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ABSTRACT: The processing of crosslinked polyethylene foam, which has a closed-cell
structure, has been investigated. In this study, two types of linear low-density poly-
ethylene (LL) produced by a metallocene catalyst were crosslinked by dicumyl peroxide
(DCP). The expansion ratio of the foams decreases with increasing the DCP content,
which is due to the enhancement of the elastic modulus. Moreover, the crystallization
temperature Tc of the foams is also responsible for the expansion ratio. After expansion,
the crosslinked foam with lower Tc shrinks to a great degree prior to the crystallization,
which is attributed to the volume reduction of the gas in the cells. As a result, the
expansion ratio decreases. The degree of shrinkage decreases with increasing the Tc,
because immediate crystallization prevents the shrinkage. © 2001 John Wiley & Sons, Inc.
J Appl Polym Sci 79: 2146–2155, 2001
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INTRODUCTION

Crosslinked polyethylene (XL-PE) foams have
various kinds of applications, such as thermal
insulation, floatation, automotive trim, and
sports goods. Up to now, high-pressure low-den-
sity polyethylene (LD) has been mainly used for
the production of XL-PE foams.1–3 Recently, how-
ever, much attention has been focused on the
linear low-density polyethylene (LL) produced by
a metallocene catalyst as a substitute for the con-
ventional LD. This is plausible because the LL
produced by a metallocene catalyst exhibits lower
modulus and excellent mechanical properties.4–10

Therefore, it is of considerable importance for the
industrial application to comprehend the effect of
the molecular architecture such as short chain
branching on the cellular structure. In particular,
the prediction of the expansion ratio, which gov-
erns the mechanical properties of the foam, is

very important for the decision of the recipe for
the XL-LL foam.

In this article, the foam processing of the XL-
LLs was studied. We investigated the rheological
properties of the XL-LLs first, because they would
be important for the foaming behavior. Then the
relation between rheological properties and ex-
pansion ratio has been discussed. Moreover, two
types of the LL with different number of short
chain branches, which were produced by a metal-
locene catalyst, were employed for the better un-
derstanding of the effect of the molecular struc-
ture on the foaming.

EXPERIMENTAL

Polymers and Sample Preparation

Two types of ethylene-1-hexene copolymers, LL1
and LL2, produced by a metallocene catalyst were
used in this study. The contents of 1-hexene in the
copolymers were determined from 13C nuclear
magnetic resonance spectroscopy; the LL1 has 25
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branches and the LL2 has 7 branches per 1000
backbone carbon atoms. The number, weight, and
z-average molecular weights, which were deter-
mined by gel permeation chromatography (Wa-
ters, 150-C) in ortho-dichlorobenzene at 408 K,
were Mn 5 4.6 3 104, Mw 5 8.3 3 104, Mz 5 1.4
3 105 for the LL1, and Mn 5 4.6 3 104, Mw 5 9.0
3 104, Mz 5 1.5 3 105 for the LL2, as a polyeth-
ylene standard.

The foams were obtained by one-shot press-
molding method. The preformed compounds were
composed of 100 parts of a polymer containing
0.1–0.9 wt % of dicumylperoxide (DCP) as a
crosslinking agent and 8 phr of a blowing agent.
The compounds were blended using a two-roll
mill in which the surface temperature was kept at
423 K. The blowing agent is a mixture of 50% of
dinitrosopentamethylenetetramine and 50% of
urea. The molding condition was as follows: tem-
perature is 438 K, pressure is 20 MPa, and dura-
tion time is 20 min. Under this condition, the
blowing agent fully decomposed. After removal of
the pressure, expansion takes place immediately.
Then the obtained foam was left at room temper-
ature until it was cooled down. For the sake of
the investigation on the rheological properties,
crosslinked polyethylenes were also prepared
without the blowing agent. The method was the
same as that for the preparation of the foam.

The following nomenclature is used through-
out. LL1 and LL2 are originally polyethylenes,
which contain neither peroxide nor blowing
agent. XL-LL(x) is the crosslinked LL with x wt %
of DCP. XL-LL(x) foam is the foam with x wt % of
DCP and 8 phr of the blowing agent.

Measurements

Thermal properties were measured using a differ-
ential scanning calorimeter (Perkin-Elmer,
DSC-7) under nitrogen atmosphere . An indium
standard was to calibrate the temperature and
enthalpy of fusion. The samples of about 10 mg
weight sealed in aluminum pans were heated
from room temperature to 463 K at a heating rate
of 10 K min21. After holding 5 min at 463 K, the
samples were cooled down to room temperature at
a cooling rate of 10 K min21.

Gel fraction and degree of swelling were mea-
sured by a solvent extraction technique following
the method developed by de Boer and Penning.11

The gel fraction fg was determined by the ratio of
the weight of dried extracted wg to initial weight
wi as

fg 5
wg

wi
(1)

The degree of swelling q was calculated by the
ratio of the weight of swollen gel w, to the weight
of dried extracted wg as

q 5
ws

wg
(2)

Oscillatory shear moduli, such as shear storage
modulus G9 and loss modulus G0, of the LLs were
measured using a cone-plate type rheometer
(Rheology, MR-500) at temperatures between 433
and 493 K. The time–temperature superposition
was applied to frequency dependence of oscilla-
tory shear moduli at different temperatures in an
attempt to determine the linear viscoelastic prop-
erties over a wide range of time scale. All mea-
surements were carried out under nitrogen atmo-
sphere in order to avoid thermooxidative degra-
dation. Those of the XL-LLs were measured at
438 K using a parallel-plate geometry in the an-
gular frequency range of 1.00 3 1022 to 3.14
3 101 s21.

Stress–strain curves were measured using a
dynamic mechanical analyzer (Rheology, DVE
V-4), which was improved to have the capability
of subjecting a specimen to elongate at a constant
stretching rate. The following conditions were
employed: temperature is 438 K, the initial length
between the clumps is 20 mm, and the elonga-
tional rate is 1.0 mm min21 (strain rate is 8.33
3 101 s21). The stress was determined from di-
viding the tensile load by the initial cross-sec-
tional area, and the strain was calculated from
the ratio of the increment of the length between
clamps to initial length.

Expansion ratio ER of the foams is given by the
following relation:

ER 5
rp

rf
(3)

where rp is the density of the prefoamed material
and rf is that of the foam at 293 K, which were
measured by a buoyancy method using a densim-
eter (Toyoseiki, Archimedes).

RESULTS AND DISCUSSION

Polymer Characteristics

As well known, short chain branching much af-
fects the thermal and mechanical properties of
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LL.4–10,12,13 In particular, melting point Tm, crys-
tallization temperature Tc, and heat of fusion de-
crease rapidly with increasing the number of
short chain branches. Moreover, depression of Tm
for the LL produced by a metallocene catalyst is
more prominent than that for the conventional
LL produced by a Zieglar–Natta catalyst, which is
owing to the homogeneous incorporation of short
chain branches into the polymer chain. The val-
ues obtained from the DSC heating run in this
study, Tm 5 369.8 K for the LL1 and Tm 5 390.2
K for the LL2 agree well with the literature.14

Figure 1 shows master curves of frequency de-
pendence of oscillatory shear moduli for the LL1
[Fig. 1(a)] and the LL2 [Fig. 1(b)]. The reference
temperature is 463 K. Over the range of interest,
the results of both LLs were found to obey the
principle of the time–temperature superposition.
Therefore, the apparent activation energy DHa
can be calculated from the temperature depen-
dence of shift factor aT using the Arrhenius equa-
tion. Consequently, the DHa is found to be 35.0 kJ
mol21 for the LL1 and 28.0 kJ mol21 for the LL2.
According to Vega et al.,15 DHa for the LL is
determined by the number of short chain
branches as

DHa 5 23.9 1 26.8F1 2 expS2
n

35.4DG (4)

where n is the number of short chain branches per
1000 backbone carbon atoms. Following the equa-
tion, the DHa is calculated to be 37.4 kJ mol21 for
the LL1 and 28.4 kJ mol21 for the LL2. The latter
corresponds to our experimental value within ex-
perimental error, although the former is smaller
than predicted value. From the results, eq. (4)
seems to be valid when n is below 25. Further-
more, it is found from Figure 1 that G9 and G0 are
proportional to v2 and v, respectively, at lower
frequency region. Therefore, the rheological pa-
rameters in the terminal zone, that is, zero shear
viscosity h0 and steady-state compliance Je

0, can
be determined by the following relations:

h0 5 lim
v30

G0~v!

v
(5)

Je
0 5 lim

v30

G9~v!

G0~v!2 (6)

Following the equations, h0 is found to be 4.8
3 103 Pa s for the LL1 and 4.2 3 103 Pa s for the

LL2, and Je
0 is to be 4.2 3 1025 Pa21 for the LL1

and 1.8 3 1025 Pa21 for the LL2. It should be
noted that the magnitude of h0 for the LL1 is

Figure 1 Master curves of frequency dependence of
shear storage modulus G9 (F) and loss modulus G0 (E)
at 463 K for (a) LL1 and (b) LL2.
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larger than that for the LL2, although the LL1
has lower Mw than the LL2. Vega et al.16 have
demonstrated that molecular weight dependence
of h0 deviates from the values estimated by the
following relation proposed by Raju et al.,17 as
increasing the number of short chain branches.

h0 5 3.40 3 10215 Mw
3.60 (7)

Also in this study, the deviation from the relation
is more prominent for the LL1, which has a lot of
short chain branches. Moreover, Je

0 for the LL1
much deviate from the value of high density poly-
ethylene, which is calculated by eq. (8) proposed
by Mills18:

Je
0 5 2.5 3 1026 3 SMz

Mw
D 3.7

(8)

The result indicates that the molecular character-
istics, such as plateau modulus and/or critical
molecular weight for entanglements, deviate from
those of the linear polyethylene as increasing the
short chain branches. It has been reported that
the plateau modulus decreases with increasing
the short chain branches.19

Characterization of XL-LL

The gel fraction fg of the XL-LLs is plotted
against the DCP content in Figure 2. The gel
fraction is formed beyond 0.3 wt % of the DCP
content, whereas both the XL-LL1(0.2) and XL-
LL2(0.2) have no gel fraction. Therefore, the crit-
ical amount of the DCP for the gelation is esti-
mated to be between 0.2 and 0.3 wt %. Beyond 0.3
wt %, fgincreases monotonically. Furthermore,
fg of the XL-LL1 is slightly larger than that of the
XL-LL2 at the same level of the DCP content.

Figure 3 shows the degree of swelling q of the
gel fraction for the XL-LLs. As increasing the
DCP content, q decreases rapidly. The magnitude
of q of the XL-LL1 is almost the same as those of
the XL-LL2. The molecular weight between
crosslinking points Mc is calculated by

Mc 5
1

n*V (9)

Moreover, the network chain density n* is given
by q using the theory of Flory and Rehner.20

n* 5 2
ln~1 2 q21! 1 q21 1 xq22

V~q21/3 2 0.5q21!
(10)

Figure 2 Gel fraction plotted against DCP content for
XL-LL1 (E) and XL-LL2 (F).

Figure 3 Degree of swelling plotted against DCP con-
tent for XL-LL1 (E) and XL-LL2 (F).
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where V the partial molar volume of the swelling
solvent and x the Flory–Huggins interaction pa-
rameter. We use the following values according to
the literature11: V 5136 mL/mol and x 5 0.37.

As a result, the Mc of the XL-LLs is estimated
to be 104–106, which is much larger than the
average molecular weight between the entangle-
ment coupling by points of PE.21–23

Figure 4 Frequency dependence of storage modulus G9 (F), loss modulus G0 (E), and
loss tangent tan d (L) at 463 K for (a) XL-LL1(0.3), (b) XL-LL1(0.9), (c) XL-LL2(0.3),
and (d) XL-LL2(0.9).
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Figure 4 exemplifies the frequency dependence
of oscillatory shear moduli for some of the XL-
LLs. As seen in the figures, both G9 and G0 in-
crease with the DCP content. Furthermore, tand
is almost independent of the frequency. Valles et
al. have studied the viscoelastic properties for the
radiation-crosslinked polyethylene,24 in which
the polyethylene with narrow molecular weight
distribution (Mw/Mn 5 1.14) is employed. They
have demonstrated that the crosslinked polyeth-
ylene shows the scaling behavior in a very broad
vicinity of the gel point. Consequently, tand keeps
a constant value in the wide range of frequency.
Their result is the similar to the present one.
Furthermore, the magnitude of G9 is much larger
than that of G0 even for the XL-LLs containing 0.3
wt % of DCP, which are just beyond the critical
gel, suggesting that the XL-LL containing the
high level of DCP behaves as like a rubber. Figure
5 shows the storage modulus G9 for the XL-LLs.
The XL-LL1 exhibits higher value than the XL-
LL2 at the same level of the DCP content. More-
over, the XL-LL1(0.9) shows higher G9 than the
XL-LL2(0.5), although they have almost the same
gel fraction. The modulus seems to be determined
by both gel fraction and density of crosslink point.

Figure 6 shows the stress–strain curves for the
XL-LL1 [Fig. 6(a)] and the XL-LL2 [Fig. 6(b)] at
438 K. In the figure, l represents the extension
ratio. Neither necking nor brittle behavior is ob-
served in this strain region for all samples. The
stress level for the XL-LL corresponds with the
magnitude of storage modulus.

The stress–strain curves are characterized by
using the Mooney–Rivlin equation:

s 5 S2C1 1
2C2

l DSl 2
1
l2D (11)

where s is the nominal stress, l is the extension
ratio, and C1 and C2 are constants. According to
numerous studies,25–27 it is considered that both
trapped entanglements and crosslinks contribute
to C1 and C2 is associated with trapped entangle-
ments only. In Figure 7, s/2(l 2 l22) is plotted as
a function of l21 for the XL-LLs. The stress–
strain curves are found to be expressed by eq. (11)
in the experimental strain region. Therefore, both
C1 and C2 terms can be calculated. Figure 8
shows the relation between DCP content and both
C1 and C2 terms. As seen in the figure, C2 terms
are larger than C1 terms, which indicates trapped
entanglements play an important role for the

Figure 5 Frequency dependence of storage modulus
G9 at 438 K for (a) XL-LL1 and (b) XL-LL2. The nu-
merals in the figure denote the DCP content (wt %).
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Figure 6 Stress–strain curves of (a) XL-LL1 and (b)
XL-LL2 with different DCP contents at 438 K. The
numerals in the figure denote the DCP content (wt %).
In the figure, l represents the extension ratio.

Figure 7 Mooney–Rivlin plots of (a) XL-LL1 and (b)
XL-LL2.
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stress–strain behavior. Moreover, the C1 term
increases linearly with the DCP content. From
the intersection of the x-axis, the critical amount
of the DCP content for the gelation is estimated to
be between 0.2 and 0.3 wt % for both the XL-LL1
and the XL-LL2, which is in good agreement with
the gel fraction measurement as shown in Figure
2. Moreover, the order of the sum of C1 and C2
terms, which represents the elastic modulus at
the limit of the small strain, coincides with that of
the oscillatory storage modulus.

Figure 9 shows the peak temperature of crys-
tallization Tc for the XL-LLs. It is obvious that Tc
of the XL-LL2 is much higher than that of the
XL-LL1 irrespective of the DCP content. Further-
more, it is also found that the depression of Tc due
to crosslinking is not so large for both XL-LLs.

Structure of the Foams

Mechanical properties of XL-PE foams, which is
characterized, in general, as closed-cell structure,
are much affected by the expansion ratio. Accord-
ing to Hosoda et al.,28 expansion ratio ER of XL-
LD foams is determined by the gel fraction as far
as the amount of a blowing agent is constant. Also

in this study, ER decreases with increasing the gel
fraction fg as shown in Figure 10. Moreover, it is
impossible to produce the foam, in which fg is
below 0.7. The gel fraction, however, dose not
govern the expansion ratio. Relation between
DCP content and ER depends on the species of the
LL. This is plausible because the rheological prop-
erties are not determined only by the gel fraction.
Nevertheless, even considering the rheological
properties, we cannot predict the expansion ratio
exactly. For example, the XL-LL1(0.5) foam ex-
hibits slightly larger ER than the XL-LL2(0.7)
foam, although the XL-LL1(0.5) shows lower G9.
Moreover, ER of the XL-LL2(0.9) foam is as same
as that of the XL-LL1(0.7) foam, although the
XL-LL2(0.9) shows higher G9. The difference in
the crystallization temperature will be responsi-
ble for the phenomena. After expansion, the gas
in the cell, which is produced by the decomposi-
tion of the blowing agent, lessens its volume ow-
ing to the cooling. Therefore, the XL-LL foams
show the elastic recovery, that is, shrinkage, prior
to the crystallization. As a result, the crystalliza-
tion temperature of the foams has a significant
influence on the shrinkage, hence expansion ra-
tio. The XL-LL foam with high Tc cannot exhibit
the large magnitude of elastic recovery, because

Figure 9 Relation between DCP content and crystal-
lization temperature Tc for XL-LL1 (E) and XL-LL2
(F).

Figure 8 Relation between DCP content and C1 (cir-
cles) and C2 (diamonds) terms for XL-LL1 and XL-LL2.
Open symbols represent constants for XL-LL1 and
closed ones for XL-LL2.
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the immediate crystallization prevents the molec-
ular motion to a great degree. Figure 11 shows
the time variation of the dimension in length of
the foams after taking out from the mold. The
XL-LL1(0.5) foam shows a marked shrinkage as-
cribed to the elastic recovery. On the other hand,
the XL-LL2(0.7) foam shows only small shrinkage
owing to the crystallization. Accordingly, the XL-
LL1(0.5) foam exhibits larger ER, although it
shows lower G9 than the XL-LL2(0.7). Thus, the
thermal properties, which is responsible for the
shrinkage, also affect the expansion ratio as well
as the rheological properties.

CONCLUSIONS

The foam processing properties of peroxide-
crosslinked linear low-density polyethylenes have
been investigated. In this study, two types of the
LL produced by a metallocene catalyst, which has
different number of short chain branches are
used. It was found that both gel fraction and
crosslink density determines the rheological prop-
erties, such as oscillatory shear modulus and
stress–strain curves, of the XL-LL. The expansion

ratio of the XL-LL foam is decided by the follow-
ing two factors. The one is the elastic modulus of
the crosslinked materials. As increasing the elas-
tic modulus, the expansion ratio of the foams de-
creases. The other is the crystallization tempera-
ture Tc. The sample with lower Tc exhibits the
marked shrinkage after ejecting from the mold,
which is the elastic recovery due to the volume
reduction of the gas. The degree of shrinkage
decreases with increasing the Tc, because imme-
diate crystallization prevents the shrinkage.
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