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ABSTRACT: The linear steady-state shear compliances Je
0 of two linear short-chain branchedmetallocene-

catalyzed polyethylenes (mLLDPE), two long-chain branched metallocene-catalyzed polyethylenes (LCB-
mLLDPE), and two classical low density polyethylenes (LDPE) were determined in creep-recovery tests in
shear between 130 and 190 �C. In order to investigate the dependence of Je

0 on the molecular structure the
polyethylenes were characterized by high-temperature size-exclusion chromatography coupled with a
multiangle laser light scattering device (SEC-MALLS). For the linear mLLDPE the lowest Je

0 independent
of temperature were observed. For the LCB-mLLDPE having similar polydispersities as the linear mLLDPE
not only an increase of Je

0 by about 1 order of magnitude compared to the linear mLLDPE but also a
significant decrease in Je

0 with increasing temperature was found. For the LDPE possessing long-chain
branches as well as higher polydispersities, the highest Je

0 values were detected, which were also temperature
dependent. For the LDPE, the decrease of Je

0 with increasing temperature is less pronounced than for the
LCB-mLLDPE. However, for both material types the temperature dependence of Je

0 is much stronger than
expected from the rubber elastic theory.

Introduction

Although the elastic behavior of polymer melts as e.g. the
extrudate swell in extrusion is of great importance for processing
it is not as extensively investigated as the viscous behavior. One
reason for this fact is that well-defined elastic properties are not
easy to determine. The extrudate swell which is experimentally
not too difficult to obtain in most cases, however, is a nonlinear
quantity caused by both shear and extensional deformation.
Therefore, in this paper elastic properties under well-defined
shear in the linear viscoelastic range are investigated. Creep-
recovery experiments allow the determination of both the
viscous part of the deformation characterized by the zero-
shear rate viscosity η0 and the elastic part described by the
linear steady-state shear compliance Je

0. Creep-recovery experi-
ments are not used as frequently as other rheological tests in shear
(dynamic-mechanical, stressing, or relaxation experiments). But
they are a very suitablemethod formeasuring Je

0, as experimental
access to long retardation times canmore easily be obtained with
these tests than in dynamic-mechanical experiments.

The linear steady-state compliance Je
0 of amaterial depends on

a number of molecular parameters. From the literature, it is
known that for linear monodisperse polymers above the critical
molar massMc, being 5.5 times the entanglement molar massMe

(Mc = 5.5Me), Je
0 is molar mass independent.1-3 Values on the

order of 10-6-10-5 Pa-1 are given. For commercial PMMA
samples of very similar molar mass distributions Je

0 data in-
dependent of the molar mass were observed.4 However, Je

0

increases distinctly with broadening of the molar mass distribu-
tion (MMD). This effect was thoroughly investigated for bi- and
trimodal blends of linear nearly monodisperse polymers. It was

shown for several polymers like PS5-7 and polyisobutylene8 that
the presence of a highmolarmass component in a blend increases
Je

0 significantly. Je
0 as a function of the concentration of the high

molar mass component exhibits a maximum at low amounts.
Pechhold et al.8 investigated blends of polyisobutylenes whose
highmolar mass component was 12.5 times higher inmolar mass
than that of the matrix. For these blends they report a maximum
in Je

0 100 times larger than Je
0 of the blend partners. Graessley

and Struchlinski9 observed a similar behavior for blends of
monodisperse polybutadienes. A broader molar mass distribu-
tion (Mw/Mn > 2) typical of many commercially available
products increases Je

0 as well. Data of Gabriel and M
::
unstedt10

onmLLDPEandmHDPEwithasimilarpolydispersity (Mw/Mn≈2)
and comparableMw showed an increase in Je

0 of about a factor
of 30 compared to the narrowly distributed polybutadienes
which can be regarded as model polymers for short-chain
branched polyethylenes as they have a similar entanglement
molar mass Me.

The introductionof long-chainbranches (LCB) increases Je
0 as

well.10-18 Je
0 of the long-chain branched materials proved to be

higher by a factor of about 10 to 100 compared to their linear
counterparts.2,3,19,20

For long-chain branched polymers, however, no comprehen-
sive studies have been carried out concerning the influence of
molar mass, branching architecture, or temperature on Je

0,
because of the lack of products of defined molar mass distribu-
tions and branching topographies. For polystyrenes with defined
branching structures (stars, H-shaped polymers, combs) an
increase of Je

0 with increasing molar mass Mw was observed
for a broad range of molar masses.12,14,20

For polyethylenes, the situation concerning the lack of defined
products improved with the availability of metallocene-catalyzed
products in the last years. Investigations on commercially avail-
able polyethylenes indicated that Je

0 of LCB-mLLDPE is higher
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by approximately 1 order of magnitude compared to linear
mLLDPE.21 Despite the broader molar mass distribution of
LDPE Je

0 was found to be similar or only slightly higher than
for the LCB-mLLDPE. This finding was explained by differences
in their branching functionalities.10,15,16,21

The temperature dependence of the linear steady-state com-
pliance Je

0 has rarely been investigated for polyethylene melts of
different molecular structure. For linear and short-chain
branched melts Je

0 was found to be independent of the tempera-
ture or directly proportional to the absolute temperature T; i.e.,
they are only very slightly temperature dependent.1

The temperature dependence of viscoelastic properties of
polyethylenes of different structures using G0(ω) and G0 0(ω) has
been investigated but is not fully understood, yet. For LCB-
mLLDPE a thermorheological complexity was frequently re-
ported22-24 but the answer on the question how such abehavior is
reflected by the elasticity of polyethylenes of various molecular
structures was not given. Creep-recovery experiments are a
promising tool to tackle this open field.

Materials and Methods

Materials. In this study three different classes of polyethy-
lenes (mLLDPE, LCB-mLLDPE, and LDPE) are investigated.
Some of their fundamental data are given in Table 1. L 6-2 and
L 6-4 are linear hexene-mLLDPE from Basell and Exxon,
respectively. All materials were stabilized by 0.5 wt % Irgafos
168 and 0.5 wt % Irganox 1010 (Ciba AG, Basel, Switzerland).

Thermal and Molecular Characterization. The melting point
was determined by DSC (TA Instruments DSC 2920) from the
second heating run. The heating and cooling rates applied were
10 K/min.

Molar mass measurements were carried out by means of a
high-temperature size-exclusion chromatograph (PL 220, Var-
ian Inc.) equipped with a refractive index (RI) and an infrared
detector (PolyChar, IR4). All measurements were performed
using Shodex columns (UT806MandUT807) at 140 �C in 1,2,4-
trichlorobenzene (TCB) as the solvent. The high temperature
SEC was coupled with a multiangle laser light scattering
(MALLS) apparatus (Wyatt, DAWN EOS). Experimental de-
tails of the SEC-MALLS setup and the measuring conditions
were previously published elsewhere.25

Rheology.For determining the linear steady-state compliance
Je

0 special requirements concerning measuring equipment and
experimental practice are essential. Rheometers with low fric-
tion bearings and, thus, very little residual torques are necessary
to conduct creep-recovery experiments with sufficient accu-
racy.26 Concerning the experiment, it has to be ensured that
themeasurements are conducted in the linear viscoelastic regime
and that the steady state is reached in the preceding creep and the
recovery test.

Classically, creep-recovery tests used to be performed by
individually constructed rheometers with a magnetic bearing;27,28

their residual torque is very low and they are nearly friction free.
The air bearings of the latest generation of commercially
available rheometers also proved to be suitable for conducting
creep-recovery tests within a certain accuracy limit.18,29 A fur-
ther improvement is achieved by the first commercial magnetic
bearing rheometer, the TA Instruments AR-G2, which is used in
this work.

The rheological tests were carried out in a nitrogen atmo-
sphere using a 25 mm parallel-plate geometry. Creep and
recovery tests were performed in the linear viscoelastic regime
at stresses between 2 and 30 Pa. On each sample a frequency
sweep (from ω=628 to 0.01 s-1) was conducted prior to the
beginning and after the creep-recovery measurements to inves-
tigate the thermal stability during the test.

The samples were prepared in a hot press at 180 �C under
vacuum. After the sample was loaded, a conditioning time of
10-45 min, depending on the elasticity of the sample, was
applied to allow the normal forces in the melt to relax. Also
between the initial frequency sweep and the following creep-
recovery experiment this waiting time was applied.30 Further-
more, a correction for residual torques has to be applied, in
particular, if the recoverable part is low.26

Results

SEC-MALLS. The polyethylenes were characterized
with respect to their absolute molar mass distribution by
size-exclusion chromatography (SEC) coupled with multi-
angle laser light scattering (MALLS). The molar mass dis-
tributions are displayed in Figure 1. The corresponding
molar mass averages are collected in Table 1. While the
polymers synthesized using metallocene catalysts (L 6-2,
L 6-4, LB 1, and LB 4) show similar narrow molar mass
distributions for slightly different molar mass averages,
broad distributions with a pronounced high molar mass tail
are found in the case of the LDPE products.

The different topographies of the polymers show up in
Figure 2 where the expected value of the square of the radius
of gyration Ærg2æ is plotted as a function of the absolute molar
masses of the SEC-slices. The linear products L 6-2 and
L 6-4 (not shown for reasons of clarity) come to lie on a
straight line of a double logarithmic slope of 1.172 which
corresponds to the exponent a = 0.586 in the scaling law

Ærg2æ0:5 ¼KMLS
a ð1Þ

The values of the exponent as well as of the prefactor K of
0.024 (for Ærg2æ0.5 in nm and M in g/mol) are in good
agreement with the data published in the literature.31

Table 1. Molecular and Rheological Characteristics

material Mw [kg/mol] Mw/Mn comonomer Tm [�C] η0 (T = 150 �C) [Pa s] η0/η0
lin LCBRheo LCBSEC

L 6-2 111 2.5 hexene 119 15 500 1.2 none none
L 6-4 124 2.9 hexene 120 16 400 0.8 none none
LB 1 100 2.4 octene 102 33 100 3.7 starlike little
LB 4 91 2.4 octene 106 45 400 7.1 starlike little
LDPE 1 377 18 110 481 300 0.5 treelike very high
LDPE 4 217 14 109 60 700 0.4 treelike very high

Figure 1. Molar mass distribution of the polyethylenes investigated.
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Themolarmass dependences of the radii of gyration of the
products LB 1 and LB 4 are very similar. Therefore, only LB
4 is shown and discussed for reasons of clarity. For molar
masses below about 150 000 g/mol, all measured radii lie on
the line for the linear polyethylenes, whereas for high molar
masses a slight coil contraction becomes visible. The coil
contraction is an indication of few long-chain branches in the
sample. In contrast, the LDPE resins exhibit a pronounced
coil contraction over the whole range of molar masses
confirming the high level of long-chain branching of the
LDPE. In the highmolarmass regime atmolarmasses above
106 g/mol, the LDPE 1 shows a somewhat weaker coil
contraction. In addition, the LDPE 1 extends to higher
molar masses than the LDPE 4.

Besides the qualitative assessment of the degree of branch-
ing obtained fromGPC-MALLS, Table 1 contains another
indicator for long-chain branching, which is derived from
themeasurements of the zero-shear rate viscosity η0 (see next
section on rheology). When correlating η0 of linear poly-
ethylenes with the absolute weight averagemolarmassMw, for
a broad range of molar masses a double-logarithmic slope
of 3.4 to 3.6 was reported.13,35,36 As has been shown
by Gabriel andM

::
unstedt,10 Piel at al.37 and others, the ratio

of the measured zero-shear rate viscosity to the viscosity
of a linear molecule of the same (absolute) weight average
molar mass (scaling law by Stadler et al.25) allows for a
discrimination of the different branching topographies. This
ratio is called the zero shear-rate viscosity enhancement
factor η0/η0

lin. A ratio around 1 stands for a linear molecule,
values larger than 1 indicate a well-entangled molecule
topography, with only few arms, while values below 1 are
typical of a treelike branching structure of high branching
functionality.

Rheology. Linearity and Stationarity in Creep-Recovery
Tests. In a creep-recovery experiment a constant stress τ0 is
applied to the sample for a certain creep time t= t0. At t0 the
stress τ0 is set to zero and the recovery part of the experiment
starts. The measured quantities are the strain γ as a function
of creep time t and the recoverable strain γr as a function of
the recovery time tr.

The creep compliance J(t) is defined as

JðtÞ ¼ γðtÞ
τ0

ð2Þ

In the linear range of deformation, J(t) is independent of
the creep stress τ0. The creep compliance consists of three

parts, i.e.

JðtÞ ¼J0 þψðtÞ þ t

η0
ð3Þ

J0 is the instantaneous elastic compliance, t/η0 is the irrever-
sible viscous term, and ψ(t) is the viscoelastic part. η0 is the
zero shear-rate viscosity that can be determined from experi-
ments conducted at stresses in the linear regime as

η0 ¼ lim
t f ¥

t

JðtÞ ð4Þ

The recoverable compliance Jr(tr) is defined as

Jrðtr, t0Þ ¼ γrðtr, t0Þ
τ0

ð5Þ

and depends on the recovery time tr as well as on the previous
creep time t0.

38 It can be decomposed into:

Jrðtr, t0Þ¼ J0 þψðtr, t0Þ ð6Þ
For infinitely long creep and recovery times in the linear
regime, the stationary value Je

0 is obtained:

lim
tr f ¥
t0 f ¥

Jrðt0, trÞ ¼Je
0

ð7Þ

In order to ensure that the linear terminal value of the
steady-state compliance Je

0 is obtained it has to be shown that
its value is independent of the preceding creep time t0, the
recovery time tr, and the applied stress τ0. Figure 3 gives the
dependence on creep time t0 for LB 4 at a creep stress of 20
Pa applied for various times t0 between 50 and 10 000 s. The
curves for Jr(tr) merge at short recovery times. All of them
show a stationary value, which increases with increasing
creep time t0. For the creep times of 3600 s and 10 000 s,
however, the recoverable compliances Jr(tr) coincide, indi-
cating that the highest possible recovery is reached. The
creep-recovery at a stress of 5 Pa and a creep time of 1000 s
is very similar with the curves after previous creep times of
t0=3600 s and 10 000 s at a stress of 20 Pa. This finding
indicates that themeasurements were performed in the linear
regime and, therefore, Je

0 is obtained. From these results the

Figure 2. Expectation value of the square of the radius of gyration Ærg2æ
as a function of absolute molar mass for three different poly-
ethylenes.32 Figure 3. Jr(tr) for LB 4 and LDPE 1 at 150 �C measured at various

shear stresses and different times t0 of the preceding creep test.
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experimental conditions of τ0=20 Pa and t0=4000 s were
chosen for the following experiments on this material. In
addition, the stationarity for LDPE1 is shown in Figure 3, too.

The proof for stationarity and linearity was conducted for
all the samples. Thus, it was ensured that the linear and
steady-state values are discussed in the following.

Temperature Dependence of Creep-Recovery Measurements
Linear mLLDPE. In Figure 4, the creep and the recover-

able compliances of the two linear mLLDPE samples are
plotted as a function of time. The creep compliances J(t) of
both materials reach the constant double logarithmic slope
of one after about 10 s, even at the lowest measuring
temperature of 130 �C indicating that after this time the
steady state of creep was reached in good approximation. In
this regime the zero-shear rate viscosities η0 can be calculated
from the creep curves. They are given in Table 1. The values
of Je

0 for both materials are very low.39 They reflect the

narrow molar mass distribution and the absence of long-
chain branches (see also refs 16 and 21). The somewhat
higher polydispersity of L 6-4 is not reflected by the linear
steady state compliances,40 which are listed for all tempera-
tures measured in Table 2 and plotted in Figure 8 as a
function of the inverse absolute temperature.41

A closer look at the recoverable compliance Jr(tr) reveals
that for both materials the steady state in the recovery
experiment is already reached after about 100 s.

The linear steady-state compliances Je
0 are independent of

temperature for both samples. A detailed discussion con-
cerning the temperature dependence of all materials will be
given in the Discussion.

LCB-mLLDPE. The results of the creep-recovery mea-
surements at four different temperatures for the two LCB-
mLLDPE are given in Figure 5. Although the molar mass
distributions are similar to those of the linear mLLDPE, the
terminal relaxation times are much larger due to the long-
chain branches. Thus, longer creep and recovery times are
necessary to reach stationarity.

For short timeswhen the viscous contribution to J(t) is still
negligible, Jr(tr) and J(t) are nearly identical.42 Jr(tr) start
from a level about 1 decade higher compared to the linear
mLLDPE and show a more pronounced time dependence
than the linear mLLDPE. In contrast to the linear mLLDPE
the curves of Jr(tr) for the different temperature cross
each other and reach different stationary values Je

0. Thus,
Je

0 is temperature dependent and increases with decrea-
sing temperature. Explanations for this finding will be given
later.

The values of Je
0 for all products at all temperatures

measured are listed in Table 2. It shows that for the long-
chain branched mLLDPE the values for Je

0 are more than
1 order of magnitude larger than for the two linearmLLDPE.
Je

0 is slightly higher for LB 1 than for LB 4. Taking the
viscosity enhancement factor as the most sensitive tool for the
effectiveness of the LCB into account, it has to be conclu-
ded that LB 4 is more branched than LB 1. The differences
in branching are not reflected in the values of Je

0. An
explanation for these findings is given later in the discussion
part.

LDPE. The recovery data of LDPE 1 and LDPE 4 are
given inFigure 6.43 The steady state could be reached in creep
(not shown) and creep-recovery, although the necessary
creep and recovery times are quite long (almost 30 000 s at
130 �C for LDPE 1). This is due to the high molar mass and
the long-chain branching of LDPE 1. For LDPE 4 signifi-
cantly lower creep and recovery times are required due to the
lower molar massMw (Figure 6b). For LDPE 1 and LDPE 4
the linear steady-state compliances also show a decrease of
Je

0 with increasing temperature, which is weaker, however,
compared to the LCB-mLLDPE resins, (see Figure 5a,
Figure 5b, and Table 2).

Determination of Activation Energies. At long creep times
the creep compliances J(t) reach a constant double logarith-
mic slope of 1 in all the measurements performed, allowing

Table 2. Je
0
[10

-4
Pa

-1
] Measured at Different Temperatures for the Materials Investigated

a
and Activation Energy Ea Determined from η0

T [�C] L 6-2 L 6-4 LB 1 LB 4 LDPE 1 LDPE 4

130 0.50( 0.01 0.45( 0.05 6.13( 0.55 5.14( 0.09 14.1( 0.1 11.7( 0.6
150 0.50( 0.02 0.46( 0.05 5.25( 0.08 4.50( 0.06 12.8( 0.6 11.0( 0.3
170 0.50( 0.02 0.45( 0.02 4.54( 0.08 3.98( 0.06 11.9( 0.4 10.3( 0.7
190 0.50( 0.02 0.46( 0.03 3.82( 0.22 3.55 ( 0.03 10.3( 0.9 9.8( 0.4

Ea [kJ/mol] 33.4( 1.1 33.6 ( 0.8 46.1( 1.0 48.9( 0.4 68.5( 1.1 64.0( 1.6

aThe Je
0 values in the table are averages of at least five independent measurements.

Figure 4. Creep compliance J(t) and recoverable compliance Jr(tr) for
mLLDPE (a) L 6-2 and (b) L 6-4 at various temperatures and stresses
in the linear regime.
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the calculation of the zero-shear rate viscosities η0 accor-
ding to eq 4. The viscosities are presented in an Arrhenius-
plot in Figure 7. As expected, a constant activation energy
Ea is found for each sample from the slope of the linear
fits to the data, which describe the experimental data very
well.

The activation energies calculated from Figure 7 are listed
in Table 2. Three categories can be distinguished. For the
LDPEmaterials the highest activation energy is found, while
the linear materials show the lowest values. The activation
energies of the LCB-mLLDPE lie in-between. The Ea values
determined are in good agreement with literature where
activation energies in the range of 26-36 kJ/mol are reported
for linear PE, 35-50 kJ/mol for LCB-mLLDPE, and around
60 kJ/mol for LDPE, respectively.21,22,44,45

Discussion

Increase of Elasticity by the Introduction of Long-Chain
Branches. The LLDPE materials investigated allow a dis-
cussion of the influence of long-chain branches on the elastic
properties as their molar-mass distributions are very similar.

Je
0 of the LCB-mLLDPE LB 1 and LB 4 is about an order

ofmagnitude higher compared to the linearmLLDPEL 6-2
and L 6-4 (Table 2). This increase in elasticity can solely
be attributed to the long-chain branches. Je

0 of LB 1 are
slightly higher than those of LB 4 at all temperatures.
A qualitative explanation can be derived using the results
of SEC-MALLS and the findings of Graessley and Roovers12

on star-branched polystyrenes of various functionalities.

For the LCB-mLLDPE the radii of gyration (see Figure 2)
come to lie on the line of the linear polyethylenes at low
molar masses, while at higher molar masses the radii are
somewhat smaller than those of the linear molecules. There-
fore, it is concluded that thesematerials aremixtures of linear
and long-chain branched molecules with a mostly starlike
topography.46 Graessley and Roovers observed for their
star-branched polystyrenes of fixed functionality an increase
of Je

0 with molar mass. This increase is reflected in the

Figure 5. Creep compliance J(t) and recoverable compliance Jr(tr) for
LCB-mLLDPE (a) LB 1 and (b) LB 4 at various temperatures and
stresses in the linear regime.

Figure 6. Recoverable compliances Jr(tr) for (a) LDPE1 and (b) LDPE
4 at various temperatures and stresses in the linear regime.

Figure 7. Arrhenius-plots of the zero-shear viscosities η0 for all PE
measured. The data of L 6-2 and L 6-4 cannot be distinguished.
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description of the molar mass dependence of Je
0 for stars

given by Pearson and Helfland.48

Je
0 ¼ν0

Ma

Me

1

GN
0

ð8Þ

In this equation, Ma is the molar mass of an arm of the
star,Me the entanglement molar mass (Me = 4/5 FRT/GN

0),
GN

0 the modulus in the rubbery plateau, and ν0 a constant
prefactor in the order of 0.6. If the functionality of the star is
fixed an increase of molar mass results in a growing molar
mass of the armsMa and finally in higher Je

0.As in the case of
LB 4 and LB 1 the weight average molar mass of LB 1 is
about 10% higher (see Table 1), eq 8 would predict an
increase in Je

0 of the same order. The values in Table 2 show
an increase of about 13% for LB 1 averaged over all
temperatures. Therefore, the assumption of a constant aver-
age functionality of the branching structure in the LCB-
mLLDPE seems to be reasonable, especially as the two
materials are produced using the same technology.

For the LDPE the situation is more complex. Their Je
0 is

higher by a factor of 2 to 3 than those of the LCB-mLLDPE.
In comparison to the LCB-mLLDPE two molecular para-
meters are changed for the LDPE. First, the molar mass
distributions of the LDPE aremuch broader and have a high
molecular weight tail. Both factors are known to increase the
elasticity. For linear HDPE of a similar polydispersity even
higher Je

0 were reported.21 Second, the coil contraction
measured for the LDPE (cf. Figure 2) is much larger indicat-
ing a more branched structure. The increase in elasticity of
LDPE 1 compared to LDPE 4 is presumably only caused by
the broader molar mass distribution, as its coil contraction is
similar to that of LDPE 4.

Temperature Dependence of the Linear Steady-State Com-
pliance. In Figure 8, the linear steady-state compliance Je

0 is
plotted as a function of the inverse absolute temperature for
all polyethylenes investigated. Three classes of temperature
dependence can be distinguished.

For the linear mLLDPE the linear steady-state com-
pliances Je

0 are independent of temperature.
For the long-chain branched mLLDPE materials LB 1

and LB 4 and the two LDPE a distinct decrease of Je
0 with

temperature was found. The LCB-mLLDPE and LDPE
investigated differ in their temperature dependence, however.
Je

0 of LDPE shows a distinctly weaker temperature depen-
dence than that of the LCB-mLLDPE.49 These findings have
to be explained.

Assuming a temperature dependence of Je
0 similar to that

known from rubber elasticity the following equation should
hold:51

Je
0ðTÞ¼ F0T0

FT
Je

0ðT0Þ ð9Þ

According to this relation, a decrease of Je
0 of about 15%

is expected with increasing temperature in the temperature
regime investigated assuming a coefficient of thermal expan-
sion of 6 � 10-4 K-1 for the melt. In Figure 8 the change of
Je

0 caused by the temperature dependence of the entropic
spring network is indicated for the material LB 4 as full line.
The change in elasticity found in the experiments, however, is
too pronounced as being able to be attributed to the tem-
perature dependence originating from the model of rubber
elasticity.

The temperature effect found cannot be related to a lack of
stationarity, either. At a constant stress, the stationarity of
the creep and the recovery experiments would be reached at
shorter times for the higher temperatures. Thus, if nonsta-
tionarity would be an issue, at a distinct time the higher
temperatures would result in higher values of Je

0, and not in
lower ones as found.

As themodel of rubber elasticity and experimental conditions
do not explain the different temperature dependences of Je

0,
differences of themolecular structure of themLLDPE, LCB-
mLLDPE, and LDPEmay be the reason. As already pointed
out in the previous chapter the LCB-mLLDPE have to be
considered as blends of linear, starlike branched molecules
and few more branched molecules, e.g., H-shaped species.
Consequently, this behavior similar to a blend should also be
visible in other rheological quantities, particularly, in the
retardation and relaxation spectra. In agreement with litera-
ture for the investigated LCB-mLLDPE two main relaxa-
tion modes were found.18,44,52,53 The one at shorter times
was interpreted to correspond to the linear chains with low
molar masses, while the longer one was assumed to be the
consequence of the long-chain branched chains of higher
relaxation or retardation times, respectively. In this inter-
pretation, the linear molecules dominate the short retarda-
tion times and the branched molecules the longer ones. As
an example, these assumptions are visualized in Figure 9
in which for two different temperatures the retardation
spectra of the components as well as of the blend are shown.
For the reason of simplicity, the same shape of the spectra
is assumed for the linear and the LCB component. The
spectrum of the blend was obtained by a linear superposi-
tion, which excludes any interaction between the two blend
components.

As long-chain branched polyethylenes have amuch higher
activation energy than linear ones (cf. Table 2), a change of
the temperature influences the mobility of the linear and
branched molecules differently. Due to the higher activation
energy of the long-chain branched molecules, their retarda-
tion times are lowered more by an increase in temperature
than those of to the linear species (see Figure 9). Therefore,
the assumed difference in retardation times between the
linear and the long-chain branched molecules will decrease.
As a consequence, Je

0 given by

Je
0¼

Z ¥

-¥
LðτÞ dðln τÞ ð10Þ

will become temperature dependent.
Since the activation energy of the LCB molecules is larger

than for the linear ones an increase in temperature makes
the spread of the retardation spectrum axis more narrow

Figure 8. Logarithmic plot of the linear steady-state compliance Je
0 as

a function of the inverse absolute temperature for all PE investigated.
The full line shows the density correction applied for LB 4 based on
T0 = 463 K.
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(cf. Figure 9). Consequently, the integral according to eq 10
and, therefore, Je

0 becomes smaller.
These considerations also allow the interpretation of the

missing temperature dependence of Je
0 of the linear

mLLDPE. It is not unrealistic to assume that the linear
mLLDPE consist of short-chain branched molecules only,
which means that all molecules have the same temperature
dependence. In such a case, a change in temperature leads to
a shift of the whole spectrum by the same factor, leaving the
shape of the spectrum and the integral of eq 10 unchanged.

The findings of a small temperature dependence of the two
LDPE samples investigated can be explained as follows. In
LDPE all molecules are long-chain branched. From the
SEC-MALLS data (Figure 2) it can be concluded that the
branching topography changes withmolarmass. It is not too
hypothetical to assume, however, that the differences in
activation energies will be smaller compared to those be-
tween linear and LCB molecules.2 As a consequence, the
temperature dependence of Je

0 will become less pronounced.
The temperature dependence of Je

0 reflects the thermo-
rheological complex behavior,50 which is reported in the lite-
rature for LCB-mLLDPE and LDPE,23,45 mostly from
dynamic mechanical measurements. As in creep-recovery
experiments the viscous properties are measured, too, the
analysis of the temperature dependence of J(t) would be of
interest as well. At long measuring times, the viscous con-
tributions dominate. When applying the shift-factors deter-
mined from the zero-shear rate viscosity to the J(t) curves
they should perfectly overlap in this regime. At short mea-
suring times, however, the elastic contributions to J(t) are
significant, and thus, for the thermorheological complex
materials, thermorheological complexity should be visible.

Conclusions

Comparing the linear steady-state shear compliances Je
0 of the

linearmLLDPEL6-2 and the twoLCB-mLLDPEwhich have a
similar polydispersity index Mw/Mn conclusions with respect to
the influence of LCB on the elasticity of the materials can be
drawn. The introduction of mostly starlike and some H-shaped
long-chain branches increases Je

0 by an order of magnitude. For
the LDPE resins of broad molar mass distributions and treelike
branching topographies an increase of Je

0 by about a factor of
20 with respect to the linear mLLDPE was measured. As two
factors influencing the elasticity have been changed in the case of
LDPE, a separation of the effect of molar mass distribution and

of branching is not possible. However, it can be concluded that
the starlike branching topography has a very pronounced influ-
ence on the elasticity even at low branching levels.

The linear steady-state compliance of linear mLLDPE has
been shown to be independent of temperature whereas Je

0 of
LCB-mLLDPE increases with decreasing temperature. This
experimental result not reported in the literature before cannot
be explained by applying the usual correction factor F0T0/FT as
the temperature effect is about four times stronger than predicted
by this factor in the temperature regime investigated. The
temperature dependence of Je

0 for the LCB-mLLDPE can be
explained by assuming that this material is a blend of linear and
branchedmolecules (mostly three-arm stars, fewH-shapedmole-
cules), which possess different activation energies.24 A change in
temperature then produces different temperature shifts of the
retardation times for the various species, resulting in a change of
the shape of the retardation spectrum, which consequently leads
to different values for Je

0. This assumption is particularly
strongly verified in case of the LCB-mLLDPE, for which the
activation energy of the linear molecules is much lower than that
of the long-chain branched species.

The LDPE show a temperature dependence of Je
0 similar to

the LCB-mLLDPE but the changes found are less pronounced.
Therefore, following the arguments given above, processes with
different activation energies are postulated for the LDPE, too.
This assumption is supported by the dependence of the radii of
gyration onMw in Figure 2 which points to a higher effectivity of
branches at larger molar masses than at smaller ones.

From these considerations, it was concluded that the tempera-
ture dependence of Je

0 will be the stronger the larger the
difference in the activation energies of the two (or more) species
of different topography is.
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