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ABSTRACT: A series of polyethylene (PE) samples were
prepared in a slurry polymerization with bis(cyclopentadi-
enyl) zirconium dichloride (Cp2ZrCl2)/modified methylalu-
minoxane (MMAO) using a semibatch reactor. The samples
had long-chain branch densities (LCBDs) of a 0.03–1.0
branch per 10,000 carbons and long-chain branch frequen-
cies (LCBFs) up to a 0.22 branch per polymer molecule. The
rheological and dynamic mechanical behaviors of these
long-chain branched PE samples were evaluated. Increasing
the LCBF significantly increased the �0’s and enhanced
shear thinning. Long-chain branching (LCB) also influenced
the loss modulus and storage modulus. Increasing the LCBF

led to enhanced G� and G� values at low shear rates and
broader relaxation spectrums. The samples exhibited ther-
morheologically complex behavior. LCB also played a sig-
nificant role in the dynamic mechanical behavior. Increasing
the LCBF increased the stiffness of the polymer and en-
hanced the damping or energy dissipation. However, LCB
had little influence on the crystalline structure of the PE. The
�- and �-relaxations showed little dependence on the LCBF.
© 2004 Wiley Periodicals, Inc. J Appl Polym Sci 92: 307–316, 2004

Key words: polyethylene (PE); long chain branching; char-
acterization; rheology; mechanical property

INTRODUCTION

There has been much research focused on establishing
the relationships between the molecular architecture
and the processing/materials properties of polyolefins
in recent years.1–8 The influence of long-chain branch-
ing (LCB) on the viscoelastic/mechanical behavior of
polymers can be remarkable.9,10 The precise effects of
LCB are not well understood, however, due to the
difficulty of producing well-defined samples with a
broad range of molecular attributes. There are many
molecular properties which influence the physical
characteristics of polymers including the molecular
weight, molecular weight distribution (MWD), short-
chain branching (SCB), LCB, branch length, and
branch frequency distribution. These properties act in
concert and separating individual influences has
proven to be difficult.

Extremely low levels of LCB have been shown to
have significant influence on the viscoelastic behavior
of polyolefins. Carella et al.4 observed significantly
enhanced zero-shear viscosities (�0) compared to lin-
ear polymers with similar molecular weights in star-
branched hydrogenated polybutadienes (HPBs). It
was demonstrated that the �0 of star-branched HPBs
varied exponentially with the arm molecular weight.
Further studies by Jordan et al.11 on asymmetric three-
arm star HPBs determined that the length necessary
for a branch to behave as a long-chain branch was 2Me.
It has been shown that the Me for PE is 1250. Yan et
al.12 observed significant enhancements in �0, shear
thinning and flow-activation energies in LCB polyeth-
ylene (PE) produced in a continuous stirred tank re-
actor (CSTR) using a constrained geometry catalyst
(CGC).

Recent innovations in single-site-type catalysts al-
low the preparation of polymers with narrow
MWDs.13,14 Dow Chemical’s CGC was used to synthe-
size long-chain branched PEs of various molecular
weights and long-chain branch densities (LCBDs).15,16

This catalyst, with its open configuration, produces
LCB through the insertion of vinyl-terminated PE
formed in situ through �-hydride elimination or chain
transfer to the monomer. Recently, we reported a con-
tinuous solution polymerization of ethylene15 and the
shear-thinning properties of the resulting long-chain
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branched PEs.12 We also reported the preparation of
long-chain branched PEs using a semibatch slurry
process.17 In this work, we report experimental data
for the thermorheological and dynamic mechanical
properties of long-chain branched PEs prepared by the
slurry process.

EXPERIMENTAL

Materials, polymerization procedure, and GPC/13C-
NMR measurements

A series of long-chain branched PEs were produced in
a slurry-phase semibatch reactor using zirconocene
dichloride/modified methylaluminoxane (MMAO).
The materials, polymerization procedure, GPC, and
13C-NMR characterization were reported elsewhere.17

The molecular properties of the samples are summa-
rized in Table I.

The PE samples were blended with a 0.6 wt %
Irganox 1010 antioxidant to prevent degradation. The
antioxidant was dissolved in acetone and mixed with
the polymer powder. The acetone was evaporated for
24 h in a fumehood and the polymer dried in a vac-
uum oven for 48 h at 80°C. The samples were then
melt-pressed (20-mm diameter, 2-mm thickness) at
180°C and 2 MPa for 6 min, followed by rapid quench-
ing.

Rheological measurements

The rheological measurements were conducted on a
Stresstech HR parallel-plate rheometer in the dynamic
mode with a gap of 1.5 mm. Samples were placed in
the rheometer, heated to the measurement tempera-
ture, and allowed to equilibrate for 10 min. The par-
allel plates were then moved to a gap of 1.5 mm and
the excess polymer was trimmed. Samples were mea-

sured in 10°C increments between the temperatures of
170–210°C under a nitrogen blanket to prevent deg-
radation. Strain sweeps were performed prior to fre-
quency sweeps to establish the linear region. A fre-
quency range of 10�2 to 65 s�1 was investigated using
a variable strain method. This method entails using
the maximum strain that is within the linear region.
The influence of the long-chain branched frequency
(LCBF) on the storage modulus G� (�), loss modulus
G�; (�), and complex viscosity �*, as defined in eq. (1),
were investigated:

�* � ��G�

� � 2

� �G�

� � 2�
1
2

(1)

Mechanical measurement

The mechanical properties of the polymers were mea-
sured using a TA Instruments DMA 2980 dynamic
mechanical analyzer. The storage modulus E�, the loss
modulus E�, and the loss tangent tan � (� E�/ E�) were
measured between �140 and 130°C. A heating rate of
2°C/min and a displacement of 2 	m were employed.
The thermal transitions were taken as the temperature
of the maximum of E�. The measurements for all the
samples were made at identical conditions and were
repeated twice for a valid and reliable comparison of
the results.

RESULTS AND DISCUSSION

Effect of LCBF on shear thinning

The LCB samples had very long relaxation times at
low shear rates and it was not possible to obtain
frequency-independent viscosities from which the
Newtonian viscosities (�0) could be inferred. An at-
tempt at fitting the viscosity data using the Cross
equation,18 given by eq. (2), was made:

�*��� �
�0

�1 � �
��n�
(2)

where the value of n was assumed to be independent
of the temperature and the characteristic time, 
, to be
inversely proportional to �0. The value of 
 was ap-
proximated as 365,000/�0. Unfortunately, solutions
were not found for these samples. Figure 1 shows
samples 2 and 8 fitted using eq. (2). The Cross equa-
tion gave a good approximation of the viscosity at
high shear rates for both samples. At low shear rates,
the equation still gave an adequate estimation for
sample 8 (LCBF � 0.07) but performs poorly for sam-
ple 2 (LCBF � 0.22). The Cross equation failed at low
shear rates for nonlinear polymers. Therefore, �0 was
approximated with the complex viscosity measured at

TABLE I
Molecular Properties of Long-chain-branched PE

Samples Prepared by Semibatch Slurry Polymerization

Sample
Mn 	 10�3

(g/mol)
Mw 	 10�3

(g/mol) Mw/Mn LCBDa LCBFa

1 115 280 2.44 0.25 0.16
2 60.6 154 2.54 0.33 0.12
3 46.2 108 2.34 0.10 0.03
4 38.9 95 2.44 0.73 0.22
5 46.4 122 2.63 0.65 0.21
6 74.1 197 2.66 0.30 0.15
7 66.7 160 2.40 0.35 0.17
8 54.1 152 2.81 0.21 0.07
9 29.3 63 2.15 1.00 0.20

10 27.8 57 2.05 0.86 0.17

Polymerization conditions: catalyst, Cp2ZrCl2; cocatalyst,
MMAO (12 mol % of isobutylaluminoxane); solvent, tolu-
ene; solvent volume, 700 mL.

a Determined by 13C-NMR.
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� � 0.01 s�1. To quantify the shear-thinning behavior,
the power-law expression, given by eq. (3), was fitted
to the viscosity data at high shear rates:

� � m�̇n�1 (3)

where m is the consistency, and n, the power-law
exponent which indicates the degree of non-Newto-
nian behavior.

The LCBF of slightly branched PE has been shown
to have a major role in its rheological behavior. How-
ever, distinguishing the effects of LCB from the influ-
ences of the molecular weight and the polydispersity
index is challenging. The �0 of polymers above the
critical entanglement length (MC) is related to the Mw

by eq. (4):

�0 � KMW
3.4 (4)

Consequently, doubling the Mw has the effect of in-
creasing �0 by an order of magnitude. Therefore,
when comparing the rheological characteristics of
polymers, it is essential that the Mw’s be similar. To
this end, the long-chain branched PEs were divided
into three groups: Group 1 was composed of samples
2, 7, and 8 with Mw’s of 154, 160, and 152 kmol/g,
respectively. Group 2 compared samples 4 and 5 hav-
ing Mw’s of 95 and 122 kmol/g, while group 3 com-
pared samples 9 and 10 with Mw’s of 63 and 57 kg/
mol. When the Mw’s of the PE samples were similar,
the LCBF had a significant influence on the dynamic
viscosity. Figure 2 shows the dynamic viscosity of
samples 2, 7, and 8 versus the frequency at 190°C.

The LCBF influenced the rheological responses: LCB
significantly enhanced the low shear viscosity. By
comparing samples 2 and 8 with LCBFs of 0.12 and
0.07, respectively, we observed a sevenfold increase in
the low shear viscosity. It must be further emphasized
that these samples had similar Mw’s and that this
enhancement was attributed solely to the effect of
LCB. At higher shear rates, these samples all exhibited

similar viscosities. This behavior was also observed in
samples 9 and 10 as shown in Figure 3. These samples
had similar Mw’s, 63 and 57 kmol/g, but LCBFs of 0.20
and 0.17, respectively. Branching again enhanced the
low shear viscosity while having little influence on the
high shear viscosity.

The flow behavior in Figures 2 and 3 can readily be
explained by observing the molecular architecture of
the polymer samples. At low shear rates, the viscosity
is dominated by the relaxation behavior of the
branched polymer molecules. The long-chain
branches can form entanglements with nearby poly-
mer chains. These entanglements function as tempo-
rary physical crosslinks, significantly increasing the
resistance to flow. An increase in the branch frequency
increases the amount of entanglements, leading to
enhanced low shear viscosities. At high shear rates,
however, the viscosity is dominated by the flow of
linear chains. The long-chain branches become aligned
with the polymer backbones, breaking the temporary
physical crosslinks. Consequently, samples with sim-
ilar Mn’s but different levels of LCB are expected to
exhibit similar high shear viscosities. This behavior
was indeed observed in Figures 2 and 3. At low shear

Figure 1 Dynamic viscosity at 190°C fit with the Cross
equation. Figure 2 Dynamic viscosity of PE samples with Mw of

approximately 155 kg/mol.

Figure 3 Dynamic viscosity of PE samples with Mw of
approximately 60 kmol/g.
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rates, the viscosity of the polymer with higher levels of
LCB exhibited significantly higher low shear viscosi-
ties. When the shear rate approached 100 s�1, the
viscosities almost overlapped.

The mechanism of the LCB effect is schematically
illustrated in Figure 4. In both diagrams, there are
three polymer chains with the middle molecule hav-
ing two LCBs. At low shear rates, the branches entan-
gle with nearby polymers, increasing the resistance to
flow. At higher shear rates, the branches align with the
polymer backbone, preventing entanglements.

A method of characterizing the magnitude of the
shear-thinning behavior is to fit the high shear viscos-
ity with the power-law expression given in eq. (3). The
value of n indicates the degree of shear thinning, with
a value of 1 signifying Newtonian behavior and lower
values indicating increased shear thinning. The values

obtained for n are given in Table II. Figure 5 shows the
influence of LCBF on the power-law exponent for
samples 2 and 8 (Mw’s � 150 kmol/g) and samples 9
and 10 (Mw � 60 kmol/g).

When the Mw’s of the samples were similar, an
increase in the LCBF decreased the value of n, indi-
cating an increase in the shear-thinning phenomenon.
This is readily explained by the increase in entangle-
ments afforded by the increase in LCBs. Another in-
teresting effect was the influence of the Mw. Despite
having lower LCBFs, samples 2 and 8 both had lower
values of n. Furthermore, it was observed that the
slope of a line connecting samples 2 and 8 was signif-
icantly steeper than was a line connecting samples 9
and 10. This indicated that an increase in the LCBF at
elevated Mw’s produced a greater effect on shear thin-
ning than did a similar increase at lower Mw’s.

The influence of branching on the shear-thinning
phenomenon was also compared with the samples
having different Mw’s. The shear viscosity was nor-
malized by dividing by �0 and plotted versus the
frequency. This technique eliminated the changes in
�0 caused by varying the Mw and focused on the
shear-thinning phenomenon attributed to LCB. The
smaller the ratio of � to �0, the greater was the amount

Figure 4 Schematic representation of LCB at high and low
shear rates.

TABLE II
Viscosity and Relation Properties of Long-chain-branched PE Samples

Sample �0
a (Pa s) n �-Relaxation (°C) �-Relaxation (°C) �-Relaxation (°C)

1 NA NA 53.24 — �117.15
2 4.06 	 105 0.437 52.19 — �115.72
3 NA NA 52.35 — �115.69
4 7.86 	 104 0.518 52.51 — �116.50
5 1.11 	 105 0.520 51.93 — �115.43
6 7.14 	 105 0.442 NA NA NA
7 3.27 	 105 0.506 NA NA NA
8 6.46 	 104 0.606 51.46 — �115.41
9 5.80 	 103 0.642 NA NA NA

10 3.43 	 103 0.679 49.13 — �115.56

Polymerization conditions: catalyst, Cp2ZrCl2; cocatalyst, MMAO; solvent, toluene; solvent volume, 700 mL. NA: not
available.

a Measured at 190°C.

Figure 5 Influence of LCBF on the power-law exponent n.
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of shear thinning. Figure 6 shows the normalized vis-
cosity responses of the long-chain-branched PEs pro-
duced in a slurry-phase semibatch reactor.

Another mechanism, separate from the LCBF, ap-
peared to influence the shear viscosity. Samples with
similar Mw’s and different LCBFs behaved in an ex-
pected manner. Sample 2, with an Mw of 154 kmol/g
and an LCBF of 0.12, exhibited significantly more
shear thinning than that of sample 8, with an Mw of
152 kmol/g and an LCBF of 0.07. Sample 2 had a
greater amount of LCBs and, consequently, more en-
tanglements formed at low shear rates, increasing the
shear-thinning phenomenon. However, when com-
paring sample 7, with an LCBF of 0.17 and an Mw of
160 kmol/g, with sample 10, with an LCBF of 0.17 and
an Mw of 57 kmol/g, it was apparent that another
mechanism occurred. Despite having similar LCBFs,
these samples had significantly different flow behav-
ior. Sample 7 showed considerable shear thinning,
while sample 10 exhibited almost no shear thinning.

This behavior was attributed to the influence of the
LCB length. LCB in homo-PE produced in a semibatch
slurry reactor was thought to be due to the incorpo-
ration of vinyl-terminated macromonomers produced
earlier in the reaction. The kinetics of formation of a
macromonomer and a dead polymer chain were sim-
ilar and they, therefore, had similar molecular
weights. Consequently, polymers produced with high
molecular weights had a high molecular weight mac-
romonomer incorporated into their growing back-
bones as LCBs. These longer branches were involved
in greater entanglements, leading to elevated low
shear viscosities. Consequently, a polymer cannot sim-
ply be characterized by knowing the LCBF. Informa-
tion about the branch length must also be known. This
behavior was observed in sample 5 (LCBF � 0.21, Mw

� 122 kmol/g) and sample 9 (LCBF � 0.20, Mw � 63
kmol/g). Despite having similar LCBFs, sample 5 ex-
hibited significantly greater shear thinning.

Effect of LCBF on shear modulus and
thermorheological complexity

The influence of the LCBF on the storage modulus (G�)
and the loss modulus (G�) was also studied. Figure 7
shows G� and G� versus the frequency for samples 2
and 8. Despite having similar Mw’s, samples 2 and 8
had different rheological responses. Sample 2, with an
Mw of 154 kmol/g and an LCBF of 0.12, had enhanced
values of G� and G� at low shear rates compared to
sample 8, with an Mw of 152 kmol/g and an LCBF of
0.07. However, at higher shear rates, the values of G�
and G� were similar for these samples. Sample 2 also
had a broader relaxation spectrum evident by the
more gradual increase of G�. These effects were attrib-
uted to the additional modes of relaxation at low shear
rates due to branching. Unfortunately, it was not pos-
sible to determine the plateau modulus (G�0), a char-
acteristic viscoelastic parameter which could be used
to determine the molecular weights between entangle-
ments (Me), for these samples. The loss modulus pla-
teau was located at a shear rate outside the experi-
mental shear range. Samples 9 and 10 behaved in a
similar manner. Figure 8 shows G� and G� versus the
frequency.

Figure 6 Normalized dynamic viscosity of the PE samples.

Figure 7 Influence of LCBF on G� and G� for samples 2 and
8.

Figure 8 Influence of LCBF on G� and G� for samples 9 and
10.
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Sample 9, with an Mw of 63 kmol/g and an LCBF of
0.20, had enhanced values of G� and G� at low shear
rates compared to sample 10, with an Mw of 57 kmol/g
and an LCBF of 0.17. At higher shear rates, G� and G�
were similar for both samples. Again, increased levels
of LCB led to a broader relaxation spectrum. The G�0
of these samples could not be determined because the
loss modulus plateau was located outside the experi-
mental range. Samples 9 and 10 differed from samples
2 and 8 in that the crossover points Gx, which sepa-
rated viscouslike and elasticlike behavior, were not
apparent under the experimental frequency range.

An attempt was made to superimpose the rheologi-
cal data, generated at multiple temperatures, to 190°C
using the shift factor aT given in eq. (5):

aT � exp�Ea

R�1
T �

1
T0
�� (5)

This was only partially successful, however, as the
shift factor of several of the LCB PEs showed a depen-
dence on both the temperature and the shear rate.
Therefore, the loss modulus, storage modulus, and
dynamic viscosity were all given at 190°C. A careful
examination of the data was required to determine the
rheological complexity. Figure 9 shows an apparent
master curve for the loss modulus of sample 7.

A single-frequency shift factor was used at each
temperature and the data appeared to superimpose
well. However, at low and high frequencies, there was
a slight lack of fit in the data. This lack of fit was due
to using an average activation energy to determine aT

at all frequencies. A method of detecting the thermo-
rheological complexity is to plot the magnitude of the
complex modulus versus the product of �0 and the
frequency. These plots are temperature-independent
for simple materials and temperature-dependent for
complex materials. Figure 10 shows the simple behav-

ior of sample 10, while Figure 11 shows the complex
behavior of sample 7. Each of the samples was ana-
lyzed using this method, with the majority of samples
showing complex behavior.

The values of aT at various frequencies were deter-
mined using the storage modulus. Plots of G� versus
frequency at 170 and 190°C were constructed for each
of the samples. A value of G� at 170°C was chosen and
the value of the frequency was noted. The frequency at
the same value of G� was then determined. The value
of aT was calculated using eq. (6) shown below:

aT�G�, 210� �
�170

�210
(6)

The values of aT for the remaining values of G� were
determined in a similar manner. Figure 12 shows the
method of determining aT used for sample 5. The shift
factors for each sample were calculated in an analo-
gous fashion.

The activation energy at various frequencies for the
samples was determined using eq. (5). Figure 13
shows the values of Ea for several samples, with the
remaining samples excluded to improve clarity. Sam-

Figure 9 Apparent master curve of sample 7 (Ea � 31.4
kJ/mol).

Figure 10 Rheologically simple behavior of sample 10.

Figure 11 Rheologically complex behavior of sample 7.
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ples 5–8 exhibited obvious thermorheological com-
plexity while sample 10 exhibited simple behavior.
The activation energy was shear-dependent with the
highest values at low shear rates. The Ea value at low
shear rates depended on both the LCBF and on the
length of the LCB, with values ranging from 39 to 49
kJ/mol. In comparing samples 7 (LCBF � 0.17, Mw

� 160 kg/mol) and 8 (LCBF � 0.07, Mw � 152 kg/
mol), the former had significantly higher activation
energies at low shear rates. This enhancement of Ea

was attributed to the increase in LCBF. Meanwhile,
sample 7 (LCBF � 0.17, Mw � 160 kg/mol) had a
similar LCBF to sample 10 (LCBF � 0.17, Mw � 57
kg/mol) yet exhibited significantly different activation
energies.

The Ea of linear polymers, with molecular weights
above the critical entanglement length, has been dem-
onstrated to be independent of molecular weight.19

Therefore, the increase in Ea from sample 10 to sample
7 was attributed to the difference in the LCB length. At
higher shear rates, the Ea’s of the samples decreased to
a similar value of about 32 kJ/mol. This complex
behavior was due to multiple relaxation regimes with
different temperature sensitivities. The high-fre-

quency activation energies were due primarily to the
flow of linear chains. Consequently, despite having
different LCBFs and Mw’s, the samples all had similar
high-frequency Ea’s. The low-frequency activation en-
ergies were due to the cumulative effect of the relax-
ations of molecules with various branch structures.
LCBs had different relaxation mechanisms with dif-
ferent temperature sensitivities than those of the linear
chains. Samples with high LCBFs or with high LCB
lengths had elevated values of Ea.

Thermomechanical properties

The influence of the LCBF and the polymer Mw on the
storage modulus E�, loss modulus E�, and �-, �-, and
�-relaxations at lower temperatures were investigated
using a dynamical mechanical analyzer. The data are
summarized in Table II. Figure 14 shows the dynamic
mechanical behavior of sample 2 (Mw � 154 kg/mol,
LCBF � 0.12), which is representative of high-density
PE. There were only two thermal relaxations present
in the loss modulus curves. The �-relaxation was lo-
cated at 52.2°C, while the �-relaxation was found at
�115.7°C. None of the LCB PE samples displayed a
�-relaxation process. The �-relaxation peak was
thought to be due to the motion in the amorphous
phase near branch points or to the glass transition of
loose loop and intercrystalline tie molecules in ultra-
high molecular weight PE.20,21 The branch content of
these slightly branched samples was too low to exhibit
a �-relaxation process.

To determine the influence of LCB on the dynamic
mechanical properties of PE, an effort was made to
produce samples with varying LCBFs and similar mo-
lecular weights. The storage modulus and loss modu-
lus of samples 3 (Mw � 108 kg/mol, LCBF � 0.03), 4
(Mw � 95 kg/mol, LCBF � 0.22), and 5 (Mw � 122
kg/mol, LCBF � 0.21) are shown in Figures 15 and 16.
Figures 17 and 18 show those of samples 2 (Mw � 154

Figure 12 Determination of modulus-dependent shift fac-
tor for sample 5.

Figure 13 Frequency-dependent activation energy.

Figure 14 Dynamic mechanical behavior of high-density
PE.
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kg/mol, LCBF � 0.12) and 8 (Mw � 152 kg/mol, LCBF
� 0.07). These samples had similar molecular weights
and polydispersity indexes and, therefore, any varia-
tion in behavior was attributed to LCB.

The LCBF had a significant influence on the PE
storage modulus. The storage modulus of sample 3
(LCBF � 0.03), shown in Figure 15, was significantly
lower than that of sample 4 (LCBF � 0.22) at all
temperatures below the �-relaxation point. Sample 4,
moreover, responded in an almost identical fashion as
that of sample 5 (LCBF � 0.21). In a similar manner,
sample 8 (LCBF � 0.07) had a significantly lower
storage modulus than that of sample 2 (LCBF � 0.12),
as seen in Figure 17. In all cases, an increase in the
LCBF led to an increase in the storage modulus at all
temperatures below the �-relaxation point.

The LCBF also showed a significant influence on the
loss modulus, as seen in Figures 16 and 18. In all the
measured samples, an increase in the LCBF led to
enhanced values of E�. Samples 4 and 5, with similar
LCBFs, responded in an almost identical manner
while sample 3 had a significantly lower E�. Sample 2
exhibited enhanced values of E� at all measured tem-

peratures compared to sample 8. The studies showed
a correlation with the values of the loss modulus and
the impact strength, with elevated values of E� leading
to improvements in impact toughness.22

There has been much research conducted on PE and
polypropylene treated with peroxides and/or radia-
tion.23,24 The effects of such treatments are bond scis-
sion and the formation of inter- and intramolecular
crosslinks. It was demonstrated that the storage mod-
ulus of high molecular weight PE increases with in-
creasing radiation dosages.23 Furthermore, there was
little influence on the tan � response, indicating an
increase in the loss modulus. Other authors observed
an increase in E� by the addition of low levels of
peroxide to PE.24 With increased peroxide concentra-
tion, the E� of PE showed a sharp decline, possibly due
to chain scission. The enhancement in the storage
modulus was explained by stiffening due to crosslink-
ing in the amorphous phase and to a suppression of
c-axis slip in the lamellae by internal or surface
crosslinking in the crystal phase. LCB has a similar
architecture to crosslinked chains and is therefore ex-

Figure 16 Loss modulus of samples 3, 4, and 5.

Figure 15 Storage modulus of samples 3, 4, and 5. Figure 17 Storage modulus of samples 2 and 8.

Figure 18 Loss modulus of samples 2 and 8.
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pected to behave in a similar manner. Consequently,
the enhancements in E� and E� observed in this work
can be attributed to the same mechanisms described
for crosslinked PE.

The influence of molecular weight on the storage
modulus and loss modulus was also examined. Two
PE samples with widely different molecular weights
but with similar LCBFs were examined. Figures 19
and 20 show the storage modulus and loss modulus of
samples 1 (MW � 280 kg/mol, LCBF � 0.16) and 10
(MW � 57 kg/mol, LCBF � 0.17). The molecular
weight of the samples had little influence on the dy-
namic mechanical properties at temperatures above
the �-relaxation point (glass transition temperature).
Despite having an MW almost five times higher, sam-
ple 1 behaved in a similar manner to sample 10 except
at temperatures below �100°C. This indicates that the
molecular weight of the samples did not have a strong
influence on the crystallinity.

LCB appeared to have little influence on the thermal
relaxations of PE. None of the samples studied exhib-
ited a �-relaxation peak, indicating that the levels of
branching were too low to produce sufficient amor-
phous regions. The LCBF and Mw showed little influ-
ence on the �-relaxation process with values in the
range of �115.41 to �117.15°C.

The �-relaxation is generally believed to be due to
crankshaft rotation of short methylene main-chain
segments at the surface of polymer crystals. The peak
shifts to lower temperatures and sharpens with de-
creasing short-chain branch content. However, LCB at
low levels did not appear to alter the crystallinity of
the polymer enough to influence the �-relaxation pro-
cess. The �-relaxation process also appeared to be
unaffected by the Mw and LCBF of the polymer. This
process, thought to be due to motion within the crys-
talline phase, intensifies with increasing crystallini-
ty.25 The �-relaxation is influenced by the crystallite
thickness and crystal imperfections but is thought to
be independent of branch type and molecular weight.

It was demonstrated that low levels of LCB did not
have sufficient influence on the crystallinity of PE to
affect the �-relaxation process.

CONCLUSIONS

The rheological properties of long-chain-branched PEs
were shown to be significantly different from their
linear analogs. The samples had higher �0’s and ex-
hibited greater shear thinning than those of linear PEs
with similar molecular weights. These enhancements
were attributed to the formation of additional entan-
glements between polymer molecules, leading to in-
creased resistance to flow. At higher shear rates, these
entanglements broke, allowing normal viscosities.
Consequently, elevated LCBFs led to higher �0’s and
greater shear thinning. LCB also influenced the loss
modulus and storage modulus. Elevated LCBFs led to
enhanced values of G� and G� at low shear rates, yet
had little influence at higher shear rates. Long-chain-
branched PEs also exhibited broader relaxation spec-
trums than those of linear PEs. The samples exhibited
thermorheologically complex behavior. The tempera-
ture sensitivity could not be summarized with a single
shift factor. The activation energy, which was shear-
dependent, was determined using G�. Higher LCBFs
and LCB lengths led to elevated values of Ea at low
shear rates. At high shear rates, the values of Ea were
equivalent to those of linear polymers.

LCB also played a significant role in the dynamic
mechanical behavior. Increasing the frequency of
branching increased the stiffness of the polymer, as
reflected by the storage modulus. LCB also served to
enhance the damping or energy dissipation of PE,
shown by increased values of the loss modulus. These
PEs showed behavior similar to PE crosslinked by
radiation or peroxide and a similar mechanism was
used to explain the dynamic mechanical differences.
The enhancements in E� were attributed to stiffening

Figure 20 Loss modulus of samples 1 and 10.

Figure 19 Storage modulus of samples 1 and 10.
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due to crosslinking in the amorphous phase and to a
suppression of c-axis slip in the lamellae by internal or
surface crosslinking in the crystal phase. The long-
chain-branched PEs produced in this work had several
notable benefits over crosslinked PE. LCB had little
influence on the crystalline structure of the PE. The �-
and �-relaxations showed little dependence on the
LCBF.
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