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ABSTRACT

The massive storage of reused tires constitutes a serious 
environmental problem. This article focuses on finding 
a new application for these reused tires (GTR), and for 
this, the dust from the reused tires has been mixed 
with different thermoplastic polymers such as Polyvinyl 
Chloride (PVC), High Density Polyethylene (HDPE), 
Ethylene Vinyl Acetate (EVA), Polypropylene (PP), Ac-
rylonitrile Butadiene Styrene (ABS), Polystyrene (PS) 
and Polyamide (PA), checking until the concentration 
values ​​in GTR allow these new compounds maintain-
ing its dielectric properties within acceptable values, 
and therefore, its possible industrial applications in the 
manufacture of insulators for electrical cables. Specifi-
cally, the dust from reused tires and with a particle size 
less than 200 μm, has been mixed with the polymers 
with four concentrations 5%, 10%, 20% and 50% in 
GTR, analyzing conductivity, permittivity, dielectric 
loss factor, dielectric relaxations, etc. in a temperature 
range of 30ºC to 120ºC, and with frequencies of 1·10-2 
Hz, up to 3·106Hz. Finally, the fracture surfaces of the 
samples have been evaluated by scanning electron 
microscopy (SEM).

Keywords: thermoplastic polymers (PVC; HDPE, EVA, 
PP, ABS; PS; PA), polymer+GTR composites, dielectric 
properties; industrial applications.

RESUMEN

El masivo almacenamiento de los neumáticos reutili-
zados constituye un grave problema medioambiental. 
Este artículo se centra en buscar una nueva aplicación 
para estos neumáticos reutilizados (GTR), y para ello, 
se ha mezclado el polvo de los neumáticos reutilizados 
con diferentes polímeros termoplásticos como son 
el Policloruro de Vinilo (PVC), el Polietileno de Alta 
Densidad (HDPE), el Etileno Acetato de Vinilo (EVA), el 
Polipropileno (PP), el Acrilonitrilo Butadieno Estireno 
(ABS), el Poliestireno (PS) y la Poliamida (PA), com-
probando hasta que valores de concentración en GTR 
admiten estos nuevos compuestos manteniendo dentro 
de unos valores aceptables sus propiedades dieléctricas, 
y por tanto, sus posibles aplicaciones industriales en la 
fabricación de aislantes para cables eléctricos. Concreta-
mente, el polvo de los neumáticos reutilizados y con un 
tamaño de partícula inferior a 200 μm, ha sido mezclado 
con los polímeros con cuatro concentraciones 5%, 10%, 
20% y 50% en GTR, analizándose la conductividad, 
la permitividad, el factor de pérdidas dieléctricas, las 
relajaciones dieléctricas, etc. en un rango de tempe-
raturas de 30ºC hasta 120ºC, y con unas frecuencias 
de 1·10-2 Hz, hasta 3·106Hz. Finalmente, las superficies 
de fractura de las muestras han sido evaluadas por 
microscopía electrónica de barrido (SEM).

Palabra clave: polímeros termoplásticos (PVC; HDPE, 
EVA, PP, ABS; PS; PA), compuestos polímero+GTR, 
propiedades dieléctricas; aplicaciones industriales.
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RESUM

El massiu emmagatzematge dels pneumàtics reuti-
litzats constitueix un greu problema mediambiental. 
Aquest article se centra a buscar una nova aplicació 
per a aquests pneumàtics reutilitzats (GTR), i per això 
s’ha barrejat la pols dels pneumàtics reutilitzats amb 
diferents polímers termoplàstics com són el Policlorur 
de Vinil (PVC), el Polietilè d’Alta Densitat (HDPE), l’Etilè 
Acetat de Vinil (EVA), el polipropilè (PP), l’Acrilonitril 
Butadiè Estirè (ABS), el Poliestirè (PS) i la Poliamida 
(PA), comprovant fins a quins valors de concentració 
en GTR admeten aquests nous compostos, mantenint 
dins d’uns valors acceptables les seues propietats di-
elèctriques, i per tant, les seves possibles aplicacions 
industrials en la fabricació d’aïllants per a cables elèc-
trics. Concretament, la pols dels pneumàtics reutilitzats 
i amb una mida de partícula inferior a 200 μm, ha estat 
barrejada amb els polímers amb quatre concentracions 
5%, 10%, 20% i 50% en GTR analitzant la conductivitat, 
la permitivitat, el factor de pèrdues dielèctrics, les rela-
xacions dielèctriques, etc. en un rang de temperatures 
de 30ºC fins a 120ºC, i amb unes freqüències de 1·10-2 
Hz, fins a 3·106Hz. Finalment, les superfícies de fractura 
de les mostres han estat avaluades per microscòpia 
electrònica d’escombrada (SEM).

 
Paraules clau: polímers termoplàstics (PVC; HDPE, 
EVA, PP, ABS; PS; PA), compostos polímer+GTR, pro-
pietats dielèctriques; aplicacions industrials.

1. INTRODUCTION

The important problem of the accumulation of used 
tires1-3 has driven efforts to find solutions for their recov-
ery and reuse. Many plastic materials include elastomers 
to improve their toughness. In general, a thermoplastic 
polymer acts as a matrix and the elastomer as a dispersed 
phase4-8. In the case of recycled elastomers, when mixed 
with thermoplastic polymers the expected compatibility 
is low, and this compatibility can be increased by reducing 
the degree of cross-linking of the GTR through devulca-
nization9-12. Another way to increase interfacial bonding 
is through pretreatment with acids13-16, although this is 
not very effective. More significant changes are observed 
in the properties of the compounds if we vary the size 
of the reinforcement particles, this being the alternative 
applied in this publication17,18, in which seven polymers 
are mixed: PVC, HDPE, EVA, PP, ABS, PS, and PA with 
GTR with a single particle size less than 200μm, and four 
concentrations (5%, 10%, 20% and 50%), analyzing up to 
which concentration it is possible to load the polymers 
without affecting their dielectric and thermal properties 
initial microstructure19-22.

2. METHODOLOGY

2.1 Materials
The thermoplastic polymers used are: polyvinyl chlo-

ride (PVC); high-density polyethylene (HDPE) recycled 

from water bottles; the EVA copolymer (Ethylene Vinyl 
Acetate), indicated for the production of films and coat-
ings by extrusion (18% vinyl acetate and 82% ethylene); 
polypropylene (PP); acrylonitrile butadiene-styrene 
(ABS), composed of 30% acrylonitrile, 20% butadiene 
and 50% styrene, an amorphous thermoplastic material, 
very resistant to impact; polyamide 6 (PA 6), known as 
nylon 6, a semi-crystalline material, transparent solid, 
hard, brittle and impact resistant; and polystyrene (PS), 
an amorphous, hard and brittle material, very resistant 
to impact. Table 1, shows a summary of relevant prop-
erties of these seven polymers.

Table 1. Commercial name, fluidity index, density four 
each material.

Finally, the out-of-use tire (GTR), with a size smaller 
than 700μm supplied by Alfredo Mesalles (Spain), was 
verified through analysis with the TGA that its carbon 
black content is 35%. The original GTR was separated 
by sieving to a size less than 200 μm.

Figure 1. Chemical structures of the polymers used.

2.2 Compound Preparation
The dust from the reused tires was dried in an oven 

at 100ºC for 24h. For the particle size p<200μm, six 
samples of the compounds were prepared varying their 
composition from 5%, 10%, 20% and 50% in GTR. The 
mixing process was carried out with a Brabender ma-
chine, type EHT PL, at different temperatures and with 
limited mixing times: 195ºC and 5min for PVC; 153ºC 
and 4min for HDPE; 105ºC and 4min for EVA; 165ºC 
and 4min for PP; 180ºC and 4min for ABS; 185ºC and 
4min for PS; and 200ºC 8min for PA, to avoid degra-
dation of the polymers. The Polymer/GTR laminates 
(170 x 170 x 2mm3) were obtained using a Collin Mod. 
P 200E hot plate press, at 100kN, for about 10 min. at 
temperatures of 210ºC (PVC), 170ºC (HDPE), 120ºC 
(EVA), 180ºC (PP). 200ºC (ABS), 195ºC (PS) and 210ºC 
(PA). The cooling stage was carried out with a closed 
circuit of running water, which was carried out in the 
same press and at the same pressure for 5 min. The 
samples for testing were properly configured in ac-
cordance with the specifications of ASTM-D-412-98.
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Table 2. Glass transition temperature, melting temperature, and % Crystallinity, for each material.

2.3 Scanning Electron Microscopy (SEM)
The SEM was used to analyze the fracture surface 

of the broken samples in the Strain-Tensile tests. By 
observing the environment of the reinforcing par-
ticles, it is possible to analyze the effects of this filler 
material on the matrix. Some images of the samples 
have been analyzed depending on the compound and 
the concentration in GTR. The microscope used was 
a JEOL 5610, and the samples were coated with a thin 
layer of gold to increase their conductivity.

2.4 Electrical Dynamic Analysis (DEA)
The dielectric analysis was also carried out with par-

ticles smaller than 200 μm, as these offer the best results 
in all previous tests. The dielectric magnitudes were 
measured using a Dynamic Electrical Analysis (DEA) 
with the BDS40 equipment, which incorporates a No-
votherm temperature sensor from Novocontrol, using 
a 2cm diameter compression mold. The measurements 
were taken in a frequency range between 1·10-2 Hz and 
3·106 Hz, with a temperature variation between 30ºC 
and 120ºC, and at a speed of 3ºC/min, using parallel 
plate sensors.

3. RESULTS AND DISCUSSION

3.1 Scanning Electron Microscopy
Some SEM microphotographs of the fracture sur-

face from the Strain-Tensile Test23,24 of the polymer/

GTR specimens, with a particle size p<200 µm, and a 
concentration of 10% in GTR, are shown in Figure 2. 
The particles of GTR do not reach their degradation 
temperature when mixing, clearly observing these 
particles dispersed in the homogeneous medium of 
the polymer matrix, which does reach the melting 
temperature. 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.

In general, for low concentrations17-18, the reinforcing 
particles are integrated and covered by the matrix. The 
topology in the amorphous region of the matrices, in-
cluding the interconnection between crystalline sheets, 
shows good interfacial adhesion. Small, cleanly cut 
areas are seen, which indicates that the particles have 
broken before being released in the tensile test. Likewise, 
the formation of superstructures with homogeneous 
morphologies is observed.
3.4 Electrical Properties

The comparative dielectric analysis has been carried 
out at different frequencies and temperatures for all 
the compounds, with the GTR particles of sizes less 
than 200μm. With the dielectric spectroscopy tech-
nique used, the samples are subjected to an alternating 
voltage of variable frequency and from the impedance 
measurement the dielectric magnitudes of the material 
are obtained. In the alternating current regime, the 
relative permittivity is a complex number whose real 

Figure 2. SEM micrographs of the Polymers/GTR, for a concentration of 10% of Polymer/GTR and particle size <200µm. a) 
PVC/GTR; b) HDPE/GTR; c) EVA/GTR; d) PP/GTR; e) ABS/GTR; f) PS/GTR; g) PA/GTR
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part, ε’, is proportional to the energy stored in each 
cycle, while the imaginary part, ε’’, is proportional to 
the energy lost and is known as loss factor. Through the 
analysis of the real permittivity and the loss factor with 
frequency and temperature, relaxations of the material 
can be determined and, therefore, information about 
the structure, transitions with temperature, the effect 
of the addition of particles reinforcement, etc., of the 
sample studied. For the same material, the relaxations 
observed are called, α, β, γ and ρ, according to the 
order in which they appear when going from low to 
high temperatures. In the frequency and temperature 
regime studied, it is the case that only relaxations α and  
β appear. However, this label refers only to the order 
in which they appear for a given material; The origin 
and properties of each α, and  β relaxation depend on 
the polymer in question.

3.4.1 Conductivity (σ)
Figures 3.a, 3.b, 3.c and 3.d show the results of the 

conductivity (σ), as a function of frequency, for four 
concentrations in GTR (5%, 10%; 20%, 50%), and a 
30ºC temperature.

It is observed that for low frequencies (0.01Hz) and 
concentrations of 5% of GTR, the four most amor-
phous compounds PVC, PS, ABS25-28 and EVA29,30,31, 
show conductivities of around 1·10-15 S/cm, while HDPE 
(semi-crystalline)18,32, and PP (more crystalline)31, have 
conductivity values ​​of 1·10-16 S/cm, finally PA is the most 
conductive with values ​​of 1·10-14 S/cm.

With the increase of GTR (at 30ºC), the conductive 
behavior of the samples, in most of the cases analyzed, 
increases. With 10% in GTR, the conductive behav-
ior is more heterogeneous, with PS and PP being the 
least conductive. For PS and PP with 5% GTR, at 50Hz 
there are some conductivities of 10-13 and 10-11 S/cm. 
For 40% GTR, PS is revealed as the most insulating 
material (10–14 S/cm) followed by ABS, for which, at 
industrial frequency (50 Hz), a conductivity of 10–10 S/
cm is observed.

The most resistive without GTR are HDPE, PS and PP, 
followed by EVA, PVC and ABS. Thus, it is observed that 
with the addition of GTR, the conductive behavior of 
almost all polymers tends to converge, except in the case 
of PA, which remains two orders of magnitude above 
the rest of the polymers analyzed, that is, for 40-50%, 
PA: 4.95×10-13 and 1.73×10-12S/cm, and for the rest of 
the polymers, 10-15S/cm, and in the case of ABS and 
PS, for 40% of GTR, reach conductivities of 1.05×10–14 
and 1.32×10–14S/cm, respectively. These results can be 
interpreted as compounds with worse electrical behavior 
with carbon black (CB)28,29.

If the temperature is increased to 120ºC (figures 4.a, 
4.b, 4.c and 4.d) the behavior of the compounds differs 
depending on their degree of crystallinity. Thus, for 
the most amorphous materials (PVC/PS/ABS/EVA + 
GTR), two clearly differentiated zones appear in this 
frequency range: one at low frequencies, up to about 
100Hz, and another at frequencies above 100Hz. In the 
low frequency zone, the conductivity remains constant 
and increases with the GTR content (at 0.01 Hz), on 
the contrary, from 100Hz the dependence is linear on 

 a)

b)

 c)

d)

Figure 3. Conductivity (σ) at 30ºC, as a function of 
frequency: a) compound+5% GTR. b) compound+10% 

GTR, c) compound+20% GTR, d) compound+50% GTR:
 EVA;  HDPE; ∆ PP;  PVC; ◊ ABS;  PA;  PS.
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a logarithmic scale, becoming practically independent 
for PVC/GTR.

For the most crystalline materials (HDPE, PA and 
PP), and in this frequency range, the zone in which 
the conductivity is independent of the frequency does 
not appear, although a slight change in behavior can 
be sensed at frequencies of the order of 0.01Hz, this 
change being more significant for HDPE/GTR than 
for PP/GTR, as the latter is more crystalline. As León27 
describes, this behavior is consistent with a sublinear 
dispersive conductivity of the type:

    (1)

where σ0, is the conductivity in direct current (DC), 
is the pulsation, f is the frequency, and A and n are 
factors that take values ​​between 0 and 1, and that 
depend on the temperature, the material and the 
GTR content. This relationship is known as universal 
dynamic response and is typical of materials with a 
high degree of disorder, such as PVC, PS, ABS and 
EVA, and to a lesser extent, HDPE, PA and PP. The 
frequency ranges that separates both zones moves 
towards higher values ​​with temperature, this transi-
tion not being observed in Figure 3, since the area that 
corresponds to the DC regime is not shown for the 
frequency range studied. At 120ºC, the conductivity 
at low frequencies has increased for PVC/PS/ABS/EVA 
+ GTR and all concentrations in GTR, between three 
and four orders of magnitude on average (from 1·10-15 
S/cm to 1·10-10 S/cm for PVC/GTR and from 1·10-14 S/
cm to 1·10-11 S/cm for EVA/GTR), basically due to the 
increase in continuous conductivity (DC). While this 
increase is one or two orders of magnitude on aver-
age (from 1·10-13 S/cm to 1·10-10 S/cm for HDPE+GTR 
or PA+GTR and from 1·10-14 S /cm to 1·10-13 S/cm 
for PP/GTR) for more crystalline materials such as 
HDPE, PA and PP. For high frequencies the increase 
in conductivity with temperature is much smaller, 
being less than an order of magnitude in all cases 
(from 1·10-7 S/cm to 1·10-6 S/cm). In the case of PVC/
GTR, the conductivity increases significantly with 
carbon black to inflect at a point at which it tends 
asymptotically to the limit conductivity that varies 
depending on the case.

3.4.2. Permittivity and Loss Factor
Figures 5.a, 5.b, 5.c, and 5.d show the values ​​of the 

real permittivity (ε’) as a function of frequency for 
each polymer and the three concentrations in GTR 
(10%; 20%, 50%), and at a temperature of 30ºC.

The material with the highest real permittivity is 
polyamide, which without GTR additives and up to 
10% GTR presents values ​​of 10 for low frequencies, 
and it can be deduced that the addition of GTR affects 
the real permittivity, since it increases up to 3 orders 
of magnitude. For polar materials (PVC, ABS, PS and 
EVA), the permittivity is influenced by the GTR content, 
increasing with concentration and this increase being 
more noticeable at low frequencies and concentrations 
higher than 20% in GTR (at 0.01 Hz and 5% in GTR, the 
permittivity is 3.5 for both PVC/GTR33,34,35 and EVA/

a)

b)

c)

d) 

Figure 4. Conductivity (σ) at 120ºC, as a function of 
frequency: a) compound+5% GTR. b) compound+10% 

GTR, c) compound+20% GTR, d) compound+50% GTR:
 EVA;  HDPE; ∆ PP;  PVC; ◊ ABS;  PA;  PS.
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 a)

b)

c)

d)

Figure 5. Dielectric permittivity (ε’) at 30ºC, as a function 
of frequency: a) compound+5% GTR. b) compound+10% 
GTR, c) compound+20% GTR, d) compound+50% GTR:

 EVA;  HDPE; ∆ PP;  PVC; ◊ ABS;  PA;  PS.

 a)

b)

c)

d)

Figure 6. Dielectric losses  (ε”) at 30ºC, depending on 
frequency: a) compound+5% GTR. b) compound+10% 

GTR, c) compound+20% GTR, d) compound+50% GTR:
 EVA;  HDPE; ∆ PP;  PVC; ◊ ABS;  PA;  PS.
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GTR36. For concentrations of 40% in GTR and the same 
frequency, the permittivity values ​​are 10, and 13 for PS/
GTR and ABS/GTR respectively. On the other hand, 
the frequency negatively influences the permittivity, 
decreasing its value due to dielectric dispersion and 
decreasing the differences between the compounds (at 
a frequency of 1·107 Hz, and concentrations of 10% and 
40% in GTR, the permittivity values ​​are 2.8 and 4.8 for 
PVC/GTR, and 3 and 5.5 for ABS/GTR)36.

For non-polar materials (HDPE and PP), the real per-
mittivity increases as the GTR content increases, this 
increase being more significant at low frequencies. Thus 
for 0.01Hz and 5% in GTR, the permittivity is 2.8 and 
2.4 for HDPE/GTR37,38,39 and PP/GTR4 respectively, 
while for concentrations of 40% in GTR and the same 
frequency, the values of permittivity are 11 and 6 for 
HDPE/GTR and PP/GTR respectively. Regarding the 
influence of frequency, permittivity decreases with 
increases in frequency, mainly due to dielectric dis-
persion. As HDPE, PA and PP are not polar materials, 
only GTR contributes to this phenomenon, this trend 
being less significant with low concentrations of GTR, 
and becoming null in the case of pure materials. For 
a frequency of 1·107 Hz, and concentration of 5%, the 
permittivity value is 2.1 for both HDPE/GTR; PA/GTR 
as for PP/GTR, while for 40% in GTR the values ​​are 5 
and 3 for the same compounds.

Figures 6.a, 6.b, 6.c, and 6.d show the values ​​of the 
imaginary permittivity (ε’’) as a function of frequency 
for the various compounds with four concentrations 
in GTR (5%, 10%; 20%, 40%), and at 30ºC temperature.

For polar materials (PVC, PS, ABS and EVA), the loss 
factor is influenced by the GTR content, increasing its 
value when the concentration increases (at 0.01Hz and 
5% in GTR, the values ​​of the losses are 0.15 and 0.3 
for PVC/GTR and EVA/GTR respectively, while, for 
the same frequency, but with 50% in GTR, the values ​​
for PVC/GTR and EVA/GTR are respectively 1 and 
2). In all samples for the PVC/GTR composite, the 
losses decrease rapidly in the low frequency region up 
to about 10Hz, and then increase and pass through a 
maximum located between 1·104 Hz and 1·105 Hz. This 
change in slope that is observed at this frequency and 
temperature for the loss factor is known as α relaxation 
and is linked to the local movements of the main chain. 
α relaxation in PVC has been studied by Ishida et al.34. 
For non-polar materials (HDPE, PA and PP), the loss 
factor increases with increases in GTR concentration, 
these increases being more noticeable at low frequen-
cies. Thus at 0.01Hz and 5% in GTR, the dielectric 
losses (ε”) are 0.035 and 0.028 for HDPE/GTR and PP/
GTR respectively.

The influence of frequency is due to the contribu-
tion of conductance, as dielectric losses depend on 
conductivity (σ and initial conductivity σo) divided by 
frequency (w=2·π·f ), as well as interfacial phenomena 
that increase the loss factor at low frequencies.

    (2)

 a)

b)

c)

d)

Figure 7. Dielectric permittivity (ε’) at 50Hz, as a function 
of temperature: a) compound+5% GTR. b) compound+10% 

GTR, c) compound+20% GTR, d) compound+50% GTR:
 EVA;  HDPE; ∆ PP;  PVC; ◊ ABS;  PA;  PS.
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On the other hand, for high frequencies the HDPE/
GTR has a relaxation in the imaginary permittivity ε” 
that shows a maximum between 1·103 Hz and 1·105 Hz. 
This maximum can be identified with the α relaxation 
of the HDPE, which is related to the lateral branches 
in polyethylene32. As high-density polyethylene does 
not have many secondary branches, this relaxation is 
barely perceived. Also, for high frequencies and low 
concentrations in GTR, it is possible to observe for 
PP/GTR, although weakly, β relaxation peak at the 
imaginary permittivity ε”. This peak can be identified 
with the α relaxation of PP, which has its origin in the 
amorphous regions40.

Figures 7.a, 7.b, 7.c, and 7.d show the values ​​of the 
dielectric permittivity (ε’) at 50Hz, as a function of 
temperature, for the various compounds with GTR 
concentrations of 5%, 10%; 20%, and 50%.

In general, the increase in permittivity with tempera-
ture is due to the contribution of two mechanisms: 
the first, an increase in the mobility of the macromol-
ecules, with a decrease in density that increases the 
permittivity, and the second, a difference of thermal 
expansion between the different areas of the polymer 
itself that reduces it36,40,41. However, above the glass 
transition temperature Tg, the first contribution is 
much higher than the second, so the global permittivity 
increases. The presence of GTR particles accentuates 
both mechanisms, the result of both contributions 
being a significant increase in permittivity.

Analyzing first the polar materials (PVC, ABS, PS 
and EVA), it is observed that for the PVC/GTR and 
PS/GTR compounds there is a very gentle increase in 
permittivity up to 70ºC depending on the GTR content 
(for 30ºC the Permittivity values ​​are 3.2 for 5% in GTR 
and 7 for 50% in GTR, these values are​​rising to 3.4 
and 7.2, at 70ºC and the same conditions). From this 
point on, there is an abrupt change in the slope that 
increases considerably between 80ºC and 110ºC (the 
values ​​at 110ºC and concentrations of 5% and 50% in 
GTR are 10.2 and 10.4 respectively), to return, from 
this temperature, to the initial trend, these changes 
are more significant for the PS. The EVA/GTR and 
ABS/GTR compounds behave differently, since their 
permittivity practically does not vary with tempera-
ture (in less than one unit in all cases), although it 
does vary with the concentration in GTR (from 3.5 to 
8.5 for 30ºC and GTR concentrations of 5% and 50% 
respectively), to subsequently experience a transition 
between two stable regimes. This transition begins at 
80ºC, its inflection point is between 90ºC and 100ºC 
and ends at 110ºC.

For non-polar materials (HDPE, PA and PP), a mod-
erate increase in dielectric permittivity as a function 
of GTR concentration is observed overall. Thus, for 
the extreme concentrations of 5% and 50% in GTR, 
the permittivity values ​​are for HDPE/GTR from 2.5 
to 7.8, and for PP/GTR from 2.25 to 5.5 respectively. 
In general, the permittivity decreases slightly with 
increases in temperature, showing a weak dependence 
between the two.

Figures 8.a, 8.b, 8.c, and 8.d show the values ​​of the 
imaginary permittivity (ε’’) at 50Hz, as a function of 

 a)

b)

c)

d)

Figure 8. Dielectric losses (ε”) at 50Hz, as a function of 
temperature: a) compound+5% GTR. b) compound+10% 
GTR, c) compound+20% GTR, d) compound+50% GTR:

 EVA;  HDPE; ∆ PP;  PVC; ◊ ABS;  PA;  PS.
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temperature, for the various compounds with four 
concentrations in GTR (5%, 10%; 20%, 50%).

In all materials, an increase in dielectric losses with 
temperature and concentration is observed. With refer-
ence to polar materials, we see that for PVC/GTR the 
loss factor increases from 70ºC (0.045 for 5% in GTR 
and 0.35 for 50% in GTR) and presents a relaxation 
around 90ºC with values ​​for the loss factor of 1.5 for 
5% in GTR and 2 for 50% in GTR, coinciding with the 
inflection point of the real component. This phenom-
enon is more noticeable with low concentrations of 
GTR, as also occurs in the case of α relaxation of PVC. 
On the other hand, near the conformation glass transi-
tion zone, the reorganization of the main chains will 
take place on a large scale, giving rise to α relaxation, 
observable at different temperatures depending on the 
frequency with which we work. Calorimetric measure-
ments indicate that the glass transition temperature 
(Tg) is around 80ºC41-43.

With respect to the EVA/GTR, ABS/GTR and PS/GTR 
compounds, the behavior is similar, reducing the loss 
factor to a minimum at 60ºC (0.02 for 5% in GTR and 
0.3 for 50% in GTR), to subsequently begin to increase 
with temperature up to values ​​of 0.1 and 0.7, at 120ºC 
and concentrations of 5% and 50% in GTR, respectively. 
As the EVA/GTR29-31 relaxation map shows, the end of 
β relaxation is obtained at low temperatures, while the 
effect of conductive processes on the loss factor ε”, is 
observed at higher temperatures.

For non-polar materials (HDPE and PP), overall there 
is a slight increase in the loss factor as a function of the 
GTR concentration. Thus, for HDPE/GTR compounds, 
the loss factor ε” shows an almost negligible increase as 
the temperature increases, its value being practically 
constant. As GTR is more polar and conductive than 
HDPE, the dielectric relaxation of the polymer matrix 
is ​​masked by the properties of the filler.

With reference to PP/GTR, the behavior shows a slight 
initial drop in the loss factor ε” up to a temperature 
of 70 ºC, to rise from this temperature, remaining 
practically constant and with a value of 0.01 for 5% in 
GTR and 0.2 for 50% in GTR, during the rest of the 
analyzed spectrum. According to the relaxation map 
of pure PP, the low temperature region shows the end 
of the α relaxation, however, the α relaxation, which is 
related to the crystalline zone, not visible.

4. CONCLUSIONS

Regarding the microstructure, and with a single GTR 
particle size less than 200μm, it has been proven that 
the filler influences the microstructure of the composite 
causing an increase in failures in the matrix, which 
worsens interfacial adhesion and leads to the forma-
tion of agglomerates that cause cracks and pores of 
considerable size on their surface.

Regarding dielectric tests, the incorporation of GTR 
produces an increase in conductivity, permittivity and 
dielectric loss factor in all compounds. As with other 
similar materials, the conductivity shows a dispersive 
sublinear behavior in all compounds. Likewise, the 

increase in conductivity is greater for low frequencies 
and high temperatures, regardless of the GTR content, 
while, for high frequencies, neither the type of material, 
nor the filling percentage, nor the increase in tempera-
ture, hardly they take effect.

For the PVC/GTR compound, with temperature values ​​
higher than the glass transition Tg (80ºC at 50 Hz) there 
is a significant increase, not only in the permittivity, 
but also in the dielectric loss factor. These losses are 
considered as the combination of losses due to Maxwell-
Wagner-Sillar type relaxation processes, as well as the 
increase in the conductivity of the compounds. At high 
frequencies, losses due to interfacial polarization are 
negligible and the dielectric behavior of the composites 
is governed by the losses of the polymer matrix.

The presence of a α relaxation at low temperatures 
and high frequencies has been detected, as well as an 
β relaxation with temperatures higher than Tg. The 
analysis of the behavior of α relaxation with temperature 
could indicate that the incorporation of GTR in PVC, 
ABS and PS significantly reduces the cooperativity of 
the main chains below 100ºC. Both parameters are 
significantly influenced by the GTR content, especially 
above 20%.

On the other hand, for the EVA/GTR composite, the 
different behavior exhibited by the α relaxation peak 
depending on whether the temperature is lower or 
higher than 100ºC, has given rise to a separate analy-
sis, whose behavior is explained by the fusion of its 
crystalline phase.

For non-polar compounds such as HDPE/GTR and 
PP/GTR, permittivity tends to decrease with frequency, 
this decrease being more pronounced with high con-
centrations of GTR, and practically negligible at low 
concentrations. PA+GTR is the compound that has the 
highest values ​​in all dielectric magnitudes, although 
for very high frequencies (above 100 kHz) it tends to 
converge with the rest of the materials, making it not 
suitable as a dielectric.

From the results achieved through the analysis of 
these compounds, only EVA+10%GTR with particle 
size p<200μm would fall within the permitted limits 
for insulating electrical cable covers and special motor 
insulation44-47.

REFERENCES

1.	 European Tyre Recycling Association (ETRA). 
Available at: www.etra-eu.org.

2.	 Used Tyre Working Group (UTWG). Tyre Re-
cycling; Department of Trade and Industry: Lon-
don, UK. Available at: www.tyredisposal.co.uk, 
November. (2006)

3.	 Liu, H.S., Richard, C.P., Mead, J.L., Stacer, R.G.: De-
velopment of Novel Applications for Using Recycled 
Rubber in Thermoplastics; Technical Research 
Program, Chelsea Center for Recycling and Eco-
nomic Development, University of Massachusetts: 
Lowell. (2000)

4.	 Marín-Genescà, M., García-Amorós, J., Mujal-
Rosas, R., Ground tire rubber recycling in appli-

http://www.etra-eu.org
http://www.tyredisposal.co.uk
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=38661445400&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=36650432500&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=16069042700&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=16069042700&zone=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85090608087&origin=resultslist&sort=cp-f&src=s&st1=mujal&st2=&nlo=1&nlr=20&nls=afprfnm-t&sid=e6ecf46bc3e39a0ef66dcb436a1102fd&sot=anl&sdt=aut&sl=42&s=AU-ID%28%22Mujal-Rosas%2c+Ram%c3%b3n+Ma%22+16069042700%29&relpos=12&citeCnt=13&searchTerm=


288  |  AFINIDAD LXXXI, 604

cations as insulators in polymeric compounds, 
according to Spanish UNE Standards, Recycling 
5(3),16, pp. 1-14. 2020

5.	 Hernandez-Olivares, F., Barluenga, G., Bollatib, 
M., Witoszekc, B.: Static and dynamic behaviour 
of recycled tyre rubber-filled concrete. Cem Concr 
Compôs. 32, 1587-96 (2002)

6.	 Goncharuk, G.P., Knunyants, M.I., Kryuchkov, 
A.N., Obolonkova, E.S.: Effect of the specific sur-
face area and the shape of rubber crumb on the 
mechanical properties of rubber-filled plastics. J 
Polym Sci Part B: Polym Chem. 40, 166-169 (1998)

7.	 Dierkes, W.K.: Rubber recycling. S.G. Pandalai, 
Editor, Recent research developments in macro-
molecules vol. 7, Research Signpost, Trivandrum, 
265–292 (2003)

8.	 Radeshkumar, C., Karger-Kocsis, J.: Thermoplastic 
dynamic vulcanisates containing LDPE, rubber, 
and thermochemically reclaimed ground tyre 
rubber. Plast Rubber Compos. 31, 99-105 (2002)

9.	 Yehia, A., Mull, M.A., Ismail, M.N., Hefny, Y.A., 
Abdel-Bary, E.M.: Effect of chemically modified 
waste rubber powder as a filler in natural rubber 
vulcanizates. J Appl Polym Sci. 93, 30-36 (2004)

10.	 Colom, X., Andreu-Mateu, F., Cañavate, F.J., Mujal, 
R., Carrillo, F.: Study of the influence of IPPD on 
thermo-oxidation process of elastomeric hose. J 
Appli Polym Sci. 5, 2011-2018 (2009)

11.	 Mujal-Rosas. R, Ramis-Juan. X. Marin-Genesca. 
M, Electrical application of polyamide reinforced 
with old tire rubber (ground tire rubber): Dielectric, 
thermal, mechanical and structural properties. J. 
Thermoplast. Compos. Mater. 27, 1209–1231. 2014

12.	 Cepeda-Jimenez, C.M., Pastor Blas, M.M., Fe-
rrandiz-Gomez, T.P., Martin-Martinez, J.M.: In 
Polymer Surface Modification: Relevance to Adhe-
sion, Mittal, K. L., Ed.; VSP International Science 
Publishers: Zeist, Vol. 2. (2000)

13.	 Manchon-Vizuete, E., Macías-García, A., Nadal-
Gisbert, A., Fernández-González, C., Gómez-Serra-
no, V.: Preparation of mesoporous and macroporous 
materials from rubber of tyre wastes. Micropor 
Mesopor Mater. 67, 35-41 (2004)

14.	 Marín-Genescà, M., García-Amorós, J., Mujal-
Rosas, R., Vidal, L.M., Fajula, X.C. Application 
properties analysis as a dielectric capacitor of end-
of-life tire-reinforced HDPE. Polymers. 12(11),2675, 
pp. 1-20. 2020

15.	 Quan-Quan, Y., Ji-Zhao, L.: Electrical Properties 
and Morphology of Carbon Black-Filled HDPE/
EVA Composites. J Appl Polym Sci. 117, 1998-
2002. (2010)

16.	 Marín-Genescà, M., García-Amorós, J., Mujal-
Rosas, R., Berna, X.S., Comparison of mechanical 
and electrical characteristics of various polymers 
blended with ground tire rubber (GTR) and appli-
cations. Applied Sciences (Switzerland) 9(8),1564. 
2019

17.	 Orrit, J., Mujal, R., Nogues, F., Colom, X.: Affinity. 
Dielectric and mechanical characterization of 
PVC composites with ground rubber tire (GTR), 

Journal of Applied Chemistry and Theory. 66(541), 
278-286 (2009)

18.	 Mujal, R., Orrit, J., Marin, M., Rahhali, A., Colom, 
X.: Dielectric and mechanical properties of high 
density polyethylene (HDPE) reinforced with used 
tires (GTR), Afinidad: revista de química teórica y 
aplicada, 67, 7-13 (2010)

19.	 Rao, S., Gdoutos, E., Isaac, M.D.: Mechanical 
Properties and Failure Behavior of Cord/Rubber 
Composites, Applied Composite Materials. 11 (6), 
353-375 (2004)

20.	 Moini Jazani, O., Arefazar, A., Saeb M. R., Ghae-
mi, A.: Evaluation of Mechanical Properties of 
Polypropylene/Polycarbonate/SEBS Ternary Po-
lymer Blends Using Taguchi Experimental Analy-
sis, Journal of Applied Polymer Science. 116 (4), 
2312–2319 (2010)

21.	 Colom, X., Cañavate, J., Carrillo, F., Velasco, J. 
I., Pages, P., Mujal R., Nogues, F.: Structural and 
Mechanical Studies on Modified Reused Tyres 
Composites, Eur Polym J. 42, 2369-2378 (2006)

22.	 Orrit, J., Mujal, R., Rahhali, A., Marin, M., Co-
lom, X.J., Belana, J., Dielectric and mechanical 
characterization of PVC composites with ground 
tire rubber, Journal of composite materials. 
doi:10.1177/0021998310380289 (2010)

23.	 Mujal-Rosas, R.; Marin, M.; Rahhali, A. Dielectric, 
thermal, and mechanical properties of acrylonitrile 
butadiene styrene reinforced with used tires. Adv. 
Polym. Technol, 32, E399–E415. 2013

24.	 Mujal, R.; Marin, M.; Orrit, J.; Rahhali, A.; Colom, 
X. Dielectric, mechanical, and thermal characte-
rization of high-density polyethylene composites 
with ground tire rubber. J. Thermoplast. Compos. 
Mater. 25, 537–559. 2012

25.	 Tang, L.W., TAM, K.C., Yue, C.Y., Hu, X., Lam, Y.C., 
Li, L.: Rheological and mechanical properties of 
compatibilized polystyrene/ethylene vinyl acetate 
blends. J Appl Polym Sci. 94, 5, 2071-2082 (2004)

26.	 Shih-Kai, C., Po-Tsun, C., Cheng-Chien, W., Chuh-
Yung, C.: Mechanical properties of ethylene-vinyl 
acetate/ polystyrene blends studied by in situ po-
lymerization. Journal of Applied Polymer Science. 
J Appl Polym Sci. 88, 3, 699-705 (2003)

27.	 León, C., Lucía, M.L., Santamaría, J.: Correlated ion 
hopping in single-crystal yttria-stabilized zirconia. 
Phy Rev B, 55, 2, 882-887 (1997)

28.	 Blythe A.R.; Electrical properties of polymers; Cam-
bridge University Press, Oxford (1979).

29.	 Nofal, O.M., Zihlif, A.M.: Dielectric and AC Con-
ductivity of Rockwool Fibers-Polystyrene Compo-
sites. J Reinforc Plast Compos, 29, 17, 2636-2646 
(2010)

30.	 Ayish, I.O., Zihlif, A.M.: Electrical properties of 
conductive network in carbon fibers/polymer com-
posites. J Reinforc Plast Compos. 29, 21, 3237-3243 
(2010)

31.	 El-Nashar, D.E., Eid, M.A.M., Abou Aiad, T.H., 
Abd-El-Messieh, S.L.: Electrical and Mechanical 
Investigations on Polyvinyl Chloride Filled with 
HAF Black. J Reinforc Plast Compos, 28, 14, 1763-
1773 (2009)

https://www.scopus.com/record/display.uri?eid=2-s2.0-85090608087&origin=resultslist&sort=cp-f&src=s&st1=mujal&st2=&nlo=1&nlr=20&nls=afprfnm-t&sid=e6ecf46bc3e39a0ef66dcb436a1102fd&sot=anl&sdt=aut&sl=42&s=AU-ID%28%22Mujal-Rosas%2c+Ram%c3%b3n+Ma%22+16069042700%29&relpos=12&citeCnt=13&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85090608087&origin=resultslist&sort=cp-f&src=s&st1=mujal&st2=&nlo=1&nlr=20&nls=afprfnm-t&sid=e6ecf46bc3e39a0ef66dcb436a1102fd&sot=anl&sdt=aut&sl=42&s=AU-ID%28%22Mujal-Rosas%2c+Ram%c3%b3n+Ma%22+16069042700%29&relpos=12&citeCnt=13&searchTerm=
https://www.scopus.com/sourceid/21100934090?origin=resultslist
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=38661445400&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=36650432500&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=16069042700&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=16069042700&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=57208671701&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=9740853700&zone=
https://www.scopus.com/sourceid/54222?origin=resultslist
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=38661445400&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=36650432500&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=16069042700&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=16069042700&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=57208673193&zone=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85065507522&origin=resultslist&sort=cp-f&src=s&st1=mujal&st2=&nlo=1&nlr=20&nls=afprfnm-t&sid=e6ecf46bc3e39a0ef66dcb436a1102fd&sot=anl&sdt=aut&sl=42&s=AU-ID%28%22Mujal-Rosas%2c+Ram%c3%b3n+Ma%22+16069042700%29&relpos=14&citeCnt=11&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85065507522&origin=resultslist&sort=cp-f&src=s&st1=mujal&st2=&nlo=1&nlr=20&nls=afprfnm-t&sid=e6ecf46bc3e39a0ef66dcb436a1102fd&sot=anl&sdt=aut&sl=42&s=AU-ID%28%22Mujal-Rosas%2c+Ram%c3%b3n+Ma%22+16069042700%29&relpos=14&citeCnt=11&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85065507522&origin=resultslist&sort=cp-f&src=s&st1=mujal&st2=&nlo=1&nlr=20&nls=afprfnm-t&sid=e6ecf46bc3e39a0ef66dcb436a1102fd&sot=anl&sdt=aut&sl=42&s=AU-ID%28%22Mujal-Rosas%2c+Ram%c3%b3n+Ma%22+16069042700%29&relpos=14&citeCnt=11&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85065507522&origin=resultslist&sort=cp-f&src=s&st1=mujal&st2=&nlo=1&nlr=20&nls=afprfnm-t&sid=e6ecf46bc3e39a0ef66dcb436a1102fd&sot=anl&sdt=aut&sl=42&s=AU-ID%28%22Mujal-Rosas%2c+Ram%c3%b3n+Ma%22+16069042700%29&relpos=14&citeCnt=11&searchTerm=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=57208671701&zone=
https://www.scopus.com/sourceid/21100829268?origin=resultslist
http://www.springerlink.com/content/102846/?p=d9db6154976a41e1ae80529aaf447cad&pi=0
http://www.springerlink.com/content/4bd8c02dc7a3/?p=3fdc39caef3c47529b4c17138f5366f3&pi=0
http://www.springerlink.com/content/4bd8c02dc7a3/?p=3fdc39caef3c47529b4c17138f5366f3&pi=0


 AFINIDAD LXXXI, 604  |  289

32.	 Yuan, Q., Bateman S.A., Wu, D.: Mechanical and 
Conductive Properties of Carbon Black-filled High-
density Polyethylene, Low-density Polyethylene, 
and Linear Low-density Polyethylene. Journal of 
Thermoplastic Composite Materials. 23 (4) 459-
471 (2010)

33.	 Saad, A.L.G., Aziz, H.A., Dimitry, O.I.H.: Stu-
dies of Electrical and Mechanical Properties of 
Poly(vinyl chloride) Mixed with Electrically Con-
ductive Additives. Journal of Applied Polymer 
Science. 91, 1590-1598 (2004)

34.	 Ishida,Y., Studies on dielectric behavior of polyoxy-
methylene. Kolloid-Zeitschrift. 171: 149-150. (1960)

35.	 Mujal-Rosas, R. Marin-Genesca, M.; Colom-Fajula, 
X.; Belana-Punseti, J. Dielectric and mechanical 
characterization of PVC composites with ground 
tire rubber. J. Compos. Mater. 45, 1233–1243. 2016

36.	 Šics, I., Ezquerra, T.A., Baltá Calleja, F.J., Tupureina, 
V., Kalninš, M., Revisiting the Dielectric Relaxation 
of Ethylene-Vinylacetate Copolymers: Influence 
of Microstructure. J Macromol Sci Part B, 39, 5, 
761-774 (2000)

37.	 Naskar, A.K., Khastgir, D., Bhowmick A.K., De, S.K.: 
Effect of Chlorination of Ground Rubber Tire on its 
Compatibility with Poly(vinyl chloride): Dielectric 
Studies. Journal of Applied Polymer Science. 84(5), 
993-1000 (2002)

38.	 Vaisman, L., González, M.F., Marom, G.: Transcrys-
tallinity in Brominated UHMWPE Fiber Reinforced 
HDPE Composites: Morphology and Dielectric 
Properties. Polymer. 44, 1229-1235 (2003)

39.	 Lewis, T. J., Polyethylene under electrical stress. 
IEEE Trns. Dielectr. Electr. Insul. 9(5), 717 (2002)

40.	 Mujal, R.; Orrit, J.; Ramis, X.; Marín-Genescà, 
M.; Rahhali, A. Study on dielectric, mechanical 
and thermal properties of polypropylene (PP) 
composites with ground tyre rubber (GTR). Po-
lym. Polym. Compos. 20, 755–766. 2012

41.	 Tsangaris, G.M., Koulombi, N., Kyvelidis, S.: Inter-
facial relaxation phenomena in particulate com-
posites of epoxy resin with copper or iron particles. 
Material Chemical Physics. 44, 245-250 (1996)

42.	 Bakr, A.A., North, A.M., Kossmehl, G., Charge 
carrier hopping in polivarilene vinylenes. European 
Polymer journal, 13 (10) 799 (1977)

43.	 Tsangaris, G.M., Psarras, G.C., Koulombi, N., 
Electric modulus and interfacial polarization in 
composite polymeric systems. Journal of Material 
Science. 33, 2027-2037 (1998)

44.	 Mujal R., Lloveras, J. Three-phase asynchronous 
motor with spiral sheet rotor material effects and 
analysis. IEEE International Electric Machines 
and Drives Conference, IEMDC 2003; Madison; 
United States; 4 July 2003.

45.	 Mujal R. Orrit, Prat. General analysis of the three-
phase asynchronous motor with spiral sheet rotor: 
Operation, parameters, and characteristic values. 
IEEE Transactions on Industrial Electronics. 2011, 
58, 11.

46.	 Mujal R., Boix O. Improvement of the three-phase 
induction motor with spiral sheet rotor. IEEE In-

ternational Symposium on Industrial Electronics, 
ISIE, Vigo; Spain; 4 June 2007

47.	 Mujal R. Boix, Oriol, Colom X. Beavior of the 
three-phase induction motor with spiral sheet 
rotor. IEEE Transactions on Energy Conversion. 
2009, 24, 68-76.

FUNDING

X. Colom Fajula gratefully acknowledges financial 
support of grant PID2021-126165OB-I00 founded by 
MCINAAEI/10.13039/501100011033 and by ERDF A 
way of making Europe by the European Union.

http://www.informaworld.com/smpp/section%7Edb=all%7Efulltext=713240928%7Edontcount=true%7Econtent=a713703098
http://www.informaworld.com/smpp/section%7Edb=all%7Efulltext=713240928%7Edontcount=true%7Econtent=a713703098
http://www.informaworld.com/smpp/section%7Edb=all%7Efulltext=713240928%7Edontcount=true%7Econtent=a713703098

