enthalpy values (first heating scan) of the prepared foams. 
Moreover, the values of ΔHm increase with the PCM content and are nearly 
proportional to the PCM weight fraction. The values of ΔHc are very close to those 
of ΔHm, which highlights the reversibility of the process. The melting enthalpy can 
be also graphically evaluated from Figure 4-6b, which shows the results of the 
fitting of the melting enthalpy data with the linear ternary model (as reported in 
Section 3.2.5), obtained with a R����  value of 0.998. Some interesting compositions 

can be EPG-20.20 and EPG-30.20, which are capable of storing and releasing 
approximately 45 J/g and 68 J/g of thermal energy, respectively. 

As reported in the work of Fredi et.al [108], repeated heating-cooling cycles do not 
have big effects on the shape and position of the two peaks. For that reason, this 
cyclic analysis was not performed. 
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DSC tests also allowed the determination of the Tg of the epoxy phase and of the 
cp30 of the samples, which are reported in Table 4-5. The Tg of the neat epoxy in the 
first heating scan is approximately 92 °C, and it does not follow a specific trend 
with the filler concentration, confirming that the fillers do not substantially affect 
the curing process, as already shown by rheological tests. However, because the Tg 
signal is weaker at elevated filler loading, it is very challenging to detect the 
inflection point in DSC thermograms. The incorporation of PCM has the greatest 
impact on the values of cp30 listed in Table 4-5. Even though these values have not 
been measured by following the ASTM E-1269 standard, they are comparable with 
those found in the literature [160,161] and were thus used to calculate thermal 
conductivity (see Section 3.2.3.2). 

Table 4-5 Main results of DSC tests on the prepared foams (first heating and cooling scans). 
Sample Cp30 

J/(g∙K) 

Tm 

°C 

ΔHm 

J/g 

Tg 

°C 

Tc 

°C 

ΔHc 

J/g 

EPG-0.0 1.34 - 0.0 91.8 - 0.0 

EPG-10.0 1.45 48.2 16.5 91.6 22.7 16.5 

EPG-20.0 1.46 50.5 36.3 88.3 21.4 34.7 

EPG-30.0 1.47 51.2 55.6 89.1 20.8 56.5 

EPG-40.0 1.53 53.0 67.6 89.3 19.3 69.7 

EPG-0.10 1.36 - 0.0 92.1 - 0.0 

EPG-0.20 1.29 - 0.0 89.2 - 0.0 

EPG-0.30 1.34 - 0.0 89.3 - 0.0 

EPG-0.40 1.28 - 0.0 85.3 - 0.0 

EPG-10.10 1.47 49.1 17.8 92.8 22.0 16.2 

EPG-10.20 1.40 47.6 18.4 87.9 23.5 17.6 

EPG-10.30 1.39 47.8 24.2 91.1 23.2 21.4 

EPG-20.10 1.48 52.7 46.6 89.0 19.7 41.8 

EPG-20.20 1.45 50.4 44.5 89.4 21.2 42.1 

EPG-30.10 1.53 52.0 60.4 85.9 19.7 58.5 

PCM 1.86 45.9 218.1 - 27.9 217.0 

cp30 = specific heat at 30 °C; Tm = melting temperature of the PCM (first heating scan); ΔHm 
= melting enthalpy of the PCM (first heating scan); Tg = glass transition temperature of the 
epoxy matrix (first heating scan); Tc = crystallization temperature of the PCM (cooling scan); 
ΔHc = crystallization enthalpy of the PCM (cooling scan). 

4.2.3.2 Thermal conductivity 

The thermal conductivity and diffusivity of the prepared foams were quantitatively 
evaluated using Light Flash Analysis (LFA). By using the expression reported in 
Equation (3-5),  it is possible to calculate the thermal conductivity (λ30) and thermal 
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resistivity (Rλ) at 30 °C. All the numerical results are reported in Table 4-6. 
Moreover, the obtained values of thermal conductivity were fitted with a ternary 
model, resulting in the plot of Figure 4-7. 

Table 4-6 Thermal conductivity and resistivity at 30 °Cof the prepared foams. 
Sample λ30 

W/(m∙K) 

Rλ 

(m∙K)/W 

EPG-0.0 0.199±0.014 5.02±0.36 

EPG-20.0 0.203±0.029 4.94±0.68 

EPG-40.0 0.196±0.021 5.10±0.56 

EPG-0.20 0.169±0.046 5.97±1.53 

EPG-0.40 0.116±0.013 8.61±0.93 

EPG-10.10 0.196±0.034 5.14±0.87 

EPG-20.20 0.169±0.012 5.91±0.42 

 

 

Figure 4-7 Fit-model of thermal conductivity of the prepared foams at 30 °C. 

As expected, an increase in HGM content significantly decreases the thermal 
conductivity, which agrees with the results found in previous literature [162]. On 
the other hand, the PCM promotes only a modest decrease in thermal conductivity. 
For example, the value of λ30 for the sample EPG-40.0 is only 5% lower than that 
of neat epoxy, while for EPG-0.40 the reduction in λ30 is close to 40% (from 0.199 
to 0.116 W/(m∙K)). Therefore, the optimal composition must be chosen according 
to the intended application of the foam to maximize the TES properties or the 
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thermal insulation capability. Maximizing TES capability could be important when 
the aim is to manage and smooth temperature peaks of limited duration, while a low 
value of thermal conductivity could be preferable when the temperature conditions 
are stationary. Intermediate compositions, such as EPG-20.20, could be a good 
compromise to match both requirements. 

4.2.3.3 Evaluation of TES capability 

A temperature profiling test was performed under heating and cooling conditions 
to investigate the TES properties of the prepared samples on a larger scale. In this 
experiment, cylindric samples with a volume of about 10 cm3 were heated in an 
oven at 60 °C and then allowed to cool at 25 °C, while their inner temperature was 
measured with a K-type thermocouple. Figure 4-8(a-d) show the results of these 
tests. 

These profiles clearly show the influence of PCM, because samples containing 
PCM exhibit a plateau-like region at the PCM phase change temperature (43 °C), 
which is especially noticeable at higher PCM concentrations. This behavior, which 
has been already observed in literature [163], delays the heating (Figure 4-8a) and 
cooling (Figure 4-8c) processes and increases t26-55 and t55-26 values i.e., the time 
required for the specimens to reach a target temperature during the heating and 
cooling transients. In the heating test, for example, the sample EPG-20.20 takes 
19.8 minutes to reach 55 °C (63% slower than neat epoxy), whereas the sample 
EPG-40-0 takes 25.6 minutes (111% slower than neat epoxy). These findings 
suggest that samples with higher PCM loadings are more promising for thermal 
management applications. 

The values of t26-55 and t55-26 (Figure 4-8(b,d)) show the effect played by PCM in 
decreasing the heating and cooling rates. On the other hand, the influence of HGM 
is unexpected. An increasing HGM content seems to decrease both t26-55 and t55-26, 
i.e., to accelerate the heating and cooling processes. The fit-model correctly 
interprets the experimental data since the temperature profiles of the samples 
containing only HGM are indeed steeper than that of the neat epoxy. Given their 
low thermal conductivity, this suggests that HGM favors thermal exchange, 
whereas the opposite effect could be expected. These effects may be caused by the 
fact that HGMs are introducing voids that reduce the available volume of matrix 
capable of storing sensible heat. In addition, thermal diffusivity also plays a role in 
this, as shown by Equation (3-5). As reported in a technical paper produced by 
3MTM [164], syntactic foams show at the same time reduced thermal conductivity 
and increased thermal diffusivity, due to the presence of HGMs that reduce the final 
density. 
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Figure 4-8 (a) Temperature evolution of the prepared epoxy-based syntactic foams during the heating stage, (b) fit-model of t26–55 values, (c) temperature evolution of the prepared syntactic foams during the cooling stage, and (d) fit-model of t55–26 values. 
4.2.3.4 Dynamic mechanical thermal analysis (DMTA) 

Figure 4-9(a,b) and Figure 4-10(a-c) summarize DMTA results, where Figure 4-9 
shows the trends of the storage modulus (E’) and the loss tangent (tanδ) of the 
prepared foams as a function of temperature, and Figure 4-10 represents E’ values 
at three different temperatures (i.e, 25, 60, and 130 °C). 

As it can be noticed in Figure 4-9a, neat epoxy E’ decreases with temperature in the 
entire temperature range but the decrease is faster at approximately 90–100 °C, the 
temperature interval at which the matrix undergoes glass transition. This decreasing 
step in E’ corresponds to a peak in tanδ. The introduction of HGM does not 



62  Chapter 4 

 

 
 

substantially modify the dynamic behavior of the epoxy matrix, since the samples 
EPG-0.30 and EPG-0.40 also show a single relaxation event at 90-100 °C. 
However, the values of E' below the glass transition slightly decrease by increasing 
the HGM fraction, while the opposite is true above 70 °C. Furthermore, when HGM 
is added, the E' inflection point and tanδ peak temperature are slightly shifted to 
higher temperatures, implying that HGM may restrict the mobility of the polymer 
chains, delaying the glass transition. The height of the tanδ peak is also reduced by 
HGM introduction. These effects are comparable to those reported in the literature 
for other epoxy/HGM systems [165,166], implying that the effect played by  HGM 
on the viscoelastic behavior of the epoxy resin is relatively weak. 

 

Figure 4-9 DMTA thermograms of the prepared epoxy-based foams. (a) Storage modulus (E’) and (b) loss tangent (tanδ) as a function of the temperature. 
The effect played by PCM introduction is more evident. The samples containing 
PCM exhibit an additional transition in the temperature range 20-60 °C, with a 
relative maximum at around 40 °C, related to PCM melting. This transition is 
accompanied by a significant decrease in E' and by a small tanδ peak, which has 
been already observed in composites containing the same PCM type [108,155]. 
Furthermore, the relative composition of these foams has only a minor effect on the 
Tg of the epoxy, and there is no clear trend with PCM fraction, which is consistent 
with DSC results. This demonstrates that the PCM and HGM do not interfere with 
the crosslinking process of epoxy and that the addition of a microencapsulated PCM 
retains the thermal properties of the epoxy resin. In fact, the literature reports some 
examples in which an epoxy matrix was filled with other types of PCMs, namely 
shape-stabilized paraffins, and in those cases, the PCM domains did influence the 
mobility of the matrix chains and the value of Tg [167,168]. 
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The effect of PCM and HGM on the values of E’ is better illustrated in Figure 
4-10(a–c), which show the fitted models of E' at 25 °C, 60 °C, and 130 °C. At 25 
°C (Figure 4-10a) E' decreases by increasing filler concentration and is more 
influenced by PCM than by HGM. The effect of PCM is much more visible at 60 
°C (Figure 4-10b), between the Tm of the PCM and the Tg of the epoxy matrix. E' 
decreases noticeably as the PCM fraction increases, but it remains nearly constant 
when only the HGM content is varied. On the other hand, above the Tg of the epoxy 
(at 130 °C, see Figure 4-10c), the filler content has an opposite effect on E'. In fact, 
E' increases with the HGMs concentration since these stiff particles help in retaining 
the mechanical properties also above the Tg of the epoxy. 

 

Figure 4-10 Fit-model of storage modulus (E’) values at (a) 25 °C, (b) at 60 °C, and (c) at 130 °C from DMTA tests on the prepared epoxy-based syntactic foams. 
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Although both PCM and HGM reduce the E’ values, it is important to determine 
whether this decrease is solely due to a decrease in density. Parameters such as 
stiffness and strength normalized by density provide a more accurate evaluation of 
material performances, and they are more commonly used for structural design 
[169]. The resulting specific storage moduli (E'/ρ) (Table 4-7) show that HGM has 
a positive contribution at all temperatures studied, and this effect increases with 
temperature. For example, the E'/ρ value of the sample EPG-0.40 at 25 °C is 2444 
MPa/(g/cm3) (+48% higher than neat epoxy), 2256 MPa/(g/cm3) at 60 °C (+54%), 
and 77 MPa/(g/cm3) at 130 °C (+600%). 

Table 4-7 Specific storage modulus values (E'/ρ) at different temperatures from DMTA tests on the prepared epoxy-based foams 
Sample E’/ρ 

MPa/(g/cm3) 

T=25 °C 

E’/ρ 

MPa/(g/cm3) 

T=60 °C 

E’/ρ 

MPa/(g/cm3) 

T=130 °C 

EPG-0.0 1655 1469 11 
EPG-30.0 1642 100 20 
EPG-40.0 1680 925 29 
EPG-0.10 1646 1499 24 
EPG-0.30 2073 1886 34 
EPG-0.40 2444 2256 77 
EPG-10.30 1982 1551 51 
EPG-30.10 1618 1035 28 

The PCM contribution is even more temperature dependent. At 25 °C, the PCM 
slightly raises the value of E'/ρ since the sample EPG-40.0 has an E'/ρ of 1680 
MPa/(g/cm3) (+1.5% higher than neat epoxy). PCM, on the other hand, strongly 
reduces E'/ρ at 60 °C because the paraffinic core is completely molten but the epoxy 
matrix is still in a glassy state. EPG-40.0 foam, for example, has an E'/ρ value of 
925 MPa/(g/cm3) (-37% than neat epoxy). Finally, at 130 °C, the PCM raises E'/ρ 
to 29 MPa/(g/cm3) for the EPG-40.0 sample (+163% than neat epoxy). 

In conclusion, even though none of the fillers increases the absolute value of E', the 
reduction in density provided by the combination of PCM and HGM results in a 
significant increase in E'/ρ, particularly at high temperatures. As a result, such 
materials could be used as lightweight materials with high specific stiffness in a 
wide variety of structural applications. 
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4.2.4 Mechanical properties 

4.2.4.1 Quasi-static tensile tests 

The uniaxial quasi-static tensile test is one of the most widely used methods for 
evaluating the mechanical properties of polymeric materials. Figure 4-11 reports 
representative stress-strain curves of some selected compositions, whereas Figure 
4-12 summarizes the trends of tensile elastic modulus (Et), specific elastic modulus 
(Et/ρ), stress at break (σB), and specific stress at break (σB /ρ) in ternary diagrams. 
Table 4-8 Results of the quasi-static tensile tests performed on the produced epoxy-
based syntactic foams. summarizes these results in numerical form. 

 Figure 4-11 Representative stress–strain curves from quasi-static tensile tests on some compositions of the prepared epoxy-based syntactic foams. 
Table 4-8 Results of the quasi-static tensile tests performed on the produced epoxy-based syntactic foams. 

Sample Et 

MPa 

Et/ρ 

MPa/ 

(g/cm3) 

σB 

MPa 

σB/ρ 

MPa/ 

(g/cm3) 

εB 

% 

εB/ρ 

%/ 

(g/cm3) 

EPG-0.0 3121±113 2746±100 73.7±1.8 64.8±1.6 5.65±0.46 4.97±0.40 
EPG-10.0 2586±92 2333±83 48.4±4.6 43.6±4.1 3.24±0.59 2.92±0.54 
EPG-20.0 2145±83 1983±77 39.0±4.0 36.1±3.7 2.83±0.36 2.62±0.33 
EPG-30.0 1564±69 1521±67 31.6±0.9 30.8±0.9 3.01±0.26 2.93±0.25 
EPG-40.0 1282±29 1271±29 22.4±0.8 22.2±0.8 2.54±0.29 2.52±0.28 
EPG-0.10 3040±85 2798±79 42.2±3.2 38.8±3.0 2.04±0.43 1.88±0.40 
EPG-0.20 2762±100 2680±97 33.7±2.4 32.7±2.3 1.57±0.23 1.52±0.22 
EPG-0.30 2450±94 2779±107 31.3±1.2 35.5±1.3 1.55±0.14 1.76±0.15 
EPG-0.40 2123±55 2890±75 24.0±1.6 32.7±2.1 1.31±0.21 1.78±0.28 
EPG-10.10 2238±67 2158±65 34.1±1.4 32.9±1.4 1.85±0.18 1.78±0.17 
EPG-10.20 2160±52 2309±56 29.1±2.9 31.1±3.1 1.63±0.24 1.75±0.26 
EPG-10.30 1979±61 2395±74 26.1±1.9 31.5±2.3 1.54±0.20 1.86±0.25 
EPG-20.10 2052±76 2132±79 29.8±0.9 31.0±1.0 2.02±0.15 2.10±0.15 
EPG-20.20 1806±34 2072±39 25.5±2.3 29.2±2.6 1.81±0.36 2.08±0.41 
EPG-30.10 1569±34 1675±36 26.1±0.9 27.9±0.9 2.28±0.16 2.43±0.17 
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Figure 4-11 and Figure 4-12 evidence the role played by both filler types (i.e., PCM 
and HGM) on the tensile properties. Compared to neat epoxy resin, the elastic 
modulus, strength, and strain at break of all composites are considerably lower. As 
reported in Table 4-8, the elastic modulus, which is reduced especially by the PCM 
introduction, decreases from 3121 MPa down to 1282 MPa for the EPG-40.0 
sample (−60%), while the strain at break decreases from 5.6 % down to 2.5 % 
(−56%). These results are in good agreement with previous findings on epoxy/PCM 
composites [108]. These trends are also evidenced by the application of the linear 
model (see Figure 4-12(a–d)). The elastic modulus (Figure 4-12a) decreases 
especially upon PCM addition, while a less evident effect can be observed with 
HGMs, as the stiffness of the sample containing 40 vol% of HGMs is 2123 MPa 
(−32% than neat epoxy). Considering the compositions with both HGMs and PCM 
at constant total volumetric concentration, moving horizontally on the ternary 
diagram, it can be concluded that the gradual substitution of PCM with HGMs 
increases the elastic modulus, due to the higher stiffness of HGMs compared to the 
PCM capsules. For example, considering the compositions with a total filler 
concentration of 30 vol%, EPG-30.0 foam shows an elastic modulus of 1564 MPa, 
the EPG-20.10 foam of 2052 MPa, the sample EPG-10.20 of 2160 MPa, and EPG-
0.30 of 2450 MPa. This effect is even more pronounced when the specific modulus 
(Et/ρ) is considered, as shown in Figure 4-12b. Moving horizontally from left to 
right on the diagram, the increase in specific modulus at constant filer volume 
fraction is still visible. Furthermore, the specific modulus is strongly dependent on 
the amount of PCM. In fact, by keeping the PCM concentration constant, the 
specific modulus remains nearly constant as the HGM content increases. This is 
because HGMs reduce the elastic modulus while also significantly lowering the 
density, allowing the Et/ρ ratio to remain nearly constant. This result is significant 
from the perspective of design because it clearly shows that the HGMs reduce the 
foam density without compromising the specific stiffness. 
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Figure 4-12 Fit-models of the main results of quasi-static tensile tests on the prepared epoxy-based syntactic foams. (a) Young’s modulus (Et); (b) specific Young’s modulus (Et/ρ); (c) tensile stress at break (σB); and (d) specific stress at break (σB/ρ). 
In terms of mechanical strength, Table 4-8 reports that the stress at break is reduced 
from 73.7 MPa of EPG-0.0 down to 22.4 MPa (−70%) of EPG-40.0. This trend can 
be seen also in Figure 4-12c where the incorporation of PCM or HGMs reduces the 
stress at break. In compositions containing only PCM, the strength decreases as the 
PCM fraction increases, and for the sample EPG-40.0, the strength drop is close to 
-65%, when compared with neat epoxy resin. A similar trend can be seen in samples 
containing only HGMs. As shown in Figure 4-12d, normalization by density has no 
significant effect on the strength. This decrease in mechanical strength can be 
attributed to porosity formation caused by HGM insertion [45], as well as by the 
limited HGM/epoxy interfacial adhesion [170–173]. A possible way to overcome 
this issue could be the surface functionalization of the HGMs by silanization [146]. 
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4.2.4.2 Quasi-static compression tests 

The compression test is another widely used mechanical test to analyze the 
properties of syntactic foams, as their compressive resistance has great importance 
in many practical applications [174–176]. Figure 4-13 depicts the compressive 
stress-strain curves of some selected compositions, whereas Figure 4-14(a-d) show 
the trends of the compression modulus (EC), specific compression modulus (EC/ρ), 
maximum stress (σC) and specific maximum stress (σC/ρ) in ternary diagrams. Table 
4-9 collects all the results from the tests performed on all the considered 
compositions, also including the strain at maximum stress (εC). 

 Figure 4-13 Representative stress–strain curves from quasi-static compressive tests on the prepared epoxy-based syntactic foams. 
Table 4-9 Results of the quasi-static compression tests performed on the produced epoxy-based foams. 

Sample EC 

MPa 

EC/ρ 

MPa/ 

(g/cm3) 

σC 

MPa 

σC/ρ 

MPa/ 

(g/cm3) 

εC 

% 

εC/ρ 

%/ 

(g/cm3) 

EPG-0.0 2461±39 2165±34 109.9±1.7 96.7±1.5 6.50±0.20 5.72±0.18 
EPG-10.0 2180±26 1967±24 84.0±0.8 73.9±0.7 5.90±0.10 5.19±0.09 
EPG-20.0 1824±18 1687±17 65.2±0.8 57.3±0.7 5.90±0.30 5.19±0.26 
EPG-30.0 1445±15 1408±15 50.8±0.6 44.6±0.5 6.60±0.60 5.81±0.53 
EPG-40.0 1172±18 1162±18 40.0±0.6 35.2±0.6 7.20±0.60 6.33±0.53 
EPG-0.10 2339±61 2154±56 89.4±1.1 78.7±1.0 5.20±0.20 4.57±0.18 
EPG-0.20 2049±77 1988±74 71.7±1.4 63.0±1.2 5.30±0.40 4.66±0.35 
EPG-0.30 2043±60 2317±68 62.6±2.4 55.1±2.1 4.10±0.30 3.61±0.26 
EPG-0.40 1868±27 2542±37 54.1±1.3 47.6±1.1 3.70±0.10 3.25±0.09 
EPG-10.10 1933±16 1864±15 69.2±0.9 60.9±0.7 5.70±0.10 5.01±0.09 
EPG-10.20 1791±13 1914±14 56.5±0.7 49.7±0.6 4.60±0.30 4.05±0.26 
EPG-10.30 1647±6 1994±7 49.4±0.2 43.4±0.2 3.90±0.10 3.43±0.09 
EPG-20.10 1588±43 1650±45 51.9±2.7 45.7±2.4 5.10±0.20 4.49±0.18 
EPG-20.20 1457±7 1671±8 45.5±0.6 40.0±0.5 4.70±0.30 4.13±0.26 
EPG-30.10 1309±13 1397±14 43.3±0.9 38.1±0.8 5.80±0.30 5.10±0.26 
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The representative stress–strain curves (Figure 4-13) evidence that the compressive 
properties decrease upon the addition of both PCM and HGMs. The compressive 
modulus (EC) decreases from 2461 MPa of neat epoxy down to 1172 MPa of the 
sample EPG-40.0 (−53%), while σC is reduced from 109.9 MPa of neat epoxy down 
to 40.0 MPa of the sample EPG-40.0 (−63%). If the compressive curves with the 
same filler amount are considered, e.g., EPG-20.20, EPG-0.40, and EPG-40.0, a 
similar trend can be detected, especially after the yield point. 

Figure 4-14(a-d) show the quantitative trends of the investigated mechanical 
properties. The compressive modulus (EC), like the tensile one, decreases more 
dramatically with PCM insertion rather than with HGMs addition. In fact, in 
compositions containing only PCM, as already said, the EC drops by 53% with the 
incorporation of 40 vol% of PCM, while in compositions containing only HGM, 
the EC drops by only 24%, from 2461 MPa of neat epoxy to 1868 MPa of EPG-0.40 
foam. Moreover, the progressive substitution of PCM with HGMs increases the 
stiffness of the system. Conversely, the shape of EC level lines slightly differs from 
that observed in tensile tests. For compositions containing only HGMs, the elastic 
modulus decreases with the HGM amount, but EC is less affected than Et. This 
difference is even more evident by looking at the trends of specific compressive 
modulus (Figure 4-14b), where the maximum value is not shown by the neat epoxy, 
as in tensile tests, but by the EPG-0.40 sample. This is one of the most important 
reasons why syntactic foams are mainly used in applications where a compression 
state is applied, as the combination of low density and good compressive stiffness 
results in a very high specific compressive modulus. 
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Figure 4-14 Fit-models of the main results of quasi-static compressive tests on the prepared epoxy-based syntactic foams. (a) compressive modulus (EC); (b) specific compressive modulus (EC/ρ); (c) maximum compressive stress (σC); and (d) specific maximum compressive stress (σC/ρ). 
The maximum stress σC (Figure 4-14c) decreases as the total filler amount 
increases. In the PCM-filled samples, the reduction in σC is approximately 65%, 
from 109.9 MPa of the neat epoxy resin to 40.0 MPa of the EPG-40.0 foam. This 
reduction is slightly less pronounced in HGM-filled samples (approximately 50% 
for EPG-0.40). Normalization by density, on the other hand, bends the level curves 
(Figure 4-14d), and σC/ρ values are also interesting for compositions with a rather 
elevated concentration of fillers. 

In conclusion, the better compressive properties of HGMs compared to the PCM 
[171,177] and the lower effect played by the poor epoxy/HGMs adhesion in 
compression [178] result in higher EC and σC performance of HGM-filled samples 
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compared to those containing also PCM. When normalized properties are 
considered, this effect becomes even more pronounced. 

4.2.4.3 Charpy impact tests 

Figure 4-15 shows ternary diagrams representing the linear model fitting of the 
Charpy impact strength values of the prepared foams, while Table 4-10 reports the 
numerical values. 

Table 4-10 Impact strength acN values from Charpy impact tests of the prepared foams 
Sample acN 

kJ/m2 

EPG-0.0 9.32±1.66 
EPG-20.0 5.20±0.76 
EPG-30.0 5.30±0.70 
EPG-40.0 4.03±1.18 
EPG-0.10 3.59±0.69 
EPG-0.20 3.91±1.25 
EPG-0.30 3.15±0.65 
EPG-0.40 3.04±0.55 
EPG-10.10 3.76±0.74 
EPG-10.20 4.55±0.61 
EPG-10.30 4.98±0.30 
EPG-20.10 4.11±0.68 
EPG-20.20 3.39±0.62 
EPG-30.10 5.38±0.80 

 Figure 4-15 Fit-models of the Charpy impact strength (acN) of the prepared epoxy-based syntactic foams. 
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The high Sy.x value (1.481), which represents the residual standard error of the 
model fitting the experimental data, is typical in Charpy impact tests [179]. Figure 
4-15 shows that HGM-filled composites have a lower impact strength due to the 
brittle nature of HGM and to the presence of voids within the material, whereas 
PCM has a lower impact strength due to its plastic nature. In particular, by looking 
at the compositions with the same total filler amount (i.e., moving horizontally on 
the graph) it is evident that the substitution of HGMs with PCM increases 
noticeably the impact strength (from 3.15 kJ/m2 of EPG-0.30 sample up to 5.30 
kJ/m2 of the EPG-30.0 foam, as reported in Table 4-10). The samples containing 
only PCM show a decreasing trend, which is consistent with our previous work on 
epoxy/PCM composites [108]. HGMs, on the other hand, reduce the impact 
strength more at lower HGM contents (up to 30%) than at higher HGM loadings. 
The impact strength decreases from 9.32 kJ/m2 of neat epoxy to 3.91 kJ/m2 of EPG-
0.20 foam, and to 3.04  kJ/m2 of EPG-0.40. These findings show that incorporating 
both fillers result in a general decrease in impact strength, but the extent of the 
observed acN drop is dependent on the filler type. In any case, it is reasonable to 
believe that increasing the adhesion between HGMs and the epoxy matrix could 
significantly improve the impact properties of these foams. 

4.2.4.4 Evaluation of the fracture behavior 

It is well known that both the critical stress intensity factor (KIC) and critical strain 
energy release rate (GIC) describe the capability of the material to resist crack 
propagation. Both properties were investigated, and the results are represented by 
ternary graphs in Figure 4-16, while Table 4-11 reports the numerical values. 

 Figure 4-16 Fit-models of the main results from fracture toughness tests on the prepared epoxy-based syntactic foams. (a) Mode I fracture toughness (KIC) and (b) critical strain energy release rate (GIC). 
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Table 4-11 Critical stress intensity factor KIC and critical energy release rate GIC values of the prepared syntactic foams. 
Sample KIC 

MPa√Î 

GIC 

J/m2 

EPG-0.0 0.83±0.05 0.21±0.04 
EPG-20.0 1.42±0.05 0.96±0.06 
EPG-40.0 0.85±0.06 0.50±0.08 
EPG-0.20 0.85±0.10 0.24±0.05 
EPG-0.40 1.13±0.08 0.60±0.10 
EPG-10.10 1.19±0.09 0.58±0.08 
EPG-20.20 0.97±0.06 0.54±0.07 

For the sample containing 20 vol% PCM, both KIC and GIC are maximized (EPG-
20.0). The results obtained for PCM-only filled compositions agree with those 
obtained in a previous work of our group [108], where the incorporation of PCM 
microcapsules increased both KIC and GIC up to a PCM content of 20 wt% and 
decreased both properties at higher microcapsule contents. HGM introduction, on 
the other hand, has a weak influence on KIC and GIC, with a slight increase occurring 
only at high HGM contents. KIC and GIC for neat epoxy result 0.83 MPa∙m0.5 and 
0.21 kJ/m2, respectively, while EPG-20.0 reaches 1.42 MPa∙m0.5 and 0.96 kJ/m2 
(+80% and +370% with respect to the neat matrix). On the other hand, EPG-40.0 
shows values close to that of the unfilled epoxy resin. As shown by SEM 
micrographs reported in Section 4.2.2.2 [45], this behavior could be explained by 
the introduction of new toughening mechanisms due to the presence of PCM, such 
as crack pinning, debonding, and microcracking. 

4.2.5 General comparison of the properties of epoxy/HGM/PCM 

syntactic foams 

Figure 4-17 shows a radar graph that was used to compare and rank the various 
compositions of these new ternary systems in terms of thermal and mechanical 
properties. It compares seven representative compositions over ten selected 
properties, i.e., specific tensile modulus (Et/ρ), specific tensile stress at break 
(σB/ρ), specific compression modulus (EC/ρ), specific compression stress at 10% of 
strain (σ10/ρ), impact strength (acN), mode I fracture toughness (KIC), critical strain 
energy release rate (GIC), specific volume (υ = 1/ρ [45]), specific melting enthalpy 
(ΔHm), and thermal resistivity (Rλ = 1/λ [45]). Below each axis label, the maximum 
measured values for each property are reported [4]. 
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Figure 4-17 Graphical comparison of the properties of some representative compositions analyzed. 
As expected, neat epoxy resin (EPG-0.0) has the best tensile, compressive, and 
impact properties but the worst general performance. It combines the highest impact 
strength with the lowest KIC and GIC values. This sample also has the lowest specific 
volume, thermal resistance, and no TES capability. When compared to unfilled 
resin, the PCM-only filled samples (EPG-0.20, EPG-0.40, blue area) cover vastly 
different areas. They cover lower areas in the tensile, compression, and impact 
properties than EPG-0.0, indicating a general decrease in mechanical performances. 
These compositions, on the other hand, have higher KIC, GIC, υ, and Rλ values than 
neat epoxy.  

In tensile, compression, and impact properties, the area covered by PCM-only filled 
samples (i.e., EPG-20.0 and EPG-40.0 foams) is even smaller than that of HGM-
only filled samples, with EPG-40.0 being the worst composition. In contrast, EPG-
20.0 has the best KIC and GIC values, and EPG-40.0 also outperforms EPG-0.0. As 
expected, the presence of PCM provides TES capability to these compositions, with 
high ΔHm values. Because the property set of these compositions prioritizes TES 
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properties rather than mechanical ones. For this reason, they are recommended for 
cavity filling where TES capabilities are required. 

The use of PCM and HGMs in the EPG-10.10 and EPG-20.20 samples allows for 
a good balance of mechanical and TES properties. These samples have a more 
circular and centered area than the others, indicating a more balanced property 
distribution. While the mechanical properties of EPG-10.10 are slightly better, the 
TES performance of EPG-20.20 is superior. These compositions represent a good 
compromise between HGM-only and PCM-only formulations, making them the 
most promising ones in terms of multifunctionality. 

 

4.3 Conclusions 

Incorporating HGMs and PCM microcapsules into an epoxy resin produced 
syntactic foams with a peculiar combination of properties.  

Both PCM and HGM significantly increased the viscosity of the uncured mixtures 
at elevated filler amounts (up to +630% for EPG-40.0 at γ�= 0.2 s-1) in dynamic 
rheological tests, and the effect of PCM was more pronounced than that of HGM 
due to its smaller size (20 um vs 60 um). Moreover, systems containing both PCM 
and HGM always showed a lower viscosity than foams with a single filler type at 
the same total filler volume fraction, because of the higher maximum packing 
factors of bimodal filler distributions. Furthermore, none of the fillers had a 
significant effect on the gel time or activation energy of the curing process. 

HGM significantly reduced the density, which ranged from 1.137g/cm3 of neat 
epoxy to 0.733 g/cm3 of EPG-0.40 sample. Furthermore, as evidenced by LFA, 
HGM decreased thermal diffusivity and conductivity, whereas PCM only 
marginally decreased thermal conductivity. PCM addition, on the other hand, 
increased the TES properties. Indeed, DSC demonstrated an increase in melting 
enthalpy with the PCM content, up to 68 J/g with a PCM amount of 40 vol%. The 
temperature profiling tests also revealed interesting thermal management properties 
in the transient regime of this foam composition. 

DMTA tests showed that E' was generally decreased by both HGM and PCM 
addition below the Tg of the epoxy matrix, while above Tg the presence of stiff 
particles (especially HGM) promoted an increase in E' when compared to unfilled 
epoxy. On the other hand, the values of specific storage modulus (E'/ρ) increased 
with the HGM concentration and this was more evident at higher temperatures. The 
PCM generally decreased E'/ρ, especially below the Tg of the epoxy matrix. 
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HGMs reduced density significantly, resulting in higher specific mechanical 
properties. Indeed, HGMs contributed to the retention of the specific tensile elastic 
modulus, while the specific compressive modulus was higher than that of neat 
epoxy resin for HGM contents greater than 20 vol%. The PCM, on the other hand, 
reduced all specific tensile and compressive properties. In Charpy impact tests, the 
presence of brittle HGMs significantly reduced the impact properties, whereas the 
PCM microcapsules were able to restrain this reduction, likely due to their better 
deformability. KIC and GIC showed interesting trends as well. Both KIC and GIC 
showed a maximum at a PCM content of 20 vol% in samples containing only PCM, 
indicating that PCM played a relevant toughening effect. HGMs also increased KIC 
and GIC, but only at concentrations greater than 20 vol%. 

The selection of the best composition could be facilitated by the proposed linear 
ternary fitting models, which further allowed the evaluation of properties of 
intermediate compositions between those experimentally investigated. The radar 
plot allowed the direct comparison between some analyzed compositions. For 
instance, the composition showing balanced properties could be EPG-20.20. In fact, 
EPG-20.20 had a density of 0.872 g/cm3, a heat storage capacity of 45 J/g, and a 
thermal conductivity of 0.17 W/(m∙K). 

The present findings can be viewed as a general and useful guide for the 
development of epoxy/HGM syntactic foams containing microencapsulated PCMs, 
which is promising in applications requiring high specific mechanical properties, 
low thermal conductivity, and thermal management properties. The resulting 
property set can be finely tuned simply by changing the relative concentration of 
the constituents, demonstrating elevated versatility for different applications like in 
electronic, automotive, refrigeration, and aerospace industries. The mechanical 
performance of these foams and their applicability could be significantly enhanced 
by improving the interfacial adhesion between the HGMs and the matrix, which 
will be the subject of future research on these materials. 
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Chapter 5 - PP-based syntactic foams with TES 

properties 

This Chapter presents the methods and results concerning the PP/HGM/PCM 
system. 

Part of this Chapter has been published in: 

• Galvagnini, F.; Dorigato, A.; Fambri, L.; Pegoretti, A.  
Development of Novel Polypropylene Syntactic Foams Containing Paraffin 

Microcapsules for Thermal Energy Storage Applications.  

Molecules 2022, 27 (23) 

5.1 Materials and methods 

The materials utilized to prepare these samples and the procedures adopted for 
sample preparation are described in this Section, together with the list of the 
experimental techniques applied. A detailed description of the materials and the 
experimental techniques have been already presented in Chapter 3 - . 

5.1.1 Materials 

The materials employed for the preparation of these foams are listed in Table 5-1 
(please refer to Section 3.1 for the details about the materials). 

Table 5-1 List of materials employed for the preparation of PP/HGM/PCM syntactic foams. 
Constituent Label Material 

polymer matrix PP Polypropylene (Moplen HP456J) 
compatibilizer - Compoline PP/H60 
silane APTES γ-Aminopropyl-Triethoxysilane 
hollow filler HGMs hollow glass microspheres (iM16K) 
PCM PCM Paraffin microcapsules (MPCM57D) 

5.1.2 Sample preparation 

5.1.2.1 Silanization of HGMs 

Silanization is a chemical process that aims to improve adhesion between two 
incompatible surfaces by joining them with specific molecules known as silanes 
(see Section 3.1.5) [180]. Typically, this process is used on glass fibers to improve 
their adhesion to the matrix. This procedure was used on HGMs for the same reason, 
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and the main operative steps are listed below. This procedure is the result of an 
optimization based on information taken from the literature [25,145,146,181,182]. 

 Hydroxylation 
• 12 g of HGMs were added in a 0.5 M solution of NaOH. 
• The solution was stirred using a magnetic anchor at 90 °C for 1 h. 
• After the solution reached room temperature it was filtered and washed 

with distilled water until a pH = 7 was reached. 
• The filter with the washed HGMs was then dried in a vacuum oven at 80 

°C for 12 h. 
 Silanization 

• 10 g of HGMs were mixed with a preheated solution (200 mL, 70 °C) of 
50/50 mass of ethanol and distilled water plus 2 g of APTES. 

• After the mixture was mixed for 1.5 h the solution was cooled and filtered 
again as in the hydroxylation step. 

• The silanized HGMs were filtered and then dried in a vacuum oven for 
12 h at 80 °C. 

5.1.2.2 Preparation of the foams 

The constituents (PP, compatibilizer, silanized HGMs, and PCM) were mixed in 
different relative contents for 5 minutes using a Thermo Haake Rheomix 600 
internal mixer with counter-rotating rotors (shown in Figure 5-1a) at 30 rpm and 
200 °C. The prepared mixtures were placed in steel plates and hot pressed at 200 
°C for 5 minutes at a pressure of 550 kPa with a hot plate Carver laboratory press 
(shown in Figure 5-1b). Different steel plates with specific dimensions were used 
to prepare specimens for different tests (see Figure 5-2). 

 

Figure 5-1 Processing equipments for themoplastics. (a) Thermo Haake Rheomix 600 internal mixer, and (b) Hot plate Carver laboratory press. 
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Figure 5-2 Representative images of steel molds used for the preparation of different specimens. (a) 1BA sample mold, used for producing ten quasi-static tensile test specimens, (b) single hole plate, used for producing quasi-static compressive test specimens, (c) mold used to produce specimens for both rheometry and light flash analysis,(d) mold used to produce ten specimens for KIC determination under impact conditions. 
To characterize this new ternary system (PP/HGM/PCM), ten compositions were 
analyzed as represented in Table 5-2 and Figure 5-3. In Figure 5-3, PP is the matrix, 
composed of 95 vol% of polypropylene and 5 vol% of compatibilizer. The optimal 
concentration of compatibilizer was selected through preliminary tests. 

Table 5-2 List of the prepared samples with their desination and nominal composition. 
# Sample Compatibilizer 

vol% 

PP 

vol% 

HGM 

vol% 

PCM 

vol% 

1 H0-P0 5.00 95.00 0.00 0.00 
2 H0-P20 4.00 76.00 0.00 20.00 
3 H0-P30 3.50 66.50 0.00 30.00 
4 H20-P0 4.00 76.00 20.00 0.00 
5 H40-P0 3.00 57.00 40.00 0.00 
6 H7-P7 4.33 82.33 6.70 6.70 
7 H13-P13 3.67 69.67 13.33 13.33 
8 H7-P27 3.33 63.33 6.67 26.67 
9 H27-P7 3.33 63.33 26.67 6.67 
10 H20-P20 3.00 57.00 20.00 20.00 
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Figure 5-3 Graphical representation of the selected compositions (highlighted by the red dots) on the ternary diagram. The numbers (1–10) on each dot correspond to the sample numbers indicated in Table 5-2. 
5.1.3 Experimental techniques 

These compositions were studied through the characterization techniques listed in 
Table 5-3, together with the experimental parameters specifically applied (see 
Subchapter 3.2 for the full description of the characterization parameter and 
specimen preparation). 

Table 5-3 Characterization techniques and experimental parameters applied to the preparedPP/HGM/PCMsyntactic foams. 
Technique Specific experimental parameters 

Rheometry 
See section 3.2.1 on page 32 

Flow sweep 

      shear rate interval = 0.01-200 1/s,  
      T = 200 °C 
Frequency sweep 

      maximum shear strain 1%  
      T = 200 °C 
      frequency = 0.1-600 rad/s 

Helium pycnometer 
See section 3.2.2.1 on page 34 

      T = 23 °C 
      1 cm3 chamber 
      30 measurements 
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Light microscopy (LM) 
See section 3.2.2.2 on page 35 

      magnifications = 20X, 50X 

SEM 
See section 3.2.2.3 on page 35 

      potential = 3.5 kV 
      Pt-Pd coating 

DSC 
See section 3.2.3.1 on page 36 

      T = -50/220 °C 
      heating rate = 10 °C/min 
      nitrogen flow = 100 ml/min 
For Cp 

      T = -50/200 °C 
      heating rate = 20 °C/min 

LFA 
See section 3.2.3.2 on page 38 

      T = 25,45, and 70 °C 

Evaluation of TES capability 
See section 3.2.3.3 on page 39 

      T = 35-80 °C 

Quasi-static tensile test 
See section 3.2.4.1 on page 40 

For elastic modulus 

      gauge length = 25 mm 
      crosshead speed = 0.25 mm/min 
For properties at break 

      gauge length = 55 mm 
      crosshead speed = 20 mm/min 

Quasi-static compression test 
See section 3.2.4.2 on page 41 

      crosshead speed = 1.3 mm/min 

KIC 

See section 3.2.4.4 on page 43 
      starting angle = 39° 
      potential energy = 0.6 J 

 

5.2 Results and discussions 

5.2.1 Rheological properties 

A simple way to investigate the processability of thermoplastics is to measure their 
rheological properties. Two different tests were performed for this purpose: 
frequency sweep tests, to determine G' and G" trends as a function of angular 
frequency (ω), and flow sweep tests, to detect the dependence of viscosity (η) on 
applied shear rate (γ� ). The frequency sweep analysis results for the prepared foams 
are shown in Figure 5-4 and Table 5-4. Figure 5-4 depicts the G' and G" trends of 
four representative compositions, H0-P0, H20-P20, H20-P0, and H0-P20, whereas 
Table 5-4 displays the crossover point coordinates of all analyzed samples. 
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Figure 5-4 Results of frequency sweep tests on the prepared syntactic foams with the indication of the crossover point. (a) H0-P0, (b) H20-P20, (c) H20-P0, and (d) H0-P20 samples. 
Table 5-4 Crossover point coordinates from frequency sweep analysis on the prepared PP-based syntactic foams. 

Sample 

Crossover Point 

ω 

rad/s 

G’, G” 

MPa 

H0-P0 20.5 0.020 
H0-P20 28.2 0.019 
H0-P30 35.0 0.024 
H20-P0 26.7 0.043 
H40-P0 21.6 0.098 
H7-P7 36.0 0.027 
H13-P13 34.4 0.034 
H7-P27 39.2 0.023 
H27-P7 42.7 0.031 
H20-P20 47.5 0.039 
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Figure 5-4 shows that for all of the compositions under consideration, G" is greater 
than G' below the crossover frequency, indicating that viscous behavior dominates 
over the elastic one. At frequencies higher than the crossover point, G" < G' because 
the molten polymer macromolecules do not have enough time to relax the stress 
[180]. In the case of compositions containing only PCM, Table 5-4 shows that the 
presence of PCM capsules tends to shift the crossover point to higher frequencies 
in comparison to the PP matrix (H0-P0). In compositions containing only HGM, on 
the other hand, the crossover point is shifted to higher values of G' and G". As 
expected, the effect of the two fillers is combined when they are both present in the 
composites. For example, the frequency of the H20-P20 crossover point is 47.5 
rad/s, which is higher than the crossover frequency of the H20-P0 (26.7 rad/s) and 
H0-P20 (28.2 rad/s) samples. Even when compared to mono-filler compositions 
with the same amount of filler, such as the H40-P0 sample (21.6 rad/s), the 
crossover frequency of H20-P20 (47.5 rad/s) is the highest. These trends are well 
illustrated in Figure 5-5, which depicts the crossover frequency (ωcrossover) of the 
prepared foams in a ternary diagram. 

 

Figure 5-5 Ternary diagram representing the crossover frequency derived from rheological (frequency sweep) tests on the prepared PP-based foams. 
Figure 5-6 shows the results of flow sweep rheological tests on seven representative 
compositions. 
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 Figure 5-6 Viscosity (η) as a function of the shear rate (�� ) from flow sweep rheological tests on the prepared PP-based foams. 
Figure 5-6 highlights the non-Newtonian behavior of the analyzed foams, which is 
typical of the rheological behavior of polymeric materials [169]. It can be seen that 
samples containing HGMs have higher viscosity values than the PP matrix 
proportionally to their concentration, whereas the presence of PCM capsules shifts 
the curves at lower viscosity levels. This could be due to the partial breakage of the 
PCM capsules during the manufacturing process, which implies extremely high 
shear stresses. Furthermore, during the mixing step, the PCM core is molten, 
allowing it to leak from the broken capsules and act as a lubricant. The two effects 
tend to balance out when both fillers are present [148]. 

 

5.2.2 Morphological properties 

5.2.2.1 Density 

One of the most attractive properties of syntactic foams is their tailorable density, 
combined with high specific strength, stiffness, and buoyancy. In this sense, the 
density (ρ) of the prepared syntactic foams was determined using a helium 
pycnometer. The numerical results are reported in Table 5-5, while the ternary 
diagrams shown in Figure 5-7(a,b) represent the trends of the density and of the 
void content. 

 



Chapter 5 85 
 

 
 

Table 5-5 Experimental and theoretical density, and void content of the prepared PP-based foams. 
Sample ρexp 

g/cm3 

ρth 

g/cm3 

Void content 

% 

H0-P0 0.90 0.90 0.0 
H0-P20 0.83 0.90 8.1 
H0-P30 0.86 0.91 5.0 
H20-P0 0.81 0.81 0.0 
H40-P0 0.70 0.72 1.8 
H7-P7 0.80 0.87 7.4 

H13-P13 0.77 0.84 9.1 
H7-P27 0.83 0.89 5.8 
H27-P7 0.74 0.78 5.0 

H20-P20 0.73 0.82 10.2 

The addition of HGMs to polypropylene results in a decrease in density, as 
expected. According to literature results [22,45,180], the density ranges from 0.90 
g/cm3 for the neat matrix to 0.70 g/cm3 for the H40-P0 foam (-22%). Quite 
surprisingly, the PCM capsules also lead to a density decrease. The density of PCM 
capsules is 0.94 g/cm3, which is higher than that of the matrix, therefore in principle, 
the density of the resulting composites should be increased. This behavior could be 
explained by the void development during the mixing stage generated by the partial 
evaporation of the PCM leaking from the broken capsules, acting as a sort of 
foaming agent, with a consequent density decrease. The worst situation can be 
observed in the H20-P20 foam (Figure 5-7b), where the porosity reaches 10.2%, 
due to the additional tribological effect provided by the HGMs introduction (like 
diamonds powder in diamond paste), as already found in Section 5.2.1, which 
increases the PCM capsule breakage.  
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Figure 5-7 Ternary diagram of (a) the experimental density and (b) the void content of the prepared PP-based foams. 
5.2.2.2 Light microscopy (LM) 

The polished surface of some selected compositions was observed via optical 
microscopy to get qualitative information regarding the shape and distribution of 
the fillers within the PP matrix. Figure 5-8(a,b) represent the micrographs of the 
H0-P20 sample. In particular, Figure 5-8a shows the good dispersion of PCMs 
inside the matrix without aggregation, while in Figure 5-8b the shape and 
morphology of a single PCM microcapsule can be observed. 

 

Figure 5-8 Light microscope images of the H0-P20 sample at (a) 20X and (b) 50X magnification. 
Figure 5-9(a,b) reports two images of the composition H20-P0 at two different 
magnification levels. Figure 5-9a shows the typical morphology of syntactic foams 
in agreement with the literature [26], while Figure 5-9b gives an image at the 
capsules at elevated magnification. Adjusting the depth of focus it was possible to 
obtain a visualization of the HGMs present just below the surface, exploiting the 
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transparency of the glass and of the polypropylene. The spherical hollow shape and 
the refractive nature of glass particularly stand out. Also in this case, a good 
dispersion of the filler seems to be achieved without any sign of agglomeration. 

 

Figure 5-9 Light microscope images of the H20-P0 sample at (a) 20X and (b) 50X magnification. 
Finally, Figure 5-10 shows the composition H20-P20 at 50X magnification. Also 
in this case, both fillers appear homogeneously distributed, meaning that the 
selected processing parameters were appropriate in terms of filler dispersion. In 
particular, PCM microcapsules can be easily distinguished from HGMs because of 
their white core. 

 

Figure 5-10 Light microscope image of the H20-P20 sample at 50X magnification. 
5.2.2.3 Scanning electron microscopy (SEM) 

To confirm the PCM capsule partial breakage during the compounding operations 
and to study the microstructure of the prepared foams, SEM analysis was conducted 
on the cryo-fractured surfaces of four selected compositions (H0-P0, H20-P20, 
H40-P0, and H0-P30), as shown in Figure 5-12(a-d) 
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Prior to that, the cryo-fractured surfaces of a composition (H20-P0, shown in Figure 
5-11a) with untreated HGM and un-compatibilized PP were compared to those of 
a composition (H40-P0, shown in Figure 5-11b) with compatibilized matrix and 
silanized microspheres. 

 

Figure 5-11 Comparison between SEM micrographs of (a) H20-P0 with untreated PP and HGM and (b) H40-P0 with treated HGM and PP. 
Differently to what can be seen in Figure 5-11a, Figure 5-11b shows the good 
adhesion between HGMs and the surrounding matrix thanks to the silanization 
treatment and the use of compatibilizer. The difference in the interface is clearly 
visible between the two pictures. Figure 5-11a shows lots of HGMs capsules 
embedded in the matrix without adhesion with it, as noticeable from the gaps 
surrounding them. Some craters left from the detached HGMs, sign of bad adhesion, 
can also be noticed. This situation creates a material, from a mechanical point of 
view, more similar to a foam where the porosity is made by foaming, taking less 
advantage from the mechanical strength of HGMs. In addition, the voids produced 
by HGMs facilitate the crack propagation. On the other hands, Figure 5-11b 
highlights a completely different situation, where HGMs seem to be under the 
fracture surface and no gaps between capsules and matrix can be seen. This figure 
denotes two important aspects. First, the crack propagates through the matrix 
surrounding the capsules without connecting gaps, and second, HGMs possess 
enough strength to sustain the crack load without breaking. In practice, this foam 
acts as a bulk material without voids from a mechanical point of view, because of 
the good adhesion and strength of HGMs. 

Concerning the foam produced with compatibilizer and with silanized HGMs, 
Figure 5-12a shows the typical fracture surface morphology of polypropylene, 
while the breakage of the PCM capsules can be clearly seen in Figure 5-12b, 
showing the H0-P30 foam. 
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 Figure 5-12 SEM micrographs of the cryo-fractured surfaces of four selected compositions. (a) H0-P0, (b) H0-P30, (c) H40-P0, and (d) H20-P20. 
The majority of the capsules in Figure 5-12b results damaged or deformed, 
supporting the hypothesis of void generation caused by the molten PCM leakage 
(see Table 5-5). Even if they are partially broken, this does not imply that the PCM 
has completely left the composite. Indeed, this image demonstrates that the matrix 
can work as a second shell, preventing further PCM loss. DSC results will confirm 
this evidence. Furthermore, Figure 5-12b demonstrates a poor interfacial adhesion 
between the PCM capsules and the PP matrix, whereas Figure 5-12c demonstrates 
that the silanization of HGMs and the presence of a compatibilizer in the matrix 
result in a good PP/HGM interfacial adhesion. This finding may have a positive 
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impact on the elastic modulus and strength of the material, particularly under 
compression. Figure 5-12d displays the fracture surface of the composition 
containing both HGM and PCM capsules, and it is confirmed that the presence of 
HGM beads further increases the breakage tendency of PCM capsules, due to the 
higher shear stresses developed during the compounding stage. Moreover, this 
result agrees with the fact that this composition is also the most porous one, as 
demonstrated by density measurements. 

 

5.2.3 Thermal properties 

5.2.3.1 Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC) is one of the simplest methods for 
measuring the TES capability of materials because it quantifies phase change 
temperatures (Tm and Tc), enthalpy of fusion and crystallization (ΔHm and ΔHc), 
and specific heat capacity (cp). 

Figure 5-13(a,b) shows the thermogram of the first DSC scan of five representative 
compositions and the ternary diagram representing the enthalpy of fusion evaluated 
in the first heating scan (ΔHm), while Table 5-6 summarizes the results of the first 
heating and cooling DSC scan of all the compositions and the reduction in PCM 
content for cycle 2 and 5. 

 Figure 5-13 (a) DSC thermograms of five prepared PP-based foams (first heating scan), (b) ternary diagram of the measured ΔHm values. 
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Table 5-6 DSC results of the first heating and cooling scans of the prepared PP-based foams. The final column shows the theoretical melting enthalpy (ΔHm,th), referred to the nominal PCM content in the foams. 
Sample Tm 

°C 

ΔHm 

J/g 

Tc 

°C 

ΔHc 

J/g 

ΔHm,th 

J/g 

PCM loss 

after 2 

cycles 

PCM loss 

after 5 

cycles 

H0-P0 - 0.0 - 0.0 0.0 - - 
H0-P20 55.6 36.5 37.2 36.5 43.1 -38.9% -39.4% 
H0-P30 55.7 58.4 37.3 58.2 64.3 -18.0% -18.5% 
H20-P0 - 0.0 - 0.0 0.0 - - 
H40-P0 - 0.0 - 0.0 0.0 - - 
H7-P7 46.9 8.2 35.1 8.2 14.9 - - 
H13-P13 54.6 22.4 36.6 22.3 30.8 - - 
H7-P27 55.3 53.0 37.6 51.5 59.1 - - 
H27-P7 54.6 11.4 36.4 11.3 16.6 - - 
H20-P20 55.2 43.9 37.5 43.4 47.7 -22.0% -22.7% 

Some compositions do not show phase transitions due to the absence of PCM 
capsules, as reported in Table 5-6. For all the compositions containing PCM, Figure 
5-13a shows an increase in the heat stored as the volume fraction of PCM increases. 
This proportionality can also be clearly seen in the ternary diagram in Figure 5-13b. 
The presence of two melting peaks in Figure 5-13a is due to the presence of paraffin 
fractions with different molecular weight. Moreover, these results also demonstrate 
that the PP matrix acts as a second shell, because most of the samples possess 
enthalpy of fusion close to the theoretical one (ΔHm,th), evaluated considering the 
PCM content in the foams. For example, H0-P30 has a melting enthalpy of 58.4 
J/g, close to the ΔHm,th value of 64.3 J/g. In the sample characterized by the highest 
porosity degree (i.e., H20-P20) the enthalpy of fusion differs only by 8% from the 
theoretical one. The last two column of the table report the loss of PCM in 
percentage of three compositions. As can be noticed, the loss is significant due to 
the interconnection created by the molten PCM during the mixing stage, which 
allows higher amounts of it to evacuate the subsurface. On the other hand, after two 
cycles, the trend stabilized, reaching a plateau. The discrepancy between melting 
and crystallization temperatures is due to the thermal inertia of the system and the 
undercooling phenomena [183]. 

Specific heat measurement 

Figure 5-14 reports the cp measurements of the foam components, while Table 5-7 
shows the cp results at 20, 45, and 70 °C, and Figure 5-15 the cp ternary diagram at 
20 °C. The cp of HGMs appears to be fairly constant in the temperature interval 
considered (Figure 5-14), while it increases slightly for H0-P0. The cp of PCM 
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varies greatly over the temperature range chosen, reaching a maximum value 
around 60 °C. This increase in specific heat is related to the PCM phase transition. 
The melting transition is endothermic, and heat absorption increases the cp at this 
temperature. 

 Figure 5-14 Specific heat capacity of the constituents as a function of the temperature from DSC analysis. 
Table 5-7 Specific heat capacity of the prepared PP-based foams at 20, 45, and 70 °C from DSC tests. 

Sample cp 20 °C 

J/(g∙K) 

cp 45 °C 

J/(g∙K) 

cp 70 °C 

J/(g∙K) 

H0-P0 1.63±0.37 1.85±0.35 2.05±0.35 
H0-P20 1.76±0.33 2.47±0.31 2.63±0.37 
H0-P30 1.83±0.39 2.94±0.42 2.69±0.25 
H20-P0 1.51±0.35 1.72±0.29 1.95±0.26 
H40-P0 1.56±0.16 1.74±0.15 1.95±0.16 
H7-P7 1.78±0.23 2.22±0.36 2.23±0.39 
H13-P13 1.62±0.17 2.22±0.19 2.16±0.28 
H7-P27 1.84±0.36 2.88±0.36 2.62±0.32 
H27-P7 1.58±0.28 2.00±0.25 2.04±0.27 
H20-P20 1.80±0.80 2.72±0.97 2.53±0.96 

From Table 5-7, it can be noticed that compositions containing only HGMs do not 
show significant variations in the specific heat other than a slight reduction, while 
in compositions containing PCM this effect is much more evident. An increase of 
the amount of PCM produces an increase in the value of cp proportional to the PCMs 
amount, as also evidenced by Figure 5-15 which shows the ternary diagram of cp 
values at 20 °C. 
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 Figure 5-15 Ternary diagram of the specific heat capacity at 20 °C of the prepared PP-based foams. 
As can be seen, HGMs do not play any role in changing the cp of the materials, 
while PCMs increase it at any temperature. 

5.2.3.2 Thermal conductivity 

As reported in Equation (3-5), thermal conductivity is related to the density (ρ), to 
the thermal diffusivity (α), and to the specific heat capacity (cp). This relationship 
was applied to the thermal diffusivity results from the Laser Flash Analysis (LFA) 
to determine the thermal conductivity of the analyzed samples. The tests were 
carried out at three different temperatures: 20, 45, and 70 °C, with the resulting 
thermal diffusivity values reported in Table 5-8, and the conductivity values shown 
in Table 5-9, in Figure 5-16 and in Figure 5-17(a-c). 

Table 5-8 Thermal diffusivity (α) values at 20, 45, and 70 °C of the PP-based foams. 
Sample α20°C 

mm2/s 

α45°C 

mm2/s 

α70°C 

mm2/s 

H0-P0 0.181±0.013 0.166±0.012 0.148±0.011 
H0-P20 0.148±0.021 0.114±0.021 0.124±0.016 
H0-P30 0.116±0.008 0.082±0.006 0.098±0.008 
H20-P0 0.161±0.026 0.148±0.024 0134±0.020 
H40-P0 0.173±0.005 0.161±0.003 0.149±0.003 
H7-P7 0.150±0.045 0.131±0.040 0.127±0.042 
H13-P13 0.128±0.015 0.106±0.015 0.110±0.011 
H7-P27 0.118±0.010 0.085±0.010 0.101±0.008 
H27-P7 0.116±0.005 0.095±0.003 0.103±0.003 
H20-P20 0.123±0.011 0.095±0.011 0.111±0.005 
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When all PCM-containing compositions (H0-P20 and H0-P30) are considered, the 
value of thermal diffusivity at 45 °C is lower than the values at 20 and 70 °C. The 
reason for this is due to the specific heat capacity dependence on temperature. Being 
that α is inversely proportional to cp, the strong increase that occurs in this 
temperature interval translates in a decrease in thermal diffusivity. The same 
concept is valid also for the thermal diffusivity values at 20 and 70 °C, which are 
lower with respect to the non-containing PCM compositions. HGMs addition to the 
mixture produces a slight reduction in thermal diffusivity. This could be related to 
the expected reduction in thermal conductivity produced by this filler. However, 
composition H40-P0 shows values of α very similar to those of H0-P0. This can be 
explained once again by looking at the definition of thermal diffusivity. While 
thermal conductivity decreases with the addition of HGM, density and specific heat 
behave in the same way. 

 

 

Figure 5-16 Thermal conductivity values of the prepared PP-based foams from LFA analysis. 
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Table 5-9 Values of thermal conductivity at 20, 45, and 70 °C of the PP-based foams 
Sample λ20°C 

W/(m∙K) 

λ45°C 

W/(m∙K) 

λ70°C 

W/(m∙K) 

H0-P0 0.268±0.019 0.279±0.020 0.275±0.020 
H0-P20 0.218±0.031 0.234±0.042 0.272±0.036 
H0-P30 0.183±0.013 0.209±0.016 0.227±0.019 
H20-P0 0.196±0.031 0.205±0.033 0.211±0.032 
H40-P0 0.190±0.005 0.197±0.004 0.206±0.004 
H7-P7 0.215±0.064 0.234±0.071 0.230±0.076 
H13-P13 0.158±0.018 0.180±0.026 0.183±0.018 
H7-P27 0.179±0.015 0.202±0.024 0.219±0.017 
H27-P7 0.136±0.006 0.141±0.004 0.156±0.004 
H20-P20 0.162±0.014 0.188±0.023 0.206±0.008 

 

 

Figure 5-17 Ternary diagram of the thermal conductivity at (a) 20 °C, (b) 45 °C, and (c) 70 °C of the prepared PP-based foams. 
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The addition of HGMs to the polymeric matrix produces a significant reduction in 
thermal conductivity. This is in agreement with the results previously found in 
literature [45,184]. Differently from these works, in which the thermal conductivity 
was correlated only to the HGMs content, in this work the PCM concentration also 
plays an important role. In fact, the compositions that show the lowest values of 
thermal conductivity are those containing both HGM and PCM, i.e., H20-P20 and 
H27-P7 foams. For example, H40-P0, which contains only HGMs, shows a thermal 
conductivity at 20 °C of 0.190 W/m∙K, which is 29% lower than that of the neat 
matrix. When half of the HGMs are replaced with PCMs, like in H20-P20 foam, 
the thermal conductivity drops down to 0.162 W/m∙K (-15% than H40-P0, and -
40% than the PP matrix). This behavior can be explained by the development of 
voids in the mixed compositions (containing both PCM and HGMs), that decrease 
the thermal conductivity and the density of the foams. 

5.2.3.3 Evaluation of TES capability 

Temperature profiling during heating and cooling stages is another method used in 
this study to investigate TES properties. The temperature of seven compositions 
was monitored using K-type thermocouples while they were heated from room 
temperature to 100 °C and then cooled from 100 °C to room temperature. In each 
step, the time required for the samples to reach 80 or 35 °C was recorded (t35-80 and 
t80-35). Figure 5-18(a,b) depict the temperature profiles obtained during the heating 
and cooling stages, while Table 5-10 Results of thermal profiling tests on the 
prepared PP-based foams. summarizes the results of these tests in terms of t35-80 and 
t80-35 values. Finally, Figure 5-19(a,b) show the same results in ternary diagrams. 

 

Figure 5-18 Temperature profiles of the prepared PP-based foams in (a) cooling and (b) heating stages. 
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Table 5-10 Results of thermal profiling tests on the prepared PP-based foams. 
Sample t35-80 

min 

t80-35 

min 

H0-P0 23.5 24.6 
H0-P20 30.1 36.7 
H0-P30 31.4 41.0 
H20-P0 22.6 23.1 
H40-P0 19.8 19.1 
H7-P7 25.1 27.8 
H13-P13 28.4 34.0 
H7-P27 23.5 24.6 
H27-P7 30.1 36.7 
H20-P20 31.4 41.0 

 

 

Figure 5-19 Ternary diagram of (a) t35-80 and (b) t80-35 °C values of the prepared PP-based foams. 
As shown in Figure 5-18(a,b), the presence of PCM clearly influences the 
temperature profiles, with an inflection at the melting point of PCM. Moreover, 
Figure 5-19(a,b) report a direct proportionality between PCM content and transient 
time. This results in a longer time needed to reach the target temperature with 
respect to the PP matrix, as reported in Table 5-10. In this sense, PCM is capable 
of giving TES properties to the material since it can store and release heat during 
temperature transients. Another intriguing feature highlighted by Figure 5-18(a,b), 
Table 5-10, and Figure 5-19(a,b) is that the use of HGMs shortens the heating and 
cooling times. According to a 3MTM technical paper [164], syntactic foams exhibit 
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both reduced thermal conductivity and increased thermal diffusivity due to the 
presence of HGMs, which reduces the final density (see Equation (3-5). This 
reduces the transient time, a feature that can be useful in injection molding 
technology to increase productivity. 

5.2.4 Mechanical properties 

5.2.4.1 Quasi-static tensile tests 

To evaluate the elastic modulus (Et), stress and strain at yield (σy and εy), and stress 
and strain at break (σB and εB) of the prepared foams, quasi-static tensile tests were 
performed. The elastic modulus and stress at break values were also normalized by 
the density (Et/ρ and σB/ρ). Figure 5-20 shows representative stress-strain curves of 
seven selected compositions, while Table 5-11 lists the most important tensile 
properties. Figure 5-21(a-d)  shows ternary diagrams of the elastic modulus, stress 
at break, and their normalized values. 

 

Figure 5-20 Representative tensile stress–strain curves for some representative compositions. 
Figure 5-20 shows a significant decrease in the tensile strain at break for all 
compositions containing both fillers (PCM and/or HGMs) when compared to the 
neat matrix. The compositions that better perform in this sense, as reported in Table 
5-11, are those incorporating only PCM capsules, where H0-P30 shows a strain at 
break “only” 80% lower than the PP matrix. Similarly, samples containing only 
HGMs exhibit the worst situation, with an 84% decrease in strain at break compared 
to the neat PP matrix. 
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Table 5-11 Tensile properties of all the prepared PP-based syntactic foams. 
Sample Et 

MPa 
Et/ρ 

MPa/(g/cm3) 
σB 

MPa 
σB/ρ 

MPa/(g/cm3) 
εB 
% 

H0-P0 1509±19 1677±21 33.5±0.5 37.2±0.5 232.0±197.0 
H0-P20 845±55 1018±66 17.4±0.8 21.0±1.0 4.8±0.4 
H0-P30 758±15 881±17 15.5±0.4 18.0±0.5 4.8±0.3 
H20-P0 1873±61 2312±75 31.8±1.3 39.3±1.6 4.2±0.7 
H40-P0 2480±66 3543±94 33.8±0.8 48.3±1.1 3.7±0.6 
H7-P7 1183±65 1479±81 23.6±2.3 29.5±2.9 4.4±1.0 
H13-P13 1159±31 1505±39 20.9±0.5 27.1±0.7 4.1±0.2 
H7-P27 751±15 905±18 14.6±0.8 17.6±1.0 3.8±0.3 
H27-P7 1649±37 2228±50 24.5±0.9 33.1±1.2 3.0±0.3 
H20-P20 1117±39 1530±53 17.9±0.8 24.5±1.1 3.5±0.3 

Figure 5-20 also shows the benefits provided by  HGMs in terms of elastic modulus, 
by increasing the stiffness from 1509 MPa of the PP matrix to 2480 MPa of the 
H30-P0 foam (+64%), due to the stiff nature of HGMs and to the good adhesion 
between HGMs and the matrix. On the other hand, because of the limited stiffness 
of the PCM capsules and their post-production integrity (see Figure 5-12b and d), 
PCMs reduce the elastic modulus from 1509 MPa down to 758 MPa of H0-P30 
(−50%). Mixed compositions, on the other hand, show intermediate stiffness 
values, because HGMs counterbalance the decrease caused by PCMs introduction. 
These trends are better represented in the ternary diagram of Figure 5-21a, which 
also shows the proportionality of the elastic modulus when the PCMs are gradually 
substituted by an equivalent volumetric amount of HGMs (by moving horizontally 
from right to left in the graph). This trend is even more evident when the normalized 
elastic modulus, shown in Figure 5-21b, is considered. 

As for the elastic modulus, the stress at break is also similarly influenced. While 
the presence of HGMs results in a significant σB retention, the presence of PCMs 
reduces σB from 33.5 MPa of the PP matrix to 15.5 MPa of the H0-P30 (-54%). 
Figure 5-21c shows that the stress at break is linearly related to the PCM content, 
whereas HGMs have no effect. When σB is normalized with density, as shown in 
Figure 5-21d, the resulting trend resembles that of the elastic modulus, leading to 
similar conclusions. 
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Figure 5-21 Ternary diagrams of the quasi-static tensile properties of the prepared PP-based syntactic foams. (a) Elastic modulus (Et), (b) specific elastic modulus (Et/ρ), (c) tensile stress at break (σB), and (d) specific stress at break (σB/ρ). 
5.2.4.2 Quasi-static compression tests 

The high compression strength of syntactic foams is an important feature that 
enables their widespread use in the marine environment [174,185–187]. Therefore, 
quasi-static compression tests were conducted on the prepared foams, to study the 
trends of the compressive elastic modulus (EC), the specific elastic modulus (EC/ρ), 
the stress at 20% of strain (σ20), and the specific stress at 20% of strain (σ20/ρ) with 
the amount of PCM and HGMs. Figure 5-22 depicts representative stress-strain 
curves obtained during compression tests for seven compositions, while Table 5-12 
and Figure 5-23(a-d) report these results numerically and graphically. 
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Figure 5-22 Representative compressive stress–strain curves for some selected representative compositions. 
Table 5-12 Compressive properties of the prepared PP-based foams. 

Sample EC 
MPa 

EC/ρ 
MPa/(g/cm3) 

σ20 
MPa 

σ20/ρ 
MPa/(g/cm3) 

H0-P0 685±120 761±133 54.3±3.3 60.3±3.7 
H0-P20 602±40 725±48 33.9±1.9 40.8±2.3 
H0-P30 421±39 490±45 27.5±1.3 32.0±1.5 
H20-P0 937±116 1157±143 58.4±3.0 72.1±3.7 
H40-P0 1011±82 1444±117 56.7±3.6 81.0±5.1 
H7-P7 714±43 893±54 45.3±2.5 56.6±3.1 
H13-P13 617±65 801±84 39.8±1.9 51.7±2.5 
H7-P27 543±55 654±66 31.2±1.4 37.6±1.7 
H27-P7 793±83 1072±112 41.4±3.6 56.0±4.9 
H20-P20 582±42 797±58 35.7±2.4 48.9±3.3 

According to tensile test results, Figure 5-22 shows that the compressive 
performances improve with the addition of HGMs, while they decrease with the 
addition of PCM. The elastic modulus increases from 685 MPa in the neat PP matrix 
to 1011 MPa in the H40-P0 sample (+49%) and decreases to 421 MPa in the H0-
P30 sample (-39%), as shown in Table 5-12. Furthermore, the stress–strain curves 
of the compositions containing both HGM and PCM (Figure 5-22) lie in the middle, 
with lower values of elastic modulus than the matrix (−15% for H20-P20). 
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 Figure 5-23 Ternary diagrams of the quasi-static compressive properties of the prepared PP-based syntactic foams. (a) Compressive modulus (EC), (b) specific compressive modulus (EC/ρ), (c) compressive stress at 20% (σ20), and (d) specific compressive stress at 20% (σ20/ρ). 
Figure 5-23a better represents the trends of the compressive modulus, which are 
similar to those observed in tensile mode. As shown in tensile tests (Figure 5-21a), 
the elastic modulus is proportional to the degree of substitution of PCMs with 
HGMs (moving horizontally from right to left). This trend is even more pronounced 
in Figure 5-23b, which shows the specific compressive modulus. The increase in 
stiffness, as in tensile tests, can be attributed to the excellent adhesion between the 
HGM and the PP matrix due to the silanization process and the compatibilizing 
agent. Considering the results of stress at 20% of strain (σ20), reported in Table 5-
12, it is clear that the introduction of HGMs leads to a retention of the σ20 values, 
while the addition of PCMs decreases it. This trend is even better represented in 
Figure 5-23c. The σ20 decreases from 54.3 MPa of the matrix down to 27.5 MPa for 
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the H0-P30 foam (−49%), while it remains stable with the addition of HGMs. This 
trend becomes much more similar to that of the compressive elastic modulus when 
specific values (σ20/ρ) are considered (Figure 5-23d). 

In conclusion, these findings support the positive compressive properties of 
traditional syntactic foams (i.e., those containing only HGMs), whereas the addition 
of PCMs reduces compressive performance. A good adhesion between HGMs and 
the PP matrix is critical in increasing mechanical performances, especially when 
normalized properties are considered. 

5.2.4.3 Evaluation of the fracture behavior under impact conditions 

The stress intensity factor (KIC) is a fundamental property in structural design, 
which describes the resistance of materials to crack propagation. Because of the 
ductility of PP, measuring this property under quasi-static conditions in accordance 
with the ASTM D5045 standard is extremely difficult. Therefore, these tests were 
carried out under impact conditions at a testing speed of 1.5 m/s, as recommended 
by ISO 13586 standard. Table 5-13 contains the results of these tests, and Figure 
5-24 depicts the ternary diagram with the KIC values. 

It is clearly shown that PCM content has the greatest influence on KIC values. In 
fact, HGM incorporation has no significant effect on the fracture toughness of the 
foams, whereas PCM incorporation reduces KIC from 2.12 MPa∙m0.5 of the PP 
matrix to 1.24 MPa∙m0.5 of the H0-P30 sample (41%). The correlation between KIC 
and PCM content is even more pronounced in compositions containing HGMs. This 
behavior can be attributed to the poor mechanical properties of PCM and to the poor 
adhesion to the PP matrix. HGMs, on the other hand, can retain the pristine fracture 
toughness of the PP, also reducing the overall weight of the material. 

Table 5-13 Critical stress intensity factor KIC results of the prepared PP-based foams 
Sample KIC 

MPa∙√Ñ 

H0-P0 2.12±0.07 
H0-P20 1.51±0.06 
H0-P30 1.24±0.06 
H20-P0 1.96±0.06 
H40-P0 2.06±0.14 
H7-P7 1.88±0.14 
H13-P13 1.61±0.09 
H7-P27 1.25±0.05 
H27-P7 1.65±0.10 
H20-P20 1.38±0.07 
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Figure 5-24 Ternary diagram of the critical stress intensity factor (KIC) under impact conditions of the prepared PP-based foams. 
 

5.2.5 General comparison of the properties of PP/HGM/PCM 

syntactic foams 

To perform a general comparison between the most important properties of the 
prepared foams, Figure 5-25 reports in a single radar plot a direct comparison of the 
performances of the six most representative compositions. This comparative 
analysis has been conducted in terms of specific tensile modulus (Et/ρ), specific 
tensile stress at break (σB/ρ), specific compressive elastic modulus (EC/ρ), specific 
compressive stress at 20% of strain (σ20/ρ), stress intensity factor (KIC), specific 
volume (ν, that is 1/ρ), melting enthalpy (ΔHm), and thermal resistance at 45 °C 
(Rλ). 
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 Figure 5-25 Radar diagram showing a graphical comparison of the most important properties of the prepared PP-based foams. 
The color code in Figure 5-25 allows to distinguish between three types of 
composites: samples containing only HGMs (blue area), samples containing only 
PCMs (red area), and samples containing both (green area), as well as the neat 
matrix (black area). This graph demonstrates the clear dominance of compositions 
containing only HGMs in mechanical properties, lightness, and thermal resistivity 
(blue area). On the other hand, as expected, they lack TES capability. On the 
contrary, compositions containing only PCMs (red area) exhibit the best TES 
properties, but the same cannot be said for mechanical properties. Mixed 
compositions containing both fillers provide a good compromise (green area). The 
presence of HGMs improves the mechanical properties of these samples, while TES 
properties remain interesting for many applications, making these compositions 
very appealing for their multi-functionality. 

In conclusion, if mechanical performance is the primary goal and TES properties 
are not required, H40-P0 may be the best choice because it exhibits interesting 
mechanical performances, particularly when component weight is a factor to be 
considered. If the primary goal is TES properties and the material is not subjected 
to severe mechanical stresses, H0-P30 may be the best choice. Combining the two 
fillers allows for the creation of very different types of composites that can meet a 
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variety of needs, resulting in versatile materials, with properties that can be tuned 
for specific applications. 

5.3 Conclusions 

In this study, HGMs and PCMs were incorporated at different relative ratios into a 
compatibilized polypropylene matrix to create novel multifunctional syntactic 
foams with thermal energy storage capability. 

Rheological tests revealed that HGMs increased the viscosity of the molten material 
at 200 °C, while PCM decreased it slightly due to the capsule breakage during the 
manufacturing process. SEM micrographs confirmed the partial breakage of the 
PCM microcapsules and revealed good adhesion between the matrix and HGMs 
due to the silanization process performed on the surface of the glass beads and the 
presence of the compatibilizer. 

As expected, the density of these syntactic foams was diminished by addition of 
HGMs, but also the introduction of PCMs led to a density drop, probably because 
of the increased porosity generated by the partial evaporation of the PCM that 
leaked out from the broken capsules. 

The ability of PCMs to impart TES properties to the foams was confirmed by DSC 
and temperature profiling analyses, with the H0-P30 sample storing 57 J/g in the 
first DSC heating scan. The thermal conductivity of the foams was reduced by both 
HGMs and PCMs, from 0.268 W/(m∙K) of the PP matrix to 0.190 W/(m∙K) of the 
H40-P0 sample (30%) and 0.183 W/(m∙K) of the H0-P30 foam (33%). Thermal 
conductivity was reduced further in compositions containing both fillers, reaching 
0.136 W/(m∙K) in the H27-P7 sample (50%), due to the voids generated by PCM 
introduction. HGMs introduction, on the other hand, increases thermal diffusivity, 
making it easier to heat and cool the material.  

From a mechanical point of view, the compositions containing only HGMs proved 
to be the best choice. Quasi-static tensile tests revealed that the addition of HGMs 
increased mechanical performances (particularly the elastic modulus), whereas 
PCMs decreased them. A similar trend was observed in compression, where the 
addition of HGMs increased the elastic modulus and compressive strength 
significantly. HGM had no effect on KIC, while PCM capsules affected the fracture 
toughness, due to their low strength and limited interfacial addition with the PP 
matrix. 

As a result, the incorporation of PCMs into these PP syntactic foams resulted in a 
material with a set of properties that could be finely tuned, depending on the final 
purpose, by simply adjusting the filler amount. This feature opens up new 
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possibilities for these systems in applications where TES properties are critical, 
such as electronics, automotive, refrigeration, and aerospace. In the future, by 
modifying the manufacturing process, the failure of PCMs could be significantly 
reduced, improving the final performances of these materials. 
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Chapter 6 - General conclusions 
 

This work aimed to develop novel polymeric syntactic foams for thermal energy 
storage (TES) applications and to characterize their properties as a function of their 
compositions. The goal was to create materials with both elevated mechanical 
properties, required for structural/semi-structural applications, and heat 
storage/management capabilities. Because there is little literature on this topic, the 
experimental work considered and compared two polymer/PCM/reinforcement 
systems to highlight their respective advantages and disadvantages. 

Chapter 4 reported the results of the characterization of the epoxy-based syntactic 
foams incorporating PCM capsules. Because of their larger mean diameter, HGMs  
proved to be more suitable for incorporation into epoxy resin than PCM capsules. 
However, the PCM capsules resulted undamaged by the stirring process, as 
highlighted by SEM and DSC analysis. HGMs sensibly reduced the overall density 
of the system as predicted by the mixture law and also reduced the thermal 
conductivity of the system. At temperatures above the Tg of the epoxy, only HGMs 
gave strength to the material, while at room temperature both fillers limited the 
mechanical properties, with PCM capsules that greatly influenced the performance 
and HGMs to a lesser extent. When the mechanical properties were normalized, the 
beneficial effect of HGMs was evident. As expected, the compositions containing 
PCM capsules showed the best TES and impact properties at the expenses of the 
other properties. The combination of HGM and PCM capsules produced the most 
versatile compositions capable of satisfying the most diverse needs. 

Chapter 5 illustrated the results of the thermo-mechanical characterization of PP-
based syntactic foams incorporating PCM capsules. Due to the severity of the 
compounding process lots of capsules were damaged, causing partial paraffin 
leakage with consequent voids generation into the matrix, as shown by pycnometric 
analysis. On the other hand, HGMs survived the production steps as reported by 
SEM micrography, which also highlighted the good level of adhesion achieved 
between the matrix and HGMs. Although some of the PCM capsules were broken, 
most of them were still surrounded by the matrix that acted as a second shell. In 
fact, DSC  showed how the compositions containing PCM capsules were in any 
case capable of storing a significant amount of heat, not too far from the theoretical 
one. HGMs improved all the mechanical properties, especially if normalized values 
are considered. On the contrary, PCM capsules sensibly reduced them. By 
combining HGMs and PCM capsules it was possible to retain the mechanical 
properties while adding TES capabilities. 
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To perform a general comparison between the most important properties of these 
two systems, five radar plots, similar to those shown in Figure 4-17 and Figure 5-25, 
were produced. Each plot compares the general performance of similar 
compositions of the two systems. Figure 6-1 shows the comparison between the two 
matrices used in this Thesis, Figure 6-2 reports the results of the compositions 
containing 20 vol% of PCM capsules, Figure 6-3 and Figure 6-4 report the results 
of the compositions containing respectively 20 and 40 vol% of HGMs. Finally, 
Figure 6-5 shows the comparison between the compositions of the two systems 
containing 20 vol% of HGMs and PCM capsules. This comparative analysis has 
been conducted in terms of specific tensile modulus (Et/ρ), specific tensile stress at 
break (σB/ρ), specific compressive elastic modulus (EC/ρ), specific volume (ν, that 
is 1/ρ), melting enthalpy (ΔHm), and thermal resistance at 30 °C (Rλ). 

 Figure 6-1 Radar diagram showing a graphical comparison of the physical properties of the polymer matrices of the two considered systems (epoxy and PP). 
Figure 6-1 clearly shows the difference between the two matrices used, where 
epoxy resin possesses higher stiffness in both tensile and compression tests, and 
polypropylene (with compatibilizer) shows higher impact properties and specific 
volume. 
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Figure 6-2 Radar diagram showing a graphical comparison of the properties of the compositions of the two systems containing 20 vol% of PCM  (EPG-20.0 and H0-P20). 
The properties of compositions containing 20% PCM  are shown in Figure 6-2. The 
matrix, as expected, played an important role in these types of composites. Indeed, 
the stronger epoxy resin can withstand higher stresses in tensile and compression 
tests. Furthermore, the mechanical properties of the PP-based syntactic foams were 
reduced due to the breakage of the PCM capsules. Because both systems contained 
the same amount of PCM capsules, the heat stored in both systems was the same, 
as expected. In general, these systems should be considered in all those applications 
where TES properties are required. For example, the epoxy system can be used in 
aeronautical composite materials to manage temperature fluctuations or in 
electronics to limit the maximum temperature, increasing the performance and 
lifetime span of components. On the other hand, the PP systems with PCM also find 
different applications, like in thermoregulating buildings, car components (battery 
applications), food packaging, smart textiles, and pharmaceutical packaging. All 
these applications will increase their performance and durability with the 
incorporation of PCM technology. These features will not only improve the 
component's performance, but will also make it more efficient and, as a result, more 
environmentally friendly. Unfortunately, in this work, not all went smoothly. 
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A better compounding step with a low PCM capsule braking rate should be used to 
improve the mechanical performance of the PP-based system. While epoxy-based 
composites have better mechanical properties and, due to their castability, they 
showed a reduced number of defects. Although technically viable, there is 
insufficient data and preferred approaches addressing the recyclability of such 
materials. This would offer us the chance to investigate this topic, which is still up 
for debate and needs to be defined in more detail in subsequent work.  

 

Figure 6-3 Radar diagram showing a graphical comparison of the properties of the compositions of the two systems containing 20 vol% of HGMs (EPG-0.20 and H20-P0). 
Figure 6-3 depicts an equilibrate situation between the two systems in terms of 
thermal resistivity and tensile properties. Even though the HGMs incorporated in 
PP-based foams are stronger and have better adhesion than the other system, the 
epoxy-based foam performs better in compression. It should be noted that the two 
HGMs used differ in density (0.15 vs. 0.43 g/cm3), implying that the epoxy system 
benefits from a greater decrease in density, which further increases the specific 
properties. Even though the two HGMs are different, the tough nature of PP clearly 
improves the fracture toughness of the composite over the less ductile epoxy matrix. 
Again, the reduction in specific volume is the result of a combination of different 
matrix and HGMs. In comparison to their respective matrices (Figure 4-17 and 
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Figure 5-25), the PP-based system is the one that benefits the most from HGM 
incorporation. The potentiality of syntactic foams is better expressed with higher 
amounts of HGMs, as shown in Figure 6-4. 

 

 

Figure 6-4 Radar diagram showing a graphical comparison of the properties of the compositions of the two systems containing 40 vol% of HGMs (EPG-0.40 and H40-P0). 
 
Figure 6-4 depicts a comparison of two compositions containing only HGMs with 
a filler content of 40 vol%. With a few exceptions, the figure is very similar to 
Figure 6-3. The thermal resistivity is primarily affected by the HGMs type, while 
the specific volume appears to be balanced by the density difference between the 
two matrices. The higher adhesion between HGMs and the PP matrix, as well as 
the stronger nature of the HGMs used in this system, produced a composite material 
that sometimes outperforms the epoxy-based  mechanical performances. The only 
property where the epoxy system outperforms a PP matrix is in compression testing, 
where the strong nature of epoxy produced a stiffer composite. As previously stated, 
PP-based composites benefit more from HGM incorporation than their epoxy 
counterparts. This is because of the stronger HGMs used in this system, as well as 



114  Chapter 6 

 

 
 

the high level of adhesion achieved. Epoxy systems could benefit more from HGM 
incorporation with different HGMs and better surface treatments. 

Epoxy-based syntactic foams, as already indicated, have numerous uses in marine 
applications as a result of their buoyancy and chemical characteristics, but they also 
have uses in other industries. These composites can be employed, for instance, in 
aeronautics to lighten the composite or in particular situations that call for a low 
thermal dilatation coefficient, such as the mirror of telescopes or scientific 
equipment in general. The usage of PP-based syntactic foams in injection-molded 
components, such as those for the automotive industry where they are utilized in 
parts with high dimensional stability and low weight, is already widespread. They 
could also be used for food containers to limit the thermal conductivity and increase 
the life-span of food, or in all injection-molded components to increase dimensional 
stability, reduce weight, and reduce shrinkage with a faster cycling time thanks to 
the reduced thermal inertia of the system. The outcomes of all these advancements 
also take environmental considerations into account. The efficiency of the overall 
system is improved by lightening components mounted on moving machinery, 
which lowers fuel consumption and greenhouse gas emissions. Another benefit to 
the environment is that the component is produced with less energy because of the 
shorter injection mold cycle time. The recycling of these systems seems more 
feasible than that of those containing PCMs. In an epoxy-based system, the glass 
bubbles can be recycled and some of the polymeric material recovered by 
pyrolyzing the component, whereas PP systems should be simple to reshape. The 
grinding stage, where HGMs may be fractured, is the primary problem with 
recycling PP-based foams. 

By combining both fillers, also their properties will be combined as reported in 
Figure 6-5 where the properties of epoxy and PP-based systems containing both 
PCM and HGMs are compared. 
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Figure 6-5 Radar diagram showing a graphical comparison of the properties of the compositions of the two systems containing 20 vol% of HGMs and PCM (EPG-20.20 and H20-P20). 
As it can be seen in Figure 6-5, the shape of the two areas resulted similar to that of 
Figure 6-2, where PCM capsules  showed a significant influence on the 
performance of the composites. The epoxy-based system revealed better tensile and 
compression properties, due to the stronger matrix utilized. PP-based composite, on 
the other hand, had higher fracture toughness due to the ductile nature of PP. Both 
systems, as expected, exhibited comparable TES capability. The decrease in 
mechanical performances for epoxy systems was even more pronounced when 
compared to its matrix (Figure 4-17). From Figure 6-2 it can be concluded that PP-
based syntactic foams can be mechanically improved by limiting PCM rupture 
during the manufacturing step. On the other hand, increasing the adhesion between 
HGMs and the epoxy resin can improve their mechanical properties.  

Concerning their possible applications, they could find several different uses thanks 
to their interesting combination of properties. For instance, in applications where 
heat management and lightness are required, like in the batteries of electric vehicles 
(EVs) or in aeronautics, but also in the marine field to build lighter, stronger, and 
more insulated ships. These kinds of materials, which enable lighter containers with 
lesser heat dispersion, could potentially be advantageous to the food packaging 
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business for food preservation. For similar reasons, pharmaceutical packaging may 
also consider using this type of materials.  

In all matrixes, the combination of these two fillers creates materials with balanced 
qualities that strike a compromise between them. As a result, the materials do not 
excel in just one area but rather respond to a variety of demands. These will have a 
positive impact on the environment thanks to their improved efficiency and 
decreased mass, which can consequently cut their lifetime emissions of greenhouse 
gases. The end of life will encounter the same opportunities and problems as those 
systems already mentioned. 

At the end of this thesis, some recommendations for future research in this area 
should be made. 

Epoxy/PCM/HGMs systems 

• Epoxy-based syntactic foams consider the use of very light and brittle HGMs 
to produce the foams. Incorporating low-density HGMs result in lighter 
composites, but in some cases, the reduction in mechanical performance may 
be an overly harsh compromise, limiting the possible fields of application. 
Stronger HGMs (such as those used in the PP system) should be used to 
improve the mechanical properties and the multifunctionality of this system. 
A silanization process could also be considered to improve adhesion to the 
matrix. 

• By using stronger and denser HGMs it is possible to limit also another problem 
encountered during the casting process, where the light HGMs were more 
concentrated  near the surface. 

• A possible future research topic could be focused on incorporating PCM 
capsules with different melting temperature, to enlarge the melting peak and 
satisfy different needs in terms of TES capability. 

PP/PCM/HGMs systems 

• This system used very strong HGMs that easily survived the melt 
compounding stage. They also show very good adhesion with the matrix 
thanks to the silanization process and the presence of the compatibilizer. On 
the other hand, PCM capsules hardly survived the severe compounding stage. 
inducing a partial drop in mechanical performances. The combination of the 
two fillers partially restored the mechanical properties. An important topic that 
should be studied is the development of less severe manufacturing processes 
to avoid, or at least limit, PCM capsule breakage. By solving this problem, this 
material could become very attractive for designers thanks to the peculiar 
combination of thermal and mechanical properties. 
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In conclusion, the incorporation of PCMs and HGMs into these syntactic foams 
resulted in materials with a set of properties that could be properly tuned, depending 
on the final purpose, by simply adjusting the filler amount. This feature opens up 
new opportunities for these systems in applications requiring TES properties 
together with low weight, thermal conductivity, and thermal expansion. The 
recyclability of these materials could be technically feasible, but the economic 
aspects often limit their further development. For this reason, when a clear market 
interest in this class of material is expressed, further studies must be conducted to 
properly explore their recyclability. On the other hand, since they could produce 
less polluting and more effective products, manufacturers of cars, airplanes, and 
ships ought to think about the possibility of using these novel materials in their 
products. 
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vorrei ringraziare Alessandro Sorze, Laura Simonini, e Davide Perin per aver scelto 
il lab di polimeri invece degli altri noiosissimi lab (ovviamente scherzo). Vorrei 
fare un ringraziamento speciale a Davide Perin, lui non è stato semplicemente un 
collega, lui è stato e sarà sempre un mio grandissimo amico con cui ho condiviso 
millanta esperienze e con cui ho sempre amato passare il tempo. Non potrò mai 
dimenticare il supporto e l’amicizia che hai condiviso con me e per questo ti 
ringrazio dal profondo del cuore. Un giorno, quando si sarà vecchi bacucchi, sono 
certo che ripensando alle cavolate fatte nei convegni ci rideremo su grassamente. 
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