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ABSTRACT: Copolymerization of ethylene and styrene by the INSITE™ technology from
Dow presents a new polymer family identified as ethylene–styrene interpolymers (ESI).
Based on the combined observations from melting behavior, density, dynamic mechan-
ical response, and tensile deformation, a classification scheme with 3 distinct categories
is proposed. Polymers with up to 50 wt % styrene are semicrystalline and are classified
as type E. The stress–strain behavior of low-crystallinity polymers at ambient temper-
ature exhibits elastomeric characteristics with low initial modulus, a gradual increase
in the slope of the stress–strain curve at higher strains, and large instantaneous
recovery. The structural origin of the elastomeric behavior is probably a network of
flexible chains with fringed micellar crystals serving as multifunctional junctions.
Polymers with more than 50 wt % styrene are amorphous. Because the range of glass
transition temperatures encompasses ambient temperature (nominally 25°C), it is
useful to differentiate ESIs that are above the glass transition as type M and those that
are below the glass transition as type S. Type M polymers behave as rubber-like liquids.
They have the lowest modulus and lowest stress levels. Some elastic characteristics are
attributed to the entanglement network. Type S polymers exhibit large strain rate
sensitivity with glassy behavior at short times and rubbery behavior at longer times.
The term ‘‘glasstomer’’ is coined to describe these polymers. The division between type
M and type S is based on chain dynamics, rather than solid state structure, and thus
depends on the temperature of interest. At ambient temperature, ESIs with 50 to 70 wt
% styrene are classified as type M; polymers with more than 70 wt % styrene are
classified as type S. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 70: 109–119, 1998

Key words: polyethylene; ethylene–styrene copolymers; constrained geometry cata-
lyst technology

INTRODUCTION

Despite the scientific and commercial appeal of-
fered by copolymers of ethylene and styrene, at-
tempts to copolymerize these monomers by free
radical methods or conventional Ziegler–Natta

catalysts have been generally unsuccessful, typi-
cally yielding mixtures of homopolymers.1–3 Re-
newed interest in ethylene–styrene copolymeriza-
tion has been generated by the development of
metallocene and single site catalysts.4–6 Re-
cently, polymerization of ethylene and styrene by
the INSITE™ technology from Dow has achieved
polymers with up to 80 wt % styrene.7–9

Initial efforts to develop the new catalysts fo-
cused on copolymerization of ethylene with a-ole-
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fins. Essentially, random comonomer incorpo-
ration created microstructures that differ sig-
nificantly from conventional linear ethylene
copolymers. The molecular weight distribution of
the new copolymers is narrow, and the comono-
mer distribution is homogeneous. The control on
molecular architecture makes it possible to pro-
duce homogeneous copolymers across a broad
composition range. This opens up an opportunity
to create unique families of polymers. With the
wide range of properties exhibited, a concise rela-
tionship between solid-state structure and prop-
erties is desirable; classification based on comono-
mer content is then possible.

This approach was employed to describe ethyl-
ene–octene (EO) copolymers prepared by the
INSITE™ technology from Dow.10 These copoly-
mers present a broad range of solid-state struc-
tures from highly crystalline, lamellar morpholo-
gies to fringed micellar morphologies of low crys-
tallinity. Correspondingly, the tensile behavior of
EO copolymers changes from necking and cold
drawing typical of a semicrystalline thermoplas-
tic to uniform extension and high recovery char-
acteristic of an elastomer. Although changes in
morphological features and tensile properties oc-
cur gradually with increasing comonomer con-
tent, the exceptionally large range in these char-
acteristics makes a classification scheme with 4
distinct categories useful.

The copolymers of ethylene and styrene used in
this study have substantially random incorpora-

tion of styrene except that successive head-to-tail
styrene chain insertions are shown by 13C nuclear
magnetic resonance (13C-NMR) analysis to be ab-
sent, even at high levels of styrene incorporation.9

For this reason, the polymers are described as
‘‘pseudorandom’’ ethylene–styrene interpolymers
(ESI). An initial characterization of ESIs over the
composition range up to 50 mol % (80 wt %) sty-
rene reveals a broad range of properties as the
microstructure changes from crystalline to amor-
phous. These are conveniently categorized into 3
performance regimes.7–9 The studies described
here were undertaken to develop more concisely
the relationship of composition to solid-state
structure and properties. In contrast to the clas-
sification scheme of EO copolymers, which fo-
cused on semicrystalline polymers with less than
15 mol % comonomer, the present efforts empha-
size the amorphous polymers.

EXPERIMENTAL

Materials

The ESIs synthesized by the INSITE™ technol-
ogy from Dow are listed in Table I. The composi-
tion and molecular weight data in Table I were
provided by Dow. The polymers contained a small
amount of atactic styrene homopolymer (aPS).
The total styrene and aPS as weight percents of
total polymer were obtained by NMR. The poly-

Table I Ethylene–Styrene Copolymers

Designation
Total Styrene

(wt %)
aPS

(wt %)
Styrenea

(wt %)
Styreneb

(mol %) 1023 Mw Mw/Mn

Talc
(wt %)

ES16 22.6 8.2 15.7 4.7 — — 0
ES24 29.3 7.3 23.7 7.7 — — 0
ES27 28.2 1.2 27.3 9.2 240.9 2.04 1.21
ES28 32.7 6.4 28.1 9.5 — — 0
ES30 32.9 4.7 29.6 10.2 — — 0
ES44 45.0 2.0 43.9 17.4 243.9 2.9 0
ES53 53.3 1.7 52.5 22.9 267.3 2.8 0
ES58 59.5 3.4 58.1 27.2 275.4 3.1 0
ES62 66.2 9.4 62.7 31.2 276.4 3.3 0
ES63 63.9 3.1 62.8 31.3 267.6 3.0 0
ES69 72.4 10.3 69.2 37.7 283.1 3.0 0
ES72 74.8 7.8 72.7 41.8 186.8 2.6 0
ES73 74.7 6.9 72.8 41.9 170.2 5.3 0
ES74 76.7 9.4 74.3 43.6 340.0 2.1 2.42

a Styrene in ESI: (total wt % styrene-wt % aPS)/(100-wt % aPS).
b From wt % styrene in ESI.
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mers are designated by the prefix ES, followed by
the weight percent styrene.

Methods

Pellets were molded into plaques 1.3 mm thick
and film 0.5 mm thick. The pellets were sand-
wiched between Mylart sheets, heated at 190°C
under minimal pressure for 5 min, under 276 psi
pressure for 5 min, under 560 psi pressure for 1
min, and quenched in ice water. The plaques were
used for thermogravimetric analysis (TGA), dif-
ferential scanning calorimetry (DSC), density,
and stress–strain measurements; the films were
used for dynamic mechanical thermal analysis
(DMTA).

Some of the polymers contained a small
amount of talc. The talc content was determined
with a Perkin–Elmer Model 7 TGA. The purge gas
was oxygen. Specimens weighing between 10 and
15 mg were heated to 700°C at 10°C/min.

All DSC measurements were carried out in a
Rheometrics DSC. Specimens weighing between 5
and 10 mg were treated as follows: heated from
280 to 180°C at a rate of 10°C/min (first heating),
held at 190°C for 3 min, cooled to 280°C at 10°C/
min, held at 280°C for 3 min, and reheated from
280 to 180°C at 10°C/min (second heating). The
crystallinity (wt %) was calculated from the sec-
ond heating using a heat of fusion of 290 J/g for
the polyethylene crystal.

The density of small pieces cut from the
plaques was measured according to ASTM
D1505-85. For materials with density between 0.8
and 1.0 g/cm3, an isopropanol–water density gra-
dient column was used. For materials with den-
sity higher than 1.0 g/cm3, an isopropanol–dieth-
ylene glycol column was used. Although the talc
content was less than 2.5 wt %, the small amount
significantly affected the density. The talc contri-
bution was subtracted using the talc content de-
termined by TGA and a talc density of 2.7 g/cm3.
The density corrected for talc is reported in Ta-
ble II.

Dynamic mechanical measurements were
made with a DMTA MkII unit from Polymer Lab-
oratories operating in the tensile mode. The spec-
imen dimensions were 0.5 3 7.0 3 13 mm. The
tensile strain was less than 0.2%. The relaxation
spectrum was scanned from 2150°C through the
glass transition with a frequency of 1 Hz and
heating rate of 3°C/min. Subsequently, beginning
20°C below the glass transition temperature, the
glass transition region was scanned with 5 fre-
quencies (0.3, 1, 3, 10, and 30 Hz) with a heating
rate of 0.2°C/min to determine the activation en-
ergy for the glass transition process. The glass
transition temperature was taken as the maxi-
mum in the tan d curve.

The stress–strain behavior in uniaxial tension
was measured with ASTM 1708 microtensile

Table II Properties of Ethylene–Styrene Interpolymers

Designation
Density

(g/cc)

Crystallinity (%)
(DSC) (Based on

Copolymer)

Tg (°C)
(DMTA,

1 Hz, tan d)

Activation
Energy of Glass

Transition
(kJ/mol)

Modulusa

(MPa)

Fracture
Stressa

(MPa)

Fracture
Straina

(%)

ES16 0.9420 37.5 12.7 n/a 52.8 6 2.2 31.7 6 2.3 666 6 34
ES24 0.9445 26.6 0.0 n/a 26.4 6 1.3 33.3 6 2.4 517 6 28
ES27 0.9355 17.4 23.7 n/a 25.0 6 2.6 29.9 6 3.0 453 6 23
ES28 0.9464 22.9 24.0 282 19.5 6 1.4 32.8 6 1.6 564 6 17
ES30 0.9454 19.6 21.9 n/a 25.4 6 1.4 32.0 6 1.2 468 6 14
ES44 0.9486 5.0 29.4 256 3.2 6 1.1 10.9 6 0.3 576 6 2
ES53 0.9678 n/a 22.4 308 2.5 6 0.3 ,0.7 .2000
ES58 0.9810 n/a 5.9 318 2.7 6 0.3 ,0.7 .2000
ES62 0.9937 n/a 11.4 n/a 3.9 6 0.0 5.9 6 0.1 559 6 9
ES63 0.9901 n/a 11.1 340 3.9 6 0.4 2.9 6 0.1 707 6 39
ES69 1.0123 n/a 22.7 362 10.6 6 2.5 21.2 6 0.3 412 6 4
ES72 1.0186 n/a 33.8 n/a 741 6 83 22.8 6 0.4 292 6 5
ES73 1.0207 n/a 32.6 373 311 6 16 14.4 6 0.4 263 6 3
ES74 1.0214 n/a 33.0 376 724 6 201 25.8 6 2.5 268 6 32

a 100%/min strain rate.
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specimens cut from the plaques. A pattern was
coated on the specimens by depositing 200 Å of
gold over a square grid. Specimens were stretched
in an Instron at 3 strain rates (10, 100, and
1000%/min). The grip separation was 22.25 mm,
which included the fillet section. Engineering
strain was calculated from the crosshead dis-
placement. Engineering stress was defined con-
ventionally as the force per initial unit cross-sec-
tional area. During deformation, the pattern in
the middle of the specimen was recorded with a
video camera equipped with a telescopic lens. The
draw ratio was defined as the deformed length of
the square grid divided by the initial length.

RESULTS AND DISCUSSION

Crystallinity

The thermal behavior of 6 ESIs is illustrated with
first and second heating thermograms in Figure
1. The 3 polymers with lowest styrene content
showed a very broad melting endotherm begin-
ning at about 0°C. With increasing styrene con-
tent, the peak melting temperature decreased,
and the melting enthalpy decreased. These trends
reflected the progressive decrease in length and
number of crystallizable ethylene sequences. The
first heating thermograms always contained an
additional peak at about 35°C that was absent
from the second heating thermograms. EO co-
polymers also exhibit this phenomenon.11 Be-
cause the melting range extends below ambient
temperature, the copolymers slowly recrystallize
upon standing. This feature of ambient tempera-
ture annealing did not affect the measured melt-
ing enthalpy.

Figure 2 shows the decrease in DSC crystallin-
ity with increasing styrene content. The depen-
dence on comonomer content coincided with that
of EO copolymers prepared with the INSITE™
technology. The maximum comonomer content for
crystallization of about 20% is similar in other
ethylene copolymers, such as ethylene–hexene
and ethylene–vinyl acetate.12,13 If the comonomer
can enter the crystal lattice, such as in ethylene–
propylene and ethylene–vinyl chloride copoly-
mers, compositions in excess of 20 mol % comono-
mer can exhibit crystallinity.13

It has been suggested that the heat of melting
is related to the mole percent ethylene (Xe) by the
equation

DHm 5 k~Xe!
n (1)

where the constant k is related to the crystallinity
of the homopolymer, and the exponent n is the
minimum ethylene sequence length that can crys-
tallize.14 A linear relationship between log DHm
and log Xe is observed for many ethylene copoly-
mers although the value of n depends on thermal
history and chain characteristics. Because eq. (1)
is derived from probability arguments, n is ex-
pected to depend on the ethylene sequence distri-
bution, which, in turn, is determined by the

Figure 1 Melting thermograms of ESIs: (a) first heat-
ing and (b) second heating. The polymers are described
in Table I.
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comonomer, the catalyst system, and the poly-
merization conditions. Nevertheless, within a se-
ries of copolymers prepared by similar means
with the same comonomer, the applicability of eq.
(1) is usually confirmed. The data for ESIs cor-
rected for aPS and talc are plotted in Figure 3.
Data for EO copolymers are included for compar-
ison; the solid line with n 5 13 represents the best
fit of the EO data.10 Correspondence in the rela-
tionship between DHm and Xe for the 2 series of
polymers suggests that, at low comonomer con-
tents, any differences in the distribution of
comonomer units are not sufficient to affect the
total ethylene in crystallizable sequences.

The relationship between density, after the
talc contribution was removed, and total styrene
content is shown in Figure 4. The solid line rep-
resents the linear relationship between density
and composition based on a density of 1.065 g/cm3

for atactic polystyrene and 0.855 g/cm3 for amor-
phous polyethylene. The amorphous materials
conformed well with the additivity rule. The den-
sity of the semicrystalline polymers lay above the
linear relationship and was essentially indepen-
dent of composition with a value of about 0.94
g/cm3. Apparently, as the styrene content de-
creased, the increasing crystallinity compensated
for the decreasing density of the amorphous
phase.

To calculate the crystallinity from the mea-
sured density, the following two-phase model is
assumed: a crystalline polyethylene phase, and
an amorphous phase that consists of noncrystal-
line polymer and any atactic polystyrene. The

Figure 2 Crystallinity from DSC as a function of
comonomer content. Data for ESIs (filled circles) are
corrected for aPS and talc. Data for EO copolymers
(open circles) are from Bensason et al.10

Figure 3 Logarithmic plot of the DSC heat of melting
versus mole percent ethylene for ESIs (filled circles)
and EO copolymers (open circles). The solid line has a
slope of 13. Data for EO copolymers are from Bensason
et al.10

Figure 4 Measured density as a function of styrene
content for semicrystalline (filled circles) and amor-
phous (filled triangles) ESIs.
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weight percent crystallinity Wx can then be ex-
pressed as

WX 5
rc~r 2 r1!

r~rc 2 r1!
(2)

where r is the measured density of the polymer, rc
is the density of crystalline polyethylene (1.000
g/cm3) and r1 is the density of the amorphous
phase. The density of the amorphous phase is
assumed to be linear with styrene content and is
given by

r1 5
We 2 WX

100 2 WX
ra 1

100 2 We

100 2 WX
rs (3)

where ra is the density of amorphous polyethyl-
ene, rs is the density of polystyrene, and We is the
weight percent ethylene.

The crystallinity calculated from eqs. (2) and
(3) is compared in Figure 5 with the crystallinity
obtained from the enthalpy of melting. The den-
sity calculation yields a very similar dependency
on styrene content as the enthalpy calculation.
For a wide variety of polyethylenes and ethylene
copolymers, it has been found that density consis-
tently gives a crystallinity about 10% higher than
enthalpy. The difference is usually accounted for
by considering a transition layer between the
crystalline core and the amorphous regions.15,16

An exception is the homogeneous EO copolymers
prepared by the INSITE™ technology, where the
equivalence of the 2 crystallinity determinations
is observed.10 In contrast, the density of ESIs
gives a crystallinity about 5% lower than en-
thalpy. The unusual relationship between the 2
methods is probably due to shortcomings of the
density model rather than to some unusual char-
acteristic of the crystalline morphology.

Glass Transition

The DSC thermograms of noncrystalline ESIs ex-
hibited a glass transition that decreased in tem-
perature from about 25 to 220°C as the styrene
content decreased. When the styrene content was
low enough for the polymer to crystallize, the
DSC glass transition broadened to the extent that
it was difficult to resolve in the thermogram of the
most crystalline polymers. The glass transition
was more readily observed in the DMTA. The
dynamic mechanical relaxation spectra of 6 rep-
resentative ESIs are shown in the form of the
storage modulus and loss tangent in Figure 6. The
plots show the glass transition of the noncrystal-
line polymers as a sharp drop in modulus of about
3 orders of magnitude and a sharp peak in the
loss tangent curve. The temperature of the loss
tangent peak at 1 Hz was about 8°C higher than
the DSC glass transition temperature. The glass
transition temperature gradually shifted from
slightly above ambient temperature to below am-
bient temperature as the styrene content de-
creased. When the styrene content was low
enough for the polymer to crystallize, the loss
tangent peak broadened, and the peak shifted to a
slightly higher temperature. The smaller drop in
modulus at the glass transition temperature and
the higher modulus above the glass transition
temperature in the semicrystalline polymers com-
pared to the amorphous ones reflected the rein-
forcing effect of the crystalline phase.

The dependence of glass transition tempera-
ture on composition of random copolymers is usu-
ally described by the Fox equation or the Gordon–
Taylor equation,

Tg 5
w1Tg,1 1 kw2Tg,2

w1 1 kw2
(4)

where Tg is the measured glass transition tem-
perature and wi and Tg,i refer to the weight frac-
tion and glass transition temperature of compo-
nent i. The natural approach in analyzing the

Figure 5 Percent crystallinity from density versus
percent crystallinity from DSC melting enthalpy.
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ESIs is to take polystyrene and polyethylene as
the homopolymers. However, attempts to fit the
data resulted in an unrealistic value of 0.14 for
the constant k in eq. (4), rather than a value close
to unity.9,17 The ESIs do not meet the assumption
of randomness because styrene–styrene dyads
are not allowed. Therefore, it is more appropriate
to consider them as random copolymers of ethyl-
ene and ethylene–styrene dyads. The data in Fig-
ure 7 satisfactorily fit the Fox equation in the
following form:

1
Tg

5
~1 2 1.27ws!

Tg,e
1

1.27ws

Tg,es (5)

where Tg,e is the glass transition of polyethylene,
Tg,es is the glass transition of the alternating eth-

ylene–styrene copolymer, and ws is the weight
fraction of styrene incorporated into the copoly-
mer. Extrapolation gave a glass transition tem-
perature of 266°C for amorphous polyethylene
and 44°C for the alternating copolymer, which
would have a composition of 79 wt % styrene.
Equation (5) is a special case of the more general
relationship between glass transition tempera-
ture and comonomer sequence distribution.18–20

The data also fit a linear regression well, and
extrapolation gave a glass transition temperature
of 291°C for amorphous polyethylene and 40°C
for the alternating copolymer of ethylene and sty-
rene.

Crystallinity caused the tan d peak to decrease
in intensity and to broaden as the peak shifted to
a higher temperature. The magnitude of the ac-
companying modulus drop correspondingly de-
creased. Contributing effects of the crystallinity
included decreased volume fraction of the amor-
phous phase, restricted mobility of the amor-
phous chain segments by the crystalline domains,
and higher styrene content of the amorphous
phase due to segregation of styrene into the amor-
phous phase.

The frequency dependence of the tan d peak
temperature is shown in Figure 8 for the amor-

Figure 7 Glass transition temperature (tan d, 1 Hz)
as a function of weight percent ethylene–styrene dyads
for semicrystalline (filled circles) and amorphous (filled
triangles) ESIs. A solid line describes the fit with the
Fox equation [eq. (5)]; the dotted line defines the linear
relationship.

Figure 6 Dynamic mechanical relaxation behavior:
(a) log E9; (b) tan d.
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phous and semicrystalline ESIs. The Arrhenius
plots were linear for all compositions, and the
corresponding activation energies are included in
Table II. The activation energy for the glass tran-
sition of the amorphous polymers decreased lin-
early with wt % ethylene–styrene dyads. The lin-
ear relationship extrapolated to 393 kJ/mol for
the alternating copolymer and to 126 kJ/mol for
amorphous polyethylene, a value that compares
to 180 kJ/mol for the activation energy of the
polyethylene b relaxation.21

Stress–Strain Behavior

The correspondence in Figure 9 between the en-
gineering strain and the local draw ratio taken
from a grid marked on the specimen indicated
that all the polymers deformed uniformly without
localized necking at ambient temperature. The
slight deviation above the dotted line at interme-
diate strains was due to the slight constraint at
the ends of the dogbone-shaped specimen; devia-
tion below the line at high strains indicated that
material was pulling out from the grips.

The stress–strain curves of a semicrystalline
ESI at 3 strain rates are shown in Figure 10(a).
The deformation has elastomeric characteristics
with a low initial modulus, a plateau region fol-
lowed by strain hardening, and large instanta-
neous strain recovery following fracture. This is
very similar to the behavior of low-crystallinity
(type I) EO copolymers.10 The concept of a net-
work of flexible chains with fringed micellar crys-

tals serving as multifunctional junctions provides
the structural basis for the elastic behavior of EO
copolymers.22 The model may also be appropriate
for ESIs with crystallinities of approximately 20%
or less. Insensitivity of the stress–strain curve to
strain rate reinforces the analogy with type I EO
copolymers. However an important difference
concerns the lower glass transition temperature
of EO copolymers compared to ESIs, approxi-
mately 240°C compared to 24°C. It can be antic-
ipated that EO copolymers retain elastomeric
characteristics to lower temperatures than ESIs.

The amorphous ESIs did not possess a reinforc-
ing crystalline phase, and, consequently, the
glass transition temperature primarily deter-
mined the stress–strain behavior. The glass tran-
sition of the amorphous polymers increased with
styrene content over a temperature range that
spanned ambient temperature. As a result, the
stress–strain behavior strongly depended on com-
position and also exhibited strong rate effects.
The stress–strain curves in Figure 10(b) are for
an ESI with 63 wt % styrene that was slightly
above the glass transition temperature (Tg
5 11°C). Without the reinforcing effect of crystals,
the initial modulus and the total stress response
were much lower than those of the semicrystal-
line polymer [Fig. 10(a)]. Furthermore, the glass
transition was close enough to ambient tempera-
ture for strain rate to significantly affect the
stress–strain behavior. At the highest strain rate,

Figure 9 Draw ratio versus engineering strain.

Figure 8 Arrhenius plots of the loss tangent peak
temperature for representative semicrystalline (filled
circles) and amorphous (filled triangles) ESIs.
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1000%/min, the polymer exhibited rubbery be-
havior with strain hardening. Because the poly-
mer did not possess permanent crosslinks, the
elasticity was attributed to the entanglement net-
work.23 When stretched at the lowest rate, 10%/
min, the polymer exhibited strain softening. This
type of material is sometimes described as a rub-
ber-like liquid.24,25

The stress–strain behavior of an amorphous
ESI that was below the glass transition temper-
ature (Tg 5 33°C) is shown in Figure 10(c). The
sharp stress maximum at low strains increased in
prominence as the strain rate increased. This
maximum was not associated with localized thin-
ning or necking of the specimen; on the contrary,
the polymer deformed uniformly at all strain
rates. The maximum was a manifestation of the
large strain rate dependence of the modulus at
temperatures close to the glass transition temper-
ature.26,27 Because this polymer was just below
the glass transition temperature, it initially ex-
hibited glassy behavior at high strain rates, as
indicated by the high initial modulus. However,
the stress dropped as the polymer rapidly relaxed,
thus producing the maximum. The stress maxi-
mum was less prominent at a strain rate of 100%/
min than at 1000%/min, and, at a rate of 10%/
min, it was not detectable.

The ambient temperature stress–strain behav-
ior of 6 ESIs is compared in Figure 11 with a
strain rate of 100%/min. These 6 polymers span
the range in styrene content used in this study.
The modulus, fracture stress, and fracture strain
of all the polymers are included in Table II. Three
types of behavior are easily distinguished. The
semicrystalline polymers showed typical elasto-
meric behavior (ES28 and ES44): The initial mod-
ulus was intermediate among the polymers and
was followed by a plateau region and a long strain

Figure 11 Engineering stress–strain curves of repre-
sentative ESIs at a strain rate of 100%/min.

Figure 10 Engineering stress–strain curves at 3
strain rates: (a) ES27; (b) ES63; (c) ES74.
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hardening region of gradually increasing stress
response. Polymers with styrene content greater
than 50 wt % did not crystallize. Between 50 and
70 wt % styrene, the glass transition was below
ambient temperature. Polymers in this category
exhibited the lowest initial modulus (ES58, ES63,
and ES69). If the glass transition temperature
was well below ambient temperature, they flowed
to virtually infinite strains. As the glass transi-
tion approached ambient temperature, the behav-
ior became more thermoplastic-like with increas-
ing strain hardening and gradually decreasing
fracture strain. Polymers with more than 70 wt %
styrene had a glass transition temperature above
ambient temperature. They typically exhibited a
high glass-like initial modulus and a characteris-
tic stress maximum due to relaxation (ES74). The
fracture strain of these polymers, in the range of
300%, was the lowest of the ESIs but was higher
than that of many glassy polymers.

Classification of Ethylene–Styrene Interpolymers

The combined observations from melting behav-
ior, dynamic mechanical response, and stress–
strain behavior suggest a classification scheme
with 3 categories (Fig. 12). A composition of ap-
proximately 50 wt % styrene separates the semi-
crystalline polymers from the amorphous ones.
The crystalline polymers are identified as type E.
They melt over a broad temperature range, which
begins at about 0°C and can extend as high as
100°C for polymers with lower styrene content.
The stress–strain curve at ambient temperature
is not sensitive to strain rate and exhibits other
elastomeric characteristics, including a low initial
modulus, a gradual increase in the slope of the
stress–strain curve at higher strains, and large
instantaneous recovery. The elastomeric stress–
strain behavior of type E ESIs with 20–50 wt %
styrene compares with that of type I EO copoly-
mers.10 The structural origins of the elastomeric
behavior may be similar. The concept of a net-
work of flexible chains with fringed micellar crys-
tals serving as the multifunctional junctions pro-
vides the structural basis for analyzing the elas-
tomeric characteristics of EO copolymers.22 A
primary difference between elastomeric EO co-
polymers and ESIs is the glass transition temper-
ature of the network chain segments. This de-
pends on the chemical structure of the comono-
mer. The glass transition of the ESIs with the
bulky styrene group is about 40°C higher than
that of the EO copolymers.

Polymers with more than 50 wt % styrene are
amorphous. The composition dependence of phys-
ical properties, such as density and glass transi-
tion temperature, conforms with well-established
relationships. However, because the span in glass
transition temperature encompasses ambient
temperature, it is useful to differentiate between
polymers that are above the glass transition tem-
perature and those that are below as type M and
type S, respectively. At ambient temperature,
type M polymers are those with 50 to 70 wt %
styrene. They have the lowest modulus and low-
est stress levels of the ESIs. Because the polymer
does not possess permanent crosslinks, elastic
characteristics are attributed to the entangle-
ment network. Type S polymers are below their
glass transition temperature at ambient temper-
ature. However, they are only slightly below the
Tg, and, therefore, their mechanical response is
very rate-dependent. They exhibit glassy behav-
ior at short times and rubbery behavior at longer
times. The term ‘‘glasstomer’’ is coined to describe
this particular class of polymers. The division be-
tween type M and type S is based on chain dy-
namics, rather than solid state structure, and,

Figure 12 Classification scheme of ESIs based on
composition.
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thus, will shift to a higher or lower styrene con-
tent, depending on the temperature of interest.

The authors thank the Dow Chemical Company for
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