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Abstract. The strain-induced crystallization and elastocaloric properties of various natural rubber (NR)/ground tire rubber
(GTR) blends, comprising waste particles of diverse sizes and contents, were investigated. The decreasing inter-distance
between particles in conjunction with their increasing content as studied by micro-computed tomography (LCT) as well as
the inter-melling between GTR and NR matrix were observed. It resulted in a strain localization in the NR matrix at the
GTR and NR interface at the origin of mechanical reinforcement upon tensile deformation. In addition, GTR particles were
found to show a nucleating ability on strain-induced crystallization (SIC) and elastocaloric properties independently of the
particle size. The strain localization was found to relate to a localization of the temperature field, suggesting localization of
the elastocaloric effect in NR/GTR blends. The evidence of such heterogeneities would be of interest for the proper design
of elastocaloric waste-based rubber composites for heating/cooling applications.
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1. Introduction emission of green-houses gases [1]. Conventional
The regulation of the increase of the temperature on  vapor-compression technology has dominated heat-
the surface of our planet requires the development ing/cooling/refrigeration (H/C/R) applications but
of sustainable energy technologies that limit the uses toxic gases (carbon dioxide, ammonia) and
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refrigerants (hydrofluorocarbons) that contribute to
the greenhouse effect [2]. Solid-state caloric systems
based on magnetocaloric (MC), electrocaloric (EC),
barocaloric (BC), and elastocaloric (eC) technology
are promising candidates for replacing vapor/com-
pression systems in urban environments [3]. Within
the last decades, several publications on the MC ef-
fect [4], the EC effect [5], the eC effect [6] and the
BC effect [7] renewed interest in heating/cooling
technology.

Nonetheless, caloric materials do not fully assess the
environmental question, are expensive and prone to
supply shortages as they require rare-earth elements
(e.g., Gadolinium (Gd), Neodymium (Nd), or
Praseodymium (Pr)) [8]. Hence, new eco-friendly
caloric materials still need to be developed. Among
the above-mentioned existing caloric systems, eC
cooling technology is an encouraging green alterna-
tive [9]. The specificity of eC materials is their ability
to generate heating/cooling upon deformation due to
entropic elasticity and strain-induced phase transition.
However, the main limitation for these materials, like
shape memory alloys (SMA’s) [10], is the huge
amount of mechanical energy necessary to initiate
phase transition (hundreds of megapascals), thus lim-
iting their efficient usage in commercial applications.
To overcome SMA’s efficiency limitation in heat-
ing/cooling applications, giant elastocaloric rubbery
materials such as polyurethane (TPU) [11] or natural
rubber (NR) [12] can be used owing to their crystal-
lization ability [13, 14], usually found higher as com-
pared to other synthetic rubbers [15, 16]. Reinforcing
fillers commonly incorporated into NR, such as car-
bon black fillers [17, 18], silica [19], graphene ox-
ides [20] or clay [21], are known to act as nucleating
agents for promoting strain-induced crystallization
(SIC) in NR-based composites. Mechanical proper-
ties of NR-based materials containing waste rubber,
such as waste chloroprene rubber (CR) [22], waste
latex [23] or tire wastes [24] have also been exten-
sive. The nucleation ability of the wastes (type GTR)
on SIC of NR had been identified by direct in-situ
X-rays measures [25] and indirect infrared thermog-
raphy [26]. All these NR-based materials hence
show promising elastocaloric properties.

Among the class of caloric materials, natural rubber
exhibits unique properties such as bio-based nature,
softness, cheapness, biodegradability and recyclabil-
ity, simultaneously suitable for solving engineering
and sustainability issues in heat pump applications.

It was suggested that the temperature rises at NR sur-
face upon rapid loading was ascribed to the strain-
induced crystallization as shown by X-rays [27]. The
occurrence of SIC in NR was modeled by Flory [28],
which served as a basis for the development of more
recent approaches such as micro-mechanical [29, 30]
or phase field modeling [31].

The elastocaloric effect (eC) in natural rubber, most-
ly originating from SIC, is widely investigated [32,
33, 12, 34], by optimizing and understanding the ef-
fect of pre-stretching and cycling, [32] of the strain
rate and temperature [34]. The strain-induced crys-
tallization kinetics of natural rubber can be modified
by imposing diverse pre-strain, having a direct con-
sequence on the kinetics of the eC effect. For in-
stance, from a pre-stretch of 300 to 600%, the char-
acteristic crystallization time was found to decrease
from several hundred milliseconds to a few decades
of milliseconds [35]. In terms of elastocaloric appli-
cations, the temperature at the NR surface can hence
be modified quickly up to a decade of degrees. In
addition, NR, as soft material, requires weak me-
chanical energy to induce eC effect, which is found
two orders of magnitude lower than in caloric shape
memory alloys, making this material a promising
candidate for suitable heat pump applications.

In spite of its bio-based nature and degradability, nat-
ural rubber is a highly demanded material extracted
from the Hevea tree that still does not fully comply
with ecological demand. While other sources of NR
had been recently proposed, such as Dandelion or
Guayule, its partial replacement by waste rubber can
be chosen as an alternative ecological option [36,
37], while the preparation of composites incorporat-
ing wastes can show some limitations in terms of
mechanical performance. Nonetheless, the use of
waste rubber with SIC abilities, [22, 23], in an NR
matrix improves the mechanical reinforcement of the
resulting composite. While not directly shown by the
in situ wide angle X-rays scattering (WAXS) tech-
nique, such reinforcement was assumed to be due to
their enhanced SIC ability.

In spite of such promising SIC ability and possible
resulting eC effect in the above-mentioned natural/
waste rubber blends, these rubber composites incor-
porating wastes were rarely used as candidates for
heating/cooling technologies. Among the rare pub-
lished works, the barocaloric effects in natural/waste
rubber blends have been characterized [38]. In pre-
vious works, we also prepared peroxide vulcanized
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natural rubber (NR)/ground tire rubber (GTR) com-
posites by combining mechanical testing and in situ
WAXS [25]. It was found that the incorporation of
GTR into the NR matrix led to reinforcement at large
strains at room temperature attributed to (i) the pres-
ence of the GTR particles acting as reinforcing fillers
and (ii) the nucleating effect of the GTR for SIC in
the NR matrix. The elastocaloric effect in the same
materials was then characterized by combining in
situ infrared thermography and a thermodynamic
frame [26]. Beneficial eC effect has been shown for
the vulcanized natural/waste rubber blend up to
20 wt% of wastes, as compared to the pristine vul-
canized NR. It was ascribed to increased strain local-
ization and an improved latent heat due to the nucle-
ation effect of the GTR particles on SIC in NR.
However, no observation of the heterogeneities of the
waste particles in relation to the elastocaloric response
of the resulting composite had been conducted. One
may note that such work has been extensively done
in metallic materials. As non-exhaustive examples,
heterogeneities in the strain field and their response
have been studied to identify plastic mechanisms in
metallic materials such as Portevin—Le Chatelier plas-
tic instabilities [39], the local grain deformation in
polycrystalline metals [40], or anisotropic temperature
field in oriented materials [41]. Heterogeneities in
temperature rise had also been observed in polymeric
systems, namely granular TPUs in the contact zone of
the grains due to high-stress concentration [42].

In this paper, we aim to investigate the heterogeneities
of a wide variety of vulcanized NR/GTR blends con-
taining wastes GTR particles with diverse average
sizes and content. The heterogeneities of the waste
particles structure, as well as heterogeneities in the
resulting NR/GTR composites, were exanimated and
their influence on crystallization ability and elas-
tocaloric effects were discussed. In particular, the
presence of waste rubber particles was found to
modify the temperature field during both heating and
cooling, from a ligament type feature to a sea island
type feature showing temperature fluctuations that
we state to be ascribed to strain localization in the
regions near the reinforcing waste particles.

2. Materials and experiments

2.1. Materials and processing

The NR of this study is an SMR (Standard Malaysian
Rubber) CV60 (Mooney viscosity ML 1+4, 100°C:
55-60), supplied by the company Akrochem (USA),

with 0.15% of hydroxylamine added to the latex stage
to prevent the raw rubber stiffening while storing.
GTR was supplied by the company J. Allcock & Sons
Ltd (United Kingdom) using the transformation of
used tire buffing into finer rubber crumbs via a con-
trolled cryo-grinding. GTR is composed of rubber
(85 wt% of natural rubber, and 15 wt% of styrene bu-
tadiene rubber) and carbon black (CB). It also con-
tains additives from sulphur vulcanization (see scan-
ning electron microscopy and energy dispersive
X-rays spectroscopy — SEM-EDX images in [43]).
The GTR crumbs are free of contaminants such as
textile, metal and road dirt. The GTR particles were
subsequently sieved using a vibratory sieve shaker
(Analysette 3, Germany) with a different mesh size of
80 (size <180 um), and 120 (size <125 um), and 230
(size <63 um). The quantity of CB may vary depend-
ing on the collected sizes. Thermogravimetry analysis
(TGA) and derivative thermogravimetry (DTG)
curves of the GTR were provided in [43] and suggest-
ed that the non-rubber components (mostly CB frac-
tion) may reach a mass fraction of 45 wt%. Before
processing, the GTR particles were dried overnight in
a vacuum oven (Vaciotem-TV, J.P. SELECTA®,
Spain) over silica gel at 70 °C to prevent humidity ab-
sorption. The natural rubber was masticated inside the
chamber of an internal mixer (Brabender Plasti-
Corder W50EHT, Brabender GmbH & Co., Germany,
volume chamber 55 cm?) at a temperature of 80°C,
for 5 minutes and a rotation speed of 40 rpm. After
5 minutes of mastication, the GTR was added. After
5 more minutes the vulcanizing agent dicumyl perox-
ide (DCP) was added (1.5 wt% of the NR) and mixed
for 5 minutes. The masterbatch containing NR, GTR,
and DCP was vulcanized according to the estimated
optimal time at 170 °C [44] under 4 MPa. In order to
perform the tensile tests, dogbone-shaped specimens
with a 1 mm thickness, 4 mm width, and 15 mm
length were extracted from hot molded sheets by die-
cutting with a specimen preparation punching ma-
chine (CEAST). Table 1 gives the composition and
properties of the prepared materials.

2.2. Micro-computed X-ray tomography
(nCT)

3D morphological information of GTR was obtained

by micro-computed X-ray tomography (LCT) carried

out by a RX Solutions EasyTom 160 scanner using a

tungsten filament. An acceleration voltage of 40 kV

and a current of 80 pA were employed with a frame
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Table 1. Specimen nomenclature, composition and thermal
properties at room temperature.

Natural | Ground tire | Mesh size of
Sample code rubber rubber the sieve
[wt%l] [wt%] [1/inch]
NR 100 0 -
NR/GTR10 120’s 90 10 120
NR/GTR20 120’s 80 20 120
NR/GTR33 80’s 67 33 80
NR/GTR33 120’s 67 33 120
NR/GTR33 230’s 67 33 230

rate of 1.5 while averaging five frames per projection.
A full rotation (360°) was used with projections taken
every 0.25°. The source-to-object-distance (SOD)
and source-to-detector-distance (SDD) were set to
obtain a voxel size of 2 um. The 3D volume recon-
struction of the projections was generated by the soft-
ware Xact64. Image treatment and analysis were per-
formed with the commercial software Avizo (Thermo
Fisher Scientific). The inherent noise of the acquired
images was reduced by means of a median filter.
Then, GTR particles in the images were binarized by
thresholding the grayscale histogram. A watershed al-
gorithm was used for separating close objects. Next,
elements represented by less than 3 voxels were re-
moved to decrease uncertainties due to their limited
geometrical representation. This procedure enabled
a spatial resolution of 7 um, corresponding to the
smallest object detected with accuracy. Finally, the
binarized objects were characterized firstly by their
inter-particle distance, which is determined by the
computation of the Euclidean distance map of parti-
cles, and secondly by the particles’ equivalent diam-
eter (Deq) defined as Equation (1) [45]:

D=/ )

where V corresponds to the volume of the particles.

2.3. Atomic force microscopy (AFM)

Images of the topography and nanomechanical prop-
erties of the samples were acquired using the AM-
FM mode of the MFP-3D Infinity AFM (Asylum
Research). All measurements were made under am-
bient conditions (room temperature and relative hu-
midity of about 50%) and a standard cantilever hold-
er for operation in the air was used. Images with an
area of 20x20 pm? or 5x5 um? were taken with a
resolution of 512x512 pixels at a scan rate of 2 Hz.
Cantilevers’ spring constants used in this study were

about 30 N/m (AC160TS-R3 model from Olympus).
The first and second resonant frequencies for
AC160TS-R3 cantilever were about 280 kHz and
~1.6 MHz, respectively. A relative calibration method
was done to estimate the tip radius using a dedicated
reference samples kit supplied by Bruker (Model:
PFQNM-SMPKIT-12m). The deflection sensitivity
and the spring constant of the cantilever were deter-
mined using the GetReal™ Automated Probe Cali-
bration feature. The tip radius was adjusted to obtain
the proper value of 2.7 GPa for the polystyrene ref-
erence. To ensure repulsive intermittent contact mode,
the amplitude setpoint was chosen as Asetpoint/
A0 ~ 0.20 so that the phase was well fixed below 90°.

2.4. In-situ wide angle X-rays (WAXS)

A miniature tensile test machine was used to record
2D-WAXS patterns from specimens subjected to
tensile strains at 10 mm-min~'. Tensile test bars with
a 0.5x4 mm? rectangular cross-section and 5 mm
gauge length were prepared. The experiments were
carried out owing to a Xeuss 2.0 apparatus (Xenocs)
and the two-dimensional X-rays scattering patterns
were recorded by a Pilatus 200k hybrid pixel detec-
tor (Dectris) with a specimen-detector distance of
140 mm. The experiments were performed in trans-
mission mode with a beam size of 500 umx500 um.
During the tensile deformation, X-rays patterns are
recorded, each of them results from an exposure of
30 seconds to the X-rays beam, corresponding to the
recording of a scattering pattern every 5 mm of dis-
placement of the specimen. The measured diffracted
X-rays intensity collected on the 2D detector must
be corrected from the presence of air scattering, di-
rect beam scattering and scattering variations due to
changes in the specimen thickness. The intensity /4
due to air scattering and direct beam were measured
in the absence of any sample. It was removed from
the measured intensity scattered in the presence of
the material Imeas. The corrected scattering intensity
Icorr is written: I = Imeas — 11q With T, the trans-
mission factor is equal to e ¢, p is the coefficient of
transmission and e the thickness of the specimen. As-
suming conservation of the specimen volume during
tensile deformation, a longitudinal deformation of
1 + A, with A the stretching ratio results in a reduction
of its width and thickness of 1/A"2. Hence the thick-
ness of the specimen, e, is equal to ey/A"?. Each scat-
tering pattern was integrated azimuthally (radial di-
rection 0 of the scattering pattern). The deconvolution
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of the curve / = f{20) enabled the extraction of the in-
tensity at the peak top and the width at half height
of each crystalline peak, and the intensity at the peak
top of the amorphous phase. The crystallinity index
CI was then determined as Equation (2):

cr=15%7 @)

where /. and /, are the intensity of the crystalline and
amorphous peaks respectively.

2.5. Tensile tests with in-situ infra-red
thermography measurements

Incremental uniaxial tensile tests have been per-
formed up to various strains up to failure, at the
speeds of 14 mm-s~!. The specimens have a gauge
length of 15 mm, so the nominal strain rate was esti-
mated equal to 5.6-10! min~!. The tension testing ma-
chine is an electromechanical Zwick 2.5 kN equipped
with a load sensor of 100 N. During the tests, the
sample temperature was recorded by means of an in-
frared camera which is a Cedip Silver (Flir). The in-
frared sensor is 320%240 pixels, and the spatial reso-
lution is 620 um per pixel. The camera was turned
on at least 3 hours before the tests such that its inter-
nal temperature stabilizes. The acquisition frequency
is 25 Hz. The (non-uniformity correction of the cap-
tor (CNUC) was used with a homemade calibration.
The corresponding polynomial, unique for all pixels,
is T(DL)= -7.8827-10'+ 2.3105-102-DL -
—1.5942:10° DL?+4.2811-107!! DL?, where DL
stands for digital level. Because of the large defor-
mations imposed on the samples, a motion compen-
sation technique was used in order to obtain the tem-
perature at the sample center during the duration of
the tests. This was achieved by computing a marker
tracking algorithm on the infrared images. A specific
target with a high emissivity contrast was fixed to
the moving clamp. At the initial state of the tests, the
coordinates of the edges of the clamps were manu-
ally set using the contrast between the clamps and
the background. The distance between the target and
the edge of the moving clamp was assumed constant.
The horizontal coordinate of the center of the sample
was also assumed to be constant. At each time (or
image) the vertical coordinate of the center of the
sample was computed to correspond to the mid-dis-
tance between the clamps.

2.6. High-resolution infra-red thermography
measurements

Room temperature uniaxial tensile tests were per-
formed on a universal testing machine Zwick/Roell
(Z005) equipped with a 5 kN force sensor. The cross-
head speed during the loading and unloading phases
was chosen to equal 3000 mm-min~!, corresponding
to a nominal strain rate of 2-10> min~! according to
the specimen dimensions (15 mm length). The rubber
specimens were stretched up to a deformation of
500% followed by a relaxation step in the deformed
state for one minute. After the relaxation step, the
specimens were unloaded with the same nominal
strain rate of 2-10?> min~! down to the relaxed state
(zero force), followed by another relaxation for one
more minute. The temperature field on the front face
of the samples was recorded using an Infra-red cam-
era (InfraTech ImageIR® 8800) equipped with a mer-
cury-cadmium-telluride (MCT) detector with a tem-
perature resolution at 30 °C higher than 0.035 K. The
distance between the IR camera and the specimen was
chosen to be sufficiently close (60 mm) to ensure a
spatial resolution sufficiently high, allowing to record
images with fine pixel size (15 um). The size of the
observation zone is 64x64 pixels® (1x1 mm?). Image
data was synchronized with analogical data of the ten-
sile test machine, namely time, force and displace-
ment between the grips. The acquisition frequency of
the IR images was chosen equal to 100 Hz in order to
capture fast temperature changes that may occur with-
in the different phases of the tests. These frequencies
are high enough to ensure a sufficiently low strain in-
crement between two images during the loading
and/or unloading (maximum of 8% of deformation)
or sufficiently fast acquisition time during relaxation
steps (10 ms). The IRBIS 3.1 professional software
(InfraTech ImageIR® 8800) was used to extract punc-
tual temperature values along the specimen longitu-
dinal axis. The central part of the specimen where the
temperature data was extracted shows a rather homo-
geneous temperature field at the mm scale.

3. Results and discussion

3.1. Morphological and nanomechanical
properties

Ground tire rubber particles (GTR) sieved with dif-

ferent mesh sizes (Table 1) were mixed with natural

rubber (NR) from 0 to 33 wt% and vulcanized under
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hot press. 3D representative tomography images of the
obtained vulcanized NR/GTR composites (Figure 1a)
were performed for each type of blend to quantify
the size distribution of the GTR particles (Figure 1b)
as well as the distribution of their inter-distance
(Figure 1c). The average inter-distance between par-
ticles widely decreases while increasing the quantity
of waste particles (Figure 1d) due to a spread toward
smaller values while increasing the GTR content.
The slight decrease in the measured average particle
diameter while increasing the waste quantities in the
blends is consistent with the absence of particle ag-
glomeration that could have resulted from blending
and/or curing. While increasing the sieving size, the
equivalent diameter distribution is found to broaden
to larger values (Figure 1¢). As a result, the median

equivalent diameter significantly increases. Contrar-
ily, the median average inter-distance between par-
ticles is found to be almost invariant with the sieving
size (Figure 1e). The effect of GTR particle size dis-
tribution and inter-distances on tensile properties
will be presented in the following.

To get deeper insight on internal and interfacial het-
erogeneities in the waste rubber particles properties,
AFM experiments were performed on the NR/GTR
blends. Interfaces between matrix and GTR particles
are clearly seen in phase (Figure 2a) and modulus
cartographies (Figure 2b). GTR particles on the bot-
tom present a low phase (dark gray) and higher mod-
ulus (yellow) than the NR matrix. In some images,
the interface seems to be continuous, with a probable
intermelling of the NR matrix with the GTR particle,

Tf g B 125 pm 10 wt% M 125 um 10 wt% B 125 um 33 wt% | | B 125 pm 33 wt%
\ y l,j B 125 pm 20 wt% M 125 um 20 wt% B 63 um 33 wt% B 63 um 33 wt%
\ / m 125 um 33 wt% W 125 um 33 wt% 200 um 33 wt% | 200 um 33 wt%
b &£ &£
w7 = =
L7 =20 um 3 3
NR/GTR10 125's O O
0 um b) Inter-distance [um] Equivalent diameter [um] c) Inter-distance [um] Equivalent diameter [um]
25 5
i -@ Median equivalent diameter i -@ Median equivalent diameter
i LI Median inter-distance i LI Median inter-distance
) 20 + 01
W =20 um - L
NR/GTR33 125's B B
L & -". “ e - iz
% E 154 E 54
i = - =
0] - s |
© o ° |
£ £
e B ol B
0'iim [s] 1O_j a O_j
8= 514
O_IIIIIIIIIIIIIII [ O_\II\{IIII}III\IIII!II
NR/GTR33 200’s 0 10 20 30 40 0 50 100 150 200
a) d) Waste rubber [wt%] e) Sieving size [um]

Figure 1. a) 3D representative tomography images of the NR/GTR composites detailed in Table 1, b) distribution of inter-
particles distances and equivalent diameter distribution for the composites with different contents of waste rubber
particles, c¢) distribution of inter particles distances and equivalent diameter distribution for composites containing
waste rubber particles of different average sizes, d) median equivalent diameter and median inter-distance of the
composites with different contents of waste rubber for particles sieved at 120 mesh size (size < 125 um), and
e¢) median equivalent diameter and median inter-distance of the composites containing waste rubber particles of
different average sizes, for particles content of 33 wt%.
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a)

Modulus

Figure 2. a) Phase contrast images and b) nanomechanical properties of the samples acquired under ambient conditions
(room temperature and relative humidity of about 50%). The first and second resonant frequencies for topography
measurements were about 280 kHz and ~1.6 MHz for the measurement of the modulus, respectively.

as can be seen on modulus cartographies (Figure 2b
top) where the rubber from the matrix and inside the
GTR particles appear with high phase (in white) and
associated with low modulus (brown). Micron-sized
particles present in the NR matrix are most probably
related to talc particles arising from the grinding
process and dispersed in the matrix during the mix-
ing step. Nano-sized carbon black aggregates are
seen in the GTR particles, associated with dark phase
contrast and high modulus. These aggregates seem to
be of different sizes and densities depending on the
observed GTR particle, as they appear with different
contrast in phase images and modulus cartographies.
However, there is no clear evidence of carbon black
aggregates outside the GTR particles. Micron-sized
particles are also seen in the GTR particles, likely

arising from residues of the vulcanization process in
the pneumatic tire, such as ZnO/Zn stearate.

Strikingly, a difference in phase contrast in the rub-
ber phase of the waste particles is observed. It may
result from different types of vulcanized rubber in
the waste particles, namely ‘soft’ and ‘hard’ seem to
appear and can clearly be identified by plotting the
modulus distribution (Figure 3a) and the modulus
profiles (Figure 3b), where the ‘soft’ particles appear
in blue and ‘hard’ particles in red, and the natural rub-
ber matrix is plotted in green. This may be related to
the binary nature of the GTR particles, which likely
contain a major proportion of NR and a minor pro-
portion of SBR. Both have different degrees of unsat-
uration, which may result in a possible uneven dis-
tribution of crosslinks [46]. Moreover, the NR/SBR
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composition had been confirmed previously by
thermogravimetric analysis (TGA) [47]. The report-
ed values of elastic modulus, or so-called effective
elastic modulus, allowed to measure heterogeneities
in other types of nano/micro-composites such as
shale material [48] or in micrometric materials such
as phase change materials (PCM) [49]. In addition,
one may note that the high values of room tempera-
ture elastic modulus are due to the high resonant fre-
quency ~MHz that affects the mechanical response
of the elastomers, which tend to behave as if they
were probed at a lower temperature (glassy state).

The three populations, NR matrix, ‘soft’ GTR, and
‘hard’ GTR, are reported (Figure 3¢) where the mod-
ulus of rubber phase in the GTR and the carbon
black aggregates could have been separated from the
clear variations of the modulus profiles in the GTR
that show a maximum when passing through CB and
minimum value when passing through rubber ma-
trix. Finally, the increasing elastic modulus in NR,
NR/SBR matrix of the GTR and CB in the GTR in
the rubber phase, respectively, is supposedly bene-
ficial to distribute the stress while the NR/GTR com-
posite is subjected to a large strain, and hence would
participate in the deformation mechanisms such as

5i

P s

0 15 3 o 5 10 15
Modulus [GPa] Profile [um]

Counts [-]
E, e [GPa]
o
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E,ru [GPa]
o . N
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strain-induced crystallization or elastocaloric effect
as will be investigated hereafter.

3.2. Slow strain rate tensile properties and
strain-induced crystallization

Vulcanized NR and NR/GTR composites containing
GTR with various sizes and weight fractions were
processed. Slow strain rate tensile tests at room tem-
perature using in-situ WAXS (Figure 4) were per-
formed. Tensile tests show hyper-elastic behavior. A
large strain reinforcement is seen at a large strain be-
fore the failure of the materials (Figure 4b, 4d). The
gaussian approximation describes the entropy changes
upon loading that results in an elastic force, written
in a simplistic form, as Equation (3) [50]:

E, 1

0,= 2| A% 3

=53] ©
with E. = 3vRT, E. is the elastic modulus of the re-
sulting composite, v is the network chains density
[mol-cm™], R =8.314 J-K~!-mol ™, is the gas constant,
T the temperature [K], and A, = 1 + ¢ the strain. The
experimental stress-strain curves follow the Gauss-
ian approximation up to a critical strain of around
200%. Above such critical strain, the experimental

2.5
® GTR matrix
® GTR carbon black
® NR matrix
2.0 -
1.5 =
w
o
<)
g
z
i
1.0 =
0.5
0.0 I
Matrix GTR soft GTR hard

c)

Figure 3. a) Distribution of the elastic modulus extracted from the 2D modulus cartographies shown in Figure 2b, b) profiles
of the elastic modulus for selected sections extracted from the same 2D modulus cartographies (the red lines in
Figure 2b from red point to green point), ¢) the reported values of elastic modulus (Eam.pm), or so-called effective
clastic modulus estimated from the different regions of the specimen tested, where ‘soft’ and ‘hard’ represent dif-

ferent regions in the waste rubber particles.
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curve deviates from the Gaussian approximation,
suggesting a non-Gaussian reinforcement, likely due
to chains limit extensibility and/or SIC. SIC had in-
deed shown to occur in our composites, as illustrated
by the occurrence of typical SIC features as observed
during in situ WAXS (Figure 4a). The 2D-WAXS
patterns show the progressive appearance of crys-
talline plane reflections (002), (200), (120) and (210)
of the monoclinic crystal structure [51] with the
chains axis oriented in the tensile direction. This in-
dicates a transformation from an isotropic amor-
phous phase in the undeformed state to an anisotrop-
ic semi-crystalline phase in the deformed state. The
WAXS crystallinity index (Equation 2), suggests the
appearance of a crystalline phase at around 300% of
deformation for the vulcanized NR (Figure 4c). The
crystalline phase appears at a lower strain in the
NR/GTR composites which indicates a nucleation

ability of the GTR particles on SIC. The such nucle-
ating effect is likely due to (i) the increase of GTR
fraction as a reinforcing phase and (ii) the decrease
of inter-distance GR particles, both contributing to the
increase of strain localization in the natural rubber at
the origin of SIC and then mechanical reinforcement.
Contrarily, the modification of the GTR particle size
from sieving while maintaining the GTR content ap-
pears to play a small role in both crystallization and
mechanical reinforcement (Figure 4d, 4e). This is
consistent with the invariance of the inter-distance
between GTR particles while varying particle sizes
(Figure 2), as the latter controls the level of strain
localization in the regions that connect the GTR
particles. One may note, however, that the limita-
tion of uCT at the micron scale impedes fully de-
tecting the inter-distances at the nanometric scale,
where highly stretched regions may connect the
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Figure 4. a) 2D WAXS patterns of the NR and NR-GTR composites at the deformation of 500% and after subtraction of the
direct beam, b), ¢) room temperature stress-strain curves of NR and NR/GTR composites. The dotted lines are fits
from Gaussian behavior (Equation (3)). d), e) Crystallinity index calculated from Equation (2) for the same series

of materials.
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particles, as predicted in the case of carbon black-
filled rubber [52, 53]. Nonetheless, they should con-
trol the occurrence of only a limited fraction of the
crystalline phase and hence marginally participate in
mechanical reinforcement related to SIC.

3.3. High strain rate tensile properties and
elastocaloric effect

In the previous section, we have suggested that the
concomitant increase in GTR fraction and decrease
in their inter-distance localizes the strain into the NR
matrix and hence participate in the nucleation mech-
anisms of SIC and subsequent mechanical reinforce-
ment. In this section, the effect of these particles on
the elastocaloric effects (Figure 5 and Figure 6) and
their possible spatial distribution (Figure 7) are stud-
ied. First, incremental cyclic tests were performed at
a high strain rate (5.6-10' min") so that near-adiabatic
conditions were reached, and temperature changes
were measured on the surface of the specimens by an
infrared camera. Cyclic tests are chosen as it gives
access at the same time to two SIC signatures through
(1) mechanical energy dissipation and through (ii) the
heating/cooling arising from the latent heat of crys-
tallization/melting during loading/unloading. For
both approaches, the contributions to both mechan-
ical dissipation and heat exchanges of deformation
mechanisms other than strain-induced crystalliza-
tion/melting must be evaluated. It has been shown that
most of the mechanical hysteresis arising from cyclic
tensile tests in natural rubber originates from SIC
[54, 55]. More specifically, strain-induced crystal-
lization starts at a strain, A., during loading, and com-
plete melting occurs at a strain, Ay,. Ay, is always found
lower than A, due to what we call the superstraining
effect [56]. This superstraining effect is analogous
to the well-known supercooling effect occurring dur-
ing thermal crystallization, where the melting tem-
perature, 7y, is higher that the crystallization temper-
ature, T.. Damage induced by cavitation and strain-
induced crystallization in filled natural rubber are two
competitive mechanisms [57, 19]. However, damage
in NR/GTR blends is expected to be less present as
compared to conventional industrial-filled rubber
[58, 59] where the volume fraction of cavities can be
measured up to 50%, concomitantly occurring with
a dissipative thermal signature [60, 61]. Damage
mechanism via cavitation is expected to be negligi-
ble in our materials due to the relatively low amount
of carbon black, with a maximum of 7.8 vol% in the

case of NR/GTR33. The calculation of the value of
7.8 vol% can be found in a previous publication
(Table 1, [26]).

The temperature rise on a rubber specimen surface
generated during rapid loading has been shown in
the case of vulcanized NR [34]. Like the vulcanized
NR, in the vulcanized NR/GTR composites, it can
be induced by thermoelastic effects, crystallization
or viscosity. The contribution of thermoelastic ef-
fects to heating temperature, 0y,., can be estimated
within the frame of the Gaussian approximation
(Equation (4)):

A
__T _[(29
eth—e— - pCpJ(a_f)kd?“ (4)

where o, is given by Equation (3). From the work of
Guth [62]. p [g-em ] and C, are the density and spe-
cific heat capacity [J-g~'-°C~'] of the materials re-
spectively. Equation (5) results in an expression of
the temperature change that accounts for the local
strain of the natural rubber matrix, Ajoca1, (€xpectedly
higher that the macroscopic strain, A, in presence of
undeformable carbon black particles) (Equation (5)):

eth—e = QYpRCY’;) (A‘%ocal + x2 - 3) (5)

local

where the parameter vRT had been defined above in
the explanation of Equation (3). The estimate of the
local strain, Ajocal, had been estimated previously for
each type of blend and can be found in previous work
[26]. In vulcanized NR, the dissipated energy had
been found to be essentially related to SIC, as no hys-
teresis had been detected before SIC initiation [54].
In this study, we decided not to express this term for
the sake of simplicity, and its contribution may be
implicitly involved in the thermoelastic term. This
suggests that the viscoelastic effect may intervene in
the calculation of the elastic modulus (as a result, for
instance, of additional trapped entanglements due to
a high strain rate). Like for the single tensile tests,
cyclic tests were fitted with Gaussian approximation
(Figure 5a) and the temperature by approximation of
thermoelastic effect (Figure 5b). The experimental
temperature rise is found to deviate from the ther-
moelastic contribution at the critical strain of around
300% for vulcanized NR. It is found below 300%
for the vulcanized NR/GTR blends (Figure 5b). It oc-
curs simultaneously as compared to the deviation of
the experimental mechanical response from the
Gaussian behavior (Figure 5a). The subtraction of
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Figure 5. a) Stress strain curve for incremental cycles. The cyclic test consists in a series of 5 cycles performed at incremental
strain (3 in total) and for each cycle the mechanical hysteresis is characterized by the area between loading and
unloading curves. The red continuous line represents the fit for gaussian behaviour. b) Temperature changes ob-
served on the specimen surface during the cyclic test. The temperature at the beginning of each cycle has been ad-
justed to room temperature for sake of simplicity. The red continuous line represents the temperature rise induced
by thermoelastic effects as estimated from Equation (5). ¢) Crystalline fraction measured from the changes in sur-

face temperature and from Equation (6).

the thermoelastic effects on the total heating allows
us to quantify the heating associated with SIC 0, =
0 — Othe. The volume fraction of strain induced crys-
tals is then given by Equation (6) [63, 26]:

GX .

*=PG (1= @¢)AH,, ©
where p and C, are the density and specific heat ca-
pacity of the materials, respectively. AH,, =
61 MJ-m~ the melting enthalpy of vulcanized NR
[64] and of is the volume fraction of carbon black
fillers. Equation (6) accounts for the crystalline frac-
tion that is corrected to the presence of carbon black
particles, hence only considering the rubber fraction,
1 — ¢ (Table 1).

The mechanical hysteresis and crystalline fraction
are presented using the data shown for the
NR/GTR20 120’s blend, and the same data was ex-
tracted for the pristine NR for the sake of compari-
son (Figure 6). NR/GTR20 120’s blend had been
chosen so that the involved waste rubber particles
are not too big so that it avoids premature failure dur-
ing cyclic loading and, at the same time, not to fine,
as the latter is more difficult to obtain through siev-
ing, and do not necessarily provide better crystalliza-
tion properties (Figure 4¢). The mechanical hystere-
sis is simply calculated as the area under the curve
for each strain step of the incremental loading/ un-
loading test (Figure 6a). The crystallinity index is the
maximum value measured at the end of the loading
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Figure 6. a) Mechanical hysteresis measured from area under the curve versus applied deformation for the NR and
NR/GTR20 120’s blend, b) crystalline fraction measured from the changes in surface temperature and from Equa-
tion (6) plotted as a function of the deformation, ¢) mechanical hysteresis as a function of the crystalline fraction
measured at the end of the first loading at each strain of the incremental tensile test.
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for each strain step. For the sake of clarity, in Figure 6,
only the mechanical hysteresis and crystallinity
index measured at the 5" (ultimate) cycle of each in-
cremental step had been reported and plotted as a
function of the maximum applied strain. After 5 cy-
cles, both mechanical hysteresis and crystallinity
index are found to be stable with cyclic accumula-
tion. Compared to the reference NR, the NR/
GTR20 120’s composite shows higher mechanical
dissipation for a given strain, consistent with the ob-
served nucleation ability of the waste rubber parti-
cles on SIC, as previously demonstrated during slow
tensile tests by situ WAXS. The crystalline fraction
measured from latent heat (Figure 6b) results in a
similar trend as compared to the WAXS crystallinity
index: (i) the absolute values are not far away be-
tween the two tests, (ii) the strain at crystallization
onset is slightly lower in the fast tensile test, likely
explained by a delay in SIC, (iii) the crystalline frac-
tion is higher in NR/GTR20 as compared to NR, con-
firming the nucleation effect of the GTR particles
during the high strain rate tests, and also consistent
with the observed shift in the mechanical hysteresis.
Finally, the plot of the mechanical hysteresis versus
the crystalline fraction indicates linear dependence
(Figure 6¢), independently of the tested material, sug-
gesting these two quantities have a close correlation.
The initial value of the mechanical hysteresis at zero
crystallinity suggests the pre-existence of a mechan-
ical hysteresis before the occurrence of SIC, which
might be induced by dissipative viscoelastic effects
that may arise from high strain rate conditions. In con-
trast, such effects had not been observed previously
in the literature at lower strain rate conditions [54].
To access more local information on elastocaloric
properties related to the distribution of waste rubber
particles, an infra-red camera was placed closer to
the rubber specimen to get a higher resolution (cf.
Section 2.6.). The temperature at the specimen sur-
face was tracked during the following test: fast load-
ing (a, B), relaxation in the deformed state (j3, v), fast
unloading (9, €) and maintenance in the relaxed state
(&, ©), as seen on Figures 7a, 7b. A micron scale ob-
servation of the elastocaloric effect in NR reveals a
slight anisotropy with filament-like features oriented
along the stretching axis. This is consistent with ther-
mal features associated with entropic elasticity and
latent heat arising from thermoelastic effect and SIC,
respectively and that occur due to the high orienta-
tion of the rubber chains along the stretching axis.

Contrarily, the NR/GTR blends show distinct elas-
tocaloric features. Temperature heterogeneities are
induced by the presence of waste particles, which
are clearly visualized by increasing the image con-
trast (Figures 7c, 7d). It seems that the surrounding
areas of the particles show slightly higher heating
during loading that may arise from stress concentra-
tion in their vicinity, near the interface with the NR
matrix. Conversely, during cooling, the same type of
localized areas, of the size of the waste particles, are
found colder as compared to the matrix. This likely
arises from localized strain, inducing localized ther-
moelastic effect and SIC during loading and hence
subsequent higher cooling due to release of these to
effects.

The relative temperature fluctuation [%] during the
tests had also been measured as o/|7] with T the av-
erage temperature specimen and ¢ the absolute tem-
perature fluctuation around 7. This relative temper-
ature fluctuation is difficult to interpret during the
tests, as the area under analysis is moving. Nonethe-
less, just before loading and right after unloading,
states (o) and (), respectively, can be compared as
the same specimen area is analyzed. State () serves
as a reference indicating a pre-existing relative tem-
perature fluctuation prior to the tensile test, that is
equal to 0.8% (corresponding to an absolute temper-
ature fluctuation of £0.27 °C) and 0.6% (correspond-
ing to an absolute temperature fluctuation of
+0.20°C) in case of NR and NR/GTR respectively
likely arising from differences in the emissivity due
to irregularities on the specimen surface, inclination
in the specimen in the area studied or due to the pres-
ence of wastes containing CB fillers. One may note
that the surface emissivity of carbon black filled rub-
ber is close to a black body one and is fixed at 0.94
[65] or above [65, 66], and shown to not depend on
the carbon black content [66] nor on the applied de-
formation [67]. Right after the end of the unloading,
relative temperature fluctuation is found to equal
0.8% (corresponding to an absolute temperature
fluctuation of £0.27 °C) in the case of NR, which is
the exact same value as before loading. Nonetheless,
it is found to equal to 1.1% (corresponding to an ab-
solute temperature fluctuation of £0.37°C) in the
case of NR/GTR blend, an increment of £0.17 °C as
compared to fluctuation before the tensile test. This
is likely due to remaining temperature hetero-
geneities in the surrounding region of waste particles,
likely due to the discharge of the local stress associated
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with the release of entropic elasticity and melting of
SIC crystals.

4. Conclusions

Ground tire rubber particles (GTR) of different sizes
and contents were blended with natural rubber (NR)
and vulcanized to prepare crystallizable composites
with elastocaloric properties. A pCT study suggests
both the decreasing inter-distance between particles
in conjunction with their increasing content is ex-
pected to favor strain localization upon tensile de-
formation. A more local study at GTR/matrix inter-
face by AFM suggests a certain inter-melling between
the NR matrix and the GTR particles. Two popula-
tions of particles were observed in the composites,
related to the binary nature of the GTR particles,
likely containing NR and SBR, with uneven distri-
bution of crosslinks and carbon black contents. The
differential mechanical properties between the ma-
trix and particles are supposedly beneficial to dis-
tribute the stress while the NR/GTR composite is sub-
jected to a large strain and hence would participate

in the deformation mechanisms such as strain-in-
duced crystallization or elastocaloric effect. Tensile
deformation of the NR/GTR blends shows a nucle-
ating ability of the GTR particles on strain-induced
crystallization and elastocaloric properties independ-
ently of the particle size. Finally, a local study of the
temperature field induced by mechanical deforma-
tion show surrounding areas of the particles whose
heating during loading is found to be slightly higher
that may arise from stress concentration in their
vicinity, near the interface with the NR matrix. Con-
versely, during cooling, the same type of localized
areas, of the size of the waste particles, are found to
be colder as compared to the matrix. We believe that
this study can open a perspective on the heat transfer
in waste-based rubber composites. For instance,
questions on thermal diffusion at waste particles and
the NR matrix or on the precise nature of the local
heat transfer would be of great interest. Understand-
ing and controlling heat/cool localization in such ma-
terials should be crucial to designing waste rubber-
based specimens for efficient cooling technology.
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