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ABSTRACT: Dynamic viscoelastic properties of Vulcan
XC 72 (excess conductive carbon black)-reinforced solid- and
closed-cell microcellular controlled long chain branching
grade oil-extended EPDM (Keltan 7341A) rubber vulcani-
zates were studied at four frequencies of 3.5, 11, 35, and 110
Hz, and at a temperature range of �100 to 160°C.The effect
of blowing agent (ADC 21) loading on storage modulus (E�)
and loss tangent (tan �) was studied. The log of storage
modulus bears a linear relationship with the log of density
for both solid and microcellular rubber. Relative storage
modulus (E�f/E�s) decreases with decrease in relative density
(�f/�s). Both E� and tan � were found to be dependent on
frequency and temperature. The master curves of the stor-

age modulus versus log temperature-reduced frequency
were formed by superimposing E� results and by using shift
factors calculated by Arrhenius equation. Strain-dependent
isothermal dynamic viscoelastic properties were carried out
for dynamic strain amplitude of 0.08–7%. Cole–Cole plots of
microcellular vulcanizates show a circular arc with blowing
agent (density). Empirical relationship between tan � versus
E� is found to be linear, whose slope is independent of
blowing agent loading or density. © 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 102: 1600–1608, 2006
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INTRODUCTION

Dynamic mechanical analysis of closed cell microcel-
lular rubber is an important tool to study the vis-
coelastic behavior of the material, for evaluation of its
use in various engineering applications. Microcellular
ethylene–propylene–diene terpolymer (EPDM), espe-
cially a conjugated long chain branching (CLCB) grade
rubber vulcanizates filled with excess conductive car-
bon black, is widely used as electrostatic charge dis-
sipate material in pressure sensitive sensor, trans-
ducer, electromagnetic interference shielding material,
and as packaging material in electronics, aircraft, and
telecommunications. The dynamic viscoelastic re-
sponse of closed cell microcellular EPDM rubber plays
an important role in packaging, sealing, and vibration
isolation applications, because of its lightweight, bet-
ter design flexibility, excellent weathering, and ageing
characteristics. Studies on physical, mechanical, and
dynamic mechanical properties of cellular elastomers as
well as thermoplastics have been reported earlier.1–10

The linear relation between log shear modulus and
log density of closed cell microcellular EPDM1 and

polyurethane foams2,3 has been reported by research-
ers. The values of storage modulus have been shown
as follows:

Storage modulus (E�) � a�b (1)

where a and b are the constants at a particular tem-
perature and vary with the change of temperature,
and � is the density. Turner et al.4 studied the dynamic
mechanical response of flexible polyurethane foam
specimens as well as of compression-molded plaque
of the same material and characterized the morpho-
logical structure in the foam. Kosten and Zwikkwer5

theoretically studied the pneumatic damping of open
cell foam. Gent and Rusch6 studied the resistance of
open cell polyurethane foam to airflow and permeabil-
ity. They also described a model for viscoelastic be-
havior of open cell foams.7 Rinde and Hoge8,9 con-
structed the master curve of dynamic shear modulus
of polystyrene bead foams and solid polymer for dif-
ferent frequencies as well as for a wide range of tem-
peratures. The linear elastic properties of microcellu-
lar plastics have been reported by Jackson et al.10

Strain-dependent dynamic mechanical properties of
solid rubbers are reported by several workers,11–20

whereas very little work on closed cell microcellular
rubbers has been investigated. The studies on the vis-
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coelastic behaviors of closed cell microcellular ethyl-
ene–octene copolymer21–23 show that the storage
modulus and tan � (the ratio of loss modulus and
storage modulus) are frequency- and temperature-de-
pendent, and the log of storage modulus bears a linear
relationship with the log of density.

The morphology, physicomechanical properties,
compressive deformation, and energy absorption
characteristics of closed cell microcellular EPDM (Kel-
tan 7341 A), filled with excess conductive carbon black
(Vulcan XC 72), have been reported,24,25 recently,
which describes the effect of filler and blowing agent
on the aforementioned properties.

The objective of the present work is to study the
dynamic viscoelastic properties of excess conduc-
tive carbon black (Vulcan XC 72)-reinforced CLCB
grade oil-extended EPDM (Keltan 7341 A)-based
closed cell microcellular rubber vulcanizates. The
effects of blowing agent (density), temperature, and
frequency on dynamic viscoelastic properties of the
vulcanizates were studied. The strain-dependent
isothermal dynamic mechanical properties of the
vulcanizates were also studied.

EXPERIMENTAL

Materials

An oil-extended EPDM rubber [Keltan 7341A, (a new
CLCB grade rubber) ethylene–norbornene 7.5 wt %, oil
20 phr, Mooney viscosity 53 (at 150°C), manufactured by
DSM Elastomers, Singapore] was used. Vulcan XC72
(excess conductive carbon black) was used as filler, sup-
plied by Cabot Corp., USA. The curative used was di-
cumyl peroxide, with a purity of 98%, manufactured by
Aldrich Chemical Company (Milwaukee, WI). The
blowing agent used was azo dicarbonamide, manufac-
tured by High Polymer Lab, India, and Paraffinic oil
used was Sunpar oil, supplied by Sun Oil Company,
Kolkata.

Sample preparation

The rubber was compounded with the ingredients,
according to the formulations of the mixes given in
Table I, and the blowing agent was loaded at the
end. Compounding was done in a laboratory size

two roll mixing mill at room temperature, according
to ASTM D 3182.Cure and blowing characteristics of
the compounds were determined in a Monsanto
Rheometer, R-100. The vulcanizates were press-
molded at 160°C to 80% of their respective cure
times to obtain a closed cell microcellular sheet. All
sides of the mold were tampered to 30°, to facilitate
the expansion of the molded compounds to closed
cell, nonintercomunicating microcellular products
with a better mold-release. As the press is closed,
the compounds completely fill the mold, expelling
the air and sealing the cavity. The typical compound
flows readily in the molds, coalesces, and eliminates
trapped air blisters. As the stock temperature in-
creases, the cure starts, and the decomposition of
the blowing agent begins. Carbon dioxide is re-
leased, and the cell starts to form. As the decompo-
sition progresses, an exotherm develops and pres-
sure builds up. These factors accelerate the curing
rate. The press is opened before the cure has been
completed. A very small closed cell is obtained after
expansion. The precured sheet was then postcured
at 100°C (for 1 h) to complete the curing. The scan-
ning electron microscopy (SEM) photomicrographs
of razor-cut surface of 40 phr Vulcan XC 72-filled
microcellular Keltan 7341A are shown in Figure 1,
with 4 and 6 phr blowing agent loading.

Testing

Dynamic mechanical properties of microcellular Keltan
7341A rubber vulcanizates reinforced with Vulcan XC 72
were studied as a function of temperature and strain
with the help of the Rheovibron DDV III EP of Orientec
Corp., Japan. Test pieces were in strip-form, with ap-
proximate dimensions of 6.0 � 0.3 � 0.5 (all are in
centimeters). Tests were carried out at four frequencies
(3.5, 11, 35, and 110 Hz) over a wide range of tempera-
tures from �100 to 160°C, with a dynamic strain of
0.18%. For measurement of strain-dependent dynamic
mechanical properties, all tests were carried out at 30 � 2
°C and at a frequency of 11 Hz. The test piece length was
varied so as to cover a range of dynamic strain ampli-
tude (DSA) from 0.08 to 7%. DSA is defined as the ratio
of peak-to-peak deformation (total excursion path) of the
sample to the length of the sample. Mathematically, DSA
is 2�L/L0, where �L is the strain and L0 is the length of
the test piece.

Density of the samples was measured by gravimet-
ric method.

RESULTS AND DISCUSSION

Temperature-dependent dynamic properties

Effect of blowing agent

Figure 2 shows the variation of storage modulus E�, at
11 Hz, with temperature for 40 phr Vulcan XC 72-

TABLE I
Formulations of Vulcan XC72-Filled Vulcanizates

EB5 EB6 EB7 EB8

Keltan 7341A (parts in grams) 120 120 120 120
Vulcan XC72 (parts in grams) 40 40 40 40
Paraffinic oil (parts in grams) 4 4 4 4
ADC-21 (parts in grams) 0 2 4 6

Each mix contains ZnO (5 phr), stearic acid (1.5 phr), and
dicumyl peroxide (1 phr, 98% pure).
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filled closed cell microcellular EPDM rubber vulcani-
zates, with different blowing agent loadings. The na-
ture of storage modulus–temperature curve of closed
cell microcellular rubber is similar to that of solid
rubber. In glassy region (below glass transition tem-
perature), E� decreases with the increase in blowing
agent loadings. The decomposed gas is enclosed in
closed cells. The deformation of enclosed gas in closed
cell is elastic in nature and has little effect on the
storage modulus.9 Hence, E� decreases continuously
with increase in blowing agent loading because of the
decrease in solid rubber content, that is, with decreas-
ing density.

The logarithmic of storage modulus of solid and
microcellular rubber vulcanizates are plotted against
density at four different temperatures (�100, �50, 50,
and 100°C) in Figure 3. From the plot, a linear rela-
tionship is evident which obeys the relationship in eq.
(1). In the plot, a and b are constants at a particular
temperature and vary with the change of temperature,
and � is the density, the values of which at �100, �50,

50, and 100°C are 0.85, 0.84, 0.72, and 0.55, respec-
tively. This means that the rate of decrease of storage
modulus with density at higher temperature is less
than at lower temperature.

The plots of relative storage modulus (the ratio of
storage modulus of microcellular rubber, E�f, and stor-
age modulus of solid rubber, E�s) of 40 phr Vulcan XC
72-filled solid and closed cell microcellular vulcani-

Figure 1 SEM photomicrographs of razor-cut surfaces of
40 phr Vulcan XC 72-filled microcellular Keltan 7341A (oil-
extended EPDM) vulcanizates. (a) EB7 (4 phr blowing
agent); (b) EB8 (6 phr blowing agent).

Figure 2 Plots of storage modulus versus temperature of
40 phr Vulcan XC 72-filled microcellular oil-extended EPDM
vulcanizates: Effect of blowing agent loading. Solid (E); 2
phr blowing agent (F); 4 phr blowing agent (�); 6 phr
blowing agent (‚).

Figure 3 Plots of storage modulus versus density of 40 phr
Vulcan XC 72-filled microcellular oil-extended EPDM vul-
canizates at different temperatures.
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zates at three different temperatures, that is, �100, 50,
and 100°C are shown in Figure 4. It shows that the
relative storage modulus decreases at all the three
temperatures with decrease in relative density (the
ratio of density of microcellular rubber, �f, and density
of solid rubber, �s). It is also observed that the relative
storage modulus of closed cell microcellular rubber
shows a higher value with increase in temperature for
any relative density.

The variation of loss tangent (tan �) with tempera-
ture for 40 phr Vulcan XC 72-filled solid and closed
cell microcellular vulcanizates is shown in Figure 5. It
exhibits the damping behavior of closed cell microcel-

lular vulcanizates, with variation of blowing agent
loadings. tan � values corresponding to the glass tran-
sition temperature (Tg), i.e., the temperature at which
the peak occurs are shown in Table II. Tg of all systems
is very close. The higher tan � at higher blowing agent
loading may be due to induced strain by decomposed
gas pressure. In rubbery region, i.e., above 25–30°C,
the tan � values decreases at lower blowing agent
loading up to 2 phr. Whereas at higher blowing agent
loading, that is, at 6 phr tan � values increases. It is
because the enclosed gas in closed cell has little con-
tribution toward the damping property.1 For closed
cell microcellular rubber at a higher blowing agent
loading, the decomposed gas pressure increases inside
the cell.26 But in case of open cell, the damping behav-
ior is largely affected by the viscosity of the fluid.7

Owing to the increase in decomposed gas pressure,
the cell membrane remains in a strained condition.
This increase in strain increases the tan � value, i.e.,
damping to some extent. This is also observed in
strain-dependent dynamic mechanical properties.

Effect of frequency

The storage modulus (E�) of Vulcan XC 72-filled mi-
crocellular rubber vulcanizates at four frequencies (f)
of 3.5, 11, 35, and 110 Hz, and at a temperature range
from 30 to 160°C is plotted in Figures 6–9. All data
were taken on a single specimen. These data were

Figure 4 Plots of relative storage modulus (E�f/E�s) versus
relative density (�f/�s) at different temperatures.

Figure 5 Plots of loss tangent (tan �) versus temperature of
40 phr Vulcan XC 72-filled microcellular oil-extended EPDM
vulcanizates: Effect of blowing agent loading. Solid (– � – � –);
2 phr blowing agent (– – –); 4 phr blowing agent (——); 6 phr
blowing agent (— - - —).

TABLE II
Glass Transition Temperatures (Tg) of 40 phr Vulcan XC
72-Filled Microcellular Oil-Extended EPDM Vulcanizates

EB5 EB6 EB7 EB8

Tg (°C) �37.5 �36 �34.5 �32.5
tan � 0.68 0.70 0.74 0.82

Figure 6 Plots of storage modulus (E�) versus frequency at
temperatures (�Tg) of 40 phr Vulcan XC 72-filled solid oil-
extended EPDM vulcanizates.
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obtained to define the time–temperature dependence
of the modulus of microcellular rubber. A logarithmic
plot of E� versus frequency shows that the storage
modulus is strain rate-dependent and increases with
frequency at all temperatures. Also, the rate depen-
dence decreases at high temperatures. The curves
were shifted along the frequency axis to obtain super-
position. The resulting shift factors (log aT) at any
temperature for the storage modulus were obtained
with respect to room temperature (30°C). The log aT

values are plotted against 103/T in Figure 10, and the
activation energy (�H) value is calculated by using
Arrhenius equation:22,23

log ar �
�H

2.303R�1
T �

1
T0
� (2)

where T0 is the reference temperature, i.e., 303 K, log
aT is the shift factor (i.e., zero when T is T0), �H is the
activation energy (i.e., flow activation energy) in cal-
ories/mole, and R is the gas constant (1.9872 cal/(mol
K)). From Figure 10, the slope of the straight-line, i.e.,
�H values, is calculated for both solid and microcel-
lular rubber. �H value for the solid was found to be
22.4 kcal/mol, whereas the �H for the microcellular
rubber was nearly equal to 14 kcal/mol.

The data from Figures. 6–9 are replotted in Figure
11 as E� versus log faT, using aT from the Arrhenius

Figure 7 Plots of storage modulus (E�) versus frequency at
temperatures (�Tg) of 40 phr Vulcan XC 72-filled 2 phr
blowing agent-loaded microcellular oil-extended EPDM
vulcanizates.

Figure 8 Plots of storage modulus (E�) versus frequency at
temperatures (�Tg) of 40 phr Vulcan XC 72-filled 4 phr
blowing agent-loaded microcellular oil-extended EPDM
vulcanizates.

Figure 9 Plots of storage modulus (E�) versus frequency at
temperatures (�Tg) of 40 phr Vulcan XC 72-filled 6 phr
blowing agent-loaded microcellular oil-extended EPDM
vulcanizates.

Figure 10 Plots of log aT versus temperature 40 phr Vulcan
XC 72-filled solid and microcellular oil-extended EPDM vul-
canizates. Solid (E); 2 phr blowing agent (F);4 phr blowing
agent (�);6 phr blowing agent(‚).
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equation, with f being the frequency in cycles per
second, to obtain the master curves of log E� versus log
faT corresponding to the microcellular EPDM rubbers
and the solid vulcanizate. The curves represent the
storage modulus of these materials at 30°C. Construc-
tion of master curves implies that the storage modulus
of solid and microcellular oil-extended EPDM follow
the time–temperature correspondence principle.

Figure 12 shows the plots of loss tangent with tem-
perature for 6 phr blowing agent-loaded microcellular
rubber, at four frequencies of 3.5, 11, 35, and 110 Hz.
Below Tg, the tan � value decreases with the decrease
in frequency. The Tg decreases and shifts toward right
i.e., shifts toward high temperature with increase in
frequency. However, above Tg and up to 50°C the tan
� value decreases with increase in frequency. At
higher temperature, the trend is reversed due to the
“pseudorigidity” phenomenon i.e., effect of fre-
quency.27 In this effect, the relaxation time responsible
for the chain mobility reduces drastically with in-
crease in frequency and, as a result, the amorphous
chain temporarily freezes. This effect is minimized at
high temperature and the trend is reversed. Similar
results were also obtained at other loadings of blow-
ing agent.

Strain-dependent dynamic mechanical properties

Storage modulus

Figure 13 shows the effect of strain and blowing
agent on storage modulus of 40 phr Vulcan XC
72-filled solid and microcellular vulcanizates. At the
lowest imposed strain amplitude, both solid- and
closed-cell microcellular rubber vulcanizates show
the highest storage modulus, E�. At the lowest DSA
(0.08%), the three-dimensional polymer-filler, filler–
filler, and entrapped decomposed gas (closed-cell)
structures act as a rigid unit against the imposed
strain, and hence it shows the highest modulus
value. The low strain is not capable of causing any
significant change in the network structure. Figure
13 shows that the absolute modulus value decreases
with increase in blowing agent loading in 40 phr
Vulcan XC 72-loaded closed-cell microcellular com-
pounds at room temperature. The figure also shows
the insensitivity to the strain effect below 1% DSA.
With increase in blowing agent loading, the thick-
ness of the cell membrane reduces and the stiffness
of the compounds decreases, which results in the

Figure 11 Master curves of storage modulus (E�) of solid
and microcellular rubber vulcanizates. Solid (E); 2 phr blow-
ing agent (F); 4 phr blowing agent (�); 6 phr blowing
agent([trio).

Figure 12 Plots of loss tangent (tan �) versus temperature
of 40 phr Vulcan XC 72-filled and 6 phr blowing agent-
loaded microcellular oil-extended EPDM vulcanizates: Ef-
fect of frequency. 110 Hz (– � – � –); 35 Hz (– – –); 11 Hz (——);
3.5 Hz (— - - —).
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lower value of the storage modulus. The fall of
storage modulus above 1% DSA is sharp with in-
creasing strain. This is due to the collapse of a weak
cell membrane with increase in strain amplitude.1

Loss tangent

tan � versus DSA% plots of solid and microcellular
vulcanizates of 40 phr Vulcan XC 72-loaded com-
pounds with variation of the blowing agent are shown
in Figure 14. It is observed that tan � value increases
with the increase in the blowing agent loading at all
strains. At lower strain, the loss tangent increases
slowly with the increase in strain. In the closed-cell
microcellular rubber, the bending, bucking, and exten-
sion of the cell membrane26,28 occur at low strain.
Hence, the tan � value shows a higher value than do
solid vulcanizates. In high-strain regions, i.e., above
1% DSA, the loss tangent value increases sharply due
to the breakdown of the filler aggregates in the solid
vulcanizates. Whereas, in the case of microcellular
rubber, another factor (i.e., jamming and collapse of
the cell membrane) plays an important role in increas-
ing the tan �.

Relationship between storage modulus and loss
modulus

The relationship between storage modulus (E�) and
loss modulus (E�) for 40 phr loaded Vulcan XC 72-

filled closed-cell microcellular EPDM vulcanizates
over a wide range of DSA from 0.08 to 7% is illustrated
in Figure 15. The Cole–Cole plots15,22,23,29,30 of the
complex dynamic modulus represent the amplitude
dependence of its components E� and E�. It is evident
from the figure that the straight line for solid rubber
vulcanizates and circular arc relationship holds good
for the closed-cell microcellular rubber vulcanizates.
Each point along the arc corresponds to different am-
plitude of vibration. It is seen that the circular arc
decreases with increase in the blowing agent loading.
At lower amplitude, the storage modulus shows a
higher value as a result of the elastic buckling or
extension of the cell walls of closed cell microcellular
rubber.1 Owing to the breakdown of some cell walls at
higher amplitude, both storage and loss modulus de-
crease, which corresponds to the circular arc relation-
ship.28

Relationship between loss tangent and storage
modulus

Medalia and Laube31 reported the following simple
relation between tan � and storage modulus for natu-
ral rubber at 10% DSA at 25°C:

tan� � 0.033 � 0.0449�E�1% � E�10%	1/2 (3)

Even it is mathematically defined for the model
system that the dynamic mechanical properties of
polymeric system may show different types of de-
pendence with one another, especially when fillers
are incorporated. A linear relationship between tan
� and log E� was also established by Namboodiri et

Figure 13 Storage modulus (E�) as a function of DSA of 40
phr Vulcan XC 72-filled solid and microcellular oil-extended
EPDM vulcanizates: Effect of blowing agent loading. Solid
(E); 2 phr blowing agent (F); 4 phr blowing agent (�); 6 phr
blowing agent (‚).

Figure 14 Loss tangent (tan �) as a function of DSA of 40
phr Vulcan XC 72-filled solid and microcellular oil-extended
EPDM vulcanizates: Effect of blowing agent loading. Solid
(E); 2 phr blowing agent (F); 4 phr blowing agent (�); 6 phr
blowing agent (‚).
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al.18 for carbon black-filled EPDM vulcanizates. Fig-
ure 16 shows the plot of tan � as a function of log E�
for 40 phr Vulcan XC 72-filled closed-cell microcel-
lular EPDM vulcanizates, with variation of blowing
agent loading (density). The linear nature of the plot
could be mathematically expressed as follows:

Tan � � m log E� � C

where m is the slope of the line and C is a constant.
With incorporation of the blowing agent, the slope (m)
increases compared to the solid rubber vulcanizates,
but with variation of the blowing agent loading, the
slope remains almost unchanged. The existence of
such a relation when a purely hysteric parameter is
related to a purely elastic parameter shows that the
primary cause is most probably the filler–filler inter-

Figure 15 E� and E� relationships of 40 phr Vulcan XC 72-filled solid and microcellular oil-extended EPDM vulcanizates:
Effect of variation in blowing agent loadings. (a) solid (b) 2 phr blowing agent (c) 4 phr blowing agent, and (d) 6 phr blowing
agent.
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action and the deformation of entrapped air inside the
closed cell.1

CONCLUSIONS

1. The storage modulus (E�) or stiffness of microcel-
lular EPDM (oil-extended Keltan 7341A) reinforced
with Vulcan XC 72 decreases concomitantly with
increase in blowing agent loading. Plot of log E�
versus density shows the linear relationship at all
temperatures. With increase in temperature, the
slope decreases, and so the rate of decrease of stor-
age modulus with density increases.

2. The relative storage modulus (E�r/E�g) decreases with
decrease in relative density (�f/�s). With increase of
temperature, the relative storage modulus shows a
higher value for all values of density.

3. In glassy region, loss tangent (tan �) value of
Vulcan XC 72-loaded oil-extended EPDM micro-
cellular rubber vulcanizates increases with in-
crease in blowing agent loading in rubbery re-
gion at lower blowing agent loading. tan � value
decreases at higher blowing agent loading, and
again it increases due to increase of decomposed
gas pressure inside the cell.

4. The storage modulus is found to be frequency- or
strain rate-dependent. The storage modulus in-
creases with increase in frequency for all temper-
atures. Modulus versus log-reduced strain rate
master curves are formed by a time–temperature
superposition method, by using shift factors cal-
culated from Arrhenius equation for both solid
and microcellular Keltan 7341A EPDM rubber.

5. The loss tangent values decreases with decrease of
frequency in glassy region. Around 40°C, the tan �
value decreases due to temporary freezing of
chains occurring at high frequency. At higher tem-
perature, the trend is reversed due to the effect of
frequency called as “pseudorigidity” phenomenon.

6. The storage modulus of 40 phr Vulcan XC 72-filled
microcellular Keltan7341A vulcanizates decreases
slowly with increase in blowing agent loading be-
low 1% DSA. Whereas at higher DSA i.e., above 1%
storage modulus, it drops sharply for both solid
and microcellular rubber. Exactly a reversed trend
occurs in case of loss tangent i.e., below 1% DSA
slow increase and above 1% increases sharply.

7. The plots of storage modulus versus loss modu-
lus for 40 phr Vulcan XC 72-filled micocellular
Keltan 7341A EPDM rubber vulcanizates exhibit
a circular arc relationship, which decreases with
increase of blowing agent loading.

8. Storage modulus and loss tangent shows a linear
relationship, the slope of which is independent of
blowing agent loading.
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