ELSEVIER

Polymer 43 (2002) 5535-5543

polymer

www.elsevier.com/locate/polymer

Formation of bubbles during ultrasonic treatment of cured
poly(dimethyl siloxane)

Sang Eun Shim, Sayata Ghose, Avraam I. Isayev™

Institute of Polymer Engineering, The University of Akron, Akron, OH 44325-0301, USA

Received 7 March 2002; received in revised form 5 June 2002; accepted 10 June 2002

Abstract

A static ultrasonic treatment device was used to investigate the effect of ultrasound on degradation of unfilled poly(dimethyl siloxane)
(PDMS) vulcanizate in the absence of shearing effect. The effects of pressure, ultrasound intensity and thickness of the disks upon ultrasonic
treatment were investigated. The power consumption was measured as a function of sample thickness, ultrasonic amplitude, and applied
pressure. The dynamics of bubble (nucleation, growth and coalescence) was also studied with respect to applied pressure and amplitude. An
increase in thickness of the sample was observed during ultrasonic treatment. The unique correlation between gel fraction and crosslink
density obtained in the present static experiments was compared with those of continuous devulcanization studied earlier. © 2002 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

The first reported investigation of the degradation of
polymers in solutions by ultrasound dates back to 1939 [1].
This topic has resurfaced over the past several decades and a
number of studies have been carried out and reported [2—6].
Recently, Price presented an extensive compilation of the
effects of ultrasound on polymers [7].

The use of high-intensity ultrasound in processing is
generally based on the application of non-linear effects
produced by finite amplitude pressure variations. The most
important effects produced by ultrasound are: heat, cavita-
tion, agitation, acoustic streaming, interface instabilities and
friction, diffusion and mechanical rupture [8,9]. Due to its
powerful mechanical and chemical effects, ultrasound has
been used in diverse areas including sonochemical polym-
erization [10—13], sonochemical modification of polymer
surfaces [14] cleavage of polymer chains in solution
[15—17], dispersion of fillers and other components into
polymers matrix such as in the formation of paints [18], the
encapsulation of inorganic particles with polymers [19], and
modification of particle size in polymer powders [20].

The application of powerful ultrasound for breaking
down the rubber network is the most recent approach in the
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recycling of cured elastomeric materials. This process has
various advantages in rubber recycling over other methods
[21]. Since the invention of a continuous process of
devulcanization of elastomers by means of an extruder
with ultrasonic device attachment, devulcanization of
various vulcanizates has been extensively studied including
ground tire rubber (GRT) [21-27], styrene—butadiene
rubber (SBR) [28-34], natural rubber (NR) [35-37],
silicone rubber [38—40]. Use of devulcanized tire rubber
in making rubber/plastic blends has been also investigated
[41,42].

The effects of ultrasound on chemical transformations
are not the result of any direct coupling of the sound field
with the chemical species involved on a molecular level.
The reason why ultrasound is able to produce chemical
effects is due to the phenomenon of cavitation. Cavitation is
the production of microbubbles and their motion in a
medium when a large negative pressure is created [43].
Theoretical calculations indicate that for pure water the
negative pressure required is about 1000 atm [43] for
bubbles filled with vapor. Practically, cavitation can be
produced at a considerably lower applied acoustic pressure
due to the presence of weak spots in the liquid. Weak spots
include the presence of gas nuclei in the form of dissolved
gases, minute suspended gas bubbles, or tiny suspended
particles. When produced in a sound field at sufficiently high
power, the formation of cavitation bubbles will be initiated
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during the rarefaction cycle. The acoustic field experienced
by an individual bubble is not stable because of the
interference of other bubbles forming and resonating around
it. As a result some bubbles suffer sudden expansion to an
unstable size and collapse violently. When they collapse,
tremendous energy is released and various chemical and
mechanical effects take place.

There are several theories which have been advanced to
explain the energy release involved with cavitation of which
the most understandable is the ‘hot spot’ approach [44].
Each cavitation bubble acts as a localized microreactor
which, in aqueous systems, generates instantaneous
temperatures of roughly 5000 °C, pressure in excess of
about 1000 atm, and heating and cooling rates above
10" K/s [44,45].

The major difference between breakage of polymers in
solution under ultrasound and the thermal degradation
process is the loci of chain scission. Ultrasonic chain
scission is characterized as ‘non-random’ which means that
the cleavage of polymeric chains preferentially takes place
near the middle of the chain compared to random scission
upon thermal degradation [46].

The clear mechanism of ultrasonic degradation of
crosslinked elastomers is still in question. However, it is
believed that most of the physical effects caused by
ultrasound are usually attributed to cavitation, the rapid
growth and contraction of microbubbles as the high
intensity sound wave propagates in the rubber [23,47,48]
This effect is in contrast to the cavitational collapse in
polymer solutions [7].

The proposed devulcanization model [23] is based upon
a mechanism of rubber network breakdown caused by
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Fig. 1. Schematic drawing of the static ultrasound device.

ultrasonic cavitation, which is created by high intensity
ultrasonic waves in the presence of pressure and heat. It is
well known that some amount of cavities or small bubbles
are present in rubber during any type of rubber
processing [47]. Driven by ultrasound, the cavities
pulsate with amplitude depending mostly upon the
difference between ambient and ultrasonic pressures
(acoustic cavitation). The devulcanization of rubber net-
work can occur primarily around pulsating cavities due to
the highest level of strain produced by the powerful
ultrasound [48].

In this study, a static ultrasonic treatment device was
used to investigate the effect of ultrasound on degradation of
unfilled poly(dimethyl siloxane) (PDMS) vulcanizate in the
absence of shearing effect. The effects of pressure,
ultrasound intensity and thickness of the disks upon
ultrasonic treatment were investigated. The dynamics of
bubble nucleation, growth and coalescence were studied.
The unique correlation between gel fraction and crosslink
density obtained in the present static experiments was
compared to those of continuous devulcanization studied
earlier [40].

2. Experiment
2.1. Sample preparation

A polymeric network was prepared by crosslinking
PDMS, SE 64 made by General Electric Company with
weight-average molecular weight M, = 4.14 X 10° and
number-average molecular weight M, = 2.34 X 10°
(measured by gel permeation chromatography, GPC). It
contained 0.6 mol% vinyl groups. Dicumyl peroxide (DCP),
LUPEROX® 500R (Pennwalt Corp.), was used as the
curative. 0.5 phr DCP was mixed with PDMS on the two-
roll mill at 25 °C. After mixing, the rubber slabs having 0.63
and 1.80 mm thickness were pre-cured by a compression
molding press (Wabash) at 170 °C for 10 min and then post-
cured in a ventilated oven at 200 °C for 2 h in order to
remove volatile by-products generated by decomposition of
the peroxide. The rubber disks with a diameter of 25.4 mm
were made by punching out the cured slabs with an arch
punch. The accuracy in thickness of each specimen was
within *3%

2.2. Ultrasonic devulcanization

Fig. 1 shows a schematic of the static ultrasonic device.
The ultrasonic unit is fixed on the main frame of the
machine while a piston moves up and down by a hydraulic
fluid. The rubber specimen is placed between the ultrasonic
horn and the piston and a certain pressure is the applied to
rubber by the movable piston.

A 3000 W ultrasonic power supply, a converter and a
booster were used to provide longitudinal vibrations to the
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Table 1
Comparison of experimental parameters in dynamic and static
devulcanization

Parameters Dynamic [40,49] Static
Thickness of sample (mm) 0.35, 0.63 0.63, 1.80
Pressure (MPa) 1.0-5.8 0.34-1.03

Ultrasound intensity (pm) 5-10 10-30
Residence or exposure time (s) 1.4-10.0% 5.0-40.0

# Average values.

horn at a frequency of 20 kHz. The amplitudes, A, of the
ultrasonic wave were 10, 20, 25, and 30 wm. The ultrasound
exposure time was varied from 5 to 40 s. It is noted that
more prolonged application of ultrasound on sample caused
a disintegration of the sample so it was hard to collect
specimen from the sample holder cup. The value of
ultrasonic power consumption in watt was read from
power meter connected to an ultrasound generator.

The applied pressure was 0.34, 0.69, and 1.03 MPa. The
setting pressure was kept constant throughout the exper-
iment. All the experiments were done at room temperature
to see the temperature change from ambient temperature.
Temperature build-up due to heat dissipation from ultra-
sound was recorded by inserting a thermocouple on the wall
of the sample holder. In addition, the amount of squeezed
material, thickness change of the sample and energy
consumed were measured for each condition. The ultra-
sonically treated silicone rubber samples were collected for
further investigation.

The experimental parameters in this static mode are
compared with those in the dynamic devulcanization in
extruder [40,49] in Table 1. The sample thickness of
0.63 mm was the same as the distance between the die and
the flat surface of ultrasound horn in dynamic devulcaniza-
tion of PDMS in extruder. In static experiments, the
imposed pressures (0.34—1.03 MPa) were within those
imposed in extrusion experiments (1.0-5.8 MPa). The
maximum pressure imposed in the static device was limited
to 1.03 MPa. Imposition of higher pressure led to breakage
of the sample. However, higher ultrasound amplitude was
applied in static experiments in order to obtain the formation
of bubbles at these low applied pressures.

2.3. Bubble evolution, and thickness change

After samples were exposed to ultrasound for certain
period of time under pressure, digital images of each
specimen were taken on the samples removed from the
sample holder. The number and average sizes of created
bubbles were analyzed by Scion Image Analyzer®™ on IBM
compatible platform computer. The number of visible
bubbles was counted from the digital image and the two
dimensional areas of the bubbles were obtained and their
diameters were calculated from the program.

The change of the sample thickness during the

application of ultrasound was measured by a thickness
gauge indicator (with precision of 0.0254 mm) attached on
top of the sample holder as shown in Fig. 1. When the probe
of the thickness gauge contacted the top surface of a sample
in the sample holder, the indicator was set to zero.
Therefore, the change in thickness during experiment was
instantly measured from the indicator.

2.4. Structural characterization

Gel fractions of the vulcanized and devulcanized samples
were measured by Soxhlet extraction, using benzene as the
solvent. The extraction time was set at 24 h. Crosslink
densities of the gel were determined by the swelling method.
The weights of the swollen samples were measured after
removing the surface solvent. Then the samples were dried
in a vacuum oven at 50 °C for 24 h and were weighed again.
The crosslink density, n., was calculated using Flory—
Rehner equation [50].

CIn(1 = V) + V4 xV?

Vil = v,/2)

(D

ne =

where n, is the effective number of chains in a real network
per unit volume, V; the molecular volume of the solvent
(V, = 89.1 cm®*/mol), y the solubility parameter between a
network and solvent, V, is the volume fraction of the
polymer in the swollen network in equilibrium with the pure
solvent. The volume fraction of the rubber network in the
swollen phase is calculated from the equilibrium swelling
data. For the PDMS and benzene system used in this study,
x is 0.5 [51].

3. Results and discussion
3.1. Power consumption

Fig. 2 shows the effect of ultrasonic amplitude and
applied pressure on power consumption. Since different
samples were used for each interval of ultrasound exposure,
the power consumption values recorded were the average of
those measured at 5, 10, 20 and 40 s. It should be noted that
the power consumption at different exposure times varied by
about 10%. In our previous study on SBR carried out using a
static ultrasonic treatment [52], the applied pressure
continuously decayed during ultrasound treatment, which
led to a decrease in power consumption with ultrasound
exposure time. So the substantial influence of ultrasound in
the previous experiments on SBR with decay of pressure
and power consumption was difficult to interpret. However,
the applied pressure was held constant in this study and
therefore the level of energy consumption remained
unchanged during ultrasonic treatment.

In Fig. 2(a), power consumption increases with applied
ultrasonic amplitude, since more ultrasonic energy is
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Fig. 2. The effects of ultrasonic amplitude at a constant pressure of
0.69 MPa (a), and pressure at a constant amplitude of 20 pm (b) on power
consumption in static condition.

consumed at higher amplitude in the process of devulcani-
zation. The power consumption also increases with applied
pressure (Fig. 2(b)). The difference of energy used becomes
greater with increasing pressure for 0.63 and 1.80 mm disks
indicating that the applied pressure is evidently one of the
major factors influencing the degree of devulcanization as
well as amplitude at a specific time. For all cases, energy
consumption for disks of 0.63 mm thickness was always
higher than that of 1.80 mm thickness since strain amplitude
and ultrasonic energy intensity per volume is higher in thin
specimens.

3.2. Temperature, squeezed sol, and thickness

Fig. 3 shows the temperature build-up caused by the
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Fig. 3. Temperature buildup as a function of ultrasonic exposure time at
various amplitudes and pressure of 0.69 MPa, (open symbols: 1.80 mm,
solid symbols: 0.63 mm).

dissipation of ultrasonic energy through polymeric media.
The temperature increase in the ultrasonic degradation of
polymer in solutions has not been observed [7]. However, in
the case of ultrasonic degradation of polymer network in
solid state, it is seen that significant amount of mechanical
energy is converted into thermal energy as shown in Fig. 3.
The simulation of temperature at tiny spots in liquid during
ultrasonic sonication [44,45] indicates that ultrasonic
cavitation does not occur under isothermal condition. In
the early stage of ultrasonic exposure, the temperature rise is
fast and then becomes slow with time. Temperature
increases continuously with exposure time. The rise in
temperature for thin disks is higher than that of thick ones.
In addition, higher ultrasonic amplitude gives greater heat
dissipation. This is directly related to the energy consump-
tion in Fig. 2 by taking into account the fact that some part
of ultrasonic energy is used for cavitation and the other is
dissipated as heat. Therefore, higher level of energy input
leads to higher dissipation of energy causing temperature
buildup. Evidently, this is the main reason why in our earlier
experiments the effect of the barrel temperature on the gel
fraction and crosslink density of ultrasonically treated
unfilled silicone rubber was found to be insignificant [52].

Upon ultrasonic treatment sol is created due to the
breakup of main chains and crosslinks. A fraction of the sol
is squeezed from the sample due to the imposed pressure.
The remainder of the sol is trapped in the sample. Fig. 4
shows the amount of squeezed sol in percentage based on
the total amount of each specimen after ultrasonic exposure
as a function of ultrasonic exposure time for rubber disks
having two different thicknesses. As expected, the amount
of squeezed sol increases with increase in the exposure time
and ultrasonic amplitudes. In addition, the amount of
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Fig. 4. The amount of squeezed sol as a function of ultrasonic exposure time
at various ultrasonic amplitudes at 0.69 MPa, (open symbols: 1.80 mm,
solid symbols: 0.63 mm).

squeezed sol for 0.63 mm thick disks is always higher than
1.83 mm thick ones at the same conditions.

During ultrasonic treatment a phenomenon of an increase
in thickness was observed when a constant static pressure
was imposed. Fig. 5 shows the thickness increase while
ultrasound is applied. It was seen that the thickness of the
sample immediately increased to a certain level while
ultrasound was on and went back to its original thickness
after ultrasound was turned off. The thickness increase is
higher at higher amplitude and tends to level off with
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Fig. 5. The increase of thickness during the exposure of ultrasound of
various amplitudes at pressure of 0.69 MPa.

prolonged time. This increase in thickness may be
expostulated by the cavitation of bubbles in the sample
and insufficient rigidity of the apparatus. As the amount of
degraded low molecular weight species increases, the
cavitation of voids or bubbles becomes facilitated due to
the reduced viscosity of the medium which in turn leads to
increase in thickness.

3.3. Bubble formation

Fig. 6(a)—(e) are images of formed bubbles with varying
time in 1.8 mm thick PDMS disks at a pressure of 0.69 MPa
and at an ultrasonic amplitude of 20 wm. These pictures
show very well the formation of bubbles, their growth and
coalescence due to ultrasonic cavitation in crosslinked
polymer. More details of bubble dynamics are shown in the
following figures. In particular, Fig. 7 shows the change of
number of bubbles with respect to ultrasound exposure time
at various ultrasonic amplitudes at 0.69 MPa (a) and at
various pressures and at a constant amplitude of 20 wm (b).
In Fig. 7(a), interestingly the number of bubbles at low
amplitude continues to increase at a short period of time up

(a) original

(b) Ssec (c) 10sec

(d) 20sec (e) 40sec

Fig. 6. Formation of bubbles in 1.8 mm thick PDMS disk at pressure of
0.69 MPa and at amplitude of 20 wm.
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Fig. 7. Number of bubbles as a function of ultrasound exposure time at
various amplitudes and pressure of 0.69 MPa (a) and various pressures and
amplitude of 20 pm (b).

to 20 s and then finally decreases due to the coalescence of
bubbles. Again bubbles at 30 wm start to coalesce at an
early stage. This implies that ultrasonic intensity has
significant effect on bubble dynamics. Fig. 7(b) shows that
pressure is one of the important factors in bubble formation
due to ultrasound. Here the number of bubbles is very
distinct according to the level of applied pressure. At the
lowest pressure (0.34 MPa), the number of bubbles tends to
increase with exposure time without significant coalescence.
At the highest pressure (1.03 MPa), the number of bubbles
immediately decreases when ultrasound is imposed. At an
intermediate pressure (0.69 MPa), the number of bubbles
increases at an early stage due to the accelerated nucleation

and the bubbles go through coalescence at prolonged time.
In addition, one can see from Fig. 7(b) that the initial
number of bubbles at different levels of pressure is higher at
higher pressures due to the ease of nucleation at higher
pressure at the early stage of ultrasonic treatment.

In Fig. 8 the average diameters of bubbles are measured
as a function of exposure time. Fig. 8(a) shows the effect of
ultrasonic amplitude at a constant pressure of 0.69 MPa.
Fig. 8(b) shows the effect of applied pressure at a constant
amplitude of 20 wm on the average size of bubbles. In
Fig. 8(a), size of bubbles is increased with time at all
conditions due to coalescence except at the initial stage of
25 wm where the nucleation of bubbles is favored rather
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Fig. 8. Average size of bubbles as a function of ultrasound exposure time at
various amplitudes and pressure of 0.69 MPa (a) and various pressures and
amplitude of 20 pm (b).
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Fig. 9. Crosslink density as a function of exposure time at various
amplitudes and pressure of 0.69 MPa (a), at various pressures and
amplitude of 20 wm (b) (open symbols: 1.80 mm, solid symbols: 0.63 mm).

than coalescence. The sample treated for 5s shows that a
higher amplitude generates larger bubbles possibly by
coalescence of invisibly tiny bubbles. As shown in Fig. 8(b),
the average size of bubbles at a higher pressure is higher than
that at low pressure. This can be explained by the fact that at
higher pressure bubbles grow more easily by coalescence.

3.4. Crosslink density and gel fraction

Figs. 9 and 10 show the change of crosslink density and
gel fraction as a function of ultrasonic exposure time at
various ultrasonic amplitudes and applied pressures,
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Fig. 10. Gel fraction as a function of exposure time at various amplitudes
and pressure of 0.69 MPa (a), and at various pressures and amplitude of
20 pm (b) (open symbols: 1.80 mm, solid symbols: 0.63 mm).

respectively. It is noted that the initial crosslink density
for the 0.63 mm thick samples is higher than that of the
1.80 mm ones while gel fractions are the same for both. The
lower crosslink in a 1.80 mm thick disk arises from the heat
transfer which might cause non-uniformity along the height
direction of the samples because the same curing time was
applied for 0.63 and 1.80 mm samples. The effects of
amplitude are similar on both thin and thick disks and higher
ultrasound leads to lower crosslink density and gel fraction.
Pressure has similar effects as ultrasonic amplitude. Higher
applied pressure causes a greater decrease of crosslink
density and gel fraction. For 1.8 mm thick specimens, when
applied pressure is 0.34 MPa, a little decrease in crosslink
density and gel fraction is observed.
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Fig. 11 shows a normalized gel fraction vs. normalized
crosslink density plot. Normalized values are ratios of
current values of treated sample to those of initial values the
sample. Here data points denoted by rectangular symbols
were obtained from devulcanization experiments on unfilled
cured silicone rubber by means of the single screw rubber
extruder with ultrasonic die attachment. In these exper-
iments ultrasonic treatment takes place in the presence of
shear stresses due to the flow of material [40]. The average
residence times in these earlier experiments were in the
range 1.4—10s (Table 1) which are within the ultrasonic
exposure times of the present static experiments. Results
obtained from static experiments are shown by circular
symbols. Unique curves are obtained for both dynamic and
static experiments [48]. The decrease in normalized
crosslink density and normalized gel fraction is much
higher in dynamic case than in static condition. This implies
that ultrasonic treatment in dynamic condition breaks
mostly crosslinks. The slope of line of dependence of
normalized gel fraction vs. crosslink density obtained from
static treatment is close to unity. Therefore one can
conclude that the same amount of chemical bonds in
PDMS backbone is severed in static conditions as those in
crosslinks. This causes random degradation of PDMS chains
in static treatment rather than selective devulcanization.

4. Conclusions

The degradation of unfilled PDMS vulcanizate in bulk
state by ultrasound has been investigated in the absence of
shear. The power consumption results show that higher
energy is required to break chains in thinner samples.

Pressure is found to be an important factor in the process. As
the applied pressure increases, more energy is consumed. At
low pressure, the difference in power consumption for thin
and thick samples is small and becomes higher as higher
pressure is applied. Since some amount of energy dissipates
into heat, the overall temperature of the sample continues to
increase as ultrasonic exposure time is prolonged. At the
same amplitude, temperature increase in thin sample is
higher than that in thick samples because more energy is
used in thinner samples. The amount of squeezed sol due to
degradation of PDMS molecules is also increased with the
power consumption and temperature buildup. Therefore
higher the ultrasonic amplitude and longer the ultrasonic
exposure time, more is the amount of squeezed sol. In
addition, this amount is higher for thin specimens than for
thick ones.

The observation of bubble formation reveals that the
number of bubbles initially increases due to nucleation and
decreases through coalescence among bubbles. At low
amplitude and low pressure, it is shown that the nucleation
process is more likely favored resulting in an increase in the
number of bubbles. However, the coalescence process is
favored at higher amplitude and pressure leading to a
decrease in the number of bubbles. Once bubbles are
created, they start to grow and new bubbles are generated at
the same time. The average size of bubbles tends to increase
based on this fact, but it decreases at certain conditions
where nucleation is more likely favored.

The crosslink density and gel fraction show the effects of
ultrasonic amplitude and applied pressure on chain scission.
The normalized gel fraction vs. normalized crosslink
density plot represents the fact that ultrasound mostly
breaks crosslinks in the case of continuous ultrasonic
devulcanization under dynamic condition where shearing
and pressure forces are inevitably involved, while signifi-
cant amount of main chains are subjected to rupture in the
absence of shearing force in the case of static conditions.
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