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Summary

A serious environmental problem, which affects most of the countries for years, is the massive use of tires, which once used, generate large stocks of 
waste material. A common method to process these used tires goes through crushing, in which the fiber, steel and rubber obtained from the crushing 
process are separated. This article affects the reuse of rubber obtained from these tires, also called GTR (Ground Tires Rubber), by mixing with various 
thermoplastic polymeric compounds, in order to improve some of its mechanical and structural properties, and at the same time, give exit to these 
surpluses that cause already used tires. For this purpose, the article analyzes the mechanical-structural properties of seven common thermoplastic 
polymers, which mixed with the GTR ) for a single particle size (p <200μm). could be useful in industrial processes. From the results obtained, it follows 
that this proposal is valid, in lower percentages of GTR (5% -10% of GTR) analyzed (from 5% to 70% of GTR).
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Introduction

The environmental problem of the accumulation of used tires 
(GTR) [1–3] has driven the efforts of the scientific community to 
seek solutions for the recovery and reuse of these tires. In general, 
a thermoplastic or thermosetting polymer acts as a matrix and the 
elastomer (GTR) acts as a dispersed phase [4–6] or reinforcement. 
As in other two-phase polymer mixtures, in these compounds [7–8] 
the interfacial compatibility between components is basic to achieve 
the desired mechanical properties. In the case of recycled elastomers, 
the expected compatibility is low, so it is intended to increase 
this compatibility by reducing the degree of GTR crosslinking by 
devulcanization [9–11], also observing significant changes in the 
properties when we vary the particle size of GTR [12] reinforcement. 
The use of these recycled tires as reinforcements in composite 
materials has been extensively studied in numerous works of physical 
characterization of polymers with GTR particles, but in this case, a 
complete comparative mechanical and structural analysis of these 
properties in different compounds has been performed [13–15], 
quantifying how the presence of GTR in the polymer matrix modifies 
its mechanical behavior. The size of the GTR particles, in this work, is 
restricted to p <200μm. The aim is to analyze what percentage of GTR 
can be added to the different polymeric matrix polymers (PVC, EVA, 

HDPE, PP, PA, ABS and PS) analyzed, in order to keep their mechanical 
properties and structure of the polymers within acceptable values [16 
-18]. For this purpose, several concentrations of Polymer / GTR (from 
0% to 70% in GTR) have been analyzed, with one particle size, always 
with the GTR as a reinforcing agent. Some authors such as [19 -20] 
have observed that the presence of carbon black as reinforcement in 
composites increases the mechanical properties. Composite materials 
are heterogeneous, and their properties depend on the quantity, size 
and shape of the reinforcement, as well as other factors such as their 
preparation, or their compatibility.

[21] have studied different PVC samples with different 
compositions and varying proportions of additives such as carbon 
black (CB). Studies show that PVC with CB produces compounds 
that improve mechanical properties. In summary, the objectives of 
this research are to analyze and compare the mechanical-structural 
behavior of different composite materials obtained by mixing 
different polymers with different percentages of GTR (up to 70%) and, 
demonstrating that although the addition of GTR normally excludes 
industrial applications with high mechanical requirements, that pure 
polymers do provide, if they could, instead, be part of the recycling 
solution in many other industrial applications.
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Materials And Methods

Materials

The following polymers have been used in this study: Polyvinyl 
Chloride (PVC); High density polyethylene (HDPE); The ethylene 
vinyl acetate (EVA) copolymer especially used for the production of 
extrusion films and coatings (18% vinyl acetate and 82% ethylene); 
Polypropylene (PP); Acrylonitrile butadiene styrene (ABS) white, 
consisting of 30% acrylonitrile, 20% butadiene and 50% styrene, being 
an amorphous thermoplastic material and highly impact resistant. 
Polyamide 6 (PA), known as Nylon 6, being a semi-crystalline 
thermoplastic that has high strength, toughness and impact 
resistance, showing good sliding behavior and good wear resistance; 
Polystyrene, (PS or styrene-butadiene-styrene), solid, transparent, 
hard and fragile, being an amorphous thermoplastic, highly resistant 
to impact. Regarding the GTR, with a particle size smaller than <200 
μm, its content was verified by means of a TGA analysis, with 54% 
elastomers (36% natural rubber, and 18% styrene-butadiene), 29% of 
carbon black (CB) and 16% inorganic.

Preparation of the Compound

The recycled tire powders were dried in an oven at 100°C for 24 
hours. Five samples of Polymer / GTR compound were prepared, 
varying the composition (5%, 10%, 20%, 40%, 50% and 70% GTR), 
for a single particle size (p <200μm). The mixing process was carried 
out with a Brabender mixing machine. Polymer / GTR laminates were 
obtained using a hot plate press at a constant pressure of 200 bar and 
different temperatures for 10 minutes, depending on the polymer to be 
treated. The samples for the test were prepared correctly in accordance 
with the specifications of Standard ASTM-D-638 type V. A sample of 
the pure polymer was also prepared with the same requirements for 
comparable results.

Microstructural Analysis

Scanning Electron Microscopy S.E.M. It was used to analyze the 
fracture surface of broken samples in stress-strain tests. It is possible 
to analyze the effects of this filler material on the matrix by observing 
the fracture surface of the polymer with the reinforcing particles. The 
images of the samples were analyzed according to the concentration 
of GTR. A JEOL 5610 microscope was used, and the samples were 
previously coated with a thin layer of gold in order to increase 
conductivity. The samples were photographed at 180 magnifications. 
The scanning electron microscope (MEB) is an instrument to obtain 
three-dimensional photographs because it has a high resolution and a 
great depth of field. In the photographs you can see the microstructure 
of microscopic samples. The SEM uses an electron beam instead of 
a light beam to form an image. It has a great depth of field, which 
allows a large part of the sample to be focused at the same time. In 
the scanning electron microscope, the sample is coated with a layer 
of carbon or a thin layer of a metal such as gold to give conductive 
properties to the sample.

Mechanical Analysis

The Tension-Deformation tests were performed with a Universal 
Instron 3366–10 kN machine, following the specifications of 

ASTM-D-638 Type V Standard. The test speed was 20 mm / min. The 
test temperature was 23 ± 2 ° C, and the relative humidity was 50 ± 5%. 
The study of mechanical properties, according to the concentration of 
GTR in the matrix and the size of the particles, includes the Modulus 
of Elasticity or Young’s, tensile strength, elongation at breakage and 
hardness or toughness. Five samples were used for each test.

Results And Discussion

Structural Analysis: Scanning electron microscopy, S.E.M.

SEM photomicrographs of the fracture surface of the Polymer / 
GTR specimens of the Deformation-Traction test [Section 2.4] are 
shown in Figure 2. It is observed that the GTR particles do not reach 
their melting temperature when mixing with the different polymers 
analyzed, so that they are observed in the microphotographs, GTR 
particles dispersed in the homogeneous medium (matrix of the 
different polymers), while the polymer reaches its melting temperature, 
its dispersion being correct. The result is a microgranulated mass with a 
degree of dispersion that depends on the mixing time and temperature, 
which does not facilitate cohesion between phases, as can be seen in 
the different analyzed micrographs. Figures 2-a; 2-f and 2-g, shows 
compounds with low concentration of GTR (10%). It is observed that 
the particle of the reinforcement is integrated and covered practically 
by the matrix, showing a good interfacial adhesion. There are no gaps 
in the contour of the particle, and polymer fragments are dispersed 
over the entire surface of the particle by adhering to it. Figures 2-b, 
2-d, 2-h, on the contrary, show compounds with high concentrations 
of reinforcement (40% -70% GTR), which causes an increase in faults 
and cracks in the matrix, worsening interfacial adhesion. In this case, 
the percentage of thermoplastic polymer is not sufficient to wrap the 
GTR particles, so that the joint is more difficult, cracks and pores 
of considerable size appearing in its contour. The GTR particles are 
clean and easy to extract, so the fracture has occurred through the 
interface of the matrix. On the other hand, with high concentrations 
of GTR there are greater possibilities of particle agglomeration, this 
agglomerate acting as a large particle.

Results of Comparison Of Mechanical Properties

Through the Tension-Deformation test, the mechanical properties 
of the different polymers with different concentrations of GTR and 
size of reinforcement particles (p <200μm) in the polymer matrix 
have been analyzed. Regarding Young’s Module (Figure 3. a)), we 
can see how the compounds of EVA, HDPE and PS have a better 
performance with the addition of low percentages of GTR (5–10%) 
in the compound. In the rest of materials, generally, from the addition 
of GTR particles, Young’s Module worsens. A very clear case is the 
EVA copolymer, which has lower Young’s modulus properties and 
improves with the incorporation of GTR. In tensile strength (Figure 
3. b)), we can see more evident decreases for concentrations greater 
than 10% of GTR, except for HDPE compounds, which exhibit better 
behaviors with the addition of quantities of GTR in low proportions 
(5–10% of GTR).

Regarding the elongation at break of the GTR compounds (Fig. 3. 
c)), the highest level is for the EVA compounds, which range between 
700% and 350%, for 0% GTR concentrations. to 20% respectively. 
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The reduction of the deformability of the elastomer influences the 
decrease in elongation and, subsequently, the decrease in hardness, 
showing similar behaviors in terms of hardness for compounds with 
EVA / GTR. The decrease in elongation at break is related to imperfect 
interfacial adhesion between the components, as discussed previously 
in section 3.1. The incidence of poor adhesion between phases is a 
particularly important result. Elongation at break with the addition of 
GTR particles decreases dramatically, rising only in the case of PA, with 
the addition of GTR. Regarding the tenacity (Figure 3. d)), these falls 
are even greater. The toughness ranges decrease for concentrations of 

10% GTR. From the observation of the comparative graphs of tenacity 
(J) it can be seen that, the ones with the greatest energy to produce the 
fracture are EVA and PP. For EVA or PP that add 10–20% GTR, the 
breakage energies of the compound decrease significantly. For PP, ABS 
and, to a lesser extent, HDPE, the addition of GTR negatively affects 
the properties of tear strength (J). A very prominent case is the PVC 
and PA polymers, which show very low breaking energy values   for the 
pure polymer and improve this property (strength) with the addition 
of the percentage of GTR in the polymer matrix.

Table 1. Main processing characteristics of the different polymers used

Polymer Type Commercial Name Density (kg/m3) Processing 
Temperature (ºC)

Fusion 
Temperature  (ºC)

Press 
Temperature ºC)

PVC Etinox 1.225 195–200 ºC 200 ºC 210 ºC

EVA Alcudia PA 539 type 937 105–110 ºC 110 ºC 120 ºC

HDPE Alcudia 4810-B 960 150–155 ºC 155 ºC 170 ºC

PA 6 Ultramid B3S 1130 195–200 ºC 220 ºC 210 ºC

ABS Terluran® HH-106 1050 180–185 ºC 230 ºC 195 ºC

PP Isplen® 099 K2M type 902 155–165 ºC 165ºC 165 ºC

PS Polystyrol 486 M 1050 180–185 ºC 180°C 195 ºC

Figure 1.- Scanning electron microscopy S.E.M., used for the Structural analysis of Polymer / GTR compounds. a) Scanning Electron Microscopy JEOL 5610. b) electrolytic coating machine 
(sputtering). c) Sample holder of the S.E.M., with the samples coated in a layer of 20 nanometers of gold.

A deeply Comparative-Analysis Stress-Strain model is needed, for 
a further research we can obtain curves obtained from the test of the 
polymers mixed with the full range of GTR concentrations. In this 
case, the complex morphology of the matrix polymer blended with 
GTR particles does not allow the use of the standard elastoplastic 
equations or the classical approach. For this reason, and in the same 
way as purposed [22], a simple uniaxial tensile stress–strain relation 

is proposed, based on three parameters, σY, εY, and n, where σY is the 
yield strength and εY the elongation at yield.
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Figure 2.- SEM photomicrographs of the Polymers - GTR, for some concentrations of GTR particles in the polymer: a) EVA / GTR-10%; b) HDPE / 
GTR-40%; c) PA / GTR-20%; d) PVC / GTR-40%; e) PP / GTR-20%; f) ABS / GTR-10%; g) PS / GTR-10%; h) PS / GTR-70%
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Figure 3. a) Young’s modulus (MPa), b) Tensile strength (MPa), c) Elongation at break (%), d) Tenacity or hardness (J), for the seven Polymer / GTR 
concentrations and particle sizes p <200μm.

Conclusions

There are necessary for a deep analysis of the compounds analyzed, 
through DSC, Differential Scanning Calorimetry, that allows the study 
of those processes in which enthalpic variation occurs, for example 
determination of specific calories, boiling points and fusion, purity 
of crystalline compounds, reaction enthalpy and determination of 
other first and second order transitions. The calorimetry applied to 
the composite materials is used as a tool to detect the possible changes 
in the crystallinity and microstructure of the matrix by adding a 
second component as a reinforcement [23–24]. By measuring the 
melting temperatures and enthalpy of the compounds, these changes 
can be analyzed through DSC analysis. The thermal behavior of the 
compounds can be studied using DSC, the final thermogram (heat / 

temperature flow) is obtained. The melting point of the sample and 
the glass transition temperature can be obtained to determine the 
modification of the internal structure of the matrix and possible 
reactions that may occur in the mixture. So, in this sense can be an 
interesting analysis for further research.

Comparatively, it can be deduced from the observation of the 
results of HDPE, PVC, EVA, PP, PA, ABS and PS with GTR, that the 
analyzed mechanical properties of the compounds may have some 
significant changes depending on the amount of GTR that is supplied 
to the polymer matrix, that is, some properties vary according to the 
percentage of GTR added. As can be seen in section 3.2, generally the 
highest property values   correspond to the pure polymer (0% GTR). 
Thus, for EVA, HDPE, PA and PS, some mechanical properties are 
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improved by the addition of microparticles (p <200 µm) of GTR 
in the polymer matrix. With low concentrations of GTR (5–10%), 
the Young’s Modulus of the compound increases, although other 
mechanical properties decrease as with the compounds of EVA, PS 
and HDPE. This behavior may be due to the fact that the reinforcement 
matrix is   correct for these formulations (as shown in section 3.1 of this 
investigation) and, therefore, some mechanical properties improve. 
However, for GTR concentrations greater than 10%, all mechanical 
properties decrease, except for PA compounds. The results obtained 
from the analysis of these compounds show the limit concentration 
of GTR in order to maintain acceptable values   of the mechanical 
properties is of the order of 5–10% in general, values   that would 
allow its use in various fields of industry with mechanical solicitations 
not too high, giving out disused amounts of GTR, as other authors 
have studied before, GTR compounds can be reused with other 
applications [25–26]. At a structural level we see a clear relationship 
between structural properties and mechanical properties, relating 
the compounds that show better internal cohesion (Section 3.1), 
compounds with low proportions of GTR (10%) and that coincide 
with the compounds that have better mechanical properties. Likewise, 
with high concentrations of GTR (from 40% to 70% GTR), we see how 
the mechanical-structural properties progressively worsen with the 
addition of percentages of GTR, as the photomicrographs performed 
at 180 magnifications with electron microscopy show. What clearly 
reveals the structural study is that the interaction between the 
polymeric matrix with the GTR particles is very weak and low
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