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ABSTRACT: The dynamic mechanical properties of rubber vulcanisates filled with cryo-
genically pulverized polyurethane foam particles, used as a reinforcing filler, were
investigated with respect to storage modulus (E9), loss modulus, and the variation of
glass transition temperature. Two rubbers were using styrene–butadiene rubber (SBR)
and ethylene–propylene copolymer (EPDM). The effects of filler concentration and filler
characteristics (such as particle size and moisture content) were also monitored. It was
found that the optimum dynamic mechanical properties of the compounds were ob-
tained when introducing the PU particles of 40–50 parts per hundred (pph) rubber in
the SBR and 30 pph in the EPDM, the properties being affected by the size of PU
particles and moisture content. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 74:
1129–1139, 1999
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INTRODUCTION

Overview on Polymer Recycling

Considerable legislative pressures face the poly-
mer industry to minimize the impact of polymeric
waste on the environment. The cost of the poly-
meric waste resulting from landfill and transpor-
tation to be disposed of is anticipated to increase.
Over the past decades, polymeric materials are
increasingly in demand due to their applications
and performances. This is one of the main reasons
that higher quantities of the polymeric waste are
produced. Packaging is found to be the most part
of domestic wastes.1 In this application, polyure-
thane foams are included. Polyurethane foams
are isocyanate derived, and crosslinked materials

and remelting or blending with virgin materials
for reprocessing is extremely difficult. The com-
monly used methods for eliminating such materi-
als include landfill and incineration, neither
method being acceptable due to pollution as well
as conservation of raw materials.2 In addition, the
volume of polyurethane (PU) scrap, produced by
both manufacturers and consumers each year to
be recycled is very large so that a number of
alternative recycling technologies have become
necessary. The recent status of recycling PU foam
in the United States was reviewed3 and found
that the major recycled products from the PU
scrap were rebonded carpet underlay, this being
carried out by blending the granulated PU parti-
cles with an isocyanate-terminated prepolymer
and then streaming in a mold under a degree of
compression consistent with the desired final
product density.4 In this respect, the North Amer-
ican and European markets have one significant
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difference. Large quantities of flexible PU scrap
are used in the United States as rebonded carpet
underlay, whereas this product is not acceptable
in Europe, the latter being due to the cost of the
energy requirement for curing and the amount of
prepolymer necessary for adequate bonding. In
1990, it was estimated4,5 that some 126,000 tons
of US produced flexible PU scrap were used in
this product, and approximately 50,000 tons were
imported, presently allowing European manufac-
turers to export their problem. It appears that
this market in the United States is almost satu-
rated at the present time, and this implies that
the recycling of PU foams will again become a
problem. Another potential application for recy-
cling flexible PU foam scrap is in the production of
particles to feed back into foam formulations.6

Polyurethane recycling is the most advanced of
thermoset recycling processes. An attempt to re-
cycle the PU materials by grinding the foam into
particles of suitable size to be incorporated into
some other materials has been made.6,7 Small-
particle manufacture has been accomplished by a
number of mechanical techniques including solid-
state shear extrusion8 and cryogenic pulverisa-
tion.6,7 The most promising of these alternatives
appeared to be the potential of PU particles to act
as a filler/extender in rubber vulcanisates. Som-
batsompop and Sims9 conducted initial investiga-
tions into potential alternative uses of the PU
particles (of an average size of 200 mm) as a filler
into natural rubber vulcanisates, and the effect
on tensile properties were studied. It was found
that in the critical loading range from 25–30 parts
per hundred rubber (pph), the mode of action of
the PU particles appeared to change from one of a
suitable NR extender to that of a reinforcing filler,
which could potentially cheapen the product and
improve certain properties (such as elongation
set). It was postulated that the reinforcing mech-
anism was due to chemical and physical adsorp-
tion effects between carbonyl and NH groups of
the PU particles and residual unsaturation in the
rubber or double bonds oxidized during milling
process, this being supported by the work of Is-
mael et al.10 Similar behavior was observed while
investigating such an effect on dynamic mechan-
ical properties of the NR vulcanisates.11 Later
work12 compared the reinforcing actions of the
PU particles and carbon black in NR vulcanisates
and the effect of blending the fillers was studied.
It was found12 that a relatively satisfactory level
of reinforcement was obtained when loading PU
filler particles and carbon black into NR formula-

tions at the optimum loading for each filler indi-
vidually, i.e., 30 pph PU and 60 pph carbon black.
The addition of PU particles to carbon black rein-
forced rubber also offered potential cost savings.
Recently, work has been carried out on the effect
of PU particles on swelling characteristics of NR
vulcanisates has been conducted.13 The degree of
solvent penetration into the PU-filled NR vulca-
nisates was generally found to be closely associ-
ated with the effectiveness of the chemical and
physical adsorption and reinforcing mechanisms
of the filler–rubber interaction.

Dynamic Mechanical Properties of Rubbers

The properties of a product made of vulcanized rub-
ber depend on many factors, including the type and
grade of polymer used and the selection of additives
and the quantities used. The world’s rubber mar-
kets are dominated by two rubbers—one being nat-
ural rubber and the other being SBR—which be-
tween them share about 70–75% of tonage con-
sumption.14 Due to its low price, the first rubber to
be considered for manufacturing rubber products is
SBR. In the United States, among synthetic rub-
bers, SBR is the largest volume of the total con-
sumed, the main use being in automobile tires.14

SBR has good mechanical properties, especially
abrasion resistance, whereas NR shows good dy-
namic mechanical properties. An example of the use
of NR is bridge bearings, and that of SBR is car tire
treads. In the tire industry, SBR is used due to
having a better wet grip rating. Another type of
rubber that has become widely used as a nontire
rubber is ethylene–propylene rubber (EPDM). This
rubber does not require antioxidants and antiozo-
nants during compounding, and the product has
good heat resistance and electrical insulation prop-
erties.14,15 Examples of use of EPDM are parts in
washing machine, gaskets and driers, door and win-
dow seals, and waterproofing sheets. For many ap-
plications, the choice of a rubber has to be made
before manufacturing, this usually being based on
the fact that the engineer knows the requirements
of the product in service. One means of selecting the
right rubber is to investigate the relevant properties
of the rubber. Most applications of rubbers for uses
involve rapidly repeated deformations, these being
well known as the dynamic mechanical properties
of the rubbers, which are dependent on both the
chemical and physical interactions of the fillers with
the rubber.15,16 Rubbers are known as viscoelastic
materials, exhibiting both elastic and damping be-
havior. When they are deformed by a sinusoidal
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stress, the resulting strain will be sinusoidal, but
out of phase. Dynamic losses are usually associated
with hysteresis and specific mechanisms of molecu-
lar or structural motions in polymer materials. The
damping characteristics are extensively measured
as “the tangent of the phase angle, (tan d)” defined
as the ratio of the loss modulus (E0) due to viscous
dissipation in the materials to the storage modulus
(E9) representing the stored elastic energy.16

One method that has been used to evaluate the
above parameters (E9, E0, and tan d) is Dynamic
Mechanical Thermal Analysis (DMTA). This tech-
nique is particularly useful for nondestructive
testing and for identifying the molecular mecha-
nisms of polymer materials. A number of work-
ers17–21 utilized this technique to examine the
molecular interactions between the fillers and the
rubber materials. Pillai and Das17 studied the
effect of carbon black types on dynamic mechan-
ical properties of polychloroprene rubber vulcani-
sates, this rubber being tested for the purpose of
use of underwater electroacoustic transducer. It
was found that dynamic moduli increased with
addition of all types of carbon black. The carbon
black having the smallest particle size showed the
greatest reinforcing effect by an increase in stor-
age modulus. Lower damping was observed as the
fillers were added. Namboodiri and Tripathy18

examined the dynamic mechanical properties of
carbon black-filled EPDM vulcanisates for differ-
ent vulcanization systems and deforming strain.
The results showed that such parameters had a
significant effect on the properties of the vulcani-
sates, the main reason being the interaggregate
attractive forces in the vulcanisates. Neogi et al.19

determined the dynamic mechanical properties of
carbon black-filled NR and SBR vulcanisates un-
der unswollen and swollen states. In the case of
unswollen state, the loss tangent, loss modulus,
and storage modulus increased with increasing
carbon black content both at low- and high-strain
amplitudes, the effect being less pronounced at
the low-strain amplitude. They explained these
results in terms of a breakdown of a large number
of weaker bonds (reduced number of chains bear-
ing the stress applied) and filler aggregates.
Funt20 indicated that the reinforcement in filled
rubbers was caused by the hydrodynamic interac-
tion and the increase in effective degree of
crosslinking from entanglements formed between
the bound and the bulk rubber. Varughese and
Tripathy21 studied the effect of various types of
fillers on dynamic properties of epoxidized natu-
ral rubber, and suggested that the filler–rubber

reinforcement could be studied by considering the
height of the damping peak and the spread of the
peak. It was reported that with increasing filler
content, the height of the damping maximum de-
creased, while simultaneously the damping peak
was broadened, this indicating increased interac-
tion between filler and rubber molecules in the
system. This type of explanation was also used by
Sombatsompop11 while investigating the effect of
PU foam particles, regarded as a new filler, in NR
vulcanisates. It was recommended that PU filler
at loading of 20–30 pph be used in NR vulcani-
sates to improve the level of dynamic mechanical
properties.

The present work was part of an ongoing in-
vestigation of using PU foam particles as a filler
in polymeric materials. Presently, it seemed log-
ical to continue prior investigations by conducting
a controlled series of experiments to incorporate
PU particles as a filler into some other types of
rubbers. In this work, the rubbers used were sty-
rene–butadiene rubber (SBR) and ethylene–pro-
pylene rubber (EPDM). The effects of PU particle
characteristics, including particle size and mois-
ture content in the filler, were also examined. The
results obtained were compared to those previ-
ously published on the effect of the PU filler on
the dynamic mechanical properties of NR vulca-
nisates.11,13 In this respect, it is hoped that the
use of PU foam particles as a filler would show
some remarkable properties, leading to newer ap-
plications in the rubber industry.

EXPERIMENTAL

Raw Materials

1. Materials used were styrene–butadiene–
rubber (SBR-1502 23.5% styrene by
weight, Goodyear Chemical Div.) and eth-
ylene–propylene rubber (EPDM-501A,
Channel Chemical Co, Lth).

2. Production of PU particles: PU particles
used were based on flexible polyurethane
foam grade 4200C of density 28 kg z m23,
supplied by Caligen Foam Ltd. The PU
particles were produced using cryogenic
pulverisation, which has been shown else-
where.22 There were many problems previ-
ously noted in using the cryogenic pulveri-
sation system to reduce the particle size of
the PU foam, the usage of cryogen being
large and thus uneconomic. These prob-
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lems were minimized, in this work, by den-
sifying the PU foam before loading into the
cryogenic pulverization system.22 The den-
sification was carried out by compression
molding the PU foam at 160°C for 45 min
to obtain a semisolid of a density of approx-
imately 800 kg z m23 (from an initial den-
sity of 28 kg z m23).23 This was then gran-
ulated using a 6-mm screen to produce rea-
sonably uniform material of convenient
size. Further size reduction was then
achieved by precooling the material in a
temperature-controlled freeze tunnel prior
to feeding to the pulverisation system, the
detail being previously described.22 The
size ranges studied are annotated in Table
I. The concentration of PU particles filled
into rubber compounds varies from 0–60
parts per hundred (pph) rubber.

Immediately after cryogenic pulverisation, the
PU particles were noted to be free flowing, but
after storage for several months the powder
tended to aggregate and appeared somewhat
damp, possibly due to atmospheric moisture
pickup. It was, therefore, prudent to determine
the moisture content and assess its effect on dy-
namic mechanical properties. PU particles,
spread evenly on a metal tray, were subjected to
heat treatment in an oven at 100°C from 90 to 450
min, determining weight loss and providing sam-
ples of varying moisture content for further
study.23 Moisture content was given by the aver-
age percentage moisture content of the particles
when dried to constant weight loss. To prevent
moisture regain, the dried PU particles were
stored in a dessicator prior to compounding. In
this case, PU2 (200 mm) and PU 4 (550 mm) were
selected and loaded into an SBR compound with
various concentration. Table II shows the mois-
ture content obtained, each moisture content of
PU particles being designated.

In all cases, sulphur vulcanization was pre-
pared using the conventional system24,25 consist-

ing of 3 pph (parts per hundred rubber by weight)
sulphur, 0.5 pph mercaptobenzthiazole (MBT), 4
pph zinc oxide, and 2 pph stearic acid. For the
comparison purposes (with NR vulcanisates11),
the rubber vulcanisates loaded by various concen-
trations of PU filler, using PU2 (200 mm) unless
indicated otherwise.

Compounding and Sample Preparation

Each type of rubber was mixed with the addition
of the quantities of zinc oxide and stearic acid
according previous work,11 in batches of 275 g in
a two-roll mill, the mill rolls being cooled using
chilled water at 15°C. The temperature of blend-
ing on the two-roll mill measured using a temper-
ature probe was between 40–50°C. This was car-
ried out for 10 min. The compound was produced
in stages to ensure the uniformity of the materi-
als used throughout the work, while ensuring
that the compound did not scorch prior to use.26

Where appropriate, PU particles with the re-
quired proportions, the amount of sulphur and
the accelerator (MBT) were added for a further 5
min. Cutting and folding processes were carried
out for a further 5 min to ensure the uniform and
homogeneous mixing of the compounds. From the
resulting compounds of each mix, vulcanisate
sheets of approximately 1.5-mm thick were pro-
duced by the use of compression molding at a
pressure of 5000 kPa and a temperature of
160°C.9,11,13 Cure time used was 30 min. Test
pieces were obtained using a square cutting
punch 40 3 10 mm, and the test pieces were kept
and tested throughout the work under controlled
environmental conditions of 25°C and 50% rela-
tive humidity for 24 h.

Dynamic Mechanical Properties

The dynamic mechanical properties of samples of
PU particle-filled vulcanisates were determined

Table II Rubber Vulcanisates with Various
Moisture Contents

Designation
Average Size

(mm)
Average Moisture

Content (%)

WT-1 200 40
WT-2 200 10
WT-3 200 1
WT-4 550 41
WT-5 550 14
WT-6 550 3

Table I Particle Sizes of a PU Filler

Particle
Designation

Size Range
(mm)

Nominal Average Size
(mm)

PU1 63–150 100
PU2 150–314 200
PU3 315–400 350
PU4 401–710 550
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using Dynamic Mechanical Thermal Analyzer
(DMTA), supplied by Polymers Laboratories Ltd.,
which is comprised of a temperature programmer
and a controller. The dual cantilever mode of de-
formation geometry known as three-point bend-
ing was used in the temperature range of 290–
80°C at a heating rate of 10°C/min, with a strain
amplitude of 0.2% and at a frequency of 1 Hz.11

The cooling process was achieved by the use of
liquid nitrogen. Details of the test procedure and
equipment are explained elsewhere.27 The results
were presented in terms of storage modulus (E9),
loss tangent (tan d) and glass-transition temper-
ature (Tg) for the temperature range of 290–
80°C. The loss tangent (tan d) is measured as the
ratio of loss modulus (E0) to the storage modulus
(E9), as shown earlier, whereas the Tg value is
obtained from the peak of the E0.11,28 The average
value of experimental results, based on at least
four determinations, had error in the range of
62.5%. These variations could be caused by two
possible reasons; first, there are variations in PU
filler dispersion in the rubber compounds, and
second, the PU particles that impede the flow of
the rubber during processing generates a small
amount of orientation in the rubber compound.
However, these variations are considered to be
small enough to be neglected in this work.

RESULTS AND DISCUSSION

Dynamic Mechanical Properties of PU-Filled SBR
Vulcanisates

Effect of PU Loading

Figure 1 shows the dynamic mechanical proper-
ties of the SBR vulcanisates added with PU foam

particles as a function of temperature, various
concentrations of PU particles being introduced.
It was found that the storage modulus (E9) de-
creases with increasing temperature, and this
trend is very pronounced around temperature
range of 250–240°C, this temperature range be-
ing the transition region. The sharp decrease of
the storage modulus in the transition region was
due to the mobility of polymer chains that in-
creases with temperature. It is widely known that
the state of a polymer below the transition region
is glassy, whereas that above the transition is
rubbery. It can be seen from the figure that the
dependence of the storage modulus on PU loading
is more pronounced around the rubbery region.
There were no major differences in the modulus
observed in the glassy and transition regions due
to the small strain amplitude used in this work.11

Table III Effect of PU Particle Size on the Dynamic Mechanical Properties of SBR Vulcanisates
Filled with 0, 20, and 40 pph PU Filler Loadings

Mix

Properties

E9 25°C (*106 N/m2) tan dmax Tg (°C)

0
pph

20
pph

40
pph

0
pph

20
pph

40
pph

0
pph

20
pph

40
pph

PU1 0.87 1.19 3.94 1.92 1.58 1.46 248.0 246.5 244.5
PU2 0.87 1.07 3.84 1.92 1.62 1.50 248.0 246.5 245.0
PU3 0.87 1.05 3.26 1.92 1.69 1.52 248.0 247.5 245.0
PU4 0.87 0.93 3.01 1.92 1.71 1.58 248.0 247.5 246.0

Figure 1 Storage modulus vs. temperature plots for
SBR vulcanisates filled with PU foam filler at various
concentrations.
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A variation of E9 with PU loading in the rubbery
state is of interest here. The E9 value increases
with increasing PU particles up to 40–50 pph and
reduces at the higher PU content (60 pph). The
increase in the modulus due to the presence of PU
filler was thought to caused by an interaction
between crosslinks of the rubber and functional
groups present the PU particles. It was evident
from previous investigations9 (PU particle-rein-
forced NR vulcanisates) that polyurethane con-
taining the CAO and NH functional groups in
diamine salts of carboxylic acids (CAO and NH
groups in the urethane and urea hard segments
and CAO in the polyester soft segments) in-
creased the mechanical properties of PU filled
rubber compounds. This may also result from a
dipole–dipole molecular interaction between the
CAO group and sulphur crosslinks and hydrogen
bonding between NH groups in the rubber com-
pounds. However, it should be noted that at the
loading of 60 pph the reinforcement of the PU–
SBR vulcanisates reduces, this being due to the
fact that the packing of PU filler has reached a
critical point where the filler is no longer sepa-
rated by the polymer matrices.29 It seems that the
optimum loading of PU particles filled in the SBR
vulcanisates with respect to the dynamic mechan-
ical properties is 40–50 pph.

These results can be substantiated by consid-
ering the tangent loss (tan d) and the variations in
glass transition temperature (Tg) of the SBR com-
pounds added with various contents of PU parti-
cles, the results being shown in Figures 2 and 3,
respectively. In the case tan d, the maximum val-
ues (tan dmax) were observed around the transi-

tion temperature, this being associated with the
large change in the modulus, as indicated earlier.
The higher the tan dmax, the greater the mechan-
ical loss in the system. These losses were related
to high energy input required for the motion of
the polymer chains as the transition is ap-
proached.11 It can be observed that the magni-
tude of tan dmax reduces as the concentration of
PU particles increases up to 40–50 pph and starts
to increase again at the higher concentration, cor-
responding to the E9 results explained earlier.
When considering the variation of glass transi-
tion temperature (Tg), it is found that the higher
the PU loading, the higher the glass transition
temperature, showing the maximum at 40–50
pph PU loadings. The decrease in the height of
tan d peak and the increase in Tg indicate greater
molecular interactions of the filler and rubber
molecules.11 Therefore, it can be concluded that
the optimum loading of PU particles added into
the SBR vulcanisates, with respect to dynamic
mechanical properties was 40–50 pph.

Effect of Particle Size and Moisture Content

Table III shows the effect of PU particle size on
dynamic mechanical properties of the SBR vulca-
nisates containing 0, 20, and 40 pph PU filler. The
storage modulus at 21°C, the value of tan dmax,
and the variation of Tg are of interest here. It is
clearly seen that as the PU particle size is in-
creased, the modulus, Tg, and tan dmax are only
marginally changed. Comparing the three PU
concentrations, the vulcanisates with 40 pph PU
filler gives the highest reinforcement, this being
the case for all particle sizes used. The increase in

Figure 3 Variations in glass transition temperature
(Tg) of SBR/PU compounds.

Figure 2 Effect of PU concentration on tan d as a
function of temperature for SBR vulcanisates.
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reinforcing action of PU filler–rubber vulcani-
sates as the particle size reduces was caused by
increased surface interaction due to increasing
the surface area to volume ratio and a decrease in
the inherent flaw size.17

In a previous work on the dynamic mechanical
properties of PU particle-filled NR vulcanisates,11

there was a critical point of moisture content that
could be allowed in the PU filler for maintaining
the optimum dynamic mechanical properties, this
value being less than 1%. Above this value, the
properties worsened considerably. However, it
can be seen that with SBR vulcanisates, it was
not the case (see Table IV). Unlike in the case of
NR vulcanisates,23 moisture content does not
seem to have any significant effect on the dynamic
mechanical properties of the compounds. This
may probably be related to differences in absorb-
ing the moistures of SBR and NR vulcanisates,
the SBR being more impermeable to moisture
than the NR vulcanisates.30 The differences in
the results were only caused by the variations of
PU loading for a given moisture content.

Dynamic Mechanical Properties of PU-Filled
EPDM Vulcanisates

Effect of PU Loading

Figure 4 shows the dynamic mechanical proper-
ties of the EPDM vulcanisates filled with PU par-
ticles from 0–60 pph. The trend of the E9 is found
to be very similar to that observed in PU-filled
SBR vulcanisates, the E9 values decreasing with

increasing temperature, and around the glassy
and transition regions the effect of PU concentra-
tion on the change in the modulus E9 was rela-
tively small. In the rubbery region, the effect of
PU concentration in the EPDM vulcanisates on
the modulus became very significant, the modu-
lus changing considerably with PU concentration.
The PU loadings from 0 to 30 pph result in a
progressive increase in the modulus. Above these
concentrations, the modulus in this region de-
creased considerably. It should be noted that in
the case of using PU particles as a filler in the
EPDM, the optimum dynamic mechanical proper-

Table IV Effect of Moisture Content on the Dynamic Mechanical Properties of SBR Vulcanisates
Filled with 0, 30, and 40 pph PU Filler Loadings

Mix No.

Properties

E9 25°C (*106 N/m2) tan dmax Tg (°C)

0
pph

30
pph

40
pph

0
pph

30
pph

40
pph

0
pph

30
pph

40
pph

WT-1 0.87 1.07 3.84 1.92 1.62 1.50 248.0 246.5 245.0
WT-2 0.88 1.09 3.92 1.92 1.61 1.52 248.0 246.0 244.5
WT-3 0.87 1.08 3.91 1.92 1.52 1.56 248.0 246.0 244.5

0
pph

30
pph

40
pph

0
pph

30
pph

40
pph

0
pph

30
pph

40
pph

WT-4 0.87 0.93 3.01 1.92 1.71 1.58 248.0 247.5 246.0
WT-5 0.87 0.91 3.06 1.92 1.71 1.56 248.0 247.0 245.5
WT-6 0.87 0.93 2.98 1.92 1.71 1.56 248.0 247.0 246.0

Figure 4 Storage modulus and temperature for
EPDM vulcanisates filled with PU filler at various con-
centrations.
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ties were obtained at the filler loading of 30 pph.
The reasoning mechanism was thought to be the
same as that given in the case of PU filled SBR
vulcanisates.

Figure 5 shows the effect of PU particles on the
loss tangent-temperature behavior of EPDM vul-
canisates. The results correspond to those sug-
gested by the use of values of the storage modu-
lus, that is the optimum loading was 30 pph. At
this concentration, the lowest values of tan dmax
and the maximum Tg were obtained. Another fea-
ture to consider was the overall width of the loss
tangent peaks. It can be seen that with the pres-
ence of PU particles, the peaks became clearly
narrower, indicating lower dynamic mechanical

losses occurring in the compounds. This may be
caused by the fact that the mobility of the polymer
networks becomes restricted when the PU parti-
cles were introduced in the compounds. When
comparing with PU filler SBR vulcansates, it was
observed that the overall widths of the loss tan-
gent peaks of the PU/EPDM vulcanisates were
less than those observed in the PU/SBR vulcani-
sates. This indicated that for, a given PU loading,
the mechanical losses in the SBR compounds
were greater than those in the EPDM compounds.

Effect of Particle Size and Moisture Content

It has been postulated that the moisture inter-
feres with adsorption effects potentially acting as
a lubricant between filler surface (functional
groups) and rubber molecules, and this causes a
marginal reduction in mechanical properties of
rubber vulcanisates.13,23 This is found to be true
in the case of PU-reinforced EPDM vulcanisates
because the dynamic mechanical properties mar-
ginally decrease as the moisture content in the
filler is increased. The results are tabulated in
Table V. In all cases, it was clearly seen that as
the moisture content is reduced, the modulus and
Tg values are marginally changed, with a de-
creased value of tan dmax, this indicating an in-
crease in filler–rubber reinforcement.

In the case of particle size effect, it was found
that the finer the particle size the better the me-
chanical properties, the results being shown in
Table VI. This is the case for PU contents from 0
to 30 pph. At 50 pph PU loading, the effect is very

Figure 5 Effect of PU concentration on tan d as a
function of temperature for EPDM vulcanisates.

Table V Effect of Moisture Content on the Dynamic Mechanical Properties of EPDM Vulcanisates
Filled with 0, 30, and 50 pph PU Filler Loadings

Mix No.

Properties

E9 25°C (*106 N/m2) tan dmax Tg (°C)

0
pph

30
pph

50
pph

0
pph

30
pph

50
pph

0
pph

30
pph

50
pph

WT-1 1.12 3.02 1.14 1.61 1.33 1.53 232.0 230.0 231.0
WT-2 1.12 3.12 1.18 1.61 1.30 1.48 232.0 229.5 230.5
WT-3 1.02 3.31 1.20 1.61 1.26 1.44 232.0 228.5 230.0

0
pph

30
pph

50
pph

0
pph

30
pph

50
pph

0
pph

30
pph

50
pph

WT-4 1.12 2.83 0.98 1.61 1.41 1.56 232.0 231.5 231.5
WT-5 1.12 2.91 1.01 1.61 1.30 1.52 232.0 230.0 231.0
WT-6 1.12 3.07 1.02 1.61 1.28 1.50 232.0 229.5 230.5
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small. The reasonings and reinforcing mechanism
were thought to be the same as those used for PU
particles filled SBR vulcanisates.

Comments on the Dynamic Mechanical Properties
of PU-Filled SBR and EPDM Vulcanisates
Compared with Those of PU-Filled NR
Vulcanisates

It was interesting to compare and discuss the
effects of pulverised flexible polyurethane foam
particles as a filler in various types of rubber
vulcanisates, the rubbers including NR, SBR, and
EPDM, upon the dynamic mechanical properties.
The readers are encouraged to seek the detail of
PU particle-reinforced natural rubber compounds
regarding the dynamic mechanical properties
elsewhere.11 A number of comparisons were made
in terms of the effects of temperature, filler con-
centration, and filler characteristics (particle size
and moisture content) on the properties of the
rubber compounds. The following are noted:

● The optimum loading of PU particles: the
optimum concentration of PU particles was
found to vary with the type of rubbers. For an
economical use of the filler and satisfactory
reinforcing purposes, it was recommended in
this work that the optimum loading of PU
foam particles filled in the SBR and EPDM
vulcanisates regarding their dynamic me-
chanical properties are 40–50 pph and 30
pph, respectively. In the case of natural rub-
ber,11 the recommended concentration of PU
particles was 20 pph.

● Excess filler concentration: there was a sim-
ilarity between the three rubber vulcanisates
(SBR, EPDM, and NR) in terms of addition of

a PU filler above the optimum loading in
each case. Addition of a PU filler above the
optimum results in a slight reduction of the
mechanical strength of the vulcanisates. The
had practical implications. PU particles
added above the optimum loading result in
an increase in the volume of the raw mate-
rial, and this gave some benefits to the rub-
ber manufacturing including (1) reduction of
use of raw rubbers, (2) exploitation of the
recycled polyurethane foams, leading to
many other benefits as listed in the section of
Introduction, and (3) cheapening the product
price.

● Modulus of the compounds: at the optimum
PU loadings of the three rubber vulcanisates
for a given filler characteristic (particle size
of 200 mm with 40% moisture content) their
storage moduli were found to be slightly dif-
ferent. At 25°C, the values of the storage
modulus at the optimum PU loading de-
crease in the order of NR–SBR–EPDM (NR:
4.10 MPa,11 SBR: 3.84 MPa and EPDM: 3.02
MPa).

● The glass-transition temperature: according
to previous work,11 the PU filler has a Tg of
5.5°C, but when it was introduced into the
NR vulcanisates its Tg was not seen. The
introduction of PU particles in the NR vulca-
nisates resulted in a shift of the transition
temperature of the rubber. This behavior
was also seen in the case of SBR and EPDM
vulcanisates. The reasons for these were
probably related to the small amount of PU
filler dispersed in the test sample, and the
reinforcements of rubbers and PU filler in
the compounds.

Table VI Effect of PU Particle Size on the Dynamic Mechanical Properties of EPDM Vulcanisates
Filled with 0, 30, and 50 pph PU Filler Loadings

Mix
No.

Properties

E9 25°C (*106 N/m2) tan dmax Tg (°C)

0
pph

30
pph

50
pph

0
pph

30
pph

50
pph

0
pph

30
pph

50
pph

PU1 1.12 3.41 1.23 1.61 1.26 1.49 232.0 229.5 230.5
PU2 1.12 3.02 1.14 1.61 1.33 1.53 232.0 230.5 231.0
PU3 1.12 2.94 1.03 1.61 1.38 1.55 232.0 230.5 231.0
PU4 1.12 2.83 0.98 1.61 1.41 1.56 232.0 231.5 231.5
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● Crosslink characteristics: it was very diffi-
cult to directly compare the strength (modu-
lus) of the three vulcanisates because this
parameter is strongly affected not only by the
nature of the polymers, but also by crosslink
characteristics (such as crosslink density and
type), the former varying in the presence of a
filler. Table VII shows the crosslink densities
of the three rubbers at various PU contents.
The crosslink densities were determined by
the stress–strain measurement based on the
Mooney-Rilvin equation, which has been de-
tailed elsewhere.25 It can be seen that for a
given PU loading, different rubbers (using
the same curing conditions) give different
crosslink densities.

It should be noted that the use of PU foam had
practical implications and very important advan-
tages, especially in the case of SBR vulcansates.
As stated, in automobile tire industry, SBR is the
largest volume of total consumed. The improve-
ment of the properties of the rubber vulcanisates
by the presence of PU particles and, hence, in-
creased properties of the finished rubber articles.
As a result, it is hoped that the use of PU filler
will show some remarkable applications in the
rubber industry.

● Effect of moisture content: this part of the
investigations had practical implications in

that measures to reduce moisture pickup in
the PU foam particles would be beneficial,
and pulverised particles should preferably be
stored in sealed containers. It would also be
preferable to introduce hopper drying prior
to compounding. The results in this article
indicate that this is necessary in the case of
EPDM vulcanisates, not SBR vulcanisates.
Previous investigations showed that the
moisture in the PU filler had a significant
effect on the properties of filled NR com-
pounds.13,23

● Particle size effect: the results indicated that
minimum particle size of a PU filler may be
used for reinforcement purposes in rubber
vulcanisates.

CONCLUSION

The use of pulverised flexible polyurethane foam
particles as a reinforcing filler in SBR and EPDM
rubber vulcanisates was investigated. It was
found that the optimum concentration of PU par-
ticles vary with the type of rubbers. In the case of
SBR vulcanisates, it was recommended that
40–50 pph PU particles is the optimum concen-
tration to be added into the compounds to obtain
a satisfactory level of reinforcement, whereas in
the case of EPDM, the optimum PU content is 30
pph. The reinforcements were mainly associated
with the physical and chemical adsorption be-
tween the functional groups in the filler and rub-
ber molecules. It was also observed that the
smaller the particle size, the better the properties
obtained, this involving increased surface inter-
action due to increasing the surface area-to-vol-
ume ratio. Moisture content is observed to have
an effect on the properties in the case of EPDM
vulcanisates, but not SBR vulcanisates.

The author would like to thank Caligen Foam Limited
UK for providing materials throughout this work. Sin-
cere thanks are expressed to the Government of Thai-
land for financial support.
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