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ABSTRACT: The morphology of the microcellular ethylene—octene copolymer (Engage)
of both unfilled and precipitated silica-filled compounds was studied from SEM pho-
tomicrographs with variation of blowing agent and silica filler loading. The average cell
size, maximum cell size, and cell density varies with variation of blowing agent and
filler loading. Physical properties similar to relative density, hardness, tensile strength,
elongation at break, modulus, and tear strength decreases with blowing agent concen-
tration. The elastic nature of closed cells reduces the hysteresis loss compared to solid
compounds. Set properties improve with blowing agent concentration. It is observed
that stress relaxation behavior is independent of blowing agent loading (i.e., density of
closed cell microcellular vulcanizates). Theoretically, flaw sizes are found to be about
3.08 times larger than maximum cell sizes observed from SEM photomicrographs.
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INTRODUCTION

Polyolefin foams have penetrated the automotive,
packaging, building and construction, marine,
medical, sports, and leisure markets because of
their wide variety of properties such as light
weight, chemical resistance, inertness, buoyancy,
good aging, cushioning performance, thermal and
acoustic insulation, and recyclability.! Cross-
linked polyolefin foams possess tremendous po-
tential but they do not provide a high enough
state of physical properties at a given flexibility to
fully compete with the cellular elastomer market.
Polyolefin resin made with conventional catalyst
technology exhibits relatively wide molecular
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weight distribution and nonuniform branch struc-
ture. This nonuniformity contributes to the in-
ability of polyolefins to provide the high state of
physical properties offered by cellular elastomer.?
In 1993, DuPont-Dow Elastomer introduced poly-
olefin elastomers (POEs) under the brand name
Engage. They are ethylene—octene copolymers
produced via advanced INSITE™ catalyst and
process technology designed to be processed sim-
ilar to thermoplastic but can be compounded sim-
ilar to elastomers.? The exceptional performance
of Engage is attributed to extraordinary control
over polymer structure, molecular weight distri-
bution, uniform comonomer composition, and rhe-
ology. They are being considered for use in diverse
applications such as cushioning agents and gas-
kets, and particularly, as a good alternative for
sealing application because of their structural
regularity and nontoxic composition. Foam made
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Table I Formulations of Unfilled and Silica-Filled Vulcanizates

Mix No. G, G, G, Ge ES, ES, ES, ©ES, ES, ES, ES, ES,
Engage 100 100 100 100 100 100 100 100 100 100 100 100
Silica 0 0 0 0 30 30 30 30 45 45 45 45
Paraffin oil 2 2 2 2 9 9 9 9 12 12 12 12
ADC-21 0 2 4 6 0 2 4 6 0 2 4 6
DEG — — — — 2 2 2 2 3 3 3 3

Each mix contains ZnO, 3; stearic acid, 1; and dicumyl peroxide (DCP 98%), 1.2 phr.

from these metallocene-based polyolefins has re-
cently been commercialized.* However, industrial
and commercial applications of microcellular
elastomers demand strong, smooth skin and uni-
form cell structure. Close control of foam struc-
ture depends on the proper selection of blowing
agents and curatives to achieve the correct bal-
ance between gas generation and degree of cure.
The morphology of elastomeric foams® and char-
acterization of microcellular foam® have also been
reported. Mechanical properties and modeling of
cellular materials of polymers, ceramics, and met-
als have been published by several authors.”®
Theoretical modeling of elastomeric latex foam
has been developed by some researchers for both
open and closed cell foam to predict the failure
properties.'®!3 The mechanism of nucleation and
bubble growth in elastomers,'* thermoplastics,'®
thermoplastic elastomers,'® and microcellular
thermoplastics'”'? using blowing agent and su-
persaturated methods have been the subject of
recent research. Recently, morphological and
physicomechanical properties of cellular and mi-
crocellular rubbers such as hysteresis, damping,
cell size, and thermal insulation properties have
been reported.?°~26 This article reports the pro-
cessing and compounding technique of producing
closed cell microcellular POE, Engage, with uni-
form cell distribution. The morphology and physi-
comechanical properties with special reference to
the effect of blowing agent and silica-filler loading
were investigated.

EXPERIMENTAL

Materials

Engage-8150 (ethylene—octene copolymer) con-
taining 25 wt % octene monomer with a melt flow
index of 0.5 g/10 min (190°C/2.16 kg), density of
0.868 g/ml, and Mooney viscosity of ML,

(121°C) 35 (manufactured by DuPont-Dow Elas-
tomer Co., USA) was used. The filler used was
precipitate silica, manufactured by Degussa AG,
Huerth, Germany, having specific gravity, 2; BET
surface area, 160—120 m?g; and particle size,
10-20 nm. The dicumyl peroxide (DCP) used was
of 98% purity, manufactured by Aldrich Chemical
Co., Milwaukee, WI. The blowing agent used was
azodicarbonamide (ADC) 21, manufactured by
High Polymer Lab., New Delhi, India. The dieth-
ylene glycol (DEG; E. Merck, Mumbai, India)
used was of a density of 1.115 g/ml.

Compounding and Sample Preparation

Engage was compounded with the ingredients ac-
cording to the formulations of the mixes (Table I).
Compounding was done in a Brabender Plasti-
coder (model PLE 330) having cam-type rotors.
The engage was first melted at 80°C with a rotor
speed of 60 rpm for 2 min, after which other
ingredients were added. With subsequent incor-
poration of filler, mixing was continued for an-
other 3 min to ensure homogeneous distribution
of ingredients. In the case of filled compounds,
blowing agent was added along with the filler for
good dispersion. Finally, curative was added. The
hot mix was taken out and passed through a tight
nip two-roll mill to form a sheet. Cure character-
istics of the vulcanizates were determined in a
Monsanto rheometer R-100. The vulcanizates
were molded at 160°C to 80% of their respective
optimum cure times in an electrically heated hy-
draulic press at a pressure of 5 MPa. All the sides
of the mold were tapered to 30° to facilitate the
expansion of the microcellular product and for
better mold release. Expanded microcellular
sheets were postcured at 100°C for 1 h in an
electrically heated air oven.

Test Procedures

Densities of the samples were determined accord-
ing to ASTM D 3574-86. Hardness was measured
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Table II Rheometric Characteristics of Unfilled and Silica-Filled Vulcanizates

Mooney Minimum Maximum Optimum

Mix Viscosity Rheometric Rheometric Rheometric Scorch Cure Time at
No [ML; 4 100°Cl Torque (AN m) Torque (AN m) Time at 160°C (min) 160°C (min)
Gy 48 8.5 46 1.25 18

Gy, 48 8 38 1.25 18.5

Gy 47 8 28 1.5 19

Gg 46 8 19 1.5 21

ES, 58 16.5 50 1.25 22

ES, 57 16 44 1.25 22.5
ES, 56 15.5 32.5 1.5 22.5
ES, 56 15 26 1.5 23

ES, 65 20.5 49 1.25 23

ESq 63 20 43.5 1.25 23.5
ES, 62 19 30 1.5 23.5
ESg 61 18 30 1.5 24

by using a Shore A durometer as per ASTM D
676-59 T. Stress—strain properties similar to ten-
sile strength, elongation at break, modulus, and
hysteresis were determined on a Zwick universal
testing machine at room temperature (25 + 2°C)
according to ASTM D 3574-86. Crescent tear
strength and trouser tear strength were also mea-
sured in the Zwick as per ASTM D 3574-86.
Stress relaxation was measured according to
ASTM D 3574. Mooney viscosity was determined
according to ASTM D1446-1963 by using a Ne-
gretti automatic shearing viscometer, model MK-
III, UK. At least three samples were tested for
each property and the mean values were re-
ported.

SEM studies were carried out for determina-
tion of cell structure by using a JEOL JSM 5800
scanning electron microscope. Razor-cut surfaces
from microcellular sheets as well as fractured
surfaces of the tensile specimen were used as
samples for SEM studies. The samples were gold
coated before being studied.

RESULTS AND DISCUSSION

Rheometric Characteristics

The cure characteristics of the vulcanizates con-
taining a blowing agent and a silica filler, ob-
tained from Monsanto Rheographs, are summa-
rized in Table II. It is seen that in both unfilled
and silica-filled systems maximum rheometric
torque decreases with an increase in blowing
agent concentration. This decrease in maximum

torque is due to decomposition of blowing agent
and the decomposed gas forms microbubbles.
These microbubbles reduce the melt viscosity and
hence maximum torque decreases. With incorpo-
ration of filler, minimum rheometric torque in-
creases but the maximum rheometric torque de-
creases marginally. However, there is significant
change in Mooney viscosity values. Rheometric
scorch time (¢;) increases marginally with in-
creasing blowing agent concentration and filler
loading. The optimum cure time increases with
an increase in blowing agent and filler concentra-
tion. Curing is affected by the exothermic decom-
position of the blowing agent. So, from rheo-
graphs, actual cure characteristics cannot be ob-
tained but the resultant effect of curing and
blowing can be obtained.

Morphology of Razor-Cut Surfaces

The SEM photomicrographs of various unfilled
and silica-filled microcellular vulcanizates are
shown in Figure 1. Quantitative image analysis
was used to analyze the photomicrographs to de-
termine the average cell size®’ or diameter. Max-
imum cell size and cell density (number of cells
per unit volume) were also determined. The shape
anisotropy ratio (R) was estimated from the val-
ues of the cell sizes along the principal direc-
tions.” The results are summarized in Table III. It
is seen that average cell size decreases with in-
creasing blowing agent loading as well with the
increase in silica-filler loading. However, maxi-
mum cell size increases with increasing filler
loading. It is observed that addition of filler in-
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Figure 1 SEM photomicrograph of razor cut surfaces of microcellular Engage vulca-

nizates: (a) Gy; (b) ES,; (¢) ESg; (d) ES,.

creases the number of cells and also reduces the
average cell size. An increase in the number of
cells may be considered to be due to the nucle-
ation by filler surfaces, and a decrease in cell size
is attributed to an increase in melt viscosity by
incorporation of silica filler, which retards the
growth of cells. The number of cells per unit vol-
ume (m~3) of the microcellular vulcanizates at
maximum expansion is calculated by using the
relation®

N = 6/md?[p/p;— 1] 1

where N is the number of cells per unit volume; d
is the average cell diameter; and p, and p;are the
density of the solid and microcellular Engage vul-
canizates, respectively. Figure 2 shows the vari-
ation of cell density with blowing agent loading
for unfilled as well as filled vulcanizates. It is seen
that cell density increases with increasing blow-
ing agent. With incorporation of filler, the cell

Table IIT Physical Properties of Unfilled and Silica-Filled Vulcanizates

Relative Hardness Average Shape Maximum
Density (Shore A) Cell Size Anisotropy Cell Size Cell Density N = 6/
Mixes [pApsl [pm] [pm] Ratio (R) [pm] wd?[p/py — 1172
G, 0.722 50 27+1.8 1.07 60 3.72 x 10
G, 0.577 32 26 + 1.7 1.11 60 7.9 x 103
Gg 0.477 22 23+ 1.5 1.12 55 1.71 x 104
ES, 0.725 62 26 + 1.7 0.99 80 4.1 x 103
ES, 0.451 35 25+ 1.7 1.03 78 1.48 x 104
ES, 0.381 28 20 = 1.3 1.04 65 3.87 X 104
ESq 0.488 44 25+ 1.7 0.97 75 1.28 X 104
ES, 0.402 33 24 £ 1.5 1.19 64 2.05 x 10
ESq 0.307 22 19 = 1.3 1.2 60 6.26 X 104
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Figure 2 Cell density (V) of microcellular Engage
vulcanizates: Effect of blowing agent and filler loading.

density is further enhanced, as has been ex-
plained above.

Physical Properties

Percentage of volume expansion of the Engage
vulcanizates is shown in Figure 3. It is observed
that the percentage of volume expansion in-
creases with an increase in loading of both blow-
ing agent and silica filler. Increase in percentage
volume expansion is due to more decomposition of
blowing agent and less diffusion of decomposed
gas during curing. Physical properties similar to
relative density and hardness are given in Table
III. The relative density decreases with increas-
ing blowing agent loading for both unfilled and
filled vulcanizates. The hardness of the unfilled
and filled closed cell microcellular POE decreases
with increasing blowing agent loading. As the
enclosed gas in the closed cell has little elastic
property, hardness decreases with a decrease in
relative density.

Tensile strength, elongation at break, modu-
lus, and tear strength values are given in Table
IV. Tensile strength, elongation at break, and
modulus values decrease with increasing blowing
agent loading. In the case of solid vulcanizates,
tensile strength and elongation at break de-
creases with increasing concentration of filler

loading but the modulus increases marginally.
This can be attributed to the fact that because of
high polar surface of silica filler, polymer-filler
interaction is weak. Moreover, these rigid fillers
can act as defects and stress raiser in the compos-
ites when the interfacial adhesion between filler
and matrix is not strong,?® which is the case with
Engage and silica filler. Tear strength also de-
creases with increasing blowing agent loading in
the case of both unfilled and silica-filled microcel-
lular vulcanizates.

Figure 4 shows the relative modulus at differ-
ent percentages of elongation and relative tensile
strength (o/0,) of 45 phr silica-loaded closed cell
microcellular vulcanizates plotted against rela-
tive density (p/p,). The relative modulus, 100,
200, and 300%, and relative tensile strength de-
crease linearly with a decrease in relative den-
sity. A similar trend is also obtained with 30 phr
filler loading. The decrease in relative tensile
strength is sharper than the decrease in relative
modulus. The maximum flaw size (i.e., flaws) af-
fects the tensile strength but not the modulus.
Therefore, relative tensile strength behaves dif-
ferently than the relative modulus. It is also ob-
served that the 300% relative modulus shows
higher values than 100 and 200% relative modu-
lus. According to additive rule, if the modulus
depends only on relative density, then it will fol-
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Figure 3 Variation of volume expansion (%) with
blowing agent loading.
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Table IV Physical Properties of Unfilled and Silica-Filled Microcellular Vulcanizates

Tensile Elongation Modulus Modulus Modulus Tear
Mix Strength at Break (100%) (200%) (300%) Strength
No. (MPa) (%) (MPa) (MPa) (MPa) (N/mm)
G, 18.1 1157.7 2.23 2.96 3.6 35
G, 4.2 573.2 1.51 2.13 2.7 245
G, 34 501.3 1.12 1.72 2.31 19.38
Ge 2.7 406 0.94 1.5 2.10 13.6
ES, 15 914.8 3.37 4.01 4.74 53.9
ES, 7.9 674.4 2.36 3.21 3.99 34.51
ES, 4.7 556.5 1.17 1.89 2.59 18.84
ES, 3.3 485 0.80 1.43 2.04 14.13
ES; 14.2 871.8 3.45 4.04 4.8 57.95
ESq 5.9 566.7 1.7 2.56 3.33 25.8
ES, 4.6 5214 1.18 2.01 2.76 18.3
ESg 2.9 44294 0.81 1.46 2.05 12.42

low the line joining (0, 0) and (1, 1) points. There-
fore, this increase in relative modulus may be due
to an increase in enclosed gas pressure inside the
cells.?®

Figure 5 shows the hysteresis loss of 45 phr
silica-filled solid and microcellular vulcanizates
at 100% elongation. Table V summarizes the hys-
teresis loss values of different vulcanizates at
100% elongation. The hysteresis loss values of

1.0
—Hl— Relative tensile strength
—@— Relative 100 °. modulus
~—A— Relative 200 % modulus
0.8 °

— N Relative 300% modulus

RELATIVE PROPERTIES
[=} o
a >
) )

o
N
1

0.0 4—— T e — r r .
0.0 0.2 0.4 0.6 0.8 1.0
RELATIVE DENSITY [p, /p_]

Figure 4 Effect of relative density (p/p,) on relative
properties of 45 phr silica-filled microcellular vulcani-
zates.

microcellular vulcanizates are found to decrease
with an increase in blowing agent concentration.
This is true for all cycles of measurement and at
all filler loadings, whereas solid silica-filled vul-
canizates exhibit increased hysteresis loss with
incorporation of silica filler. This phenomenon
may be attributed to the filler-rubber slippage
mechanism.?® The solid vulcanizates have higher
hysteresis loss than their corresponding microcel-
lular vulcanizates. The lower hysteresis loss val-
ues of microcellular Engage vulcanizates as com-

STRESS (MPa)

1 1 1 1

0 0-25 0-50 075 1-00
STRAIN

Figure 5 Hysteresis curves of 45 phr silica-filled vul-
canizates.
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Table V Result of Hysteresis Studies of
Unfilled and Silica-Filled Microcellular Engage
Vulcanizates

Hysteresis Loss in J/m? at 100%

Elongation
Mix % Set After
No. 1st Cycle 2nd Cycle 3rd Cycle 3rd Cycle
G, 0.035 0.022 0.018 6.6
G, 0.028 0.015 0.013 5.6
G, 0.021 0.011 0.010 4.4
Gg 0.018 0.009 0.008 3.4
ES; 0.073 0.031 0.025 20
ES, 0.043 0.020 0.017 13.3
ES, 0.019 0.010 0.009 7.3
ES, 0.012 0.006 0.005 6.6
ES, 0.095 0.035 0.028 30
ESg 0.034 0.017 0.015 15.3
ES, 0.019 0.009 0.008 8.3
ESqg 0.013 0.006 0.005 7.6

pared to the solid vulcanizates and the decrease
in hysteresis loss with an increase in blowing
agent concentration can be attributed to the low-
energy absorption values of closed cells. The per-
centage set of the microcellular vulcanizates after
the third cycle in the hysteresis test were found to
be lower than the solid vulcanizates. These per-
centage set values decreased with increasing
blowing agent loading for a given filler loading
and increased upon incorporation of silica filler at
a particular blowing agent concentration. This
phenomenon can be attributed to the highly resil-
ient nature of the closed cell microcellular vulca-
nizates®® due to gas pressure inside the cells.

The stress relaxation behavior of closed cell
microcellular vulcanizates is determined by
stretching the samples at a constant strain level
of 100%. Figures 6 and 7 show the decay of stress
with time for 30 and 45 phr silica-filled vulcani-
zates, respectively. Initially, the rate of decay is
more prominent in the case of 45 phr silica-filled
solid vulcanizates than that of 30 phr solid vulca-
nizates, which may be attributed to poor poly-
mer—filler interaction. The nature of decay is
almost similar to closed cell microcellular vulca-
nizates. Thus, the relaxation behavior is indepen-
dent of blowing agent.?52¢

Fracture Nuclei in Tensile Failure

The tearing energy of the foam, 7}, can be ex-
pressed as '°
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Figure 6 Stress relaxation behavior of 30 phr silica-
filled closed-cell microcellular vulcanizates.

T, = 2KE/ (2)

where K is a numerical constant having a value of
about 2,'° [ is the depth of the flaw, and E,is the
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Figure 7 Stress relaxation behavior of 45 phr silica-
filled closed-cell microcellular vulcanizates.
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Table VI Tear Energy and Calculated Flaw Size of Unfilled and Silica-
Filled Microcellular Engage Vulcanizates

Trouser Tear Strain Energy Calculated
Mix Resistance Tear Energy Density Cell Flaws
No. (N/mm) (T)) (KJ/m?) (KJ/m?) () (upm)
Gy, 4.79 9.58 12033 199
G, 3.56 7.12 8517 208
Gg 1.77 3.54 5479 161
ES, 19.91 39.82 26623 374
EC, 3.92 7.84 13066 149
EC, 2.61 5.22 8002 163
ECq4 10.57 21.14 16667 316
EC, 3.86 7.72 11983 160
ECq 1.76 3.52 6423 136

strain energy density at failure in the bulk of the
test piece for the foam. According to tearing en-
ergy criterion developed by Rivlin and Thomas,°
it can be assumed that tensile rupture occurs by
catastrophic tearing of the flaw and is described
in eq. 2. In the present work, the flaw depths of
the microcellular Engage vulcanizates were cal-
culated from eq. 2 by using the measured tear
energy and strain energy density of the microcel-
lular vulcanizates. The tear energy was calcu-
lated from the tear strength by using the trouser
specimen (ASTM D-3574). The following equation
was used for calculation of tear strength

T, =2 x Flt
T,=2x T} 3)

where T7is the trouser tear strength and 7 is the
tear energy. Strain energy density can be calcu-
lated from the tensile strength and the elongation
at the break of the dumbbell-shaped specimen.
The results are summarized in Table VI. It is
observed that theoretical values of the flaws
depth (I) are larger than the corresponding max-
imum cell size. The mean value of the ratio of the
theoretical depth of the flaws and the maximum
cell size is about 3.08. According to Gent and
Thomas,° for a perfectly regular foam structure,
the tear tip diameter would be expected to be
twice the pore diameter because of a random ar-
rangement of pores in space. Imperfections in the
foam will lead to local deviations of tear from a
linear front and hence give rise to a corresponding
larger effective diameter at the tip.

Tensile Fracture

Figure 8 demonstrates SEM photomicrographs of
tensile fracture surfaces of silica-filled microcel-
lular vulcanizates. Figure 7(a,b) shows the SEM
fractograph of 30 and 45 phr silica-filled microcel-
lular vulcanizates, respectively, having 4 phr
blowing agent loading. Figures 7(c) and 7(d) show
tensile fractographs of 30 and 45 phr silica-loaded
vulcanizates, respectively, with 6 phr blowing
agent. In all cases, it can be observed that the
failure is catastrophic in nature, which leads to
delamination. When tensile force is applied to the
material, it is considered to be uniform through-
out the tensile specimen, but concentration of
stress builds up at the bigger cells. Failure starts
at those points where the actual stress applied is
much higher than the bulk of the specimen. Once
the failure starts, it proceeds as catastrophic tear,
giving rise to a layer surface with a number of
tear lines.?! In these cases, the layer delamina-
tion is prominent. When tensile force is applied to
the material, it is also concentrated in the vicinity
of the interfaces of filler particle and polymer
matrix. In this region, the stress level is consid-
erably higher than the average value.?” Weak
filler—polymer interaction also leads to formation
of loose agglomerates in the matrix, which acts as
a stress raiser®® and provides an easy path for
catastrophic failure.

CONCLUSION

1. In the case of microcellular Engage vulca-
nizates, the maximum rheometric torque
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Figure 8 SEM photomicrograph of tensile fracture specimens: (a) ESg; (b) ES,; (¢)

ES,; (d) ES,.

decreases with an increase in blowing
agent loading.

. Average cell size decreases from 26 to 20
pm in 30 phr silica-filled and from 25 to 19
pm in 45 phr silica-filled vulcanizates with
incorporation of 2—6 phr blowing agent.

. Cell density and percentage volume expan-
sion increases with increasing blowing
agent loading as well as silica-filler load-
ing. Thus, silica filler acts as nucleating
agent.

. Relative density decreases with increasing
concentration of blowing agent.

. Physical properties similar to tensile
strength, elongation at break, and modulus
decrease with increasing concentration of
blowing agent.

. Enclosed gas pressure in the closed cell
increases the relative modulus in silica-
filled vulcanizates, whereas relative tensile
strength decreases sharply, which does not
obey the additive rule.

. The stress relaxation behavior is indepen-
dent of blowing agent loading.

. The hysteresis loss decreases with increas-
ing blowing agent as well as filler loading.
. Set properties are found to improve with
increasing blowing agent concentration.

10. It is observed that theoretically calculated
flaw sizes in tensile rupture is about 3.08
times larger than the maximum cell size
measured from SEM photomicrographs,
which suggests that tear path deviates
from the linear front and gives rise to a
larger effective depth of the flaws.

11. SEM fractograph studies of tensile frac-
ture surfaces of microcellular vulcanizates
reveal that the mechanism of fracture is
dependent on the concentration of blowing
agent and silica filler.
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