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1 | INTRODUCTION AND
BACKGROUND

Since engineering materials usually operate under either
static or cyclic mechanical loads at specific environmen-
tal conditions, their performances evolve with time and
several detrimental effects (e.g. cracks, cavities, agglomer-
ates, voids) lead to damage accumulation, time and/or
thermal aging, and premature fatigue resulting eventu-
ally to their failure." When these engineering materials
reach their end life, the management and disposal of the
resulting waste becomes a top priority dictated by envi-
ronmental sustainability, economic as well as social
issues.” In,® Yang and coworkers highlighted the roles of
identification and classification of recyclable waste as the
premise for its reuse and energy consumption. Currently,
recycling of waste rubber from tires is of utmost impor-
tance. In 2019, the end-off life tires (ELTs) waste is esti-
mated as 31 million tons worldwide and the actual trend
predicts that it will increase by 20% in 2030.*° In addi-
tion, the complex structure (tread depth, sidewall, belts,
bead, inner liner, carcass) and composition (rubber, cur-
ing system, reinforcing fillers, textile fibers, steel oil,
beads, antioxidants/ozonates) makes tires non-
biodegradable materials. ELTs data reported by WBCSD-
Global ELT Management show only 59% of end-of-life
tires are correctly disposed while 41% are landfilled,
stockpiled, or even lost.’ The land disposal of plastic
wastes is one of the main sources of debris/microplastics
which are considered as major pollutants due to their sig-
nificant impact in natural ecosystems.® It should, per-
haps, be emphasized in this context that the
accumulation of used tires in landfills poses a real envi-
ronmental risk, such as exposure to sudden fires which
release toxic gases into the atmosphere, as well as fluids
from combustion. These fluids explicitly affect both fauna
and flora. Some work has been done on addressing these
concerns and various ways of recycling used tires includ-
ing mechanical recycling, devulcanization, incineration,
pyrolysis and retreading have been suggested.” Recycling
of waste rubber from tires involves reduction of tire rub-
ber into smaller particle size referred to as crumb rubber
which can be used in several applications.***°

In this study, waste tire material recycles are pro-
cessed by using mechanical grinding operating at ambi-
ent temperature. Basically, it consists on a mechanical
decomposition transforming the used tire into a powder
to form ground tire rubber (GTR) available according to
particle size: chips (10-50 mm), granules (1-10 mm), and
powders (1 mm).'"*? The mechanical decomposition is
then followed by purification and elimination of both
steel and textile lightweight fibrils components by a com-
bination of shaking screens and wind sifters."”” Due to

friction created by the force applied by knifes used in
grinding technology, heat is generated affecting thus the
physical properties of recuperated rubber, for example
increase in the degree of oxidation.">'* The residue
extracted by grinded waste tires can be used as second
material raw or as a reinforcement agent in pristine poly-
mers to enhance their physical and/or mechanical
properties.”>™'” For example, Ubaidillah and coworkers'®
studied how the mixing of GTR with variable content of
magnetite can lead to a new class of high damping
magneto-rheological elastomer which can be used as seis-
mic shock absorbers or in the automotive industry.

Thanks to its excellent properties (hardness, strength,
and modulus) and low production cost, PU foam is one
of the most versatile materials due to the numerous
applications in many industrial branches, for example in
biomedical, building, and construction, textile.'"” Depend-
ing on its cellular structure, two kinds of PU foam can be
distinguished: rigid and flexible foams. Incorporating the
GTR into flexible polyurethane (PU) foams leads to an
enhancement of its physical and in particular mechanical
properties.'>*° For example, Cerny and Jancar®' investi-
gated composite materials consisting of blending crumb
rubber, with particle size ranging from 0.8 to 3 mm, in a
polyurethane-urea (PUU) matrix. These authors found
that the mechanical characteristics of the composite
material are maximum when the filler content is between
50% and 65% by volume. They also concluded that the
difference in adhesion between the matrix and the filler
particles can motivate their use for in pavement mainte-
nance and road repairs. In a different context,?? it was
suggested that the adding artichoke stem waste fibers in
PU foam can lead to good mechanical and thermal/sound
insulation performances, especially for low frequency
sound absorption. In another study, Kosmela and
coworkers® employed thermo-mechanical treatment of
GTR involving fresh or waste rapeseed oils and reactive
extrusion to produce flexible foamed PU composites.
Both types of oil enhance the thermal stability of
PU/GTR composites. Oil-induced GTR particle swelling
increases the surface tension resulting in reduced cell size
and increased closed cell content in the PU composites.
Additionally, waste oil increases both compressive and
tensile strengths by enhancing the interfacial adhesion
between the GTR filler and PU due to its higher concen-
tration of low molecular weight compounds.

In this paper, GTR powder obtained from waste tire
material recycles using mechanical grinding is used as filler
to enhance the mechanical and physical properties of PU
foam. In a first step, a series of structural and physical char-
acteristics is performed in order to identify the composition
as well as the physicochemical properties of the GTR pow-
der. Then, a set of samples were made by incorporating the
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TABLE 1

Solvent Characteristics

NaOH Sodium hydroxide in the form of pellets, 98% purity Immersion in 10%
solution of NaOH for 2 h

H,0, Hydrogen peroxide with concentration of 30% in
liquid phase stabilized by other additives
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FIGURE 1
viewed at wileyonlinelibrary.com]|

chemically pre-treated micrometric GTR powder in the PU
matrix. The mixing process is conducted with variable GTR
mass fractions according to free rising foam method.** The
samples are then mechanically tested in compression at
room temperature and their thermal stability is probed by
thermogravimetry analysis (TGA). We further characterize
the thermal conductivity and low frequency sound absorp-
tion coefficient measurements. It is also emphasized that
the mechanical compressive properties are significantly
enhanced compared to that of the pristine PU. Finally, we
discuss the consequence of the GTR content on sound
absorption and thermal conductivity performances in
GTR/PU samples.

GTR treatment

Addition in 30% solution
of H,O, for 72 h

Applied Polymer_wiLgy-l s

Procedure of fabricating polyurethane foams reinforced with treated ground tire rubber (GTR).

Rinsing and drying procedures

Rinsing operation repeated three times,
drying at 60°C during 24 h in oven

Rinsing operation repeated three times,
drying at 70°C during 72 h in oven
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Schematic procedure for fabricating polyurethane foams filled with pre-treated ground tire rubber. [Color figure can be

2 | EXPERIMENTAL

2.1 | Materials and processing

The GTR powder from Tyre Recycling Solutions
(Switzerland) is used as received. The density and aver-
age particle size are respectively 1.08 g/cm® and
340.25 pm. A preliminary treatment is applied to increase
the active surface area of the GTR power in order to
enhance the GTR/PU interfacial adhesion, the morphol-
ogy stabilization, as well as the dispersion state.*>*° For
that purpose, an acid etching method based on suitable
chemical modifier agent is used to chemically treat the
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FIGURE 2
of ground tire rubber powder obtained by mechanical grinding

The typical scanning electron microscopy picture

shows a large size distribution.

GTR powder. Two solvents are chosen: NaOH supplied
by Alfa Aesar and H,0, supplied by VWR Chemicals
(USA). For both cases, the protocols are listed in Table 1.

The treated powder is then embedded inside a ther-
moplastic PU foam polymer with different weight frac-
tions. The PU resin is supplied by Smooth-On Inc. (USA)
and is composed by two constituents: part A (4,4
methylenebis(phenylisocyanate), benzene, 1,1’ methyle-
nebis[4-isocyanato-], homopolymer, and methylenedi-
phenyl diisocyanate with the respective mass fractions of
15-35, 5-10, and <1.5 wt%) and part B (mixture of polyol,
blowing agent, catalysis, and surfactant). The GTR/PU
composite foams are elaborated at room temperature by
using free rising foam method (Figure 1).

This one-shot method is commonly used to fabricate
flexible and rigid foams.?’** This method has the merit
to operate at low temperature and to lead to reproducible
properties.*® It consists on mixing the two parts A and B
with weight ratio 1A:2B. In the first step the treated pow-
der content (5, 10, 15, and 20 wt%) is mixed with part A
using a mechanical stirrer at 1440 rpm for 1 min. Then,
the resulting mixture and part B are kept in a refrigerator
for 20 min to delay the reaction time between two com-
ponents. Next, they are mixed for 35 s and kept in cylin-
drical mold with 50 mm diameter for 24 h to cure.

2.2 | Methods

Density of the as-received GTR powder by pycnometer is
done, with toluene as solvent. The nominal value of the
density is obtain‘ed from p:mm, where p,
denotes the density of toluene In this equation, M; repre-

sents the weight of the empty pycnometer, M, is the

weight of the pycnometer filled with the GTR powder,
M; is the weight of the pycnometer filled with toluene,
and M, is the weight of the pycnometer containing both
toluene and the GTR powder. The obtained value is
1.08 g/cm® that is comparable of the value measured for
rubber powder with particle sizes ranging from 50 to
1000 pm.*°

The surface morphology of the GTR powder is charac-
terized with LEO Gemini 1530 and JEOL JSM 6010
PLUS/LV scanning electron microscopy (SEM) under
high vacuum. The GTR is initially metallized by tungsten
and the applied voltage ranges from 2 to 5 kV. A typical
image is shown in Figure 2. SEM observations reveal that
particles are characterized by rough surfaces with irregu-
lar shapes and a wide size distribution from 20 to 698 pm.

The particle size and distribution of GTR powder are
analyzed using a MasterSizer® Laser-Diffraction Particle
Size Analyzer (Mastersizer 3000, Malvern Instruments
Ltd., Malvern, UK). For that purpose, 25 g of powder is
placed on the powder disperser (Aero S) and subjected to
laser light dispersion. Triplicate sample analysis is per-
formed to obtain the size distribution curves and the
percentile values Dy, Dsp, and Dy which indicate the size
below which 10%, 50%, or 90% of all particles are found.

The surface area of the GTR powder is measured with
the ASAP 2420 surface area analyzer using the Brunauer,
Emmett, and Teller (BET) method (Micromeritics Instru-
ment Corp., USA). CO, gas is utilized as adsorbate.

Identification of the polymer and composition of the
GTR powder samples is performed by using x-ray diffrac-
tion (XRD) and Fourier transform infrared spectroscopy
(FTIR). FTIR spectroscopy is carried out on a Bruker
VERTEX 70 FTIR spectrometer. Acquisition is performed
with wavenumber ranging from 600 to 4000 cm™ ", aver-
aged with 20 scans at a resolution of 2 cm™'. XRD pat-
terns are recorded on an x-ray diffractometer EQUINOX
2000 using copper radiation CuKa (1 = 1.5418 A°) at an
accelerating voltage of 40 kV and an operating current of
30 mA in the range of 260 (20-80°).

Additionally, TGA allows us to precise the percentage
of each compound of the native GTR powder and mea-
sure the thermal stability of both GTR and GTR/PU sam-
ples. The thermal analysis is carried out using a
NETZSCH 449 F3 Jupiter under two kinds of atmo-
sphere, that is nitrogen and oxygen with a speed of 10°C/
min using an Al,O; reference sample. The GTR powder
is first heated from 30 to 600°C under nitrogen atmo-
sphere, followed by switching the atmosphere to oxygen
in order to determine the percentage of carbon black
(CB) that can be located in the 600-1000°C temperature
range. For GTR/PU samples, a NETZSCHS5 is used
between 30 and 900°C under a nitrogen flow keeping the
same speed and reference sample as for the GTR powder.
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FIGURE 3
polymer material under uniaxial compression at room temperature:

Stress-strain response of pristine polyurethane

(1) elastic, (2) plateau, and (c) (3) densification regions. [Color
figure can be viewed at wileyonlinelibrary.com]

Room temperature compression tests are performed
using GTR/PU samples with dimensions of
20 x 20 x 10 mm?>. The compression load cell, which is a
cylindrical-shaped device with a mounting surface at the
top and bottom ends, is essentially a transducer that con-
verts force into an electrical signal. A maximum displace-
ment of 10 mm is used, leading to a maximum force of
about 105 N. The strain rate is set to 5 mm/min. A
mechanical machine testing Instron Blue Hill series
model is used and three samples are tested. A typical
stress—strain curve is shown in Figure 3 for the pristine
PU foam.

One can in fact separate this curve in three regions:
(1) elastic, (2) plateau, and (3) densification. In the elastic
region, the cell walls stretch elastically until collapse
begin. Then, the cell buckling continues leading to the
plateau region. During the densification stage, the PU
foam acts as a solid material where the cell walls start to
crush against each other causing a significant increase of
the internal compression stiffness of the cellular
network.>!

The thermal conductivity of both GTR-PU samples
and neat PU was determined using a Hot Disk 1500
instrument (Sweden) at room temperature. Semicircle
samples with a 25 mm radius and 10 mm thickness are
used. The Hot Disk sensor (Kapton 5465) is embedded
within the samples and serves as heat source and temper-
ature sensor. To measure the thermal conductivity, an
output power set to 31.56 mW and a short measurement
time (20 s) are applied for conducting samples.*

The acoustic absorption coefficient « is determined
using a Kundt tube. This system includes a speaker, two
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FIGURE 4

Granulometric size distribution of ground tire ,
rubber powder fitted by lognormal fit y =y, + wx‘?/l_i exp (— il )

2w?
with average value x. = 340.25 pm and standard deviation of 0.46

pm. The parameters Dsg, Dsg, and Dy are defined in the text.
[Color figure can be viewed at wileyonlinelibrary.com]

microphones and a digital frequency analyzer. This coef-
ficient measures how much acoustic energy is absorbed
by a sample relative to the energy incident upon
it. Samples with diameter set to 50 mm and thickness of
10mm are tested for frequencies ranging from 1000 to
4500 Hz.

3 | RESULTS AND DISCUSSION

3.1 | Recyclable waste tire
characterizations

Figure 4 shows the granulometric distribution curve of
the GTR powder. A broad size distribution of particles is
observed, that is 20 — 698 pm. Using al lognormal fit, we
found that the average size of this distribution
is 340.25+0.46pum.

We also obtained the percentile values D;p =149 pm,
D5y =286 um, and Dgy =491pm. Additionally, the Dy, to
Dy ratio characterizes the homogeneity degree of the
GTR powder. In our case, g—jg:3.29> 1, indicating a
broad distribution.?* The specific surface area of the GTR
powder is about 15.83 (m?/g) as measured using the BET
method.

FTIR and XRD are also used to identify the chemical
structure of the GTR powder. Figure 5 shows the FTIR
spectrum of the GTR powder. Dominant bands are
observed at (A) 3438 and (H) 1032cm ' which
are respectively assigned to the hydroxyl groups (OH)**
and the Si—O—Si bond.*> The high intensity of O—H
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FIGURE 5
of ground tire rubber powder with A-G peak assignment.

Fourier transform infrared spectroscopy spectrum

A= Rubber
B= Calcium Carbonate (CaCO3)
A C= Zinc Oxide (ZnO)
5 D= Amorphous Carbon Black
8 E= Zinc Sulfide (ZnS)
2
‘»
c
3
£
10 20 30 40 50 60 70 80
20 ()
FIGURE 6 Room temperature XDR pattern of ground tire

rubber powder.

groups is associated with the oxidation process. The
peaks B, C, E and F located respectively at 2924, 2856,
1633, and 1433 cm™ ! are assigned in this order to the
symmetric and asymmetric of C—H stretching vibration
(B, C), the plane vibrating of aromatic =C—H and C=C
(E), and the CH, bending and aromatic stretching vibra-
tions (F) of the styrene butadiene/natural rubber
(SBR/NR). Other weak peaks (C, D, G, and I) can be also
observed in Figure 5. For example, the peak G appearing
at 1237 cm™ ! represents the C—O bond while the peak D
located at 1727 cm ™! refers to C=0 and C=C alkene of
CB as reported in.*

Figure 6 shows the room temperature XRD pattern of
GTR powder with either narrow or broad peaks.
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FIGURE 7 Thermogravimetry analysis curve (weight

percentage versus temperature) of ground tire rubber powder
determined at heating rate of 20°C/min and under nitrogen
atmosphere. The derivative weight percentage (DTG) versus
temperature curve is also plotted. [Color figure can be viewed at
wileyonlinelibrary.com]

The broad peak A located at 19° corresponds to rub-
ber materials which can be composed by natural or syn-
thetic rubbers like NR and SBR. The fraction
composition of each rubber depends on the tire type, for
example for a typical truck tire, a high fraction of NR
(~37 wt%) is needed to increase the tire-fatigue resistance
compared to a typical car tire (~21 wt%).* Several peaks
designed by C are located at 31, 34, 36, 47, 56, 63, and 68°
and are related to zinc oxide which used as accelerator of
vulcanization process. The higher and lower intensities
are respectively observed around 36 and 68°. At 29.5° we
observe the peak B which corresponds to calcium carbon-
ate CaCO; used as filler in tire to enhance its structural
strength and durability. The D broad peak corresponding
to amorphous CB is centered at ~43.5°.

TGA is also used for a quantitative determination of
the GTR powder composition.’ The curve of weight
change percentage as function of temperature and its
derivative are plotted in Figure 7.

As can be seen, the powder shows a stable thermal
behavior until ~250°C from which the weight loss starts
to increase and reaches a maximal value around 70 wt%
at ~411°C indicating a high degradation of the high vola-
tile components of SBR and NR (oils, plasticizers, antioxi-
dants) between 300 and 480°C. The remaining mass
(30 wt%) is mainly composed by nonvolatile components
(CB and ash). By changing the atmosphere environment
(from nitrogen to oxygen), the mass fraction CB is then
measured and found to be 28.78 wt%. This relatively high
content suggests that CB was added to act as an efficient
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TABLE 2
contents and characterized under compression test.

Chemical treatment GTR content (wt%) E (kPa)
NaOH 0 14.24
5 21.32
10 20.47
15 25.81
20 26.06
H0, 0 14.24
5 14.43
10 18.06
15 24.55
20 16.53

Abbreviation: UCS, ultimate compression strength.
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FIGURE 8
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Mechanical properties of polyurethane foam filled with ground tire rubber (GTR) treated by H,O, and NaOH at different
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0.99 1.13 63.56 0.51 67.5
0.99 1.42 57.06 0.20 60.9
0.99 1.4 59.85 0.49 63.7
0.98 0.81 77.52 0.48 80.3
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0.98 0.97 63.22 0.56 66.1
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(a) Stress—strain curves of neat and GTR/PU samples treated either by NaOH. (b) Same as in (a) for H,O, treatment. GTR,

ground tire rubber. PU, polyurethane. [Color figure can be viewed at wileyonlinelibrary.com]

barrier against the volatile organic components.>’ The
overall composition of the powder as well as the maxi-
mum degradation temperature obtained from the deriva-
tive weight percentage (DTG) curve are listed in Table 2.
We conclude that the actual composition is very close to
that observed in similar powders.***° In addition, the
nominal values of the mass fraction of CB and NR sug-
gest that they originate from heavy tires.*®

3.2 | Properties of GTR/PU composites
With that in mind, we come to the main focus of our
paper and discuss the thermal, mechanical as well as the
acoustic properties of GTR/PU composites as function of
the chemically pre-treated GTR content.

Figure 8 shows room temperature stress-strain curves
under uniaxial compression as function of GTR weight
percentage and chemical treatment used. Compatible
with the generic behavior shown in Figure 3, we observe
three distinct regions.

It is interesting to draw several conclusions. Firstly,
the mechanical properties of GTR/PU samples are signifi-
cantly enhanced compared to the neat PU foam indicat-
ing a good compatibility at the GTR/PU interfaces.”* In
addition, the reinforcing effect of the GTR powder can be
connected to a significant drop of the PU porosity. To
quantify this parameter, the onset densification egpse
occurring at the third stage is considered. The results
shown in Table 2 indicate a notable decrease of e
from 77.52% corresponding to the pristine PU matrix to
56%—-66% for all GTR/PU samples with GTR treated
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FIGURE 9 Typical scanning electron microscopy images of GTR/PU samples containing 5 (left) and 15 (right) wt% of ground tire

rubber (GTR) chemically treated either by H,O, or NaOH, respectively. PU, polyurethane.

either with H,O, or NaOH. Thence, the mechanical prop-
erties of the PU matrix including ultimate compression
strength (UCS) and Young modulus are enhanced as
reported in Table 2. In parallel, an expected decrease of
the ductility of the PU matrix measured by the deforma-
tion at break ¢, is observed.*® The observed reduction of
€onser SUEEests an increase in the apparent density of the
composite samples with a drop of open cell proportion as
reported by Hejna and coworkers for flexible PU filled
with ground tire rubber treated by H,0,.>° The authors
highlight that the chemical treatment creates higher
interfacial interactions due to a reduction of the level of
foam volumetric expansion therefore improving the com-
pression strength of the composite. For the case of NaOH
treatment, a similar mechanical behavior is observed
because the NaOH removes zinc stearate from rubber
surface by substituting zinc ions to sodium ions which
are more soluble and can be easily removed by rinsing.

Note that the presence of zinc stearate causes poor adhe-
sion with the matrix.*' As can be also seen in Figure 8,
the mechanical properties of the series of GTR/PU for
samples are enhanced when the filler amount increases
from 10 to 20wt% for both chemical modifications
applied on the GTR particles indicating good interfacial
compatibility between the matrix and filler. However, the
PU samples filled with 5 and 15wt% show an opposite
trend between the NaOH and H,O, treatments. For the
case of NaOH treatment, the onset densification of the
GTR/PU samples is significantly reduced as the GTR
amount increases from 5 to 15wt% but both filled PU
samples exhibit practically the same UCS, that is 0.18-
0.20 MPa (Table 2). When H,0, is used, the mechanical
properties of the corresponding samples are improved
especially for the UCS, that is 0.43-0.48 MPa associated
to a reduction of egug for PU filled with only 5wt% of
GTR. These differences in mechanical responses are
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Plots of (a, b) weight loss and (a', b') corresponding differential thermogravimetry analysis curves of foams containing (a,

a') NaOH treated ground tire rubber (GTR) or (b, b") H,0, treated GTR. [Color figure can be viewed at wileyonlinelibrary.com]

related to the cell morphology of the PU foam and its
modification by the filler particles and the dispersion
state in the PU matrix.**

The right-hand (resp. left-hand) side of Figure 9
shows typical SEM images for PU filled with respectively
5 and 15 wt% of GTR treated by NaOH (resp. H,0,).

For H,0, treated GTR/PU samples, we observe a uni-
form structure associated to an increase of partially open
pores as the filler increases. The finesse of pores and cavi-
ties for PU sample containing 5 wt% of GTR which is
clearly visible compared to that containing 15 wt% of
GTR explain their higher mechanical properties which is
consistent with the study reported by Hejna and
coworkers® using H,0, treated GTR in PU foam. On the
other hand, for NaOH treated GTR/PU samples, we
observe that despite the drop of the open pores as the
filler increases, the microstructure is less uniform due to
the presence of agglomerates and defects, thus reducing
their mechanical characteristics.

To sum up, the general trend shows that the PU sam-
ples containing 20 wt% of GTR have better a mechanical
behavior whatever the chemical treatment used. In par-
ticular, high compression strength can be used as a met-
ric for good durability of the PU foam.*> We note that
comparable performances can be reached by adding only
5wt% of GTR particles when they are treated by using
H,0,. However, for environmental purposes the use of
high content of waste tire material recycles is preferred.

The curves of weight change percentage as function
of temperature and their derivatives are reported in
Figure 10.

All GTR/PU samples exhibit an improvement of their
thermal stability as GTR content is increased. This result
is due to some constituents of the filler, especially CB
(=229%) as extracted from TGA experiments (Figure 7).
For comparison purposes, the effect of the filler on the
thermal stability is more pronounced for the series of
H,0, treated GTR/PU samples. Table 3 summarizes the
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TABLE 3 Thermogravimetry analysis of neat and GTR/PU samples for different ground tire rubber (GTR) contents treated with NaOH

and H,O0,.

Samples GTR content (Wt%) Residue (wt%)

NaOH 0 4.04

5 9.22

10 10.62

15 15.38

20 15.19

H0, 0 4.04

5 5.45

10 13.31

15 15.30

20 24.24

Abbreviations: DTG, derivative weight percentage; PU, polyurethane.
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FIGURE 11 (a) The spectral variation of sound absorption

coefficient of neat and PU-GTR samples treated either by NaOH.

(b) Same as in (a) with H,0, treatment. GTR, ground tire rubber.

PU, polyurethane. [Color figure can be viewed at
wileyonlinelibrary.com]

Tmax (DTG) Thermal conductivity (W/mK)
388.44 0.020
393.39 0.024
393.34 0.025
398.32 0.026
398.26 0.025
388.44 0.020
393.31 0.0244
393.36 0.0251
393.48 0.0242
398.35 0.0238

variation of these physical quantities as function of filler
content.

We observe that for the treated H,O, GTR/PU sample
containing 20 wt% of GTR, the nominal value recorded of
the residual value (i.e. 24.24 wt%) is significantly larger
than the corresponding value for the NaOH treated
GTR/PU sample (i.e. 15.19 wt%). Referring to the above
discussed mechanical response, it is concluded that
highly filled GTR/PU with H,0, treated GTR is charac-
terized by both high thermal stability and compression
strength.

Now we move to the sound absorption characteristics
of GTR/PU samples. The obtained spectra (Figure 11)
allow to distinguish the three spectral ranges as a result
of incorporating pre-treated GTR particles in PU
(Table 4).

Firstly, in the 3rd range (3515-4459 Hz), the sound
absorption coefficient « is very close to the corresponding
value of pristine PU. However, we observe a significant
increase of a from the 2nd range (2001-3515Hz) to the
1st range (1188-2001 Hz) when GTR particles are added
to the pristine PU. This behavior is consistent with earlier
findings reported in the literature for similar mate-
rials.***> Two main mechanisms: (i) air-flow resistivity
and (ii) tortuosity which are closely dependent on the
open porosity were invoked.**~* These mechanisms pro-
vide longer residence time and higher number of colli-
sions for the sound waves with air molecules and matrix
walls at low frequencies. Recent work® has claimed that
increasing residence time has for effect to increase the
maximum value of a and the frequency corresponding to
this maximum decrease when the tortuosity increases.
Indeed, the air-flow resistivity contributes to increase the
absorption performance throughout the resistance experi-
enced by air molecules when they pass through open
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TABLE 4
coefficient for samples with different

Sound absorption

Applied Polymer WiLgy-| ===

Sound absorption coefficient («)

ground tire rubber (GTR) contents 1st range 2nd range 3rd range
treated with NaOH and F0,. Sample GTR (Wt%)  1188-2001 Hz  2001-3515Hz  3515-4459 Hz
PU/GTR _naonu 0 0.15 0.7 0.73
5 0.99 0.1 0.64
10 0.97 0.12 0.82
15 0.99 0.2 0.76
20 0.98 0.27 0.74
PU/GTR _p,o0, 5 0.97 0.21 0.78
10 0.97 0.1 0.69
15 0.98 0.13 0.73
20 0.99 0.14 0.78

Abbreviation: PU, polyurethane.
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FIGURE 12 Effect of the chemical treatment (NaOH and

H,0,) on the acoustic activity (AA) of PU-GTR composites for
different mass fractions of ground tire rubber (GTR). PU,
polyurethane. [Color figure can be viewed at
wileyonlinelibrary.com]

pores in the porous composite.*” The viscoelastic charac-
ter of the GTR powder has also an important effect on
these changes**** since the incident energy can be partly
absorbed by scattering from the CB particles contained in
the GTR powder (Figure 7). The presence of the GTR
including CB particles increases the tortuosity by reduc-
ing the porosity as discussed above. In fact, it is expected
that tortuosity mostly affects the location of the quarter-
wavelength point for which the path length in porous
materials coincides with the quarter-wavelength of the
incident sound energy.so’51 Thus, the increased quarter-
wavelength point at high tortuosity shifts the sound
absorption peak to the lower-frequency region.*> It
should be noted that the thermal characteristic length

parameter does not affect the absorption process since
the thermal conductivity of the PU matrix is only slightly
changed by addition of GTR powder (Table 3). Overall,
this experimental result reflects the signature of the ther-
mal insulator character of both series of PU-GTR com-
posites studied in this work.

Figure 12 compares the average sound absorption
coefficient (acoustic activity) for both PU-GTR samples
according to the chemical treatment used (NaOH or
H,0,) determined in the entire range of frequencies.”

Overall, the results indicate a relatively similar
response for PU samples containing 10 and 15 wt% for
which the obtained values of acoustic activity
(AA) coefficient are closed to 0.33 and 0.40 respectively.
However, the chemical treatment by H,O, leads to a
larger value of AA (0.42) for PU filled with only 5 wt%
compared to the value with the NaOH treatment. This
result is consistent with the good compression behavior
obtained for that sample (Figures 8 and 9 and Table 2)
owing to its pore size and distribution inside the PU
matrix. Furthermore, this trend is opposite for the sample
containing 20 wt% of GTR. Thence, features of the chemi-
cal treatment of GTR put constraints on what the content
of open porosity in these PU-based samples may be.*’

We should say that the observed behavior can have
great potential in engineering applications for which
challenges in achieving perfect absorption at sub-
wavelength scales is crucial, for example underwater
acoustics.”>>* For instance, Zhong and coworkers>* pro-
posed a new super-material plate for underwater sound
absorption made by a combination of CB filled PU and a
square lattice of spiral resonator. This ultrathin structure
shows an average sound absorption coefficient of 0.54 in
the broad frequency range (800-6000 Hz) under atmo-
spheric pressure conditions with low frequency
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absorption capacity and resistance to high hydrostatic
pressure. The most important takeaway is that the corre-
lation between the mechanical and acoustic perfor-
mances is crucial to prevent structurally damage or
instability of the PU polymer structures during vibration
ensuring hence their normal operation.>

4 | CONCLUSION AND OUTLOOK

In conclusion, one seems justified in asserting that the
mixing of GTR particles in PU foam enhances the physi-
cal and mechanical properties of the pristine PU matrix.
Our results indicate an enhancement in the compression
behavior compared to the neat PU. The thermal stability
is also improved especially for samples for which the
GTR particles are pre-treated with H,0,. Additionally,
the data presented in this paper show a good correlation
between the thermal and mechanical properties. As
noted already, this specific behavior is related to the
small pore sizes and their uniform dispersion in
the PU. It should perhaps be emphasized once again that
the good acoustic absorption of these composites at low
frequencies reflects the simultaneous increase of the air-
flow resistivity and tortuosity by the GTR particles. This
is clearly of great interest in the field of underwater
acoustics.

There do of course remain a number of points to be
investigated, regarding the multifunctionality issue of the
GTR/PU composites. One important question in this
regard is how to optimize the foam composite fabrication
with a uniformly distribution of small pores and cavities.
It would seem very desirable to better control the many
degrees of freedom of the GTR powder, for example size,
finesse, composition, since they eventually impact the
final performance of the foam composite.
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