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Abstract

We have examined dynamic mechanical properties of metallocene catalyzed linear polyethylenes (L-PEs) with various molecular weight
M,, from ca. 20M to 2.6G and branched linear polyethylenes (B-PEs) having various degree of short-chain branching. The dynamic
mechanical relaxation mechanisms of these metallocene catalyzed PE samples were discussed in the terms of the structural factors such
as lamellar thickness, amorphous layer thickness, and crystallinity. It was found that the positions of o (crystal) relaxation and melting
temperature have similar functional dependence of the inverse of the lamellar thickness 1/L.. The 3 relaxation appeared around 250 K in the
dynamic mechanical spectra for higher molecular weight PEs having more than about 200M of M,,. The molecular mechanism underlying 3
relaxation for L-PE was found to be different from that for B-PE. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The relaxation behavior of polyethylene is strongly influ-
enced by variables that describe the crystalline-amorphous
state, such as crystallinity, lamellar thickness, and amor-
phous layer thickness [1-5]. Three relaxations are observed,
identified conventionally as a, B, and v in order of decreas-
ing temperature: the o relaxation is observed in the range
between room temperature and melting temperature; the 3
relaxation is observed in the temperature range from 220 to
300 K, and the <y relaxation is in the narrow temperature
range from 130 to 180 K.

The o relaxation is universally observed in all crystalline
polymers. The relaxation intensifies with increasing crystal-
linity so that it is usually assigned to the motion of chain
units within the crystalline portion. Numerous investigators
[6—12] demonstrated that the a relaxation in polyethylenes
consists of two overlapping peaks designated as the o; and
o, relaxations in order of descending temperature. The o
relaxation is attributed to an intralamellar slip process (or
grain boundary phenomena) and/or motion in the intercrys-
talline region, and the a, relaxation is to intracrystalline
chain motion involving « transitional motion of chain
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segments along the c-axis within the crystal lattice [8].
Moreover, Takayanagi et al. [12] found that the location
of the o, relaxation agrees with the onset temperature of
thermal expansion of the a-axis spacing, suggesting that
the o, dispersion process is caused by the incoherent inter-
action between crystal stems. Mansfield and Boyd have
proposed that the dielectric o process can be represented
by the propagation process of o twisted defect along the
chain within crystal lattice, leading to reorganization of
the crystal surface [13,14].

As described above, most investigators have concluded
that the o relaxation arises from the crystalline phases of the
semicrystalline polymers, whereas several conflicting inter-
pretations have been given concerning the origin and mole-
cular nature of the (3 and v relaxations. Pechhold et al. [15]
and Moore et al. [16] observed o week relaxation around the
[ region for higher-molecular weight polyethylenes with no
branching. In contrast, the existence of (3 relaxation is well
identified for branched polyethylenes. Klein et al. [17]
proposed that the (3 relaxation was associated with the
relaxation of short chain branches or the amorphous regions.
These observations, together with thermal expansion
measurements on high density and branched polyethylenes,
led to the proposal that the 8 relaxation corresponds to the
glass transition of semicrystalline polyethylene. According
to Boyer [18], the 3 relaxation is postulated to be associated
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Table 1
Molecular characteristics of B-PE

Sample SCB (mol%) My (X 107% MM, Density (kg m ) X" T," (K) L,° (nm) L (nm) L,° (nm)
B-PEO 0 6.70 2.23 942 0.59 406 24.4 14.4 10.0
B-PE0.9 0.88 7.80 1.77 919 0.43 395 19.8 8.5 113
B-PEI.8 1.82 7.90 1.72 913 0.40 390 185 7.4 11.1
B-PE2.2 2.18 7.40 1.80 912 0.39 388 17.4 6.8 10.6
B-PE3.1 3.08 8.00 1.67 906 0.35 381 163 5.7 10.6
B-PE3.5 3.54 7.70 1.79 905 0.34 378 15.7 5.3 10.4

* Crystallinity in volume fraction.

b Melting temperature.

¢ Long period obtained by SAXS measurements.

4 Lamellar thickness determined from XvLp-

Amorphous layer thickness determined from (1 — x)L,.

with o glass transition process of loose loop and intercrys-
talline tie molecules which are under more constraints.
From a careful examination of the crystallinity dependence
of the @ relaxation process, Mandelkern et al. [19,20]
demonstrated that the (3 relaxation results from the relaxa-
tion of chain units in the interfacial region.

The vy relaxation process in polyethylene has also been
extensively studied by numerous investigators. Wada et al.
[21] and Fischer et al. [22] attributed the -y relaxation to the
motion of disordered chain segments at the surface of poly-
mer crystals. Sinnott [23], Hoffman et al. [24], Pechhold et
al. [15], and Iller [25] concluded that this relaxation arose at
least in part for motion of defects in the crystalline regions.
Regardless of the specific mechanism, these investigators
consider the <y relaxation to arise from the crystal regions.
On the other hand, according to Crissman [26], polycrystal-
line long-chain paraffins showed no <y relaxation peaks,
suggesting that the <y relaxation is associated with small-
scale motions within the amorphous component in poly-
ethylene. In addition, Willbourn [27] showed that the y
relaxation process is assigned to the glass transition of
methylene sequence and have the same effect as the brit-
tle—ductile transition. Deniss [28] and Boyd et al. [29]
arrived at the similar conclusion from the experimental
results of the thermal expansion data and PVT data. Shatzki
[30] and Boyer [31] attributed the vy relaxation to be a
subglass relaxation which can be modeled in terms of crank-
shaft mechanism in which the five or three carbon bonds

Table 2
Molecular characteristics of L-PE

move as a crankshaft but the mechanism required a signifi-
cant free volume being inhibited by the matrix [14]. These
investigators believe that this relaxation corresponds to the
glass transition of polyethylene. Thus, despite the extensive
work that has been reported on polyethylene, there is no
generally accepted explanation of the molecular origin for
the +y relaxation.

As described above, the molecular interpretation for the
mechanical relaxations has been elusive and controversial,
although the extensive amount of experimental data on the
dynamic mechanical properties has been done in the past.
The reason for this situation seems to lie in the complication
of the isolated structural variables, i.e. the polydispersity in
composition and in molecular weight, which is a typical
feature of the conventional polyethylenes used in the past.
For example, Ziegler-catalyzed linear low-density polyethy-
lenes are identified to be composite molecules of higher-
molecular-weight homopolymers and lower-molecular-
weight copolymers and/or stereoblock sequence of como-
nomer units forms along the methylene chain [32-34].

The discovery of highly active catalysts has led to the
establishment of the single-site metallocene catalysts [35].
These catalysts yield polyolefins of most probable molecu-
lar weight distributions. The mechanism of occurrence of
short chain branching is quite different between the metal-
locene-catalyzed polyethylenes and the conventional ones.
The molecular weight distribution of the metallocene
catalyzed polyethylenes is narrow and the comonomer

Sample M,x107* M, /M, Density (kg m ™) Xv L, (nm) L. (nm) T, (K)
L-PE2.6 2.62 1.9 952 0.70 16.1 11.2 405
L-PE5.3 5.26 1.9 943 0.63 17.4 11.0 404
L-PE7.7 7.70 22 942 0.63 20.8 13.1 406
L-PE8.3 8.27 1.8 946 0.65 20.1 13.5 406
L-PEI8 18.3 2.8 941 0.62 23.1 14.4 407
L-PE23 234 23 934 0.58 249 14.4 408
L-PE72 71.5 2.6 930 0.55 29.6 16.3 409
L-PE142 142.0 2.6 930 0.55 38.2 21.0 407
L-PE269 269.0 2.7 929 0.54 41.5 225 407
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Fig. 1. Lorentz-corrected X-ray intensities scattered from B-PE and L-PE samples plotted against the wavenumber.

distribution is homogeneous [36,37]. In this work, we have
studied the effects of molecular weight and short chain
branching on dynamic mechanical properties for metallo-
cene-catalyzed linear polyethylenes.

2. Experimental
2.1. Materials and sample preparation

Two different sets of linear polyethylenes prepared via a
metallocene catalyst system were used in this work. The one
is a series of linear polyethylenes with various molecular
weight in the range from 2.5 X 10 to 260 X 10*. The mole-
cular characteristics of the polyethylene samples are given
in Table 1. The weight and number average molecular
weights were obtained by gel permeation chromatography.
The nomenclature used is L-PE and its end numeral the
molecular weight M,, in 10*.

The other one is a type of polyethylenes with butyl
branches, i.e. ethylen-1-hexcene copolymers, and with the
same molecular weight. The molecular characteristics of the
branched polyethylenes are given in Table 2. The comono-
mer contents were in the range 0—3.5 mol%. The co-unit
content was determined by high-resolution *C NMR using
established methods and assignments that are reported in the
literature [38,39]. The nomenclature used is B-PE and its
end numeral the average short chain branching SCB content
in mol%.

These polyethylenes were melt pressed in a laboratory hot
press at 463 K and at 10 MPa for 3 min. The sample speci-
mens quenched at 273 K were prepared for the measure-
ments. The thickness of the compression-molded samples
was adjusted to a thickness suitable to the intended
experiment.

2.2. Characterization

Differential scanning calorimetry (DSC) measurements
were carried out using Mettler DSC820 calorimeter that
was calibrated for temperature and melting enthalpy using
indium as a standard. The samples of about 10 mg weight
sealed in aluminum pans were heated from 223 to 423 K ata
scanning rate of 10 K/min under a nitrogen atmosphere.

The density for all samples was measured at 303 K using
the flotation method. The binary medium prepared from
various ratios of distilled water and ethyl alcohol was
used. The degree of crystallinity was calculated from a rela-
tionship with constants of 1000 and 856 kg/m’ for the
density of the crystalline and amorphous regions, respec-
tively [40].

The small angle X-ray scattering (SAXS) measurement
was performed with a point focusing optics and an one-
dimensional position sensitive proportional counter
(PSPC) with an effective length of 10 cm. The SAXS optics
has a toroidal mirror and a crystal monochromator. The
CuKa radiation supplied by a MAC Science M18X genera-
tor operating at 40 kV and 30 mA was used throughout. The
distance between the sample and PSPC was about 40 cm.
The geometry was further checked by a chicken tendon
collagen, which gives a set of sharp diffractions correspond-
ing to 65.3 nm.

The results of characterization of L-PE and B-PE samples
are added in Tables 1 and 2, respectively.

2.3. Dynamic mechanical measurement

The measurements on the linear dynamic mechanical
properties were made using a dynamic mechanical analyzer
(Rheology Co. Ltd DVE V-4) on rectangular specimens of
the following dimensions: length 20 mm, width 5 mm, and
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Fig. 2. Lamellar thickness Lc¢ and amorphous layer thickness La plotted
against the comonomer content for B-PE samples.

thickness around 0.5 mm. The measurements were made at
a constant frequency of 10 Hz with a constant oscillation
amplitude of 5 mm. The temperature dependences of the
storage tensile modulus E’ and loss modulus E”, and loss
tangent tan 6 were measured from 120 to 420 K at a heating
rate of 2 K/min under a nitrogen atmosphere.

The activation energy for each relaxation process was
obtained from the temperature dependence of the shift
factor on the dynamic mechanical spectra around the corre-
sponding relaxation temperature.

3. Results and discussion
3.1. Structural characteristics

Fig. 1 shows the Lorentz-corrected SAXS intensities
plotted against the wavenumber s(= 2/A sin §) in which
20 is the scattering angle and A the X-ray wavelength
(=0.1542 nm). The angular position of the intensity peak
shifts toward larger s with the peak width being broad as the
SCB content increases for B-PE systems. In contrast, the
peak of L-PEs sharpened and significantly shifted to lower s
with increasing molecular weight. The maximum point in
the SAXS curves yields the average long period.
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Fig. 3. Lamellar thickness Lc and amorphous layer thickness La plotted
against the molecular weight M,, for L-PE samples.
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Fig. 4. Temperature dependence of tensile loss modulus E” at 10 Hz for B-
PE samples.

The lamellar thickness and the amorphous layer thickness
can be determined from data of volume fraction of crystals
Xv and the SAXS long period L. Structural characteristics
for B-PE and L-PE samples are included in Tables 1 and 2,
respectively. The introduction of noncrystallizing co-units
into the chain leads to a continuous decrease in the degree of
crystallinity with increasing SCB content at fixed molecular
weight. Moreover, we find a significant decrease in the
degree of crystallinity with increasing molecular weight
for linear PE having no branching. It was found that the
very large range in the degree of crystallinity that can be
attained by control of molecular weight as well as comono-
mer content.

Although the increases in SCB and molecular weight
lower the degree of crystallinity, the effects of SCB and
molecular weight on lamellar morphology such as lamellar
thickness and amorphous thickness is much different from
each other. Fig. 2 demonstrates that as branch content
increases, the lamellae become thinner but amorphous
layer thickness remains constant. The metallocene-cata-
lyzed PEs used in this work have narrow molecular weight
distribution and homogeneous comonomer distribution.
This is likely because the methylene stem length that is
crystallizable is effectively reduced by the homogeneous
introduction of a-olefin units. On the other hand, the data
on lamellar morphology of L-PEs with no branches (see Fig.
3) showed that both crystal lamellar and amorphous layer
thicknesses increase with increasing molecular weight. As is
well known, the molecular weight influences not only the
degree of crystallinity that can be achieved but also the rate
of crystallization [41]. The increase in molecular weight
makes it possible to increase the crystallizable methylene
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Fig. 5. Temperature dependence of tensile loss modulus E” at 10 Hz for L-
PE samples.

sequence, and this leads to thicker lamellae, whilst the
increase in molecular weight restrains the crystallization
rate because of molecular topological restrains such as
chain intertwining and entanglements, resulting in the
increase in the amorphous content.

3.2. Dynamic mechanical properties

The mechanical relaxation spectra of B-PE and L-PE
systems are shown in the form of loss modulus in Figs. 4
and 35, respectively. Three relaxations were observed also
for the metallocene-catalyzed PE series. Careful examina-
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Fig. 6. Relaxation temperature of o; and a; processes and melting tempera-

ture plotted against inverse of lamellar thickness for (@) L-PE and (O) B-
PE samples.

tion of the dynamic moduli data in the o relaxation region
showed that there are two (a; and a,) relaxations having
different activation energies: the activation energies for the
o and a, relaxations were 80 and 100—120 kJ/mol, respec-
tively, which are comparable with those of the conventional
PEs [8].

Fig. 6 demonstrates that a structural factor which governs
relaxation processes of linear polyethylenes is the lamellar
thickness. The temperature locations T, of the o relaxations
and the melting temperature T,,, have qualitatively similar
functional dependence of 1/L.. In addition, it was found that
both lines for the a, peak temperature T, and T, extrapolate
to 415 K which is identical with the equilibrium melting
temperature T of completely crystalline PE. It should be
noted here that the slope of the line for 7, vs 1/L, relation is
three times larger than that for 7, vs 1/L. relation. There-
fore, considering that the lamellar thickness dependence of
the melting temperature follows the Thompron—Gibbs
equation, the following empirical equation for the a, peak
temperature has the form:

T =Ta(1 =355 ) = Tl — wifr) M

where o is the surface free energy and Ak, is the heat of
fusion. The term of Ahy3 may result from the fact that the a,
process is related with the one-dimensional thermal expan-
sion of crystal lattice as demonstrated by Takayanagi et al.
[12]. Consequently, we can obtain the following conven-
tional equation:

Too = 2T,y — 3T (2)

The a and v relaxations were also observed in all the
samples but the 3 relaxation appear not only in the B-PE
samples but also in the L-PE samples with molecular
weights greater than 10°. As seen in Figs. 4 and 5, the B
peak is more evident as the SCB content and the molecular
weight increase. However, the shape of the 3 peak of B-PE
is somewhat different from that of high-molecular-weight
L-PEs.

As shown in Fig. 7, the 3 relaxation temperature T of B-
PE linearly decreases with decreasing L., reaching an extra-
polated limiting value of 215 K which is identical with 7, of
a completely amorphous ethylene-1-hexene copolymer
(EHR) with 57 mol% 1-hexene [42]. The molecular motion
in the amorphous layer is suggested to differ from those in
completely amorphous polymer because of the restriction
by the lamellar plates [43]. In the case of branched poly-
ethylenes, these results support the idea that the 3 relaxation
can be associated with molecular motions of the loose tie
and loop chains with short chain branches confined between
two adjacent lamellae.

On the other hand, T of high-molecular-weight L-PEs
occur in the vicinity of 250-260 K and is almost invariant
with the lamellar thickness. In addition, Fig. 8 shows that
there are large differences in activation energies of shift
factors between the (3 processes of B-PE0.9 and L-PE142.



1224 K.-h. Nitta, A. Tanaka / Polymer 42 (2001) 1219-1226

280 T T T T

260

220

200

Fig. 7. Relaxation temperature of B plotted against lamellar thickness for
(@) L-PE and (O) B-PE samples.

The B processes of B-PE0.9 and B-PE3.5 show 220 and
250 kJ/mol, respectively, which are comparable with that
of EHR (200 kJ/mol), whilst the activation energy of L-
PE142 was 90 kJ/mol. These results suggest that the mole-
cular origin for the 3 process of L-PEs is quite different
from that of B-PEs. Since formation of the loose tie and
loop molecules in the amorphous layers is likely for
higher-molecular-weight PEs, this behavior is consistent
with the view that the 8 relaxation is the consequence of
the motion of the loose tie molecules. The absence of the B
relaxation in typical L-PE samples having a thinner amor-
phous layer thickness, which is considered to promote taut
tie molecules, can be directly attributed to the lack of loose
tie molecules. This is schematically presented in Fig. 9 for
an amorphous layer of typical L-PE and high-molecular-
weight L-PE. Therefore, the taut tie molecules cannot be
relaxed prior to the a relaxation process. For examining
the effects of taut tie molecules on the elastic modulus,
the values of E' at which the vy dispersion is terminated

B relaxation
10
o 0 L-PE142 |
= (64kJ/mol)
-10 B-PE35 1
(246kJ/mol)
-20 .
3 4 5
1000/T /K™

Fig. 8. Arrhenius plots of shift factors of B-PE3.5 and L-PE143.

HMW-PE

A2)

Fig. 9. Tie molecules in the amorphous layer between adjacent lamellae for
typical L-PE and high-molecular-weight L-PE.

L-PE

are plotted against 1/L, in Fig. 10. It was found that the
extrapolation values of the E” at 1/L, = 0 is accordance
with the value of EHR. The important result is that the modulus
is inversely proportional to the amorphous layer thickness.
This may correspond to the fact that the plateau modulus on
the stress relaxation behavior for a typical polymer liquid is
inversely proportional to the molecular weight between
chain entanglements. Thus, the proportionality as seen in
Fig. 10 demonstrates the contribution of taut tie molecules
to storage modulus according to analogy of the rubber-like
response in the plateau region of the viscoelastic properties.

As seen in Figs. 4 and 5, the v dispersion shifts to lower
temperature and sharpen with decreasing SCB content and
with increasing M,,. The position of the y relaxation slightly
increases with increasing L. and the data are found to fall on
one straight line as shown in Fig. 11. Extrapolation of T,
value to a completely amorphous sample gives a value of
140 K, which corresponds to the glass transition tempera-
ture of amorphous methylene stems estimated by means of
thermal expansion, compressibility, specific heat and
dynamic mechanical data [29,44].

The primary relaxation associated with the glass transi-
tion of semicrystalline polymers can be explained by the
molecular process of conformational changes in the

E' at 200K /GPa

1 1 1 1

0 0.05 0.1 0.15 0.2 0.25
1L, /nm’"

Fig. 10. Dynamic storage modulus E’ after y process inverse of against
amorphous layer thickness for L-PE samples.
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Fig. 11. Relaxation temperature of vy process plotted against lamellar thick-
ness for (@) L-PE and (O) B-PE samples.

amorphous region. It is likely that the y relaxation mechan-
ism is associated with segmental motion of low-molecular-
weight component such as floating and cilia chains in the
amorphous layers as demonstrated by Boyer [18]. There-
fore, we can propose that the methylene sequence affects
the molecular motion of floating and cilia chains and thereby
the position of the vy relaxation slightly shifts to higher
temperature. In addition, it is assumed that the segmental
relaxation of floating and cilia chains has the same effect as
the glass transition in linear polyethylenes because these
chains can be considered to be lower molecular weight
molecules.

4. Summary

In this work, we have studied the molecular morphology
and dynamic mechanical relaxation for two series of metal-
locene-catalyzed linear polyethylenes: one is the linear
polyethylene with no branches having various molecular
weight (L-PE) and the other is the linear polyethylenes
(B-PE) having various degrees of short-chain branching.
The important conclusion concerning the differences in
the lamellar morphology between B-PE and L-PE is that
M-PE shows a greater dependence of comonomer content
on thinning of crystal lamellae, in which the amorphous
layer thickness is independent of the SCB content. This
will be because the methylene sequence, or crystallizable
part, decreases as the comonomers are homogeneously
incorporated into a main chain.

The relaxation behavior of linear polyethylene is strongly
influenced by structural valuables that describe the crystal-
line-amorphous state. The main dynamic mechanical
features of those new polyethylenes are the following:

(1) The structural factor that contributes to the « relaxa-
tion was found to be lamellar thickness. The a relaxation
and melting temperatures have similar functional depen-
dence of the inverse of the lamellar thickness.

(2) Although the  relaxation process appears in the high-
molecular-weight L-PE samples as well as the B-PEs, the
molecular mechanism underlying the [3 process was
found to be quite different between B-PE and L-PE.
The B process of high-molecular-weight L-PE is attribu-
ted to the glass transition of loose tie and loop molecules
in the amorphous layers. In the case of B-PE, the (3
process is associated with molecular motion of the amor-
phous chains with branched portions restricted by lamel-
lar crystals.

(3) The methylene segment affects the dispersion for both
systems where the vy relaxation is more intensive and the
position T, shifts to a lower temperature with the decreas-
ingly methylene sequence and extrapolates to the glass
transition of amorphous polymethylene. The y relaxation
can be associated with segmental motion of floating and
cilia chains in the amorphous layer.
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