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Abstract

Nowadays, one of the biggest challenges in polymer industry is to find new roots for the recovery and the
recycling of the plastic waste, and particularly the exhausted tyres. In this work the Ground Tire Rubber
(GTR) is used as a filler for the preparation of blends with Natural Rubber (NR) matrix. In the first part of
the work GTR is added to the NR without devulcanization process, with 10-20-33-40 phr, vulcanizing the
blend with dicumyl peroxide (DCP). The effect of Strain Induced crystallization (SIC) on the mechanical
properties of NR/GTR blends is evaluated qualitatively thanks to the diffraction images obtained during
in-situ WAXS measurements performed with synchrotron radiation. SEM microscopy is used to evaluate
the fracture mechanism of these blends. In the second part, GTR particles with size of 63 um < d <100 um
are devulcanized with microwave radiation with different set of Powers: 80,400,640,800 W and times:
1,2,3,5,10 minutes. The devulcanized particles are then characterized by swelling tests,
thermogravimetric analysis (TGA) and FTIR spectroscopy. The devulcanized GTR (GTRD) with 800 W is
finally used to prepare NR/GTRD blends with 20 phr, vulcanized with sulphur, and the effect of the

devulcanization time on the elastocaloric properties is analysed.
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1. Introduction

1.1. Objective

The general objective of this work is to design natural rubber-based blends for heating/cooling
applications, using ground tyre rubber (GTR) to optimize the strain induced crystallization (SIC) and

elastocaloric (eC) effect.

From the experimental point of view, the first specific objective is to characterize the mechanical
properties of NR/GTR blends with different amount of GTR, which are tested in different conditions of
temperature and strain rate to observe the influence of the filler's quantity in SIC, thanks to in-situ WAXS

measurements performed at ALBA’s synchrotron.

The second specific objective is to perform devulcanization with microwave of the GTR powder with
different set of power and times to observe the effect in the composition of this process, particularly the
presence of carbon black, the reinforcing agent in the GTR. The devulcanized GTR (GTRD) is characterized

using different techniques as TGA, FTIR spectroscopy and swelling tests.

The third specific objective is to prepare NR/GTRD blends and observe their elastocaloric properties

performing mechanical tests with the utilization of IR thermography technique.

1.2. Scope

The main goals of this study are to firstly understand the influence of the amount of GTR filler in the
mechanical properties of the pure NR rubber and secondly to understand the effectiveness of the
devulcanization process of GTR particles. Both parts are strictly related with the elastocaloric
properties of the material, which are the one responsible for the ability of the material to undergo

heating and cooling cycles.

SIC is firstly studied as it directly influences the elastocaloric effect, and particularly the amount of
heat that can be released or absorbed by the material during mechanical cycles. Then, the
devulcanization process has been performed to improve the processing of the NR/GTRD blends trough
the building of the interface between the NR and GTR during their re-vulcanization. Finally, the effect
of the devulcanization on the mechanical stableness and the elastocaloric properties of these blends

has been studied.
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2. Theoretical Framework

2.1. Natural Rubber (NR)

2.1.1. Chemical and structural composition

The most important source of natural rubber is the tree of Hevea brasiliensis, which contains a milky
fluid from which is possible to extract about 35% of natural rubber, dispersed in the form of particles.
Rubber is composed of polymeric chains of 1,4 cis-polyisoprene (Figure 1), with an average degree of
polymerization of 3,000-5,000, and by other non-isoprene groups, which are classified as fatty acids,

phospholipids, and proteins.

n

Figure 1 1,4 cis-polyisoprene’.

These groups, even if present in low concentration, ensure higher mechanical properties with respect
to the synthetic rubbers made only by 1,4 cis-polyisoprene and synthesized with Zieglar-Natta

catalysts. That’s why natural rubber is still occupying around 40% of the market of all the rubbers?.
2.1.2. Vulcanization processes

The natural rubber is very soft and sticky material, with 50-70% of gel phase, and it needs to be
vulcanized to achieve higher strength and resistance to deformation. The vulcanization is a process
that allows the formation of intermolecular covalent bonds between the polymeric chains, which are
also called chemical crosslinks, through different chemical reactions, resulting in a three-dimensional

network structure (Figure 2).

The most common and traditional way is the sulphur vulcanization, which mixes the rubber with
sulphur compounds, allowing the formation of sulphur bridges between the polymeric chains in
correspondence of the unsaturation points of the rubber (C=C bonds). The sulphur cross links possible
are three: C-S-C, C-S;-C, and C-Sx--C. Depending on the level of rigidity needed and the type of

application, the sulphur compound can vary between 1-10% in weight of the final material.
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Un-vulcanized MR Wulcanized NR

g

—a— Pseudo (naturally occurring) network
—— Chemical bond network
: Entanglement

Figure 2 Crosslinks scheme for natural rubber?.

Another possibility for the vulcanization is to make it through peroxides. The advantage of the
peroxides, with respect to the sulphur, is that they are also able to cross-link unsaturated polymers,
such as LDPE and EPR through radical reactions (Figure 3). Another advantage is the simplicity of the
process, and the short time needed. The main disadvantages are the high cost of the crosslinker's
agents and the possibility to have secondary radical reactions, for example with antioxidants®. One of
the most common peroxides used is the dicumyl peroxide DCP, used in small amounts, between 1-5
phr®.

ROOR —= 2RO’

CH

3 CH,
— CH,;C=CHCH,— + 2RGC —> ROH + ——CH,C=CH-CH—
C|H3 CH,
— CH,-C=CH-CH — — CH,-C=CH-CH —
—_—
— CHZf‘C=CH—CH — — CH,-C=CH-GH—
CH, CH,

Figure 3 Crosslinking of polyisoprene with peroxides®.

2.1.3. Mechanical behaviour

The natural rubber mechanical behaviour is referred as elastomeric, or better viscoelastic, as the
rubber can deform both elastically, thanks to the crosslinks, and in a viscous way, through the sliding
of the polymer chains. From the mechanical point of view, the viscoelastic character is modelled
through combinations of springs, for the elastic part, which follows the Hooke’s law and pistons, for
the viscous part, which follow Newton's laws’. The mechanical response has strong dependence on
the loading conditions, in particular the strain rate, and the temperature (Figure 4). At higher strain
rate the rubber will tend to behave with an elastic behaviour, as the polymer chains don’t have time

to slide, and the stress-strain curve will be more like the ones related to fragile materials. A rigid
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response is given also, when the operative temperature is near or below the glass transition
temperature Tg mainly due to the reduction of the free volume for the relative movement of the
chains. On the contrary, at lower strain rate, the chains have time to slide in a viscous way reaching
much higher deformation and behaving in a rubber-like way. This is the expected behaviour of the
rubber at ambient temperature, which is much higher than the Tg=-60°C. When reaching high
deformation, which can arrive up to 1000%, the failure occurs, first with creation of microcavities and
then with their growth until the formation of the crack and the consecutive rupture of the material®.
This mechanism requires more external energy, those increasing the toughness of the material. The
different mechanical responses ensure the possibility of using this material, both for mechanical

structures and mostly as energy absorbers and vibration dampers, thanks to the viscous dissipation.

A A

Brittle polymer

(Glassy polymer/low temperature thermoset) Brittle polymer
Temperature:

n T1<T2<T3<T4

Ductile polymer
(semi crystalline polymer
Iplastic/high temperature
thermoplastic)

Ductile polymer

Highly elastic
T4

(elastomer)

Stress (MPa)

Stress (MPa)

Y

Strain I Strain

Figure 4 On the left, stress-strain curves for different type of polymers. On the right stress-strain curves dependence on
temperature®.

2.1.4. Fracture behaviour of filled NR

When filled NR is stretched with a tensile force, the most common mechanism of failure of these
materials is cracking, which can be divided in two main steps: initiation and crack growth or
propagation. The strength of the material and the ability to avoid fracture are directly related to its
energy dissipation capability. For pure NR the energy is mainly dissipated by the breakage of the
polymeric chains of the network which, after failure, transfer the load to the surrounding chains that
will break quickly in a cascade process, leading to a catastrophic macro-crack initiation and
propagation. The vulcanization of the rubber increases the strength of the NR, as some energy can be
dissipated by internal friction and network rearrangement. Another mechanism for NR is micro-

cavitation, with the formation of voids and fibrils.

When a rigid inclusion, as CB, is added to a soft matrix, during loading there will be an increase of the
stress near the inclusion, those causing possible crack initiation. However, the dimensions of the

inclusions and their distribution plays a fundamental role. Even if fillers accelerate crack initiation
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process, they can have positive effect, as if present in enough quantity in the matrix, they can avoid
crack propagation acting as obstacle and deviating the path of the crack. If the particles are enough
smaller (d €1 um), the splitting of the main crack in 2 new cracks which will then propagate in 2 opposite
directions can happen. On the other way, if the quantity of filler is not enough, cracks will have enough

space to propagate in the unhindered NR matrix, leading to a quick fracture®.

A fundamental aspect that influences the crack initiation is the strength of the interface between the
filler and the matrix. The starting of the crack in proximity of the rigid particles is due to a poor adhesion
of the filler, which can be seen by the consequential formation of large voids around the particles as
shown in Figure 5. The largest particles manifest highly this phenomenon due to a smaller specific
surface area compared to the smaller particles. In NR/GTR blends the interface between GTR and NR

can be improved by the devulcanization process!!, which will be analysed in the next section.

GIR_0(a)

d6TR3 () dGTR_3 (d)

Figure 5 SEM of NR/NBR/devulcanized GTR composites at fracture!

Before the cracking, the concentration of the stress near the particle causes an alignment of the chains
along the stretching direction. As crack growth happen mainly in the perpendicular direction respect
the stretching one, the alignment of the chain and the strain induced crystals will inhibit the lateral
expansion of the crack. As shown in Figure 6, the high alignment of the chains can be observed by the
formation of fibrils along the stretching direction , with a diameter that is similar to the dimension of
the rigid filler'.

17



Figure 6 SEM of NR filled with 150 phr of N772 CB*3.

2.1.5. Models for NR tensile curves

It is well known that most of the mechanical properties of materials can be evaluated thanks to uniaxial
elongation experiments. For this reason, it has been always important to find a description of the
rubber elasticity through different models, with the aim to describe in the most precise way the
“unique” experimental mechanical response of the rubber materials. In rubber mechanics, the
molecular description at the base of the models, share three main assumptions: i) the material must
be constituted of polymeric chains, and this means that chains are able to change their extension in a
dramatic way under stress. ii) the chains must possess high level of mobility, and this means that the
mobility of the chain should not be not highly restricted from rigid domains or from too high viscosity
iii) the chains are joined in a network structure, and this is connected with the presence of cross-links,
coming from vulcanization, which acts as physical bonds and allow the complete recovery of the

deformation, or better, they prevent the chains to slide fully in a viscous way.

The chain distance is usually described as the distance end to end r in the x, y, z plane and the initial
chain length is ro. The probability of the final position of the end of the chain to be in a particular point

of the x,y,z space is often described with a Gaussian distribution function:

2
o) = (——)2 exp(— 3r2) (1)

27 152 21,

The energy of the chain is referred to the Helmholtz free energy:
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3kT
F(T) = —kTin(w(r)) = C(T) + 7Ozr (2)

Where C(T) is a constant at the specific temperature T and k the Boltzmann constant. Starting from this
point, one of the most common models used to describe the rubber elasticity is the affine model. This
model states that microscopic deformations of the cross-links are affine (linear) with the macroscopic
deformations observed in the rubber sample, and this means that is possible to obtain the deformation

ratios from the lengths of the samples L:

Ai=Li/Lypy (i=xY2) (3)

From this description is possible to demonstrate that, for uniaxial elongation, the tensile stress will be:
T - —) (4)
o=— -=
% A2

Where n/V is the number of chains n per unit volume V and k is the Boltzmann constant®®.

Another way to write this equation is the one showed by Vieyres®:

1
0 = vRTpyg Y(A — ﬁ) (5)

Where v is the network chain density (mol/cm?), R is the gas constant and pyis the density if the
rubber. The interesting aspect is the introduction of the parameter 1 which vary, depending on the
type of the model used, that can be affine or non-affine. For the affine model 1) = 1. The other
important model is the phantom model, which states that the chains can be described with a zero cross
sectional area, and mostly, the deformations of the cross-links happen with fluctuation in space, those
reducing the strain of the chain, which will be lower respect the macroscopic one observed in the

sample. In this case the parameter ) = f — 2/f where f is the functionality of the network.

The issue with these models is that they do not consider real phenomena such strain induced
crystallization and the relaxation before the starting of the crystallization. A semi-empirical model
which tries to consider this last observation, through the introduction of 2 parameters C; and C;, is the

Mooney-Rivlin curve®®:

206, + 2ye - X (6)
o= (1"‘7)( _i)
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2.2. Strain Induced Crystallization (SIC) and Elastocaloric effect (eC)

2.2.1. Crystallization in natural rubbers

The advantage of natural rubber, with respect to many other elastomers, is its ability to crystallize
under high deformations (> 200%), and this phenomenon is called strain induced crystallization (Figure
7). During the elongation, the chains tend to orient along the stretching axis, increasing their extension
and favouring the possibility of forming oriented crystalline structures!®. The other route of
crystallization is the Temperature Induced Crystallization (TIC), governed by nucleation and growth
mechanisms, which is characterized by much lower kinetic respect than of SIC, and the best condition

for observing it is at -25°C".

Figure 7 Schematization of SIC'8

The presence of crystalline domains influences the mechanical resistance of the rubber, increasing the
tensile modulus in correspondence to high deformations. This self-reinforcement phenomenon is one
of the most interesting properties of the rubber, even if until now the mechanisms behind it, in

particular the kinetic, are still not completely understood.

Another characteristic of the natural rubber is that it shows stress relaxation at a fixed extension ratio
(Figure 8). When the rubber is highly stretched and the crystalline phase is formed, if a constant
deformation is maintained, the remaining amorphous chains will exploit the external energy to move

in a more disordered state, increasing the entropy, and decreasing the stress'’.
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r(Nc) = Arg(Nc)

= >

Stretched amorphous chain

o <0y r(Nc—ng) = Arg(Nc - ng)

Crystalline chain Partially relaxed

Figure 8 Stress relaxation in natural rubber?’.

2.2.2. Flory’s theory and thermodynamic of SIC

The most important theory related to the SIC, is Flory's theory developed in 1947, which describes the
thermodynamic transition from amorphous to crystalline phase of the rubber, similarly to liquid-gas
phase transformations. Flory made 3 important assumptions, regarding the behaviour of the chains in

crystallization:

The crystallites formed by the chains are perfectly oriented along the stretching direction, and

consequently they can’t form in the direction perpendicular to the axis.
The chains involved by crystallization can’t re-enter in the crystalline phase by folding.

Chain elongations are moderate and can be described with Gaussian statistics.

Firstly, is possible to neglect the volume variation due to crystallization and define the stretching ratio
L o . . . .
as A= o= 1 + ¢ for a uniaxial tensile test, related to the engineering stress o. The thermodynamic

potential, per unit volume, associated with the elongation of the polymer will be, as proposed by

Miyamoto et al:

Q=U-TS—1o (7)
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The variation of the potential d2 = —dTS — Ado is dependent on two intensive properties c and T,
which define the equilibrium during the phase transition, from amorphous to crystalline phase. The
thermodynamic potential 2y = (4,0, T) is function also of A, which will be the parameter that
distinguishes the 2 phases, correspondent to the elongation of the crystalline phase A and the
amorphous phase A.. 2y depend also on the average number of statistical segments N, which are
related to the cross-link density of the polymer v = (1/Na?), where a3 is the volume for statistical

segment. Considering a single chain and hypothetically a full crystalline phase, the elongation in the

1
crystalline phase can be written as A, = (3N)z.

The potential 2 = (4, g, T), will have 2 minima for a particular set of T and o, which will correspond
to the potential of the crystalline phase £2.and amorphous (2,. The equilibrium of the two phases will
be reached when 2, = ), , for which will correspond a melting temperature T,,(a) or equivalently
a particular o.4(T). In correspondence of these 2 minima points in the (o; T) phase diagram we will
obtain the two extended ratios 1. = f(¢) and A, = f(o) which will be the two constitutive

equations.

Using this model is possible to describe the system with ¢(4) equilibrium isotherm (Figure 9), in
analogy with a Clausius Clapeyron diagram for the liquid-gas systems. Starting with 100% of amorphous
phase, the stress is increased until the point C, related to the phase transformation and a
correspondent deformation A,,,.;; - The amorphous phase is overstretched until point C’, following the
equation 1, = f (o) ; then the amorphous phase relaxes from C' to C”, with a deformation 1 =

Ametr + A4 and the related decrease in stress Ag.
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Figure 9 On the left: Representation on the 3 main stages leading to SIC. On the right: stress-strain curves related to
the thermodynamic description by Flory.
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This ideal representation is limited by the kinetics of the crystallization, to which correspond a different
behaviour, described better with the red curve in Figure 9. It shows that the onset of the phase
transformation happens at higher deformation A,,set > Ameir » and the related plateau is observed
for higher stresses. In correspondence of the plateau is possible to estimate the level of crystallinity
at a particular stretching ratio A, using the lever rule:

A=A,

X=7 "4 (8)

In this way, it is demonstrated that the change in crystallinity is dependent on the changes in
deformation. In the experimental curves, the plateau related to the relaxation is not highly pronounced
and sometimes is even difficult to be observed, as the crystalline phase quickly activate the self-
reinforcement mechanism, increasing the rigidity, while the amorphous phase does not have enough

time to relax enough due to the strain rate?.
2.2.3. Effect of fillers in SIC

One of the most important fields of interest for improving the mechanical resistance of the natural
rubber, is the utilization of reinforcing fillers, such as Graphene Oxide, Carbon black, Silica, or waste

rubber waste particles.

Different experiments show that fillers can promote the nucleation of crystals during the elongation of
the rubber. As fillers are much more rigid than the rubber matrix, when the material is stretched, the
matrix will deform more locally in the region near the fillers to compensate for their null deformation,
enhancing the phenomenon of SIC?°. However, the exploitation of reinforcing fillers and their ability
to increase the rigidity during elongation is not always connected to an increase in the toughness of
the rubber; and the real dependence between the percentage of fillers and the ability of the material
to crystallize during elongation is still controversial. In fact, experimental works show that an increase
in toughness with the increase of fillers content happens only up to limited concentrations. For
example, the volume of crystallites formed after elongation cannot be such high when using higher

fillers content, as the filler restrict the domain for the potential crystallizable volume®®.
2.2.4. X-ray diffraction for studying crystalline structures.

For the study of the crystalline phase of the rubber, a fundamental tool is the analysis of the x-ray

diffraction patterns. X-rays are electromagnetic waves with wavelengths generally in the range of 0.1-
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10 A°. Itis well known that the wavelengths of the x-ray beams are similar to the inter-atomic distances
between the crystalline planes of the materials, which can be then differentiated thanks to the Miller
indices (h,k,l). In this way, when the beam encounters the material, the crystalline phase deviates the
path of the ray, with scattering mechanism, with an angle of 28, which depend on the specific Miller
plane. Screens and detectors can then collect the intensity of the scattered beam to produce the
diffraction patterns. The equation that relates the wavelength of the x-ray A and the angle of diffraction

9 to the interatomic distance d is the Bragg Law?:
Zd(h,k,l)SiTlﬁ =nl (9)

For the natural rubber, experimental diffraction patterns show the formation of crystals in

correspondence of the following planes: (002), (200), (210), (120)* as shown in Figure 10:

~

Figure 10 Example of diffraction pattern for natural rubber?2.

This tool is especially important for studying the evolution of the crystalline phase during stretching
and this can operatively be done through in situ Wide Angle X-ray Scatteringin transmission
experiments (WAXS). For instance, is possible to evaluate the stretching ratio related to the onset of
crystallization and compare it with different operative parameters, such as: strain rate, composition,

operative temperature, cycles of loading?®.

One of the obstacles, during the measurements, is the presence of the contribution related to the
diffusion of air, or filler particles, such as carbon black, therefore, is important to normalize considering
these contributions. For being able to separate them effectively the incident ray must be focused as
much as possible, to obtain more pronounced peaks of intensity. An optimal solution is the exploitation
of the synchrotron radiation source, which possesses a much higher focusing capability with respect to

the lab x-ray technologies®.
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2.2.5. Elastocaloric effect of NR

A phenomenon that is strictly connected with strain induced crystallization is the elastocaloric (eC)
effect. When the NR is stretched with a tensile force the alignment of the chains and the formation of
the crystalline phase is a related to a decrease of the entropy of deformation. This decrease causes a
release of heat which will increase the temperature of the rubber during stretching. When the material
is unloaded there will be an opposite effect, as the chains will return to a deformed state increasing
their entropy and consequently decreasing the T of the material which will cool until returning to its
initial length (Figure 11).
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Figure 11 Elastocaloric effect during loading/unloading of NR?4.

The strain induced entropy variation after a displacement Al is expressed as:
L
AS(T,Al) = — | (0F/0T),dl (10)
lo
The consequential adiabatic temperature variation is expressed as:

%%
AT, (T, Al) = fl g(aF/aT)ldl (11)

0
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Where C is the heat capacity of the material, T the temperature and F the applied force. In real
conditions there will be always heat dissipation due to internal friction and the material will reduce its
elasticity by the fatigue loading, decreasing the maximum achievable AT?*. Is possible to minimize these
effects performing tests with high strain rates. However, the mechanisms which control the eC are still

controversial and subject to investigation.

This ability to change temperature during loading and unloading, make these materials interesting for

heating and cooling applications.

2.3. Ground Tires Rubber (GTR)

2.3.1. Recycling of GTR

One of the main challenges in the polymer industry is the capability of recycling the waste of rubber
coming from the tire production. The rubber used for tires is manufactured using the vulcanization
process that we have described before. The creation of strong chemical links in the rubber network, as
sulphur bridges, leads to a material that is not anymore fusible and soluble, that therefore loses its

ability to be shaped and mixed for its reuse.

The absence of a large-scale recycling of tire rubbers leads to the problem of the end-life of the
material. The discharge landfills are not sustainable from both economical, for the cost of
transportation, and environmental point of view, for the creation of hazardous gases, accumulation of
mosquitos and fire hazard®. Another common option is the incineration, which recovers thermal
energy from the burning of the rubber, and its advantage consist mainly in a good energy gain respect
heat production costs®. However, the emissions need to be adequately controlled, limiting the

dispersion of hazardous waste and gases?’.

One of the recycling routes that is more followed now from the scientist is the possibility of creating
new blends, mixing thermoplastic and ground tire rubber. GTR is used in form of particles, dispersed
inside the rubber matrix, acting as a reinforcement. To achieve a good composite, it is important to
guarantee a homogeneous dispersion of the GTR in the matrix and especially to guarantee the
formation of a strong interface?®. The only way to increase the solubility of the GTR is through

devulcanization processes, eliminating the cross-links coming from the vulcanization process.
2.3.2. Devulcanization of GTR

The devulcanization is a process of selective elimination of the sulphur bonds created during the first

vulcanization process of the rubber and the biggest challenge is to find methods which are more
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selective for the C-S and S-S bonds, respect the C-C bonds of the main chain. Theoretically the selection
is achievable, as C-C bonds have higher energy both respect C-S and S-S (Figure 12), but as the main
backbone C- C bonds are present in much higher quantity respect the sulphur cross-links and as it is
difficult to control accurately the energy transferred to the particles, the degradation of the main

chains always happen to some degree, lowering the mechanical properties of the GTR%.

Bond Dissociation energy

Bond Type (k)/mol)
c-C 370
C-S 310
S-S 270

Figure 12 Energy of the bonds involved during devulcanization process.

Many different approaches have been experimented and are used now for the devulcanization,

exploiting chemical, thermomechanical and thermal processes.

One of the most used chemical processes is dynamic desulfurization, where the rubber reacts in a tank
at high pressure and high T in an aqueous solution with the presence of specific auxiliary agents. This
method uses high amounts of water and energy and produces heavy pollution. For these reasons it
cannot be considered good for a long-term view, and it will need to be replaced with more sustainable

solutions.

Another common industrial method is the reactive extrusion, which is much more environmentally
friendly with respect to the dynamic desulfurization. This method, which consists usually of a twin-
screw extruder, exploits the high shear forces and the high heat, generated by the screws and the
barrel, to provide a good plasticization and a homogeneous distribution of the material. The limitations
of this method are connected mainly with the equipment: its high cost, the fixed length of the screw
which cannot be enough for achieving the desired degree of devulcanization, and the durability of the

apparatus which can be corroded over time*®.

The method, which is now gaining more interest especially in laboratory scale, is the microwave
devulcanization. The utilization of common kitchen’s microwaves for heating the GTR brings many
advantages. Firstly, the microwave radiation, differently from the most common heat sources which
exploit the mechanisms of conduction and convection, transfer energy with electromagnetic radiation,
which is converted into heat inside the material through atomic interactions, allowing a more
homogeneous and volumetric heating of the powder®!. Another advantage is the process itself: the
microwave oven is cheaper than many other equipment and the energy output is precise and easy to

manage, as the user can most of the time control the 2 parameters of power and time. It may also
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become interesting from an industrial point of view as a good amount of material can be treated in
one time (batch-continuous), and the process is environmentally friendly, as it is energy efficient and
solvent free. However, when reaching high temperature, another phenomenon to take into-account
is the possibility of having re-vulcanization (secondary cross-linking), due to the formation of sulphur’s
free radicals (Figure). An issue of GTR particles is also their compositional complexity, as they are
constituted of different fillers, additives, plasticizers, which can be insoluble and this can lead to a

decrease in the efficiency of reinforcement after devulcanization.
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Figure 13 GTR reactions induced by heating.

The correct setting of power and time is very sensible to the specific application, and particularly to the
type of GTR particles involved and the amount used in every heating session. In literature the most

common values of power are between 700-900 W, maintained with times between 1 min and 5 min.

2.4. Thermally Conductive Fillers for Natural Rubber

24.1. Improvement of NR thermal conductivity

Natural rubber is considered a thermal insulator as it present low values of thermal conductivity at
different temperatures, usually around 0.1 and 0.3 W/mK. Thermal conductivity k is a property that
measure the ability to transfer heat between 2 different points of the material which presents a
temperature difference of AT. If we exclude the heat transferred by convection and irradiation, the
thermal conductivity can be expressed in function of heat exchanged in the material q and the

thickness of the material t, in stationary conditions, following the Fourier’s law:

q :kT (12)
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The interest in increasing thermal conductivity of the rubber comes from the necessity in different
applications to improve the heat dissipation. For example, in tyres, heat management is strongly
connected with service life as tyres undergo dynamic loading, and the internal friction of the different
components (fillers, NR, SBR) can cause a high amount of heat, with a consequently increase in
temperature, which can negatively affect the performance of the component, especially the thermal

fatigue.

In order to find solution for improving the conductivity, is important to understand the mechanism
involved in heat conduction in polymers. Both in amorphous and semi-crystalline polymers, heat
conduction take place mainly thanks to phonons, or better thanks to the propagation of the vibrations
between atoms induced by thermal excitation. In the crystalline phase the thermal diffusion is higher
respect to the amorphous phase, thanks to the high order of the chains and atoms, which are able to
oscillate near their equilibrium position. In the amorphous phase the disordered distribution of the

chains and their random orientation hinder the thermal diffusion causing phonon scattering.

One of the solutions for improving the thermal conductivity is the addition of conductive fillers to the
polimeric matrix. The idea behind this solution, is to build a filler's conductive network inside the
material with the function of creating a preferential path for the phononic propagation. However, even
if the percolation threshold seemed to be achievable, there is still no possibility to predict accurately
the effect of the conductive fillers in the heat transport. This is mainly due to the high number of
parameters which can affect this phenomenon, which are summarized in Figure 14.For example if we
consider a matrix with an high amount of conductive fillers, there will be an increase in the thermal
resistance of the polymer, due to the high number of polymer/filler interfaces which will act as heat
barriers. However , if an higher amount of fillers is present, is much probable to form interconnected

clusters and achieve the percolation threshold , increasing the conductivity.
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Figure 14 Parameters influencing the thermal conductivity of NR composites.

The building of the network will be strongly influenced also by the morphological aspects of the filler’s
particles and moreover by their spatial distribution, which relates to the ability of achieving a good
dispersion during the synthesis of the composite®*. One of the most investigated solutions for
improving the dispersion of the fillers is the synthesis of hybrid fillers, where larger fillers particles are
functionalized with smaller fillers particles, which function is to increase the surface activity and reduce

agglomeration phenomena and non-uniform dispersion.
2.4.2. Carbon based conductive fillers

One of the most important fillers in rubber industry is Carbon Black, which 92% of the production is
used in rubber industry, and the most important application is tyre manufacturing. CB started to being
used more than 50 years ago, with the purpose of reinforce rubber’s mechanical properties. It is well
known that CB can improve the tensile strength, modulus, and abrasive resistance. However, CB seems
to be a good filler also from the point of view of thermal conductivity, as some articles demonstrated
an increase in thermal conductivity even up to 0,42 W/m K with 26,2% of CB. Song et al.?*, investigated
the influence of different type of CB in thermal conductivity of NR/CB composites, addressing the
mechanism of conductive networks to the particle size and distribution in the rubber matrix. Thanks to

TEM images is possible to observe the formation of different aggregates of CB particles that, if present
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in enough amount, can form interconnected three-dimensional networks, as showed in Figure 15.

Figure 15 Examples of CB interconnected aggregates (TEM?34).

The formation of aggregates strongly depends on the morphology of the particles, and particularly the
surface interactions. For instance, a deep understanding of this aspect will be fundamental for the
possible utilization of recycled carbon black (RCB), which can be a further step for the improvement of
the circular economy of CB particles. RCB particles seem to show lower surface activity respect the
commercial ones, due to the presence of ash in the reactive sites which reduces the active surface area
and consequently leads to a poor dispersion in the rubber matrix. Therefore, the research should be

focused on the reduction of the ash content and improvement of the surface properties of RCB®.

Another type of carbon-based conductive fillers are carbon nanotubes. These one-dimensional fillers
are interesting for their high mechanical and thermal properties and for this reason they are usually
adopted to reinforce natural rubber. Their potential use as thermally conductive fillers lie on the
possibility of increasing the conductivity with a very low fraction compared to CB, and consequently
decreasing the percolation threshold. For this application carbon nanotubes are used in a multi wallet
configuration (MWCNT), and the higher thermal conductivity reached for NR/CNTs compounds is of
0,506 W/mK with only 1,4 wt% of CNTs. The drawbacks of these fillers are mainly their high specific
cost and their poor dispersion in the rubber matrices. The low dispersion of the nanotubes increases
the probability of forming large agglomerates in the matrix, due to the high Van der Waals forces
between the CNTs, leading to higher percolation thresholds. To achieve a better dispersion and
increase the chemical reactivity, many researchers tried to oxydize CNTs with different chemical
techniques, such as photo-oxydation and oxygen-plasma. Another possibility is to create an hybrid filler

, with CNT’s functionalized with CB particles as done by Song et al(Figure 16).3¢
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Figure 16 a) Pristine CNTs b)CNTs functionalized with CB3°.
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3. MATERIALS PREPARATION

3.1. Natural Rubber (NR)

The natural rubber used for the matrix of the blends is an SMR (Standard Malaysian Rubber) CV60,
supplied by the company, Akrochem (Akron, Ohio, USA). The material starting block was of 25 kg and
is stored in laboratory at -18°C (Figure 17).

Figure 17 SMR Natural Rubber.

3.2. Ground Tire Rubber (GTR)

3.2.1. Raw materials

The Ground Tire Rubber particles (Figure 18) were obtained through cryo-grinding of tyres and
were provided by the company J. Allcock & Sons Ltd. (Manchester, UK).

Figure 18 Ground Tire Rubber particles.
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3.2.2. Sieving

The GTR powder was sieved using a vibratory sieve shaker (Analysette 3, Fritsch, Idar-Oberstein,
Germany), imposing 4 minutes of vibration with an amplitude of vibration of 1,5 mm for every batch
performed. 2 sifters were used, one of 63 um (ANALYSENSIEB) and another of 100 um (Fisher
Scientific), showed in Figure 19. In this way we obtained 2 different ranges of particle sizes:

1) 63 um < d < 100 um, used for the devulcanization experiments for the preparation of
NR/GTRd composites.

2) d <63 um, stored for future application.

Figure 19 Sifters for 63 um and 100 um sieving.

3.2.3. Microwave devulcanization
The apparatus used for the devulcanization is a domestic microwave, model Electrolux 27E with a
maximum output power of 800 W. A hole in the upper wall of the microwave was created in order

to place a stirrer, made of Teflon, needed for the homogenous mixing of the powder during heating

operation (Figure 20). The stirrer is set with a constant rotation speed of 100 rpm.
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Figure 20 Microwave apparatus for devulcanization.

For every batch of devulcanization, 10 g of GTR powder was put inside a becker, and the stirrer was

placed in the center of the becker. The energy output of the microwave is:
E=Pt (15)

Where P(W) is the power of the microwave and t(s) is the time set for every power. Is important to
notice that the energy output of the microwave will be higher than the energy absorbed by the powder,
as part of the heat will be absorbed by the glass of the becker. Different sets of time and power were
tested in these experiments:

- 800 W with different t=1,2,3,5 minutes

- 640 W with different t= 1,2,3,5,10 minutes

- 400 W with different t=1,2,3,5,10 minutes

- 80 W with different t=1,2,3,5,10 minutes

The nomenclature of the devulcanized GTR particles treated at different conditions will be in the form
of GTRDx_y, where x refers to the different powers (80,400,640,800) and y refers to the different

devulcanization times (1,2,3,5,10). The names are summarized in the following table:
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Table 1 Nomenclature of devulcanized GTR

Material Power(W) Time(min)
GTRD_0O 0 0
GTRD80_1 80 1
GTRD80_2 80 2
GTRD80_3 80 3
GTRDS0_5 80 5
GTRDS0_10 80 10
GTRD400_1 400 1
GTRD400_2 400 2
GTRD400_3 400 3
GTRD400_5 400 5
GTRD400_10 400 10

The values of the nominal power were limited by the possibles choices of the microwave. After the
devulcanization, the temperature of the powder was immediately measured thanks to 2 digital

thermometers (Figure 21), one with contact (HANNA) and one with laser mechanisms (Raytek).

£ Raytek’
Raynger'ST™

Figure 21 On the left, contact digital thermometer (HANNA). On the right, laser digital thermometer (Raytek).
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3.3. Vulcanizing agents and Additives

To improve the mechanical properties of the blends and ensure an optimal vulcanization process

different additives were used during the mixing of the blend (Figure 22).

Sulphur powder with S -325 mesh, 99.5 % of purity was used as vulcanizing agent. Other additives
to improve vulcanization process were Stearic Acid with 97% of purity, used as a vulcanizing
activator and N-Cyclohexyl-2-benzothiazolylsulfenamide 95-33-0, known also as CBS, with 98%
purity was used as vulcanizing accelerator.

N1-(4-Methylpentan-2-yl)-N4-phenylbenzene-1,4-diamine, known as 6 PPD, was used as
stabilizing agent and antioxidant, and Zn0 were used to protect the Rubber from UV light
degradation.

Figure 22 Vulcanizing agents and additives.
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3.4. Internal mixing

The preparation of the NR/GTRD composites was performed using an internal mixer (Brabender) with
a volume of the chamber of 55 cm3. The 2 screws of the mixer worked at a rotation speed of 40 rpm

and the operative temperature was maintained at 80°C for all the process.

Figure 23 Internal mixer for blending (BRABENDER).

The NR, reduced firstly in small pieces, was masticated for 5 minutes; then Stearic Acid, ZnO and 6ppd
were inserted to the mixer. After 8 minutes CBS and Sulphur powder were added, and after 10 minutes
also the GTRD powder devulcanized at 800W. The blend was keeping mixed until 15 minutes and the

final material is represented in Figure 18.

ik
T

Figure 24 NR/GTRD blend.

The composition of the 5 NR/GTRD800 blends is summarized in the following table:
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Table 2 Composition of NR/GTRD800 blends

Stearic
NR GTRD800| Acid Zn0 CBS 6ppd Sulphur
wt% 100 20 2 1,5 2,38 3 1,65
Mass (g) 32 8 0,64 0,48 0,76 0,96 0,53

3.5. Compression Molding and Hot pressing

After the blending, the material is compressed and vulcanized by hot plate press, model QAP LAP
PL-15 s (IQAP Masterbatch SL, Barcelona, Spain). The blend is first cut in small pieces and distributed
in a Teflon foil, which protect the material from the direct heat of the hot plates, inside a square
aluminium frame of 150 mm wide and 1 mm thick. The 2 hot plates of the machines are heated and
maintained at T=170°C with a P=50 bar for 12,5 minutes to perform the vulcanization of the

material (Figure 25).

Figure 25 Hot press for molding and vulcanization.
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3.6. Stamping

Once the blend is moulded in the hot press, it is cooled down at room temperature and it is ready to
be stamped. The sample for the tensile and cyclic test were stamped by die-cutting with a specimen
preparation punching machine (CEAST) (Figure 26).
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Figure 26 Stamping machine and NR/GTRD sample.
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4. EXPERIMENTS

4.1. In situ WAXS and mechanical tests at synchrotron ALBA

We performed in situ WAXS experiments at synchrotron ALBA in Cerdanyola del Vallés (Barcelona),

using the beamline BL11 - NCD-SWEET. The layout of the beamline is represented in Figure 27.
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Figure 27 Schematization of the beamline BL11-NCD-SWEET of ALBA synchrotron.

The source of the radiation is the in-vacuum undulator IVU21, which delivers a high photon flux, with
excellent collimation, photon density and stability over time. The beam first pass through a Si (111)
monochromator then it is collimated thanks to Be lenses. Vertical and horizontal slits are used for
defining and cleaning the X-ray beam. Before the sample, a fast shutter is used, which can block the

radiation if the beam is not needed, to reduce as much as possible, the exposure of the sample.

The beam hitting the sample has a wavelength of 0,957 A° and the time of exposure of the sample is
of 1 s. The latency time, needed for the acquisition of the diffraction image vary depending on the
different tests: for stretching and de-stretching of the sample at fixed temperature the latency is of 5,1
s, for heating and cooling of the sample at constant deformation the latency is respectively of 19 and
29 s. A single hybrid-pixel photon counting detector, model LX255-HS (Rayonix), with an active area of
85 x 255 mm?, composed of 1920 x 5760 pixels with a pixel size of 88,54 x 88, 54 um?, is positioned
perpendicularly to the beam for the acquisition of the images . The distance between the detector and

the sample is of 229.860 mm.

The sample positioning system used, is the Stretcher - TST3508 (Figure 28), which is capable of
temperature and force control, with a force resolution of 0,01 N and a maximum stretching amplitude
of 4,5 cm.
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Figure 28 Stretcher - TST350 for uniaxial tensile tests.

The limited stretching amplitude permitted us to perform tensile tests only up to 300-350%
deformations, which didn’t allow us to fully investigate the hyper-elastic behaviour of the polymers but
was enough to guarantee the possibility of studying the mechanisms influencing SIC, which we already

know starting at around 200% deformation, combining the mechanical responses with the diffraction
images.

The experimental stress is evaluated from the force applied by the machine F as:

F
Oexp = A_O (13)

Where Aq is the starting cross-sectional area of the sample:

With w = 4 mm the width of the sample, and t the thickness of the sample, measured with the
Micrometer (INSIZE)(Figure 29).

Figure 29 INSIZE Micrometer for thickness measurements.
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We evaluated NR/GTR composites, which were made with the same process used for the preparation
of NR/GTRD blends, but in this case the NR is vulcanized using 1,5 phr of DCP (dycumil peroxide) and

the ground tire rubber is taken with particle size < 63 um and it is not devulcanized.

We performed different types of mechanical tests for different compositions:
1) Uniaxial tensile tests, reaching maximum deformation or rupture of the sample, performed at

ambient temperature T= 25°C and strain rate V2= 10 mm/min.

These tests were done for the following compositions: NR, NR/GTR10, NR/GTR20, NR/GTR33,
NR/GTR40.
2) Uniaxial tensile tests, reaching maximum deformation or rupture of the sample, performed at

ambient temperature and with different strain rates, listed below:

V1 =60 mm/min V2 =10 mm/min V3 =1mm/min

These tests were done for the following compositions: NR, NR/GTR10, NR/GTR20. Unfortunately, the
NR samples showed un-expected behaviours, due to technical problems and for this reason, the results
concerning the NR at different strain rates will not be discussed.

3) Uniaxial tensile tests, reaching maximum deformation or rupture of the sample, performed

with strain rate V2= 10 mm/min at different temperatures, listed below:

T1=50°C T2 =25°C T3=-25C° T4=-40°C

These tests were done for the following compositions: NR, NR/GTR10, NR/GTR20.
4) Cyclic tests, loading until maximum deformation and unloading the material until reaching a

null force, performed at ambient temperature T= 25°C and strain rate V2= 10 mm/min.

These tests were done for the following compositions: NR, NR/GTR10, NR/GTR20, NR/GTR33,
NR/GTR40.

5) Loading thermal cycles: these tests were a combination of uniaxial tensile test and variation of
temperature at fixed strain. Firstly, the sample was stretched at ambient temperature until
achieving the maximum elongation of the Stretcher. Once achieved, the sample was kept at
fixed deformation passing to a heating stage, where the temperature was increased up to
120°C with a heating rate of 0,05 °C/s. Then the sample was cooled down to room

temperature with a cooling rate of 0,033 °C/s using liquid nitrogen.

The tests were done for the following compositions: NR, NR/GTR10, NR/GTR20, NR/GTR33, NR/GTR40.

Unfortunately, only 1 sample of NR survived to the entire cycle, while the other samples broke during

43



heating. This still allowed us to collect information about the fracture mechanisms at high

temperatures and relaxation of the composites.

The analysis of the diffraction patterns and the characterization of the crystalline phase will not be
discussed in the present work. Diffraction images will be used only as a tool to confirm qualitatively the

mechanical response of the samples.

4.2. FTIR spectroscopy

FTIR spectroscopy was performed for the characterization of the devulcanized GTR powder with a
Nicolet 6700 FT-IR Spectrometer (ThermoScientific, USA). The samples were compacted in pills with a
guantity of few milligrams of GTR powder and KBr, which is highly transparent in this range of
wavelengths. The range of wavenumbers collected was between 200 and 4000 cm™. The software of

the machine collected the data as transmittance as function of the wavenumber (Figure 30).
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Figure 30 Example of FTIR spectrum of devulcanized GTR.

The peaks which need to be analyzed are the one related to the sulphur bonds C-S and S-S, and the
bonds related to the main polymeric chain C-H and C-C. The wavenumbers related to S-S and C-S are
respectively around 464 and 669 cm™, while the wavenumbers related to C-H and C-C bonds are

respectively around 1045 and 2090 cm™.
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The intensity of each peak was evaluated subtracting the background values from the maximum values
in transmittance. The intensity of the C-S, S-S, C-C bonds were then compared with the ones of C-H
bonds in the form of ratios SS/CH, CS/CH, CC/CH.

4.3. Swelling

Swelling tests were performed to estimate the cross-link density of the different systems: NR/GTR
composites and devulcanized GTR particles. For every composition and materials 3 samples were
evaluated, and the final properties will be the average of these 3 measurements. The samples, with a
weight of the order of a 150-250 mg, were immersed in cyclohexane solution for 72 h (Figure 31)
replacing the solvent every 24 hours, then the swollen mass was measured myet. The samples where
than left under fume hood for 72 hours to dry and the dry mass was measured mqr. The swelling ratio

of the material is evaluated as:

Myet — Mary n Mary
Q= Psolvent PNR (16)
Mdry
PNR

Where pgoent= 0,778 g/cm? is the density of the cyclohexane and pyg= 0,91 g/cm? is the density of
the natural rubber. If the fillers (CB) do not contribute to the swelling of the material, we adopted the

Kraus correction for the evaluation of the swelling ratio of the composite Q. as:

Q-9
=14 (17)

Where ¢ is the volumetric fraction of the filler in the composite. The volumetric fraction of CB g in
GTR particles can be estimated by the mass fraction of CB wcg , obtained from the TGA measurements,
and NR wyr and the densities p-g= 1,9 g/cm*and pyg= 0,91 g/cm?>. The volumes of CB and NR in 1 g of
GTR will be Vi= wy/p,, and total volume V= Vs + Vir. The volume fraction of CB will be ¢ -5= Vcs/ Vs.

From this we can evaluate the CB fraction inside the composites NR/GTRy as:

@ = QcB PcTR (18)

Where @ g is the volume fraction of GTR particles in the composites (10% to 40%). From the swelling
ratio, we can consider v,= 1/Q. and then we calculated the cross-link density (mol/cm?) using the Flory-

Rehner derived equation:

45



_In(1—vy) + va + 1qv2
VET 1 (19)
Vi(—vy3 + 7 V)

where V; = 108 cm3/mol is the specific volume of cyclohexane and y;= 0,353 is the Flory-Huggins
natural rubber/cyclohexane interaction term, considering also in this case the assumption of the fillers
nonparticipating at the swelling. The networks are considered as tetrafunctional and so the value of

functionality f =4.

Figure 31 Samples for swelling test of GTR devulcanized powder.

For NR/GTRx samples we also evaluate the soluble fraction s, measuring the dry mass before the
swelling experiments mfiry and the dry mass after the experiments mg;.,:
!
mdry

- mdry
s[%] = ——=x 100
My, (20)

4.4. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis, using a STARe system (Mettler Toledo, Columbus, OH, USA)(Figure 32),
was performed for the devulcanized GTR particles to understand the effect of the devulcanization
process on the composition, and particularly to monitor the fraction of carbon black, which is the

compound mainly responsible for the mechanical reinforcement of the natural rubber.
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Figure 32 Machine and gas regulation system for TGA.

Tests were realised following the standard IEC 60811 for the determination of the CB content, using
between 5 to 10 mg of powder in an Al,O; crucible. The test consists in a heating ramp at 20K/min from
100°C to 950°C performed in 100% N2 environment from 100° to 850 °C and 30%N2 -70% Dry air

environment from 850 °C to 950°C(Figure 33). The flux of N2 is of 100 cm3/min while the one of air is
of 230 cm3/min.
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Figure 33 Example of TGA test performed for GTRD with 640W.

The weight fraction of CB in the sample is evaluated as the sum of the weight loss between 850 and
950 °C and the weight remained at the end of the test, both in percentage respect the starting mass.
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4.5. Mechanical tests with Infrared Camera

Mechanical tests with the utilization of a Zwicklll -Expert/Roell tensile testing machine and Infrared
Camera were made to study the elastocaloric properties of NR/GTRD800 blends (Figure 34). 3
tensile tests and 1 cyclic test were performed for every sample, both with a strain rate of 3000

mm/min.

Tensile tests were done until rupture of the material, while cyclic tests were performed with a first

stretching until e=500%, maintenance of the deformation for 60 seconds, and then unloading.

—— »

Figure 34 On the left the tensile testing machine. On the right the IR camera.

Engineering stress is calculated using equations (13), (14).

The evolution of the temperature along the surface of the different samples was registered by the
infrared camera (InfraTech, ImagelRR 8800) with a Mercury-Cadmium-Telluride (MCT) detector, set
up at a frequency of 100 Hz and with a temperature resolution at 30 °C higher than 0.035°C.

The distance between the camera and the sample was of 60 cm, to ensure the detection of the
temperature with enough precision and of the displacement of the sample. Temperature,
Displacement and Force were detected by the camera along 25 points of the sample,
homogeneously distributed along the length. The IR camera images were acquired thanks to the

IRBIS 3.1 professional software as shown in Figure 35.
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Figure 35 Evolution of the temperature of the samples with IR camera.

4.6. Field Emission Scanning Electron Microscope (fe-SEM)

For the study of the fracture mechanisms of NR/GTR samples FE-SEM was performed with Neon40
Crossbeam™ workstation (Carl Zeiss) (Figure 36). The electron beam is generated with a Shottky-Fe
gun, working at 5 kV with 1.1 nm resolution. The detector is an EDS INCAPentaFETx3 detector with an
active area of 30 mm2 The images are processed by a Phenom XL Desktop SEM acquired from

PhenomWorld with a resolution below 14 nm and a magnification range of 80-100,000x.

Figure 36 fe-SEM machine and desktops.

The 4 samples were prepared cutting in half the samples used in the loading thermal cycle test
described in chapter 4.1.. The NR/GTR was firstly attached to a metal sample holder in transversal
direction with a carbon adhesive belt. In this way the fracture surface is directed perpendicularly to

the electron beam. To increase the conductivity of the samples a silver painting was firstly applied in
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the sample surface, then with the utilization of a gold sputter coater EM-ACE600 (LEICA) working in
vacuum at a pressure of 10*bar with a 30-mA current and a tilt angle of 0°, we applied a 20 nm coating

using a carbon thread (Figure 37).

Figure 37 Coating process with sputtering.
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5. RESULTS AND DISCUSSION

5.1. NR/GTR composites characterization

5.1.1. Swelling of NR/GTR

Swelling experiments performed on NR/GTR samples allowed to estimate the cross-link density using
Flory-Rehner thermodynamic description. This description is based on an affine model, and the cross-
links are considered with tetrafunctional networks. Also, the Flory-Huggins parameter ¥, is assumed to
be constant for a particular polymer-solvent couple, even if different experimental works showed a
dependence of x on the volumetric fraction of the polymer®”. This set of assumptions may cause some

uncertainties in the values obtained.
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Figure 38 a) Cross link density of NR/GTRx samples b) Soluble fraction of NR/GTRx samples.

Experimental data reported in Figure 38 shows that the cross-link density of the polymer tend to rise
with a higher content of GTR particles. It is possible that the presence of the filler's act as an obstacle
for the penetration of the solution inside the polymer. The lower cross-link density of the NR/GTR10
sample can be related to a poor vulcanization process, as for instance, we observed also lower tensile
properties of this material in the previous chapters. It is quite unexpected to observe that the NR/GTR

samples have higher soluble fraction respect the NR, as they present higher cross-link density, even if
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the difference between them is very little. It is possible that the GTR particles contain some elements

that have easier solubility in cyclo-hexane respect the pure NR matrix.
5.1.2. Mooney-Rivlin model for tensile tests and strain induced crystallization.

Starting from the stress-strain curves obtained for the different formulations at T=25°C and strain rate
of V2= 10 mm/min we will discuss the different behaviour between the experimental stress-strain
curves and the ones obtained with Mooney Rivlin model (MR)(Figure 39), to deduce the onset of strain
induced crystallization A.. The first important observation is that stretching ratio of the samples
containing fillers will be different respect to the one considered for the samples of natural rubber, as
filler particles cause perturbation of the local stress of the matrix, those increasing the stiffness of the
material. This reinforcement effect can be taken into account considering the “Theory of filler
reinforcement” by Guth, who proposed the following correction for the Elastic Modulus in the linear

region®:
E*=E[1+2,5¢ + 14,1¢?] (21)

Where the increase of the Modulus is dependent on the filler volume concentration ¢, calculated as
for the swelling experiments with the equation (9). Applying the same observations for the elastic
deformation of the material we can define a local strain, starting from the macroscopic deformation g,

as:
Eloc = €A (22)
Where A, is the strain amplificator factor®e:
A=1+25¢+ 14.1¢2 (23)
Therefore, the local strain ratio will be:
Aioc =1+ €15¢ (24)
At the end the MR curve for the NR/GTRx will be:

1

C, 2
omr = 2(C1 + 7)(’11% - m) (25)

As the hypothesis of the MR theory is based on Hooke’s Law description of the strain energy, we need
to observe that the model can describe the mechanical behaviour of the rubber only up to limited

deformations (200%). The evaluation of the constants C; (MPa) and C, (MPa) for the building of the
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MR curves were deduced with the Least Square Method, minimizing the difference of the stresses

between the experimental and MR curves up to 150% deformation.
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Figure 39 Experimental and Mooney-Rivlin stress-strain curves for different NR/GTRx composites.

In literature, the constant C; is associated with the Young’s Modulus in the linear region, in particular

for very small deformations (A=1), with a relationship®®:

E = Z(Cl + Cz)

53

(26)



0 llll%ll%lLllllllLlllL

0 10 20 30 40 50
GTR content(%)

Figure 40 Young's Modulus of NR/GTRx composites evaluated with MR model.

We observe an increased tendency of the Young’s modulus as function of the filler concentration
(Figure 40), those underlining the reinforcement effect of the GTR particles presence. For higher
deformations the experimental and the MR curves tend to diverge, as the model do not consider the
phenomenon of SIC. Therefore, the onset of crystallization, can be deduced, investigating on the
differences between the 2 curves. In particular, following the approach suggested by Candau?® , we

evaluated the difference in strain energy between the 2 curves as:
y)
M{gap(ﬂ-) = f Oexp — OMR (27)
1

The integral is calculated with a numerical approach, using the Rectangular Approximation Method.

Considering a number n of experimental points, the strain energy related to the single curve will be:

A EMAX It Oirq + O
f O'=f 0=2M*(si+1—si) i=1,..,n (28)
1 0 T 2

The value of Energy Gap that we considered as the one related to the start of strain induced

crystallization is of 0,01 MJ/m?3.
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Figure 41 a) Difference in strain energy between Experimental and MR model for NR/GTRx b) Onset of crystallization for

NR/GTRXx.

Experimental results reported in Figure 41 shows that the onset of crystallization for NR and NR/GTR10
is very similar and happens at about at 200% deformation. This unexpected value can be attributed to
the fact that the NR shows generally higher mechanical reinforcement than expected, and this
behaviour is confirmed also by the loading cycles, which will be discussed in the section 5.3.2, where
the NR sample is the only one surviving to the entire cycle. Another confirmation of this abnormal
reinforcement come from the fact that in literature, vulcanized natural rubber shows the starting of
crystallization for A > 3%, while here happens at lower A. At the same time is possible that GTR particles
in NR/GTR10 samples where not well-dispersed , those decreasing the reinforcement effect on the
rubber. For higher GTR content we observe a gradual decrease of A, suggesting the nucleating effect
of GTR particles, as observed by Candau®. This effect is pronounced in NR/GTR40 and NR/GTR33

samples, where the onset of crystallization is observed at around 125% deformation.

Using the Mooney-Rivlin model is also possible to estimate the cross-link density, in the linear regime

, as suggested by Vieyres®®:

(G +6)

" R )
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Where R=8,314 J/mol K, T is the temperature in K, pyg is the density of the natural rubber equal to
0,92 g/cm3. Assuming a phantom model with tetrafunctional networks, the functionality will be f=4,
and the parameter i equal to:

_f-2

1
Y= = (30)

o2
We compared then the cross-link density of this model vyz with the one obtained from swelling

experiments vy, (Figure 42).

o
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Figure 42 Comparison between cross link densities, evaluated with MR constants and swelling experiments.

The linear fit gives us a non-zero coordinate intercepts, meaning that the values of the density derived
from MR are generally higher respect the one obtained from swelling behaviour. As suggested by
Vieyres®™ this can be explained by the fact that in the swollen state we have much less effect of the
physical entanglements, which will become un-active, those decreasing the crosslink density of the
material. We observe that the linear fit is not very adapt to this set of data, and these differences can
attribute to the assumptions of the model used for v, , which assumes a phantom network, while
Vyr assume an affine one, and from some experimental uncertainty involving the swelling

experiments.
5.1.3. Tensile tests: Effect of GTR content

As explained in chapter 2.2.3., the introduction of GTR particles in the rubber network can be treated
as an introduction of rigid fillers, which effect is to enhance the local deformation of the NR’s softer

matrix. The increase in rigidity of the composites can be observed in Figure 43.
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Figure 43 Stress-strain curves at Tamb and V2=10 mm/min for different compositions.

The experimental curves shows that the increase of filler contents cause an increase of the Young’s
Modulus in the linear part of the curves, for low deformations (<100%). Also, with higher contents of
GTR, we observe a little decrease of the slope of the curve after the first linear elastic part. This
decrease of the stress can be related firstly to the entropic effect, with the starting of the sliding of the
chains, and for higher deformations, to the relaxation effect caused by the starting of the crystallization

as explained in the section 2.1.3.
5.1.4. Tensile tests: Effect of strain rate

As observed in chapter 2.1, the increase of the strain rate causes an increase in the rigid response of
the elastomer, as polymeric chains do not have enough time to slide and deform extensively. This
expected behaviour is observed for both NR/GTR10 and NR/GTR20, with an increasing of the tangent
modulus with the increase of the strain rate. Is interesting to observe that for both the samples, the
increase is widely observable only for the highest strain rate 60 mm/min, while the mechanical

response at 10 mm/min and 1 mm/min seems almost equal (Figure 44).
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Figure 44 a) Top: Stress strain curve for NR/GTR10 at different strain rates. Bottom: Diffraction patterns of NR/GTR10 at V1
and V3. b) Top: Stress-strain curve for NR/GTR20 at different strain rates. Bottom: Diffraction patterns of NR/GTR20 at V1
and V2.

Thanks to X-ray diffraction patterns, showed in Figure 44, we notice that strain induced crystallization

is activated already at 200% deformation, confirming what we deduced for the study of the onset of

crystallization. At 200%, the crystalline halos of NR/GTR20 sample are more intense respect NR/GTR10,

confirming that a higher filler content can promote the crystal formation and decrease the onset of

strain induced crystallization.

5.1.5.

Tensile tests: Effect of temperature

The elastic theories used for describing the stress-strain curves are based on purely entropic elasticity.

With this description, the force needed to reach a particular stretching ratio, increases with the
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increase in absolute temperature, as reported in equation (5). However, this is an ideal representation,
and usually deviations are observed in the experimental data'®. When discussing about the effect of
the temperature, is important to consider both the role of viscoelasticity and strain induced
crystallization. Similarly to what we observed for the strain rates, when the temperature is very low (-
25/50°C) the atoms of the chains don’t have enough energy to move and rotate, and the relative sliding
of the chain is hindered, as we are approaching the glass transition temperature (-60°C). This cause a

mechanical response that is more rigid respect higher temperatures, as observed in Figure 45(a).
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Figure 45 Stress strain curves at different temperatures for a) NR b) NR/GTR10 c) NR/GTR20.

Is interesting to notice that this phenomenon is less pronounced with NR/GTR composites, where the
effect of temperature is less evident, as the curves have almost the same slope until 150% of
deformation. Unfortunately, the abrupt stress upturn due to the reinforcement of the crystals is
difficult to observe in our curves as it usually takes place at very high deformations (300-500%), which

were not achievable in our experiments.

What we can observe, is the effect of the GTR content at a fixed temperature in Figure 46. At higher
temperatures the filler’s reinforcement take place, as NR/GTR composites present higher slope of the
stress-strain curves, while for the lower temperatures, the effect of the fillers tends to disappear as the
different samples tend to have very similar behaviour. The fact that NR sample show high rigidity can
be justified by a possible over-reticulation of the pure natural rubber respect NR/GTR composites as

previously discussed.

Diffraction patterns at fracture show the presence of crystalline phase for all the compositions and at
all temperatures. The higher stresses are observed at -25°C, to which corresponds the highest intensity
of the halos related to the crystals. As mentioned in the section 2.1.1., at -25°C there is the higher rate
of temperature induced crystals, so it is possible that the higher rigidity can be also caused by an

additional contribution of nucleation. However, we must remember that this mechanism possesses
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very low kinetic: as reported by Toki'’, at -25°C, 27% of crystalline phase is formed after 2,5 hours,
and these experiments were performed just in few minutes, so the main contribution to the crystalline

formation still come from SIC.
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Figure 46 Top: Stress-strain curves for NR, NR/GTR10, NR/GTR20 at different temperatures (a-d). Bottom: Diffraction patterns
taken at fracture point.

5.1.6.

The hysteresis is defined as the loss of energy due to loading and unloading cycles, where the energy

Cyclic tests: Hysteresis
is converted into heat. For measuring the dissipated energy, we evaluated the area between the

loading and unloading curves for every sample, using the Rectangular Approximation Method as done

in the section 5.1.1..
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Figure 47 a) Cyclic curves for NR/GTRx at V2=10 mm/min b) Energy dissipated in hysteresis for different compositions.

We may notice from that, performing a single cycle, we cannot be sure that, when the material return
to a null stress even the deformation energy return to 0, as it can be possible that the zero stress is
obtained as a balance between compressive and tensile residual stresses and the best way for
evaluating it, would be in steady state conditions with different cycles, as reported by Ferry’. For our
purpose we will neglect this aspect, as the results still give us important information. From Figure 47,
a gradual increase in the hysteresis with the increase of fillers up to 33% of GTR is noted, reaching a
plateau for higher concentration. Comparing NR with NR/GTR33 composite we observe an increase of
almost 5 time of the hysteresis. As reported by Rault*! , the mechanical hysteresis for high
deformations (e>1) is an effect of strain induced crystallization and not from viscoelastic effects.
Therefore, the energy loss can be related to the melting of the crystals when the material is un-loaded.
So, higher energy losses can be attributed to the melting of a higher amount of crystalline phase for
the NR/GTRx composites respect the NR. The plateau at high filler contents can mean that for high
concentration of GTR we may reach point where we can’t have an increase in crystalline volume but
only in the number of crystals, as the growth of the crystallites will tend to be blocked by both the GTR

particles and cross-links presence.
5.1.7. Cyclic tests: Thermal cycles

The only sample survived to the entire loading and thermal cycle is the pure NR, which is reported in

Figure 48. This high resistance can be a confirmation on what mentioned above that the natural rubber
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possesses very high reticulation and physical entanglements. This observation can be also in
accordance with the fact that NR presents the higher onset of crystallization, as it is possible that a

higher number of cross-links obstacles the alignment of long chains, and consequently the formation

of crystals.
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Figure 48 3D Loading and thermal cycle: Stretching, Heating, Cooling, De-stretching.

The stretching was performed until the maximum deformation achievable by the Stretcher, and for
the different samples the range of maximum deformations was between 340 and 355%. In this
condition, after the stretching stage, the sample will have developed some crystalline phase. Keeping
the constant strain, the chains will remain aligned, while the increase of the temperature will increase
the vibration of the atoms of the chains, and consequently the possibility of having degradation and

rupture of the cross-links and of the C-C bonds of the backbones.
5.1.8. Cyclic tests: Fracture of NR/GTR during thermal cycles

Is interesting to notice that NR/GTR samples fractured during the heating stage at maximum
deformation. In Figure 49 the temperature of fracture of the different samples is reported. Respect the
NR, which resisted until 120°C, the NR/GTR10 broke at 95°C showing lower mechanical resistance and
this is probably due to a bad interface between NR and GTR. When the amount filler increases also the
temperature of fracture increases. This phenomenon can be due to the higher nucleating effect of the
GTR particles, which increases the amount of crystalline phase and consequently the thermal energy
needed for the melting of the crystals r. This is confirmed by the diffraction pattern which shows higher

crystalline halos with higher amount of GTR. Also, the high concentration of filler can play an important
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role in avoiding crack propagation, as cracks can deviate their path when they encounter the particles,

so the material is able to dissipate more energy.

B NOT FRACTURED
W FRACTURED

Tfracture (a C)
[y
o
o

80 |l\||\|||i||||}\\\\}\\\\

0 10 20 30 40 50
GTR content (wt%)

25°C 40°C 60°C 80°C Tiracture

NR/GTR20  NR/GTR10

NR/GTR33

NR/GTR40

Figure 49 Up: a) Fracture temperature at different composition during heating at fixed deformation. Bottom: Diffraction
images at different temperature until fracture.

5.1.9. Fracture analysis of NR/GTR with SEM.

To further confirm what deduced in the previous discussion, we performed SEM analysis for the

different blends with different magnification to understand the fracture mechanisms. From Figure 50
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we observe already that the higher presence of fillers increases the rugosity of the samples, which is

strictly connected with the decohesion in the areas of the particles before fracture.

NR/GTR33

NR/GTR10 © NR/GTR4D

T
S

K \ A o il .
I L P ||

Figure 50 SEM images of the fracture surfaces of NR/GTR samples. Up: 25X magnification Bottom:300X magnification.

For the particles that remained attached to the matrix is possible to observe their presence as single
particles, for the smallest one, and in the form of agglomerates in the biggest one, as observed for
NR/GTR20 (Figure 51).

The lines of the cracks shows that cracking can happen both with high propagation as observed in
NR/GTR10 at 300X and NR/GTR33 at 1000X, but also with local, which is observable for all the blends.
This means that at 33% of filler we didn’t still achieve an efficient deviation of the crack propagation;
while at 40%, where these lines are not present, it suggests a higher efficiency of the material in
blocking the crack path. The higher content of filler ensures a higher number of crack with different

direction and with shorter path.
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All samples show areas where the matrix is still highly stretched near the particles, confirming their
effect in enhancing the local deformation. Is interesting to see in the NR/GTR20 the presence also of
micro-cavitation with fibrils and voids, which are unexpectedly oriented in the transverse direction

respect the stretching one.

10um

Figure 51 SEM images of NR/GTR at 1000X magnification.

Fibrils due to a strain enhancement are wide observable in NR/GTR40 sample as shown in Figure 52. Is
interesting to notice that the diameter of the fibril seems strictly related to the particle size responsible
for the stress concentration. This can confirm that smaller particles will increase the amount of matrix
subjected to strain enhancement and consequently improving the mechanical properties of the NR but

especially allowing the inhibition of the lateral crack growth.
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NR/GTR40

Figure 52 SEM image of NR/GTR40 at 10000X magnification.

5.2. Devulcanization of GTR particles

5.2.1. TGA of GTRs

In Figure 53 the weight loss curves are represented for the different devulcanization powers. The first
abrupt decrease of weight corresponds to the range of temperature between 200 °C and 450 °C, and
it can be associated to the evaporation or decomposition of the oil and other organic additives present
both in GTR and NR3.. From 850 °C when the environment condition is changed to N,/O, the thermo-
oxidation of CB happen, with a loss in mass of the 5-10% of the sample. The percentage of Carbon

remained after the test is between 25% and 35%.

We observe that for a devulcanization time of 10 minutes for 400 and 640 W we have much less organic
compound respect the other set of time and powers, and this is a confirmation on what obtained
experimentally from the devulcanization process, as for these samples we had development of smoke
and burning of the GTR, reaching temperatures higher than 220°C. This means that a good amount of
the organic compounds already decomposed or evaporated during the devulcanization process before

performing TGA.
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Figure 53 TGA curves for GTRD at different powers: a) 80W b) 400W c) 640W d) 800W

We observe a particular behaviour also for the samples treated at 800W for 1 and 2 minutes, where
the decomposition of the organic materials start at lower temperatures: the speed of decreasing is
lower respect the other samples of the same power and we do not observe the plateau between 450°C
and 850°C, meaning that the loss in weight happen more gradually in a higher temperature range. This
is reflected in the CB content, as from Figure 54, we observe that for these 2 samples we have the
lower amount of CB, meaning the presence of more organic compound. A possible explanation of the
decrease of CB content can be that, during heating at this power, the C can be released from the CB

aromatic structure and form more volatile compounds which degrade a temperature higher than

450°C.

67



=800 W
70 - 640 W
e 400 W
- -80W
60 -

CB wt%
A U
o

L B I B B N O |
I I I A

NN NN ERNT]
I I I | I | 1 I
012345678910
Figure 54 CB content of GTRD at different powers.

5.2.2. Swelling of GTR particles

Swelling test were performed to evaluate the crosslink density of the GTRD after devulcanization,
which are reported in Figure 55. The trends are of difficult interpretation, as apart from the 400 W
samples, at 1 minute we obtained a much higher cross-link density for all the other powers, compared

to the non-devulcanized powder, which is difficult to explain, especially for 80 W.

However, there is a common tendence to decrease the cross-link density for time of exposure higher
than 2 minutes, meaning that there is sufficient energy to have bond breakage. This decrease is less
pronounced for the lower powers, meaning that we probably didn’t achieve enough degree of
devulcanization. This can be observed especially for the lower power 80 W, where the cross-link
density has very low variations for all the times, and we find further confirmations by the measure of

the T of the samples, which we will see in the next section.
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Figure 55 Cross-link density as function of devulcanization time for different powers.

For 400 W the trend of decreasing start to be more pronounced, but still not sufficient for achieving
enough degree of devulcanization. For 640 and 800 W the trend is similar. At these powers we reach
much higher temperatures, and the particles can absorb enough energy to have re-vulcanization, but
also there can a possible rupture of the double C=C bonds of CB. The competitiveness of
devulcanization and re-vulcanization processes influences sensibly the decrease in cross-link density.
640 W treated samples achieved lower v, suggesting that this power could be be the more suitable for

this process.

Is important to notice that the standard deviation of the data for the higher powers is high, which is
probably the main reason connected with the difficulty of observing trends that are more in

accordance with the literature and with the physical mechanisms controlling this process.
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5.2.3. Temperature of the devulcanized GTR particles

In Figure 56, the temperature achieved by all the samples after the devulcanization process is reported.
For the intermediate powers 400W and 640 W we observe a gradual increase of the temperature
respect the devulcanization time, suggesting a possible proportionality between these 2 parameters.
However, for 800W, we see a higher increase of T for devulcanization time of 1 and 2 minutes, and a
much lower one for higher radiation time which is not in accordance with swelling tests. A similar
behaviour, but more pronounced, is observable for the lower power 80W, where the increase in T is
very low until 3 minutes, for then achieving a stable value for higher time. In this case the trend of the

temperature is very similar to the one observed in the swelling test.
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Figure 56 Temperature of the samples after devulcanization.

So ,the temperature of the sample could be an indicator of the amount of devulcanization performed
in the material as reported in other works®!, but it cannot be extended to all the sets of microwave
powers and times , because if we compare these results with the cross-link densities of the materials,
there is no strong correlation between these 2 parameters. For a time of 10 minute at 640W and 400W
we have burning of the rubber, to which is associated a high increase in temperature which is almost

the double respect 5 minutes.

The evaporation of some organic compounds starts already from temperatures higher than 100°C, as

we observed the development of smoke in the samples that reached this temperature, so mainly the
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GTR treated at 800 W for times higher than 2 minutes. This is in accordance with the TGA, as these

samples present higher CB respect the lower times.

5.2.4. FTIR spectroscopy

We performed FTIR spectroscopy to have more information regarding the rupture of S-S, C-S and C-C

bonds. Their amount is evaluated respect the C-H bonds and the data are reported in Figure 57.
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Figure 57 Ratio of the bonds evaluated from FTIR spectroscopy.

The signals of C-S and S-S were difficult to detect for many samples and for others were indetectable,
especially for the samples treated for 3 and 5 minutes and at 640W. This is in accordance with the
cross-link density measurements, as for these devulcanization times we have the lower values of v for

all the powers, meaning that the scission of the bonds could be completely achieved for these blends.

The higher values of cross-link density obtained for 1 minutes are confirmed by the presence of a higher

amount of C-S, which were not broke during the devulcanization, apart for the 640 W samples.
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For the samples which undergone to burning at 10 minutes, we observe an increase in the C-C content
which is in accordance with a higher presence of CB as observed in the TGA measurements. C-C bonds
decrease rapidly for the short times, to generally increase for higher devulcanization times, suggesting

a possible reformation of these bonds, for which we still not have a physical explanation.

5.3. Elastocaloric properties of NR/GTRD blends

5.3.1. Tensile tests on NR/GTRD800 blends

We performed tensile test until rupture with strain rate of 3000 mm/min for the NR/GTRD blends
devulcanized at 800 W for 1,2,3 and 5 minutes, as this power is one of the most investigated in
literature for microwave devulcanization and the decrease in cross-link density seem more evident
respect the other powers. NR/GTRD800 blends were vulcanized, so GTR particles undergo to a re-
vulcanization process, that after the first devulcanization with microwave, should improve the

matrix/filler interface with the creation of new cross-links.

Tensile test, reported in Figure 58 shows the mechanical resistance of the different blends compared
to the evolution of the temperature. The blend which shows higher AT during stretching is the one
treated with 2 minutes, and the one that showed higher stress at fracture is the one treated with 1
minutes, which is in accordance with its higher cross-link density. Non devulcanized GTR seem to have
a higher reinforcement effect respect the devulcanized one, so it is possible that the re-vulcanization

process was not achieved as expected.

The difference in temperature of the materials during heating, seem not correlated with the time of
devulcanization, as the values are quite stable around 9°C, with a maximum AT of 12°C experienced by
NR/GTRDS800_1.
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Figure 58 Tensile tests for NR/GTRD80O: a) Stress-strain curve b) Difference in temperature respect the deformation c) Stress
at fracture respect devulcanization time d) Maximum difference in temperature respect devulcanization time

5.3.2. Cyclic tests of NR/GTRD800 blends

The same blends were tested in cyclic test until a maximum deformation of 500%. During
stretching, the materials increase their temperature, while during unloading they cool down
below the starting temperature. In Figure 59 stress strain curves together with AT are reported.
The relaxation phase after loading is fundamental, as it permits the completion and the
stabilization of the strain induced crystals formed during heating, and that will be responsible for

the successive cooling®.
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Figure 59 Cyclic tests for NR/GTRD800: a) Stress-strain curves b) Difference in temperature respect deformation.

Even in these tests there is the confirmation that NR/GTRDO have better reinforcement respect the
other materials, but in this case, it possesses also higher AT during heating. We define ATmax as the
maximum difference in temperature experienced during heating, and ATmin as the maximum difference
in temperature experienced during cooling. Starting from these 2 values we can than define an overall

difference in temperature experienced by the material during the entire cycle as:
ATspan = |ATmax | + [ATmin | (31)

The values of these parameters are displayed in Figure 60, together with mechanical energy dissipated
by the material Em, calculated using the same method reported in section 5.1.2. with equation (28).
The heat dissipated is related to the fact that crystallization and melting of the latter is not a symmetric
process*. We remember that, as these blends contain 20 phr of GTR and the average content of CB in
the GTR is around 38%, the weight fraction of CB in the NR/GTRD800 should be around 8%, which is
probably still a low content for having a sensible improvement of the thermal conductivity of the NR,
and consequently a good heat dissipation of the material during the cycle. Blends with higher
percentage of filler should tested to observe the influence of CB in the elastocaloric properties as a

thermally conductive filler achieving a higher heat dissipation.

From the graphs in Figure 60 is evident that in the NR/GTRDO sample we observe the higher difference
in temperature, while the lower difference is observed for NR/GTRD800_1 and NR/GTRD800_5. In this

case, even if the GTRD800_1 showed higher cross-link density, it shows lower AT respect the other
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materials, meaning that the crystalline phase formation is probably not efficient as for the other
blends.However, the lower AT of NR/GTRD800_1 and NR/GTRD800_5 is compensated by a lower heat

dissipation, and this will affect the final performance of these blend, as we will see in the next section.
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Figure 60 Cyclic test for NR/GTRD800: a) Maximum difference in temperature during heating b) Maximum difference in
temperature during cooling c) Maximum difference in temperature during the entire cycle d) Mechanical energy dissipated
during the entire cycle
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5.3.3. Coefficient of performance of NR/GTRD800 blends

Is possible to have an estimation of the efficiency of these blends for potential heating/cooling
applications, calculating a coefficient of performance of the materials COPmat which is defined as:
+ _ —
COPpgt = u (32)
Em
Where Q" - Q'is the amplitude of heat exchanged during heating and cooling and E., is the mechanical

energy dissipated, that we already introduced.

A simplified expression can be used, assuming fully adiabatic conditions, which in this case can be
assumed due to the high strain rate, and it is expressed as:

_P CATspan

COPpgr =~ i (33)
m

Where pC is the product of the density and the heat capacity of the material*®, which is equal to 1,75
MJ/m3K.
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Figure 61 COP of NR/GTRD800 at different devulcanization times.
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From the values calculated for the different blends (Figure 61), we observe that the higher COP . is obtained for
NR/GTRDS800_1, equal to 3,58, and NR/GTRD800_2, equal to 3,6 . Even if these materials showed lower ATspan, they
perform better as they have less energy dissipation. NR/GTRD800_1 showed same AT in tensile and cyclic test (12°C).

However, we observe that the values obtained for the other materials, even if lower, are very similar, with lowest
COP equal to 3,33, for NR/GTRD800_3. The fact that 3 blends with devulcanized GTR performed better than the one
with non-devulcanized GTR means that the devulcanization process can have a positive effect on the elastocaloric
properties of NR/GTR blends.

In order to employ these materials for real heating/ cooling systems, they will need to resist to a high number of
cycles without rupture, and for this reason a study on the fatigue behaviour of these blends will be fundamental to

understand their true potential.
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Conclusions

The aim of the work was to find an efficient method to recycle the waste of rubber coming from tyres (GTR),
incorporating the material in natural rubber matrixes, to create blends with high added value for heating and cooling

applications.

We first investigate the effect of the GTR on the ability of the natural rubber matrix to crystallize under strain. In situ
WAXS experiments confirmed the expected effect in SIC of the filler introduction in NR matrix. With increase in GTR
content a decrease in the onset of crystallization is observed during tensile loading. The effect of the GTR on
mechanical reinforcement is more pronounced at temperatures at and above room temperature. Also, the GTR
particles had positive effect in increasing the fracture temperature of the NR/GTR blends during heating at fixed

extension, suggesting their capability in deviating the crack propagation.

As an intent to optimize the interfacial properties between the natural rubber matrix and the GTR particles, the GTR
particles have been devulcanized and the blend further re-vulcanized using sulphur. Microwave devulcanization of
GTR particles had variable effect in their cross-link density, depending on the time and the power used. The decrease
in cross-links is more pronounced for devulcanization time higher than 2 minutes, and for the highest output energies
evaporation and decomposition processes were observed. The increase in temperature of the particles seemed not

correlated with the degree of devulcanization of the material.

The elastocaloric effect of the NR/GTRD blends was studied during tensile cycles at high strain rate by using the
infrared thermography technique. Introduction of GTRD devulcanized with 800 W in NR matrix changed sensibly the
elastocaloric properties of the blend, with different effects depending on the type of loading. From tensile tests we
didn’t observe a strong effect of the devulcanization in the difference in temperature experienced by the blends,
even if the NR/GTRD800_1 experienced the highest AT of 12 °C.

In cycling loading, NR with non-devulcanized GTR showed higher AT (15°C) respect the other blends. However, the
higher amount of heat dissipated lowered its efficiency as material for heating and cooling systems. The higher
coefficient of performance was observed for NR/GTRD80O treated at 1 and 5 minutes, showing potential

improvement thanks to the devulcanization process.
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