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Abstract

The mechanical, thermal and electrical behavior of ultra high molecular weight (UHMWPE)
composites containing different amount of pyrolyzed exhausted tire carbon (ETC) is investigated.
Composites were obtained by dry-mixing the powders with a homogenizer and an impact mill. The
results clearly indicate that, by changing the mixing method, it is possible to tune the rheological and
morphological characteristics of the composites and in turn their mechanical, thermal and electrical
properties. Better performances were observed for the composites obtained with the impact mill,
which showed improved Young modulus, reduced electrical and thermal resistance with respect to
those of homogenized counterparts. All the composites exhibited a relevant reduction of electrical

resistivity with a percolation threshold of 1.51 vol.%.
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Introduction

Global warming, depletion of fossil fuel and availability of waste materials are key-factors in the
development of waste valorization processes. Among others, exhausted tire (ET) disposal represents
a serious pollution problem due to the dangerous impact on the environment and human health 2 so
that in all of European area tires landfilling has been forbidden.

The relevant production of this commaodity that has led to the accumulation of millions of end-life
tires per year and their challenge in recyclability, because of their resistance to harsh mechanical and
weather conditions, have exacerbated the problem and nowadays, about 66% of exhausted tires is
confined in landfill (outside Europe) or incinerated 3.

A smaller part of the tires is recovered through industrial process for raw materials recycling (i.e. as
inert filler for asphalt # and construction >®, for the production of textile materials ” and rubber &1°),
for gasification and pyrolysis. These thermochemical routes are cost-effective approaches for end-
life tires management and provide an interesting opportunity with a view to a “zero waste” circular
economy 112,

In this field, pyrolysis is recognized as efficient method for waste valorization 4 with the
simultaneous production of combustible gas, hydrocarbon mixtures and carbon. The literature on this
process applied to ET has been widely surveyed. Numerous reports analyzed the advantages and
disadvantages of the ET pyrolysis process with respect to other thermochemical approaches 7. The
main advantages include both the minor environmental impact (the volume of the output gases from
a pyrolysis is smaller than that obtained from combustion process #° and the recovery of liquid and

solid materials.



However, the current ET pyrolysis is mainly studied for research purposes and it is not yet
industrially widespread for several reasons, namely: i) the public acceptance discouraged by the EU
legislative barriers that classified this process as incineration; ii) the difficulty of transferring the heat
in an efficient way, ensuring uniform distribution during the process; iii) the absence of a wide market
mainly for the solid fraction. The solid char (i.e. exhausted tire carbon-ETC) has a very complex
composition ? and mainly contains the original carbon black, inorganic compounding fillers and
carbonaceous deposits. It has been improperly defined pyrolyzed carbon black though its surface
chemistry is very different from that of virgin carbon black 2.

Up to now, it has been mostly used for the preparation of activated carbons both by physical (steam
and COz) and chemical activation (using H2SO4, KOH, H3PO4) for the removal of organic/inorganic
pollutants from industrial wastewater and air 22. Another possible use is for the development of doped
carbon-based electrodes for Li and Na-ion batteries 2%, for electrocatalysts 25?2’ and for
supercapacitors 2728,

However, only few papers report on the use of ETC as a filler for the preparation of polymer
composites. In this context, it has been used for the preparation of rubber composites 2°212% to be
reused in tire formulation and of epoxy nanocomposites for coating applications *. Considering that
the demand for using polymer composites in various application areas is vast and that the
incorporation of ETC in a solid market is challenging 3, further studies are required to overcome the
barriers behind the incorporation of ETC into polymer composites and giving a positive impact to the
sustainability.

In this light, we have prepared ultra high molecular weight polyethylene (UHMWPE)-based ETC
composites, in order to assess the effect of the filler on the mechanical, thermal and electrical
properties of the polymer matrix. Two techniques were employed for mechanically mixing the
powder components, i.e. a homogenizer and a home-made impact mill; the mixing step was followed
by compression molding. Characterization was completed by means of rheological study, and

scanning electron and optical microscopy. UHMWPE has been selected because it is largely exploited



for a huge variety of industrial applications, thanks to its properties, processability and low cost 3.
Besides, the interest in UHMWPE-based composites containing carbonaceous fillers is steadily
increasing, particularly referring to the design of new conductive polymer composites. Different
carbon-based fillers such as carbon nanotubes 3222 and graphene 3% have been already employed for
preparing UHMWPE-composites.

On the other hand, these materials are expensive and non-sustainable and have not fulfilled yet the
promise for a new carbon era; therefore, there is an increasing interest in exploiting ETC as a cheap
and sustainable alternative to these carbonaceous fillers, in the same way as it is reported for

composites containing carbon derived from thermochemical treatment of biomasses (i.e. biochar) -

38

2. Materials and Methods

2.1 Materials

UHMWPE (Celanese Diversified Chemical Co., China) has a molecular weight of 9 x 10° g mol™
and average particle size of ~100 pm.

The starting ETC was obtained through pyrolysis of an exhausted tire (Bridgestone branch). The
exhausted tire was chopped in small pieces and pyrolyzed in a tubular furnace (Carbolite TZF
12/65/550), operating in nitrogen atmosphere (flux of up 4 mL/min) and using a heating rate of 15
°C/min and reaching 1000°C and kept at this temperature for 30 min.

ETC was recovered after cooling down the reactor to room temperature and used without any further
purification.

2.2 Preparation of composites

Two approaches were employed for mixing the powder components. In the first method, UHMWPE
was mechanically mixed with a proper amount of ETC particles by using a homogenizer (120 rpm)
at room temperature for 1 hour. In the second one, a home-made impact mill (designed and fabricated

at the Energy Department of the Politecnico di Torino, Italy) was used, treating the UHMWPE-ETC



powder mixtures at 8000 rpm for 30s *°. After mixing, composites were sliced by compression
molding in a Collin P200T press, operating at 160 °C and 20 MPa for a total processing time of 7
min.
The mixing ratios of UHMWPE/ETC (wt./wt.) were 100/0, 99/1, 97/3, 95/5, 90/10 and 80/20.
Hereinafter, the composites are coded as PEx_H, PEx_M, where x represents the ETC content; H and
M represent the powder mixing process (i.e. homogenizer and impact mill, respectively). Unfilled
matrix is coded as PE. The electrical and thermal properties of PE20_H and PE20_M composites
were measured, whereas their mechanical and rheological properties were not determined because
the high ETC loading prevented the obtainment of suitable specimens through compression molding.
2.3 Characterizations

ETC was analyzed by Raman spectroscopy using a Renishaw® Ramanscope InVia (H43662 model,
Gloucestershire, UK) equipped with a laser light source with a wavelength of 532 nm. Signals were
fitted according to methodology proposed by Tagliaferro et al. “°.
Density was estimated by compressing a weighted amount of ETC using a hydraulic press (Specac
Atlas Manual Hydraulic Press 15T) in non-deformable cylinder of known geometry with a modified
set-up based on that reported by Giorcelli et al. . A pressure of 1500 bar was applied for 10 min and
density was calculated afterwards.
The morphology of the ETC particles was also investigated by means of a field emission scanning
electrical microscopy (FE-SEM, Zeis SupraTM 40, Oberkochen, Germany) with a beam voltage of
5kV.
The morphological characterization of the composites was carried out by means of a Zeiss
(Oberkochen, Germany) VP Scanning Electron Microscope (beam voltage: 20kV). Before
observation, composites were cryogenically fractured in liquid nitrogen and the obtained surfaces
were gold metallized, hence making them electrically conductive. Also, a Zeiss MC-80 polarizing

optical microscope (POM) (Zeiss, Germany) was used for assessing the morphologies of the



composites in the form of 20-um-thick films obtained by compression molding in the conditions
described before.

The linear rheological behavior of unfilled polymers and composites was investigated using an ARES
(TA Instrument, USA) strain-controlled rheometer equipped with two parallel plates (plate diameter
=25 mm). Frequency sweep measurements were carried out to evaluate the complex viscosity curves
in the frequency range between 0.1 and 100 rad/s at 200 °C. The strain amplitude was determined
through preliminary strain sweep measurements and was fixed for each sample in order to fall in the
linear viscoelastic region. The gap between the plates was set to 1 mm.

Tensile tests were performed on compression-molded dumbbell specimens (50 x 3.15 x 1 mm?®) by
using an Instron dynamometer (Instron® 5966). According to the ASTM D638-03 standard, for
measuring the Young's modulus, the ratio between the drawing rate and the initial length was fixed
equal to 0.1 mm/(mm-min); for determining the strain and stress at yield and at break (stress strain
curves), the same ratio was selected as 10 mm/(mm-min). Mean values were obtained by averaging
over ten independent tests.

A TPS 2500S Hot Disk instrument (AB Corporation-Goteborg, Sweden) was employed for
measuring the thermal conductivity of UHMWPE and its composites. The Transient Plane Source
(TPS) method #? was applied, for which a Kapton sensor (radius 3.189 mm) between two similar slabs
of material (30 x 30 x 3 mm?®) was used. The test temperature was set at 23.00 + 0.01 °C and controlled
by a silicon oil bath (Haake A40, Thermo Scientific Inc., Waltham, MA USA), equipped with a
temperature controller (Haake AC200, Thermo Scientific Inc., Waltham, MA, USA). The thermal
conductivity was obtained by the change in temperature recorded when the sensor supplied to the
sample a heat pulse of 0.03 W for 2 seconds.

All the DC resistance measurements were performed with a voltamperometric technique in
accordance with the ASTM D257 standard method. The samples were placed in a test fixture having
a set of three planar electrodes connected to the measurement instruments **. A high DC voltage

generator, ranging from 0 to 1000 V, was connected to two of the test fixture electrodes. A pico-



ammeter (model 6517B; Keithley Instruments, Cleve-land, Ohio, USA) measured the current that
flows through the samples, while the third electrode was connected to a guard voltage generator. The
guard voltage reduces the leakage currents that usually occur when measuring high value resistances,
thus improving the accuracy and repeatability of the measurement. The measurements were

performed at 23.0+0.3°C by using circular specimens of 6 cm in diameter and 1 mm thick.

3.Results
Figure 1 shows the Raman spectra of ETC collected in the range from 500 cm™ up to 3500 cm™.
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Figure 1. Raman spectra of ETC collected from 500 cm™ up to 3500 cm™ fitted according to

Tagliaferro et al. 0.

The spectra exhibit a broad intense D band centered at 1366 cm™ and a very narrow G peak centered
at 1590 cm™ with an Ip/lg ratio not exceeding 2.6. This value is significantly higher than others
reported for carbon produced at the same temperature ! but is in good agreement with the data
documented by Tamborrino et al. **. Clearly, ETC is still evolving toward a more graphitic material,
passing through a disordered configuration as reported by Ferrari et al. °. This is supported by the

not-well resolved structure of the peaks between 2500 and 3500 cm™, which form a broad band.



FESEM images of virgin ETC show 5-10 um diameter aggregates (Figure 2 on the left) formed by
primary particles (below 100 nm, Figure 2 on the right), with a density of about 1.853 g/cm?. The
mainly observed shape is the spherical one, due to the carbon black used as filler in the pristine tire,
together with the one formed during the cracking of the polymeric matrix. Nevertheless, non-spherical
particles are also observed: it is likely that they originated as a consequence of the interaction between

polymeric matrix with the other constituents of the tires such as cotton fibers and metal net.

Figure 2. FESEM images of ETC powder at different magnifications. The long range (left) and

individual particles (right) morphologies are shown.

By exploiting the light transmittance difference between the polymer and ETC, POM images of
UHMWPE/ETC composites (Figure 3) depict the distribution of filler particles (Black lines/regions)
at the boundary regions of UHMWPE grains (white regions). This segregated structure, reported in a
flurry of works %2438 and caused by the high viscosity of the polymer matrix and lack of shear in the
composite preparation, is beneficial for the formation of a conductive path.

When the homogenizer is used for mixing the powders, at low ETC content (i.e. 1 wt.%, Figure 3A),
filler channels are not very well connected. In PE3_H composites, the network becomes more
connected and dense whereas at higher concentration, the ETC region becomes thicker rather than
dense, showing with many filler aggregates. A similar behaviour can be observed for the composites

obtained by impact mill. However, for this class of composites, the filler channels are already



connected each other when the amount of ETC is 1 wt.% (Figure 3D) and they appear more dense,
more uniform in thickness and with a lower amount of aggregated with respect to those displayed in
the PE_H composites. As it will be shown later, these findings are well consistent with the electrical

resistivity results.
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Figure 3. POM images of UHMWPE/ETC composites with different ETC loadings (i.e 1
wt.% (A and D); 3 wt.% (B and E) and 5 wt.% (C and F)) using two different powder mixing

procedures (i.e. homogenizer (A, B, C) and impact mill (D, E, F)). The markers correspond

to 100 pum length.

Figures 4A and 4B show the cross-section micrographs of PE3_H and PE3_M composites,
respectively. In both images, the filler particles are distributed around the perimeter of the original
polymer grains. However, in the homogenized composite, the ETC is not well packed as it shows the
presence of some holes (evidenced by the white arrow in Fig. 4A). Conversely, using the impact mill,
the ETC particles and polymer tightly combine each other. When the ETC concentration is 10 wt.%,
the ETC particles completely covered the surface of the original UHMWPE powders and formed a

packed network. Nevertheless, the composite obtained by homogenizer presents a less unform



distribution of filler with respect to the composite obtained by impact mill (Figures 4C-D). In

PE10_M, ETC and PE are well inter-dispersed as indicated by the white arrows in Figure 4E.

Figure 4. Cross section images of UHMWPE composites containing 3 (A and B) and 10 wt.% of

ETC (C, E and D) obtained by homogenizer (A and C) and by impact mill (B, D and E).

Figure 5 reports the complex viscosity and the storage modulus as a function of frequency for unfilled
UHMWPE and both series of composites. Regardless the used preparation strategy, by increasing the
ETC loading, a progressive increase of both complex viscosity and storage modulus as compared to
the unfilled matrix is observed. This increase is more evident in the low-frequency region. Besides,
the introduction of ETC causes a modification of the UHMWPE rheological behavior from liquid-
like to solid-like, as denoted by the flattening of the storage modulus curves of the composites in the
low frequency region. The results clearly indicate that the embedded particles are able to interfere

with the long-range macromolecular dynamics, causing some retardation of the relaxation processes,



while the short-range motions of the polymer chains are almost unaffected by the presence of the
filler. Interestingly, a significant increase of the low-frequency complex viscosity is achieved for the
composites containing 1 wt.% of ETC, while a further increment of the particle loading causes a less
pronounced effect on the complex viscosity values. This finding can be explained considering that,
due to the segregated morphology of the UHMWPE/ETC systems, the increase of particle loadings
does not promote an increment of the polymer/particles interfacial area. More in detail, in the
composites containing 1 wt.% of ETC, the formation of particle-rich channels occurs, inducing some
restrains of the relaxation process of UHMWPE macromolecules and an increase of the low-
frequency complex viscosity*®#’. The addition of higher amounts of ETC causes a modest rise of the
complex viscosity, as the introduced particles contribute to the increase of the particle path thickness

only.
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Figure 5. Complex viscosity curves (A and B) and storage modulus (C and D) as a function of

frequency for UHMWPE and all UHMWPE/ETC composites.



To better evaluate the different effect of the two preparation methods on the composite rheological
response, the dimensionless low-frequency complex viscosities (obtained as the ratio between the
complex viscosity of the composite and that of the unfilled UHMWPE, both evaluated at 0.1 rad/s)
were evaluated for both PEx_H and PEx_M systems; their trend as a function of the ETC loading is
depicted in Figure 6. It is clearly noticeable that higher complex viscosity values are shown for
PEx_M composites. Furthermore, it is worth noticing that the difference between the complex

viscosity values of the two series of composites is more pronounced at high ETC contents.
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Figure 6. Dimensionless complex viscosity values (measured at 0.1 rad/s).
According to the morphological characterization, these findings can be associated with the higher
effectiveness of the ball impact method in achieving a better distribution of the particles around the
UHMWPE grains in the initial powder mixtures, resulting in the formation of a more regular
microstructure, especially in the composites containing higher ETC amounts. In fact, the large particle
agglomerates formed in PE_H composites limit the establishment of polymer/particle interactions,
thus preventing the achievement of the high complex viscosity values achieved by the impact milled

counterparts.



The Young modulus, stress and strain at break values of UHMWPE and its composites are depicted
in the bar histograms of Figure 7. The presence 1 wt.% of ETC particles induces an increase of the
Young modulus of UHMWPE. In particular, the composite obtained by impact mill (PE1_M) and by
homogenizer (PE1_H), achieve Young modulus values higher than that of bare polymer by 50 and
18%, respectively. Beyond this loading, Young modulus of the composites obtained by homogenizer
drops down and becomes lower than that of UHMWPE; conversely, it remains slightly higher for the
composites prepared by impact mill. The stress at break of the composites remains almost unchanged,
whereas the elongation at break is always lower than that of the unfilled polymer, as expected in

reinforced composites “8,
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Figure 7. Mechanical parameters for UHMWPE and UHMWPE/ETC composites. Red and black

bars are for PEx_H and PEx_M composites, respectively.



Interestingly, the mechanical parameters for impact milled composites are, generally, always higher
than those measured for homogenized counterparts. This behavior can be ascribed to the better
dispersion of ETC around the UHMWRPE grains, as confirmed by optical, scanning electron
microscopy and rheological analyses. The better dispersion is responsible for a more efficient transfer
of the applied stress and for preventing the craze propagation 2.

Table 1 collects the thermal conductivities of UHMWPE/ETC composites. In general, it can be
observed that the addition of ETC has not a significant effect on the thermal conductivity of the
composites obtained with the homogenizer (PEx_H). Conversely, there is an enhancement in thermal
conductivity for the composites prepared with the impact mill (PEx_M). In fact, for these composites,
the presence of ETC, irrespective of the loading, increases the value from 0.46 W/mK (unfilled
UHMWPE) to about 0.55 W/mK. This behaviour can be ascribed to the different morphologies
observed by SEM and POM for the two composites, due to the different powder mixing processes
(i.e. homogenizer vs. impact mill) employed. In fact, in PEx_H composites, ETC particles have a
higher intra-particle distance due to the lower energy mixing process, with a lower number of
interconnecting network, even at high filler loading, with respect to that found for the composites
obtained by high energy impact milling. These results are reported also in other works 4°°° where it
is stated that the good dispersion and formation of close packed structure are responsible for the
improvement of the thermal conductivity.

Table 1. Thermal conductivity of UHMWPE/ETC composites.

Thermal conductivity, W/mK
PEx_H PEX-M
0 0.46+0.01 0.46+0.01
1 0.47+0.01 0.55+0.02
3 0.49+0.01 0.56+0.02
5 0.49+0.02 0.57+0.03
10 0.47+0.03 0.53+0.02
20 0.47+0.02 0.54+0.03

The electrical resistivity of UHMWPE/ETC composites as a function of ETC content is depicted in

Figure 8. All the composites, irrespective of the preparation method, follow a classical electrical



percolation behaviour. As expected from an insulating material °, unfilled UHMWPE exceeds the
maximum measurable value with the instrumentation used in this work (i.e. 10'® Q-m). For the
composites obtained by homogenizer, when the concentration is 1 wt.% or below this value (0.51
vol%), the composite is an insulator, as the ETC channels are not very well connected. Between 3

and 5 wt.% of ETC, electrical percolation occurs as a sudden decrease in electrical resistivity is

observed.
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Figure 8. The electrical resistivity as a function of ETC content for composites obtained by homogenizer

(PEx_H) and impact mill (PEx_M).
This is due to the formation of a conductive network that reduces the resistivity of about 11 orders of
magnitude with respect to that of PE1_H (the volume resistivity is 4-10” Q-cm for PE3_H and 6-10°
Q-cm for PE5_H, respectively). Though the value of electrical percolation found in this work is lower
than that reported for other polymer composites obtained by compression molding 2, it is aligned
with other values found for UHMWPE composites *. In particular, the electrical percolation is strictly
related to the peculiar morphology of UHMWRPE, whose powder particles during mixing and

compression molding act as volume exclusion zones, forcing ETC particles to concentrate at the



external polymer surface. Beyond 5 wt.% of filler loading, the resistivity only slightly decreases
reaching the value of 2.6-10% Q-cm when the amount of ETC is 10 wt.%.
A similar behaviour can be observed for the composites obtained by impact mill. However, for these
composites, a volume resistivity of 7.8 -10'° Q-cm is recorded when the amount of ETC is 1 wt.%.
This value of resistivity is of about 7 order of magnitude lower respect to the composite obtained by
homogenizer at the same filler loading. By increasing the amount of ETC, the electrical resistivity is
always lower respect to that of PEx_H; conversely, at high loadings (i.e. 10 and 20 wt.%), it
approaches that of the homogenized composites. The improved conductivity of PEx_M with respect
to PEx_H can be ascribed to the better distribution of filler around grains and its close packed
morphology that can influence the contact resistance between the adjacent ETC particles in the
composites obtained by impact mill. At higher concentration, the intrinsic conductivity of the filler
becomes predominant and no difference can be find in the related composites *°,
The resistivity of the filler network was evaluated by using a statistical power law (eq.1), estimating
the conductibility of the filler (eq.2) according to the following equations

p=pr(w—1vy)"" (eq.1)

p=o""! (eq.2)
where p is the volume resistivity of the composite, v is the volume fraction, vy is the volume fraction
at the percolation threshold, tis the critical exponent and o is the conductivity. Considering the data
reported in figure 8, the vp is assumed to be 3 wt.% (1.52 vol.%) and the log-log plot based on eq.1
is shown in Figure 9.
The estimation of p, from the figure showed a value of 0.49 and 6.92 Q2-cm for PEx_H and PEx_M
respectively. Furthermore, the conductivity of the ETC network in the composites is equal to 2.09
S/m for PEx H and to 0.15 S/m for PEx_M. These values clearly show a better electronic
performances of the ETC network in PEx_H systems. This is reasonably due to the more
heterogeneous dispersion of the filler in PEx_H rather than PEx_M samples, with the formation of

highly dense regions as shown in figure 3. As a consequence, PEx_M showed a more clear percolation



threshold, while the highly filled region present in PEx_H boosted the ETC network conductivity to
high filler loadings, improving the electrons mobility. This is supported also by the value of t that
was quite close to the theoretical value of 2 as reported by Nakamura >, whereas the impact milling

procedure causes an evident decrease.
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Figure 9. Statistical power law log-log fitting for PEx-H and PEx_M for v>vp.

In literature, the small values of t were not interpreted on the basis of a dimensionality reduction *’,
but were ascribed to aggregation of filler particles, their mutual attraction, or activated hopping
transfer mechanism of the conductivity 8. From a general point of view, considering both the trends
of electric and mechanical properties, it is reasonably assumed a better filler-polymer grain interaction
in the case of PEx_M and a better filler-filler interaction for PEx_H.

4. Conclusions

In this work, we have prepared ultra high molecular weight polyethylene based composites containing

exhausted tire carbon as alternative to expensive and non-sustainable carbonaceous fillers. Two



techniques were employed for mechanically mixing the powder components, i.e. a homogenizer and
a home-made impact mill; the mixing step was followed by compression molding.

The mixing methods affected the rheological and morphological features of the composites that, in
turn, influenced their mechanical, thermal and electrical behavior. Better performances were achieved
for the composites obtained with the impact mill, which showed improved Young modulus, reduced
electrical and thermal resistance with respect to homogenized counterparts. The results were ascribed
to the better distribution of filler and close packed filler around the polymer grains that influenced the
contact between the adjacent ETC particles in the composites obtained by impact mill. From a general
point of view, it was demonstrated that ETC has great potential as a filler for polymers in a variety of

electrical and engineering applications.
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