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Abstract

In recent years, the need to develop sustainable and energy efficient
air-cooling technologies has become increasingly urgent due to the
environmental and energy-related disadvantages of conventional
vapour-compression air conditioning systems. Solid-state cooling
technology, based on caloric effects, represents a promising
alternative, with elastocaloric cooling identified as one of the most
suitable candidates for replacing conventional air-cooling systems. In
this framework, natural rubber (NR), a well-known renewable
resource, is attracting increasing attention as an elastocaloric material,
owing to its low cost, non-toxicity, long fatigue life, and remarkable
elastocaloric properties, which arise from the synergistic contribution
of thermoelasticity and strain-induced crystallization. Nevertheless,
research on the refrigeration potential of natural rubber is still in its
infancy, and not all parameters influencing the elastocaloric behaviour
of this material are fully understood. In particular, most studies so far
have focused primarily on the influence of testing parameters such as
temperature, strain rate and maximum deformation.

This thesis aimed at investigating the influence of rubber network
structure and formulation on the elastocaloric properties of NR-based
systems. Specifically, the influence of (i) the crosslinking density, and
(ii) the addition of nanofillers was systematically analysed.

In the first part, natural rubber samples with varying crosslinking
densities (ranging from 2.9 to 5.2 10**-mol/cm?3) were prepared and
characterized from a structural, thermal and mechanical point of view.
Their elastocaloric properties were then thoroughly examined,
revealing that crosslinking density is a crucial structural parameter
governing cooling performance. The results showed that reducing the
crosslinking density enhanced cooling capacity, primarily due to
stronger contributions from strain-induced crystallization and
thermoelasticity.

In the second part, the effect of adding both natural (MMT) and
organo-modified (O-MMT) nanoclays to the most promising



formulation identified in the first part of the work was assessed. Two
series of NR-based nanocomposites, containing 1, 3 and 5 phr
nanofiller, were prepared and characterized in terms of morphology,
thermal, mechanical and elastocaloric properties. The results
highlighted that the better dispersion of the organoclays within the
rubber matrix promoted not only a better mechanical behaviour (in
terms of stiffness and strength), but also a significantly enhanced
cooling performance with respect to MMT nanofilled systems. The
NR/O-MMT samples demonstrated up to a ~45% increase in heat
absorbed per refrigeration cycle compared to the unfilled NR. This
improvement was ascribed to a synergistic combination of enhanced
strain-induced crystallization, improved macromolecular structural
homogeneity, and potential strain amplification effects promoted by
the organoclays.

These findings demonstrated that the rubber network structure and
formulation represent the fundamental starting point for future
research aimed at maximizing the cooling performance of NR-based
systems, given their strong influence on the elastocaloric behaviour.
This is therefore a fundamental first step towards scaling up solid-state
cooling technologies.
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Chapter 1 Introduction

1 Introduction
1.1 Motivation and objective

It is widely recognized that the global temperature has increased by
1.1 °C compared to the commencement of the Industrial Revolution.
Despite the ostensibly modest nature of this temperature increase, it
has engendered a heightened frequency of severe weather phenomena,
notably heat waves. The scientific community expects the warming
trend to worsen in the future, rendering parts of the world unliveable.
In response to the escalating frequency of heat waves, cooling, and
particularly air conditioning, has resulted essential for the survival of
billions of people around the world as well as for the safeguarding of
vital resources such as food and medicine [1-5]. Despite the countless
benefits, air conditioners based on vapour-compression technology
consume a large amount of electricity (approx. 15% of the total
amount) and rely on refrigerant fluids with high Global Warming
Potential (GWP) [5-7]. The refrigerant fluids are partially released
into the environment during their lifespan, contributing in a significant
way to greenhouse gas emissions. These environmental and energy-
related challenges underscore the urgent need for more sustainable
and efficient cooling technologies.

In recent years, solid-state cooling technology has emerged as a
promising alternative to conventional vapour-compression
refrigeration [8-10]. The primary distinction lies in the type of
refrigerant: while vapour-compression systems employ fluids, solid-
state cooling relies on solid materials. By employing solid
refrigerants, this new technology eliminates the problem of
greenhouse gas emissions and thereby offers a more environmentally
sustainable solution. In terms of operation, rather than relying on the
compression and expansion of a fluid, solid-state systems exploit
caloric effects, i.e., reversible temperature changes exhibited by
certain materials when an external field is applied and subsequently
removed. Depending on the type of external field, the caloric effect

1



Chapter 1 Introduction

can be classified as elastocaloric (induced by uniaxial tensile stress),
magnetocaloric (magnetic field), electrocaloric (electric field), or
barocaloric (hydrostatic pressure). Despite the environmental
advantages, the cooling performance of solid-state technologies
remains inferior to that of vapour-compression systems, and
substantial advancements are still necessary to render them
competitive with established cooling technologies [9].

Among solid-state cooling technologies, elastocaloric cooling is
particularly noteworthy for its potential to achieve significant energy
savings relative to other caloric effects [10]. Indeed, in 2014 the U.S.
Department of Energy identified it as the most promising alternative
to vapour-compression systems [9]. Within elastocaloric materials,
natural rubber (NR) stands out due to its unique combination of
nontoxicity, low cost, softness, long fatigue life, and excellent caloric
performance, which arises from the synergistic contributions of
thermoelasticity and strain-induced crystallization. Nevertheless,
research on the refrigeration potential of NR is still in its infancy, and
not all parameters influencing the elastocaloric behaviour of this
material are fully understood. Only by identifying these key
parameters it will be possible to optimize the cooling performance of
NR and to advance an elastocaloric cooling technologies capable of
competing with existing solutions.

The objective of this thesis was to investigate how the rubber network
structure and rubber formulation influence the elastocaloric properties
of NR-based systems. In the first part of the study, the effect of
crosslinking density on the cooling capacity of NR was evaluated to
identify the most promising degree of crosslinking. Subsequently, the
potential of nanofillers, specifically nanoclays, to further enhance the
cooling capacity of the optimal NR formulation was assessed,
focusing on their ability to promote strain-induced crystallisation.
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1.2 Thesis outline

This thesis is divided into seven chapters. After the introduction in
Chapter 1, Chapter 2 provides an overview on air cooling
technologies, highlighting the environmental and energy-related
issues associated with conventional vapour-compression systems. The
chapter then presents a comprehensive literature review on solid-state
cooling as a sustainable alternative, discussing its advantages and
limitations, with a particular focus on elastocaloric cooling in
elastomeric materials. The properties of elastomers (i.e., elasticity, the
Mullins effect, strain-induced crystallization etc), are discussed
alongside a thermodynamic explanation of the elastocaloric effect.
Natural rubber is examined in detail, with a review of the current state
of research on its elastocaloric performance. Chapter 3 presents the
materials used in this study (i.e., natural rubber, rubber additives,
solvents, nanoclays) and describes the characterization techniques
employed, emphasizing the set-ups and the methods used to evaluate
the elastocaloric effect. In Chapter 4, natural rubber formulations with
different crosslinking densities are prepared and characterized, with a
focus on understanding the relationship between crosslinking density
and elastocaloric performance. Chapter 5 explores the incorporation
of nanoclay fillers into the optimal natural rubber formulation and
evaluates their effect on enhancing the cooling capacity. Chapter 6
summarizes the main conclusions of the work and provides
recommendations for future research, while Chapter 7 reports the
results of an additional activity carried out during the PhD.
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2 Scientific Background
2.1 Air cooling technology

Air cooling technology refers to conventional cooling systems, such
as vapour compression air conditioners and fans, that cool air by
mechanical or refrigerant-based means. Air conditioning units (ACs)
are specifically designed to regulate the temperature and humidity of
indoor spaces, and to preserve vital resources such as food and
medicine. With the increase in global average temperatures and
increasingly frequent heat waves, the creation of a more comfortable
interior environment has become crucial for guaranteeing the survival
of billions of people globally [5,11].

Figure 2.1 illustrates how the demand for air conditioners has
skyrocketed in recent decades, especially in regions with severe
weather, and forecasts the number of air conditioners until 2050.
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Figure 2.1. Evolution of air conditioner demand by country and year [12].

According to the International Energy Agency (IEA), at the end of
2016, 1.7 billion air conditioners were in use worldwide, and by 2050
that number is expected to rise to 5.6 billion, with China, India and

4
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Indonesia accounting for half of the total number [9]. This scenario
illustrates how crucial air conditioning is to shield the population
from the growing risks associated with climate change.

2.1.1  Vapour compression refrigeration systems

Among the commercially available air-cooling technologies, the
vapour compression system is the most widely used. This technology
is applied in a wide range of devices, from small household
refrigerators to large-scale systems that provide many megawatts of
cooling capacity for industrial complexes [13].

At the heart of these systems is the working fluid, the refrigerant,
which transfers heat through phase changes (boiling and
condensation). Specifically, the circulating refrigerant is used as the
medium that, through the expense of external work and its phase
changes, absorbs and removes heat from the space to be cooled and
rejects the heat elsewhere [13]. Vapour compression systems are
based on four components: a compressor, a condenser, an expansion
device and an evaporator [14]. Figure 2.2 shows a scheme of a vapour
compression refrigeration cycle.
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Figure 2.2. Refrigeration cycle of a vapour compression refrigeration
system [14].



Chapter 2 Scientific Background

The refrigeration cycle operates as follows:

In the first stage of the refrigeration cycle, the refrigerant
enters a compressor as a low-pressure vapour. The
compressor raises both the pressure and temperature of the
refrigerant and sends it to the condenser [14].

In the condenser, the refrigerant flows through a series of S-
shaped tubes to which air from the outdoor environment is
blown across by a fan. Because the outdoor air is cooler than
the refrigerant, heat transfers from the tubing to the cooler
air. This heat transfer causes the hot vapour refrigerant to
condense back to a liquid. The refrigerant, in a high-pressure
liquid state, then leaves the condenser and moves on to the
metering and expansion stage of the cycle [14].

The metering device maintains high pressure on the inlet
side while expanding the liquid refrigerant and lowering the
pressure on the outlet side. During expansion, the
temperature of the liquid refrigerant decreases [14].

In acool, low-pressure liquid state, the refrigerant leaves the
metering device and enters coiled tubes in an evaporator,
across which warm air from the conditioned space is blown
by fans. The refrigerant absorbs the heat from the warmer
air, reducing the temperature in the conditioned space.
Meanwhile, the refrigerant begins to boil and changes to a
low-pressure vapour. The low-pressure vapour is then pulled
back into the compressor, and the cycle starts over. This
cycle continues until the conditioned space reaches the
desired temperature [14].

The vapour compression cooling technologies present several
strengths:

Vapour compression enables the implementation of large-
scale plants that can manage significant amounts of heat
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exchange due to the high latent heat of vaporization of the
refrigerant gases used.

e The technology is already widely utilized, standardized, and
available.

e A wide range of gases can be used in this process, making it
applicable to a broad range of temperatures, even
approaching 0 K.

e The manufacturing of compression plants involves relatively
inexpensive and easily obtainable materials and chemicals.

However, it is noteworthy that gas compression technology also
presents certain energy and environmental issues that need to be taken
into account, which will be discussed in the following paragraph.

2.1.2  Environmental impact of vapour compression
technology

Despite the countless benefits, ACs based on vapour-compression
technology consume large amounts of electricity and rely on
refrigerant fluids with high Global Warming Potential (GWP) that are
partially released into the environment during their lifespan [5,11].
AC systems are indeed prone to refrigerant leaks over time. This can
occur for many reasons, including improper installation or
maintenance and ageing of the equipment. In addition, if air
conditioners at the end of their life are not disposed of properly or are
illegally dismantled, refrigerant fluids can flow out during the
dismantling. When the coolants are released into the environment,
they have a severe environmental impact and contribute significantly
to greenhouse gas emissions [5,11]. With respect to electricity
consumption, the IEA estimates that “space cooling”- for the most
part air conditioners but also fans- consumed around 2100 terawatt-
hours (TWh) of power in 2022 [15]. For context, global electricity
use in 2022 was around 29000 TWh. That means ACs use around 7%
of the world’s electricity, nearly 20% of electricity use in buildings.
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Figure 2.3 shows the growth in electricity demand for ACs since 2000
[15].
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Figure 2.3. Electricity use for space cooling, which includes fans but is
mostly air conditioning [15].

It is possible to observe that the electricity demand for ACs has
doubled in 22 years, with an increase of about 4% per year since 2000.

The refrigerants currently employed in ACs belong to the
hydrofluorocarbon (HFCs) family, among which R32, R407c and
R134a can be mentioned. These compounds are the result of a series
of progressive substitutions that have taken place over the years,
starting from the early 20™ century. Over time, refrigerants have been
gradually replaced due to their environmental impact and the
introduction of increasingly strict regulations. As shown in Figure
2.4, four generations of refrigerant fluids can be identified.
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Figure 2.4. History of refrigerant fluid generations [16].

The first generation, which covers the period 1830-1930, relied on
refrigerants such as ammonia, sulfur dioxide and methyl chloride.
Although effective, these refrigerants were flammable or toxic,
restricting their use mainly to industrial systems [13]. The demand for
safer refrigerants, suitable for use in home and public spaces,
prompted the development of chlorofluorocarbons (CFCs) and
hydrochlorofluorocarbons (HCFCs), a class of halogenated
compounds also known as “freons” [13,16]. These second-generation
refrigerants were non-flammable and had low toxicity, making them
seemingly perfect refrigerants. However, it was later discovered that
these fluids were responsible for damaging the ozone layer and were
banned by the Montreal Protocol in 1987. In 1990, the cooling system
industry transitioned to third-generation refrigerants, i.e., HFCs.
Although the HFCs contain no chlorine and therefore have no ozone
depletion potential (ODP), they retained the heat-trapping
characteristics of the CFCs and HCFCs [13,16]. By the early 2000s,
the potential climate impacts of the HFCs were being considered. A
further amendment to the Montreal Protocol, known as the Kigali
Amendment, was negotiated in 2016. It phased down the high GWP
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HFCs, setting the goal to gradually reduce HFC use by 80-85% by
2036 [13]. As a result, the refrigeration sector is once again seeking
alternatives, i.e., the fourth generation of refrigerants. Current
research focuses on hydrofluoroolefins (HFOs) and, in some cases,
the reconsideration of certain first-generation natural refrigerants,
each offering distinct advantages and disadvantages [13,16].

2.1.3  Alternative solutions

Although vapour compression cycles have achieved extensive
success in air conditioning since their invention, the rising cost of
electricity and environmental concerns have increased interest in
developing alternative and more sustainable cooling technologies.
Solid-state cooling has emerged in recent years as an alternative,
greener cooling technology. It refers to cooling technologies that use
solid materials and physical effects to transfer heat without involving
traditional refrigerants, compressors, or moving mechanical parts
[17]. By employing solid refrigerants, this new technology eliminates
the problem of greenhouse gas emissions and thereby offers a more
environmentally sustainable solution and advantages such as
compactness, reliability, and precise temperature control. These
alternative technologies include:

e Thermoacoustic cooling. This technology converts acoustic
energy into cooling by exploiting temperature changes
caused by sound wave-induced pressure variations in the
gas. Acoustic waves cause the gas to expand and contract.
As the gas expands, its pressure and temperature are
reduced. Likewise, as the gas contracts, its pressure and
temperature are increased [17,18].

e Thermoelectric cooling. It operates on the principle of the
Peltier effect, where an electric current passing through two
different types of semiconductors (p-type and n-type) causes
heat to be absorbed at one junction and released at the other.
This creates a temperature difference, with one side

10
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becoming cold and the other hot. The cold side can be used
for cooling [17].

e Caloric cooling. It relies on reversible thermal effects
induced in certain materials by the application or removal of
external fields. These fields cause large isothermal entropy
change or adiabatic temperature changes in the materials,
enabling cooling without traditional refrigerants or
compressors [17].

Among these solid-state cooling technologies, caloric cooling is
developing rapidly and is the most promising refrigeration technology
to replace traditional ones. The following paragraph will present this
new cooling technology in detail.

2.2 Solid state cooling based on caloric effects

In recent years, solid-state cooling technology has emerged as a
promising alternative to conventional vapour-compression
refrigeration systems. The primary distinction lies in the type of
refrigerant used: while vapour-compression systems employ fluids,
solid-state cooling relies on caloric materials. These are solids that
undergo reversible and significant entropy changes when an external
field, such as electric, magnetic, or mechanical, is applied or
removed. When this external field varies adiabatically, the resulting
entropy change produces significant temperature variations in the
caloric material, which form the basis for solid-state refrigeration
[8,19,20]. Specifically, the material heats up when the external field
is applied and cools down when it is removed [21].

The temperature difference (AT) generated by applying or removing
the stimulus quantifies the strength of the caloric effect. A larger
entropy change induced by the external field results in a greater
temperature change and, consequently, a stronger caloric effect.
Typically, entropy changes range from 10 to 100 J/kg-K, while the
corresponding temperature variations lie between 3 and 50 °C [19].

11
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By effectively exploiting the temperature variation induced by the
external field, an alternative refrigeration cycle to conventional
methods can be developed.

Caloric effects are classified as magnetocaloric, electrocaloric,
elastocaloric and barocaloric depending on the nature of the caloric
material and the external stimulus. The caloric material could be a
metal alloy, ceramic, or polymer with unique composition and
structural characteristics that enable the expression of the caloric
effect.

From a thermodynamic perspective, caloric effects can be generalized
using the Maxwell relations derived from the Gibbs free energy [22].
The total entropy of a caloric system S(T, Y) is a function of both
temperature (T) and the generalized external field (Y), which
represents the magnetic field (B), electric field (E), force (F), or
pressure (p).The isothermal entropy change (ASiso) resulting from a
field variation from Y1 to Y2 can be expressed as reported in Equation
(2.1) [22]:

ASiso(T,AY) = [72(9X / (3T))y dY (2.1)
where X is the conjugate variable corresponding to the applied field.

The resulting adiabatic temperature change (ATag) iS given by
Equation (2.2) [22]:

AT,q(T,AY) = _fYng (aX/aT)YdY (2.2)

Where C is the heat capacity of the material. The specific variables
for each caloric effect are summarized in Table 2.1:
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Table 2.

1. External stimulus and conjugated variables for the different
caloric effect.

Effect External Stimulus (Y) Conjugate variable (X)
Magnetocaloric Magnetic field (B) Magnetization (M)
Elettrocaloric Electrical field (E) Polarization (P)
Elastocaloric Uniaxial force (F) Displacement (I)
Barocaloric Hydrostatic pressure (p) Volume (V)

Regardless of the caloric material being used, the steps involved in
expressing the caloric effect can be divided into four distinct phases:

1

Adiabatic application of the external stimulus. The rapid
application of the external field results in an increase in the
temperature of the material under adiabatic conditions.
Heat transfer. While maintaining the application of the
external stimulus, the material releases the generated heat
to the surrounding environment, reaching thermal
equilibrium.

Adiabatic removal of the external stimulus. The removal of
the external stimulus induces the cooling of the material
under adiabatic conditions to temperatures lower than the
external environment.

Heat transfer. The material reaches thermal equilibrium
with the environment, extracting heat from the
surroundings.

By separating the heating (phase 2) and cooling (phase 3), the caloric

cycle can

be exploited for both heat pumping and cooling applications

[21]. Infrared thermography is often used to accurately monitor the
temperature variations throughout the cycle. The determination of the
temperature variations enables the calculation of the heat
extracted/released (for example, by using Newton’s law of cooling

[23]) and

the analysis of the performance of the caloric material.
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To identify the most promising caloric materials for the development
of solid-state cooling technology, their cooling capacities must be
compared. The most accurate comparison between two caloric
materials exhibiting the same caloric effect involves evaluating their
adiabatic temperature variations and isothermal entropy changes
under identical field intensities and environmental conditions.
However, such direct comparisons are often unfeasible due to limited
available data. Consequently, comparisons are commonly made using
AT and AS values normalized by the applied fields [24]. This
approach, however, must be applied carefully, as it may lead to
erroneous conclusions.

The coefficient of performance (COPma) is another key index to
compare the cooling performance of caloric materials. It is generally
expressed as reported in Equation (2.3):

COPpg = 222 @3)

where Qg is the heat removed from the environment, and W is the
external work done to vary the intensity of the applied field. The
larger the COPna, the better the refrigeration efficiency of the
material [9]. However, COPna is not always calculated uniquely
across the literature, with different authors using varying equations,
which complicates direct comparison between caloric materials.

In conclusion, solid-state cooling offers several advantages compared
to gas compression systems. First, it is environmentally friendly, as it
avoids the use of hazardous coolants. Second, since the refrigerant is
solid, it enables compact cooling systems. Such systems are both cost-
and space-efficient for transportation and storage, and they can be
integrated into devices like laptops and batteries through micro-
cooling technologies [25]. However, the COPma of solid-state
refrigeration technologies remains relatively low compared to
vapour-compression systems, requiring further improvement.
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In the following sections, the different caloric effects will be
presented and described in detail, along with their advantages and
disadvantages.

2.2.1  Magnetocaloric effect

Out of the caloric effects, the magnetocaloric effect is the one that has
been studied the most. It is defined as the adiabatic and reversible
temperature change of a magnetic material caused by the rapid
application or removal of a magnetic field (B). The variation in the
magnetic field influences the arrangement of electron spins in the
material, thereby altering its magnetic entropy (Sm) [26]. This change
in entropy, which arises primarily from the configurational nature of
the electron spins, is responsible for the temperature variation of the
material. The scheme of the magnetocaloric effect is shown in Figure
2.5.
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Figure 2.5.Scheme of the magnetocaloric effect [27,28].

The magnetocaloric cycle can be explained as follows [22]:
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1. When no magnetic field is applied, the magnetic moments
in the material are randomly oriented. Instead, when a
magnetic field is applied to the magnetocaloric alloy, the
magnetic moments align and the material is magnetized. The
material experiences a negative entropy variation since the
state of the magnetic moments changes from disordered to
ordered and, as a consequence, it heats up.

2. The heat of the magnetic material is released to the external
environment. In this phase, the magnetic field continues to
be applied and is kept constant to avoid a change in entropy
of the system.

3. When the magnetic field is removed, the magnetic domains
freely reorient and the material is demagnetized. The state of
the magnetic domains changes from order to disorder, and
the material experiences a positive entropy variation. As a
consequence, the magnetic material cools down.

4. The magnetic material absorbs heat from the surroundings.
In this phase, the magnetic field is null and the magnetic
domains of the material are randomly oriented.

Equation (2.1) and (2.2) evidence that the larger the magnetization
variation versus T, the higher is the magnetocaloric effect. Using
magnetic materials close to one of their transitions is desired to
enhance the cooling effect. Examples of magnetocaloric materials are
Gadolinium (Gd) and its alloys, rare earth elements (Dysprosium
(Dy), Erbium (Er), Holmium (Ho)), Manganese-based compounds
and Heusler alloys. Among these, Gadolinium (Gd) has been widely
investigated. It exhibits an adiabatic temperature change of 60 °C
under magnetic fields on the order of 60 T [16].

The main advantages of the magnetocaloric effect include the absence
of moving parts and the potential for miniaturization, making it
particularly attractive for applications such as cooling small
electronic components [29]. However, significant drawbacks remain.
Achieving a meaningful cooling capacity requires very high magnetic
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fields, which are expensive to generate. Furthermore, the material
composition poses challenges, as magnetocaloric alloys frequently
rely on rare earth elements [29].

2.2.2  Electrocaloric effect

The electrocaloric effect refers to the change in entropy and
temperature that a polar material experiences when subjected to a
variation in electrical field. Typical materials reporting electrocaloric
effects are ferroelectric perovskite-like ceramics, such as PbScosTa
05 03, (l-X)Pb(Mg 1/3 Nb 2/3) O3fobTiO3, szro,gsTio,05O3 or BaTi03
[30]. The scheme of the electrocaloric effect is shown in Figure 2.6.
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Figure 2.6. Scheme of the electrocaloric effect [31].
The electrocaloric cycle can be explained as follows [22]:

1. When an external electrical field is adiabatically applied, the
material is polarized due to the alignment of the dipoles. The
system's entropy decreases as the state of the dipole changes
from disorder to order, and, as a result, the temperature of
the polar material rises.
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2. The heat of the polar material is released to the external
environment. In this phase, the electrical field continues to
be applied and is kept constant to avoid a change in entropy
of the system.

3. When the electrical field is removed, the material
depolarized. The state of dipoles changes from ordered to
disordered, and the material experiences a positive entropy
variation. As a consequence, the polar material cools down.

4. The material absorbs heat from the surroundings. In this
phase, the electrical field is null and the dipoles of the
material are randomly oriented.

This effect depends on the change in polarization and is closely
related to  other  electrothermal  (pyroelectricity)  and
electromechanical (piezoelectricity) effects.

It is possible to notice from Equation (2.1) and (2.2) that a large
variation of the polarization versus T is necessary to increase the AT ag.
The optimal point for investigating the electrocaloric effect is in
proximity to the Curie temperature, near the paraelectric—ferroelectric
phase transition, where entropy is more susceptible to change.
However, other phase transitions can be explored, such as the
antiferroelectric-ferroelectric phase transition [30].

The main advantage of electrocaloric cooling is the relatively large
electrocaloric effect that can be achieved under comparatively low
electric fields. Moreover, applying an electric field is technically
simple and cost-effective [16]. However, it is important to note that
the material's Curie temperature limits the temperature range in which
they can operate. Indeed, the electrocaloric effect occurs at
temperatures different from ambient temperature and requires
complex material synthesis processes to minimize impeding leakage
currents, also for modest electrical fields of 10'-10? KV/cm [19].
Additionally, the materials used in this process must be ferroelectric
and dielectric, with high breakdown strength, which can be a
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limitation. Moreover, many of these materials contain a large amount
of lead, which must be considered for environmental and safety
reasons. The research is now focusing on lead-free compounds such
as BaTiO3 and Polyvinylidene fluoride (PVDF)-based polymers, for
example Poly(vinylidene fluoride-trifluoroethylene-
chlorofluoroethylene (P(VDF-TrFE-CFE)) [30].

2.2.3  Mechanocaloric effect

Mechanocaloric effect refers to the thermal response of a solid
induced by changes in its mechanical state. Depending on the nature
of the applied mechanical field, mechanocaloric effects are classified
into elastocaloric and barocaloric effects. In this section, the
elastocaloric effect is introduced first, followed by a discussion on the
barocaloric effect.

The elastocaloric effect refers to a change in entropy and temperature
that occurs in a solid material when a uniaxial mechanical stress is
adiabatically applied or removed. To produce a significant
temperature change, the material must experience a large entropy
variation during deformation. Depending on the material, this entropy
variation may arise from a stress-induced phase transformation or
from a transition between amorphous and crystalline states.
Elastomers and shape memory alloys (SMASs) are the most researched
materials that exhibit the elastocaloric effect. However, in the last few
years, families of other materials have been reported to exhibit
elastocaloric  effect, such as organic-inorganic  polymers,
multiferroics and fast-ion conductors [19]. In 2014, the U.S.
Department of Energy identified elastocaloric refrigeration as the
most promising alternative to vapour-compression systems [9].
Figure 2.7 shows the scheme of the elastocaloric effect.
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Figure 2.7. Scheme of the elastocaloric effect [32].

A standard elastocaloric cycle for SMAs and elastomers involves the
following steps:

1.

When no external force is applied, elastomers exist in a high-
entropy state due to the random configuration of their
polymer chains, while SMASs are in their austenitic phase.
The application of an external uniaxial stress decreases the
entropy and raises the temperature of both materials. In
SMAs, this is caused by a stress-induced exothermic
transformation from the austenitic to the martensitic phase,
accompanied by the release of latent heat. In elastomers, the
entropy change arises from the stress-induced orientation of
polymeric chains and/or from strain-induced crystallization
(SIC), i.e., partial crystallization that occurs as a response to
deformation.

The heat of the elastocaloric material is released to the
external environment. In this phase, the uniaxial stress
continues to be applied and is kept constant to avoid a
change in entropy of the system.
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3. When the external force is removed, the materials restore
their original shape, resulting in a positive entropy variation
and thus a decrease in temperature. Specifically, SMAs
transform back to the austenite phase while elastomers
return to their initial high-entropy state. If they are
developed, the crystalline domains melt.

4. Finally, the cooled materials are brought into thermal
contact with the environment to absorb heat.

Through the cyclical loading and unloading of the materials, a
refrigeration cycle could be developed [32]. The elastocaloric effect
can be induced with both compressive and tensile stress, but the most
commonly used is definitely uniaxial tensile stress. One of the defects
of this solid-state cooling is the presence of moving parts, which
usually leads to devices that cannot be miniaturized and have
potential problems of wear and vibration. Similarly to the magneto-
and electrocaloric effect, a large variation of | and F versus T are
required to obtain large ATag.

To be considered a good elastocaloric material, certain criteria must
be met. These include exhibiting a large latent heat, a significant
adiabatic temperature change under the application of moderate
uniaxial stresses, good thermal conductivity, a long fatigue life, and
affordability. Additionally, such materials must be widely available,
have a minimal environmental impact, and generate an elastocaloric
effect with low levels of stress [33]. Unfortunately, no current
material fully satisfies all these requirements, necessitating trade-offs.
SMAs, including Ni-Ti alloys, copper-based alloys, iron-based
alloys, and ferroelectric materials, can achieve temperature variations
of up to 48°C and have discrete thermal conductivity values [19]. The
elastocaloric effect is achieved with minimal material deformations
(2-10%) and stresses in the range of 400-900 MPa. However, such
high stresses are a significant limiting factor in the applications of the
materials. Additionally, the cost of the material itself is another
constraint, as the alloys in question necessitate the use of expensive
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metals. In the pursuit of a solution to these challenges, elastomers
were considered. Natural rubber, silicone rubber and thermoplastic
polyurethane (TPU) are among the most studied. These materials can
achieve temperature variation up to 10-20 °C, and the tensile stresses
required for the expression of the elastocaloric effect are of only
several MPa, which is two orders of magnitude lower than for SMAs.
Additionally, the cost of elastomers is generally lower than that of
SMAs. However, elastomers need to be stretched several times their
original length, which is a drawback for the development of a
compact cooling device [34]. A comparison between the elastocaloric
performances of NR, the most interesting elastocaloric polymer, and
SMAs is reported in Table 2.2.

Table 2.2.Elastocaloric performance of SMAs and Natural Rubber [34].

SMAs Natural Rubber
Cost (€/kg) 100 15
Fatigue strength up to strain amplitude strain amplitude
107 cycles 1.5% 200%
Stress, o (MPa) Several hundreds of Several MPa
MPa
Strain, € (%) 2-10% 300-500%
Thermal conductivity 55 0.13
(W/mK)
ATad (K) 20 9
AS (kJ/kgm?) 240 54
ATad/ o (K/GPa) 13-45 5600
ATadl € (K) 300 15

SMAs and elastomers have the advantage over magnetocaloric and
electrocaloric materials in being less expensive and non-toxic. The
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issues that need to be overcome are the heat dissipation during
deformation and the generation of heat due to internal friction
(specifically in the case of elastomers). In addition, disadvantages
associated with the structural stability, mechanical fatigue and phase-
transition hysteresis, which lead to irreversibility issues, may
negatively affect the cooling performance.

The barocaloric effect is the most recently discovered of the caloric
effects. It was first observed during the study of other caloric
materials, particularly magnetocaloric ones [35]. It refers to the
entropy and temperature change that occurs in a solid material
following an adiabatic variation of the applied hydrostatic pressure.
To produce a significant temperature change, the material must
experience a large entropy variation during the hydrostatic
compression, which can sometimes involve phase transitions.
Barocaloric materials can be classified into four categories:
intermetallic compounds, ionic compounds, organic-inorganic hybrid
materials and organic compounds (for example, Natural Rubber and
Polydimethylsiloxane). The transitions these materials could undergo
upon the application of the hydrostatic pressure could be first-order
phase transitions, order-disordered phase transitions, ionic order
transitions, ferroelectric or ferromagnetic phase transitions [35].
Figure 2.8 shows the scheme of the barocaloric effect.
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Figure 2.8. Scheme of the barocaloric effect [36].

A standard barocaloric cycle involves the following steps:

1.

The adiabatic application of a hydrostatic pressure promotes
a positive entropy variation in the material, which, as a
consequence, heats up.

The applied pressure is kept constant, and the heat flows
from the material to the environment. The material
temperature decreases to the initial temperature.

Next, the pressure is adiabatically released. The material
experiences a negative entropy variation and cools down.
Finally, the material absorbs heat from the surroundings and
its temperature gradually increases, reaching thermal
equilibrium.

Large barocaloric effects occur near phase transformations that render
sizable volume changes.

As well as the elastocaloric effect, all elastomers can act as
barocaloric materials due to the contribution of polymer chain
rearrangements. One of the main drawbacks of this technology is the
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elevated pressure required, reaching values close to 500 MPa for
some barocaloric compounds [19].

2.2.4  Comparison of caloric effects

In Table 2.3, some representative values of driving fields, adiabatic
temperature change at field removing (ATce0) and heat absorbed per
unit volume of material are reported for each caloric effect. All values
referred to calculation performed at room temperature.

Table 2.3. Comparison of the cooling performance of representative caloric

materials.
Material Field AT ool Qu Ref.
Q) (JI/cm3)*
Magnetocaloric Gd 2-60T 5-60 9-110 [16,37]
effect
- 500-800 2-5 6-15 [38]
BaTiO3 Kv/em
(thin film)
E'e“;‘f’cat'o”c P(VDF-TIFE-  1000-3000 212 5-30 [34,39]
ettec CFE) kV/cm
PbSco.sTao.s0s 60 kV/cm 4 13 [40]
(thin film)
Elastocaloric Ni-Ti 600-700 MPa 17-23 55-75 [19,34]
effect
NR 1-10 MPa 3-9 5-14 [34,41-
45]
Barocaloric FeqRhs; 110 MPa 9 26 [19]
effect
C5H1202 50-500 MPa 5-40 9-68 [19]

* In the majority of the cases, the heat absorbed per unit volume of material has been estimated

knowing the AT, the density and specific heat capacity of the materials

As previously discussed, magnetocaloric, electrocaloric, and
barocaloric materials exhibit high cooling performance, in terms of
ATeoor and Qap, but require very high driving fields, which may limit
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their practical implementation in real solid-state cooling devices. A
similar consideration applies to SMAs when used as elastocaloric
materials. Conversely, elastomers, specifically NR, although
exhibiting lower caloric performance, is particularly attractive due to
the significantly lower driving fields required to trigger its
elastocaloric response.

2.3 Elastomers

Elastomers are a class of natural or synthetic polymeric materials
characterized by a glass transition temperature generally between -50
°C and -70 °C [46]. Common example includes natural rubber (NR),
polybutadiene (BR), ethylene-propylene rubber (EPR), and ethylene
propylene diene rubber (EPDM). From a structural point of view,
elastomers are composed of long chain-like molecules held together
by a network of crosslinks that prevent the gross mobility of the
chains while allowing local mobility of the chain segments. The
resulting three-dimensional network can be formed via covalent
bonds between the polymeric chains, as in thermoset elastomers, or
by physical links, typical of thermoplastics. The process used to
introduce covalent bonds between the polymer molecules is known
as vulcanization [46]. Conventional vulcanization of the most
common rubber types generally involves sulphur-based chemical
systems and requires the presence of unsaturation in the polymer
chains. Other chemical systems can be used, such as organic
peroxides, metal oxides, diamine, etc [47].

Due to their structure, elastomers possess the unique ability to stretch
to several times their initial dimensions without rupturing and to
recoil rapidly to the original shape when the imposed stress is
removed [46]. As highlighted in the Ashby diagrams in Figure 2.9(A-
C), this exceptional extensibility, combined with low Young’s
modulus (0.5-3.0 MPa), distinguishes elastomers from the other class
of materials [48]. These mechanical properties make them suitable for
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awide range of applications, including seals, gaskets, tyres, and shock
absorbers, where the ability to deform and recover is essential.
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Figure 2.9. Ashby diagrams of (A) strength vs elongation, (B) Young’s
modulus vs density and (C) Young's modulus vs strength of different
families of materials [49].
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2.3.1 Market Overview

The global elastomers market, primarily led by the Asia Pacific
region, is expanding at a healthy clip, driven by innovation,
broadening applications, and rising demand across several sectors
(Figure 2.10) [50]. In 2024, the global elastomers market size was
valued at USD 104.0 billion and is projected to reach USD 141.5
billion by 2030, growing at a compound annual growth rate (CAGR)
of 5.3% from 2025 to 2030 [50]. With respect to the applications,
elastomers are employed across a wide range of sectors, including
automotive, medical, consumer goods, and industrial applications
[50]. As depicted in Figure 2.11, which provides an overview of the
end use of elastomers in 2024, the automotive segment is definitely
the largest user of elastomers. This sector captured the largest revenue
share of 41.7% in 2024. The growing use of elastomers in the
automotive field is primarily driven by the rising demand for
lightweight, durable materials that improve vehicle efficiency and

performance.
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Figure 2.10.Global elastomer market [50].
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Elastomers Market
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Figure 2.11. End use of elastomers in 2024 [50].

2.3.2  Classifications of elastomers

Elastomers can be divided into two categories: thermoset elastomers
and thermoplastic elastomers (TPEs) [51]. Thermoset elastomers,
such as NR, EPDM, and NBR, are characterized by chemical
resistance and excellent mechanical and thermal stability that arise
from their permanent crosslinked structure. In contrast, thermoplastic
elastomers (TPEs), including thermoplastic polyurethane (TPU),
styrene-butadiene-styrene (SBS), and styrene-ethylene-butylene-
styrene (SEBS), feature physical crosslinking that enables melt
reprocessing. TPEs are becoming more and more appealing as
sustainable material solutions because, despite their generally poorer
performance when compared to thermosets, they have substantial
advantages in terms of manufacturing efficiency and recyclability
[51]. Although both types are widely used in industry, this PhD thesis
will focus on thermoset elastomers, since natural rubber (NR) is the
elastomer being researched.
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Depending on their performances and properties, thermoset
elastomers can be classified into [52]:

233

Elastomers for general purposes. Diene-based elastomers,
such as NR, butadiene rubber (BR), isoprene rubber (IR),
styrene-butadiene rubber (SBR), belong to this class [53].
The presence of unsaturation in these polymers makes them
susceptible to oxygen and ozone attack, and, in addition,
they swell in the presence of hydrocarbon solvents. They are
characterized by a low cost and discrete performances at low
temperatures. They are widely used for tyres.

Elastomers for high-performance applications. EPDM,
chloroprene rubber (CR) and NBR are examples of this
class. They have a slightly higher cost with respect to the
previous ones but present satisfactory performances and
resistance to high temperatures [54]. In particular, EPDM
rubber presents excellent resistance to oxygen, ozone and
weatherability, while NBR has optimal solvent resistance.
They are used to produce O-rings, seals and protective
coatings.

Special Elastomers. Silicon rubbers (VMQ, PMQ, PVYMQ)
and fluorinated rubbers (FPM, FKM) belong to this
category. They are characterized by high performance, such
as high thermal stability and high resistance to
environmental attacks. They are used for pump coatings, oil
sealants and textile coatings for equipment exposed to
chemical substances [52].

Elastomer processing

Elastomers are rarely used in their neat polymeric form. In most cases,
to achieve the desired mechanical, thermal, and chemical properties,
they are mixed with various additives, shaped into the final product
and vulcanized [52,54,55]. The properties of an elastomeric product
result from the combination of several factors, including:
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e the base rubber

e rubber formulation and additive content
o degree and method of vulcanization

e  processing techniques

e final product geometry

Therefore, it is clear that the desired final characteristics of elastomers
can only be obtained through careful consideration of all these
aspects.

The designation of a specific formulation suitable for the final
application of the material is the first step in elastomer processing
[54]. The preparation of the formulation is generally carried out at
moderate temperatures (40-70 °C) in an operation known as
compounding. The elastomer is the principal component, and the
amounts of all the other additives are generally expressed in weight
per hundred weights of rubber (phr). The most important additives
used in rubber production are:

e vulcanizing agents
e accelerators

e antioxidants

¢ reinforcing agents
e activators

e lubricants and oils

Accelerators are added to the formulation to increase the kinetics of
vulcanization and to permit vulcanization to occur at a lower
temperature with a greater efficiency. Examples of accelerators are
sulphenamides (CBS, TBBS, MBS), thiazoles (MBT),
dithiocarbamates, thiurams. Accelerated sulphur systems also
required the use of an activator comprising a metal oxide, usually zinc
oxide (ZnO), and a fatty acid, commonly stearic acid [56].
Antioxidants are protective agents used to reduce or suppress the
deteriorating effect of oxygen, both during the production process and
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in the final application. Phenyl betanaphthylamine (PBNA) is an
example. Dealing with the reinforcing agents, carbon black is the
most used, in particular for tube or tyre production. Finally, oils and
lubricants are used to reduce the stiffness of elastomers for processing
ease and low cost. All these formulation compounds are mixed in
order to obtain a uniform rubber compound in which additives are
homogeneously distributed. The mixing equipment used for rubber
compounding can be divided into three groups: mills, internal mixers
and continuous mixers. An internal mixer and a mix mill are
illustrated in Figure 2.12(A, B). Continuous mixers are, in most cases,
single or twin extruders [57].

— Rubber
| — Rolls

— Frame

(A) (B)

Figure 2.12. Mixing equipment used for rubber compounding. (A) Mix mill
and (B) Banbury internal mixer [52].

To prevent premature vulcanization of rubber, mixing generally takes
place in two stages. During the first one, additives such as carbon
black are mixed with rubber at a temperature around 150 °C. After
the rubber has cooled, the additives for vulcanization are introduced
and mixed with the rubber [58].

Once the rubber compound is produced, it is shaped into products and
heated to a high temperature, usually 150 °C, and high or low pressure
to promote the vulcanization. The shaping can occur by [59]:
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e extrusion, when a product with a constant cross-section is
required, such as pipe, hose, sealing strip and wire covering

e injection moulding is used when a three-dimensional
product with a complex shape has to be produced, as a
wheel, tyre, sealing ring or shoe sole

e calendering to produce, for example, sheets

e compression moulding

e transfer moulding

Vulcanization temperature and duration strongly depend on the
formulation and the desired final properties. This will be discussed in
detail in the next paragraph.

2.3.4  Vulcanization

Vulcanization is the process by which rubber molecules are
chemically crosslinked with an organic or inorganic substance
through heat and pressure. Although the crosslinking density, defined
as the concentration of chemical crosslinks within a polymer network
per unit volume, is low compared to thermoset polymers, the number
of crosslinks introduced is sufficient to prevent the irreversible flow
of the macromolecules. This reduces the amount of permanent
deformation remaining in the material after removal of a deforming
force [55,60]. Vulcanization is one of the most crucial procedures in
rubber product processing, as the components of the curing system
and their proportion affect the vulcanization process and the final
mechanical properties of the products [55,61].

The vulcanization characteristics of a rubber compound, i.e., curing
time, processability, crosslinking density, etc, are usually determined
through rheological analyses, specifically by means of an oscillation
disc rheometer. The test is carried out at constant temperature and
pressure. The progress of vulcanisation is measured by the increase
in the torque required to maintain a given amplitude of oscillation.
The increase in torque is proportional to the number of crosslinks
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formed per unit volume of rubber, and so to the crosslinking density
[55,61]. Figure 2.13 shows an example of a rheometer curve for
vulcanization, where the torque is plotted against time.
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Figure 2.13. Example of a rheometer curve for vulcanization [62].

The cure curve gives a complete picture of the kinetics of the
vulcanization, which can be divided into three zones: induction and
scorch, curing and overcure [63]. The scorch time is measured by the
time at a given temperature until the crosslinking reaction starts, and
there is a sudden increase in the torque value. All processing and
shaping operations of rubber are generally done before this time. In
the curing region, permanent crosslinks are formed, which depend on
the type and content of the vulcanizing agent, type and content of the
accelerator and the temperature. The optimum curing time
corresponds to the time at which 90% of the maximum torque is
reached. In the overcure region, three scenarios are possible: plateau,
reversion (crosslink disappearance) and marching (torque continues
to increase with curing time) [55,61].

The parameters that influence the crosslinking density and
vulcanization Kinetics are:
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e temperature

e reactivity of the polymer (microstructure)

e concentrations of crosslinking chemicals (vulcanizing
agents, accelerators, etc.)

e type of accelerator

Vulcanization temperature has a significant effect on crosslinking
density and structure. Optimum properties are obtained when curing
is done at the lowest possible temperature. However, higher
temperatures are frequently used to increase productivity [55]. The
effect of temperature on the vulcanization kinetics for a certain rubber
formulation is shown in Figure 2.14. It is possible to observe that with
increasing temperature, the scorch time is reduced, as well as the
maximum achievable torque. However, the vulcanization Kinetics
significantly speed up, and the curing time is reduced.
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Figure 2.14. Effect of temperature on the vulcanization kinetics of a rubber
formulation [64].

The type of accelerator selected also plays a pivotal role in the
vulcanization Kkinetics, particularly in the sulphur-based curing
systems [55]. In Figure 2.15 the effect of some type of accelerators
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on the curing kinetics of NR at 140 °C is shown as an example. For
each accelerator, the approximate year of commercial introduction is
given in parentheses [61].

Thiuram (1920) Sulfenamide (1937) Sulfenamide + PVI (1968)

MBTS (1925)

DPG (1919)

MBT (1925) Anilinc (19006)

Torque

Sullur (1884)

0 10 20 30 40 50 60 70 80

Time (min)

Figure 2.15. Effect of accelerator on the vulcanization kinetics [61].

As can be seen, the vulcanisation Kinetics change significantly
depending on the accelerator used. Generally, dithiocarbamates, such
as ZDBC, and thiurams, such as TMTM or TMTD, are ultra-fast
accelerators that reduce the scorch time and increase cure rate
compared to thiazole accelerator or sulfenamide. Thiurams, in
particular, often lead to higher crosslinking density.

The crosslinking density, resulting from rubber formulation and
vulcanization parameters, plays a critical role in modulating the final
mechanical properties of the elastomeric product, as shown in Figure
2.16. Variations in crosslink density directly affect the rubber
network architecture, which in turn governs the mechanical
properties.
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Figure 2.16. Effect of vulcanization on end-use properties [55].

Hysteresis, permanent set and friction coefficient are greatly reduced
with increasing crosslinking density. Properties like static modulus,
high-speed dynamic modulus and hardness increase as the crosslink
density increases. The fracture properties, like tensile strength and
tear strength, pass through a maximum value as the crosslink density
increases and then decrease. These results highlight the crucial role
crosslinking density, i.e., wvulcanization process and rubber
formulation, has on the final properties of the rubber compounds.

Despite the emergence of novel curing systems in recent years, the
sulphur-based curing system remains one of the most widely used and
economical in the rubber industry (Figure 2.17). In fact,
approximately 90% of all rubber products are still manufactured
through sulphur vulcanization.
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Figure 2.17. Network formation in a sulphur-based curing system [55].

Sulphur vulcanization involves a complex reaction mechanism and
requires double bonds in the polymer backbone or side groups of the
macromolecules. Depending on the sulphur content and the
accelerator/sulphur ratio (A/S ratio), three curing systems can be
identified [61]:

Conventional curing systems (CV). This curing system is
characterized by high sulphur levels (1.5-3.5 phr) and low levels of
accelerator (0.4-1.2 phr). The A/S ratio is generally of the order of
0.1-0.6. The vulcanizate mostly presents polysulphidic crosslinks.
The CV cure system gives poor reversion, oxidative heat and long-
term flex resistance. However, the vulcanizates exhibit good tensile
and tear strength, good fatigue and low temperature resistance
[61,64,65].

Efficient curing systems (EV). This curing system is distinguished
by low sulphur levels (0.4-0.8 phr) and high accelerator contents (2.0-
5.0 phr). AJS ratio is generally 2.5-15. The vulcanizate mostly
presents monosulphidic crosslinks. The short sulphur crosslinks
provide poor tensile and tear strength, poor flex-fatigue life and
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abrasion resistance. However, EV cure systems offer good heat
ageing and compression set resistance. These cure systems are
generally used for rubber products with thick cross-section and for
products with static applications [61,64,65].

Semi-efficient curing systems (SEV). This curing system is an
intermediate between the EV and CV. The sulphur level is generally
1.0-1.7 phr while the A/S ratio is approx. 0.7-2.5 phr. The vulcanizate
presents both monosulphidic and polysulphidic crosslinks. The SEV
system has found particular application where compromise between
heat ageing and fatigue life is often necessary [61,64,65].

The main properties and features of CV, EV and SEV systems are
summarized in Table 2.4.

Table 2.4. Properties and features of CV, EV and SEV curing systems.

Features Curing systems
CV EV SEV

Poly- and disulphidic crosslinks (%) 95 20 50

Monosulphidic crosslinks (%) 5 80 50
Heat ageing resistance low high medium
Fatigue resistance high  low medium
Tear resistance high  low medium
Reversion resistance low high medium
Elongation at break high  low medium
Rubber network homogeneity. high  low medium

As it is possible to observe, the sulphur content and the A/S ratio are
crucial parameters that influence the crosslink structure.
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2.3.5  Rubber elasticity

The most significant property that characterizes elastomers is their
elasticity. When subjected to a tensile load above their glass transition
temperature, elastomers can be deformed over twice their original
length and, once the load is removed, they instantaneously re-acquire
the original dimension with no residual deformation. A typical stress-
strain curve of elastomeric materials is presented in Figure 2.18.

Tensile force (N mm ~?)
r

Extension (per cent)

Figure 2.18. Typical stress-strain curve of an elastomeric material [66].

As can be seen, elastomers exhibit non-linear elastic behaviour, as the
linear elastic region is very limited and does not usually exceed 1%
strain. After this initial limited elastic region, a small stress variation
leads to significant deformation. Above a certain elongation, an
increase in the slope of the stress-strain curve becomes apparent until
the material fails [67].
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At the origin of these fascinating mechanical properties, there is the
entropic nature of rubber elasticity [67]. In the unstretched state, the
macromolecules are held together by a network of crosslinks and
assume a random-coiled configuration characterized by a high
entropy state, which is thermodynamically favourable. Once a tensile
load is applied, the molecular chains progressively orient and align in
the direction of load application until they are completely stretched.
At this point, the load is directly transferred to the covalent bonds of
the polymer chain and a strong reduction in configurational entropy
is registered. The region in the stress-strain curve where small
variations in stress lead to significant deformation is a direct result of
the orientation of the polymer chains, while the increase in the
material stiffness at a certain elongation value is related to the
stretching of the aligned macromolecules.

Moving from the random-coil to the stretched configuration of the
polymer chains, the system experiences a strong configurational
entropy reduction. As a consequence, to promote the return of the
system to its initial lower energy state, retractive forces of entropic
nature arise in the network chains. In this way, when the external load
is removed, elastomers are able to completely recover their initial
dimensions with no residual deformation. In addition, the presence of
crosslinks between the macromolecules guarantees the return to the
original condition even if the external load is maintained for a
prolonged period of time. Because crosslinks prevent an irreversible
shift of the polymer chains, the entropy reduction is maintained
constant for all the loading time, and the retractive forces do not lose
their efficiency to make the macromolecules return to the initial
random coil configuration.

The entropic nature of elasticity imparts to rubbers also thermoelastic
properties. These properties result in two effects:

e the force at constant extension increases with increasing
temperature. This is the opposite behaviour observed for
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typical crystalline solids, where the force at constant
extension decreases weakly with increasing temperature
[68]

e when the elastomers are rapidly stretched, they heat up,
while when they are rapidly unloaded, they cool down. This
is the fundamental principle behind the elastocaloric effect

The thermodynamics at the base of rubber elasticity is presented in
detail below.

To explain how mechanical deformation in elastomers is intrinsically
linked to changes in entropy and temperature, relationships between
force, length, and temperature on one side, and the thermodynamic
variables internal energy and entropy on the other, will be developed
and examined. The starting point for developing these relationships is
the first and second laws of thermodynamics.

According to the first law of thermodynamics, the change in internal
energy of a polymer rubber network (dU) in any process is expressed
as reported in Equation (2.4) [67]:

du = dQ + dw (2.4)
where dQ is the heat absorbed by the system and dW is the work done
by external forces on the system. In a reversible process, the second
law of thermodynamics defines the entropy variation (dS) as reported
in Equation (2.5):

TdS = dQ (2.5)

therefore, for a reversible process, Equation (2.4) can be rewritten as
reported in Equation (2.6):

dU = TdS + dw (2.6)
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In discussing the equilibrium of a system subjected to reversible

changes, as it is elastic deformation, it is convenient to introduce the

Helmholtz free energy (A), according to Equation (2.7):
A=U-TS (2.7)

For a change in A taking place at constant temperature, Equation (2.7)
can be expressed according to Equation (2.8):

dA =dU —TdS (2.8)
Combining this equation with Equation (2.6), the thermodynamic
result reported in Equation (2.9) is obtained:
dA = dwW (2.9)

which means that, in a reversible isothermal process, the change in
Helmholtz free energy is equal to the work done on the system by the
applied forces. When an external tensile force F is applied to the
material of length I, the total dW is defined in Equation (2.10):

dW = Fdl — pdV (2.10)

where p is the pressure and V is the volume. As in rubbers dV is
usually very small, the term pdV can be neglected.

By making use of Equations (2.9) and (2.10) the tensile force may be
expressed as reported in Equation (2.11):

P- (2, - (&), e

which shows that the tensile force is equal to the change in Helmholtz
free energy per unit increase in length of the material.

By making use of Equation (2.8) the tensile force can be expressed
also as the sum of two terms, as presented in Equation (2.12):
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P= (), -r(2), ez

the two contributions to the force are an energetic term that represents
the change in internal energy induced by the external force and an
entropic term, which is the product of temperature and the change in
entropy, per unit increase in length.

By expressing the Helmholtz free energy in differential form,
Equation (2.7) can be rewritten as shown in Equation (2.13):

dA = dU —TdS — SdT (2.13)
and from Equations (2.6) and (2.10), Equation (2.14) is obtained:

dU = Fdl + TdS (2.14)

combination of Equation (2.13) and Equation (2.14) gives Equation
(2.15):

dA = Fdl — SdT (2.15)

By partial differentiation of Equation (2.15), Equation (2.16) is
obtained:

(), =7 (@) =

and by exploring a well-known property of partial differentials:

6<6A) _ d (0A>
al\ar/),  ar\oT/;

Therefore, from Equation (2.16), Equation (2.17) is obtained:

(&), = ), o
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Equation (2.23) gives the entropy change per unit extension in terms
of the measurable quantity, (8F/0T),, the temperature coefficient of
tension at constant length.

Finally, insertion of Equation (2.17) in Equation (2.11) gives
Equation (2.18):

F= (%)T+T

Equation (2.24) is called the thermodynamic equation of state for
rubber elasticity. It is of fundamental importance since it provides a
direct means of determining experimentally both the internal energy
and entropy changes accompanying a deformation. In particular,
knowing the force-temperature plot of an elastomer, the internal
energy and entropy contributions are given [67]. In Figure 2.19, a
general experimental curve (CC’) of force versus temperature at
constant deformation is illustrated.

() (2.18)
l

ar

Force at constant length

0 Temperature (K)

Figure 2.19. General experimental curve of force versus temperature at
constant deformation [67].
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The slope of the curve at a generic point P represents (Z—;)l , Which
from Equation (2.17) gives the entropy change per unit extension,

(Z—f) , for an isothermal extension at the temperature T. In a similar
T

way, the intercept A of the tangent to the curve at point P on the
vertical axis T = 0 K is equal to the change in internal energy per unit
extension.

In Figure 2.20, the application of Equation (2.17) and (2.18) to the
stress-temperature data at constant extension ratio published by
Anthony et al (1942) is shown [67]. It is possible to observe that in
elastomers, the dominant component of the force is the entropy
component, which accounts for more than 90% of the stress, whereas
the energetic component can be considered almost negligible. The
reduction of the energetic component above 300% of elongation may
be due to strain-induced crystallization [67].
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Figure 2.20. Total external force and its entropic and energetic components
as a function of elongation [67].

47



Chapter 2 Scientific Background

2.3.6  Thermal behaviour of elastomers at high strain rate

As it was discussed in Paragraph 2.3.5, the thermoelastic effect also
implies that elastomers heat up when they are stretched and cool down
when they are unloaded. This behaviour is at the basis of the
elastocaloric effect and is explained by recalling the basic concepts of
thermodynamics of rubber elasticity, namely that the deformation of
rubber at constant temperature is associated with a reduction in
entropy and a negligible change in internal energy.

Assuming dU = 0, Equation (2.4) becomes Equation (2.19):

dW = —dQ (2.19)

As the work done by the external force during stretching is positive,
it follows that the heat absorbed (dQ) is negative, meaning that heat
is evolved during extension. The amount of heat evolved is equal to
the work done on the rubber by the external force. This conclusion
has the following physical meaning. The internal energy of the rubber
is purely kinetic and arises from the thermal agitation of its
constituent atoms. This energy depends solely on temperature and is
independent of the conformation of the chains (state of strain). As the
internal energy remains constant, the work performed by an external
force during isothermal deformation must be balanced by the
emission of an equivalent amount of heat [67].

If the extension occurs adiabatically, the heat is retained rather than
emitted, and the energy supplied by the applied force increases the
molecular agitation, producing a rise in the rubber temperature [67].
The temperature rise (AT) in an adiabatic extension from the
unstrained length lo to the final length I, can be expressed as reported
in Equation (2.20):

J} fai (2.20)

AT = =
me,
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where cp is the specific heat capacity of the rubber, which is assumed
not to vary when the rubber is deformed and m is the mass of the
rubber. If the process is assumed to be reversible, i.e., no internal
friction between polymer chains, according to Equation (2.17) and
(2.20) AT can be expressed as reported in Equation (2.21):

AT = - l(g)le (2.21)

cpm-lo

This equation is very important since it provides a link between the
variation in entropy on extension (determined from the stress-
temperature variation) and the heat evolved.

If the analysed rubber crystallizes under strain, the thermal effects
could be complicated by crystallization, which gives rise to latent heat
evolution. In this case an excess temperature rise above that due to
the work input can be observed [69]. The temperature rise due to
crystallization (AT:) sums up to the contributions related to the
conformational entropy changes and can be expressed according to
Equation (2.22) [69]:

AT, = X8 (222)
PCp

where y is the fraction of rubber that has crystallized and AH; is the
specific melting enthalpy of the rubber.

If frictional processes are not negligible, the work done during
stretching by the external force can be divided into two contributions:
the work dissipated due to internal friction between macromolecules
and the deformational energy. The contribution of dissipated work
(Waiss) can be estimated according to Trouton’s equation reported in
Equation (2.23) [69]:
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dv2 2.23
Waiss = 3ntV (22) (2.23)

where 1 is the viscosity, dv/dx is the strain rate of deformation and t
is the time of application of the deformation. Frictional processes will
contribute to heat generation, and thus to the temperature increase of
the rubber. This temperature rise due to friction between polymer
chains (ATy) is added to the other contributions and can be estimated
as reported in Equation (2.24) [69]:

3ntv (dv)z (2.24)

ax

Ay = o
It has been observed that the importance of frictional processes, and
therefore the related temperature increase, declines with temperature.

The amount of deformational energy (W) can be obtained by
subtracting to the work done on the system, the amount of work
dissipated into friction (Waiss), according to Equation (2.25) [69]:

Wae =W — Wyiss (2.25)

The temperature rise resulting from the deformational energy (ATge)
provides the conformational energy change contribution to the
temperature increase and can be expressed as reported in Equation
(2.26):

AT,, = Zde (2.26)

me

The same thermodynamic analysis also applies when the elastomer is
unloaded.
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2.3.7  Strain induced crystallization

In their unstretched state, most thermoset elastomers are amorphous.
However, when these materials are stretched, the extension and
orientation of the polymer chains in the direction of loading can
induce a partial crystallization of the elastomer. This phenomenon,
known as strain induced crystallization (SIC), has been extensively
studied in NR, synthetic polyisoprene, polybutadiene, and isoprene-
isobutylene rubber [70].

During stretching, the heterogeneous rubber network structure that
characterizes elastomers causes the long chains to remain randomly
oriented when the short chains reach the fully stretched state. As a
result, the fully stretched polymer chains behave as the nucleus of
crystallites (Figure 2.21) and, once the SIC threshold is achieved, the
crystallinity increases with increasing extension. From a practical
point of view, the crystalline domains act as a filler, improving the
tensile modulus and tear strength of elastomers. The developed
crystalline domains are temporary and, once the load is removed, the
polymer chains return to the initial random coil configuration and the
crystalline domains melt [70,71].

Figure 2.21. Strain induced crystallization in elastomers. The dark dots
represent the crosslinking points, the red lines represent the short chains,
and the yellow areas represent crystallites [22].
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The extent to which an elastomer exhibits SIC is strongly affected by
its macromolecular architecture, stereoregularity and steric
hindrance, which govern the ability of the polymer chains to align and
pack into ordered structures. Although SIC has been observed in
different elastomers, NR is the most studied.

To understand how SIC occurs, analysing the stress-strain
relationship provides valuable insights. Figure 2.22 reports a stress-
strain curve of natural rubber vulcanized by sulphur together with
two-dimensional (2D) wide-angle X-ray diffraction (WAXD)
patterns corresponding to different stages of stretching and retraction.
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Figure 2.22. Stress-strain curve and selected WAXD patterns collected
during stretching and retraction of natural rubber [70,71].

In the stretching phase, two well-defined regions can be identified:
one at strain < 2 and the other at strain > 2. At strain < 2, WAXD
patterns show an amorphous halo [70]. In this region, polymer chains
are continuously oriented, although they do not form any crystalline
aggregate. At strain > 3, an oriented crystalline pattern begins to
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appear, and crystallinity increases with an increase in strain. Once the
critical strain for the onset of SIC is achieved, the stiffness of NR
increases drastically. During the unloading phase, crystalline domains
melt and, when the strain returns to 0, the crystallinity of NR
disappears completely [70]. It is noteworthy that the crystallization
Kinetics observed during stretching do not align with the melting
Kinetics during unloading. At a fixed strain level, the crystallinity
during unloading is more pronounced than that observed during
stretching. The difference between the loading and unloading stress-
strain response results also from crystallization and melting and their
different kinetics [72].

Several works based on synchrotron studies and performed at 25 °C
on NR have revealed that most of the polymer chains remain
unoriented, even at large strain (500-600%). Specifically, from
WAXD measurements, Toki et al. estimated that 75% of polymer
chains remain unoriented, about 20% in the crystalline state and 5%
in the oriented amorphous state [70]. These results highlight that the
crystalline fraction achievable is limited and generally below 30%.
Investigations using molecular simulations revealed that the
inhomogeneous rubber network structure, characterized by non-
uniform chain length and crosslinking density, is the main origin of
the low fraction of oriented amorphous segments at high strains [73].

Several factors influence SIC, including crosslinking density,
molecular entanglements, non-rubber components, and the presence
of nanofillers. For instance, the onset of SIC in NR with a
homogeneous rubber network is primarily dependent on the overall
crosslinking density. In contrast, for an inhomogeneous rubber
network, it relies on the distribution of the network chains. The
incorporation of nanofillers into NR could dramatically improve SIC.
Specifically, the role of layered silicates in promoting and increasing
the capability of NR to crystallize under strain has been well
documented in the literature. Layered silicate nanofillers are
characterized by a lamellar crystalline structure, in which every
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lamella, 1 nm thick and 200-300 nm long, presents a central
octahedral sheet of alumina or magnesia alternated to two external
silica tetrahedrons (Figure 2.23).
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Figure 2.23. Structure of a layered silicate nanofiller [74].

These layers are stacked with a regular van der Waals gap between
them. Isomorphic substitution within the lamellae generates negative
charges that are generally counterbalanced by Na* or Ca?* cations
located in the interlayer region. As the stacks are held together by
relatively weak bonds, the intercalation of small molecules between
the layers can be performed to obtain a more organophilic clay. The
hydrated cations of the interlayer can be exchanged with cationic
surfactants such as alkylammonium or alkylphosphonium salts,
generating thus organo-modified (OM) clays [75-79].

Carretero-Gonzélez et al. investigated the effect of OM clays on the
structural evolution of NR during deformation [73,80,81]. They
found that adding highly anisotropic clay nanoparticles to NR
provided a more homogeneously distributed rubber network structure
and induced an early onset as well as an enhancement of
crystallization under deformation. The onset of SIC moved from
300% strain in the unfilled rubber to 120-140% strain in the filled NR,
and the alignment of the clay layers during stretching was revealed to
promote a dual crystallization mechanism, as shown in Figure 2.24.
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Figure 2.24. Onset of SIC in (A) unfilled natural rubber and (B) natural
rubber filled with 15 phr of organoclay (NR-NC1) [80,81].

The neat rubber only exhibits a single crystallization step, whereas
the rubber nanocomposites show a first crystallization step at small
strains related to the orientation of clay layers during deformation and
a second step corresponded to the conventional crystallization
mechanism of unfilled NR. The dual crystallization process has also
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been observed in NR filled with other highly anisotropic nanofillers,
such as carbon nanotubes [73]. Qu et al. demonstrated that increasing
in the degree of exfoliation of the clay layers, particularly using OM
clays, promotes the SIC of NR (Figure 2.25).
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Figure 2.25. SIC in unfilled rubber and rubber filled with organoclays
[82].

In addition, using real-time mechano-optical behavior, Liang et al.
detected that during stretching, the planar structures of the clay layers
promote the parallel alignment of the rubber chains, and that the clay
orientation increases as the clay content increases, which further
promotes the SIC of rubber [82].

2.3.8 Mullins effect

Elastomers are often used in applications where they are subjected to
cyclic loads or cyclic deformation. Examples include the O-rings and
oil seals in dynamic sealing systems, shoe soles subjected to repeated
impact during walking or running, rubber buffers in automotive
applications, etc.
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Under cyclic loading, an appreciable change in the mechanical
response of the elastomer occurs after the first extension. Specifically,
after the first loading-unloading cycle, a lower stress is required to
achieve the same level of deformation [72,83]. This stress softening
effect is generally accompanied by a residual strain in the order of
10%. After a short number of cycles, the stress response stabilizes,
and the material exhibits a repeatable mechanical behaviour. This
phenomenon is referred to as the “Mullins effect”, named after the
researcher who deeply investigated this behaviour. It is a
phenomenon that must be taken into account, as neglecting it can lead
to overestimating stiffness and energy dissipation or miscalculating
deformation [72,83]. To ensure that the mechanical properties remain
consistent during service and to mitigate this effect, the rubber should
be pre-stretched up to the desired deformation level several times
prior to use, until the mechanical response has stabilized. The Mullins
effect is observed both in unfilled and filled rubber, even though it is
more pronounced in filled systems [84,85]. Regarding unfilled
rubbers, stress softening has been reported in rubbers that initially
contain crystallites, as thermoplastic elastomers, or in rubber types
that show SIC [83]. Figure 2.26(A,B) shows, as an example of the
Mullins effect, the stress-strain curves of NR filled with 1 and 60 phr
of carbon black, which were subjected to six loading-unloading
cycles.

As can be seen from Figure 2.26, the first loading-unloading cycle
differs significantly from the subsequent ones. The maximum stress
achieved at the target deformation decreases significantly moving
from the first to the subsequent cycles, as does the hysteresis,
particularly for the elastomer with a high filler concentration. It
should be taken into account that the softened elastomers can recover
the mechanical behaviour of the pristine, not stretched material. This
recovery occurs slowly at room temperature but can be accelerated by
exposing the material to a high temperature or to a solvent. At room
temperature, the recovery kinetics are too slow to be noticeable,
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making the Mullins effect appear to be irreversible and damaging
[72,83].
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Figure 2.26. Natural rubber filled with carbon black and subjected to 6
loading-unloading cycles. (A) Natural rubber filled with 1 phr of CB (B)
natural rubber filled with 60 phr of CB [86].
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Sever physical interpretations have been proposed to explain the
origin of the Mullins effect. However, the various explanations
suggest that up to now there is still no general agreement on the
microscopic origin of this effect. The main theories proposed, which
include bond raptures, molecule slipping, filler-cluster rapture, chain
disentanglement, are shown in Figure 2.27 [72].
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Figure 2.27. Theories proposed to interpret the Mullins effect [72].

Blanchard and Parkinson attributed the Mullins effect to bond
raptures. According to their theory, the rapture of weaker bonds at the
rubber-particle interface occurs during the first extension, resulting in
stress softening of the rubber [87]. However, this explanation does
not explain the slow recovery of the Mullins effect at room
temperature. Houwink proposed that during the first extension,
molecules slip over the surface of the fillers and that new bonds are
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instantaneously formed along the chains. These new bonds are of the
same physical nature as the original ones, but form in different places
along the polymer chains. This results in a change of the material
entropy, which could be restored by increasing the temperature [88].
However, this hypothesis cannot be applied to unfilled rubbers. Kraus
et al, which studied the Mullins effect on NR filled with carbon black,
attributed the significant stress softening of these systems to the
rupture of the filler structure [89]. However, the rupture of filler
structure is irreversible and cannot explain the reversibility nature of
this phenomenon. Hanson advanced the hypothesis that, during the
first extension, the reduction of entanglements causes an
entanglement density change and, as a result, the stress softening.
Exposing the material to a higher temperature favours thermal motion
of the chains and the production of new entanglements, recovering
the initial condition [90].

For the moment, none of these theories is able to completely explain
the Mullins effect, and more work is necessary to understand the
actual physical source of the Mullins effect.

2.4 Natural Rubber

NR is an indispensable raw material that accounts for approximately
40-48% of total elastomer consumption [91]. It is a high molecular
weight polymer, composed primarily by cis-1,4-polyisoprene, whose
chemical formula is illustrated in Figure 2.28.
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Figure 2.28. Chemical structure of natural rubber [92].
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Almost 99 % of the world’s natural rubber is produced by the Hevea
Brasiliensis, commonly called the rubber tree. Originally native to
South America, this plant is currently grown in other tropical regions
of the globe, namely in Southeast Asia and West Africa, in countries
such as Malaysia, Indonesia, Thailand, Vietnam, Cambodia, Ivory
Coast, Nigeria, Cameroon, Ghana, and Liberia [93]. In its raw state,
NR consists of long, flexible polymer chains with a molecular weight
ranging from 10* to 107 g/mol. In this state, it has little practical use
but vulcanization converts rubber into a useful and indispensable
material [94]. Over the past three decades, the production and
consumption of NR have risen significantly (Figure 2.29).
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Figure 2.29. Trend of global rubber production and consumption from 1990
to 2019 [95].

Although the data reported in Figure 2.29 is current only up to 2019,
the Association of Natural Rubber Producing Countries (ANRPC)
projects that global NR consumption will reach 1.56 billion tonnes by
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the end of 2025 [96]. This growing demand is largely due to the
excellent properties this elastomer offers, including high tensile and
tear strength, high elasticity, excellent crack growth resistance, and
low heat build-up [97]. As a result, it is used in a wide range of
applications across various sectors, including engineering, medical,
sports, and household products (Figure 2.30). Among all sectors, the
automotive industry is by far the largest consumer of natural rubber
[93]. It is estimated that over 70% of the natural rubber produced
worldwide is used in tyre manufacturing, particularly for
automobiles.

1%
1% 19 2% ® Medium/heavy tires

6%
% 24 % w Car tires

6%

5% -
8%

® Light car vehicule tires
Others tires

® Hoses and belts
Non tire automotive

15%  m Shoes

Others GRG
Medical gloves
Threads

® Foam

8%

16% 7% Adhesives
® Others latex

Figure 2.30. Applications of NR [98].

From an economic standpoint, the market price of NR is volatile and
strongly depends on various factors such as supply and demand,
weather and global economic conditions [99]. The price chart of some
grades of natural rubber from 2011 to 2025 is shown in Figure 2.31.
The grades of natural rubber reported are: Standard Malaysian
Rubber Constant Viscosity, Mooney viscosity ML 1+4 at 100°C = 60
+5 (SMR CV 60), Standard Malaysian Rubber Latex grade (SMR L),
Ribbed Smoked Sheet quality grade 1 (RSS 1), Standard Malaysian
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Rubber purity grade 10 (SMR 10) and Standard Indonesian Rubber
quality grade 20 (SIR 20).

SMR CV 60
SMR L
450 RSS1

SIR 20

Figure 2.31. Price chart of some grades of natural rubber from 2011 to
2025 [99].

In 2011, the price of natural rubber increased due to a combination of
strong global demand, limited supply, and adverse weather conditions
that disrupted the tapping season. For some rubber grades, prices
peaked at € 5/kg. Following the 2011 peak, prices gradually declined,
with the benchmark price mostly staying below € 2/kg [100]. In 2020,
natural rubber prices crashed due to a loss of demand related to the
pandemic. Car factories shut down, slashing demand for tyres and
rubber. Prices then rebounded sharply in the second half of 2020 as
China recovered, supply remained tight and global demand for rubber
gloves and industrial goods surged [101]. Severe weather events in
2024, such as monsoon-related flooding and typhoons, reduced the
supply in Thailand and China, causing prices to reach similar levels
to those seen in 2011 [102]. In early 2025, output was constrained by

63



Chapter 2 Scientific Background

ageing plantations, the effects of El Nifio, and a lack of skilled
tappers, even though demand was rising [96,103].

2.4.1  Production of Natural Rubber

NR occurs in nature as latex, a milky colloidal suspension found
beneath the bark or roots of certain trees. The main commercial
source is the Hevea brasiliensis species (Figure 2.32). Other potential
sources include Guayule (a shrub grown mostly in Mexico), Russian
dandelion, Fig trees, Banyan fig and Sunflowers [94]. However,
comparative studies have shown that Hevea brasiliensis remains the
most suitable candidate due to its high latex production rate [104].
This tropical plant features good bark renewal, a high growth rate
after latex harvesting begins, and demonstrates tolerance to severe
diseases and strong winds. Additionally, its latex has a higher rubber
content, ranging from 30% to 40%, compared to other trees [104].

Figure 2.32. Plantation of Hevea brasiliensis [105].

After planting, Hevea brasiliensis trees require about 5-7 years to
reach maturity and can remain productive for up to 25 years.
Approximately 250300 plants are planted per hectare, corresponding
to a density of 4-5 plants/m2. Rubber production begins with the
harvesting of latex from the bark of the tree. A skilled worker, known
as rubber tapper, makes a precise incision in the bark, allowing the
latex to flow out into a collection cup (Figure 2.33). This process is
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repeated across multiple trees until a sufficient volume of latex is
collected. Each tapping yields about 300 ml of latex, and tapping is
usually done once every 2-3 days [98,106]. The plants' peak
production period is pre-wintering, which runs from October to
January. The wintering period runs from February/March to
April/May, during which time the plant loses its leaves and latex
production drops dramatically. Each plant produces approximately 10
kg of latex per year, equating to 3 kg of dried rubber.

Figure 2.33. Collection of latex from Hevea brasiliensis [91].

The raw latex contains 60% of water and 36% of dry matter. The dry
matter is mostly comprised by cis 1,4 polyisoprene and a small
percentage (5-6 % w/w) of naturally occurring non-isoprene
molecules, such us lipids, proteins, carbohydrates and minerals [98].
As shown in Figure 2.34, the latex is a complex colloidal dispersion,
constituted by rubber particles, lutoids and Frey-Wyssling particles
dispersed in the cytoplasmic serum (C serum) [107]. Rubber particles
are spherical and show a wide range of diameter, from 0.01 to 5 pm,
with the majority being 0.1-2 um diameter. They are constituted by a
core of cis 1,4 polyisoprene surrounded by a monolayer of lipids and
proteins [98,107].
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Figure 2.34. The colloidal dispersion of latex [107].

Once collected, the latex undergoes a series of processing steps. First,
it is sieved to remove impurities such as leaves, twigs and insects.
Then, depending on the intended application, it may either be
concentrated, usually by centrifuging or evaporation and coagulated,
or alternatively directly coagulated and dried. The two approaches
lead to two distinct branches of rubber technology, namely latex
technology and dry rubber technology [56]. In latex technology,
ammonia is added to the latex at a concentration of 0.6-0.7%
immediately after tapping to maintain the suspension stability. The
latex then undergoes centrifugation, where high-speed spinning
separates the rubber particles from the serum. The concentrated latex
thus obtained is then shaped by such processes as dipping, coating,
moulding and foaming and the resultant shape is set by coagulation.
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The coagulation is necessary to neutralize the surface charges of the
suspended rubber particles, causing them to agglomerate and
precipitate. The major outlets of natural rubber latex are for carpet
backing, adhesives, dipped goods such as gloves, balloons,
contraceptives and medical tubing [56].

As regards dry rubber technology, a variety of coagulation methods
is available. Since the properties of the rubber are affected by trace
ingredients and by coagulation agents used, rubbers of different
properties are obtained by using different methods [56]. The major
types of raw rubber are:

Crepe rubbers. Crepe rubbers represent one of the most important
forms of processed natural rubber, characterized by a distinctive
wrinkled or crinkled appearance [56]. They are used in a variety of
applications, including the production of footwear soles, adhesives,
sports equipment, consumer and industrial good. In Figure 2.35(A,B),
the two categories of creep rubbers, Pale Latex Crepe (PLC) and
Estate Brown Crepe (EBC), are shown.

(A) (B)

Figure 2.35. The two categories of creep rubber. (A) Pale Latex Crepe and
(B) Estate Brown Crepe [108,109].

PLC is the highest grade of crepe rubber. The first step of the
manufacturing process consists of mixing the fresh latex with
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coagulating agents, mostly organic acids like formic acid or acetic
acid, in concentrations of 1-2%. The acid causes the rubber particles
to clump together, forming a solid mass that can be processed further.
The coagulation process and the processing conditions (temperature,
pH levels, and mixing speed) must be carefully controlled to ensure
uniform results and a good quality of the final product. Impurities
may be trapped if coagulation proceeds too quickly, and undesirable
chemical reactions may arise if it proceeds too slowly. The rolling
process, which gives crepe rubber its unique texture, can begin once
the rubber mass has coagulated. In this step, the material is passed
through a sequence of steel rollers, usually placed in pairs with
movable spaces between them. To make the rubber sheet thinner and
longer, it is folded and run through the rollers several times. The
distinctive crinkled texture is produced by the rubber's repeated
compression, stretching, and folding during this mechanical
operation. After the rolling process, the crepe rubber sheets undergo
washing to remove any residual acids, salts, or other water-soluble
impurities. Finally, the sheets are hung in well-ventilated drying
rooms or chambers [56,110].

The processing of EBC begins with the collection of the field
coagulum, which is rubber that has naturally coagulated in collection
cups or containers over time. The field coagulum is first cleaned to
remove dirt, leaves, and other foreign matter and then passed through
rolling mills for further processing. The extended oxidation period,
which imparts EBC its brown colour, enhances resilience and aging
properties. These qualities make it suitable for industrial applications
such as conveyor belts, gaskets, and various moulded rubber products
[110].

Technically Specified Rubber (TSR). Technically Specified Rubber
(TSR), commonly known as Block Rubber, represents a major
advancement in the processing of natural rubber. Unlike traditional
grading methods, which relied heavily on visual inspection, TSR is
classified based on precise technical parameters measured under
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controlled laboratory conditions. This scientific approach ensures that
manufacturers worldwide receive rubber with predictable and
consistent properties, regardless of its origin [110].

The TSR process begins with the coagulation of liquid latex, typically
achieved by adding formic or sulfuric acid. Once coagulated, the solid
rubber mass is broken down into smaller, manageable pieces by
passing it through rollers or shredders. This size reduction is essential
for achieving uniform drying; irregularly sized pieces may dry
unevenly, resulting in quality issues such as overdrying or retained
moisture [110]. Drying must be gradual and even. Rapid drying can
make the rubber brittle and cause cracks, while insufficient drying
leaves excess moisture, leading to storage and transport issues. The
target is usually a moisture content below 0.8%, which helps prevent
mould growth and ensures long-term stability. After drying, the
rubber is compressed into standardized bales—typically 33.33 kg or
35 kg each, and wrapped in polyethylene sheets to protect against
contamination and moisture absorption [111]. The main exporters of
natural rubber, i.e., Malaysia, Thailand, Vietnam, and Indonesia, each
produce their national standard TSR grades: SMR (Standard
Malaysian Rubber), STR (Standard Thai Rubber), SVR (Standard
Vietnamese Rubber), and SIR (Standard Indonesian Rubber). TSR is
classified using a systematic scheme: TSR CV (Constant Viscosity),
TSR L (Light-colored), and TSR 5, 10, 20 based on dirt content. For
example, TSR 5, the highest grade, permits a maximum dirt content
of 0.05%, while TSR 20 allows up to 0.20% [110,112].

Ribbed Smoked Sheet (RSS). RSS is a high-quality natural rubber,
widely used in the automotive industry, particularly for tyre
manufacturing. The production process starts with latex coagulation,
using formic acid, which produces a solid rubber mass. This mass is
then passed through a series of rollers that squeeze out water and
create the characteristic ribbed pattern. These ribs are not just
decorative, they increase the surface area, allowing for more efficient
drying. The sheets are subsequently hung in smokehouses, where they
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are exposed to controlled smoke and heat for several days (Figure
2.36). This smoking process serves multiple purposes: it dries the
rubber, provides a natural preservative effect, and imparts the amber
colour that indicates quality [110].

Figure 2.36. Ribbed Smoke Sheets [113].

Finally, NR can also be produced industrially by synthetic means
using Ziegler-Natta catalysts, obtaining isoprene polymer chains with
a high cis unit content (96-98%), or with lithium-alkyl catalysts,
obtaining chains with a low cis unit content (90-92%) [56,98].

2.4.2  Properties of Natural Rubber

Vulcanized NR possesses a unique set of properties that distinguish it
from other elastomeric materials. It has a low glass transition
temperature (Tg) of about -70 °C and a density 0f 0.92 g/cm? [48,114].
Its mechanical properties vary depending on the specific formulation
and processing method used, with tensile strength ranging from 5 to
30 MPa and an ultimate elongation of up to 1000%. The Young’s
modulus typically lies between 1.0 and 2.0 MPa, whereas the bulk
modulus is significantly higher, in the range of 1-2 GPa [114]. The
moduli differ by as much as three orders of magnitude, and this is
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primarily attributed to SIC. Shore A hardness lies between 40 and 70.
Natural rubber also exhibits excellent fatigue resistance, as well as
good tear and abrasion resistance. Its recommended service
temperature ranges from -55 °C to 70 °C for continuous exposure, and
up to 100 °C for intermittent exposure. Thermally, NR has a relatively
low thermal conductivity of about 0.15 W/m-°C and a specific heat
capacity between 1.7 and 1.9 J/g-°C [114]. In terms of chemical
resistance, NR is resistant to water and steam but is susceptible to
degradation when exposed to oils, fuels, ultraviolet (UV) radiation,
and certain chemicals, such as chromic and nitric acids [114]. In
addition, the exposure to gases such as carbon monoxide, ammonia,
ozone and propane is not recommended as it could degrade the
material. Finally, NR exhibits optimum elastocaloric properties that
are superior to those of other common elastomers. This makes NR an
ideal candidate for use in solid-state cooling. The elastocaloric
performance of NR will be described in detail in Paragraph 2.5. A
summary of the main properties of NR is provided in Table 2.5,
together with a comparison with the properties of other very common
elastomers.

Table 2.5.Properties of NR and other very common elastomers
[48,53,98,114,115].

Properties NR SBR EPDM CR NBR

T, (°C) -70 -60 -58 -49 -24

Service Temp. -50-+70 -45-+70 -40-+125 -35-+100 -20-+100
range (°C)

Shore A 30-70 30-95 40-90 40-90 30-95
Tensile strenght 5-30 10-14 2-3 10-20 10-20
Elongation at 1000 450-600 300-600 650-850 300-500

break (%)
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2.5 Elastocaloric effect of Natural Rubber

Elastocaloric materials exhibit reversible temperature changes when
uniaxial tensile stress is applied and removed under adiabatic
conditions (see Paragraph 2.2.3). Among elastocaloric polymers, NR
seems to be the most promising one due to its elastocaloric effect
being triggered by small stress values (a few MPa) and the significant
temperature variations achievable (approx. 12 °C). Furthermore, its
non-toxicity, low cost and good fatigue properties have made NR an
ideal candidate for use in solid-state cooling [5,11]. The elastocaloric
effect of NR was first observed by John Gough, an early nineteenth-
century natural philosopher, and later reported by Joule in 1859.
However, it is only very recently that the elastocaloric properties of
NR have been considered in the development of solid-state cooling
technology [5,11]. This research field remains in its infancy, with
many aspects yet to be fully understood.

The elastocaloric effect of NR, schematically illustrated in Figure
2.37, is the result of two contributions.

Optimum
Strain induced crystallization

— Thermoelastic effect — — ) ) — elastocaloric —
Melting of the crystallites
1 2 performances
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pe S P o) 2
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Figure 2.37. Contributions to the elastocaloric effect of NR: thermoelastic
effect and SIC.

The first is the thermoelastic effect, discussed in Paragraphs 2.3.5 and
2.3.6. Just to recall the concept, during stretching, the orientation of
the macromolecules in the stress direction induces a negative entropy
variation. As a consequence, the rubber heats up and releases heat to
the surrounding environment. When, instead, the material is
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unloaded, the return of the polymer chains to the initial high entropy
state causes the cooling of the rubber, which absorbs heat from the
surroundings, achieving a cooling effect. The second contribution
comes from SIC. When NR is stretched at a deformation level higher
than 200-300 %, the nucleation and growth of crystalline domains
take place, which melt once NR returns to the unstretched state. Since
crystallization and melting are exothermic and endothermic
phenomena, respectively, the heat developed/released in the
stretching/release phase is added to the thermoelastic heat
contribution. SIC is more pronounced in NR as compared to other
synthetic elastomers due to the stereoregularity and limited steric
hindrances of its macromolecular structure, which facilitates the
alignment of NR macromolecules upon deformation. The
combination of thermoelasticity and significant SIC is the origin of
its higher elastocaloric performances with respect to other elastomers
that could be considered for this application.

Recent research by Bennacer et al. compared the elastocaloric
properties of five common rubbers, including NR, cis-butadiene
rubber, chlorosulfonated polyethylene, silicone rubber, and styrene-
butadiene rubber, by deforming samples up to 400% elongation at a
deformation rate of 600 mm/s [41]. The researchers evaluated the
mechanical energy required for deformation, the heat extracted
during the releasing phase and the COP. The COP was calculated as
the ratio between heat extracted and mechanical energy. They
observed that natural rubber exhibited the best cooling performance
among the studied elastomers, showing a COP of more than 2 and a
corresponding temperature decrease of 3.5 °C. These results are
shown in Figure 2.38, where “work” refers to the mechanical energy
needed to deform the elastomers and “energy” to the heat extracted
from the environment.
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Figure 2.38. Elastocaloric performance of NR compared to other
elastomers [41].

It is clear that the elastocaloric properties of natural rubber stand out
compared to other elastomers. However, they observed that the
temperature difference (AT) of the material during the stretching
phase was higher than that in the recovery stage, meaning that
undesired dissipative phenomena occurred.

To maximise the cooling capacity of NR, recent studies have focused
on evaluating and understanding the various factors influencing its
elastocaloric performance. It has emerged that factors such as
deformation level, temperature, strain rate and filler addition affect
the cooling capacity. Yukihiro studied the elastocaloric effect of NR
filled with carbon black and observed the effect of strain level on the
cooling performance [22]. He adiabatically deformed NR samples by
100, 300, 400 and 600%, finding that AT increased with the strain
level, during both the stretching and releasing phase. At a strain level
of 600%, a temperature reduction of 5 °C was registered.
Additionally, when he cyclically deformed the samples, he noticed a
slight reduction in temperature variation after the initial cycles, which
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then stabilised, probably due to mitigation of the Mullins effect.
Finally, to evaluate the conversion efficiency from mechanical energy
to heat energy during cyclic deformation, Yukihiro calculated a
conversion parameter for each cycle at stretching and releasing. This
parameter was evaluated as the ratio of heat release/extracted to work
of deformation during stretching/releasing, respectively. The results
are shown in Figure 2.39(A, B), where 1 is the conversion efficiency

parameter at stretching, while n, at releasing.
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Yukihiro found that the conversion efficiency parameters depended
on the strain level and that, in all cases, the efficiency parameter n; of
the second cycle was larger than those of the first cycle due to the
mitigation of the Mullins effect. Indeed, softening caused by the
Mullins effect reduced the work of deformation after the first cycle,
consequently increasing the conversion efficiency parameter. The
highest conversion parameters were obtained for strains of 300 and
400 %. Conversely, lower values were obtained at 600%. This was
attributed to an increase in the internal energy variation of NR at the
expense of entropy variation, caused by the achievement of a fully
stretched state of the polymer chains.

Xie et al. [116] studied the effect of temperature on the elastocaloric
properties. They observed that NR exhibited interesting elastocaloric
properties over a broad temperature range comprised between 0 and
49 °C. The maximum temperature change at unloading (12 °C)
occurred at 10 °C and a strain of 600 %. Within the 10-49 °C
temperature range, the AT decreased from 12 °C to 5.8 °C, while in
the range 10-0 °C it dropped to 4 °C. Figure 2.40 shows the adiabatic
temperature changes at release as a function of temperature and strain.
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Figure 2.40. Temperature dependence of adiabatic temperature changes
(AT) at various strains. The inset shows this behaviour at a strain of 600%
[116].
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From a strain of around 3 (onset of SIC), AT showed a significant
temperature dependence. These results suggest that to take full
advantage of the cooling performance of NR, working at a
temperature of 10-30 °C and a strain above 300% is needed.

The elastocaloric properties of vulcanized natural rubber filled with
ground tire rubber, having dimensions <125 pum, were investigated by
Candau et. al, who discriminated the contributions of thermoelastic
effects and strain-induced crystallization/melting by using a
thermodynamic frame [43]. In Figure 2.41, the mechanical energy of
deformation and the heat exchange during the releasing phase are
reported. The deformation level selected was 500%.
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Figure 2.41. (A)Mechanical energy of deformation and (B) heat absorbed
during the releasing phase of NR filled with different amount of ground tire
rubber [43].

They observed that SIC was the main contribution to the elastocaloric
effect and that the elastocaloric properties of the blends increased
with a waste rubber content of 20 wt%. In particular, they found an
increase in both thermoelastic effects and crystallization abilities and
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attributed these observations to a strain amplification effect owing to
the presence of non-deformable carbon black aggregates in the waste
particles. In subsequent works of Candau et al., the influence of
sample thickness on the elastocaloric effect of the same NR/waste
rubber blends was investigated [44]. They pointed out that by
reducing the sample thickness (up to 0.6 mm), the crosslinking
density of the rubber became more homogeneous, leading to an
increased SIC ability, which ultimately resulted in an enhancement of
the elastocaloric effect.

Candau et al. also explored the elastocaloric properties of vulcanized
natural rubber/cellulose nanocrystals (CNC) composites with a CNCs
content up to 5 wt% [42]. They observed that, deforming the samples
up to 500%, the thermoelastic effect increased in the presence of an
increasing amount of CNC due to the strain amplification in the
rubbery matrix. Moreover, the ability to crystallize under strain of NR
also increased up to a CNC content of 3 wt%. At this content, an
improvement of 30% and 15% of the heating and cooling capacity,
respectively were observed due to an increase of both the
thermoelastic effect and SIC. At 5 wt% the heating/cooling ability of
NR/CNC decreases, which was ascribe to a lack of distribution of the
CNC due to their aggregation.

A summary of the elastocaloric performance of NR, NR-based
systems, and various rubbers is provided in Table 2.6.
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Table 2.6. Summary of elastocaloric properties of NR and various rubbers.

Rubber Strain AT ool Qav COP* Ref.
(%) (°C) (Ifem?)
Unfilled NR 400 35 52 2.1 [41]
400 2.5 43 - [116]
NR filled with 600 5.0 8.4 - [22]
Carbon Black
NR filled with 500 8.0 14.0 18 [43, 44]
ground tire
rubber
NR filled with 480 7.0 - - [42]
cellulose

nanocrystals

Silicone Rubber 400 1.0 15 0.1 [41]
Cis-butadiene 400 1.7 25 0.2 [41]
Styrene- 400 21 3.2 0.3 [41]
butadiene
Chlorosulfonated 400 14 2.2 0.3 [41]
Polyethylene
Thermoplastic 400 7.7 10.0 - [117]

polyurethane

* The COP value was not provided in all the works.

Although some solid-state cooling prototypes utilising the
elastocaloric effect of NR have been developed, they are mostly at an
experimental or early development stage. For example, Sion et al.
developed a solid-state elastocaloric refrigeration device based on
NR. The device operates via a cyclic solid-solid heat exchange
involving a cyclically stretched NR strip and two heat exchangers: a
high-temperature heat exchanger (HHEX) and a low-temperature
heat exchanger (CHEX) (Figure 2.42) [118].
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Figure 2.42. Scheme of the cooler prototype developed by Sion et al. [118].
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During the first step of the cycle (1), the NR is adiabatically stretched
to A = 6, increasing its temperature. Then, NR is put in contact with
HHEX and heat is transferred from the strip to the HHEX (2). After
some time, the strip is released at A=4, decreasing its temperature (3).
The CHEX is put in contact with NR and the heat is transferred from
the reservoir to the strip (4). This device provided a cooling power of
390 mW (430 W/kg) [118].

Although the cooling power of current prototypes is still far below
that of existing cooling systems, which operate on the order of
millions of milliwatts, it is hoped that a deeper understanding of the
factors influencing the elastocaloric effect, combined with refinement
of the prototypes, will enable performance levels approaching those
of conventional cooling technologies.

In summary, the research papers published to date on the elastocaloric
effect of NR provide evidence that:

e To maximize the cooling performance, NR must be
deformed at strains above the onset of SIC. In most of the
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studies, NR shows optimum cooling capability when
stretched up to 500-600%. However, the fatigue resistance
of NR at such deformations is an aspect never mentioned in
the papers

e The rubber network structure seems to play an important
role in the elastocaloric effect, even though this aspect has
not been investigated in detail

e The addition of fillers to NR seems to increase the cooling
capacity, thanks to a strain amplification effect and an
enhancement of SIC

However, many aspects of the elastocaloric effect remain poorly
understood. For instance, the impact of crosslinking density on the
cooling capacity of NR has not yet been investigated. Furthermore,
the effect of only certain fillers on the elastocaloric properties of NR
is currently known, and it would be valuable to extend this analysis
to other filler types. In addition, aspects such as the influence of
rubber—filler interactions on elastocaloric performance remain
unexplored.
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3 Experimental Part

3.1 Materials

3.1.1 Natural Rubber

The Natural Rubber used in this PhD thesis was a TSR (Technically
Specified Rubber) grade SMR 10 (Standard Malaysian Rubber),
kindly provided by Marangoni S.p.a (Rovereto (TN), Italy). The main
specifications of the rubber are reported in Table 3.1.

Table 3.1. Main specifications of the TSR natural rubber, grade SMR 10,
used in the PhD thesis.

Parameter TSR SMR 10
Ash content (max, %wt) 0.75
Nitrogen content (max, %wt) 0.60
Volatile matter (max, %wt) 0.80
Wallace rapid plasticity (min) 30
Plasticity retention index (min, %) 50
Mooney viscosity ML (1°+4°) 100 °C 74

The rubber was supplied in a single block weighting approximately 3
kg, and Figure 3.1 shows a representative picture of the received
material.
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Figure 3.1. Natural rubber TSR SMR 10 supplied by Marangoni Group
S.p.a.

3.1.2 Rubber additives

The chemicals employed in the vulcanization were zinc oxide (curing
activator), sulphur (vulcanizing agent), stearic acid (curing activator)
and zinc dibutyldithiocarbamate (ZDBC, accelerator). Sulphur,
stearic acid and zinc oxide were provided by Rhein Chemie Rheinau
GmbH (Cologne, Germany), while ZDBC accelerator was acquired
from Vibiplast s.r.l. (Castano Primo (MI), Italy). The main physical
properties of the rubber chemicals are reported in Table 3.2. All the
chemicals were used as received.

Table 3.2. Physical properties of the rubber chemicals, data taken from the
producers [119].

Vulcanization Appearance Density Purity
chemical (gem3at22°C) (%)
Zinc Oxide white to slightly 5.68 > 93%
yellowish powder
Sulphur Yellow, light yellow 1.64 -
Stearic acid White solid flakes 0.87 >08%
ZDBC White granules 1.00-1.20 >80%
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3.1.3  Solvents

Toluene, acetone and methanol were acquired from Carlo Erba
Reagents S.r.l., (Cornaredo MI, Iltaly) and were used for the
determination of the crosslinking density of the produced NR
samples. The main physical properties of these solvents are reported
in Table 3.3. All the solvents were used as received

Table 3.3. Physical properties of the solvents used, data taken from the
producer [120-122].

Solvent Description Molecular Density Boiling  Purity
Weight (g/cm?) point %
(g/mol) (c) %0
Toluene Clear, 921 0.862- 109.9- =995
colourless liquid 0.872 1114
Acetone Clear liquid 58.0 0.790- 55.8- >99.38
0.792 56.3
Methanol Clear liquid 32.0 0.791- 63.6- =999
0.793 65.6

3.1.4  Nanoclays

Natural montmorillonite (Cloisite® Na+) was provided by Southern
Clay Products, Inc. (Gonzales, Texas), while organomodified
montmorillonite (Cloisite® 20A) was obtained from BYK-Chemie
GmbH (Wersel, Germany). The main characteristics of the selected
clays are summarized in Table 3.4. The organic modifier of Cloisite®
20A was dimethyl dihydrogenated tallow ammonium cations, at a
loading of 95 meq/100 g clay, where tallow (T) is ~65% CigHa7;
~30% C16 Hzs and ~5% Ci4H2.
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Table 3.4. Nanoclays used in this PhD thesis, data taken from the producer

[123].
Organic Density Lamellar spacing, doo
Trade name Code B
modifier (g/cm®) (nm)
Cloisite® Na+ ~ MMT None 2.86 117
CHz
N N 1.80 2.70
Cloisite® 20A  O-MMT H,c N—HT
HT

3.2 Experimental techniques
3.2.1  Rheological analysis

The vulcanization characteristics of the NR formulations were
investigated through rheological measurements, using a DHR-
2Rheometer (TA Instrument Waters L.L.C., New Castle, DE, USA)
in plate-plate configuration. The tests were performed under
isothermal conditions at 120 °C with a constant strain amplitude of 1
% and frequency of 1.7 Hz, in accordance with ASTM D5289 [124],
with a gap distance set to 1 mm. Disc samples (diameter 25 mm,
thickness 1 mm) were selected for the measurements. The maximum
torque (Tmax), the minimum torque (Tmin) and the time required to
reach 90% of the maximum torque (tsos%) were evaluated. The
vulcanization was monitored over a maximum period of 60 minutes.
One specimen was tested for each formulation.

3.2.2  Density measurements

In accordance with the standard ASTM D792 [125], the density of the
samples was measured by Archimede’s principle. The tests were
performed at ambient temperature and employing Mettler kit ME-
33340. The specimens were weighed in air and immersed in
methanol. The density was calculated using Equation (3.1):
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p= S xp (3.1)

a-b

where a is the weight of the sample in air, b is the weight of the
material submerged in methanol, and P is the density of methanol at
the testing temperature (0.791 g/cm? determined by using the Mettler
kit ME-33340). For each NR formulation, three specimens were
tested.

3.2.3  Evaluation of the crosslinking density

In accordance with the standard ASTM D6814 [126], the
determination of the crosslinking density (v) of the NR samples was
conducted through equilibrium swelling measurements in toluene.
NR specimens, weighing approximately 0.10 g each, were first
immersed in acetone for three days to remove the acetone-soluble
fraction. The rubbers were then dried for 24 hours in a ventilated oven
and cooled to room temperature. After that, the specimens were
immersed in toluene for 4 days until equilibrium state was achieved.
Subsequently, the specimens were taken out, the swollen mass were
weighted (ws) and subjected to drying to eliminate excess solvent in
a ventilated oven at 60 °C until constant weight (i.e., approx. 24 h).
Finally, the dried masses were recorded (wg). Then, the crosslinked
density (v) was determined through Equation (3.2) developed by
Flory-Rehner:

_ —In(1-V)+V+XxVE) (3.2)
1

Vix(V3-vy)/2

where X is the polymer-solvent interaction parameter, Vi is the
molecular volume of solvent, and V, is volume fraction of polymer in
a swollen network in equilibrium with pure solvent, calculated
according to ASTM D6814 standard, as reported in Equation (3.3):
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q (3.3)

_ Pd
Ve = wg wso

Pd Ps

where wy is the weight of dry rubber, pq is the density of dry rubber,
Wso iS the solvent absorbed by the sample, evaluated as difference
between ws and wg, and ps is the density of the solvent.

The values used for the molar volume of toluene (Vi), for the
Flory-Huggins interaction parameter (X) and the toluene density were
106.288 cm3/mol, 0.391 and 0.867 g/cm?, respectively [114]. The
density of dry natural rubber was determined by Archimede’s
principle in methanol according to Equation (3.1). For each NR
formulation, six specimens were tested.

3.2.4  Morphological analysis

The nanoclays dispersion in the NR matrix was investigated using a
field emission scanning electron microscope (FESEM) AG-
SUPRAA40 (Carl Zeiss AG, Oberkochen, Germany), operating at an
acceleration voltage of 2.5 kV. The samples were soaked in liquid
nitrogen for 1 hour and then cryofractured. The fracture surface was
analyzed after Pd-Pt sputtering to provide enhanced electrical
conductivity.

3.25  X-Ray diffraction (XRD)

X-Ray diffraction analyses were performed with the aim of
investigating (i) the extent of SIC of the stretched NR samples and
(ii) to evaluate the dispersion of the nanofiller within the NR matrix.

To evaluate the extent of SIC in the samples, diffraction data were
collected in transmission geometry by means of the UniTN Textris
texture goniometer. This operated with a Cu-anode source coupled
with 2D-collimating optics. The stretched samples (0%, 300%, 400%
and 500%) were fixed to a custom-made sample holder and
positioned on the X-Ray beamline. Two-dimensional diffraction
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images were collected over an acquisition time of 120 s using a
Dectris Eiger 1M hybrid pixel detector. The diffraction images were
then azimuthally integrated over 5-degrees intervals for a total of 72
spectra for each sample. Integrated data analysis was performed
through the Maud software, starting from the literature structure
model of Poly(cis-Isoprene) [127]. The proposed model was based on
a monoclinic symmetry with lattice constants a = 12.46 A, b = 8.89
A ¢ =810 A, p=92° with polymer chains aligned along the c
crystallographic axis (Figure 3.2).

Figure 3.2. Crystal structure of Poly(cis-Isoprene) [127].

In the first refinement step, only background and scale parameters
were optimized. Then, the average crystallite size was manually set
to a reasonable starting value (10 nm) and the preferred orientation
modelling was introduced by means of the Entropy-modified
Williams-Imhof-Matthies-Vinel (EWIMV) algorithm. Later, lattice
parameters were also refined. Average crystallite size was evaluated
by means of the Scherrer’s formula applied to the main (2 0 1)
reflection, as reported in Equation (3.4):
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KA
Dyo1 = —— (3.4)

where D is the average crystallite size, K is the shape factor, A is the
X-ray wavelength (Cu-ka = 1.5419 A), f is the full width at half
maximum (FWHM) of the peak and & is the Bragg angle. Crystallinity
content was evaluated in a semi-quantitative way by computing the
ratio between the sum of the intensities of visible Bragg contributions
(coherently scattered signals) and the total integrated intensity of the
diffraction pattern, obtained from averaged integrated patterns. XRD
measurements were performed on specimens having dimensions
25x25x1mm?3, and only one specimen was tested for each
formulation.

To evaluate the dispersion of the nanofiller in the NR matrix, the data
was taken with a Rigaku D/Max-B X-Ray diffractometer in Bragg--
Brentano parafocusing geometry, a diffracted beam monochromator,
and a conventional Cu target X-ray tube set to 40 kV and 30 mA.
Acquisition range (expressed in terms of 2@ angle) was set from 1°
up to 60°, with a with a 20 step of 0.02° and an acquisition time of 2
s per step. To determine the basal spacing of the nanofiller, the
Bragg’s equation was used, as reported in Equation (3.5):

2d001Sine = nA (35)

Where doo1 is the basal spacing, 6 is the Bragg angle, n is the
diffraction order, and A is the X-ray wavelength ((Cu-ka = 1.5419 A).
XRD measurements were performed on specimens having
dimensions 25x25x1mms3, and only one specimen was tested for each
composition.

3.2.6  Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) tests were performed on the
NR samples by means of a Mettler DSC30 calorimeter (Mettler
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Toledo, Switzerland). One specimen was tested for each composition,
with a mass of approximately 10 mg. The specimens were subjected
to the following thermal sequence: (1) first heating scan from -100 °C
to 150 °C at 10 °C/min, (II) cooling scan from 150 °C to -100 °C at -
10 °C/min, (I11) final heating scan from -100 °C to 150 °C at 10
°C/min. Nitrogen was used as the purge gas at a flow rate of 100
ml/min. DSC analysis allowed the determination of the glass
transition temperature of the samples and to study the effect of filler
addition (if present) on the thermal properties of the NR samples.

3.2.7  Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed by using TGA Q5000 IR
thermo balance (TA Instrument) to investigate the influence of
natural rubber formulation on the degradation resistance of the
materials. Samples, weighting approx. 30 mg, were tested at a heating
rate of 10 °C/min from 30 °C to 700 °C under a nitrogen flow of 10
mL/min. One sample for each rubber formulation was tested. The
temperature associated to a mass loss of 5 % (Tsw) and the mass loss
at 700 °C (mzoo) Was evaluated. In addition, from the first derivative
of the thermogravimetric curve (DTGA), the temperatures
corresponding to the maximum rate of mass loss were identified
(Tpeak)-

3.2.8  Laser Flash Analysis (LFA)

The material capability to release/absorb heat to the environment and
the kinetics of such heat exchanges depend on the thermal properties
of the material. For this reason, the specific heat capacity (cp), thermal
conductivity (A) and thermal diffusivity (o) of the NR samples were
measured through Laser Flash Analysis (LFA) with a Netzsch LFA
447 instrument. Cylindrical samples (diameter 12.7 mm, thickness 1
mm) were die-cut from the produced NR sheets. The tests were
carried out at 20 °C and for each specimen five pulses were
performed. To compute the thermal diffusivity (o), the Cowan
method with numerical pulse correction was employed. For the
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determination of the heat capacity, the reference material Pyroceram
9606 was employed, according to the standard ASTM-E 1461 [128].
The thermal conductivity was calculated according to Equation (3.6):

A= apcp (3.6)

where p is the density of the sample (g/cm®) determined by
Archimede’s method, while o and ¢, are the data provided by the LFA
measurements. For each NR formulation, three specimens were
tested.

3.2.9  Shore A hardness measurements

According to the ASTM D2240 standard [129], Shore A hardness was
measured at 25 °C using a Hilderbrand Durometer (Prif-und
MeRtechnik GmbH, Wendlingen am Neckar, Germany). Square
specimens 15 mm wide and 3 mm thick were tested, after pressing an
indenter against the specimen for a time equal to 10 s. The load level
was set at 488 g. Ten specimens were tested for each formulation.

3.2.10 Quasi-static tensile tests

Room temperature uniaxial tensile tests were performed on a
universal testing machine Instron 5969 equipped with a load cell of
10 kN and operating at a crosshead speed of 500 mm/min. The strain
was measured with a resistance extensometer Instron 2603 with a
gauge length of 25 mm. The tests were carried out on ASTM D412
specimens [130]. From the tests, the stress corresponding to strain
levels of 200 % and 400 % was determined (G200, G100), together with
the stress at break (op), the corresponding strain (gp) and the specific
tensile energy to break (Ep), calculated as the integration of the stress-
strain curve from zero-strain to rupture. The elastic modulus (E100-200)
was measured as the slope of the stress-strain curve in the strain
region 100-200%. Five specimens were tested for each composition.

91



Chapter 3 Experimental Part

3.2.11 Evaluation of the Mullins effect

To investigate the Mullins effect, NR samples were subjected to
uniaxial cyclic tensile tests ten times by using a testing machine
Instron 5969 equipped with a load cell of 10 kN and operating at a
crosshead speed of 125 mm/min. The strain was measured with a
resistance extensometer Instron 2603 (gauge length of 25 mm).
Specimens having dimensions of 25x10x3 mm?® were used. The
samples were cyclically stretched up to the desired deformation level
(200 %, 300 % or 400 % defined depending on the samples) and one
specimen was tested for each formulation and strain level. The energy
dissipated and the stress corresponding to the maximum strain applied
(om200, OM300, OMa00) Were determined for each cycle. To accurately
assess the residual deformation of the samples, two lines spaced 1 cm
apart were marked on the surface of the specimens. Following the
completion of 10 cycles, the distance between the lines was measured
immediately after the sample dismounting from the instrument, and
the residual deformation was then calculated.

3.2.12 Evaluation of the elastocaloric effect
3.2.12.1 Set up description

To assess the elastocaloric effect of the samples, a preliminary
experimental set up was initially employed, as no tensile testing
machine available at the University of Trento could satisfy the
required specifications, namely, crosshead speeds on the order of
meters per second (to guarantee an adiabatic deformation process)
and a stroke of at least 20 cm. Subsequently, collaboration was
established with Step Lab S.r.l. (Resana, TV, Italy), a company
specialized in the production of electrically actuated machines for
mechanical testing, which provided a high-speed tensile testing
system meeting the requirements. The elastocaloric tests were carried
out on-site at their facilities. The evaluation of the effect of
crosslinking density on the elastocaloric performance of the NR
sample (described in Chapter 4) was performed by using both setups.
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Conversely, the elastocaloric properties of the NR nanocomposites
(described in Chapter 5) were determined only by using the high-
speed tensile testing machine. Below, the preliminary experimental
set-up and the high-speed tensile testing machine are described, along
with the data processing procedure, which was identical in both cases.

With the preliminary experimental set-up, a pendulum testing
machine was used, and tensile impact tests (setup 1SO 8256 method
B) were performed. The tests were carried out at room temperature,
and specimens of 1 mm thickness and 15 mm wide were used. The
gauge length was set at 27 mm. The procedure adopted for
investigating the elastocaloric performance is shown schematically in
Figure 3.3 and described in detail below.

Yoke
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N\
. Clamping fixture integral
] with the instrument
2 3
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"
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@
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Figure 3.3. Procedure followed for the evaluation of the elastocaloric
properties using the pendulum testing machine.

1. The specimen was fixed to a clamping fixture integral to the
instrument on one side, while a rigid yoke was attached to the other
side of the specimen. The distance between the yoke and the clamping
fixture was 27 mm. The pendulum was lifted at the starting position
(corresponding to a specific impact energy and impact velocity) and
subsequently released downward.

2.-3. When the pendulum hammer struck the yoke, the yoke remained
attached to the pendulum and the specimen was rapidly stretched,
heating up. When the pendulum reached the maximum height (kinetic
energy null), it self-locked, maintaining the sample in traction. By
measuring the length of the stretched specimens, the deformation of
the material was determined.
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4. Sufficient time was allowed for the specimen to return to room
temperature. The specimen was cooled by natural convection.

5.-6. After that, the system was unlocked, and the pendulum was
released downward. The specimen recovered the deformation and
cooled down, absorbing heat from the environment.

7. The pendulum was self-locked at the starting position.

The mechanism used to actuate the self-locking and unlocking of the
pendulum is illustrated in more detail in Figure 3.4.

Rope
Self-locking pulley

Counterweight Pendulumy/

Test
fixture

Unlocking

Figure 3.4. Mechanism used to actuate the self-locking and unlocking of the
pendulum.
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A self-locking pulley (Petzl, Micro Traxion) was mounted on a rigid
support perpendicular to the plane of motion of the pendulum
apparatus, and a rope was routed through it. One end of the rope was
attached to the pendulum, while the other end was connected to a
counterweight (Figure 3.4(1)). The counterweight was used to
provide sufficient tension to ensure the rope slid smoothly through
the pulley while the pendulum was moving. After the pendulum
stretched the specimen and reached its maximum height, the onset of
the backswing triggered the pulley to lock the rope, thereby arresting
the pendulum's motion (Figure 3.4(2)). Conversely, the unlocking
procedure was carried out by manually releasing the pulley and fixing
the pendulum in the starting position (Figure 3.4(3,4)).

To eliminate the Mullins effect, the samples were pre-stretched three
times in the manner described in Paragraph 3.2.12.1, and then re-fixed
at both ends to remove the influence of residual strain. For each NR
sample, four starting positions of the hammer were considered and,
consequently, four impact velocities and impact energies. The values
are reported in Table 3.5.

Table 3.5. Impact velocities and impact energies applied for the evaluation
of the elastocaloric properties of the prepared NR samples (preliminary set

up).
Impact velocity Impact energy
(m/s) Q)
Starting position 1 0.99 1.07
Starting position 2 1.31 1.87
Starting position 3 1.62 2.86
Starting position 4 1.92 4.01

The temperature variation of the surface of the specimens was
recorded by using an infrared thermal imaging camera FLIR E60
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(FLIR Systems, Inc., Wilsonville, OR), placed at a fixed distance of
25 cm from the surface of the NR strips. The IR thermal camera
resolution was 0.1 °C, the acquisition frequency of the IR image was
set at 16 fps and the emissivity parameter employed was 0.9. The
FLIR software (Version 5.13.18031.2002) was used to measure
punctual temperature values in the central part of the specimens.
Figure 3.5 shows the positioning of the infrared thermal camera
relative to the samples during the experiments.

) frared
< Thermal Camera

Figure 3.5. Positioning of the infrared thermal camera relative to the
samples during the experiments.

This preliminary set-up presented several limitations. First, it was not
possible to control the deformation level of the samples. Second, the
deformation rate was not constant during the deformation as it
decreased from the selected impact velocity to O m/s. Furthermore,
with this experimental setup, it was not possible to verify whether the
selected impact velocities ensured adiabatic deformation of the
samples. Given the high impact velocities, it is likely that the
deformation occurred under adiabatic conditions, although this has
not been conclusively demonstrated. The performance of the samples
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was compared by fixing the impact velocity. However, this
comparison was not precise and only partial, as the deformation level
varied depending on the stiffness of the formulations.

The high-speed tensile testing machine used at STEP Lab was a STEP
Lab XUDO5 equipped with a 1 kN load cell. The tests were carried
out at room temperature (approx. 22 °C) and rectangular specimens 1
mm thick and 15 mm wide were used. The distance between the
specimen grips was set at 25 mm (tested volume of the specimens of
about 0.4 cm?®). The following procedure was adopted to evaluate the
elastocaloric performance: at first, the specimens were rapidly
stretched up to the desired deformation level, setting the crosshead
speed at 0.5 m/s (strain rate 20 s). This testing speed was selected as
it ensured adiabatic conditions. After that, they were maintained in
traction for a fixed amount of time, to allow the materials to return to
room temperature. The cooling of natural rubber occurred both by
natural convection and forced convection. The NR samples were then
unloaded, at the same crosshead speed of the stretching phase,
followed by a relaxation step. The strain levels explored ranged
between 300% and 500% and two specimens were tested per each
strain level. The surface temperature variation of the samples during
the elastocaloric tests was recorded by using an infrared thermal
imaging camera IRtech Fotric 348A (E Instrument Group s.r.l.,
Lesmo MB, Italy), placed at a fixed distance of 50 cm from the
surface of the NR strips, having a thermal sensitivity of 0.04 °C. The
acquisition frequency was set at 16 fps and the emissivity parameter
employed was 0.9. The AnalyzIR software (Version 5.0.7.117) was
used to measure punctual temperature values in the centra part of the
specimens.

For each test, the mechanical energy at stretching (Ws) and the
mechanical energy at retraction (W), illustrated as an example in
Figure 3.6, were calculated integrating the force by the displacement.
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Figure 3.6. Mechanical energy at stretching (area under the loading curve)
and the mechanical energy at retraction (area under the unloading curve)
in force-displacement curves of an elastomer.

The stress relaxation of the samples in the relaxation step after
stretching was also evaluated. In particular, the stress sustained by the
sample was plotted as a function of time and the percentage of stress
relaxation (SR) was calculated according to Equation (3.7):

SR (%) = 2=%%. 100 (3.7)
0o

where oo is the maximum stress, attained when the selected
deformation is achieved, and oy is the stress at the end of the
relaxation phase.

3.2.12.2 Calculation of the elastocaloric properties

The data processing procedure followed to determine the
elastocaloric properties of the samples was identical for both the set-
up.

As the thickness of the tested samples was 1 mm and Biot number
(i.e., the ratio between the thermal resistance for conduction inside
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the body and the resistance for convection at the surface of the body
[23]) was found to be less than 0.1, temperature difference between
the surface and the core of the specimens could be considered
negligible. Thus, the temperature could be deemed uniform
throughout the material. Both during the stretching and retraction
phase, the temperature of the samples, determined by using the
infrared thermal camera, was represented as a function of time. The
temperature variation of one of the tested specimens, deformed during
the test at 500 %, is reported as an example in Figure 3.7(A,B).
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Figure 3.7. Representation of the temperature variation of one of the tested
specimens during the stretching and retraction phase using the high-speed
tensile testing machine (maximum deformation applied = 500%). (A)
temperature variation as a function of time and (B) corresponding surface
temperature images acquired through IR camera.

For each specimen and strain level explored, the temperature increase
during the stretching phase (AThear) and the temperature reduction
during the retraction phase (ATcoo) Were registered. In addition, the
characteristic time of temperature dampening (tc), the heat released
to the environment per unit volume during the stretching phase (Qre)
and the heat absorbed from the environment per unit volume during
the retraction phase (Qa) were calculated. The AThear and ATcool,
represented in Figure 3.7, were respectively evaluated as the
difference between the temperature of the NR samples just after the
stretching and releasing phase (points 2 and 4 in Figure 3.7) and the
temperature assumed by the material before the mechanical action
(points 1 and 3 in Figure 3.7), assuming the material to be in thermal
equilibrium with the environment). The characteristics time of
temperature dampening, i.e., the time in which the temperature
difference between the NR samples and the air drops, in absolute
value, at a fraction equal to 1/e (= 37%) of the initial value, was
calculated both for the stretching and retraction phases. This
parameter is of fundamental importance since provides information
about the kinetics of the heat exchange process [23]. The thermal
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analysis adopted to determine ¢, and to describe how the temperature
of the NR samples evolved over time due to the convective heat
transfer with the surrounding fluid, is described below.

Immediately after stretching or retraction, the NR samples were
assumed to be at a uniform temperature To (i.e., points 2 and 4 in
Figure 3.7) and immersed in a fluid at constant temperature Tr.
Because To£Ty, the material subsequently underwent either cooling
(after stretching) or heating (after retraction) as heat was exchanged
with the surrounding fluid. Heat transfer within the solid occurred by
conduction, whereas heat exchange between the solid and the
surrounding fluid occurred by convection. Since the temperature
variation between the sample and the environment remained small
[45], the radiative heat transfer phenomena were considered
negligible.

Although heat transfer within the NR samples is governed by
Fourier’s law, the internal thermal resistance was much smaller than
the convective resistance at the sample—fluid interface, as indicated
by a low Biot number. Consequently, any temperature gradients that
arose inside the material after stretching or retraction were rapidly
eliminated by thermal conduction, and the samples remained in quasi-
thermal equilibrium at all times. Under these conditions, the
temperature of the NR samples was considered spatially uniform and
dependent only on time, and the heat-transfer process was controlled
primarily by convection at the surface.

Under these assumptions, the transient energy balance of the NR
samples reduced to a lumped heat-capacity equation, where the rate
of change of the internal energy of the sample equals the heat
exchanged with the surrounding fluid, as reported in Equation (3.8):

dT 3.8
—hA(T - Tj) = Ve oo (3.8)
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where A is the area of heat exchange (m?), T is the temperature of the
sample assumed at time t, V is the volume of the material (m3), p is
the density (g/m®) and c;, is the specific heat capacity of the material
(J/(g'’K)). The material properties (p, cp) were assumed to be
independent on strain and temperature, and the convective heat-
transfer coefficient was assumed to be constant.

Solving the equation by separation of variables and integrating then,
from the initial conditions (t= 0, T= Ty) to the generic conditions t and
T, Equation (3.9) is obtained:

hA
T - Tf — e(_PVCp)t (39)
TO - Tf

From which it follows Equation (3.10):

-hA -
TW) =T+ (To—T)e PV’ = T, 4 (T, —T))e e (3.10)

All the influencing quantities (A, cp, h, V, p) can be combined into
the characteristic time of temperature dampening, tc, as reported in

Equation (3.11):

Ve 3.11
T, = P p/hA (3.11)

Equation (3.11) can be rewritten as the product of a lumped thermal
capacitance and a convection thermal resistance, as reported in
Equation (3.12):

r. = (pve,) (hiA) (3.12)

The higher the lumped thermal capacitance and the convection
thermal resistance, the slower is the heat transfer process.
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To quantify the time required for the material to return to the
environmental temperature Ty, the time to reach 98% of the initial
temperature difference can be calculated as shown in Equation (3.13):

Ty—T; Ty — T, (3.13)
togys = Tcl = rn(—2L _}=1,.39
o8% = T n(T - Tf> fel <0.02(T0 —1) " "

This equation highlights that the time required for the material to
return to Tt can be estimated as four times the characteristic time of
temperature dampening.

The characteristic time of heat exchange was determined by fitting
the experimental temperature variation curves, related to the
stretching and retraction phase, by using Equation (3.10). Figure 3.8
shows an example of the fitting procedure.
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Figure 3.8. Example of the fitting procedure adopted to determine the
characteristic time dampening (zc).

Once determined the characteristic time of temperature dampening
(tc), the heat transfer coefficient (h) was evaluated by using a reverse
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procedure. From Equation (3.11), as all the other parameters are
known, the heat transfer coefficient could be determined via Equation
(3.14) as:

_ pPVc (3.14)
h= p/AT

The heat-transfer coefficient determined using this procedure is valid
only for the specific experimental arrangement adopted. The
orientation of the material and the manner in which it is deformed
influence the surrounding flow field and, consequently, the
convective heat-transfer conditions.

The heat released (Qr.) and extracted (Qab) from the environment per
unit volume of material was calculated, respectively, via Equations
(3.15) and (3.16) as:

Qre = hs - Ag - [T T(D)dt /V (3.15)
Qap = hy - A~ [ T(E)dt /V (3.16)

where hs and h, are the heat transfer coefficients determined
experimentally in the stretching and retraction phases, as previously
explained, As is the surface of the sample between the specimen grips
during stretching, A is the area of the unstretched sample between the
specimen grips, ti, to, t3 and ts define the time interval in which the
heat release/absorption from the environment occurred (see Figure
3.9), while T(t) is the experimental temperature variation within the
samples during the tests.
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Figure 3.9. Example of the integration procedure to determine the heat
released and extracted from the environment during the stretching and
retraction phase, respectively.

Finally, the Coefficient of Performance (COPna) value was
calculated based on the set-up used. In particular, for the preliminary
set-up, the COPma was evaluated as the ratio between the heat
absorbed during retraction phase (Qab) and the impact energy per unit
volume of material (1), as reported in Equation (3.17):

COPpge = %22 (3.17)

while, for the high-speed tensile testing machine, as the ratio between
Qab and the mechanical energy at stretching employed to deform the
samples during the elastocaloric tests, per unit volume of material
(Ws/V), as reported in Equation (3.18):

COPpgy = b (3.18)

)
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The COPmna parameter was qualitative (i.e., it refers to the material
rather than a prototype) and was introduced solely to compare the
performance of the produced samples and to identify the most
promising formulation.
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4 Effect of crosslinking density on the
elastocaloric properties of Natural
Rubber

Part of this chapter has been published in:
M. Bianchi, L. Fambri, G. Fredi, A. Pegoretti and A. Dorigato

“Elastocaloric Performance of Natural Rubber in Solid State
Cooling: Evaluation of the Effect of Crosslinking Density”

Applied Sciences 2024, 14, 10525
https://doi.org/10.3390/app142210525

4.1 Introduction

As already explained in Chapter 2, global temperatures have risen by
approximately 1.1 °C since the Industrial Revolution, leading to more
frequent extreme weather events such as heat waves and floods
[6,13]. To cope with rising temperatures, air conditioning has become
essential for billions of people worldwide. However, conventional
vapour-compression systems consume large amounts of electricity
and use refrigerants with high global warming potential, creating a
feedback loop that exacerbates climate change [13].

Elastocaloric cooling has emerged as a sustainable and efficient
alternative to conventional refrigeration technologies [9]. Among
elastomers exhibiting the elastocaloric effect, NR stands out due to its
unigue combination of nontoxicity, low cost, softness, long fatigue
life, and excellent caloric performance, which arises from the
synergistic contributions of thermoelasticity and strain-induced
crystallization [41,43]. Nevertheless, research on the refrigeration
potential of NR is still in its infancy, and not all parameters
influencing the elastocaloric behaviour of this material are fully
understood. Only by identifying these key parameters it will be
possible to optimize the cooling performance of natural rubber and to
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advance solid-state cooling technologies capable of competing with
existing solutions. Recent works have mainly explored the effect of
testing parameters such as temperature, strain rate and maximum
deformation on the elastocaloric properties of NR [22,116]. However,
the relationship between rubber network structure, specifically the
crosslinking density, and the elastocaloric effect has never been
systematically addressed. Hence, the focus of Chapter 4 is to examine
the potential impact of crosslinking density on the elastocaloric
performance of NR and elucidate the nature of this influence.

4.2 Materials and Methods
421 Materials

The materials used in this Section are listed in Table 4.1, along with
the reference Section that provides their detailed description.

Table 4.1. List of the materials used in this part of the thesis.

Material Section
Natural Rubber 311
Zinc Oxide 3.1.2
Sulphur 3.1.2
ZDBC 3.1.2
Stearic Acid 3.1.2
Toluene 3.13
Methanol 3.13
Acetone 3.1.3

4.2.2  Sample preparation

With the aim of producing NR samples with different degrees of
crosslinking density, nine NR compounds were prepared, each with a
different combination of sulphur and accelerator. The selected
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sulphur contents were 1.5, 2.5 and 3.5 phr, while the accelerator
contents were 0.4, 0.7 and 1.0 phr. Among the NR compounds
produced, the three that led to distinct crosslinking densities were
selected for the study. A conventional curing system, i.e., rubber
formulations characterized by a sulfur-to-accelerator ratio ranging
between 0.1 and 0.6, was chosen for the NR formulations. This choice
was dictated by the fact that, according to the literature [61,64,65],
physical properties such as tensile strength, fatigue resistance and
elongation at break are superior in this type of system. When the
application of NR in a solid-state cooler is considered, good fatigue
resistance is of fundamental importance, as the rubber in this working
condition should be subjected to several loading and unloading
cycles. The composition in parts per hundred rubber (phr) of the
prepared NR compounds, along with their codes, is reported in Table
4.2. The code of the natural rubber samples consists of the term NR,
followed by a number indicating the sulfur content (in phr) and the
letter S for sulfur, and a number indicating the accelerator content (in
phr), followed by the letter A for the accelerator. The code UNR
refers to the uncrosslinked rubber.

The vulcanization characteristics of the produced NR compounds
were investigated through rheological analysis. As it will be discussed
in Section 4.3.1, the results evidenced that the compounds
characterized by an accelerator content of 0.7 phr and different
sulphur  concentrations (NR_1.5S_A0.7, NR_2.5S_A0.7 and
NR_3.5S_A0.7) were those leading to distinct crosslinking densities.
From that point in the study, the accelerator concentration will be
omitted in the code.
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Table 4.2. Composition of the NR compounds analysed.

Sample NR Sulphur ZnO Stearic acid ZDBC
(phr) (phr) (phr) (phr) (phr)
UNR 100.0 0.0 0.0 0.0 0.0
NR_1.5S_0.4A  100.0 15 5.0 2.0 04
NR_1.5S_0.7A 100.0 15 5.0 2.0 0.7
NR_1.5S 1A 100.0 15 5.0 2.0 1.0
NR_2.5S_0.4A  100.0 25 5.0 2.0 04
NR_2.5S_0.7A 100.0 25 5.0 2.0 0.7
NR_2.55_1A 100.0 25 5.0 2.0 1.0
NR_3.55_0.4A 100.0 3.5 5.0 2.0 0.4
NR_3.5S_0.7A  100.0 35 5.0 2.0 0.7
NR_3.55_1A 100.0 35 5.0 2.0 1.0

The rubber compound production process referred to ASTM 3182
standard, with the mixing stages summarized in Table 4.3. The setting
of all the parameters was based on optimisation resulting from
preliminary tests. First, NR underwent a mastication process lasting
five minutes in an internal mixer (Thermo Haake Rheomix 600,
Thermo Fisher Scientific, Waltham, MA, USA), equipped with
counter-rotating rotors, operating at a temperature of 50 °C and a
rotation speed of 60 rpm. Subsequently, the rubber chemicals were
added to NR. The order of addition was as follows: ZnO, stearic acid,
ZDBC and, lastly, sulphur. Upon the introduction of the rubber
compound chemicals, the mixture was blended and homogenized for
two minutes.
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Table 4.3. Procedure used for mixing natural rubber compounds.

Stage Process/Ingredients  Time (min)
| Mastication of NR 5
I Zn0O 1
1 Stearic Acid 1
v ZDBC 1
V Sulphur 1
VI Mixing for homogenization 2

The resulting NR compounds were then subjected to vulcanization
using a Carver hydraulic hot press (Carver, Wabash, IN, USA). The
vulcanization process was performed at a temperature of 120 °C and
a pressure of 5 bar. Depending on the formulations, the curing time
varied between 16 and 19 minutes. The optimal curing time was
selected based on the result of the rheological analysis described in
Section 4.3.1. The vulcanization occurred in molds having
dimensions 110x110x1 mm? and 110x110x3 mm3. Samples with a
thickness of 1 mm were used for the evaluation of the elastocaloric
properties and for the determination of thermal properties by means
of LFA analysis, while the 3 mm-thick samples were produced to
conduct the mechanical characterization.

4.3 Results and Discussion
4.3.1 Rheological analysis

Rheological analysis was performed to study the vulcanization
characteristics of the produced NR compounds and to identify three
formulations leading to distinct and quite equally separated
crosslinking densities. The tests were carried out at 120 °C, a
temperature selected on the basis of preliminary trials. The selection
of the three NR formulations was based on the maximum torque value
measured at the end of the vulcanization process, which was used as
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an indicative parameter of the crosslinking degree. The vulcanization
curves of the investigated rubber compositions, expressed as torque
as a function of time, are shown in Figure 4.1(A-F). To better
understand the results, Figure 4.1 (A-C) presents the vulcanization
curves grouped by fixed accelerator content, while Figure 4.1(D-F)
shows the curves grouped by fixed sulphur content. In Table 4.4, the
main vulcanization characteristics are reported.
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Figure 4.1. Vulcanization curves at 120 °C of the different NR formulations,
effect of sulphur and accelerator content. (A-C) Vulcanization curves

grouped by accelerator content and (D-F) vulcanization curves grouped by
sulphur content.

Table 4.4. Minimum torque (Tmin), maximum torque (Tmax) and optimum

curing time (teo%) for samples with different sulfur and accelerator content.

Selected compositions are highlighted in grey.

Sample Tmin (AN-m) Tmax (AN-m) toooe (Min)
NR_1.5S 0.4A 0.0113 0.0982 27
NR_2.5S_0.4A 0.0136 0.1302 28
NR_3.5S_0.4A 0.0117 0.1297 34
NR_1.5S 0.7A 0.0108 0.0996 16
NR_2.5S 0.7A 0.0112 0.1300 18
NR_3.55_0.7A 0.0125 0.1531 19
NR_1.5S_1.0A 0.0112 0.1078 11
NR_2.5S_1.0A 0.0116 0.1324 12
NR_3.55 1.0A 0.0111 0.1425 15
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As might be expected, increasing the accelerator content speeds up
the vulcanization kinetics, leading to the attainment of complete
crosslinking within a shorter time. This is clearly visible by analysing
the vulcanization curves in Figure 4.1(A-F) and the tooy reported in
Table 4.4. The vulcanization process can be considered nearly
complete when the measured torque value stabilizes and reaches a
plateau value. The accelerator concentration does not significantly
affect the maximum torque achievable, and thus the crosslinking
density. Indeed, keeping the sulphur content constant and increasing
the accelerator concentration, the maximum torque remains mostly
unchanged, with the exception of the tern NR_3.5S_0.4A,
NR_3.5S 0.7A and NR_3.5S_1.0A shown in Figure 4.1F. The
NR_3.5S_0.4A formulation does not achieve a plateau, the torque
continues to slightly increase with time, suggesting that high sulphur
level and low accelerant concentration leads to incomplete
crosslinking at 120 °C within the time frame considered. In contrast,
the sulphur concentration is a parameter that greatly affects the Tmax
achievable, as can be observed in Table 4.4. Increasing the sulphur
concentration while keeping the accelerator content constant leads to
a higher degree of crosslinking. From a comparison of all the
formulations produced, it is possible to notice that the three
compounds constituted by an accelerator content of 0.7 phr (Figure
4.1B) exhibit distinct and quite equally separated Tmax and,
consequently, a distinct degree of crosslinking. Moreover, since the
accelerator concentration is kept constant, the formulations differ
exclusively in their sulphur content. These three formulations were
therefore selected for further investigation and from this point
onwards, the accelerator concentration will not be reported in the
samples code.

4.3.2  Density measurements

The density values of the unvulcanized rubber and the different
crosslinked samples, resulting from the application of Archimedes’
principle, are reported in Table 4.5.
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Table 4.5. Density values of the samples resulting from the application of
Archimedes’ principle.

Sample Density (g/cm?)
UNR 0.847 +0.009
NR_1.5S 0.958 +0.006
NR_2.5S 0.968 + 0.005
NR_3.5S 0.981 + 0.007

The vulcanization of NR results in an increase in material density as
the formation of chemical bonds holds polymer chains more tightly
and restricts their movement, leading to a more compact structure.
For example, the formulation NR_1.5S exhibits a 13% higher density
compared to UNR, while the NR_3.5S sample shows a 15% increase.
For the crosslinked samples, the density increases progressively with
increasing sulphur content and hence the crosslinking degree, as it
will be further discussed in Paragraph 4.3.3. The experimental results
are in good agreement with the values reported in the literature for
similar systems [114].

4.3.3  Evaluation of the crosslinking density

The crosslinking densities of the produced samples, obtained by the
swelling method, are reported in Table 4.6.

Table 4.6. Experimental crosslinking densities of the prepared NR samples.

Sample Crosslinking density (10-*-mol/cm3)
NR_1.5S 294 +0.21
NR_2.5S 4.04 +0.22
NR_3.5S 5.24 +0.51
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The results confirm that the selected rubber formulations lead to three
distinct degrees of crosslinking. As expected, with increasing sulphur
content and keeping the other additives constant, the crosslinking
density of NR increases. The data dispersion seems to depend on
sulphur content: the crosslinking density distribution observed in
NR_3.5S is wider with respect to NR_2.5S and NR_1.5S. This
experimental evidence suggests a lower material homogeneity and
could be related to difficulties in obtaining a good dispersion of the
vulcanizing agent when increasing the sulphur content in the NR
formulations. Figure 4.2 shows the trend of the crosslinking degree as
a function of density. It clearly evidences that both these physical
properties increase linearly with increasing sulphur content in the
formulation.
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Figure 4.2. Crosslinking density as a function of density for the vulcanized
rubber samples.

4.3.4  Differential Scanning Calorimetry (DSC)

To investigate the thermal properties of the produced samples, DSC
analyses have been carried out. Figure 4.3(A,B) shows the
thermograms of the 1% heating scan and 2" heating scan of UNR,
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NR_1.5S, NR_2.5S and NR_3.5S samples, while in Table 4.7 the
glass transition temperature (T) values are reported.
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Figure 4.3. DSC thermograms of (A) the 1% heating scan and (B) 2"
heating scan of UNR, NR_1.5S, NR_2.5S and NR_3.5S samples.

Table 4.7. Results of the DSC tests on the prepared NR samples.

1%t heating scan

2" heating scan

Sample T4 (°C) T4 (°C)
UNR -63.8 -63.2
NR_1.5S -61.0 -60.5
NR_2.5S -60.3 -60.5
NR_3.5S -59.0 -59.0

As it can be seen in Table 4.7, the T4 remains essentially unchanged
for all rubber formulations between the first and the second heating
scan, indicating that the vulcanization process was completed for all
the samples. A slight increase in Ty is registered when moving from
UNR (-63.8 °C) to the least crosslinked sample NR_1.5S (-61.0 °C).
This is reasonable, considering that NR_1.5S underwent melt
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compounding and vulcanization, which may have increased
macromolecular packing and reduced the polymer chain mobility.
Among the vulcanized samples, Ty further increases slightly from
NR 1.5S (—61.0 °C) to NR_3.5S (-59.0 °C), confirming that
different crosslinked samples were produced and the degree of
crosslinking increases with increasing sulphur content.

In the crosslinked samples, an endothermic peak is visible at 70 °C,
which disappears in the second heating scan. This signal could be
attributed to the evaporation of absorbed moisture. As this
endothermic peak is not observed in the unvulcanized sample, the
moisture absorption is probably a consequence of the rubber
chemicals introduced in the formulations.

4.3.5 Thermogravimetric analysis (TGA)

TGA analysis were performed to study the thermal degradation of the
produced NR samples. The thermogravimetric curves of UNR and the
crosslinked samples, along with the first derivative curves, are shown
in Figure 4.4(A,B) while Table 4.8 presents the most important
results.
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Figure 4.4. (A) TGA curves and (B) DTGA curves of the unvulcanized NR
and the crosslinked samples.
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Table 4.8. Results of the thermogravimetric analysis on the prepared rubber

samples.
Sample Ts5% (°C) Tpeak (°C) Moo (%6)
UNR 348.7 398.8 0.0
NR_1.5S 339.0 382.8 4.0
NR_2.5S 3433 383.3 43
NR_3.5S 339.5 382.6 4.0

The results reveal that all samples are thermally stable up to a
temperature of approx. 250 °C and then undergo a single major
degradation step between 300 and 500 °C. The thermogravimetric
curves overlap, suggesting that rubber vulcanization does not enhance
the thermal stability. As shown in Figure 4.4A, the non-vulcanized
rubber exhibits complete degradation, leaving no residual mass. In
contrast, crosslinked samples present a mso of approximately 4.0-
4.3%, which can be attributed to the presence of zinc oxide in the
rubber formulation. The maximum degradation rate of UNR occurs
at slightly higher temperatures compared to the crosslinked samples.
Nevertheless, within the range of crosslinking examined, the degree
of crosslinking does not affect the temperature at which the maximum
degradation rate occurs, which remains at approximately 383 °C. The
presence of a shoulder on the main peak of the DTGA of all the
samples suggests that the degradation is not a uniform process and
may occur in two overlapping steps.

4.3.6  Laser Flash Analysis (LFA)

The material capability to release/absorb heat to the environment and
the kinetics of such heat exchanges depend on the thermal properties
of the material. For this reason, the values of specific heat, thermal
diffusivity and thermal conductivity were measured by LFA analysis.
The values obtained are reported as a function of the crosslinking
density in Table 4.9.
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Table 4.9. Specific heat capacity, thermal diffusivity and thermal
conductivity at 20 °C as a function of crosslinking density obtained from
LFA analysis on the prepared NR samples.

Sample Crosslinking Cp a Iy

density (/g-K) (mm2/s) (W/m-K)
(10*-mol/cm?®)

NR_1.5S 294+0.21 1.704 £0.049 0.081+0.001 0.132+0.003
NR_2.5S 4.04£0.22 1.822 +0.063 0.081+0.002 0.143 +0.006
NR_3.5S 524 +0.51 1.775+0.044 0.082+0.001 0.143 +0.004

The values of thermal diffusivity, thermal conductivity and specific
heat capacity obtained are in agreement with those reported in the
literature [114]. No significant differences are observed within the
prepared samples, leading to the conclusion that the crosslinking
density, in the range studied, does not influence the thermal properties
of the samples. Consequently, the origin of any difference in the
elastocaloric performance of the NR samples is not attributable to
differences in the heat transfer behaviour of the materials.

4.3.7  Shore A hardness measurements

In Table 4.10 the results of the Shore A hardness test are reported as
a function of crosslinking density.

Table 4.10. Shore A hardness measurements as a function of crosslinking
density for the unvulcanized rubber and the crosslinked samples.

Sample  Crosslinking density (10*-mol/cm®  Shore A hardness

UNR - 256 2.2
NR_1.5S 2.94+0.21 38.0+0.8
NR_2.5S 4.04+0.22 413+0.7
NR_3.55 5.24 +0.51 439+13
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As it could be expected, the Shore A hardness of NR significantly
increases following vulcanization. For instance, the least crosslinked
sample exhibits a hardness value that is 48% higher than that of UNR
sample. Among the vulcanized samples, the hardness value increases
with increasing crosslinking density. A higher number of bonds
between the rubber chains makes the material stiffer and more
resistant to penetration. A trend similar to that observed for hardness
is also expected for the stiffness of the materials, as hardness is an
indirect measure of Young’s modulus of an elastomer [131]. Both
properties reflect the strength of the bonds between the polymer
macromolecules and, consequently, the material’s resistance to
deformation.

4.3.8  Quasi-static tensile tests

According to the literature [34], NR should be deformed at strain
levels close to or higher than 300% to enhance its cooling capacity,
as the best elastocaloric performance is achieved when NR
crystallizes under strain. Knowing the mechanical behaviour of the
samples, and, specifically, the strain at break, is crucial for selecting
the strain range to be explored in the elastocaloric tests. The
deformation level must, in fact, remain sufficiently far from the strain
at break to avoid premature failure during elastocaloric testing.
Therefore, quasi-static tensile tests were performed on the samples.
The representative stress—strain curves obtained are shown in Figure
4.5, while the main results are summarized in Table 4.11.
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Figure 4.5. Representative stress-strain curves from quasi-static tensile
tests on NR_1.5S, NR_2.5S and NR_3.5S samples.

Table 4.11. Results of quasi-static tensile tests at 25 °C on NR_1.5S,
NR_2.5S and NR_3.5S samples.

Sample E100-200 G200 G400 Gh € Ep

(MPa) (MPa) (MPa) (MPa) (%) (3lem?)

NR_1.5S 0.39+0.08 1.08+0.13 210%0.24 21.3+3.7 730+ 14 36.0+4.7
NR_2.5S 0.55+0.06 1.71+£052 3.70+0.84 23.1+6.3 573+79 346+21
NR_3.5S 0.88 +0.07 2.07+0.12 8.02+1.16 229=+7.1 523 + 47 375+13

The stress—strain curves shown in Figure 4.5 present the typical
hyperelastic behavior, characterized by an initial “toe region” in
which small deformation results in a linear increase in stress,
followed by a “plateau region”, where stress remains relatively
constant despite further increases in strain, and, finally, a stiffening
region in which the material experiences a significant increase in
stress as a result of material stiffening. According to the literature
[132], rubber stiffening can be attributed to two phenomena: the first
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is related to the achievement of the maximum extensibility of the
polymeric chains during stretching, while the second mechanism
regards the occurrence of strain-induced crystallization. As the
crosslinking density of natural rubber increases, the stress—strain
curves in Figure 4.5 show a progressive stiffening of the samples.
This can also be noted when comparing the stress required to deform
the materials by 200% and 400% (see Table 4.11), the values of which
increase, moving from NR_1.5S to NR_3.5S. For example, c400% IS
equal to 2.1 MPa in NR_1.5S and 8.0 MPa in NR_3.5S. This is a
reasonable result considering that the chain length between crosslinks
is reduced as the degree of crosslinking increases and, consequently,
the limit of chain extensibility is reached earlier [133,134]. Focusing
on the stress and strain at break, it is possible to observe that while oy,
is comparable among the samples, e, undergoes a reduction, even if
not dramatic, with an increasing degree of crosslinking. Finally, the
E, appears to be independent on the degree of crosslinking, with
values of approx. 35-36 J/cm?® for all the samples. This arises because
the increase in stiffness with increasing crosslinking density is
counterbalances by a reduction in the strain at break.

The results demonstrate that the samples could be safely deformed up
to 500% strain for the evaluation of the elastocaloric effect, as this
strain level remains sufficiently below the ¢, of all samples. It should
be emphasized that the stress required to achieve 500% of
deformation ranges between 3 MPa (NR_1.5S) and 15 MPa
(NR_3.5S), and is close to the pressure required to compress a
refrigerant fluid in the current air conditioning systems, i.e., approx.
1-8 MPa [135]. This is a positive aspect that must be underlined since
other caloric materials under study for developing solid-state
refrigeration systems, such as shape memory alloys or ferroelectric
materials, require stress levels of at least one or two orders of
magnitude higher. For example, for shape memory alloys, several
hundreds of MPa are required to exhibit elastocaloric performance
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[34]. This makes the behaviour of NR interesting and of great
potential for solid-state cooling applications.

4.3.9  Evaluation of strain induced crystallization

To evaluate the extent of SIC of the samples in the deformation range
of 300-500%, XRD analyses were performed on the samples in the
stretched state. The diffraction patterns obtained for the crosslinked
samples in the unstretched state and at 300%, 400%, and 500% strain
are shown in Figure 4.6, while the crystallinity and the average
crystallite size values are reported in Table 4.12.

0%

400% 500%

Figure 4.6. Diffraction patterns of the unvulcanized rubber and crosslinked
samples in the unstretched state and at 300%, 400%, and 500% strain.
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Table 4.12. Average crystallite size and crystallinity obtained from XRD
measurements on NR samples.

Sample Deformation  Average Crystallite Size  Crystallinity

(%) &) 0)
UNR 0 - -
NR_1.5S 0 N/A 0.0
300 <50.0 10.5
400 91.6 11.8
500 108.6 12.6
NR 255 0 N/A 0.0
300 <50.0 8.7
400 59.8 10.7
500 75.1 12.5
NR_3.5S 0 N/A 0.0
300 <50.0 8.4
400 53.0 10.0
500 57.0 10.7

In the undeformed state, the diffraction patterns of all samples display
a diffuse amorphous halo along with reflection rings attributable to
the presence of ZnO in the rubber formulations. The amorphous halo
indicates that vulcanized NR is completely amorphous and the
polymer chains do not show preferred orientation. At 300% strain,
highly oriented crystalline reflection peaks begin to appear in the
diffraction patterns of all samples, with their intensity increasing as
the strain level rises. The most intense reflection arcs correspond to
the crystallographic planes (2 0 0), (2 0 1), and (1 2 0), while the less
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intense ones correspond to the planes (12 1), (20 2) and (0 0 2) [136].
These results confirm the deformation range of 300-500% is suitable
for the evaluation of the elastocaloric effect, as it combines the
contribution of thermoelasticity and strain-induced crystallization.
The calculated crystallinity factor evidences that the capability of NR
to crystallize under strain is promoted, not only by increasing the
strain, but also by reducing crosslinking density. Indeed, for a given
deformation level, the crystallinity increases by reducing the degree
of crosslinking. The crystallinity is thus higher in NR_1.5S and
ranges from 10.5 % at 300% strain to 12.6% at 500% strain. As
regards the average crystallite size, it depends on both crosslinking
density and strain. In all samples, crystallite size increases with
increasing strain, and, at a fixed deformation level, it increases as
crosslinking density decreases. For instance, at 500%, the average
crystallite size determined for NR_1.5S is 108.6 A, while for NR_3.5
is 57.0 A, i.e., almost half. As suggested by Huneau [132], the
maximum crystallite size is probably governed by chain length
between crosslinks, and thus decreases as crosslinking density
increases. The observed trend in crystallinity and average crystal size
as a function of degree of crosslinking are consistent with previous
observations by Trabelsi et al. [136] and Tosaka et al. [137], who
studied the influence of crosslinking density on SIC.

To conclude, the observed dependence of the extent of SIC on the
degree of crosslinking suggests that the crosslinking density could
affect the elastocaloric response. Given the higher crystallinity
content, a more pronounced elastocaloric effect is expected in
NR_1.5S. However, SIC is only one of the two contributors to the
elastocaloric effect.

By analysing the crystallinity content together with the stress—strain
curves in Figure 4.5, it appears that the primary physical origin of the
strain-stiffening regime is the progressive approach to the finite
extensibility of the polymer chains, i.e., the rubber network structure
controls the strain-stiffening mechanism. Although SIC is known to
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contribute to the stress increase, the crystallinity data indicate that it
does not control the onset of strain stiffening. In particular, NR_1.5S
at 500% strain exhibits a higher crystallinity than NR_2.5S and
NR_3.5S, despite still being close to the plateau region, whereas the
latter samples are already in the strain-stiffening regime. This suggest
that SIC is not the physical origin of strain stiffening, but rather a
secondary effect that reinforces the material.

4.3.10 Evaluation of the Mullins effect

An elastocaloric cooling device requires the repetitive stretching and
releasing of rubber. Consequently, it becomes crucial to thoroughly
examine the mechanical response of the samples under cyclic loading
conditions, particularly considering the susceptibility of NR to the
Mullins effect. The quasi-static tensile tests evidence that the samples
could be deformed up to 500% for the evaluation of the elastocaloric
effect. Therefore, the evaluation of the Mullis effect was performed
cyclically stretching the materials up to 200, 300 and 400%. An
analysis at a strain level of 500% was also intended; however, due to
problems encountered with the extensometer at high elongations
during cyclic tensile tests, this could not be performed. Figure 4.7(A-
C) shows the stress—strain response of the NR samples under cyclic
tensile loading for the different strain levels.
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Figure 4.7. Stress-strain response of the NR samples under cyclic tensile
loading. (A) NR_1.5S, (B) NR_2.5S, (C) NR_3.5S. In each graph, the first
cycle is highlighted at every deformation level.
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Analyzing Figure 4.7(A-C), the Mullins effect can be observed in all
the samples, particularly in those subjected to a deformation of 300%
and 400%. Progressing from the first to subsequent cycles, a
noteworthy stress-softening phenomenon becomes evident, together
with a reduction in the hysteresis loop, which is representative of the
dissipated energy. As the deformation level increases, the Mullins
effect becomes increasingly evident. This empirical observation
aligns with existing literature on the subject [72]. However, to obtain
a more precise comparison of the cyclic tensile behaviour of the
samples, the stress at the maximum deformation per each cycle (peak
stress) and the energy dissipated in the 1%, 2", 5t and 10" cycles have
been determined, with the results shown in Figure 4.8(A-C) and
Figure 4.9(A-C), respectively, while the residual deformation at the
end of the 10" cycle is reported in Figure 4.10.
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Figure 4.9. Energy dissipated as a function of cycle number and degree of
crosslinking. Maximum strain level of (A) 200%, (B) 300%, (C) 400%.
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Figure 4.10. Residual deformation after the 10™ cycle as a function of the
maximum deformation level and degree of crosslinking of the prepared NR
samples.

Several considerations can be made. As it can be appreciated in
Figure 4.8(A-C), the stress softening is more pronounced moving
from the 1% to the 2" cycle. After the 2™ cycle, the maximum stress
only slightly decreases, suggesting the mechanical response of the
material is stabilized. With increasing strain level, the difference
between the peak stress of the 1%t and 2™ cycle increases as well. The
same consideration can be made also for the energy dissipated (Figure
4.9(A-C)). The variation of the hysteresis loop from the 1% and
subsequent cycles is even more pronounced than the stress softening.
For example, NR_2.5S experiences a reduction of dissipated energy
at 400% strain from 0.8 J/cm?® to 0.4 J/cm® moving from the 1% to the
2" cycle. For maximum deformation levels of 200% and 300%, the
samples show quite similar dissipated energy values. In contrast, even
after the first cycles, significant differences are observed at 400%,
where NR_1.5S exhibits the highest hysteresis, followed by NR_3.5S
and NR_2.5S. According to Le Cam [138], once the Mullins effect is
mitigated, the hysteresis loop in NR reflects changes in the material’s
microstructure, i.e., significant changes in internal energy associated
with SIC. The mechanical energy applied to deform the material is
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elastically stored in the amorphous phase and released with different
kinetics during crystallite melting upon unloading, generating the
hysteresis loop. Therefore, following Le Cam’s reasoning, the higher
crystallinity content observed in NR_1.5S at 400% strain compared
to the other formulations (see Section 4.3.9) could account for the
larger hysteresis determined for this sample. However, despite
NR_2.5 shows a higher crystallinity than NR_3.5, its hysteresis loop
is the least extended. Probably, there are other factors (such as number
of dangling chains, trapped entanglements, etc.) that govern the
dissipated energy together with SIC. In the future, it will be essential
to conduct further analysis to validate this hypothesis.

Finally, the residual deformation values at the end of the 10™ cycle
are shown in Figure 4.10. The values range from 2% to 6% depending
on crosslinking degree and applied strain. When holding the degree
of crosslinking constant, there is a rise in residual deformation with
increasing strain level. Conversely, maintaining a constant strain
level, the residual deformation increases with the crosslinking
density, specifically at 200% and 300% strain levels, while at 400%
the values are close to each other. Since the residual deformation was
evaluated at the end of the 10" cycle, its trend as a function of cycle
number is not known. However, since both dissipated energy and
peak stress show the same behaviour, it could be reasonable to assume
that the residual deformation so does as well. Therefore, it may be
hypothesized that most of the residual deformation results from the
1t cycle.

In conclusion, these results highlight the need to pre-stretch the
rubber just before its application, especially when its use involves
deformation of more than 200%. It is evident that the extent of strain
plays a pivotal role in the Mullins effect, whereas the impact of
crosslinking density remains not entirely understood. Investigation at
a strain level of 500% was not possible; however, based on the results
obtained, the Mullins effect is expected to be even more pronounced
than that observed at 400%.
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In the assessment of the elastocaloric effect, the NR samples
underwent a pre-stretching procedure immediately before testing.
This pre-stretching procedure was adopted to mitigate the influence
of the Mullins effect, which could otherwise compromise the accurate
assessment of the elastocaloric performance. However, the Mullins
effect is a reversible process and, if the rubber is left to rest for pro-
longed periods, a partial recovery of this effect may occur. This aspect
should be taken into account from a practical point of view, since if a
solid-state AC device is not used for a long period of time, the Mullins
effect of NR should be removed before its use. Future works will need
to determine how long it takes for the material at rest to fully recover
the Mullins effect.

4.3.11 Evaluation of the elastocaloric effect

Two different testing configurations were used to assess the
elastocaloric effect of the samples. Initially, a preliminary
experimental set-up was employed, as no tensile testing machine
available at the University of Trento could satisfy the required
specifications (see Section 3.2.12.1). These preliminary tests
provided a first qualitative evaluation of the elastocaloric
performance of the materials. Subsequently, collaboration was
established with Step Lab S.r.l. (Resana, TV, Italy), which provided
a high-speed tensile testing system that met the requirements,
enabling precise evaluation and comparison of the elastocaloric
performance of the samples. The elastocaloric tests were carried out
on-site at their facilities.

4.3.11.1 Evaluation of the elastocaloric effect using a preliminary
set-up

The preliminary evaluation of the elastocaloric properties of the

samples was performed using an impact testing machine, following

the procedure described in Section 3.2.12. Figure 4.11(A-C) shows

the temperature variation of the surface of the NR samples during the

stretching and retraction phase as a function of time and impact
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velocity. With increasing impact velocity, the materials exhibited
increased deformation, and at the same impact velocity, the NR
samples showed different strain levels. The resulting deformation as
a function of impact velocity are presented in Figure 4.12 and Table
4.13. Numerical values of the deformation of the samples as function
of impact velocity.. Before testing, the samples were cyclically
deformed twice to mitigate the impact of the Mullins effect.
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Figure 4.11. Temperature variation of the surface of the samples as a
function of impact velocity. (A) NR_1.5S, (B) NR_2.5S, (C) NR_3.5S
samples.
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Figure 4.12. Trend of deformation of the samples as a function of impact
velocity.
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Table 4.13. Numerical values of the deformation of the samples as function
of impact velocity.

Impact velocity (m/s)

Sample 0.99 131 1.62 1.92

NR_15S 2827+10.5 351.9+0.1 4420+20.6 537.0+0.1

Deformation  NR_25S 216.7+7.1. 2944+64 359.3+6.0 4352+16.1

%
() NR_35S 175.0+155 261.1+88 323.1+133 3935+18.0

For all the samples and testing conditions, the elastocaloric effect is
clearly observed. The fast stretching of the materials induces a
positive temperature variation caused by the thermoelastic effect and,
for samples reaching sufficiently high deformation (> 200-300 %), by
SIC. When the pendulum self-locks, maintaining the samples in
traction, the temperature progressively decreases until reaching
ambient temperature and thermal equilibrium. In the retraction phase,
the return of the materials to the undeformed, high entropy state and
the melting of the crystallites (if developed during the stretching
phase) causes the rubbers to cool down.

The impact velocity is the first parameter affecting the temperature
variations of the samples. In all the cases, an increase in impact
velocity results in greater temperature variations, both during
stretching and retraction. The observed dependence could be
explained by analysing Figure 4.12 and Table 4.13, where the
deformation of all the samples, ranging between 200-550%, is shown
to increase almost linearly with impact velocity (i.e., impact energy).
In agreement with the results reported in the literature [22], the
elastocaloric effect increases with deformation as the entropy
variation experienced by the elastomer increases with strain.
Moreover, the higher orientation of the macromolecules achieved
with increasing strain levels favours strain-induced crystallization
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phenomena, which further contributes to the effect. The combined
increase of thermoelastic and SIC contribution with strain is likely at
the basis of the observed experimental outcome. However, the data
obtained do not allow for determining whether impact velocity has an
additional effect on the temperature variations, beyond that directly
associated with deformation. As highlighted in the literature [22], for
the same imposed strain, any deformation rate that ensures adiabatic
conditions should not influence the observed temperature variations.
This suggests that deformation itself plays the most significant role.

By further analysis, it can be noted that the width of the temperature
peaks in Figure 4.11(A-C) (i.e., the time required for the sample to
return to ambient temperature) is wider in the retraction phase with
respect to the stretching stage. The characteristic time of temperature
dampening, determined both during heating (stretching phase) and
cooling (retraction phase), reported in Table 4.14, confirms this
observation.

For a given degree of crosslinking and impact velocity, the 1, is
always higher than tcs. During stretching, the specimen becomes
thinner and the area of heat exchange increases, favouring a more
rapid heat transfer. The heat transfer coefficient, determined only in
the retraction phase, are very similar and ranges from 8.4 W/m?K to
14.5 W/m2K, falling within the typical values for natural convection
conditions (3-20 W/(m?K)) [139].
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Table 4.14. Characteristic time of temperature dampening calculated in the
stretching (zcs) and retraction phase (zcr), and heat transfer coefficient
calculated in the retraction phase (hr) of the samples.

Impact velocity (m/s)

Sample 099 131 1.62 1.92

NR_158 338 373 30.9 28.2

Stretching

NR_25S 546. 36.3 31.6 37.3.
phase

NR_35S 575 48.1 32.4 46.4.
Tcs(S)

NR_15S 61.8. 61.1. 73.7 80.8
Retraction

NR_25S 61.6. 60.7 69.2 80.7
phase

NR_3.5S 95.6 105.1 82.9 72.4
Ter ()

NR_15S 132 134 11.1 10.1
Retraction

NR_25S 144 145 12.7 10.9
phase
hy (W/m?K)) NR_35S 9.2 8.4 10.6 12.2

According to the procedure described in Section 3.2.12., the
temperature increase during the stretching phase (AThea), the
temperature reduction during the retraction phase (ATcool), the heat
extracted from the environment during the retraction phase per unit
volume of material (Qab) and the coefficient of performance (COPmar)
were evaluated. The dependence of these parameters on crosslinking
density and impact velocity has been investigated, keeping in mind
the relationship between impact velocity and deformation. Figure
4.13(A-D) shows the obtained results.
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Figure 4.13. Elastocaloric properties of the NR formulations evaluated
using the preliminary set-up. (A) maximum ATheat, (B) maximum ATcool, (C)
Qab per unit volume of material, (D) COPmat.

For a given impact velocity and crosslinking density, the values of
ATheat and AT are very similar, indicating that dissipative
phenomena, such as internal friction between macromolecules, could
be considered negligible. Figure 4.13(A-D) evidences that the
crosslinking density could be another parameter influencing the
thermal response of natural rubber. Indeed, for any given impact
velocity, an almost linear increase in ATheat, ATcool, Qan @and COP is
observed with reducing crosslinking density. Such a linear increase is
not clearly visible considering that data obtained for an impact
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velocity of 1.62 m/s. Under this testing condition, the parameters
measured for NR_2.5 deviate from the general trend, which may be
attributed to sample slippage between the grips and the limited
reliability of the testing setup.

Among the tested samples, NR_1.5S exhibits the best cooling
performance and appears to be the most promising candidate for
application in a solid-state cooling device. When tested at an impact
velocity of 1.92 m/s, it shows a AT 0f 12.3 °C and a heat absorption
capacity of 19.5 J/cm3. By way of comparison, the highest reported
ATeool in the literature for NR is approx. 13 °C when deformed by
550% [45]. The most significant cooling capacity in terms of Qap is
achieved at an impact velocity equal to or higher than 1.31 m/s, which
corresponds to a deformation greater than 300%. As regards the COP
of NR_1.5S, it ranges between 2.2 and 2.6, with the maximum value
achieved for an impact velocity of 0.99 m/s.

However, a direct comparison of the elastocaloric performance
between the prepared samples should be made with caution, since at
the same impact velocity the samples experience different
deformation levels. Figure 4.12 shows that, for any given impact
velocity, NR_1.5S sample deforms more, followed by NR_2.5 and
NR_3.5. For instance, NR_1.5S deforms by 440% at 1.62 m/s, while
NR_2.5S and NR_3.5S deforms by 360% and 320%, respectively.
This trend is consistent with the results of quasi-static tensile tests.
These findings suggest that elastocaloric performance improves as
crosslinking density decreases. However, to confirm this trend, the
samples should be tested under identical deformation and testing
conditions. This would enable an understanding of whether the
superior cooling capacity of NR_1.5 is due to its lower crosslinking
density or the higher deformation level it achieved.

From these preliminary analyses, since the least crosslinked sample
appeared to be the most promising, its elastocaloric performance was
also evaluated under cycling conditions. The aim was to assess
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whether the elastocaloric properties remained stable when the
material was subjected to repeated deformation, as cyclic stability is
crucial for long-term service of elastocaloric refrigeration systems
[9]. The NR_1.5S sample was therefore tested for up to ten cycles at
impact velocities of 1.62 and 1.92 m/s. Only the two highest impact
velocities were selected, since if the properties remain stable at these
velocities, they can be expected to be stable also at lower ones. Figure
4.14(A,B) shows the temperature variation of the NR_1.5S sample
corresponding to the 1%, 5" and 10" cycles.
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Figure 4.14. Temperature variation on the surface of NR_1.5S sample
tested under cyclic condition. (A) NR_1.5S tested at 1.62 m/s and (B)
NR_1.5S tested at 1.92 m/s. The temperature variations reported refer to the
1%t 5t and 101 cycles.

The results clearly show that the elastocaloric effect of the least
crosslinked sample remains stable up to the 10" cycle. For both
impact velocities, the temperature variations overlap, and no
significant differences can be observed.

In summary, the preliminary investigation of the elastocaloric
response of NR samples has led to the following conclusions:
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e The elastocaloric effect is consistently observed in all
samples and under all experimental conditions.

e Higher impact velocity results in larger temperature
variation and cooling capacity, which can be primarily
attributed to the greater deformation achieved.

e Crosslinking density appears to be a parameter affecting the
elastocaloric properties: for a given impact velocity, AThneat,
ATeool, Qan, and COP increase with decreasing crosslinking
density.

e The least crosslinked sample, NR_1.5S, exhibits the most
promising performance, and its elastocaloric response is
stable over at least ten consecutive cycles.

Nonetheless, a performance comparison between samples must be
interpreted with care, since at the same impact velocity the degree of
deformation differs significantly with the crosslinking density.

4.3.11.2 Evaluation of the elastocaloric properties using a high-
speed tensile testing machine

Thanks to the collaboration with Step Lab S.r.l. (Resana, TV, Italy),
a company specialized in electrically actuated machines for
mechanical testing, it was possible to investigate the elastocaloric
properties of the samples using a high-speed tensile testing system.
This setup enabled precise comparison of the elastocaloric
performance of the samples, as the materials could be deformed at the
same strain level and deformation rate, minimizing variables that
were uncontrolled in the preliminary setup and that did not allow for
an accurate comparison. All tests were conducted on-site at their
facilities.

To select the testing speed that ensured adiabatic conditions, some
preliminary elastocaloric tests were conducted, following the
procedure described in Section 4.3.11. The NR_1.5S sample, chosen
for this evaluation, was stretched at 400 % and unloaded at different
testing speeds, ranging between 0.025 m/s (strain rate of 1 s') and 1
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m/s (strain rate of 40 s?). The ATcoot measured in the unloading is
reported as a function of testing speed in Figure 4.15.
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Figure 4.15. ATcool at different testing speeds for NR_1.5S deformed at
400%.

The results show that for testing speeds above 0.25 m/s, ATcool
remains almost constant at approx. 8.3 °C, indicating that unloading
occurs under adiabatic conditions. Once the testing speed is lowered,
the material exchanges heat with the environment, causing ATceol tO
gradually decrease until reaching 6.6 °C at a testing speed of 0.025
m/s. Based on these results, a testing speed of 0.5 m/s (strain rate of
20 s*) was selected for conducting the elastocaloric tests. It should be
noted that this testing speed is lower than the impact velocities used
in the preliminary setup. In the elastocaloric tests performed with the
pendulum testing machine, however, the testing speed was not
constant and decreased until reaching 0 m/s. In contrast, in the tests
performed with the high-speed tensile testing machine, the testing
speed remained constant throughout the stretching and retraction
stages.

145



Temperature (°C)

Chapter 4  Effect of crosslinking density on elastocaloric properties of NR

In the preliminary investigation conducted using the pendulum testing
machine, the most significant cooling capacities were observed when
the samples reached deformations of more than 250%. Therefore, for
the evaluation and comparison of the elastocaloric properties using
the high-speed tensile testing machine, the selected strain levels were
300%, 400%, and 500%. Before testing, the samples were cyclically
deformed twice to mitigate the impact of the Mullins effect. The
parameters that were determined in the tests are ATheat, ATcool, Qab,
Qre, W5 and W, per unit volume of material and the COPma. The
procedure used to calculate these parameters is described in Section
4.3.11.

Figure 4.16A, 4.16C, and 4.16E show the temperature variation of the
surface of the NR samples during the stretching and retraction phases
as a function of time and deformation, while Figure 4.16B, 4.16D and
4.16F report the stress sustained by the samples as a function of time
in the stretching and subsequent holding phase. The calculated
parameters are reported in Figure 4.17(A-G).
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Figure 4.16. (A, C, E) Temperature variation of the surface of the NR
samples as a function of time and maximum deformation applied; (B, D, F)
Stress in the stretching and subsequent holding step as a function of time
and maximum deformation. (A, B) NR_1.5S; (C, D) NR_2.5S and (E, F)
NR_3.5S.
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Figure 4.17. Elastocaloric properties of the produced NR samples as a
function of the maximum deformation applied and the crosslinking density.
(A) Maximum ATheat, (B) Maximum ATcool (C) Qre, (D) Qan, (E) mechanical
energy at stretching per unit volume of material Ws, (F) mechanical energy

at retraction per unit volume of material Wr, (G) COPnat.

Many of the observations made in the preliminary investigation with
the pendulum testing machine are confirmed by the results obtained
using the high-speed tensile testing setup. In line with the previous
discussion, the deformation strongly affects the surface temperature
evolution of the samples, as in all cases the increase in maximum
strain results in a more significant temperature variation during both
the stretching and retraction phases.

An additional aspect, not emerged with the preliminary setup, is the
stress relaxation of the samples during the stretching phase. Stress
relaxation in natural rubber is a multifactorial process where strain
induced crystallization competes with viscoelastic phenomena, such
as the reformation of entanglements and the breakage of physical
bonds. SIC acts as a primary relaxation mechanism [140]. The phase
transition from an amorphous to a crystalline state reduces the
entropic tension within the network, leading to a significant decrease
in stress while increasing the crystalline volume fraction. The energy
associated with this stress drop is stored as latent heat, which is partly
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recovered as cooling capacity during the retraction phase. On the
contrary, the viscoelastic relaxation mechanisms promote an entropy
increase  through  dissipative internal  friction  between
macromolecules, which acts against the elastocaloric effect.
Therefore, the higher is the contribution of SIC to stress relaxation,
the higher would be the efficiency of the process. As shown in Figure
4.16B, 4.16D, and 4.16F, over a time scale of 250 s, the stress
stabilizes for all samples and deformation levels. The maximum stress
values (oo) and the percentages of stress relaxation (SR), calculated
according to Equation (3.7), are reported in Table 4.15.

Table 4.15. Maximum stress values (o0) and percentage of stress relaxation
(SR) evaluated in a timescale of 250 s of the stretching phase.

Deformation level (%0)

Sample 300% 400% 500%

NR_1.5S 21+01 28+0.1 45+0.2
oo (MPa) NR_2.5S 22+0.2 3.7+x04 3.9+0.1

NR_3.5S 3.0+0.1 36105 47+04

NR_1.5S 153+0.1 306+2.0 28119
SR (%) NR_2.58 10.7+0.2 262+05 26.7+33
NR_3.55 18.6+5.1 19.7+71 29.8+95

In agreement with the literature [141], stress relaxation increases with
strain for all samples. This phenomenon is probably driven by the
synergistic effect of adiabatic temperature increases, which accelerate
viscoelastic phenomena, and the progressive evolution of
crystallinity, as shown by XRD analysis. Among the samples, the
results show that the least crosslinked one exhibits the highest SR
values at 300% and 400%, whereas at 500% strain SR values are
similar to those of NR_3.5. However, the dominance of one
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mechanism over the others is difficult to understand from
macroscopic data alone.

By comparing the temperature response of the samples in Figure
4.16A, 4.16C and 4.16E and Figure 4.17A and 4.17B, the
crosslinking density is confirmed to influence the thermal response of
NR. Moving from Figure 4.16A to Figure 4.16E, a decreasing trend
in the temperature variation of the samples can be observed. This
experimental observation could probably be the result of two
contributions: the limit of chain extensibility and strain induced
crystallization. As discussed in Sections 4.3.8 and Section 4.3.9, the
samples exhibit different mechanical responses depending on the
crosslinking density. With increasing degree of crosslinking, the
chain length between crosslinks decreases, and the finite extensibility
of the polymer chains is reached at lower deformation, resulting in an
earlier onset of the strain-stiffening regime. During deformation, the
reduction in configurational entropy, which governs the thermoelastic
contribution to the temperature variation, is most significant during
the initial orientation and approaches a plateau as the chains reach
their stretching limit.

At 300% strain, all samples are still deforming within the plateau
region. However, at 400% and 500%, strain, NR_3.5S, followed by
NR_2.5S, enters the strain-stiffening regime meaning its polymer
chains have largely exhausted their capacity for further orientation. In
contrast, NR_1.5S continues to deform predominantly within the
plateau region, where the polymeric chains retain a larger number of
accessible conformations and continue to orient. Consequently, for
these higher deformations, NR_1.5S is expected to experience the
largest reversible entropy variation, followed by NR_2.5S and
NR_3.5S. Therefore, the contribution of the thermoelastic effect to
the temperature variation increases with decreasing crosslinking
density. The second contribution concerns strain-induced
crystallization. As reported in Section 4.3.9, by reducing crosslinking
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density, the capability of the samples to crystallize under strain
improves.

Thus, at a given deformation, the higher strain-induced crystallization
phenomena and thermoelastic contribution make NR_1.5S the
sample with the highest AT, during both the stretching and retraction
phases. If the elastocaloric properties were compared under the same
deformation mechanism, specifically with all samples deformed in
the strain-stiffening regime, the properties of NR_1.5S would
probably stand out even more. From Figure 4.17B, it is possible to
notice that NR_1.5S shows a ATcoo 0f 2.9 °C at 300% and 11.0 °C at
500%. As it was observed also in the preliminary analysis, for a given
deformation and crosslinking degree, ATcoo IS Similar to or even
larger than AThear (Figure 4.17A and 4.17B) in almost all cases. The
only exceptions are NR_2.5S deformed at 300% and NR_3.5S
deformed at 300% and 500%, for which the temperature increase
during stretching is larger than the temperature reduction during
unloading. This is an interesting result since in studies reported in the
literature that employ analogous tensile testing machines, AThea iS
very often larger than ATco [41], suggesting non-negligible
dissipative phenomena such as macromolecular friction. Here, it is
plausible that during the maintenance of the samples in traction,
crystalline domains progressively develop. As the crystallization of
these domains is not instantaneous, the heat generated during their
formation may not have been considered in ATheat. Conversely, during
unloading, if all crystalline domains, regardless of their formation
time, melt, they could contribute to ATcol, potentially resulting in
ATeool values greater than AThesr. HOWeVver, it is crucial to emphasize
that this is a hypothesis and demands further experimental
investigation.

Assuming that the percentage of crystallinity () of the samples in the
stretched state corresponds to that determined by XRD analysis
(Table 4.12), the temperature decrease due to the melting of the
crystalline domains (ATcoal,sic) Was estimated. Specifically, given the
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density and the c, of the samples, the temperature decrease was
evaluated by using Equation (2.22). The specific melting enthalpy of
NR was taken as 59.9 Jicm?® [142]. The calculated ATcooisic are
reported in Table 4.16.

Table 4.16. Temperature decrease assuming that the percentage of
crystallinity of the stretched samples is that determined from the XRD
analyses (see Table 4.12).

Sample Deformation (%) ATcoolsic (°C)

300 3.9
NR_1.5S 400 43

500 4.6

300 3.0
NR_2.5S 400 3.6

500 4.3

300 2.9
NR_3.5S 400 35

500 3.7

As can be seen, the values obtained for NR_2.5S at 300% strain and
NR 3.5S at 300% and 400% strain exceeds the ATcoo reported in
Figure 4.17B. This divergence may be attributed to several factors.
First, the degree of crystallinity derived from XRD analysis may be
overestimated. Second, the sample may crystallize to a lesser extent
under the testing conditions used for evaluating the elastocaloric
effect. Finally, the presence of structural defects within the crystalline
domains could lower the total heat absorbed during the phase
transition. In contrast, in the other cases, the calculated ATcoolsiC
values are approximately half of the ATco0 Values reported in Figure
4.17B. This suggests that SIC and the thermoelastic effect contribute
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nearly equally to the overall elastocaloric response. Studies reported
in the literature found that SIC is the primary contributor to the
elastocaloric effect [43,45]. However, it should be noted that the
crystallinity content was evaluated in a semi-quantitative manner, and
therefore the values obtained may be subject to a certain degree of
error.

Further analysis of Figure 4.16A, 4.16C and 4.16E shows that, also
in this case, the thinning of the samples and the increase in the area
of heat exchange during the stretching phase favours a more rapid
heat transfer compared to the retraction phase. This is confirmed by
the characteristic time of temperature dampening, determined both
during heating (stretching phase) and cooling (retraction phase),
reported in Table 4.17.

Table 4.17. Characteristics time of temperature dampening (zc) and heat
transfer coefficient (h) calculated in the stretching and retraction phase of
the NR samples.

Sample Deformation level
300% 400% 500%
NR 158 225%05 223+46  16.0+29
Tes (9) NR 255 226+22  21.0%0.2 159+1.7

NR 355 215+11 203+06 1909%57
NR 155 60648 51.9%55 557+103
Tor (5) NR 255 441+99 510466 585+5.4
NR 355 525+91 509+43  566+7.8
NR 155 205+28  240+42  295%51

hs +
(WI(m?K)) NR_2.5S 303+25 264+15 30.0+£20
NR_3.5S 31.3+16 274+1.1 234+33
NR_1.5S 16.0+ 0.5 187 +3.1 182+ 3.6
hr
NR_2.5S 166+1.0

NR_3.5S 198 +3.7 200+2.1 17628
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For a given degree of crosslinking, the 1¢s tends to decrease with
increasing deformation. This trend is expected as the thickness of the
sample reduces and the area of heat exchange increases with
increasing strain. Conversely, 1, does not exhibit a clear correlation
with deformation, yielding pretty similar values across the samples.
Also this behavior is expected since, in the undeformed state, the
sample present the same area of heat exchange and the tc, should be
the same. The minor discrepancies observed in 1c, may be attributed
to fluctuations in environmental variables, such as ambient humidity
or local air convection. The differences in 1cs and 1., among the
samples are probably due to variations in heat capacitance as well as,
even in this case, fluctuations in environmental variables. Regarding
the heat transfer coefficient, the values calculated in the stretching
and retraction phases are quite similar across the different crosslinked
samples for a given strain level and geometry. The minimal variations
recorded are likely attributable to variations in the thermophysical
properties of the surrounding air, as the experiments were conducted
in a non-controlled environment. The values of heat transfer
coefficient evaluated in the stretching phase range from 23.4 to 31.1
W/(m?-K), while those calculated in the retraction phase range from
16 to 22.6 W/(m?K). According to the literature, typical ranges of h
are 3-20 W/(m2K) in conditions of natural convection, and 20-100
W/(m?K) in forced convection [139]. The rapid stretching of the
samples might have triggered air movements, inducing a slight forced
convection. Thus, it can be stated that the values obtained are in line
with literature data. The heat transfer coefficient values are higher
than those observed in the preliminary analysis. This difference may
be attributed to the specimen’s orientation during testing. A thin-sheet
body experiences different convection regimes depending on whether
it is positioned parallel or perpendicular to the ground. The vertical
orientation promotes convective motion, resulting in higher heat
transfer coefficients [143]. Using the pendulum testing machine, the
sample was placed parallel to the floor, whereas in the tensile test, it
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was positioned vertically, likely leading to the higher h values
observed.

Going into details of the elastocaloric effect, Figure 4.17C and Figure
4.17D shows Qr and Qa values of the samples as a function of
deformation and degree of crosslinking. Both Q. and Qa, present the
same trend: for a given crosslinking density, they increase with
increasing deformation, whereas, if the deformation is fixed, they
decrease with the degree of crosslinking. The least crosslinked sample
releases and extracts the highest amount of thermal energy during the
loading and unloading phase, respectively. In an ideal elastocaloric
cycle, the heat released during the stretching phase should be
approximately the same as the heat absorbed during the retraction
phase, unless there are irreversible dissipative phenomena. The
calculated Qr and Qay are generally similar, with a few exceptions
that can be ascribed either to irreversible losses or to approximations
made in the computations. For instance, properties used as constants
in the calculations (e.g., cp,, material density, volume, etc.) may
actually vary with temperature and degree of deformation. Each
assumption thus contributes to the final uncertainty, which propagates
into the computed heat values. In addition, as the values are reported
normalized by the volume of the sample, the difference between Qe
and Qap appears to be greater. The maximum difference registered
between Qre and Qap is lower than 1.5 J.

The elastocaloric effect of NR is studied in view of solid-state cooling
applications. Therefore, the attention should be focused on the
cooling capability of the materials. The most promising sample, i.e.,
NR_1.5S, absorbs approx. 16.4 J/lcm® at a deformation of 500%.
Studies in the literature that employ analogous tensile testing
machines report values of heat extracted per refrigeration cycle of
NR-based systems in the range 5-12 J/cm3 [41,43], thus lower than
the values obtained in this work. In the preliminary analysis, NR_1.5S
was found to extract 19-20 J/cm?® of thermal energy when tested at an
impact velocity of 1.92 m/s. However, the deformation achieved in
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such testing conditions was above 500%, a factor that could explain
the higher Qap registered.

The Coefficient of Performance (Figure 4.17F), evaluated by the ratio
between the extracted thermal energy and the mechanical energy at
stretching (Ws, Figure 4.17E), shows, once again, that NR_1.5S is the
best formulation among the ones prepared, exhibiting a COPmat
ranging from 1.8 to 2.4. The optimal compromise appears to be
reached by deforming NR_1.5S at 400%. This not only allows for the
highest COPmg Value, but also ensures a safer operational condition,
as it is farther from the strain at break values for this composition.

At this point in the discussion of the results, it was found interesting
to calculate the conversion efficiencies from mechanical energy to
heat energy following the approach of Yukiro et al. [22]. Specifically,
the conversion efficiencies were calculated for the stretching phase
(ns) according to Equation (4.1):

Qre (4.1)
=-.1
Ns W, 00

And for the retraction phase (nr) according to Equation (4.2):

— Qab

(4.2)
=gy

-100

In Figure 4.18 the calculated conversion efficiencies are plotted as a
function of maximum deformation and degree of crosslinking.
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Figure 4.18. Conversion efficiency at (A) stretching and (B) retraction
phases of the prepared NR samples.

The conversion efficiencies of the samples are, in almost all cases,
greater than 100%, both in the stretching and retraction phases.
Having n greater than 100 % in the stretching phase confirms that SIC
occurred. Indeed, if the samples did not crystallize, the conversion
efficiencies would be equal to a maximum of 100%. Values below
100%, specifically between 50 and 100%, have been obtained for
NR_2.5S and NR_3.5S samples. The conversion efficiencies
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determined in the retraction phase are generally greater than those
determined in the stretching phase, as W is lower than Ws. As for the
COPmg values, NR_1.5S presents the highest nsand n values and the
deformation level of 400% is confirmed to promote the best
conversion efficiencies.

In conclusion, it is worth highlighting that, from a practical
perspective, the time required by the sample to return to room
temperature, both during the stretching and retraction phases, proves
to be rather long. The time of the entire elastocaloric cycle was set at
480 s to ensure the return of the materials to room temperature in each
step and to wait the same time interval in the two phases. For the
development of a solid-state cooling device, however, reducing the
heat exchange time and increasing the cooling power are essential.

Starting from these considerations, the elastocaloric performance of
NR under forced convection conditions was investigated by
introducing a fan, having a power 2.5 W and positioned 50 cm from
the specimens, capable of providing a heat transfer coefficient of
approx. 45 W/m?K (value calculated according to the procedure
described in Paragraph 3.2.12.2). The elastocaloric properties of the
most promising NR formulation, NR_1.5S, were evaluated under
these new conditions while keeping the cycle duration fixed at 480 s.
Figure 4.19 shows the temperature variations of NR_1.5S deformed
at 400% under natural and forced convection conditions, while Table
4.18 reports the tcs, Tcr, Qre and Qan Of the sample under forced
convection conditions.
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Figure 4.19. Temperature variations of the surface of NR_1.5S deformed at
400% in conditions of natural convection (red curve) and forced convection
(blue curve).

Table 4.18.Elastocaloric properties of NR_1.5S deformed at 400% strain in
forced convection, for an elastocaloric cycle duration of 480 s.

Sample  Elastocaloric  1cs Ter  ATheat  ATcool Qre Qab
cycle

duration () ©  © Q) (O (emd) (Iem?)

NR_1.5S 480 8.1 136 5.3 8.3 8.4 125

As expected, operating under forced convection significantly reduces
the time required for heat exchange with the surrounding
environment. Compared to natural convection (Table 4.17), tcs is
reduced by more than half, while ., is reduced by more than one
quarter. Regarding the elastocaloric properties, AT and Qap are
comparable or even slightly higher than the corresponding values in
natural convection (Figure 4.17B and Figure 4.17D), whereas AT heat
and Qre are marginally lower. It is possible that the infrared thermal
imaging camera, due to its limited frame rate, fails to capture the
maximum temperature increase in the initial stretching phase, leading
to an underestimation of these parameters. Overall, no marked
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differences were observed, indicating that the elastocaloric effect is
not compromised by forced convection.

In light of these results, an elastocaloric cycle of 120 s is largely
sufficient to complete heat transfer between the environment and the
rubber. As reducing the stretching time might affect the extent of SIC
of NR, the same NR_1.5S specimen was tested at 400% strain under
forced convection conditions, with both stretching and retraction
phases set to 60 s. The main elastocaloric properties were recalculated
under these new conditions, and the obtained results are reported in
Table 4.19

Table 4.19. Elastocaloric properties of NR_1.5S deformed at 400% strain in
forced convection, for an elastocaloric cycle duration of 120 s.

Sample Elastocaloric  tcs Ter  ATheat ATcool Qre Qab
cycle

duration () ©  © () (O (emd) (em?)

NR_1.5S 120 8.1 136 5.3 8.3 8.1 12.6

The values obtained are comparable to those reported in Table 4.18,
suggesting that shortening the cycle time does not significantly affect
SIC. Compared to the 480 s cycle imposed by natural convection, the
adoption of forced convection shortens the cycle to 120 s, bringing
the performance of NR a little bit closer to the timescales required for
real cooling applications.

The elastocaloric performance of NR_1.5S deformed at 400% strain
was then evaluated under forced convection in cyclic conditions.
Specifically, the sample was subjected to 40 loading and unloading
cycles. The most important elastocaloric properties and the
percentage of stress relaxation, evaluated at the 1%, 5%, 10t 20t 30
and 40™ cycles are shown in Figure 4.20. As the interest is focus on
the cooling performance, Qr is not reported. A summary of the
definitions of the elastocaloric parameters is provided in Table 4.20.
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Table 4.20. Summary of the definitions of the parameters determined in the
elastocaloric tests.

AThem (OC)

Qg (I/cm?)

Parameter Meaning
AT heat Maximum temperature increase during the stretching
phase
ATcool Maximum temperature reduction during the retraction
phase
Qab Heat absorbed from the environment per unit volume
of material during the stretching phase
Ws Mechanical energy at stretching
COP Coefficient of performance, calculated as the ratio
between Qap and Wi
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Figure 4.20. Elastocaloric properties of NR_1.5S deformed at 400% strain
under forced convection and in cyclic conditions. (A) maximum ATheat, (B)
maximum AT cool, (C) Qab, (D) Ws, (E) COPmatand (F) SR.

The results evidence that the elastocaloric properties remain relatively
stable up to 40 loading-unloading cycles. Compared t0 ATcool, ATheat
shows a more marked decreasing trend, starting from a value of 6.5
°C and stabilizing after the 5™ cycle at values close to 5 °C. This
phenomenon could be attributable to the Mullins effect, as W;s is
slightly reduced moving from the 1% to the 5" cycle. Although the
sample was pre-stretched twice before testing, the Mullins effect
likely still exerts a limited influence. This observation suggests that a
higher number of pre-stretching cycles may be required prior to
application to further mitigate the Mullins effect. Regarding the
cooling capacity, Qa, remains almost stable within the range 9-11
Jiem?®, showing a slight increase from the first to the 40" cycle. The
same can be observed for the COPma, Which ranges between 2 and 3,
and for SR values, which present values between 18% and 16%. The
obtained values are comparable to the those obtained from a loading-
unloading cycle. Overall, the results confirm that NR_1.5S maintains
the cooling capacity under cyclic loading, highlighting once more its
potential for elastocaloric applications.
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In summary, the evaluation of the elastocaloric response of the NR
samples by using the high-speed tensile testing system has led to the
following conclusions:

e The crosslinking density is a key parameter affecting the
elastocaloric effect: for a given deformation, ATheat, ATcool,
Qab, Qre and COP increase with decreasing crosslinking
density.

e The least crosslinked sample, NR_1.5S, demonstrates the
most promising cooling performance, showing a heat
extraction capacity of 16.4 J/cm® when deformed at 500%
strain.

e The highest conversion efficiency between mechanical and
thermal energy, as well as the highest COPma values, are
achieved at a deformation level of 400%.

e Working under forced convection conditions (h ~ 45
W/m?K) does not compromise the elastocaloric
performance. It shortens the time of the elastocaloric cycle,
increasing the cooling power.

e The elastocaloric properties of NR_1.5S deformed at 400%
strain under forced convection conditions remain relatively
stable up to 40 loading-unloading cycles, with no reduction
in the cooling capacity of the material as the number of
cycles increases.

4.4 Conclusions

In Chapter 4, the influence of the crosslinking density on the
elastocaloric properties of NR has been investigated. Samples with
varying degrees of crosslinking, 2.9, 4.0 and 5.2 10**-mol/cm?3, were
produced by melt compounding and hot pressing and thermo-
mechanically characterized. The assessment of the elastocaloric
effect revealed that both the imposed deformation and the
crosslinking density played a crucial role in the elastocaloric
properties of NR. In particular, reducing the crosslinking degree and
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increasing the deformation led to enhancing the capability of the
material to extract thermal energy from the environment, primarily
due to stronger contributions from strain-induced crystallization and
thermoelasticity. The NR sample characterized by a crosslinking
density of 2.9 10**-mol/cm? (the least crosslinked sample) was found
capable of extracting 16.4 J/cm® of thermal energy in one single
refrigeration cycle when stretched at 500%, exceeding values
reported in comparable studies. The evaluation of the conversion
efficiency parameters and the Coefficient of Performance of the
materials (COPma) confirmed that the least crosslinked sample was
the best performing formulation among the ones prepared, and
evidenced that the highest conversion efficiency of mechanical to
thermal energy was achieved at a deformation level of 400%. The
COPma determined for the best formulation ranged from 1.2 to 2.4.
Furthermore, the elastocaloric properties of the most promising
sample were also studied under cyclic conditions and proved stable
up to 40 loading-unloading cycles.

The investigation of the Mullins effect of the prepared samples
highlighted the need to pre-stretch the rubber (at least two times)
before its applications, to ensure more reliable and consistent results,
particularly in scenarios requiring significant deformations.

In conclusion, the results underscored the significance of rubber
network structure, and in particular the crosslinking density, as one of
the primary factors to be considered in enhancing the refrigeration
potential of NR.
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5 Effect of nanoclay addition on the
elastocaloric properties of Natural
Rubber

Part of this chapter has been published in:
M. Bianchi, L. Fambri, M. Bortolotti, A. Pegoretti and A. Dorigato

“Elastocaloric performance of Natural Rubber: The role of
nanoclay addition”

Macromolecules 2025, 30(14), 3035
https://doi.org/10.3390/molecules30143035

5.1 Introduction

NR has emerged as a promising elastocaloric material for solid-state
cooling applications. However, its cooling efficiency remains lower
than that of conventional vapour-compression systems. Improving
the elastocaloric performance of NR is thus essential for developing
solid-state cooling technologies that can compete with existing
solutions.

In Chapter 4, it was demonstrated that reducing the crosslinking
density significantly enhances the cooling capacity of NR. However,
this improvement alone only partially brings the cooling performance
of NR closer to that of current air conditioning systems. Therefore, it
is important to identify other factors that could further enhance its
cooling capacity. Several studies have brought to light that SIC is the
major contributor to the elastocaloric effect of NR [41,45,144,145].
This means that the key to enhance its elastocaloric performance may
be to increase the capability of rubber to crystallize under strain as
much as possible. The role of layered silicates, specifically
montmorillonite (MMT), in promoting and increasing the SIC of NR
has been reported in the literature [80-82,146]. Carretero-Gonzales et
al. found that the addition of 15 phr of nanoclays (both natural sodium
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MMT and organically modified MMT) in crosslinked NR provided a
more homogeneous distributed rubber network structure and induced
an early onset as well as enhancement of crystallization under
uniaxial deformation. The onset of SIC moved from 300% strain in
the unfilled rubber to 120-140% strain in the filled NR [80,81]. In
addition, they found that the strong orientation of the nanoclays along
the stretching direction favoured a further orientation of the
macromolecules, promoting the nucleation of crystalline domains
under stretching. Nie et al. also observed that nanoclays (0.5 phr in
the rubber formulation) changed the SIC behaviour of NR, as the
crystallinity of the nanoclay-filled samples was higher than that of the
unfilled rubber at the same strain level. This highlighted that the
addition of nanoclays accelerated the strain-induced crystallization
rate [146]. The research of Qu et al. revealed that the maximum
degree of SIC of organo-modified MMT-filled NR was achieved for
a nanoclay content equal to 5 wt%. At higher filler contents, the
crystallinity under strain was reduced, probably due to a lower
dispersion and exfoliation of organoclays in the rubber [82].

Although the incorporation of nanoclays has been found to
significantly improve the SIC of NR, the effect of nanoclay addition
on the elastocaloric performance of NR has never been investigated.
Therefore, the focus of Chapter 5 is to explore whether the increased
SIC promoted by nanoclays in NR could have a positive impact on its
elastocaloric properties. Both natural and organo-modified MMT
were thus melt-compounded at different concentrations (from 1 to 5
phr) in the optimized NR formulation identified in Chapter 4. The
elastocaloric properties of the resulting nanocomposites were
assessed and correlated to their morphological and thermo-
mechanical behaviour.
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5.2 Materials and Methods
5.2.1 Materials

The materials used in this Section are listed in Table 5.1, along with
the reference Section that provides the detailed description.

Table 5.1 List of the materials used in this section of the PhD thesis.

Material Section
Natural Rubber 311
Zinc Oxide 312
Sulphur 3.12
ZDBC 3.1.2
Stearic Acid 312
Toluene 3.13
Methanol 3.13
Acetone 3.13
Natural montmorillonite 3.14
Organomodified montmorillonite 3.14

5.2.2  Sample preparation

As the incorporation of nanoclays has been shown to play a
significant role in enhancing SIC of NR, the effect of nanoclay
addition on the elastocaloric performance of NR was investigated.
Both natural and organomodified MMT were melt-compounded at
different concentrations into the NR formulation identified as optimal
in Chapter 4. Nanoclay contents of 1, 3, and 5 phr were selected in
order to promote SIC while minimizing excessive stiffening.

The formulation of the NR nanocomposites in parts per hundred
rubber (phr) is reported in Table 5.2. The chosen nomenclature for the
NR nanocomposites consists of the term NR followed by a number
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indicating the nanoclay content in phr, and either the term MMT or
O-MMT, which indicates the type of nanoclay. MMT refers to the
natural montmorillonite, while O-MMT refers to the organomodified
montmorillonite.

Table 5.2. Composition in phr and nomenclature of the produced NR
compounds (phr= parts per hundred rubber).

SMR 10 Sulphur ZnO  Stearicacid ZDBC MMT O-MMT

Sample
(phr) (phr) (phr) (phr)  (phr) (phr)  (phr)

NR 100.0 15 5.0 2.0 0.7 - -
NR_IMMT 100.0 15 5.0 2.0 0.7 1.0 -
NR_3MMT 100.0 15 5.0 2.0 0.7 3.0 -
NR_SMMT 100.0 15 5.0 2.0 0.7 5.0 -
NR_10-MMT 100.0 15 5.0 2.0 0.7 - 1.0
NR_30-MMT 100.0 15 5.0 2.0 0.7 - 3.0
NR_50-MMT 100.0 15 5.0 2.0 0.7 - 5.0

The rubber compounds were prepared in accordance with ASTM
3182 standard, following the optimized process parameters reported
in Chapter 4 . Initially, NR was masticated for 5 minutes in an internal
mixer (Thermo Haake Rheomix 600), equipped with counter-rotating
rotors, and operating at 50 °C and 60 rpm. The nanoclays, pre-dried
in an oven at 60 °C for 48 hours, were subsequently added and mixed
with the NR for 2 minutes. Zinc oxide, stearic acid, ZDBC and
sulphur were then introduced and the resulting compound was further
mixed and homogenized for two minutes. The vulcanization process
was performed at a temperature of 120 °C and a pressure of 5 bar.
The vulcanization time was selected based on the result of the
rheological analysis described in Section 5.3.1. The vulcanization
occurred in moulds having dimensions 110x110x1 mm? and
110x110x3 mm3. Samples with a thickness of 1 mm were used for the

169



Torque (dN-m)

Chapter 5 Effect of nanoclay addition on the elastocaloric properties of NR

evaluation of the elastocaloric properties and for the determination of
thermal properties by means of LFA analysis. The 3 mm-thick
samples were produced to conduct the mechanical characterization.

5.3 Results and Discussion
5.3.1 Rheological analysis

Rheological analysis was performed to explore the effect of nanoclay
addition on the vulcanization characteristics of NR. Figure 5.1(A,B)
shows the wvulcanization curves at 120 °C of the various NR
formulations, expressed as torque as a function of time, while Table
5.3 reports the most important results.
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Figure 5.1. Vulcanization curves of NR and (A) MMT-filled nanocomposites
and (B) O-MMT-filled nanocomposites.
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Table 5.3. Minimum torque (Tmin), maximum torque (Tmax) and optimum
curing time (teo%) of neat NR and the prepared nanocomposites.

Sample Tmin (AN-m) Tmax (AN-m) t90% (Min)

NR 0.0251 0.1125 18
NR_1IMMT 0.0210 0.0910 20
NR_3MMT 0.0230 0.0935 22
NR_5MMT 0.0239 0.0931 26
NR_10-MMT 0.0244 0.1165 16
NR_30-MMT 0.0250 0.1094 13
NR_50-MMT 0.0258 0.1024 14

The incorporation of organoclays results in reduced scorch and
vulcanization times, likely due to the amine groups present in the O-
MMT structure, which act as additional vulcanizing agents, thereby
accelerating the vulcanization Kinetics [147]. For instance, the tggw
value decreases from 18 minutes for NR to 13 minutes for NR_30-
MMT. In contrast, natural nanoclays tend to retard the vulcanization
process, as both scorch and curing times increase with higher MMT
loadings. Specifically, an increment of up to 44% in tgo is observed.
Differences between the two series of nanocomposites are also
observed in the maximum torque values. The addition of natural
MMT leads to a decrease in Tmax compared with unfilled NR, whereas
the incorporation of O-MMT results in Tmax Values that are
comparable to, or slightly higher than that of unfilled NR (as observed
for the NR_10-MMT formulation). These results suggest that the two
types of nanoclays could exhibit different dispersion within the NR
matrix. The higher Tmax observed for O-MMT nanocomposites could
indicate a better interfacial interaction between the organoclay and
rubber matrix, as well as a higher crosslink density of the rubber
matrix.
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5.3.2

Density measurements

The density values of the nanocomposites resulting from the

application of Archimedes’ principle are reported in Table 5.4.

Table 5.4. Density of the unfilled NR and the relative nanocomposites.

Sample Density

(g/cm?3)
NR 0.958 + 0.006
NR_1IMMT 0.960 + 0.003
NR_3MMT 0.973 £0.001
NR_SMMT 0.981 + 0.005
NR_10-MMT 0.959 + 0.001
NR_30-MMT 0.966 + 0.001
NR_50-MMT 0.971 £ 0.003

The addition of nanoclays to NR promotes a slight density increase,
which is more pronounced in the case of natural sodium MMT. This
is a reasonable result, given that the density of the nanoclays, reported
in Table 3.4, is higher than that of NR.

5.3.3

Evaluation of the crosslinking density

As the crosslinking density was found a parameter affecting the
elastocaloric properties of NR (Chapter 4), the effect of nanoclay
addition on the degree of crosslinking was investigated through

swelling tests, and the results are reported in Table 5.5.
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Table 5.5. Crosslinking density of the unfilled NR and the relative
nanocomposites obtained through swelling tests.

Crosslinking density

Sample
(10*-mol/cm?)

NR 2.94+0.21
NR_IMMT 3.02+0.01
NR_3MMT 3.04 £0.09
NR_S5MMT 2.94+£0.16
NR_10-MMT 3.32+0.02
NR_30-MMT 3.73+0.03
NR_50-MMT 3.68 £ 0.04

As hypothesized from the results of the rheological analyses, the
introduction of the organoclays induces a higher crosslinking degree.
For instance, moving from unfilled NR to NR_30-MMT, the
crosslinking density increases from 2.94 10*-mol/cm? to 3.73 10
4.mol/cm3. This experimental evidence has been already reported in
the literature and can be attributed, once again, to the amine groups
present in the O-MMT structure, which can act as a vulcanizing agent
and thus promote an increase in the crosslinking degree [147]. By
contrast, the crosslinking density of MMT nanocomposites is
comparable to that of NR. In Chapter 4, it was demonstrated that with
increasing degree of crosslinking (in a range of crosslinking density
comprised between 2.94 and 5.24 10**-mol/cmd), the elastocaloric
properties decrease. This aspect will be considered in the discussion
of the elastocaloric properties of the samples.

5.3.4  X-Ray diffraction (XRD)

To investigate the dispersion of the nanoclays within the rubber
matrix, XRD analysis was performed. The XRD diffraction patterns
obtained on neat nanoclays, NR_S5MMT and NR_50-MMT
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nanocomposites are reported in Figure 5.2(A,B), while Figure 5.2C
shows the experimental fit of the basal peak, obtained by fitting the
XRD patterns with a Pseudo-Voigt function without considering a

structural model for simplicity.
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Figure 5.2. Results of XRD analysis on neat nanoclay and the relative
nanocomposites (nanoclay loading = 5 phr). High resolution XRD patterns
of (A) neat MMT and NR_5MMT, (B) neat O-MMT and NR_50-MMT
samples, and (C) experimental fit of the basal peak performed with a
Pseudo-Voigt function.

The signal of the basal peak of neat natural nanoclay is localized at
20 = 8° and slightly shifts to a lower 26 value in the NR_SMMT
sample. As regards the organoclays, the (001) reflection peak,
observed at 20 = 3°, significantly shifts towards lower 20 values in
the NR_50-MMT nanocomposite. However, due to a probable
overlap with the direct beam signal, it is difficult to detect it clearly.
Given these challenges, the basal peak position for O-MMT in the
NR_50-MMT was assumed at 26 = 1.6° at the edge of the
measurement range. Nonetheless, the true peak could lie at even
lower 20 values or might be absent in the case of complete organoclay
exfoliation. The doo1 spacing values calculated using the Bragg’s law
are reported in Table 5.6.
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Table 5.6. Interlayer spacing for neat nanoclays and the produced
nanocomposites calculated using the Bragg'’s law.

Sample dooz spacing [A]
MMT 11.4
NR_SMMT 12.7
O-MMT 26.1
NR_50-MMT >51.7

As shown in Table 5.6, the interlamellar distances evaluated for the
neat nanoclays are in good accordance with the values reported on the
manufacturer data sheets (see Table 3.4). The interlayer spacing of
the natural nanoclays sightly increases from 11.4 A (for the neat
MMT) to 12.7 A in the NR_5MMT sample (i.e., an increase of
11.2%). The strong interlamellar interactions and the small initial doo1
spacing of MMT results in very limited intercalation in the NR matrix
[78]. The situation is different for as concern the organoclays. The
shared hydrophobic character of O-MMT and the NR matrix
enhances their mutual compatibility, thereby promoting a strong
intercalation (or exfoliation) of the organoclays, with doo1 spacing
passing from 26.1 A up to values higher than 51.7 A.

5.3.5 Morphological analysis

SEM observations were also performed on the NR nanocomposites to
investigate the nanoclay dispersion within the NR matrix.
Representative FESEM micrographs of the cryofracture surface of
NR_5MMT and NR_50-MMT samples are presented in Figure
5.3(A-D). In particular, Figure 5.3(A,B) shows the morphological
features of the NR_S5MMT sample, while Figure 5.3 (C,D) of the
NR_50-MMT nanocomposite.
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(A) (B)

(C) (D)

Figure 5.3. FESEM micrographs at different magnifications of the
cryofracture surface of the produced NR based nanocomposites. (A, B)
NR_5MMT, (C, D) NR_5-OMMT.

The organization of the nanoclay platelets in the rubber matrix plays
a crucial role in their reinforcing effect. From Figure 5.3 (A-D) it is
possible to appreciate that the use of natural sodium MMT leads to
the production of a poorly intercalated nhanocomposite. Indeed, the
platelets are densely stacked and aggregated, indicating a poor
affinity with the rubber matrix [148]. On the contrary, SEM
micrographs of the NR_50MMT sample reveal isolated nanoclay
platelets in the matrix, suggesting the exfoliation of the organoclays
and a good affinity with NR [148]. This outcome aligns with the
results of both XRD and rheological analyses and suggests that in O-
MMT nanocomposites the nanoclays could be strongly intercalated
and/or partially exfoliated. The hydrophilic nature of MMT accounts
for its poor compatibility with the hydrophobic NR matrix.
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Conversely, the shared hydrophobic character of O-MMT and NR
enhances their mutual compatibility, thereby promoting a finer
nanofiller dispersion.

5.3.6  Differential Scanning Calorimetry (DSC)

DSC analysis was performed to determine whether the vulcanization
of the nanocomposites was complete, and to evaluate the effect of the
type and concentration of nanoclay on the glass transition temperature
of NR. In Table 5.7, the Ty of the samples determined in the 1% and
2" heating scans are reported.

Table 5.7. Glass transition temperature of the nanocomposites determined
in the 15t and 2" heating scan.

15t heating scan 2" heating scan
Sample T (°C) T (°C)

NR -61.0 -60.5
NR_1IMMT -61.2 -60.9
NR_3MMT -60.7 -61.2
NR_5MMT -61.0 -60.5

NR_10-MMT -60.3 -60.2
NR_30-MMT -59.5 -59.6
NR_50-MMT -61.1 -60.9

In all cases, no significant variation in Ty is detected between the first
and second heating scans, confirming that the vulcanization process
was complete. The MMT-filled and O-MMT-filled samples show a
glass transition temperature in the 1 heating scan ranging from -61.2
°C to -59.5 °C, which is comparable to that of unfilled NR (-61.0 °C).
Therefore, it can be concluded that, at the explored loading levels, the
addition of nanoclays does not significantly interfere with the
polymer chain mobility.
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5.3.7  Thermogravimetric analysis (TGA)

TGA analysis was performed to study the effect of the type and
content of nanoclay on the thermal degradation of the produced NR
nanocomposites. The thermogravimetric curves, along with their first
derivative, of the nanocomposites and the neat nanoclays are shown
in Figure 5.4(A-D), while Table 5.8 presents the most important

results.
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Figure 5.4. (A,C) TGA curves and (B, D) DTGA curves of the nanoclays,
NR and the produced nanocomposites. (A, B) Refer to MMT-filled
nanocomposites, while (C,D) to O-MMT-filled nanocomposites.
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Table 5.8. Results of the thermogravimetric analysis on the nanoclays, neat
NR and the relative nanocomposites.

Sample Ts% (°C) Tpeak (°C) M7oo (%0)
NR 339.0 382.8 4.0
MMT 432.8 - 92.6
NR_IMMT 335.7 386.4 4.4
NR_3MMT 328.7 385.0 54
NR_S5MMT 339.2 387.0 7.7
O-MMT 344.7 - 65.1
NR_10-MMT 345.3 393.0 41
NR_30-MMT 350.5 400.2 6.3
NR_50-MMT 355.2 401.2 10.6

Neat nanoclays exhibit, after being dried, different thermal
decomposition behaviours. Natural MMT displays a weight loss of
approximately 3% at temperatures below 100 °C, corresponding to
the surface and interlayer-absorbed water. Above 100 °C, the bound
and structural water are removed [137], and the total weight loss at
700 °C is about 7.4%. Regarding the organoclays, the absorbed water
content is lower than that of MMT and the decomposition begins at
approx. 200-250 °C, occurring in a single broad step, attributable to
the thermal degradation of the organic modifier. The total weight loss
of O-MMT at 700 °C is about 34.9% [149,150].

The thermal degradation of NR is not significantly affected by the
addition of MMT. The thermogravimetric curves of the NR/MMT
samples nearly overlap with that of unfilled NR, and, by analysing the
values of Tsy it can be seen that values close to or even lower than
those of NR are registered. As regards the temperature corresponding
to the maximum degradation rate, only a slight increase is observed
in the filled samples compared to NR, and this improvement remains
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limited. These results confirm the polymer chains are not intercalated
into the galleries of the silicate [150]. By contrast, NR/O-MMT
nanocomposites display enhanced thermal stability compared with
unfilled NR. As clearly shown in Figure 5.4(C,D), the
thermogravimetric curves of O-MMT-filled samples are shifted to
higher temperatures with respect to NR. Both Tsy and Tg increase
progressively with organoclay content in the rubber matrix. For
example, T4 of NR_50-MMT is 401.2 °C, which is 18.4 °C higher
than that of unfilled NR. The better dispersion of the organoclay
nanolayers within the rubber matrix compared to the natural
nanoclay, have probably prevented out-diffusion of the volatile
decomposition products, increasing the thermal stability of NR
[150,151]. For bhoth types of nanocomposites, the residual mass
increases with increasing nanoclay content in the formulation.

5.3.8  Laser Flash Analysis (LFA)

The specific heat capacity, thermal diffusivity and thermal
conductivity values of the wunfilled NR and the relative
nanocomposites, obtained from LFA, are reported in Table 5.9.

Table 5.9. Specific heat capacity, thermal conductivity and thermal
diffusivity at 20 °C of neat NR and the relative nanocomposites from LFA.

Sample @ ¢ g
(J/g-K) (mm?/s) (W/m-K)

NR 1.70 +£0.05 0.081 +0.001 0.132 +0.003
NR_1IMMT 1.87 +0.08 0.085 +0.001 0.153 + 0.006
NR_3MMT 1.82 +0.03 0.086 + 0.001 0.151 + 0.002
NR_S5SMMT 1.75+0.03 0.088 + 0.001 0.150 + 0.003
NR_10-MMT  1.82+0.05 0.081 +0.002 0.141 +0.001
NR_30-MMT 1.82+0.04 0.081 +0.001 0.144 +0.002
NR_50-MMT  1.75+0.02 0.084 + 0.001 0.142 +£0.004
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Regardless of the type and amount of nanoclays, the prepared
nanocomposites do not show significant differences in thermal
properties. Compared to the unfilled NR, the nanofilled samples
exhibit a very slight increase in specific heat capacity and thermal
conductivity. This is probably due to the presence of nanoclays which
are characterized by a higher thermal conductivity (~0.7 W/m-K)
with respect to the NR matrix [152]. Since the thermal properties of
the NR nanocomposites are comparable, any difference in their
elastocaloric performances among the samples cannot be attributed to
their different thermal behaviour and heat transfer capability.

5.3.9  Shore A hardness measurements

Table 5.10 reports the results of the Shore A hardness test on the neat
NR and the prepared nanocomposites.

Table 5.10. Shore A hardness measurements for the unfilled rubber and the
nanocomposites.

Samples Shore A hardness

NR 38.0+£0.8
NR_1IMMT 404 +£0.5
NR_3MMT 40.7+£1.0
NR_S5MMT 416+04
NR_10-MMT 42.0£0.2
NR_30-MMT 459+0.2
NR_50-MMT 48.0+£0.5

Shore A hardness increases with nanoclay addition, in proportion to
the nanofiller concentration, and the effect is more pronounced for O-
MMT-filled samples. The maximum increase observed is 9.5% for
MMT-filled nanocomposites and 26.3% for O-MMT-filled samples.
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This difference can be attributed to the higher crosslinking density
promoted by the organoclays, as well as to their improved dispersion
within the rubber matrix [153].

5.3.10 Quasi-static tensile tests

Figure 5.5(A,B) shows the stress-strain behaviour of the unfilled NR
and the relative nanocomposites. Specifically, the representative
stress-strain curves of NR/MMT samples are reported in Figure 5.5A,
while in Figure 5.5B the stress-strain plots of NR/O-MMT samples
are shown. The most important results of the quasi-static tensile tests
are reported in Table 5.11.
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Figure 5.5. Representative stress-strain curves from quasi-static tensile
tests on (A) NR and NR/MMT nanocomposites, (B) NR and NR/O-MMT
nanocomposites.
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Table 5.11. Results of quasi-static tensile tests on the unfilled NR and the
prepared nanocomposites.

sample E100-200 6200% 6400% [ € Ep
(MPa) (MPa) (MPa) (MPa) (mm/mm) (Jlem®)

NR 035+008 1.08+0.13 210+023 21.28+373 73014 322164
NR_IMMT 037002 1124004 211015 19.45+497 70158 28.5+9.9
NR_3MMT 042+004 1224010 248029 1955+3.05 68632 29.2+6.8
NR_5MMT 042+006 120+0.03 256007 18.96+3.34 698 +30 302+6.1
NR_10-MMT  0.44£0.02 119£0.07 262033 2608294 754+41 447121
NR_30-MMT  057+0.09 154+0.19 422+046 2539+058 653+34 426+33
NR_50-MMT  077+020 191+0.33 536+094 20.05+355 630+72  35.6+10.9

By comparing Figure 5.5A and Figure 5.5B, the effect of nanoclay
type and content on the mechanical properties of the nanocomposites
is evident. Focusing at first on the mechanical behaviour of NR/MMT
samples, the stress-strain curves of the nanocomposites overlap with
that of the unfilled NR up to a strain of approx. 300%. This
observation is also confirmed by the E1go-200 and 62009 Values reported
in Table 5.11, which show no significant difference among these
samples. At strain levels above 300%, the stress-strain curves show a
slight stiffening in the NR/MMT nanocomposites with respect to neat
NR. For example, NR_S5MMT exhibits a caooe value of 2.56 MPa,
+22% than neat NR. Overall, the addition of MMT has promoted a
slight decrease in strain and stress at break, and specific tensile energy
to break. The most significant reduction in E, is registered in
NR_IMMT (-11% than neat NR), while for o, in NR_SMMT (-11%
than neat NR). Given the obtained results and the considerations
drawn from the morphological analysis, it can be concluded that the
poor intercalation of the rubber into the nanoclay galleries and the
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limited filler/NR interaction (due to the hydrophilic nature of the
natural nanoclays and the hydrophobic nature of the NR matrix) led
to a limited reinforcement.

A different behavior is observed in the case of NR/O-MMT samples.
At the same filler loading, a stronger reinforcement effect is achieved
compared to NR/MMT nanocomposites. The mechanical response of
the nanocomposites diverges from that of neat NR from the outset,
with increases in the elastic modulus as well as in 6200%, and 64009 aS
the nanoclay content increases. For example, NR_50-MMT exhibits
an elastic modulus of 0.77 MPa and a 64009 0f 5.36 MPa (+120% and
+155% than neat NR, respectively). The tensile strength of NR
improves with the addition of 1 and 3 phr of O-MMT, whereas at 5
phr it becomes comparable to that of unfilled NR, likely due to
aggregation phenomena occurring at filler contents above 3 phr. A
similar trend is observed for the specific energy to break. The
improved mechanical properties with respect to NR MMT filled-
nanocomposites can be explained on the basis of XRD and SEM
analysis, which showed the intercalation/exfoliation of O-MMT in
the NR matrix. The higher crosslinking density found in O-MMT/NR
samples with respect to the neat NR (Table 5.5) could also be in part
responsible for the stiffening of these hanocomposites, and also for
the slight on, decrease observed at elevated O-MMT amounts.

For the evaluation of the elastocaloric effect, the samples were
deformed to 400% strain, as in Chapter 4 it was demonstrated that this
deformation level is the best performing. As reported in Table 5.11,
the stress required to reach this level of deformation in all the NR
nanocomposite samples (6a00%) iS below 6 MPa. It can therefore be
concluded that, even with the addition of nanoclays, the value of G400%
remains comparable to the stress levels required to compress
refrigerant gases in current air conditioners (1-8 MPa) [135].
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5.3.11 Evaluation of strain induced crystallization

XRD analyses were performed on NR_S5MMT and NR_50-MMT
samples in the stretched state at 400% (the level of deformation used
to investigate elastocaloric properties) to evaluate the effect of
nanoclay addition on the extent of SIC of the samples. The diffraction
patterns obtained for neat NR and the nanocomposites deformed at a
strain of 400% are shown in Figure 5.6, while the crystallinity content
and the average crystallite size calculated are reported in Table 5.12.

NR_SMMT

Strain = 400%

Figure 5.6. Diffraction patterns of neat NR and NR_5MMT and NR_50-
MMT nanocomposites deformed at 400% strain.

Table 5.12. Average crystallite size and crystallinity obtained from XRD
measurements on neat NR, NR_5MMT and NR_50-MMT, deformed at a
strain of 400%.

Sample Deformation Average Crystallite Crystallinity
(%) Size (%)
(A)
NR 400 91.6 11.8
NR_S5MMT 400 71.3 114
NR_50-MMT 400 78.9 13.0

The diffraction patterns of both nanocomposites exhibit additional
reflection rings compared to neat NR, which are attributed to the
presence of nanoclays in the rubber formulations. The calculated
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crystallinity indicates that the addition of organoclay enhances the
ability of NR to crystallize under strain. Specifically, the NR_50-
MMT sample exhibits a crystallinity of 13.0%, compared to 11.8%
for neat NR, i.e., an increase of approximately 10%. In contrast, the
NR_5MMT sample shows a similar, though slightly lower, degree of
SIC relative to neat NR (11.4%). The O-MMT exfoliation and the
improved polymer—filler interactions probably have promoted a
further molecular alignment under deformation, favouring SIC. In
agreement with the findings of Carretero et al. [80,81], good
interfacial adhesion between the filler and the NR matrix, as observed
in O-MMT-filled nanocomposites, enhances the extent of SIC.
However, differently to the results obtained in this work, Carretero et
al. observed an increase in SIC (approx. 50%) even in
nanocomposites filled with 15 phr of natural nanoclays,
corresponding to approximately one-third of the increase reported for
NR filled with 15 phr of organoclays. The higher nanofiller content
in their study likely contributed to the improved crystallization
behaviour under strain. Moreover, the incorporation of the fillers
leads to a reduction in the average crystallite size, with the
NR_5MMT sample showing the smallest value of 71.3 A. This
experimental evidence is in agreement with the findings of Yuko
Ikeda et al. [154], who observed a reduction in the crystallite size in
the NR samples filled with carbon black and calcium carbonate,
compared to unfilled NR.

In conclusion, the higher crystallinity content found in the O-MMT-
filled sample suggests that these nanocomposites could exhibit a more
pronounced elastocaloric effect. Based on the measured difference in
crystallinity, an increase in ATcol, attributed solely to SIC, of
approximately 0.6 °C would be expected in NR_50-MMT sample.
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5.3.12 Evaluation of the Mullins effect

The incorporation of nanofillers has been widely reported to intensify
the Mullins effect in NR [84,85]. From a practical standpoint, a more
pronounced Mullins effect in the produced nanocomposites could
require additional pre-stretching cycles compared to unfilled NR to
reach a stable mechanical response. To determine whether the
addition of nanoclay at the concentrations under investigation
intensified this stress-softening phenomenon, the cyclic behaviour of
the nanocomposites was investigated and benchmarked against that
of unfilled NR. This evaluation is particularly important, as an
unmitigated Mullins effect could compromise the assessment of
elastocaloric performance and ultimately lower the energy conversion
capability of the samples. Figure 5.7(A-F) shows the stress-strain
response of the NR nanocomposites under cyclic tensile loading when
a maximum strain level of 400% is applied. In particular, Figure 5.7
(A-C) illustrates the mechanical behaviour of NR/MMT samples,
while Figure 5.7 (D-F) of NR/O-MMT nanocomposites. The stress at
the maximum deformation per each cycle (peak stress) and the energy
dissipated in the 1%, 2", 5" and 10™ cycles are reported in Figure
5.8(A,B) and Figure 5.8 (C,D), respectively, while the residual
deformation at the end of the 10" cycle is reported in Figure 5.9.

188



Chapter 5 Effect of nanoclay addition on the elastocaloric properties of NR

NR_TMMT NR_10-MMT

Stress (MPa)
Stress (MPa)

Stress (MPa)

Stress (MPa)

Strain (mm/mm) Strain (mm/mm)
(A) (®)
5 5
NR_3MMT NR_30-MMT
4 4
3 E
2
a 1¥' Cycle
24 g 24
19 Cycle <
14 1
0 T T T T 0 T T T T
0 1 2 3 4 0 1 2 3 4
Strain (mm/mm) Strain (mm/mm)
(B) ®
5 5
NR_SMMT NR_50-MMT
4 44
34 g 3 eyl
3
24 & 24
1 Cycle
1 14
0 T T T T 0 T T T T
0 1 2 3 4 0 1 2 3 4
Strain (mm/mm) Strain (mm/mm)
©) F

Figure 5.7. Stress-strain curves of the NR based nanocomposites subjected

to uniaxial cyclic tension (maximum strain level = 400%). (A) NR_1MMT,

(B) NR_3MMT, (C) NR_5MMT, (D) NR_10-MMT, (E) NR_30-MMT, (F)
NR_50-MMT. The first cycle is evidenced in all the graphs.

189



Omaooz (MPQ)

Energy dissipated (J/cm?®)

Chapter 5 Effect of nanoclay addition on the elastocaloric properties of NR

50 50
o NR .
451 o NR_IMMT 4577
404 ®  NR_3MMT 404
351 ® - NR_SMMT _ asd @~ NR_50-MMT
30 £ 30l
2.5 = 25
S o
204 § 201
.. L4
15 e e g8 g © 15
1.0 104
051 0.54
o tbh——— 0.0 T
1 2 3 4 5 6 7 8 9 10 5 6 7 8 9 10
Cycle Cycle
5 5
o= NR o e NR
e NR_TMMT — i -0 NR_TO-MMT
4l -0 NR_3MMT o4l @ NR_30-MMT
@ NR_SMMT 2 @ NR_50-MMT
3 3
(o)
2
5] 5
>
o
[0}
C
]< w

©)

Figure 5.8. Results from the uniaxial cyclic tension tests on the neat NR and

the relative nanocomposites. (A, B) Maximum stress at 400% and (C, D)

specific energy dissipated as a function of cycle number. (A, C) refer to
NR/MMT samples, while (B, D) to NR/O-MMT samples.
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Figure 5.9. Residual deformation after ten loading-unloading cycles as a
function of type and concentration of nanoclays in the prepared NR
nanocomposites.

For the NR/MMT nanocomposites, the mechanical response
stabilizes after the first loading—unloading cycle. The filler content
exerts only a minor influence on the Mullins effect, and the overall
stress-softening behaviour remains comparable to that of unfilled NR.
The residual deformation is about 6-7%, essentially the same as that
observed for the unfilled rubber. In contrast, the NR/O-MMT
nanocomposites exhibit a more pronounced Mullins effect, as shown
by the larger hysteresis in the first cycle and the more pronounced
drop in peak stress (oma00%) between the initial and subsequent cycles.
For instance, NR_50-MMT dissipates 4.8 J/cm3 in the first loading—
unloading cycle, approximately five times the value measured for
NR_5MMT (1.1 J/cm3). Moreover, increasing the organoclay content
further accentuates both the stress softening and the residual
deformation, which reaches 12% at 5 phr O-MMT, about twice the
value measured for unfilled NR. It is interesting to observe that after
the first cycles, the hysteresis loop increases with filler concentration,
a feature not observed for the NR/MMT series. This experimental
evidence could be attributed to an increase in internal friction between
macromolecules and filler and, according to the results reported by
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Le Cam [138], to a more pronounced SIC with increasing filler
content.

Among the theories advanced to explain the Mullins effect (Section
2.3.8), there are some regarding molecules slipping. Particularly,
some authors have proposed that, during the first extension, the
macromolecules slip over the filler surface, and new physical bonds
are instantaneously created along the chains. The new bonds would
be of the same physical nature as the original ones but would appear
at different places along the polymeric chain, causing the softening of
rubber. Considering this, the different behaviour found in the two
series of nanocomposites can be attributed again to the different
dispersion and interactions the fillers have with the NR matrix. The
hydrophilic nature of MMT causes this filler to weakly interact with
the NR chains, and, consequently, the nanocomposites exhibit a
Mullins effect comparable to the unfilled rubber. Instead, the
hydrophobic tails of the organoclays allow a more intense interaction
with the NR matrix, promoting the formation of a higher density of
physical bonds between the filler and NR macromolecules. In
addition, the elevated dispersion (or exfoliation) of O-MMT within
the NR observed in the SEM micrographs (see Figure 5.3C and Figure
5.3D) greatly increases the surface area of interaction between the
clays and the rubber. The rapture and reformation of the O-MMT-
rubber physical bonds during the first cycle could explain the greater
Mullins effect observed in organoclay-filled nanocomposites.

Based on the results obtained, the nanocomposites were pre-stretched
three times prior to evaluating their elastocaloric performance, i.e.,
one additional cycle compared with unfilled NR.
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5.3.13 Evaluation of the elastocaloric effect

The elastocaloric properties of the samples were investigated using
the high-speed tensile testing machine STEP Lab XUDO5 (STEP Lab
S.r.l, Resana TV, Italy) and following the procedure described in
Section 3.2.12. All the experimental parameters were selected on the
basis of the results reported in Chapter 4. Specifically, the tests were
performed by deforming the samples to 400% strain at a crosshead
speed of 0.5 m/s. Heat exchange between the rubber and the
environment occurred through forced convection using a small fan
(power = 2.5 W) positioned 50 cm from the samples, which provided
a heat transfer coefficient of approx. 45 W/m?2K. The duration of each
elastocaloric cycle was 120 seconds, with the stretching and retraction
phases set at 60 seconds each.

Figure 5.10A and 5.10C show the temperature variation of the surface
of the neat NR and the relative nanocomposites during the stretching
and retraction phases as a function of time, while Figure 5.10B and
5.10D report the stress sustained by the samples as a function of time
in the stretching and subsequent holding phase. The percentage of
stress relaxation is shown in Table 5.13, while in Figure 5.11(A-G)
the most important results of the elastocaloric tests on the neat NR
and the relative nanocomposites are reported.
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Figure 5.10. (A, C) Temperature variation of the surface of the samples as a
function of time, (B, D) stress variation in the stretching and subsequent
holding step as a function of time. (A, B) refer to MMT nanocomposites, (C,
D) refer to O-MMT nanocomposites.

Table 5.13. Percentage of stress relaxation (SR) evaluated over the time
scale of the stretching phase from elastocaloric tests on neat NR and the
relative nanocomposites.

Sample SR (%)

NR 222+13
NR_IMMT 20047
NR_3MMT 18.8+4.3
NR_S5MMT 174 +3.7
NR_10-MMT 182+21
NR_30-MMT 164 +2.2
NR_50-MMT 16.2+04
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Figure 5.11. Results of the elastocaloric tests on the neat NR and the
relative nanocomposites. (4) Maximum ATheat, (B) maximum ATcool, (C) Qre,
(D) Qab, (E) Ws per unit volume of material, (F) W per unit volume of
material, (G) COPmat.

Two main considerations emerge from the analysis of the obtained
results. The type of nanoclay influences not only the mechanical
properties of the nanocomposites, as discussed in Section 5.3.10, but
also their elastocaloric performance. Higher values of AThes and
ATeoo have been registered in O-MMT nanocomposites with respect
to unfilled NR and MMT/NR samples, especially at elevated
organoclay amounts. For example, NR_50-MMT shows a AThea Of
10.4 °C and a ATco Of 10.3 °C, +63% and +32% than neat NR,
respectively. On the other hand, natural sodium nanoclay seems to
have a very limited positive effect on the cooling capacity of NR.

By comparing AThear and ATcool Values (Figure 5.11A and 5.11B), it
can be appreciated that, for both the unfilled rubber and NR/MMT
samples, the absolute values of ATco0 are slightly greater, by approx.
1.5-2.0 °C, than those of AThea, While for the NR/O-MMT
nanocomposites the temperature changes recorded during stretching
and retraction phases are similar, particularly at higher filler loadings.
This can be explained by recalling the mechanisms contributing to the
rubber temperature change. The mechanisms involved and their role
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in the temperature variations are summarized in Table 5.14. The up
arrows indicate that the mechanism promotes the heating of the
sample, while the down arrows indicate the mechanism promotes the
cooling of the rubber.

Table 5.14. Mechanisms involved in the temperature variations of the
samples during the stretching and retraction phase.

. Stretching Retraction
Mechanism
phase phase
Thermoelastic effect 1 !
SIC 1 \
Internal friction macromolecules- 1
macromolecules and macromolecules- 1
nanoclays
Melting of the crystallites \ !

The addition of nanoclay to NR increases the internal friction, as
interactions are no longer limited to NR macromolecules but also
occurred between polymer—filler as well as between filler particles.
Consequently, internal friction contributes more to heat dissipation
both during the loading and unloading phase with respect to the
unfilled NR. During the stretching phase the temperature increase
(AThear), results from the combined effects of the thermoelastic
response, SIC, and internal friction. Among these mechanisms, SIC
evolves while the samples are maintained in the stretched state, with
the greatest part of crystallites developing in the first milliseconds
after the stretching [45]. Consequently, only a part of the heat
generated during their formation contributes to AThear. When the
sample is unloaded, the melting of the crystallites and the
thermoelastic effect positively contribute to the ATcoo, While the
frictional heat is a mechanism that plays havoc with the cooling of the
rubber, reducing AT and the cooling effect. If the friction is almost
negligible, it is reasonable that ATcoo is higher than AThea SiNCe,
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during unloading, all crystalline domains, regardless of their
formation time, melt, thus fully contributing to ATce. If internal
fiction is not negligible, ATcool lower or equal to AThea iS expected.
The higher contribution of internal friction found in NR/O-MMT
samples with respect to MMT nanocomposites is another evidence of
the better dispersion of O-MMT within the NR matrix.

Going into details of the elastocaloric effect, Figure 5.11C and 5.11D
show the Qre and Qay Values of the samples. For a given type of clay
and clay content, the values of Qre and Qap are generally higher than
those measured for NR and are similar to each other, with the
exception of the NR_50MMT sample. For this nanocomposite, Qre is
notably higher compared to Qa, suggesting the presence of
significant dissipative phenomena. Both types of nanocomposites, at
1 phr of filler, release and absorb approximately the same amount of
thermal energy. However, at higher filler loadings, the O-MMT
nanocomposites exhibit significantly greater Q. and Qa, compared to
MMT-filled samples. Focusing on the cooling capacity, in one single
loading-unloading cycle, NR_30-MMT and NR_50-MMT samples
are capable of extracting more than 16 J/cm® of heat from the
surrounding environment, compared to 11 J/cm?® of the unfilled NR
(i.e., an increase of 45%). These findings highlight that the selection
of a proper nanofiller is fundamental for enhancing the elastocaloric
properties of NR. In particular, the affinity and compatibility between
the rubber and the filler play a key role in the elastocaloric
performances. As reported in Table 5.5, the crosslinking density of
NR/O-MMT nanocomposites was found to be higher compared to
unfilled NR and NR/MMT samples. In Chapter 4, it was
demonstrated that an increased degree of crosslinking leads to a
decrease in the cooling capacity of NR. This suggests that the
presence of O-MMT in the NR matrix largely overcompensates for
the negative impact caused by the higher crosslinking density.

The enhanced cooling capacity observed in the NR/O-MMT samples
is undoubtedly attributable to their greater ability to crystallise under
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strain compared to neat NR and the NR/MMT samples, as seen in
Paragraph 5.3.11. In addition to this, other phenomena may have
contributed to the improved elastocaloric performance. For example,
the O-MMT could contribute to a more homogeneous rubber network
structure, as documented in the literature [80]. A more uniform
macromolecular structure, characterized by a more consistent chain
length and crosslinking density, allows for greater conformational
changes during stretching, resulting in a larger entropy change
between the undeformed and stretched states [155]. Moreover, the
observed improvement may also stem from a strain amplification
effect induced by the nanoclays, promoting a higher thermoelastic
effect. This mechanism could also explain why elastocaloric
properties of the NR/MMT samples are slightly higher than those of
neat NR, since no significant differences in terms of SIC were found
between these samples. Further investigation is necessary to validate
these hypotheses.

Although organoclay-filled NR samples exhibit higher Qa, no
significant differences are observed in COPma (Figure 5.11G)
between the two series of NR nanocomposite, and the COP 4t is found
to range between 2 and 3. This is attributed to the greater work of
deformation required for the NR/O-MMT samples (Figure 5.11E)
with respect to MMT nanocomposites. For example, the work of
deformation of NR_5-OMMT is 8.0 J/cm3, compared to 4.3 J/cm? of
neat NR and 5.4 J/cm® of NR_5MMT sample. The higher W; values
observed in O-MMT nanocomposites are due to the stiffening effect
provided by the better nanofiller dispersion and the higher
polymer/filler interaction.

As regards the stress relaxation behaviour of the samples, the SR
values obtained for the nanocomposites (Table 5.13), ranging
between 16% and 20%, are slightly lower than those measured for
unfilled NR (22%). For both nanocomposites, a clear reduction in SR
with increasing nanoclay content can be observed. For the same filler
content, the MMT samples show marginally higher SR values,
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although the difference is limited. The higher AThea Values registered
for O-MMT-filled samples would be expected to promote greater SR
than in unfilled NR and MMT nanocomposites. However, this effect
is likely counterbalanced by a stabilization of the mechanical
response induced by the organoclays.

In light of the obtained results, the NR_30-MMT formulation appears
to be the most promising as it provides an enhanced cooling capacity
compared to NR, while exhibiting lower heat dissipation due to
internal friction relative to NR_50-MMT. For this reason, the cyclic
elastocaloric properties of this sample were further investigated in
order to evaluate its performance under repeated loading—unloading
conditions. Specifically, the sample underwent 40 loading-unloading
cycles. The most important elastocaloric properties and the SR
values, evaluated at the 1%, 5% 10%, 20", 30" and 40™ cycles, are
shown in Figure 5.12(A-F). As the interest is focused on the cooling
performance, Qr is not reported here.
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Figure 5.12. Elastocaloric properties of NR_30-MMT sample under cyclic
conditions. (4) ATheat, (B) ATcool, (C) Qab, (D) Ws,(E) COPmatand (F) SR.
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Overall, the elastocaloric properties of NR_30-MMT remain
relatively stable up to 40 loading-unloading cycles. A slight decrease
in the values of ATheat, ATcool, Qab and Ws is observed between the
first and the tenth cycle, after which they stabilize. Specifically, ATheat
decreases from 10.2 °C to 8.7 °C at the 10" cycle, while ATl
decreases from 10.5 °C t0 9.7 °C. Regarding Qap, it stabilizes after the
tenth cycle at 15.1 J/cm®. As discussed in Chapter 4, this settiling-in
phase is probably linked to the Mullins effect and could be limited or
eliminated by pre-stretching the samples a higher number of times.
Across all cycles, the COPma remains approximately 2.7, as both Qap
and W;s follow the same trend over the cycles. Additionally, the
percentage of stress relaxation remains constant at values of about
16% which is a positive indication that the mechanical behaviour of
the samples is stable over 40 cycles.

In conclusion, the enhanced cooling capacity of NR, achieved
through the addition of organoclays, is also maintained under cyclic
conditions, highlighting that this approach to improving the
elastocaloric performance of NR is promising and could be extended
to other fillers as well.

5.4 Conclusions

In Chapter 5, the influence of nanoclay addition, both natural (MMT)
and organo-modified (O-MMT), on the elastocaloric performance of
NR was investigated. XRD and SEM analyses revealed a good degree
of intercalation/exfoliation of the organomodified nanoclays within
the NR matrix, whereas natural MMT exhibited a strongly aggregated
morphology. These morphological features translated into a more
pronounced mechanical stiffening and reinforcement, associated to a
more evident Mullins effect in NR/O-MMT nanocomposites.

Despite the slight increase in crosslinking density of NR induced by
the presence of O-MMT which tended to reduce the elastocaloric
efficiency in unfilled NR, the NR/O-MMT samples displayed a
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remarkable enhancement in elastocaloric performance. In particular,
organoclay-filled NR nanocomposites demonstrated up to a ~45%
increase in the heat extracted per refrigeration cycle with respect to
unfilled NR. More specifically, the heat absorbed from the
environment increased from 11 J/cm? (in the case of unfilled NR) to
16 J/cm?® (with a O-MMT amount of 5 phr). This improvement was
ascribed to a synergistic combination of enhanced strain-induced
crystallization  confirmed by XRD analysis, improved
macromolecular structural homogeneity, and potential strain
amplification effects promoted by the organoclays. In contrast, the
incorporation of natural MMT yielded only marginal improvements
in both mechanical and elastocaloric properties, primarily due to poor
dispersion and limited nanofiller-matrix interaction. Despite the
better cooling capacity of NR/O-MMT samples, the COPma was
found to be comparable in the two series of nanocomposites and
ranging between 2 and 3. This was due to the greater work of
deformation found in O-MMT nanocomposites, ascribed to their
higher stiffness. Among the O-MMT filled samples, the formulation
containing 3 phr of organoclay was found to be the best performing.
Investigating the elastocaloric properties of this formulation under
cyclic conditions revealed stability up to 40 cycles.

Overall, these findings highlighted that the selection of a proper
nanofiller could play a fundamental role in enhancing the
elastocaloric properties of NR. In particular, the compatibility
between the rubber and the filler resulted in playing a key role on their
mechanical and cooling performance. Further efforts will be devoted
in the future to investigate if the better cooling capacity of NR/O-
MMT samples could be attributed to a higher crystallinity developed
in these systems during stretching with respect to NR/MMT samples.
In addition, the effect of filler functionalization on the elastocaloric
performance of NR will also be deepened.

203



Chapter 6 General conclusions

6 General conclusions
6.1 Concluding remarks

The aim of this work was to investigate the influence of rubber
network structure and rubber formulation on the elastocaloric
properties of natural rubber (NR) based systems. Specifically, the
effect of (i) crosslinking density and (ii) the addition of nanofillers on
the cooling capacity was deeply analysed. This study was driven by
the need to enhance the cooling capacity of NR in order to develop
sustainable solid-state cooling technologies capable of competing
with the current refrigeration systems based on compression of
refrigerant with elevated environmental impact.

In the first part of the work, presented in Chapter 4, the effect of
crosslinking density on the elastocaloric performance of NR was
investigated. Samples with varying degrees of crosslinking were
produced and thermo-mechanically characterized. The results
showed that the crosslinking density played a crucial role in the
elastocaloric properties of NR. Specifically, reducing the crosslinking
degree enhanced the cooling capacity of the material for the same
deformation, due to a greater contribution from strain-induced
crystallization and the thermoelastic effect. The least crosslinked
sample was found to be capable of extracting 16.4 J/cm? of thermal
energy in a single refrigeration cycle when stretched at 500%,
exceeding values reported in comparable studies. The evaluation of
the Coefficient of Performance (COPma) confirmed the least
crosslinked sample as the best formulation, exhibiting a COPma value
ranging up to 2.4, and evidenced that the highest conversion
efficiency between mechanical and thermal energy was achieved at
400% deformation. The elastocaloric properties of the most
promising NR formulation were also studied under cyclic conditions,
proving to be stable up to 40 loading-unloading cycles.
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In the second part of the work, presented in Chapter 5, the potential
to further enhance the cooling capacity of the most promising NR
formulation identified in Chapter 4 was investigated. Since in the
literature the incorporation of nanoclays was shown to significantly
improve the SIC behaviour of NR, the effect of adding nanoclays,
both natural (MMT) and organomodified (O-MMT), on the
elastocaloric performance of NR was systematically evaluated. The
results evidenced that filler-rubber compatibility played a crucial role
in the cooling performance. Indeed, the better dispersion of the
organo-modified nanoclays within the NR matrix promoted not only
a better mechanical behaviour (in terms of stiffness and strength), but
also a significantly enhanced cooling performance with respect to
MMT nanofilled systems. In particular, organoclay-filled NR
nanocomposites demonstrated up to a ~45% increase in the heat
extracted per refrigeration cycle with respect to unfilled NR when
deformed at 400% strain. More specifically, the heat absorbed from
the environment increased from 11 J/cm? (in the case of unfilled NR)
to 16 J/cm?® (with an O-MMT amount of 5 phr). This improvement
was ascribed to a synergistic combination of enhanced strain-induced
crystallization  confirmed by XRD analysis, improved
macromolecular structural homogeneity, and potential strain
amplification effects promoted by the organoclays. In contrast, the
incorporation of natural MMT yielded only marginal improvements
in the elastocaloric properties, primarily due to poor dispersion and
limited nanofiller-matrix interaction. Despite the better cooling
capacity of NR/O-MMT samples, the COPmy was found to be
comparable in the two series of nanocomposites and ranged between
2 and 3. This was due to the greater work of deformation found in O-
MMT nanocomposites, ascribed to their higher stiffness. The
elastocaloric properties of O-MMT nanocomposites were also studied
under cyclic conditions and found to be stable up to 40 loading and
unloading cycles. This demonstrated that the addition of nanoclay did
not affect the stability of the elastocaloric capability of the prepared
nanocomposites.
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In conclusion, this work demonstrated that the rubber network
structure and the rubber formulation represent the starting point for
future research aimed at maximizing the cooling performance of NR-
based systems, given their strong influence on the elastocaloric
behaviour.

6.2 Future Developments

At the end of this PhD work, it is worthwhile to provide some
recommendations for future research directions in this field.

In light of the results obtained, it would be of great interest to evaluate
the effect of adding other nanofillers, such as Carbon Nanotubes
(CNTs), graphene, hexagonal boron nitride (h-BN), etc., on the
elastocaloric performance of NR-based systems. Such studies could
clarify whether, in addition to filler—matrix compatibility, the shape
of the nanofillers also influences SIC and thermoelasticity. Another
aspect to explore could concern the dispersion and orientation of these
fillers within the NR matrix, and the impact these factors could have
on the ability of NR to crystallize under strain.

A fundamental aspect that remains largely unexplored is fatigue
resistance of elastocaloric polymers. This aspect, which was not
addressed in the present work and is rarely discussed in the literature
on elastocaloric elastomers, is essential for practical applications. In
a solid-state cooling device, the material must withstand thousands of
loading—unloading cycles. Therefore, even before ensuring high
elastocaloric performance, the material must exhibit adequate fatigue
resistance. Although natural rubber is known for its excellent fatigue
properties, these are typically evaluated at strain amplitudes much
lower than those used to study the elastocaloric effect. It is plausible
to hypothesize that the large strain amplitudes employed in this work
could significantly reduce the fatigue resistance of NR. Future
research should therefore focus on quantifying this potential
deterioration and identifying strategies to mitigate it. One possible
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approach could be to operate with a pre-strained material (for
example at 250% strain) and working at lower deformation
amplitudes, for example between 250% and 450%.

In addition to fatigue resistance, it will also be necessary to evaluate
the stability of the elastocaloric performance over a much larger
number of cycles, since the 40 cycles tested in this work can only be
considered a preliminary indication of cyclic stability.

Finally, the development of a cooling prototype will be a crucial step
to demonstrate the effectiveness of NR-based systems in generating a
real refrigeration cycle, enabling the evaluation of their long-term
stability, cooling capacity, energy efficiency, and operational
reliability. The main challenges in designing the prototype will be to
ensure separation between the two functional regions of the system,
i.e., the zone in which the elastocaloric materials are mechanically
deformed and heat up, and the zone in which they cool down, and to
select an appropriate mechanical system capable of delivering the
required deformation to the elastocaloric material. Additionally,
robust safety mechanisms must be integrated to guarantee automatic
shutdown in the event of malfunction or hazardous operating
conditions. Minimising environmental impact through careful
material selection will constitute a key priority, complemented by the
adoption of a design-for-disassembly approach that enables complete
dismantling at the end of the system’s service life. Economic
considerations will also play a critical role, as the total cost of the
prototype must remain competitive with that of conventional air-
conditioning systems of comparable capacity. Successfully
addressing these challenges will be crucial for advancing NR-based
technologies from laboratory research to practical solid-state
refrigeration applications.

As a step toward practical implementation, an initial attempt was
made at the end of this PhD work to develop a laboratory-scale
prototype of a NR-based elastocaloric cooling system. However, due
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to its preliminary nature, this activity was not included in the thesis.
The principle of the prototype is schematized in Figure 6.1, while a
more detailed design of the 3D-printed prototype is shown in Figure
6.2 The device consists of a wheel and an eccentrically positioned
hub, which is free to rotate and does not come into direct contact with
the wheel [156]. Rubber bands connect the hub to the wheel.

________________________________________________

Wheel

|| Elastocaloric

11 material
1

Figure 6.1. Scheme of the developed prototype.

17.5cm

Studs designed to 3
hold the NRrings

_Wheel

(A)
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Wheel
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j L/
Offset hub
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(B) ©

Figure 6.2(A-C). 3D printed prototype of the NR-based elastocaloric
cooling system. (A) Frontal view, (B) diagonal view and (C) lateral view.

When the wheel rotates around the hub, the offset between the hub
and the wheel centre causes a nonuniform deformation of the rubber
bands: approximately half of the bands are stretched, while the
remaining bands experience reduced stretching or are in the
undeformed state. While the wheel rotates, the contracting rubber
bands exert a tangential force on the hub, generating a torque that
induces its rotation. As a result, the rubber bands continuously cycle
between stretched and undeformed states as the wheel rotates. In the
region where the rubber bands are stretched, the material heats up.
Conversely, in the region where the bands contract and return to the
undeformed state, the material cools down. By spatially separating
these two regions, i.e., placing the heating region in contact with the
external environment and the cooling region in contact with the
environment to cool, a solid-state cooling prototype could be
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developed. The challenging aspect, which will require more attention,
would be the separation of the two regions.

Preliminary tests were conducted using rubber rings with a thickness
of 0.8 mm connected to the stubs of the wheel and the hub. The
prototype was designed to impose a maximum deformation of the
rubber rings of 400%. Infrared thermal images of the prototype during
operation are reported in Figure 6.3. As the wheel rotates, it is evident
that approximately half of the rubber rings undergo stretching and
heat up, while the remaining rubber rings return to the undeformed
state and cool down.

This preliminary prototype will require further development and
optimization. Nevertheless, it may serve as a useful starting point for
future investigations.

(A (B)

Figure 6.3(A,B). Infrared thermal images of the prototype at rest and
during operation. (A) Prototype at rest, with rubber bands in thermal
equilibrium with the environment. (B) Prototype during operation: half of
the rubber bands stretch and heat up while the other half return to the
undeformed state and cool down.
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7 Side activities

During the PhD, complementary research activities were carried out
to broaden expertise in the field of materials engineering. These
activities included:

e The production and investigation of the microstructural,
thermomechanical and shape memory properties of
biodegradable blends based on poly(lactic acid) (PLA) and
poly(butylene adipate terephthalate) (PBAT). This activity
began during the research fellow and proceeded during the
first year of the PhD.

e  Contribution to the thermo-mechanical characterization of a
biocompatible scaffold, in the framework of a collaboration
with the University of Palermo (UniPa). The scaffold,
consisting of an electrospun PLLA network combined with
a polyamidoamine hydrogel (AGMA1), was developed at
UniPa for applications in peripheral nerve regeneration.

e  Participation in the PRIN 2022 “Towards a new generation
of eco-sustainable multifunctional textiles (GENTEXT)”
project, which involved contributions to the development
and thermo-mechanical characterization of multifunctional
compounds based on polylactic acid (PLA), polybutylene
succinate (PBS), and poli-B-idrossibutirrato (PHB), aimed at
potential applications in the textile industry.

The following section will present the main side activity, namely the
production and characterization of PLA/PBAT blends. Given their
complementary characteristics and overlapping application fields,
blending stiff PLA with flexible PBAT represents a valuable
technical approach for developing eco-sustainable packaging with
tuneable properties. Nevertheless, limited information is available on
the thermo-mechanical properties of these blends, particularly
regarding the effect of PBAT addition on the shape-memory
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behaviour of PLA. The present work therefore has concerned the
production and investigation of the microstructural, thermo-
mechanical, and shape-memory properties of PLA/PBAT blends
prepared by melt compounding.

7.1 Evaluation of the Physical and Shape Memory
Properties of Fully Biodegradable Poly (lactic
acid) (PLA)/Poly (butylene adipate terephthalate)
(PBAT) Blends

Part of this chapter has been published in:
M. Bianchi, A. Dorigato, M. Morreale and A. Pegoretti

“Evaluation of the Physical and Shape Memory Properties of
Fully Biodegradable Poly(lactic acid) (PLA)/Poly(butylene
adipate terephthalate) (PBAT) Blends”

Polymers 2023, 15(4), 881
https://doi.org/10.3390/polym15040881

7.11 Introduction

In recent years, the increasing difficulties of plastic disposal have
raised concerns worldwide. Most of the plastic waste ends up in
landfills, oceans, soil and water, representing thus serious hazards for
plants, animals and humans. According to recent statistics, every year
up to 12.7 million tons of plastic enter the oceans, causing the death
of several seabirds and aquatic animals. The severity of this problem
will exponentially increase with the increase in global non-
biodegradable plastic consumption [157-159]. Plastic waste is
estimated to triple by 2060, as claimed by the latest forecast by the
Organisation for Economic Co-operation and Development (OECD)
Global Plastic Outlook, rising from 353 million tons of waste in 2019
to 1014 million tons in the next decades [160]. Therefore, measures
and solutions must be taken to avoid irreversible consequences on
ecosystems and human beings.
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Biodegradable polymers (BPs) have attracted significant scientific
and industrial interest as promising candidates for addressing these
challenges [157]. Polylactic acid (PLA) in particular has gained
attention due to its origin from renewable sources, its good
mechanical performance, ease processability, commercial
availability, and relatively low environmental footprint [161-164].
PLA is currently used in several disposable packaging applications
and further distinguished by its thermo-responsive shape memory
behaviour, which renders it attractive for advanced uses such as active
and intelligent packaging [163,164]. Nonetheless, the intrinsic
brittleness and limited toughness of PLA restrict its applicability in
demanding sectors.

One possible solution to enhance the performance of PLA while
maintaining biodegradability is through blending with other polymers
possessing complementary characteristics. Poly(butylene adipate-co-
terephthalate) (PBAT) is a fully biodegradable aliphatic—aromatic
copolyester characterized by high flexibility, elasticity, and thermal
stability [165,166]. However, its stiffness and strength are rather
poor. Owing to the complementary nature of PLA and PBAT,
blending these two polymers is a promising strategy to obtain eco-
sustainable materials with tuneable thermo-mechanical and
functional properties. Previous investigations have demonstrated that
the incorporation of PBAT into PLA matrices can significantly
improve elongation at break, impact resistance, and melt
processability, while maintaining an acceptable modulus and tensile
strength [167-170]. However, the literature still lacks systematic
studies focusing on the thermo-mechanical properties of PLA/PBAT
blends, and no investigations have reported on the influence of PBAT
addition on the shape memory behaviour of PLA.

This work aims to investigate the thermo-mechanical and shape
memory properties of fully biodegradable PLA/PBAT blends
produced by melt compounding and hot pressing. Particular emphasis
has been placed on the role of blend composition in determining
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processability and functional performance. The outcomes of this
study are expected to provide novel insights into the development of
eco-friendly polymeric systems for advanced packaging applications,
combining biodegradability with intelligent material functionalities.

7.1.2  Experimental Part
7.1.21  Materials

The PLA used in this work was an Ingeo™ 2500HP supplied by
NatureWorks® LLC (Minnetonka, MN, USA) in pellets form.
According to the producer’s technical datasheet, it was characterized
by a specific gravity of 1.24 g/cm?, a melt flow index (MFI) of 8 g/10
min (210 °C, 2.16 kg) and a melting temperature of 165-180 °C.
Polymer granules of PBAT Technipol® Bio 1160 were purchased
from Sipol Spa (Mortara, PV). According to the supplier datasheet,
its specific gravity was 1.23 g/cm?, the MF1 was 20 g/10 min (160 °C,
2.16 kg) and the melting temperature was about 115 °C.

7.1.22  Sample Preparation

PLA/PBAT blends at different relative ratios were prepared by melt
compounding in an internal mixer (Thermo Haake® Rheomix 600),
equipped with counter-rotating rotors. The compounding temperature
was kept at 180 °C while the mixing time was 10 minutes. The rotor
speed was set at 60 rpm. Prior to processing, PLA and PBAT pellets
were dried at 50 °C overnight to remove moisture. After
compounding, the blends were hot-pressed in a hydraulic press for 10
minutes at a pressure of 7 bar and a temperature of 180 °C, followed
by water cooling. The processing temperature was selected after
preliminary trials, and viscosimetric measurements on both virgin and
processed samples (not reported for the sake of brevity) demonstrated
that the molecular weight of the constituents was retained after melt
compounding and hot-pressing operations. In this way, square sheets
with in-plane dimensions of 150x150 mm?and a thickness of 1 mm
were prepared. The composition (in wt% and vv%) of the prepared
samples along with their codes is reported in Table 7.1. The final
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number in the code refers to the PBAT weight concentration in the
blend.

Table 7.1. List of the prepared samples and their nominal composition.

Sample PLA content PBAT content
(Wt%/vv%0) (Wt%/vv%0)
PLA 100.0/100.0 -
PLA_PBAT_15 85.0/84.9 15.0/15.1
PLA_PBAT_30 70.0/69.8 30.0/30.2
PLA_PBAT_45 55.0/54.8 45.0/45.2
PLA_PBAT_60 40.0/39.8 60.0/60.2
PLA_PBAT_75 25.0/24.8 75.0/75.2
PBAT - 100.0/100.0

7.1.2.3  Experimental techniques

Rheological analysis

In order to investigate the effect of the blend composition on the
viscosity at the molten state, dynamic rheological tests were carried
out through a DHR-2 rheometer (TA In-strument, New Castle, DE,
USA) by using a plate-plate configuration and setting a gap distance
of 1 mm. Disc samples (diameter 25 mm, thickness 1 mm) were
selected for the measurements. The tests were conducted at 180 °C in
frequency sweep mode, applying a maximum shear strain of 1%. In
this way, the trends of the complex viscosity (n*), storage modulus
(G’) and loss modulus (G’’) were evaluated in an angular frequency
range 0.1-1000 rad/s. One specimen was tested for each formulation.

Microstructural characterization

In order to investigate the dispersion of the two constituents in the
blends, optical microscope micrographs were acquired on polished
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samples, by using an upright incident-light optical CH-9435
Heerbrugg microscope.

The interfacial adhesion between the PLA and PBAT phases was
investigated by means of a field emission scanning electron
microscope (FESEM) AG-SUPRA 40 (Carl Zeiss, Ober-Kochen,
Germany), operating at an accelerating voltage of 2.5 kV. The
samples were soaked in liquid nitrogen for 1 h and then cryofractured.
The fracture surface was analysed after Pd/Pt sputtering to provide
enhanced electrical conductivity.

Thermal characterization

Thermogravimetric analysis (TGA) was performed in order to
investigate the degradation resistance of the produced blends, by
using a Mettler TG50 thermo-balance (Mettler-Toledo GmbH,
Schwerzenbach, Switzerland). Samples with a mass of 20 mg were
tested at a heating rate of 10 °C/min from 25 °C up to 700 °C under a
nitrogen flow of 10 mL/min. One specimen for each composition was
tested. The temperature associated with a mass loss of 5% (Tse) and
the residual mass at 700 °C (mzqo) were evaluated. In addition, from
the first derivative of the thermogravimetric curve (DTG), the
temperatures corresponding to the maximum mass loss rate of PLA
(Tpeakt) and PBAT (T peakz) Were determined.

Differential scanning calorimetry (DSC) tests were performed on the
prepared blends by means of a Mettler DSC30 calorimeter (Mettler
Toledo GmbH, Schwerzenbach, Switzerland). Specimens with a
mass of 10 mg were subjected to the following thermal ramps: (1) first
heating scan from -80 °C to 200 °C at 10 °C/min, (II) cooling scan
from 200 °C to -80 °C at 10 °C/min, (11I) final heating scan from -80
°C to 200 °C at 10 °C/min. One specimen was tested for each
composition. Nitrogen was used as the purge gas at a flow of 100
mL/min. DSC analysis allowed the determination of the glass
transition temperature (Ty), the melting and cold crystallization
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temperatures (Tm, Tec) and specific enthalpy values (AHm, AHcc) of the
blend constituents. Moreover, the PLA and PBAT crystallinity degree
(xc) was calculated according to Equation (7.1):

Xe (%) =100 - 22t (7.7.1)
where 4H,.. is the cold crystallization enthalpy, AHJ, is the theoretical
melting enthalpy of fully crystalline polymer and w is the weight
fraction of the polymer phase in the blend. AH3, was taken as 93 J/g
for fully crystalline PLA and 114 J/g for fully crystalline PBAT
[168,171].

Mechanical characterization

Dynamic-mechanical analysis was carried out through a DMA Q800
(TA instrument, New Castle, USA) machine, to investigate the
dependence of the storage modulus (E’) and loss modulus (E’”) of the
produced blends on temperature. The tests were performed on
rectangular specimens (gauge length 10 mm, width 5 mm, thickness
1 mm) at a frequency of 1 Hz, with a strain amplitude of 0.05 %, and
with a heating ramp from 25 °C to 130 °C at 3 °C/min. One specimen
was tested for each composition. In this way, the values of the storage
modulus at 25 °C (E’2) and at 85 °C (E’ss) were determined to
evaluate the storage modulus drop below and above the glass
transition temperature of PLA. One specimen was tested for each
composition.

Tensile properties under quasi-static conditions were measured by
means of an Instron 5969 (Instron Corporation, Norwood, MA, US)
tensile testing machine, equipped with a load cell of 10 kN and
operating at a crosshead speed of 5 mm/min. The tests were
performed on 1SO 527 type 1BA specimens at 25 °C. The elastic
modulus (E) was measured as a secant value between two strain levels
(0.1 and 0.2 mm/mm) in the linear stress-strain region. Moreover, the
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tensile stress at break (o) and the strain at break (ep) were determined.
Five specimens were tested for each composition.

Evaluation of the shape memory behaviour

The investigation of the shape memory behaviour of the prepared
PLA/PBAT blends was performed on prismatic rectangular
specimens (width 5 mm, thickness 1 mm, length 20 mm) by means of
a DMA Q800 (TA instrument, New Castle, USA) apparatus,
operating in single cantilever mode. Since at 25 °C and 85 °C the PLA
phase in the blends is respectively in the glassy and in the rubbery
state, these temperatures were selected for exploring the shape
memory performance of the samples. The tests were carried out
according to the thermo-mechanical cycle typically employed for
shape memory polymers (SMPs) [172], consisting of a programming
step, followed by a recovery step. More specifically, the specimens
were subjected to the following thermo-mechanical history: (1)
heating of the specimen and equilibrium at 85 °C, (1) application of
a ramp force of 1 N/min, (Ill) drive-off of the motor when a
displacement (dimp) of 8000 um was achieved, (IV) cooling and
equilibrium of the sample at 25 °C, (VII) isothermal step for 5
minutes, (V) drive-on of the motor and application of a constant load
equal to 0.001 N to monitor continuously the sample displacement as
a function of the temperature, (VII) equilibrium at 85 °C, (VIII)
isothermal for 30 minutes at 85 °C. One specimen was tested for each
composition. The graphical representation and the schematization of
the thermo-mechanical cycle is illustrated in Figure 7.1(A,B). In
Figure 7.1B, dimp is the programmed displacement at step (I11), drix is
the effectively fixed displacement at step (V) and dso is the
displacement reached by the movable clamp at the end of the recovery
process at step (V1II).

218



Chapter 7 Side activities

100 70
8000
| 60
- 80
—~. 6000 - 50
g s[°
= (0 g Lk
@ S =
e © Pt
© 40004 = 0
o S tao®
o r40 g &%
) 2
= L20
2000 -
L 20
L 10
0 r r 0 Lo
0 20 40 60 80

Time (min)

85 °C 1 25°C g, 85°C l:
—_—
\mposed CohsvcmT Recovery for
d\sp\ocemem removal A min

(B)

Figure 7.1. (A) Graphical representation and (B) schematization of the
thermo-mechanical cycle adopted to investigate the shape memory
behaviour of the PLA/PBAT blends.

The strain fixity (SF) and strain recovery (SR) parameters were then
determined, in order to describe the shape memory performance of
the PLA/PBAT blends. For each specimen, the SF and SR were
respectively calculated according to Equation (7.2) and (7.3):

SF(%) = f"‘.100 (7.2)
dimp
SR(%) = M_ 100 (7.3)

imp
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7.1.3  Results and discussion
Rheological analysis

Dynamic rheological tests were carried out to investigate the effect of
the blend composition on the rheological properties at the processing
temperature (180 °C), in order to obtain information about the
processability of these materials. Figure 7.2(A-C) shows the results
of the dynamic rheological tests performed on neat PLA, neat PBAT
and all the prepared blends in terms of dynamic moduli (G’, G”) and
complex viscosity (n*).
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Figure 7.2. Results of the dynamic rheological tests at 180 °C on the neat
matrices and on the prepared blends. Trends of (A) storage modulus, (B)
loss modulus, (C) complex viscosity as a function of the angular frequency.

Figure 7.2(A-C) shows, respectively, the storage and loss modulus of
the PLA/PBAT blends as a function of the frequency. All the samples
exhibit a similar trend of the G’ in the high-frequency range, while
differences can be seen at lower frequencies. The G’ of all blends in
the low-frequency range was higher than that of neat PLA and neat
PBAT, suggesting that the two polymers are probably immiscible
[173]. Furthermore, significant differences in the slopes of the curves
appear at low frequencies, i.e., with the appearance of a shoulder in
the PLA_PBAT_15 blend. This behaviour is very likely to be due to
a droplet/matrix morphology [174-177] and it substantially
disappears at higher compositions. This could be attributed to the
formation of more complex morphologies showing slow relaxation
dynamics [175-177] and will be further investigated and discussed in
the following morphological characterization section.

Comparing the loss and the storage modulus values, it can be
observed that the G”’ is greater than the G’. This, combined with their
overall trends, suggests that a liquid-like rheological behaviour
prevails over a solid-like one for all of the investigated blends.
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Furthermore, the frequency dependence of the G”’ is almost the same
for all the samples in the entire frequency range. Finally, when
increasing the PBAT content in the blends, both the G’ and G’
decrease.

The complex viscosity of the neat PLA and PBAT (Figure 7.2C) is
similar to the values reported in the literature, highlighting the
negligible thermal degradation these materials undergo during the
production process [178]. On a general level, all the samples
exhibited a shear thinning behaviour, more pronounced in the high-
frequency range. The 1 * of PLA is approximately one order of
magnitude higher than that of PBAT, as shown in Figure 7.2C.
Therefore, this suggests that it is much easier for PBAT to disperse
within the PLA matrix, once processed at the molten state. With the
increasing PBAT concentration, the complex viscosity of the blends
decreases, except for that of PLA_PBAT_15 and PLA_PBAT 30 in
the low-frequency regime, attributable to yield stress, likely to be due
to resistance to the flow of the PBAT domains in the PLA matrix.

Microstructural characterization

The optical microscope images of the prepared blends are shown in
Figure 7.3(A-E).

PLA_PBAT_15 PLA_PBAT_30

(A (B)
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Figure 7.3. Optical microscope images of the prepared PLA/PBAT blends.
(A) PLA_PBAT_15, (B) PLA_PBAT_30, (C) PLA_PBAT_45, (D)
PLA_PBAT_60, (E) PLA_PBAT_75.

The bright field micrographs shown in Figure 7.3(A-E) provide
interesting information about the microstructural features of the
produced PLA/PBAT blends. Firstly, it is possible to notice that PLA
and PBAT are immiscible since all the analysed compositions show
an evident phase separation, which is consistent with the observation
reported in other studies on these systems [167,179]. Secondly,
depending on the PLA/PBAT ratio, the two phases exhibit either a
sea-island morphology (Figure 7.3(A,B,E), i.e., a discrete domain
(regularly or irregularly shaped) embedded in the surrounding matrix,
or an almost co-continuous structure (Figure 7.3(C,D)), i.e., large
interconnected domains with irregular shapes. Focusing at first on
blends with low PBAT contents, PLA_PBAT_15 (Figure 7.3A)
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presents a fine structure with small and spherical PBAT domains
evenly dispersed in the PLA matrix. After a statistical analysis of the
domain size distribution, it is possible to conclude that the size of
PBAT domains increases with the PBAT concentration, from 3.6 £
0.7 um for the PLA_PBAT_15 blend up to 11.9 + 8.9 um for the
PLA PBAT 30 sample. Moreover, in the PLA PBAT_30 blend
(Figure 7.3B), there is the coexistence of small and large PBAT
droplets, with either spherical or irregularly elongated shapes. The
formation of these small PBAT domains in the PLA matrix could be
responsible for the high complex viscosity values evidenced in the
low-frequency range in the PLA_PBAT_15 and PLA_PBAT_30
samples (see Figure 7.2C). The dispersed PBAT phase probably
hindered the mobility of the PLA chains, inducing a viscosity
increase. A significant change in morphology is observable in the
PLA_PBAT _45 blend (Figure 7.3C). This sample exhibits an almost
co-continuous morphology, with a 3D network of large and elongated
PBAT domains in the PLA matrix. Moreover, it is interesting to
observe that small PLA droplets are immersed in some PBAT
domains. This experimental evidence suggests that PLA/PBAT is a
polymer blend characterized by high viscosity, since double-emulsion
structures are generally present in blends with this feature [180]. As
it can be seen in Figure 7.3D, PLA_PBAT 60 also presents a co-
continuous morphology. However, differently to PLA_PBAT_45,
PBAT is the primary constituent in this case, highlighting that in the
PBAT concentration interval between 45 wt% and 60 wt%, the phase
inversion occurred. Future works will aim at identifying the exact
composition associated to this inversion. By a more detailed analysis
of the blend containing 60 wt% of PBAT, it is possible to observe that
PLA domain size and shape are broadly distributed, since small PLA
droplets are present in the PBAT matrix together with the coarser
domains. Finally, by further increasing the PBAT content in the
blends up to 75 wt% (Figure 7.3E), the size of the PLA domains, as
well as the statistical dispersion of their size distribution, decreases.
Their elongated shape probably derives from the coalescence of
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smaller domains. In conclusion, it is interesting to point out that, on a
general level, when PBAT is in the dispersed phase of the blend, its
domains are smaller than those formed by PLA when PBAT is the
primary constituent. In fact, as it has been evidenced by rheological
measurements, PBAT presents a significantly lower viscosity, which
favours its breakup in the PLA matrix.

SEM observations were also performed on these blends in order to
obtain further information about the interfacial adhesion conditions.
The micrographs of the cryofracture surface of the prepared blends
are presented in Figure 7.4(A-G).
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PLA_PBAT_60

(G)

Figure 7.4. SEM micrographs of the cryofracture surface of neat PLA, neat
PBAT and the prepared blends: (A) PLA, (B) PLA_PBAT_15, (C)
PLA_PBAT 30, (D) PLA_PBAT 45, (E) PLA_PBAT_60, (F)
PLA_PBAT_75, (G) PBAT.

Neat PLA and PBAT (Figure 7.4(A,G)) present a different
cryofracture surface appearance, which helps in identifying the two
components in the blends (Figure 7.4(B-F)). In particular, the
cryofracture surface of PLA appears rough (Figure 7.4A), while that
of PBAT is smoother (Figure 7.4G). The micrographs of the blends
reported in Figure 7.4(B-F) show that the interfacial adhesion
between PLA and PBAT is rather poor, since voids are clearly visible
at the interface. The neat separation between the two phases and the
presence of detachment phenomena, mostly visible in the
PLA PBAT 15and PLA_PBAT 45 samples (Figure 7.4(B, D)), are
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evidence of the immiscibility and the poor compatibility of these two
polymers. In future works, the interfacial adhesion needs to be
improved by using suitable compatibilizers. The SEM images reveal
the presence of very small domains in the order of 1-5 um (of PLA
inthe PLA_PBAT _15and PLA_PBAT _ 30 samples, and of PBAT in
the PLA_PBAT_60 and PLA PBAT_75 samples) dispersed in the
major phase, which has not been possible to observe in the optical
micrographs. This confirms the broad domain size distribution
already detected in Figure 7.3(A,B) and Figure 7.4(D,E).
Furthermore, as indicated by the red arrows in Figure 7.4(D-G),
double-emulsion structures can be detected at this magnification
level.

Thermal characterization

Thermogravimetric tests were performed in order to investigate the
thermal degradation behaviour of the prepared blends and to explore
the influence of blend composition on their degradation resistance.
The thermogravimetric curves of the prepared samples along with the
corresponding derivative curves are presented in Figure 7.5(A,B),
while the most significant results are reported in Table 7.2.
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Figure 7.5. TGA tests on neat PLA, neat PBAT and their blends. Trends of
(A) residual mass and (B) mass loss derivative as a function of temperature.

Table 7.2. Results of the TGA tests on neat PLA, neat PBAT and their blends.

Sample Ts% (°C) Tpeakt (°C) Tpeak2 (°C) m7oo (%0)
PLA 339.7 376.1 - 0.0
PLA_PBAT_15 341.2 372.6 - 0.9
PLA_PBAT_30 341.8 368.8 406.0 15
PLA_PBAT_45 343.7 368.5 409.9 2.6
PLA_PBAT_60 345.3 360.0 409.4 34
PLA_PBAT_75 346.5 366.4 412.6 3.8
PBAT 374.3 - 414.4 4.2

As it is possible to observe from Figure 7.5(A,B), the thermal
degradation of neat polymers occurs in one single step. PLA and
PBAT start degrading at temperatures close to 340 °C and 370 °C,
respectively, and show maximum degradation rates at 376 and 414
°C, as reported in Table 7.2. The higher degradation resistance of
PBAT is probably attributable to the presence of benzene rings in its
molecular structure [181]. A plateau in the TGA curves above 400 °C
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for PLA and above 450 °C for PBAT can be noticed, highlighting that
no significant mass loss in the nitrogen atmosphere occurs at higher
temperatures. As for the residue at 700 °C (M), PLA completely
degrades without leaving any solid residue, while PBAT presents an
mro value of 4.2%. This indicates that partial coking and
carbonization occurs for PBAT. Consequently, it is possible to
observe that the residual mass increases proportionally to the PBAT
amount in the samples.

The decomposition process of all the PLA/PBAT blends takes place
in two different steps, associated with the thermal degradation of the
PLA and PBAT phases. This is further evidence of the immiscibility
of these polymers. With the increasing PBAT concentration, the
thermal stability of the blends slightly increases. Indeed, as it can be
seen from Table 7.2, the temperature corresponding to a 5% weight
loss (Tsw) shifts to higher temperatures, moving from the
PLA PBAT 15to PLA_PBAT_75 sample.

In order to investigate the thermal properties of the PLA/PBAT
blends, DSC analysis has been carried out. The DSC thermograms
collected in the first and second heating scans of the neat PLA, neat
PBAT and PLA/PBAT blends are shown in Figure 7.6(A,B), while
the most significant results are reported in Table 7.3. The DSC tests
collected in the cooling scan did not provide noteworthy results and
were therefore not reported for the sake of brevity.

229



Chapter 7 Side activities

f exo 0.5 Wig|
PLA
PLA_PBAT_15 w
= j/_
= PLA_PBAT_30
= — NN
5 N/
& | PLA_PBAT 45 S
IS
L | PLA PBAT_60 e
PLA_PBAT_75
BAT
T T T T T
-50 0 50 100 150 200
Temperature (°C)
(A)
texo 0.5 Wig|
PLA
PLA_PBAT_15 W
& \/_
S | PLA_PBAT 30
z \Y
o
o PLA_PBAT_45
IS
£ PLA_PBAT_60 \F
PLA_PBAT_75
PBAT
T T T T T
-50 0 50 100 150 200
Temperature (°C)
(B)

Figure 7.6. DSC thermograms of neat PLA, neat PBAT and PLA/PBAT
blends. (A) First heating scan, (B) second heating scan.
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By analysing the results, it is possible to observe that the DSC traces
of neat PLA and PBAT present the typical profile of semicrystalline
materials. In the first heating scan, the melting point of neat PLA is
178.0 °C, while the glass transition temperature is 57.6 °C. The
crystallinity degree of neat PLA is very high (62.1%) and no cold
crystallization peaks are observable, probably because the
preliminary drying promoted the crystallization of the material. As it
is possible to observe from Figure 7.6 A, the endothermic peak of PLA
is preceded by a small exothermic peak. According to the literature,
this signal corresponds to the reorganization of the a’-crystal of PLA
into a-crystals [182]. The a-phase is an ordered structure produced at
a high crystallization temperature, while the o’-phase is a metastable
disordered phase that develops at low temperatures. Above 150 °C,
the a’-crystals become unstable and the phase transformation into a-
crystals takes place. In regards to PBAT, it shows a T4 at —39.7 °C
and a weak and broad endothermic melting peak at 113.7 °C,
indicating its low crystallization rate and limited crystallinity degree
(10.4%).

Focusing on the first heating DSC scan of the PLA/PBAT blends, it
is interesting to observe that the T and Ty values of the PLA and
PBAT phases in the blends correspond to those detected for neat
polymers, and are thus unaltered by the addition of another phase in
the blends. This experimental evidence, together with the well-
distinct melting phenomena of the two constituents, confirms that the
PLA and PBAT phases are immiscible. In the PLA PBAT 15
sample, the weak signals associated with the glass transition and
melting of the PBAT phase do not permit the determination of the T
and T, for this polymer. In all the blends except for PLA_PBAT 45,
an exothermic peak at a temperature close to 93 °C is noted,
attributable to the cold-crystallization of PLA macromolecules,
which, after the glass transition, acquire sufficient energy to rearrange
and crystallize. The crystallinity degree of PLA is significantly
reduced in the blends, especially in the PLA_PBAT_15 and
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PLA_PBAT_30 samples. This suggests that the PLA crystallization
process of PLA is hindered by the presence of a second phase in the
blend. On the other hand, the peculiar morphology of the
PLA_PBAT 45 blend, characterized by the presence of large PBAT
domains, has probably favoured the crystallization of PLA. Indeed,
the crystallization degree of this sample is 62.7%, comparable of that
of neat PLA. The crystallization rate of PBAT is also impaired by the
presence of PLA in the blends, since the ypgat in the blends is lower
than that of the neat PBAT.

In the second heating scan, the cold crystallization peak of PLA
disappears. This confirms that water cooling after hot pressing
partially hindered the crystallization of PLA within the blends. In
comparison to the first heating stage, the crystallization degree of
both PLA and PBAT is higher in almost all the samples, close to the
values of the neat constituents. Finally, no significant differences in
the T and T4 of PLA and PBAT determined by the first and second
heating scan can be detected.

7.1.3.1  Mechanical characterization

This work, as explained above, aims to evaluate the shape memory
performance of PLA/PBAT blends using the glass transition of PLA
as the switching temperature. In order to identify the temperature
range in which the shape memory behaviour of the prepared materials
should be evaluated, a DMA analysis was carried out. The trends of
the storage modulus and loss modulus as a function of temperature
are presented in Figure 7.7(A, B), while the results of the DMA tests
on the prepared samples are reported in Table 7.4.
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Figure 7.7. Storage modulus (a) and loss modulus (b) from DMA on neat

PLA, neat PBAT and PLA/PBAT blends.
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Table 7.4. Results of the DMA tests on the prepared blends.

Sample Storage modulus at 25 °C Storage modulus at 85 °C
(MPa) (MPa)

PLA 2725.0 278.1
PLA_PBAT_15 2279.3 336.5
PLA_PBAT_30 1775.0 208.4
PLA_PBAT_45 1221.6 276.9
PLA_PBAT_60 420.2 19.5
PLA_PBAT_75 188.2 245

PBAT 87.9 15.3

As is visible from Figure 7.7(A,B), the glass transition temperature of
PLA ranges between 55 °C and 85 °C. The intensity of the loss
modulus peak, associated with this transition, progressively decreases
and broadens with the increasing PBAT concentration in the blends,
while the corresponding peak remains for all the samples close to a
temperature of 70-80 °C. The storage modulus of the blends
decreases significantly in the range of 65-80 °C and the drop becomes
more pronounced with the increasing PLA content in the samples.
Above 90 °C, the cold crystallization of PLA occurs and the modulus
rises because of the presence of newly formed crystals. This is
particularly evident for the PLA, PLA_PBAT 15, PLA PBAT_30
and PLA_PBAT_60 samples. It is important to underline that the
DSC thermograms of the neat PLA do not reveal any cold
crystallization peaks. It can be hypothesized that the lower heating
rate used and the orientation of the PLA macromolecules in the stress
direction obtained in the DMA tests have probably promoted the cold
crystallization of the neat PLA.

Since at 25 °C and at 85 °C the PLA phases in the blends are,
respectively, in the glassy and rubbery states, these temperatures were
selected for exploring the shape memory performance of the samples.
More specifically, 85 °C was chosen as the temperature at which the
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samples were deformed to the temporary shape. On the other hand,
25 °C was chosen as the temperature at which the deformed samples
were cooled down to fix the temporary shape. To avoid any
interference with the cold crystallization phenomenon of PLA,
temperatures higher than 85 °C were not considered to explore the
shape memory behaviour. The storage moduli of the samples at 25 °C
and at 85 °C are reported in Table 7.4. By passing from 25 to 85 °C,
all the blends experience a storage modulus drop of about one order
of magnitude. However, it is possible to notice that the higher the
PLA content in the sample, the higher the E’ difference at the two
considered temperatures. Since the greater the drop in the storage
modulus, the better the shape memory performances of the material,
higher shape memory effects are expected in blends with low PBAT
contents.

Quiasi-static tensile tests were carried out in order to investigate the
influence of the PLA/PBAT relative ratio on the mechanical
properties of the blends. The representative stress—strain curves of the
neat PLA, neat PBAT and of PLA/PBAT blends are shown in Figure
7.8, while the main results are reported in Table 7.5.
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Figure 7.8. Representative stress—strain curves from quasi-static tensile
tests on neat PLA, neat PBAT and PLA/PBAT blends.
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Table 7.5. Results of quasi-static tensile test at 25 °C on neat PLA, neat
PBAT and PLA/PBAT blends.

Sample E (MPa) ob (MPa) &b (Mm/mm)
PLA 4119.4 +673.3 502+24 0.058 + 0.007

PLA_PBAT_15 3030.9 +219.2 42.2+0.7 0.060 + 0.003
PLA_PBAT_30 2295.4 +66.2 323+11 0.079 £ 0.013
PLA_PBAT_45 1694.3 +78.2 11.8+34 0.055 +0.014
PLA_PBAT_60 221.9+17.9 9.2+0.3 0.203 + 0.029
PLA_PBAT_75 87.7+17.9 7.7+£06 0.838 £0.122

PBAT 87.7+x2.0 10712 12.378 £1.361

Neat PLA is characterized by an average tensile strength of 59.2 MPa,
a Young’s modulus of 4119.4 MPa and a strain at break of 5.8%. On
the other hand, neat PBAT presents a much lower tensile strength
(10.7 MPa) and elastic modulus (87.7 MPa), but a significantly
greater strain at break (1237.8%). As it can be seen from Table 7.5,
the addition of PBAT to PLA leads to a general decrease in stiffness
and strength, while the elongation at break remains almost
comparable to that of PLA up to a PBAT concentration of 45 wt%.
This means that as long as PLA is the matrix constituent of the blend,
negligible toughening effects can be obtained, probably due to the
low interfacial adhesion between the two phases and the intrinsic,
relative brittleness of PLA. The limited interfacial adhesion also
explains the considerable op drop with limited PBAT contents. A
significant increase in blend ductility is noticed for PBAT contents
higher than 60 wt%, i.e., when phase inversion has occurred and
PBAT becomes the major constituent. In particular, PLA_PBAT_60
and PLA_PBAT 75 are characterized by a strain at break 3.5and 14.4
times higher than that of neat PLA, respectively. However, it is
interesting to note that, even though PBAT constitutes the matrix of
these blends, e is decisively lower than that of neat PBAT. The
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presence of large PLA domains and, once again, the low adhesion
between the two phases are probably responsible for this result.
Regarding the elastic modulus and tensile strength, the prepared
blends exhibit high values of E and o, up to a PBAT content of 30
wt%, while experiencing a drop for higher PBAT concentrations.
Once more, this can be explained by recalling the blend morphology.
As it was observed in Figure 7.3(A, B), in the PLA PBAT_15 and
PLA_PBAT_30 samples, the PBAT phase is evenly dispersed in the
PLA matrix, and the dimensions of the domains are smaller compared
to those of the other samples. Moving to the PLA PBAT 30 to
PLA_PBAT_45 sample, the morphology completely changes. Large
and irregularly shaped PBAT domains appear, and the interfacial area
increases, causing a reduction in blend stiffness and strength. In the
future, it will be interesting to enhance the interfacial adhesion
between the two phases by using suitable compatibilizers. In
conclusion, it is possible to say that when PBAT is added to the PLA
matrix as a dispersed component, the tensile strength and elastic
modulus decrease but the elongation at break remains the same. In
contrast, when PBAT is the major constituent, i.e., PLA is the
dispersed component, the stiffness and strength increase with the
increasing PLA content, but the elongation at break is significantly
reduced.

The elastic modulus of the blends was theoretically predicted by using
three models, i.e., the Series, Parallel and Equivalent Box models.
More specifically, the Series and Parallel models were used to predict
the upper and lower boundaries of blend stiffness [183], according to
the expressions reported in Equation (7.4) and (7.5), respectively.

Eb = EPLA ' VPLA+EPBAT ' VPBAT (7'4)

E, = EpraEppar (7.5)
(VpLa"Epgar+VppaAT EPLA)
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where Ej is the elastic modulus of the blend, Ep_a and Epgat are the
elastic moduli of neat PLA and PBAT, respectively, while Vp_a and
Vpear are the volume fractions of PLA and PBAT in the samples. The
Parallel model assumes that the continuous phase consists of the
higher modulus polymer and therefore represents the upper boundary.
On the other hand, the lower boundary is represented by the Series
model, which assumes that the lower modulus component is the
continuous phase. The Equivalent Box model (EBM) combined with
the phase continuity percolation approach was also used to predict the
modulus of these polymer blends [183]. The EBM operates with
partly parallel (subscript p) and partly series (subscript s) couplings
of two components. It is a two-parameter model in that of the four
volume fractions, only two are independent variables. The volume
fractions of the constituents are correlated as reported in Equation
(7.6) and (7.7):

Vora = Vprap + Vpras) (7.6)

Vopar = (VPBATp + VPBATS) (7.7)

where Vpia + Vegat = Veias + Vpiap + Veeats + Vesarp = 1. The
tensile modulus of the blend (Ep) is given as reported in Equation (7.8)

vz (7.8)

E, = Ep ' Vp +E; V= Epy- VPLAp + Epgar - VPBATp + VpLas_ VpBaATs

Epra  EppaT
where E, and E; are, respectively, the elastic moduli of the parallel
and series branch of the system, V is the sum of VpLap and Vegarp,
and V; is the sum of Vppas and Veeats. Using the universal formula
provided by percolation theory for the elastic modulus of binary
systems, Kolarik et al. derived equations for the determination of the
volume fractions in parallel, as reported in Equations (7.9) and (7.10):

239



Chapter 7 Side activities

VpLa—VpLa
Vprap = (——" (7.9)
1=VpLacr
Vppar—Vppar
Vpgary = ( =)' (7.10)
P 1-Vppater

where Vpiacr and Vegater are the critical volume fractions at which
the component PLA and PBAT become partially continuous and T is
the critical exponent. The best fit of the experimental results was
obtained with VeLacr = VeaTer = 0.land T =1.6.

The experimental and theoretical values of the elastic modulus of the
prepared blends as a function of the volume fraction of PBAT are
shown in Figure 7.9.
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Figure 7.9. Experimental and theoretical values of the elastic modulus of
the produced blends as a function of the PBAT content.

All the elastic modulus values fall into the range between the Parallel
and Series models, suggesting that PLA and PBAT are partially
compatible, even though they are not miscible. It is interesting to
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notice that the experimental results are in good agreement with the
theoretical predictions based on the Equivalent Box model. Finally,
the elastic modulus of the PLA_PBAT _75 sample predicted by the
Series model practically coincides with the experimental value. This
indicates that for this composition, PBAT is the continuous phase
with PLA dispersed within it.

Evaluation of the shape memory behaviour

Testing the shape memory properties of polymers using a DMA
apparatus in single cantilever mode is quite useful when one needs to
compare the shape memory performance of materials showing
different elongation at break values. Table 7.6 shows the strain fixity
and strain recovery parameters of the neat PLA, neat PBAT and
PLA/PBAT blends, together with the corresponding maximum
applied strain in the tests.

Table 7.6. Strain fixity and strain recovery parameters of neat PLA, neat
PBAT and PLA/PBAT blends.

Sample Applied SF (%) SR (%)
strain (%)

PLA 7.2 83.8 56.9
PLA_PBAT_15 75 81.9 63.5
PLA_PBAT_30 7.6 77.3 73.6
PLA_PBAT_45 7.5 73.1 64.3
PLA_PBAT_60 7.8 80.2 54.7
PLA_PBAT_75 8.1 91.4 143

PBAT 10.0 91.3 8.7

As expected, neat PLA is characterized by a good strain fixity
capability, reaching an SF value of 83.8%. It is worth noting that the
strain recovery of neat PLA is quite limited, considering the values
reported in the literature. Only slightly more than half of the imposed
deformation (56.7%) is recovered during the recovery step. This
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experimental result can probably be attributed to its high crystallinity
degree. However, to confirm this hypothesis, future works will need
to focus on varying the processing conditions to obtain a PLA with
lower crystallinity and investigating its shape memory properties. In
regards to neat PBAT, an excellent strain fixability (SF value of
91.3%) and negligible recovery capabilities (SR value of 8.7%) have
been found. Due to the absence of a transition temperature in the
explored temperature range, neat PBAT cannot exhibit a shape
memory behaviour. Consequently, the excellent strain fixability is to
be attributed to viscous flow and not to true elastic shape memory
behaviour.

With the addition of PBAT, the shape memory performance of PLA
undergoes a particular trend. As can be seen from Table 7.6, while the
fixing capability tends to slightly decrease up to a PBAT
concentration of 45% and then to increase again for higher PBAT
amounts, the strain recovery parameter exhibits almost the opposite
trend. It increases up to a PBAT content of 30 wt% and then
decreases. The higher SR parameters of PLA_PBAT_15 and
PLA_PBAT_30 compared to neat PLA could be probably related to
the lower crystallinity degree of PLA in these blends, as evidenced by
the DSC analyses. The samples constituted by a PBAT matrix
(PLA_PBAT_60 and PLA_PBAT _75) fix the deformation well but
show inferior recovery capabilities. In particular, in the
PLA_PBAT_75 blend, the SR is almost complementary to the SF
parameter, indicating that just a very small deformation is recovered
during the recovery step. The higher fixability and the lower recovery
capabilities of these blends are probably attributable to two aspects.
The first is related to the fact that PBAT does not present a transition
temperature in the explored temperature range, as previously
discussed. Therefore, neat PBAT cannot exhibit a shape memory
behaviour and the excellent strain fixability of the PBAT-rich blends
is to be attributed to viscous flow and creep of the PBAT matrix. The
second aspect is related to the poor adhesion between the PLA and
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PBAT phases, which probably causes a non-optimal stress transfer
between the two constituents. A scheme illustrating this aspect is
reported in Figure 7.10(A,B). Although the proposed scheme is a
simplification as it assumes purely tensile conditions, while the
samples were indeed subjected to a combination of flexural and shear
stresses, it serves to illustrate the impact of the poor interfacial
adhesion between PLA and PBAT on the shape memory properties.
The focus on the tensile component is justified as it represents the
most critical stress state for promoting debonding phenomena. PLA
provides at the same time both the transition temperature that
guarantees the fixability of the temporary shape and the retractive
forces that allow the material to recover the original permanent shape.
In more detail, the net points, or the crystalline domains, determine
the permanent shape of the polymer. The glassy area, instead, acts as
a molecular switch and is responsible for the fixability of the
temporary shape. Consequently, the PLA domains should act as a
spring in the PBAT matrix and guarantee recovery to the initial
condition. However, the poor adhesion between the phases does not
allow a good transfer of these retractive forces from the PLA domains
to the PBAT matrix and, as a result, the blend exhibits poor recovery
capabilities (Figure 7.10B). To confirm this hypothesis, it will be
useful in future works to perform the same shape memory tests on
compatibilized blends. Furthermore, the difference in SR parameters
among PLA_PBAT_60 and PLA_PBAT_75 (54.7% and 14.3%,
respectively) is probably due to the morphologies these blends show.
Both PLA_PBAT_60 and PLA_PBAT _75 are high-PBAT-content
blends; however, while PLA_PBAT_60 presents a co-continuous
structure, PLA_PBAT _75 exhibits a sea-island morphology (Figure
7.3(D,E)). The elongated and interconnected PLA domains in
PLA_PBAT _60 probably promote a higher recovery capability with
respect to that of PLA_PBAT_75. It has already been mentioned that
only PLA presents a shape memory behaviour, and only PLA can
provide the retractive forces to allow the blend to return to the original
conditions. Consequently, the presence of larger PLA domains in the
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blend is beneficial from the point of view of the recovery
performances.

The best compromise between shape fixability and recovery
capability was obtained in the PLA_PBAT_30 sample, for which SF
and SR values of 77.3% and 73.6% were obtained, respectively.
However, it should be noticed that the compositions exhibiting the
more interesting shape memory properties do not coincide with the
blends showing a significant improvement in PLA ductility. Once
again, the addition of a proper compatibilizer could give a satisfactory
answer to this issue.

SHAPE FIXABILITY

NEAT PLA PLA MATRIX OF THE BLEND PBAT MATRIX OF THE BLEND
Shape
_PBAT LPLA
Heating and e R F r
deformation to the -—| bnd 4F—|® ® ® ‘Dl—F» ‘—lm ® 5 ® |
temporary shape Generation of voids and
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Cooling and removal | | ® )
N - ® ®
of the constraint ® ® ®
Debonding phenomena cause a Irreversible sliding of PBAT
lower deformation fixability than macromolecules  causes a
neat PLA higher deformation fixability
than neat PLA
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SHAPE RECOVERY
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Figure 7.10. Schematization of the proposed mechanism for the shape
memory behaviour of the produced blends. Modelization of (a) strain fixity
and (b) strain recovery behaviour. The scheme is a simplification as it
assumes purely tensile conditions. However, it serves to illustrate the
impact of the poor interfacial adhesion between PLA and PBAT on the
shape memory properties.

7.1.4  Conclusions

The present work investigated the microstructural, thermomechanical
and shape memory properties of biodegradable PLA/PBAT blends
produced by melt compounding at different relative amounts.
Rheological measurements, optical microscopy and SEM
micrographs evidenced the immiscibility and the low interfacial
adhesion between the PLA and PBAT phases. Depending on the
PLA/PBAT ratio, the two constituents exhibited either a sea-island
morphology or an almost co-continuous structure, and it was shown
that phase inversion occurred in a PBAT concentration interval
between 45 wt% and 60 wt%. The immiscibility of these blends was
also confirmed by a DSC analysis, as the glass transition temperatures
of PLA and PBAT corresponded to the values of neat polymers and
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were unaffected by the blend composition. The TGA analysis
revealed that the addition of PBAT slightly improved the thermal
stability of PLA, probably because of the presence of rigid benzene
rings in the molecular structure of PBAT.

Tensile tests evidenced that the stiffness and strength of the blends
decreased with the increasing PBAT concentration, while the
elongation at break remained comparable to that of neat PLA (5.8%)
up to a PBAT content of 45 wt%. A significant increment in blend
ductility was registered only for higher PBAT concentrations
(elongation at break up to 83.8% with a PBAT amount of 75 wt%).

The shape memory performance of PLA was impaired by the addition
of PBAT. In particular, a reduction in the strain recovery parameter
was registered with the increasing PBAT content, probably due to the
low adhesion between the constituents. The best compromise
between shape fixability and recovery capability was obtained with a
PBAT content of 30 wt% and SF and SR values of 77.3% and 73.6%,
respectively.

These results constitute a basis for future research on innovative
multifunctional biodegradable polymer blends with promising
applications in the packaging field and suggest that their properties
could be enhanced by applying suitable compatibilizers. Future works
should focus on the selection of the most appropriate compatibilizer,
the effect of blend compatibilization on the physical and shape
memory properties of these systems and a deep investigation of the
gas permeability of the blends.
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e Bianchi M, Valentini F, Fredi G, Dorigato A, Pegoretti A.
“Multifunctional Ethylene Propylene Diene Monomer
(EPDM)/paraffin foams coupling shape memory
behaviour and Thermal Energy Storage (TES)
properties”. European Polymer Federation (EPF)
conference, 26" June-1%t July 2022, Prague.

e Bianchi M, Valentini F, Fredi G, Dorigato A, Pegoretti A.
“Mutifunctional EPDM/paraffin foams coupling
thermal management and shape memory properties”.
International Conference on Composite Materials (ICCM),
30"July-4™ August 2023, Belfast.

e Bianchi M, Fambri L, Pegoretti A, Dorigato A. “Solid-state
cooling by Natural Rubber. Evaluation of the effect of
crosslinking density on the elastocaloric performance”.
Polymers for a safe and sustainable future conference, 28-
31% May 2024, Athens.

e Bianchi M, Fambri L, Pegoretti A, Dorigato A. “Solid-state
cooling by Natural Rubber. Evaluation of the effect of
crosslinking density on the elastocaloric performance”.
German Rubber Conference DKT, 154" July 2024,
Nuremberg.

e Bianchi M, Fambri L, Pegoretti A, Dorigato A. “The role of
nanoclay addition on the elastocaloric performance of
Natural Rubber”. International Conference on Natural
Fibers (ICNF), 161-18" June 2025, Lisbon.

e Bianchi M, Fambri L, Pegoretti A, Dorigato A. “The role of
nanoclay addition on the elastocaloric performance of
Natural Rubber”. EPF conference, 22™-27™ June 2025,
Groningen.

Summer schools

e 21" AIMAT School “I Materiali nella Transizione
Energetica”. AIMAT, July 13-16™ 2022, Ischia (ltaly).
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e 22" AIMAT School “Intelligenza Materiale: dagli Smart
Materials all’Intelligenza Artificiale”. AIMAT, July 14-17%
2024, Ischia.

Teaching activities

e Tutoring activities (from 2022 to 2025) of the Master’s
course: “Polymeric and Composite Materials” taught by
Prof. Luca Fambri and Prof. Alessandro Pegoretti.

e Tutoring activities (from 2023 to 2025) of the Bachelor’s
course: “Laboratorio di Tecnologie delle materie plastiche”,
taught by Prof. Andrea Dorigato.
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