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ABSTRACT: Sulfur-cured unfilled natural rubber (NR) is successfully devulcanized in a
continuous extrusion process under the application of high-power ultrasonic energy.
The die characteristics and ultrasonic power consumption are measured. A unique
correlation is found between the crosslink density and gel fraction of the devulcanized
NR. This correlation is independent of the processing parameters, such as barrel
temperature, die gap, flow rate, and amplitude of ultrasound. However, these param-
eters do influence the degree of devulcanization. In most cases, the degree of devulca-
nization is found to pass through a maximum at an intermediate level of ultrasonic
energy. It is hypothesized that simultaneous breakup and reformation of crosslinks
occur during the devulcanization of NR, with the relative contribution of each being
determined by the process parameters. The cure curves and mechanical properties of
the revulcanized NR are studied. The mechanical properties are found to depend on the
revulcanization recipe. On optimizing it, tensile strength as high as 14.2 MPa is
achieved, which is about 70% of that of the virgin NR vulcanizate. Ultimate elongation
as high as 670% is obtained, which is the same as that of the virgin NR vulcanizate.
Such stress—strain behavior is an indication that the devulcanized NR maintains the
strain-induced crystallization characteristics inherent to the virgin NR vulcanizates.
© 1998 John Wiley & Sons, Inc. J Appl Polym Sci 70: 2007-2019, 1998
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INTRODUCTION

Natural rubber (NR) is one of the most widely
used elastomers. It supplies about one-third of
the world demand for elastomers and is the stan-
dard by which the performance of other synthetic
rubbers is judged.! Along with styrene—butadiene
rubber (SBR), NR forms a major component of tire
rubber.

The rubber industry faces a major challenge in
this decade to find a satisfactory way to deal with
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the enormous quantity of rubber goods, particularly
tires which reach the end of useful life each year
and their concomitant stockpiles, all of which pose a
major ecological threat to this planet. It is estimated
that 240 million used tires are discarded each year
in the USA alone. These are added to the already
existing stockpiles, which are believed to exceed 2.5
billion scrap tires.?

Recycling of vulcanized elastomers has always
intrigued the industry and the scientific commu-
nity. In order to carry out successful recycling of
vulcanized rubber, it is necessary to preferen-
tially break the crosslinks in the three-dimen-
sional network. The practical inability in achiev-
ing it was a major deficiency of the existing recy-
cling methods.??
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Table I Recipes of NR Model Compounds

NR (parts) Sulfur Accelerator Zn0O Stearic Acid
Recipe (SMR CV 60) (phr) CBS (phr) (phr) (phr)
Recipe 1 100 (virgin) 2 1 5 1
Recipe 2 100 (devulcanized) 2 1 5 1
Recipe 3 100 (virgin) 4 2 10 2
Recipe 4 100 (devulcanized) 2 0 2.5 0.5
Recipe 5 100 (virgin) 4 1 7.5 1.5

Recently, Isayev and coworkers*® have shown
that ultrasonic waves of certain levels can, in the
presence of heat and pressure, rapidly breakdown
the three-dimensional network in vulcanized rub-
bers. This devulcanized rubber is soft and can be
reprocessed very much like the virgin rubber. The
process of ultrasonic devulcanization is very fast
and occurs on the order of a second or less and
leads to the breakage of mono-, di-, and polysul-
phidic crosslinks, along with carbon—-carbon
bonds of the main chain. They have successfully
carried out devulcanization of ground rubber tire
(GRT) and unfilled SBR vulcanizates in a contin-
uous process using an extruder coupled with an
ultrasonic horn.

The present article describes the continuous
ultrasonic devulcanization of unfilled NR vulcani-
zates. This study can thus complement our previ-
ous studies on SBR and enhance our understand-
ing of the ultrasonic devulcanization of GRT. In
addition, the similarities and differences between
the devulcanization of SBR vulcanizates studied
earlier and NR vulcanizates will be discussed.

MATERIALS AND METHODS
OF INVESTIGATION

The NR used in the devulcanization experiments
is SMR CV60 obtained from Akrochem Corp., Ak-
ron, Ohio, and is used for preparing the model
compound according to recipe 1, given in Table I.
All the other compounding ingredients were also
obtained from Akrochem Corp. This recipe was
compounded on a laboratory two-roll mill for up to
40 passes, after which it was vulcanized at 160°C
for 15 min in a compression molding press into
slabs of dimensions 260 X 260 X 12 mm?®. The
vulcanizates were then ground to a particle size of
around 0.5 mm in a Nelmor grinding machine.
These particles were charged into the ultrasonic
devulcanization reactor (National Feedscrew and

Machining, Inc.) described in Tukachinsky et al.’
under different combinations of barrel tempera-
tures, die gaps, and flow rates in search of an
optimum devulcanization condition. Three sets of
barrel temperatures, namely, 60, 120, and 180°C,
were employed. The gaps between the flat face of
the ultrasonic horn and the die were 1.52, 2.03,
and 2.54 mm. The rubber flow rates through the
extruder were 0.32, 0.63, 1.26, and 2.52 g/s. The
rubber exiting the die was devulcanized by the ul-
trasonic horn at a frequency of 20 kHz and ampli-
tudes of 5, 7.5, and 10 um. The ultrasound power
consumption and die entrance pressure were mea-
sured at all conditions of devulcanization.

The devulcanized rubber exiting the die was
water-quenched. It was then air-dried in an oven
at 55°C for 24 h, followed by compounding with
curatives on the two-roll mill and then revulca-
nized. Revulcanization was carried out in the
compression-molding press at 160°C up to the
optimum curing time (¢g9,) in a mold of internal
dimensions 230 X 114 X 2 mm?®. As detailed fur-
ther, different revulcanization recipes (Table I)
were used in order to enhance the mechanical
properties of the devulcanized samples on revul-
canization.

A Monsanto oscillating disc rheometer (ASTM
D-2084) was used to obtain the torque time curves
for the virgin and devulcanized rubber. The test
temperature was 160°C. Gel fraction for the vir-
gin vulcanized, devulcanized, and then revulca-
nized compounds was measured by a soxhlet ex-
traction apparatus using benzene as a solvent.
Crosslink densities were calculated from the
Flory—Rehner equation.® The interaction param-
eter for the NR-benzene system has a value of x
equal to 0.42.7

A Monsanto T-1000 tensile-testing machine
was used to measure the stress—strain character-
istics of vulcanizates of the virgin and devulca-
nized samples. Dumbbell-shaped specimens of
the ASTM D-412, type C, were punched out from



UNFILLED NATURAL RUBBER DEVULCANIZATION 2009

20 Flow rate (g/s)
< e 032
S 16 063
s A 126
2 129 v 252
(5]
& 8-
2
(=) 4 -

(a)
0 T T T T T

40

35 Die gap, mm
® 254

30 m 203

A 152

Die Pressure, MPa
n
o
|

15
10 —
5 )
0 l T T T T
12
g Ty, °C
ol 60
é u 120
@ A 180
a8,
2
A
12

Amplitude, pm

Figure 1 Die pressure as a function of ultrasound
amplitude during the devulcanization of NR recipe 1 at
various flow rates and at a barrel temperature of 120°C
and a die gap of 2.54 mm (a), various die gaps and at a
barrel temperature of 120°C and a flow rate of 0.63 g/s
(b), and various barrel temperatures and at a die gap of
2.54 mm and a flow rate of 0.63 g/s (c).

the compression-molded sheets and tested at
room temperature at an extension rate of 500
mm/min.

RESULTS AND DISCUSSIONS

Ultrasonic Devulcanization of Vulcanized NR

In Figure 1(a)—(c), the die entrance pressure is
plotted as a function of ultrasound amplitude for

different flow rates, die gaps, and barrel temper-
atures, respectively. It is observed that the die
pressure decreases substantially with the appli-
cation of ultrasound and that with increasing am-
plitude the pressure decreases further. This has
been previously explained to be due to the com-
bined effect of softening of rubber due to devulca-
nization in the die gap and reduction in friction
between the particles and the die walls due to
ultrasonic vibrations.? As can be seen from Fig-
ures 1(a) and (b), the pressure increases with
increasing flow rate and decreasing die gap. This
is because the die pressure is an inverse function
of the average residence time of the rubber in the
treatment zone. This average residence time is
inversely proportional to the rubber flow rate and
directly proportional to the die gap. It is observed
from Figure 1(c) that increasing the barrel tem-
perature results in an increased softening of the
rubber and more devulcanization, resulting in re-
duction in the die pressure.

The measured ultrasound power consumption
includes the useful power and the losses. It is not
possible experimentally to measure the power
consumed by devulcanization itself. Also, the
power expended on heat dissipation in the mate-
rial and the power transmitted by the wave trav-
eling through the material cannot be separated.
The only measurable loss is the initial power con-
sumption of the acoustic system when the ultra-
sonic horn vibrates without loading. These losses
are subtracted from the total power consumption
to give useful power. Figures 2(a)-(c) show the
useful ultrasound power consumption as a func-
tion of ultrasound amplitude for different die
gaps, barrel temperatures, and flow rates, respec-
tively. As shown in Figure 2(a), the useful ultra-
sound power consumption increases with decreas-
ing die gap. In particular, a decrease in die gap
increases the strain amplitude experienced by the
rubber at a constant amplitude of ultrasonic
waves, leading to the observed increase in the
power consumption. Also, Figure 2(b) shows that
the power consumption increases with increasing
barrel temperature. Possibly, in the rubber
treated at 180°C, for the intermolecular bonds in
the network, being more receptive to ultrasonic
energy by virtue of requiring less energy to over-
come the activation energy, less power is ex-
pended in heat dissipation, and, therefore, more
useful energy is channeled towards devulcaniza-
tion.

On increasing amplitude from 5 to 10 um, it is
observed that the useful power shows a maximum
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Figure 2 Ultrasound power as a function of ampli-
tude during the devulcanization of NR recipe 1 at var-
ious die gaps and at a barrel temperature of 120°C and
a flow rate of 0.63 g/s (a), at various barrel tempera-
tures and a die gap of 2.54 mm and a flow rate of 0.63
g/s (b), and at various flow rates and a barrel temper-
ature of 120°C and a die gap of 2.54 mm (c).

at 7.5 um. This was the case in all experiments
with different die gaps [Fig. 2(a)] and barrel tem-
peratures [Fig. 2(b)]. It is believed that imposition
of ultrasonic waves leads to simultaneous bond
breakage and reformation in the material. It is
only the relative magnitude of each process that
determines the ultimate state of the material.
This is controlled by the process parameters. In
this case, while devulcanization is dominant in
between 5 and 7.5 um, some revulcanization oc-
curs with increasing intensity when the ultra-
sound amplitude is increased from 7.5 to 10 um,

which accounts for the reduction in power con-
sumption after 7.5 um.

Limiting conditions of this competition be-
tween devulcanization and revulcanization can be
observed by varying the flow rate through the
reactor, as is shown in Figure 2(c). At the highest
flow rate of 2.52 g/s, no revulcanization occurs, as
is seen by the monotonous increase in the power
with amplitude in this figure. However, as the
flow rate is decreased and, consequently, the res-
idence time is increased, the revulcanization pro-
cess becomes more dominant with increasing am-
plitude at any particular flow rate. The power
consumption drops from 1428 W at 2.52 g/s and
10 um to 465 W at 0.32 g/s and 10 um. This is also
evident from the behavior of pressure with chang-
ing flow rates, as was shown in Figure 1(a). The
pressure decreases from 4.38 MPa at 7.5 um to
4.02 MPa at 10 um for 0.32 g/s rubber flow rate.
For 2.52 g/s, which is the highest flow rate, this
pressure decreases from 10.58 MPa at 7.5 um to
8.14 MPa at 10 um. Thus, the pressure differen-
tial in between 7.5 and 10 um for 0.32 g/s is about
15% of that for 2.52 g/s. This suggests that revul-
canization at high amplitude apparently does ini-
tiate an increase in die pressure. However, at
lower flow rates and a higher amplitude, it is
offset by the decreased friction due to ultrasonic
vibrations in the die. This behavior is unique to
NR and was not observed in the case of SBR.
Further studies on the influence of physical
and/or chemical structure of NR on its transfor-
mation during devulcanization are essential to
understand this behavior.

Figures 3 to 6 depict the crosslink density and
gel fraction as functions of the ultrasound ampli-
tude for devulcanized and revulcanized samples
obtained at different barrel temperatures and
rubber flow rates. The filled symbols represent
devulcanized samples, and the open symbols rep-
resent them after revulcanization using recipe 4.
Both the crosslink density and gel fraction de-
crease substantially during ultrasound treat-
ment. It was observed that their values decrease
with increasing barrel temperature (Figs. 3 and
4), decreasing die gap (not shown), and decreasing
flow rate (Figs. 5 and 6) at any amplitude of
ultrasound. Due to predominant effect of revulca-
nization from 7.5 to 10 um, the crosslink density
and gel fraction increase when the amplitude is
increased from 7.5 to 10 um at any particular
barrel temperature (Figs. 3 and 4) or die gap. As
can be seen from Figures 5 and 6, respectively,
the crosslink density and gel fraction for 2.52 g/s
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Figure 3 Crosslink density of devulcanized NR rec-
ipe 1 (filled symbols) and revulcanized NR recipe 4
(open symbols) as a function of ultrasound amplitude at
various barrel temperatures and at a die gap of 2.54
mm and a flow rate of 0.63 g/s.

at 10 um are lower, however, than that at 7.5 um,
implying that no revulcanization occurs with an
increasing amplitude at this flow rate. But on

100

95 +

90

85 -

80 -

75

Gel fraction, %

70

65

A A 180

60 T T T T T

Amplitude, um

Figure 4 Gel fraction of devulcanized NR recipe 1
(filled symbols) and revulcanized NR recipe 4 (open
symbols) as a function of ultrasound amplitude at var-
ious barrel temperatures and at a die gap of 2.54 mm
and a flow rate of 0.63 g/s.
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Figure 5 Crosslink density of devulcanized NR rec-
ipe 1 (filled symbols) and revulcanized NR recipe 4
(open symbols) as a function of ultrasound amplitude at
various flow rates and at a barrel temperature of 120°C
and a die gap of 2.54 mm.

decreasing the flow rate from 2.52 g/s to 0.32 g/s,
which is the lowest flow rate, these values are
higher at 10 wm than at 7.5 wm. This only sub-
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Figure 6 Gel fraction of devulcanized NR recipe 1
(filled symbols) and revulcanized NR recipe 4 (open
symbols) as a function of ultrasound amplitude at var-
ious flow rates and at a barrel temperature of 120°C
and a die gap of 2.54 mm.
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Figure 7 Normalized gel fraction as a function of
normalized crosslink density for devulcanized NR of
recipe 1.

stantiates our earlier hypothesis that revulcani-
zation occurs with increasing amplitude in be-
tween 7.5 and 10 um when the flow rate is de-
creased from 2.52 to 0.32 g/s.

As has been described before,?® the crosslink
density and gel fraction for ultrasonically devul-
canized rubber can be correlated by a universal
master curve. This curve is unique for every elas-
tomer due to its unique chemical structure. The
same master curve for devulcanized NR is pre-
sented in Figure 7.

In previous investigations® on SBR rubber, it
was found that the T, of devulcanized rubber
depends on the parameters of ultrasound devul-
canization; namely, the T, of devulcanized rubber
is higher than that of the virgin rubber. Thus, it is
interesting to determine whether this is true in
the case of devulcanization of NR. Our experi-
ments indicate that the 7', of the devulcanized
NR compounds does not exhibit any sensitivity
towards the amplitude of devulcanization. But
the overall T, of the devulcanized compound is
about —64°C, while that of the virgin gum rubber
is —68°C. This increase in the T, of devulcanized
NR is much smaller than that observed in devul-
canized SBR. The difference in the chemical
structure of these elastomers may be responsible
for this difference. It was proposed in previous
studies® that this increase in T, with devulcani-
zation is due to transformation of polysulphidic
crosslinks to cyclic sulphidic structures, which

reduce the main chain mobility.® The insensitiv-
ity of T, of devulcanized NR to ultrasonic ampli-
tude explains why the T, of devulcanized GRT
containing NR was found to be close to that of
untreated GRT and independent of parameters of
devulcanization.®

Revulcanization of Ultrasonically Devulcanized NR

The devulcanized NR samples are compounded
using recipe 2, that is, with the same amount of
curatives as in the original virgin recipe 1 and
then revulcanized at the same temperature
(160°C) to an optimum cure. Figure 8 presents the
crosslink density of NR samples devulcanized at
different barrel temperatures as a function of am-
plitude, as represented by the filled symbols. The
open symbols represent their corresponding
crosslink densities on revulcanization with recipe
2. In order to investigate the mechanism of revul-
canization, the virgin rubber is compounded with
recipe 3, that is, with twice the initial amount of
curatives as in recipe 1. As is seen in Figure 8, on
the crosslink density axis, the crosslink density of
recipe 3 (open symbol) is 0.28 kmol/m?, while that
of the original recipe 1 (filled symbol) is 0.157
kmol/m?. The difference in the crosslink densities
of these 2 recipes is 0.123 kmol/m®. This differ-
ence is then added to the crosslink densities of the
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Figure 8 Crosslink density of devulcanized NR rec-
ipe 1 (filled symbols) and revulcanized NR recipe 2
(open symbols) as a function of ultrasound amplitude at
various barrel temperatures and at a die gap of 2.54
mm and a flow rate of 0.63 g/s.
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Figure 9 Cure curves for NR recipe 1 ultrasonically
devulcanized at different barrel temperatures and am-
plitudes: a die gap of 2.54 mm and a flow rate of 0.63 g/s
and revulcanized with recipe 2 (curves 2-9), cure
curves for NR recipe 1 (curve 1), and NR recipe 3 (curve
10).

devulcanized NR samples to give theoretical val-
ues of their crosslink densities on revulcanization
with recipe 2. It is observed that the actual mea-
sured values of the crosslink densities of the re-
vulcanized rubber using recipe 2, as are shown in
Figure 8, are higher than their theoretical values,
with the percentage of increase over the theoret-
ical values being highest, that is, 33% for the
sample devulcanized at 180°C and 5 um, and the
lowest being 13% for the same temperature and
10 pm. Since the curative level is the same in all
compounds, the devulcanized samples having
higher crosslink density have a correspondingly
higher crosslink density on revulcanization.

The cure curves for the recipe 2 at 160°C are
shown in Figure 9. They are plots of the behavior
of the torque as curing proceeds in time. These
torque time curves for recipe 2 are completely
different from that for the virgin compound, as is
seen in Figure 9. The curves for all the revulca-
nized samples with recipe 2 exhibit similar kinet-
ics of cure. The scorch time is of the order of 1 min
or is almost absent, while the time for a 90% cure
is about 3 min. As compared to this, the scorch
time for recipe 1 is 8 min, and the time for a 90%
cure is 10 min. The shortness or complete absence
of the induction period indicates that crosslinking
reactions may start immediately upon heating.'°

Indeed, faster revulcanization is characteristic of
reclaimed rubber.!'? Also, the higher the degree
of devulcanization, the lower the minimum
torque, as well as the final or maximum torque on
the revulcanization curve. It is interesting to note
that the maximum torque for the revulcanized
compounds is always higher than that for the
virgin compound (recipe 1). This is only expected
as the crosslink densities of the revulcanized sam-
ples (Fig. 8) are also correspondingly higher than
that for the virgin recipe 1. This is again reflected
in the measurements of modulus at 100% strain
for the revulcanized NR samples (recipe 2), which
were found to be higher than that for the virgin
vulcanizate (recipe 1). This may be because the
additional sulphenamide accelerator (CBS) incor-
porated during revulcanization increases the de-
gree of vulcanization and also reduces the curing
time. If the devulcanized samples contained a
disproportionate amount of cyclic sulphidic links,
the revulcanization temperature is sufficient for
these to reform intermolecular crosslinks. This is
in addition to those being formed due to the ad-
ditional sulfur—accelerator system, which may ex-
plain the abnormally high crosslink density.
Because of its stereoregular structure, NR is
capable of crystallizing when stretched, therefore
yielding very high tensile strengths and ultimate
elongations. Hence, as measured in the present
study, the virgin vulcanizate (recipe 1) has a ten-
sile strength of 20.12 MPa and an ultimate elon-
gation of 680%. Compared to these high values,
typical values obtained for the tensile strengths of
recipe 2 were in between 2.76 and 1.42 MPa. In
contrast, the tensile strength of recipe 3 is only
4.25 MPa. It is believed that the additional
amount of CBS accelerator incorporated in recipe
2 leads to a very high concentration of mono- and
disulphidic crosslinks. This is in addition to the
residual mono-, di-, and polysulphidic crosslinks
already present in the devulcanized rubber.
These mono- and disulphidic bonds prevent the
stretching and/or slipping of the rubber main
chains when subject to tension and therefore in-
hibit strain-induced crystallization. As a result, a
breaking point is attained before the extension is
sufficiently high for crystallization to develop.!®1*
The modulus at 100% strain is found to be a
linear function of crosslink density.!® It is also
true that increased crosslink density decreases
ultimate elongation of the vulcanizate, thereby
decreasing the degree of crystallinity obtainable
by stretching.'® Here, the highest ultimate elon-
gation for devulcanized NR samples revulcanized
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Figure 10 Cure curves for NR recipe 1 ultrasonically
devulcanized at a barrel temperature of 120°C, a die
gap of 2.54 mm, a flow rate of 0.63 g/s, an amplitude of
5 um, and compounded with 2.5 phr ZnO, 0.5 phr
stearic acid, and different amounts of sulfur and accel-
erator (CBS).

using recipe 2 is 288%, which is about 40% of that
of recipe 1. A quantitative assessment of the effect
of devulcanization conditions on mechanical prop-
erties shows that the tensile strength and the
ultimate elongation of samples, which were de-
vulcanized at a 120°C barrel temperature, are
higher than of those devulcanized at 180 and
60°C. This allows one to infer that rubber treated
at 180°C may be considered as overtreated, while
that treated at 60°C as undertreated.

Hence, 120°C is chosen as the optimum tem-
perature for devulcanization, and the sample de-
vulcanized at this temperature and 5 pm ampli-
tude is chosen for its best properties amongst the
lot for optimizing the revulcanization recipe in an
attempt to improve the mechanical properties.

Optimization of the Revulcanization Recipe

In order to improve the mechanical properties of
the devulcanized NR samples revulcanized with
recipe 2, an attempt is made to optimize the re-
vulcanization recipe. The amount of sulfur in the
revulcanization recipe is kept constant at 2 phr.
The amount of accelerator (CBS) is varied from 0
to 1 phr in order to study its effect on the mechan-
ical properties. Also, if a slower, constant rate of

cure is desired, less accelerator is required for the
reclaim compound. Such savings in accelerator
cost represent one of the important commercial
advantages of reclaim.'? ZnO, which is an activa-
tor, gives little if any gain in activation function
beyond 4 parts. Usually, 3 parts is adequate for
most purposes.’ There is a direct relation between
the amount of activator and the fatty acid, which
is believed to solubilize the zinc oxide, allow-
ing diffusion into the elastomer.'” Hence, the
amounts of ZnO and stearic acid in the revulca-
nization recipe were reduced to half of that ini-
tially added in recipe 1, that is, 2.5 phr of ZnO and
0.5 phr of stearic acid. This results in recipe 4 in
Table 1.

As is seen from the cure curves 1, 2, and 3 in
Figure 10, reducing the amount of accelerator
from 1 to O phr reduces the rate of vulcanization
by half, as well as the degree of vulcanization. The
crosslink density of the vulcanizates reduces from
0.20 to 0.14 kmol/m®. It is clearly evident from
Figure 11 that the tensile strength shoots up to 14
from 3.5 MPa when the accelerator concentration
is reduced from 1 to O phr. The same figure also
shows that the ultimate elongation shoots up to
666% when no accelerator is added in the revul-
canization recipe. This value is closer to that of
the original virgin recipe 1. The modulus at 100%
strain decreases, obviously due to the lower de-
gree of vulcanization.

It was shown previously that ultrasonically de-
vulcanized SBR contains about 85% of initially
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Figure 11 Mechanical properties of NR recipe 1 de-
vulcanized at a barrel temperature of 120°C, a die gap
of 2.54 mm, a flow rate of 0.63 g/s, an amplitude of 5
pm, and revulcanized with 2 phr sulphur, 2.5 phr ZnO,
0.5 phr stearic acid, and different amounts of acceler-
ator (CBS).
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Figure 12 Mechanical properties of NR recipe 1 de-
vulcanized at a barrel temperature of 120°C, a die gap
of 2.54 mm, a flow rate of 0.63 g/s, an amplitude of 5
um, and revulcanized with 2.5 phr ZnO, 0.5 phr stearic
acid, and different amounts of sulfur.

added accelerator.'® Therefore, it seems possible
that there preexists some amount of sulphen-
amide in the devulcanized sample which is suffi-
cient to catalyze the added sulfur-activator sys-
tem and give a satisfactory degree of cure, and an
additional accelerator only succeeds in giving a
very high crosslink density, which inhibits crys-
tallization on stretching. Indeed, it was observed
that this new compound exhibits the tensile
strength of 14 MPa and an ultimate elongation of
666% due to strain-induced crystallization on
stretching during the tensile tests. These results
thus confirm that even after ultrasonic devulca-
nization, the regularity of structure in NR is pre-
served.

As can be seen from the cure curves 1, 4, and 5
in Figure 10, varying the amount of sulfur from 1
to 3 phr with no accelerator, but with 2.5 phr ZnO
and 0.5 phr stearic acid in the revulcanization
recipe, does not bring about any substantial
change in the cure rate; only the degree of vulca-
nization increases with the amount of sulfur. Fig-
ure 12 shows the effect of varying the amount of
sulfur from 1 to 3 phr on the mechanical proper-
ties of the revulcanized NR samples. The tensile
strength and ultimate elongation show a maxima
at 2 phr sulfur, while the modulus at 100% strain
increases monotonously with the sulfur content.
The increase in modulus is consistent with the
increasing level of cure. The tensile strength and
ultimate elongation are directly related to the
degree of crystallinity of the stretched samples. It
is suggested that the reason for initial increase in

the crystallizability is that the larger number of
crosslinks causes greater alignment of the chains
and thus suppresses flow.'®1° Beyond a certain
degree of crosslinking, progressively larger por-
tions of the chain will be incapable of taking part
in crystallization.

Hence, recipe 4, which consists of 2 phr sulfur,
no accelerator, 2.5 phr ZnO, and 0.5 phr stearic
acid added to 100 parts of devulcanized rubber, is
chosen as the optimized recipe because it has the
best mechanical properties amongst all the other
revulcanization recipes. It should be kept in
mind, however, that this optimum recipe corre-
sponds to only 1 chosen degree of devulcanization.
Evidently, it can be optimized for different de-
grees of devulcanization.

Revulcanization with the Optimized Cure Recipe

The crosslink density and gel fraction of the NR
samples revulcanized with recipe 4 are shown by
the open symbols in Figures 3 to 6. On revulcani-
zation with this new recipe 4, the crosslink den-
sity and the gel fraction follow the same qualita-
tive trend as that observed during devulcaniza-
tion at different barrel temperatures (Figs. 3 and
4), die gaps (not shown), and flow rates (Figs. 5
and 6), and which were discussed earlier. The
samples, which presumably underwent some re-
vulcanization in between 7.5 and 10 um during
the devulcanization process, show higher cross-
link density and gel fraction on revulcanization.
In fact, the higher the degree of devulcanization,
the lower the crosslink density and gel fraction of
the devulcanized, as well as the revulcanized,
compounds.

On the basis of mechanical properties, as well
as the crosslink densities, it can be inferred that
the devulcanized rubber having a crosslink den-
sity below 0.016 kmol/m? and a gel fraction below
60.5% is overtreated, while that having a
crosslink density above 0.057 kmol/m?® and a gel
fraction above 92% is undertreated. Overtreat-
ment probably results in significant backbone
chain degradation, hence, the lower crosslink
density and gel fraction. Undertreatment indi-
cates insufficient exposure to ultrasound; as a
result, it cannot be compounded on a two-roll mill.

In order to understand the mechanism of re-
vulcanization, the virgin rubber is compounded
with recipe 5. This recipe consists of the original
amount of curatives, as in recipe 1, plus those
required for revulcanization, as in recipe 4. The
crosslink density of recipe 5 is represented by the
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Figure 13 Cure curves for NR recipe 1 ultrasonically
devulcanized at different barrel temperatures and am-
plitudes, a die gap of 2.54 mm, a flow rate of 0.63 g/s,
and revulcanized with recipe 4 (curves 2-9) and cure
curves for NR recipe 1 (curve 1) and NR recipe 5 (curve
10).

open symbol on the Y-axis of Figures 3 and 5 and
its value is 0.24 kmol/m?®. The difference in be-
tween the crosslink densities of recipes 1 and 5 is
0.083 kmol/m?®. This difference is then added to
the crosslink densities of all the NR samples de-
vulcanized under different combinations of devul-
canization conditions, as detailed before and rep-
resented in Figures 3 and 5 by filled symbols. This
yields the theoretical values of their crosslink
densities on revulcanization with recipe 4 (not
shown). It is observed that the experimental val-
ues match reasonably with the calculated ones,
except when the samples are overtreated; the re-
vulcanized crosslink densities are lower than the
calculated values. In the case of those samples
treated at flow rates of 1.26 and 2.52 g/s, the
actual values of crosslink density and gel fraction,
as shown in Figures 5 and 6, respectively, are
higher than their theoretical values, in particu-
lar, those for the crosslink density being, on an
average, 19% higher. It may be of interest to note
that the crosslink density and the gel fraction of
recipe 4 never exceed the values for the original
virgin recipe 1, except in the case of the rubber
treated at 1.26 and 2.52 g/s.

Figure 13 is a plot of the cure curves for NR
samples revulcanized with recipe 4 at 160°C after
being treated with ultrasonics at different barrel
temperatures as well as those for recipe 1 and
recipe 5. The torque time curves for all the revul-
canized samples with recipe 4 exhibit similar ki-

netics of cure. The induction time is reduced or
conspicuous by absence here, as is expected dur-
ing revulcanization. Significantly, the rate of vul-
canization of virgin recipe 1, which is represented
by curve 1 in Figure 13, is 0.2 s~ !, while that of
revulcanization with recipe 4 is about 0.12 s™1,
which is 41% lower. This rate of cure for recipe 4
is lower than that observed previously for recipe 2
in Figure 9, in which the same amount of cura-
tives, as in the original virgin recipe 1, were
added to the samples ultrasonically devulcanized
at different barrel temperatures. Possibly, this
may be due to the absence of the additional sul-
phenamide accelerator in recipe 4 but which was
incorporated in recipe 2.

The higher the degree of devulcanization, that
is, the lower the crosslink density and the gel
fraction, the lower the degree of revulcanization,
that is, the maximum torque in the torque time
curves. The maximum torque during revulcaniza-
tion with recipe 4 for all devulcanized NR samples
is always lower than that for virgin recipe 1. This
is true except for the undertreated ones men-
tioned before. This is confirmed from Figures 3
and 5 in which the crosslink densities for recipe 4
are lower than that for recipe 1. Similarly, it can
be seen from Figure 14 that the modulus at 100%
strain for recipe 4 is always lower than that for
recipe 1, represented by the filled symbol on the
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Figure 14 The effect of ultrasound amplitude on the
modulus at 100% strain of NR recipe 1 devulcanized at
different barrel temperatures, a die gap of 2.54 mm, a
flow rate of 0.63 g/s, and revulcanized with recipe 4.
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Figure 15 The stress—strain curves for NR recipe 1
ultrasonically devulcanized at different barrel temper-
atures and amplitudes, a die gap of 2.54 mm, a flow
rate of 0.63 g/s, and revulcanized with recipe 4 and for
NR recipe 1 (curve 1) and NR recipe 5 (curve 2).

Y-axis. The only exception is the NR sample
treated at 60°C and 10 um, which has a higher
crosslink density (Fig. 3) and, therefore, a higher
modulus at 100% strain (Fig. 14) on revulcaniza-
tion with recipe 4. Evidently, the modulus at
100% strain for recipe 4 has a linear relationship
with crosslink density.

The stress—strain curves for NR vulcanizates,
which were ultrasonically devulcanized at differ-
ent barrel temperatures and then revulcanized
with the optimized recipe 4, are shown in Figure
15. Strain-induced crystallization is observed in
all the revulcanized samples. Thus, this is defi-
nitely an improvement over recipe 2, in which
strain-induced crystallization was conspicuous by
absence. The tensile strength and ultimate elon-
gation of the NR vulcanizates obtained using this
optimized revulcanization recipe 4 are plotted as
a function of ultrasound amplitude for different
barrel temperatures in Figure 16. The filled sym-
bols on the Y-axis represent the tensile strength
and ultimate elongation of original virgin recipe
1, and the open symbols represent those of recipe
5. As a result of strain-induced crystallization,
the values obtained for recipe 4 show a tremen-
dous improvement over the values obtained pre-
viously for recipe 2. The tensile strengths for rec-
ipe 4 lie in between 14.2 MPa (Fig. 16) for the
revulcanized NR sample having crosslink density

0.16 kmol/m? (Fig. 3) and 2.3 MPa (not shown) for
the revulcanized NR sample having the lowest
crosslink density 0.063 kmol/m?. The latter is the
most devulcanized compound.

The highest ultimate elongation is 670% (Fig.
16), obtained for the revulcanized NR sample
with crosslink density 0.14 kmol/m? (Fig. 3). Con-
ditions of devulcanization for this sample were @
= 0.63 g/s, 8 = 2564 mm, T, = 120°C, and A
5 wm. This ultimate elongation is close to the
value of 680% for the original virgin recipe 1. The
lowest value is 440% (not shown) for the over-
treated sample, which has crosslink density 0.063
kmol/m? on revulcanization. Conditions of devul-
canization for this sample were @ = 0.63 g/s, &
= 152 mm, T, = 120°C,and A = 7.5 pm. It
obviously also has the lowest tensile strength, as
was reported before.

A study of the variation of mechanical proper-
ties of revulcanized NR compounds with the am-
plitude of ultrasound shows that they exhibit a
minima at 7.5 um, indicating that the properties
deteriorate with increasing degree of devulcani-
zation from 5 to 7.5 wm. It was hypothesized
earlier in the study that during the ultrasound
devulcanization of virgin NR vulcanizates, some
revulcanization occurs with increasing intensity
when the ultrasound amplitude is increased from
7.5 to 10 pm. Possibly, as a result of the net
decrease in the degree of devulcanization from 7.5
to 10 wm, we observe an improvement in the
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Figure 16 The effect of ultrasound amplitude on ten-
sile strength (filled symbols) and ultimate elongation
(open symbols) of NR recipe 1 devulcanized at various
barrel temperatures, a die gap of 2.54 mm, a flow rate
of 0.63 g/s, and revulcanized with recipe 4.
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mechanical properties of the revulcanized NR
samples, which were devulcanized at 10 um over
those devulcanized at 7.5 um.

A qualitative assessment of the effect of devul-
canization conditions on the mechanical proper-
ties of revulcanized samples shows that a de-
crease in the barrel temperature from 180 to
60°C, and an increase in the die gap from 1.52 to
2.54 mm, that is, a decrease in the degree of
devulcanization up to a certain limit, improves
their mechanical properties.

In order to compare the mechanical proper-
ties of the revulcanized and virgin NR samples
containing the same amount of curatives, the
virgin rubber is vulcanized with recipe 5. This
recipe consists of the original amount of cura-
tives in recipe 1 plus those required for revul-
canization with recipe 4. The modulus at 100%
strain for recipe 5 is represented by the open
symbol on the Y-axis of Figure 14. The tensile
strength and ultimate elongation obtained for
recipe 5 is 17 MPa and 490%, respectively, and
is represented on the Y-axis of Figure 16. Thus,
as is evident from Figure 16, while the best
tensile strengths of NR samples revulcanized
with recipe 4 are lower than the tensile
strength of recipe 5, almost all of them have
higher ultimate elongation than that of recipe
5, as is seen in Figure 16, except those subjected
to a very high degree of devulcanization. Inter-
estingly, the mechanical properties of the NR
samples revulcanized with recipe 4 show a lin-
ear relationship with their corresponding
crosslink densities and gel fractions. Thus, it
can be inferred that the higher the gel fraction
and the crosslink density on revulcanization,
that is, lower the degree of ultrasound treat-
ment, the better the mechanical properties of
the reclaim.

CONCLUSIONS

The effect of ultrasound on vulcanized unfilled
NR is studied. There is a substantial decrease in
the crosslink density and gel fraction on ultra-
sound treatment, indicating that NR is subject to
devulcanization. Increasing the barrel tempera-
ture, decreasing the die gap, and decreasing the
flow rate result in an increasing degree of devul-
canization. An observed phenomenon unique to
NR was that an increasing amplitude of ultra-
sound resulted in an initial increase in the degree
of devulcanization, followed by a decrease in the

degree of devulcanization at higher amplitudes. It
is suggested that ultrasound has an effect of si-
multaneous devulcanization and revulcanization
on NR. The relative magnitude of each process is
controlled by experimental conditions that deter-
mine the ultimate state of the material. The
crosslink density and gel fraction can be corre-
lated by a universal curve independent of the
process parameters but unique to the material.

It is possible to optimize the revulcanization
recipe for any condition of devulcanization,
thereby improving the mechanical properties on
revulcanization. On revulcanization with the op-
timized recipe, strain-induced crystallization is
preserved in the NR samples. The torque time
curves for revulcanization differ from those for
the virgin compound in that the former exhibits a
much shorter or a complete absence of induction
period and a slower cure rate. Significantly, the
crosslink densities and the gel fractions for the
revulcanized compounds never exceeded those for
the virgin compound. During revulcanization, no
incorporation of additional sulphenamide acceler-
ator gave the best mechanical properties, suggest-
ing the presence of a substantial amount of accel-
erator in the devulcanized rubber.
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