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Abstract: The production of consumption goods made of elastomers is increasing day
by day, producing large amounts of vulcanized/cured residues which constitute a serious
socio-environmental problem. An option for companies that produce elastomeric residues is their
incorporation in the formulations, by producing polymeric blends with ground waste elastomers.
Therefore, this work aims to prepare polymeric blends composed of raw natural rubber (NR)/ground
waste NR in different concentrations. The influence of vulcanization reversion as result of additional
heating during compression molding on the mechanical properties of the blends was analyzed,
and the relationship among vulcanization characteristics, dynamic-mechanical, morphology and
mechanical properties of blends was also determined.
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Highlights:

- Blends raw natural rubber (NR)/residue of NR.

- Recycling of NR at low cost.

- Milling at room temperature.

- Possible solution to the problem of the final disposal of solid residues, concerning NR.

- Relationship among vulcanization characteristics, dynamic-mechanical, morphology and
mechanical properties of blends containing recycled NR.

- Green chemistry.

1. Introduction

In no other phase of human existence has such a large amount of waste been produced as in the
present. Its composition and amount are directly related to the way the population lives, socioeconomic
conditions and the ease of access to consumer goods. The irregular disposition of such waste may
cause harmful environmental impacts [1] and increase the great global problem of the final disposal of
solid residues. In this sense, the use of recycled materials can reduce such problems, since recycling
not only protects the environment but also saves the limited petroleum resources from which most
of the raw material originates [2]. According to the statistics from the International Rubber Study
Group, the world consumption of natural and synthetic elastomer in 2016 was of 27.2 million tons,
generating a large amount of waste during the development of materials for everyday use, as well as
post-consume rejects [3,4].
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Recycling, especially of the polymeric materials, should be considered due to the limited resources
that humans are facing nowadays. In addition, the use of recycled materials in new applications is a
sustainable action, as it saves the use of raw materials, often polymers derived from oil, which is a
non-renewable natural resource. Vulcanized elastomers are materials of difficult natural degradation
due to their cross-linked structure and the presence of additives in their formulation, which can
generate serious public health and environmental problems [5]. Additionally, recycling is considered a
category of green chemistry (“Green chemistry is the design of chemical products and processes that
reduce or eliminate the generation of hazardous substances” [6]), i.e., the use of renewable or recycled
material sources, being also a source of income for many families around the world [7,8], especially
when facing economic crises.

The methods that were, and still are used for the recycling of end-of-life vulcanized elastomers
include allocation to dumps and landfills, burning for power generation and formulations with asphalt.
These alternatives, despite being useful, do not take advantage of the full potential of the energy
invested in the material, and also do not diminish the need for extraction of raw materials to meet
the growing demand [9]. A well-established way to recycle vulcanized elastomers is through the
production of polymeric blends. As two or more properties of the polymers can be shared, the blends
are widely studied with the aim of improving the physical properties compared to pure polymers,
obtaining materials that have additional properties and the minimum loss of the original properties [10],
in addition to being more economically viable to unite two existing polymers to synthesize another
non-existent one [11], through the creation of a new molecule.

A type of recovering process currently being adopted is the use of vulcanized elastomer (in
the form of powder) in the production of polymeric blends, through its mixing and subsequent
vulcanization. Although there is a loss of mechanical properties during the process, since the
interaction between the vulcanized elastomer and the raw one is generally weak, its recovery may be
advantageous when incorporated in new formulations, given the reduction of the final product cost,
lower consumption of energy and raw materials, and the non-generation of hazardous residues [12-16].
In order to avoid the lack of adhesion between the phases of the blends containing recycled elastomers,
the promotion of the devulcanization (at least partially) of the recycled phase can be a pre-requisite to
obtain resultant good mechanical properties. So, the literature presents a plethora of works dealing
with the devulcanization of the recycled elastomeric phase [7,17-20], since it makes the elastomer
able to flow again [21] and improve the breaking of the particles during the processing, consequently
increasing the interaction between the phases and making better the mechanical properties of the final
blends. Concerning the devulcanization processes, there are currently many techniques available,
such as chemical, thermal, mechanical, thermomechanical, microbial and by irradiation (ultrasound
and microwaves) [22]. Other very promising recycling techniques also involve using dynamic
chemistries [23].

However, while such techniques may result in improvements in the final properties of the blends,
there is often a considerable energy increase that needs to be taken into consideration, especially
during the life cycle assessment of the new product containing recycled elastomer [24]. In this way,
some authors have studied blends containing at least one phase composed of a ground recycled
elastomer [25-29] as a viable economic alternative and as an environmentally friendly solution to
the solid residues, obtaining satisfactory results. Some authors have shown that the vulcanization of
blends containing ground recycled phase is complex [25] since new parameters and many times other
‘unknown’ parameters are added to the reaction. During recycling, some level of degradation is usually
observed, providing high freedom to the polymeric chains, which directly influences the number
of effective shocks during the vulcanization reaction and, consequently, on the cross-link density of
the blends containing ground recycled phase. In addition, the recycled elastomer may contain an
excessive amount of additives from the first vulcanization. Besides this, the exact formulation of the
recycled vulcanized elastomer is unknown. As such, all these new and ‘unknown’ parameters are
able to influence the vulcanization of the blends containing a ground recycled phase [30]. Therefore,
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the vulcanization must be carefully analyzed, since physical properties of the blends can be strongly
influenced by it.

The vulcanization process consists of chemically uniting individual polymer chains, via cross-links,
resulting in a three-dimensional network that will give to the material the desired mechanical and
physical properties [31,32]. Some elastomeric compounds, exposed for a prolonged heating time
or high temperatures, present increasing stiffness going to a maximum (maximum torque), and
after, suffering a decrease, manifested by the torque during standard vulcanization rheometry: This
phenomenon is known as reversion [33], which occurs by scission of chains or sulphidic bonds (usually
polysulphidic links which are more unstable), process that occurs slowly during the vulcanization.
The reversion may also be caused by a depolymerization of the polymeric chains. This phenomenon
leads to the reduction of the cross-link density and in the physical properties of the material [34].

In this work, the influence of the vulcanization reversion as result of the additional heating during
compression molding on mechanical properties of the compounds raw natural rubber (NR)/recycled
NR (containing different concentrations of recycled phase) was analyzed, and the relationship among
vulcanization characteristics, dynamic-mechanical, morphology and mechanical properties of the
blends was also established. It is important to understand this relationship in order to obtain final
products with useful properties, avoiding unnecessary expenses/waste and, consequently, adopting a
sustainable form of processing.

2. Experimental

2.1. Materials

NR waste from automotive industry and raw NR, both containing 45 phr (parts per hundred of
rubber) of carbon black, were kindly supplied by IPAB SA. The waste was ground in a knives mill
Momesso MR-15-R and, after, it was passed through a 30-mesh sieve. To simulate the same amount of
accelerator and sulphur in the residue phase, accelerator N-cyclohexylbenzothiazole-2-sulphenamide
(CBS) and sulphur were incorporated in the compounds raw rubber/recycled rubber.

2.2. Mixing and Preparation of the Tensile Tests Samples

Ground NR was mixed with the raw NR by using a laboratory two roll mill PRENMAR at
room temperature, at a speed ratio of 1:1.4 and with a nip gap of 1 mm. The total mixing time was
approximately 10 min for each sample. The compositions were 100/0, 95/5, 90/10, 85/15 and 80/20
raw NR/recycled rubber (% mass). It was added 1.3 phr of accelerator CBS and 2 phr of sulphur,
relative to the amount of recovered material.

Elastomeric blends were vulcanized in a hydraulic press at 180°C, at a pressure of 4.41 MPa
for 12 min, in order to analyze the reversion influence on the mechanical properties. Vulcanized
compounds were, then, cut into dumbbell-shaped tensile test according to ASTM D412, type IV. It is
important to note that all the samples were exposed to the same treatment conditions and they were
prepared in the same way.

2.3. Characterization of the Blends

The study of the vulcanization characteristics of the blends was performed according to ASTM
D2084-95 in a Monsanto Rheometer 100 at 180 °C for 12 min.

The mechanical properties of the blends raw NR/recycled rubber were evaluated on a Universal
Test Machine Emic DL2000 (Emic, Sao José dos Pinhais, PR, Brazil), according to ASTM D412. Stress
at break, Young’s modulus, and elongation at break were obtained. The rate of grip separation was
50 mm/min.

The dynamic-mechanical properties of the vulcanized samples were obtained by using a Dynamic
Mechanical Analyzer DMA 2980 TA Instruments, from —90 to 200 °C, at a heating rate of 2 °C/min,
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single cantilever mode, at a frequency of 1 Hz. The dimensions of the samples were 17.5 x 12.5 x
2 mm.

Morphological analyses of the blends were carried out by using a Shimadzu SS5X-550 Superscan
Scanning Electron Microscope (SEM) (Shimadzu, Tokyo, Japan). The vulcanized samples were
cryogenically fractured and the surfaces to be analyzed were coated with gold by using a sputter coater.

It is important to emphasize that it was used for the same length of time for compression molding
and for the study of the vulcanization characteristics in order to link the mechanical properties to the
vulcanization reversion trend of the blends. The maximum time supported by the samples under
pressure and high temperature in the hydraulic press without presenting visible signs of degradation,
as bubbles, was 12 min. Therefore, the same time was used in order to analyze the vulcanization
characteristics since, at this period, the vulcanization reversion behavior could be clearly observed.

3. Results and Discussion

3.1. Vulcanization Characteristics

The results of the vulcanization tests are shown in the Figure 1.
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Figure 1. Torque versus time curves of the compounds containing different concentrations of recycled NR.

Some vulcanization characteristics of the blends, calculated from the curves torque versus time
(Figure 1), are named as scorch time or safety time (ts;), the time necessary for the torque reaches
1.3 x 107® N.m above the minimum torque; optimum cure time (tgg), the time for the torque reaches
90% of the maximum torque; My and My, the minimum and the maximum torques measured by
the equipment, respectively; and AM (AM = My — My), the difference between the maximum and
minimum torques.

The percentage of reversion R is defined as (Equation (1)) [35]:

(Mu —My)

k= (Mp — ML)

x 100 1)

where M; is the torque at a time t (12 min) on the rheometer.
Table 1 summarizes the vulcanization characteristics of the analyzed blends.
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Table 1. Vulcanization characteristics of the analyzed samples.

Sample ts1 (min) tgg (min) Mg, (AN-m) My (dN-m) AM (dN-m) R (%)
100/0 0.63 1.41 6.30 60.92 54.62 51.50
95/5 0.62 1.40 6.28 60.89 54.61 48.27
90/10 0.66 1.50 2.20 63.10 60.90 49.54
85/15 0.57 1.38 3.01 68.45 65.44 52.05
80/20 0.66 1.41 4.15 69.83 65.68 52.32

About ts; and tgy, overall, the values were not strongly affected by the introduction of the
recycled phase. Even knowing that the decrease of these values is, usually, a characteristic of
reclaimed rubbers [36-38], which occurs due to the presence of residual curatives from the first
vulcanization [29,31,39], the behavior was not observed in the present results. However, the reduction
of ts; values in compounds containing recycled elastomers occurs as a contribution of the presence
of the residual curatives from the first vulcanization, most of the time, when dealing with synthetic
elastomers, which are more thermally stable than NR.

Minimum torque is related to the initial viscosity of the compounds. In general, when a vulcanized
phase is introduced in a raw one, the viscosity tends to increase, increasing My, values. However, the
results have shown that the My, values of the blends decreased in comparison to the neat pure NR,
which means that the viscosity of the recycled phase is smaller than the neat pure NR. Nonetheless,
the My, value of 80/20 increased in comparison to the other blends, probably due to the formation of
agglomerates (clusters) of the recycled NR phase [40] in the raw NR matrix.

NR is easily susceptible to degradation due to its chemical structure, beyond having a strong
affinity with carbon black [21,41], which is a good conductor of heat [42]. These factors, allied to the
high amount of carbon black present in its formulation, are able to degrade the NR, even during the
vulcanization process by compression molding [7]. It seems that the recycled phase presents some
level of degradation, and the smaller molecules of the recycled phase probably acted as a lubricant,
facilitating the movement of the chains and, consequently, reducing the viscosity of the blends. This
fact may also have influenced the ts; behavior of the samples.

The decrease of the initial viscosity could also be due to the migration of lubricants from the
recycled phase to the raw one [43]. According to the authors, who analyzed the processability of the
blends containing recycled ethylene propylene diene monomer rubber (EPDM), called w-EPDM, it was
observed that a slight decrease of shear viscosity with increasing w-EPDM loading occurred because
of wall slip; result of the lubricants migration from the w-EPDM.

Maximum torque values, which are related to the stiffness of the compounds, increased as the
amount of the recycled phase on the blends increased, as well as the AM values, which are related to
the cross-link density. As to be seen ahead, due to the increase of the mechanical properties, it seems
that the cross-links probably would link the recycled and the raw phases, increasing the adhesion (since
it is common the lack of adhesion in blends containing recycled materials and consequent reduction
on the mechanical properties [19]). The links probably “tied” the phases, either by links from one
phase to another or by the interlacing of the cross-links, as presented in the Figure 2. These interlacings
seem to have reduced the reversion of these samples. In addition, the increase of the recycled phase
also increased the stiffness of the blends, due to the increase of the My values with the increase of the
recycled phase amount present in the blends [26].
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Figure 2. Schema showing the probable mechanism of increase of the adhesion in the blends 90/10 and
85/15, in which the gray part is the raw NR phase, the black particles are the recycled NR phase, and
the links are the cross-links between the phases; as well as the smaller degraded molecules of recycled
phase (~), which probably acted as a lubricant.

In addition, the ground particles in the range of 28 to 35 mesh (0.425-0.600 mm) are the ideal
(quality to price) type to be incorporated in the compounds [44]. As well, the process of milling at
room temperature, which was used in the NR recycled phase, is a low-cost process that produces
rough and irregular particles [29]. The constitution of the recycled rubber powder contains voids in
which the elastomeric matrix is trapped [45]. The behavior was observed by Weber et al. [27] for EPDM
and styrene-butadiene rubber (SBR), called EPDM-r and SBR-1, respectively. The authors used the
same milling method adopted in the present work. According to the SEM images of the SBR-r sample
(Figure 3), it presented a high total surface area, being irregular in shape. Besides their irregular shape,
the particles have high surface roughness. These rough particles are effective to increase the interaction
and adhesion between the phases of the blends, especially when the blends are composed of the same
polymeric material. This probably has helped to the increase of the stiffness of the blends with the
increase of the recycled phase content. Additionally, according to some authors [46], the increase of the
My values is explained by the production of cross-link networks with a higher density of polisulphidic
bonds, which explains the reversion behavior increase as the amount of the recycled phase increased
in the blends (to be explained in the sequence).

AccV ’Spot Magn
200kv50 800x BSE 99 SBR-r

Figure 3. SEM image of SBR-r sample (magnification of 800x) [27]. Modified from [27] with permission of Sage.

Additional heating (just after the end of the vulcanization reaction) can result in a very slow
increase of the stiffness or a decrease, depending, mainly, on the type of rubber used. The reduction of
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the torque measured by the equipment just after the end of the vulcanization is known as reversion,
being a physical manifestation of the reversion [47]. This behavior was observed in all the analyzed
blends in the present work.

In our earlier work [7], the influence of devulcanization by microwaves/degradation, as well as
the additional heating during the compression molding were analyzed in the blends composed of raw
NR/NR devulcanized by microwaves. It is known that NR has high interaction with carbon black,
which is a good microwaves absorber, and consequently increases the devulcanization degree [48].
On the other hand, NR is easily degradable by heat action, due to its chemical structure [7,41].
Therefore, in the case of blends containing different concentrations of NR devulcanized by microwaves,
the higher the concentration of the recycled phase and the higher the time of the exposure of this phase
to the microwaves, the higher the reversion behavior observed by rheometric analysis. Consequently,
the high levels of reversion observed were the result of devulcanization/degradation of the recycled
phase and the additional heating (to be seen ahead in the Section 3.4). In the present work, reversion is
the result of the additional heating, since recycled NR phase was only ground.

Comparing both results, blends containing only ground NR presented lower reversion values,
presenting a discrete increase as the amount of the recycled phase in the blend increased. However,
the values are close to the one presented by the neat pure NR, showing that the presence of the only
ground recycled NR phase did not strongly influence the reversion behavior of the blends. On the other
hand, the devulcanization/degradation of the recycled NR phase had a huge influence on it. Since
the blends contain only ground recycled NR phase and the vulcanization reversion is still observed,
additional heating during compression molding can influence this behavior as well.

Vulcanization process is able to form different types of sulphidic bonds, such as mono-, di- and
polysulphidic bonds. Among the factors that dictate their formation, the ratio accelerators/sulphur in
the formulation is a very considerable factor. The higher the ratio sulphur/accelerator (as observed in
the present work), the higher the polysulphidic bonds content. Reversion is a kind of anaerobic thermal
aging, caused mainly due to the scission of polysulphidic bonds and subsequent loss of the network
integrity [47], since polysulphidic bonds are thermally less stable than mono- and disulphidic ones.

3.2. Dynamic-Mechanical Properties

Tan 6 curves as function of the temperature of the blends are shown in the Figure 4.

Tan delta

Temperature (°C)

Figure 4. Tan § curves as a function of the temperature of the blends raw /residue rubber.

It can be perceived the presence of two peaks in the sample 90/10, and the presence of a discrete
“shoulder” in the 85/15 blend. As the peaks can be correlated to the cross-link density of the samples,
it seems that the blends that presented two peaks have two different “families” of cross-links. As these
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blends were the ones which presented the highest mechanical properties (to be seen further on), it is
believed that one cross-link “family” is related to the overall cross-link density along all the sample,
and the other is related to the cross-links between the phases (probably in the interphase), or even to
the migration of additives from recycled phase to the raw one [29,31,39], which increased the adhesion
between the phases and, consequently, improved the mechanical properties (Figure 2). The presence of
the two peaks can be also due to the microphase separation, and also an indication of the heterogeneity
of the network [23].

According to Cao et al. [49], the decrease of the peak widths of tan 6 of elastomeric materials is a
result of the reduction of the mobility of the polymeric chains. The blends 90/10 and 85/15 presented a
higher width compared to the other blends, which means that these samples presented higher mobility.

Concerning the glass transition temperature (Tg), they were obtained from the maximum points
of the peak of tan 6 curves as function of the temperature. As presented in the Figure 5, in general, the
Tg values increased as the amount of recycled phase increased in the blends. Therefore, the increase of
the vulcanized content in the blends decreased the chain mobility of the final materials. The results
agreed with vulcanization characteristics previously analyzed.

100/0 95/5 90/10 85/15 80/20

Sample

Figure 5. Tg values of the blends raw /residue rubber.
3.3. Mechanical Properties

Results of tensile tests of the blends raw NR/waste NR are shown in the Figure 6.

10

Tensile property

I Stress at break (MPa)
I Young's modulus (MPa)
[ Elongation at break (mm/mm)

100/0 95/5 90/10 85/15 80/20
Sample

Figure 6. Mechanical properties of the blends raw NR/recycled NR in different concentrations.
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According to the results, it was observed that the mechanical properties of all the blends increased
with the incorporation of the recycled NR, but they did not present a trend which concerned the
amount of the recycled phase.

Based on the literature, poor mechanical properties, especially elongation at break, is a sign of
lack of adhesion and compatibility between the phases of the blends [17-19,26]. In the case of the
analyzed system, both phases are composed of the same polymer (even knowing that the recycled
phase probably presents some degradation level). Thus, there is compatibility between the phases.
In addition, it is known that the milling process used, i.e., milling at room temperature, produced
particles in the ideal range to be incorporated in the compounds [44], due to the increase of the surface
contact area [27,28,31], rough and irregular format of the particles [29] (Figure 3). Also, according
to Gibala et al. [50], ground rubber at room temperature is convoluted, spongy and porous-like in
nature. All the cited points increased the interaction between the phases and, consequently, the
adhesion, resulting in the increase of the mechanical properties, compared to the raw pure NR material.
Additionally, the milling process is low-cost, with the purpose of reduction of the environmental
impact [14].

Concerning stress at break, the blends containing recycled NR presented higher values than
the pure raw rubber, which means that the recycled phase increased the stiffness of these samples.
Even being stronger, these samples presented elongation at break values higher in comparison to the
pure raw rubber. Since recycled NR contains, in general, high amounts of additives present on it, the
increase of elongation at break can be related to a possible migration of sulphur to the interphase,
which possibly increased the cross-link density between the phases and, consequently, increased the
adhesion between the phases of the blends, as previously showed (Figure 2).

As a conclusion, the mechanical properties were probably increased due to the compatibility
between the phases. Whereas adhesion was probably increased by the milling method adopted, seeing
as a 30-mesh sieve corresponds to around 0.40 mm sized particles, which are ideal to be incorporated
in new compounds [44] (Figure 3), and also probably due to the “tied” effect of the phases, formed by
the links from one phase to another or by the interlacing of the cross-links (Figure 2).

3.4. Morphology

SEM images of the samples are shown in the Figure 7.

According to the SEM images, the blends presented a rougher surface than the neat raw NR,
which is due to the increase of the resistance to crack propagation [51], agreeing with the mechanical
properties results previously analyzed. Additionally, it can be observed that good levels of dispersion
and distribution occurred in all the samples. However, it seems that the formation of clusters increased
as the amount of recycled phase increased in the blends, being this clearly observed in the image of
the 80/20 sample. With the increase of the agglomerates size, it is believed that some amount of neat
rubber could be occluded on them, not participating on the vulcanization reaction. As a probable
result, the matrix phase containing a higher amount of vulcanization additives presented a higher
cross-link density, as previously observed by the increased AM and Tg values, and a consequent
reversion behavior. Milani and Milani [52] observed that the reversion level was influenced by the
accelerator amount present in the elastomer compound, which could also have occurred in the present
work due to the agglomeration of the NR residue, and consequent presence of elastomer occluded in
the blend 80/20, as previously commented.
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Figure 7. SEM images of the samples: (a) 100/0, (b) 95/5, (c) 90/10, (d) 85/15, and (e) 80/20.

The formation of clusters also decreased the interaction between the phases, contributing to the
formation of “weak sites”, which upon stress-transmission resulted in lower mechanical properties [53].

A schema will improve the discussion at this point (Figure 8, in which the curves present the
trend behavior observed in this work). Generally, when an increase in the cross-link is observed, stress
at break of the sample tends to increase due to the stiffness increase. Consequently, a more stiffness
sample tends to present a lesser elongation at break, which was not observed in the blends 90/10 and
85/15. Therefore, probably, there was an increase in the cross-link density between the phases, which
increased the adhesion and, consequently, the elongation at break of the blends, as showed before.
The blend 80/20 presented a decrease in the mechanical properties due to the agglomeration of the
recycled phase (Figures 7 and 8).
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Figure 8. Influence of the phase concentration on the reversion and mechanical properties, and
consequence in the morphology of the blends. The SEM images A; B, C, D and E are the ones of the
samples 100/0, 95/5,90/10, 85/15 and 80/20.

Reversion occurs due to thermal degradation of unstable cross-links formed during the
vulcanization process [7]. This phenomenon leads to a reduction of the cross-link density and the
physical properties of the material [34]. It is known that the less thermal stable bonds (polysulphidic)
are responsible for the reversion trend in the NR [54], seeing as several factors are able to influence
their formation such as the type of the equipment [55], additives [34,52], curing system [56],
recycling method [7], among others. In addition, the literature [57,58] has shown that carbon black
enhances the formation of polysulphidic bonds and, consequently, these compounds usually present
a vulcanization reversion trend. The vulcanization temperature is able to influence the formation of
polysulphidic bonds and reversion trend as well [59], where the reversion becomes more severe at
higher temperatures [52,60-62] due to the increase of the thermal degradation of the polymeric chains,
or faster decomposition of the sulphidic cross-links [34].

High mechanical and tear strengths are given by high levels of polysulphidic bonds, particularly in
unfilled vulcanizates, which has been attributed to the capacity of these cross-links to be broken under
stress. These bonds also present a high resistance to fatigue on repeated stressing and high resilience,
the quick recovery from deformation performed at room temperature. Nevertheless, oxidation and
resistance to heat are limited [30,63,64], so the vulcanization characteristics must be carefully analyzed
and followed during the vulcanization stage, especially when preparing compounds with recycled
elastomers, no matter what equipment is used for this.
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It a correlation between reversion and mechanical properties can be observed for all the blends,
showing that the additional heating and, consequently, the vulcanization reversion influenced on their
final properties. Regarding behavior of the mechanical properties, Nasir and Teh [64] compared the
mechanical strength to the cross-link density of the NR, obtaining the same behavior. According to the
authors, the initial increase of the mechanical strength is due to an increase in the number of chains in
the network which, in turn, is able to withstand the subjected stress. However, beyond the maximum
level, the chains are shortened as result of the further increase of the cross-link density, and there is,
as result, a property drop. Consequently, as observed previously by the vulcanization characteristics
and DMA results, it seems that the increase of the recycled phase amount in the blends increased the
cross-link density and, probably, increased the formation of polysulphidic bonds as well, due to the
mechanical properties trend. As the amount of the recycled phase increased, the break of these bonds
was probably favored, increasing the reversion and, consequently reducing the mechanical properties.
Since the recycled phase was probably degraded by the action of heat, the relative amount of carbon
black was higher, also contributing to the formation of polysulphidic bonds. In addition, the blend
80/20 presented agglomeration of the recycled phase, which favored the increase of the reversion.

The main goal of this work series (the present one is a sequence of the part one [7]) was to propose
a reflection about the reversion in the production of blends composed of raw NR/recycled NR. As
recycled elastomers usually present some level of degradation, it is important to know their influences
on the mechanical properties, so that the final product may present useful properties. Mechanical
properties are also very influenced by the production method adopted, as depicted before. So, in order
to conclude the discussion, a comparison among the stress at break and the reversion of all the blends,
and the exposure time of the NR to the microwaves (from our last work [7]) is proposed (Figure 9).

Figure 9. Comparison between: (a) stress at break, and (b) reversion, in relation to the exposure time of

the NR to the microwaves of all the analyzed samples.

According to the results, it is clear the influence of the devulcanization and the amount of the
recycled phase on the reversion behavior of the blends. Since the higher the exposure time of the NR to
the microwaves, the higher the degradation level, consequently the higher the reversion of the blends.
Accordingly, the higher the amount of the recycled phase (no matter if devulcanized or not), the higher
the reversion behavior. However, the devulcanization strongly influenced the reversion behavior of
the samples.
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Reversion also influenced the mechanical properties as a whole, as depicted at this point by the
stress at break results. It is important to mention that all the other mechanical properties followed the
same trend.

It is known that when the purpose is to reincorporate the recycled material to the process, the
role of the elastomer devulcanization is to enhance the interaction between the recycled and the
raw material, consequently reducing the degradation of the properties of the final product, and
making it possible to increase the quantity of the recycled elastomer in the compound raw /recycled
elastomer [65].

Concerning the devulcanization by microwaves, as mentioned before, due to its chemical structure,
NR is susceptible to thermal degradation. Therefore, the increase of the exposure time of the NR to the
microwaves increased the relative concentration of carbon black by the higher degradation of the NR
main chains, due to the overheating of this phase, as observed in our earlier study [21]. As result, the
higher the relative concentration of carbon black, the higher the degradation level of the samples.

Devulcanization provides the opportunity of lowering the compound viscosity, favoring the
processing and improving the properties of the final product [30]. Literature presents some works in
which the devulcanization of the recycled phase increased the interaction between the phases of the
blends by reducing the particle size of the dispersed phase during processing [1,17,19]. However, it is
important to know all the processing parameters involved in the production of these compounds, in
order to avoid unnecessary waste.

In the case of the blends containing devulcanized NR, both degradation of the recycled phase and
additional heating were responsible by the reversion behavior observed, being that the degradation
as result of devulcanization by microwaves influenced it in a strong way. On the other hand, in the
case of blends containing only ground recycled NR, reversion was the result of the additional heating
during compression molding, especially in the samples 100/0, 85/15 and 80/20. Concerning the blend
80/20, the formation of clusters by the recycled phase influenced the reversion behavior as well.

Therefore, as the main conclusion, the production of polymeric blends composed of raw
NR/recycled NR is viable, resulting in final materials with useful properties. Nevertheless, it is
important to follow the vulcanization characteristics during the vulcanization stage, in order to avoid
unnecessary waste and to have a truly sustainable process.

4. Conclusions

In this work, the additional heating during compression molding was proposed, especially to
analyze its consequences on the vulcanization and on the mechanical properties of the blends raw
NR/recycled NR. It is really important to know the consequences of additional heating in the final
compounds, since the physical properties are degraded and energy is wasted, making the production
process unsustainable as result. It does not do any good to recycle a material, trying to contribute to
the environment, if the process is not environmentally correct (creating unnecessary waste), resulting
in a final product with no desirable properties.

The results pointed to the potential application of ground NR to produce polymeric blends
in the industry itself, due to the satisfactory obtained results. In general, mechanical properties of
the blends were higher than the pure raw rubber, due to the good adhesion between the phases,
without modifying strongly the security and optimum cure time, representing an advance. However,
the additional heating during compression molding influenced the properties of the blends as a
whole. Therefore, it is vital to know the vulcanization characteristics of the blends containing recycled
elastomer prior to its vulcanization by compression molding (or by using any other equipment), to
consequently avoid unnecessary expenses/waste, in order to obtain final products and do so using
sustainable processing. Morphology and dynamic-mechanical properties agreed with the mechanical
properties of the blends.
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