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Abstract

Experimental evidence is reached by differential scanning calorimetry (DSC), and modulated differential scanning calorimetry (MDSC),
about the existence of a glass transition in a commercial ethylene-1-octene copolymer synthesized with a metallocene catalyst and in its
corresponding composites with glass fibre at different content of reinforcement. The glass transition is found in the region from —50 to
—45°C depending upon the empirical protocol. Its location is quite independent on the fibre content. The presence of reinforcement in the
polymeric matrix has some influence on the crystalline regions, since slightly more perfect crystals seem to be obtained in the composites
with not very high glass fibre content, judging from the better resolution of the (110) diffraction and from the slightly higher melting
temperatures. However, the normalized crystallinity remains practically unchanged in all the samples. © 2001 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

When dealing with the relaxation spectrum of semi-
crystalline polymers, the glass—rubber relaxation arising
from the amorphous fraction can be easily identified in
most cases, specially in those where it is possible to obtain
completely amorphous specimens. Thus, it corresponds
usually with the 8 process in such spectrum (or «, relaxa-
tion, the notation depending on the presence or absence of a
crystalline phase dependent « relaxation). This relaxation is
much broader and the relaxed modulus is displaced drama-
tically upward in the semicrystalline polymers but it is
nevertheless directly traceable to a glass—rubber relaxation
that occurs when the material is in the completely amorphous
state. In addition, other relaxation processes, depending on
the polymer structure, may occur at lower temperatures in
these polymers whether in the semicrystalline or completely
amorphous state (and they are largely or completely resident
in the amorphous fraction when semicrystalline).

In the case of polyethylene, however, the assignment of
the glass transition to the y or B relaxations has been a
matter of continued intensive study as well as widespread
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disagreement [1-6]. On the one hand, some authors, based
on experiments of “C Nuclear Magnetic Resonance,
concluded that the 8 process could not be identified with
the glass transition in either branched or linear polyethylene.
On the other hand, the relative lack of sensitivity to morpho-
logical factors (presence or absence of crystalline fraction)
and the magnitude of the activation parameters have
suggested that the vy relaxation has its origin in relatively
localized molecular motions [5]. To designate the y process
as the glass transition in linear polyethylene would be justi-
fiable only if one wishes to describe the more prominent
amorphous phase relaxation as the glass transition. Molecular
dynamics simulations have predicted a volumetric glass
transition in amorphous polyethylene associating the S
process with the glass transition [6,7].

The use of metallocene catalysts has allowed to attain
ethylene-a-olefin copolymers with a uniform length of the
branches, a very random distribution of the comonomer
along the backbone, a unique distribution of the comonomer
in different chains and a very narrow molecular weight
distribution. These characteristics are very convenient for
the study of the structure—properties relationships since
there is no need to fractionate the samples and the homo-
geneous distribution of comonomer is a great advantage
when studying the properties’ dependencies with the
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composition. Depending upon comonomer content, the
metallocene-catalyzed copolymers show three or two
relaxation processes [§—11]: vy, B and « in order of increas-
ing temperatures. The y relaxation is attributed to restricted
conformational transitions, as kink formation, inversion and
migration of polymethylenic chains [12—-15]. Molecular
dynamics simulations have been a powerful tool to corro-
borate the just mentioned nature of these conformational
motions underlying this relaxation [7,16]. The B relaxation
has been universally detected in branched polyethylenes at
temperatures around —20°C, but it sometimes appears,
though weakly, in some samples of linear polyethylene.
From the study of various polyethylenes and their copoly-
mers, some authors have concluded that this relaxation
results from motions of chain units in the interfacial region
[17,18] whereas some others attributed this process to the
glass transition [5—-7]. Finally, the « relaxation has been
associated to vibrational and reorientational motions within
the crystallites [19,20].

Modulated differential scanning calorimetry (MDSC), is
a relatively new technique in thermal analysis in which the
normal temperature scan used in differential scanning
calorimetry (DSC), is, generally, overlaid by a sinusoidal
perturbation. The purported advantages of MDSC include
the ability to separate overlapping phenomena, as well as
improved resolution and sensitivity. In the MDSC experi-
ments, the modulated heat flow raw data are deconvoluted
by Fourier Transform algorithm [21] allowing the calcula-
tion of reversing heat flow (caused by the modulation and
also known as cyclic component) and total heat flow (caused
by the underlying heating rate and corresponding to conven-
tional DSC data). The difference is the non-reversing heat
flow, indicating the contribution of all the kinetics’ events,
which cannot follow the modulation. Empirically it has been
found that: (1) the glass transition appears in the total and
reversing component of the heat flow; (2) the crystallization
process appears in the total and non-reversing component, but
not in the reversing component of the heat flow; and (3) the
melting process may be visible in all three components of the
resolved data [22]. DSC and MDSC have been used to analyse
the melting and crystallization of metallocene ethylene-1-
octene copolymers [23,24]. These studies have shown that at
the glass transition the melting process begins and the crystal-
lization process ends. But none of them have analysed the glass
transition process. Therefore, the aim of this work is to inves-
tigate either the existence or the location of the glass transition
of a commercial metallocene ethylene-1-octene copolymer
and its composites with glass fibre by conventional DSC.
MDSC is used to assure that this process is certainly a glass
transition. In addition, the effect of glass fibre in the diffrac-
tion patterns and melting process is discussed.

2. Experimental

A commercial ethylene-1-octene copolymer (CEO) with

a 9.27 mol% comonomer content is analysed in the current
paper and has been supplied by Exxon Chemical. Chopped
strands of E glass fibres of 6 mm long, grade E-11 supplied
by Cristalera Espafiola S. A. were utilized in the composites.

Composites with different content in glass fibre: 5, 10, 20
and 40% in weight, labeled as CEOGF5, CEOGFI10,
CEOGF20 and CEOGF40 respectively, were prepared in a
Haake Rheocord 9000 at 150°C and at 40 rpm for 10 min.
After blending and homogenization of the two components,
sheets specimens were obtained as films by compression
molding in a Collin press between hot plates (130°C) at a
pressure of 1.5 MPa for 10 min. A quench was applied to the
different films from the melt to room temperature.

Wide-angle X-ray diffraction patterns were recorded in
the reflection mode at room temperature by using a Philips
diffractometer with a Geiger counter, connected to a com-
puter. Ni-filtered CuK,, radiation was used. The diffraction
scans were collected over a period of 20 min in the range of
20 values from 3 to 43 degrees, using a sampling rate of 1 Hz.
The goniometer was calibrated with a silicon standard.

Conventional calorimetric analyses were carried out in a
Perkin—Elmer DSC7 calorimeter, connected to a cooling
system and calibrated with different standards. The sample
weights ranged from 6 to 8 mg. A temperature range from
—70 to 150°C has been studied and the used heating rates
were 20 and 40°C min~'. The value of the glass transition
was obtained from the midpoint of the heat capacity change.
The reader is referred to Seyler [25] for a discussion of the
measurement uncertainties typical of DSC measurements as
well as for a discussion of the differences in assignment of
T, values based on different measurement techniques. For
crystallinity determinations, a value of 290 J g~ ' has been
taken as the enthalpy of fusion of a perfectly crystalline
material [26].

Modulated differential scanning calorimetric experiments
were performed on a TA Instruments 2920 MTDSC calori-
meter, connected to a liquid nitrogen cooling system and
calibrated with different standards. Calibration for heat flow
scales was made using indium as reference and checked via
heat capacity measurements with a sapphire disc in the
range of interest. The sample weights were around 11 mg
in all the specimens. The MDSC experiments were
performed with a sinusoidal temperature oscillation overlaid
on the linear temperature ramp. Preferred modulation para-
meters are a period of 90 s, an amplitude of 3°C and an
underlying heating rate of 2°C min~'. A temperature range
from —100 to 0°C has been studied.

3. Results and discussion

Fig. 1 displays the different X-ray patterns found at room
temperature for the copolymer CEO and the different
composites with distinct glass fibre content. Polyethylene,
under usual conditions, crystallizes in the typical ortho-
rhombic lattice [27]. It is evident from Fig. 1 that the
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Fig. 1. X-ray diffraction patterns of the different specimens. From top to
bottom: CEOGF40Q, CEOGF20Q, CEOGF10Q, CEOGF5Q and CEOQ.

presence of comonomer, 9.27 mol% in 1-octene, leads to a
considerable distortion of the polyethylene crystal lattice
though the (110) and (200) diffractions peaks of the ortho-
rhombic unit cell are observed in the copolymer CEO.
Compared to polyethylene homopolymer, a decrease of
the intensity in the (110) diffraction is exhibited and the
(200) one becomes a shoulder in the pattern. In addition,
diffractions are broadened and shifted to lower angles indi-
cating a diminishment in the crystallites’ size and less
perfect crystals, respectively. Some studies have shown
that, in general, the alkyl branches cannot enter into the
polyethylene crystal lattice. Exclusively, the methyl
branches are included in the lattice at a substantial degree
[28—31] and a small proportion of ethyl ones has been also
found in crystalline environments [32,33]. The excluded
branches are supposed to be predominantly in the interfacial
region. As comonomer content increases, the average
number of consecutive ethylene units decreases and the
crystallizable part becomes smaller. Consequently, crystal-
linity decreases as the comonomer content rises in the
copolymer [8—11,30]. Moreover, and for high comonomer
content, like in the present case, besides the (110) and (200)
reflections, a third crystalline reflection, centred at about
4.53;\, is observed [11,24,34]. This reflection is attributed
to a hexagonal phase more disordered than the orthorhombic
one.

The composites with different glass fibre content exhibit
similar diffractograms than the copolymer matrix. However,
the introduction of the glass fibre provokes an increase in the
intensity of the (110) diffraction suggesting, in some exten-
sion, the participation of the fibres on the crystallization
process, acting as nucleation centres. This effect is more
important up to a glass fibre content of 20%. For the specimen

with the highest reinforcement degree, a decrease of the
(110) diffraction is observed compared with the other
composites although the noise level is much higher, due
to the decrease of polymer content. An extensive analysis
of the crystallization process is currently being carried out in
these composites by SAXS and microscopy.

The glass transition is strongly affected by the presence of
crystallites in polymers. The intensity and the breadth of this
process are, respectively, smaller and higher than those
found in the same system in the amorphous state. Therefore,
sometimes glass transition is not easy to be observed by
DSC in some semicrystalline polymers, mainly when its
location is close to the melting process. In the materials
under study, a very broad melting process is exhibited, start-
ing just after T,. Accordingly, T, determination by conven-
tional DSC in polyethylene and its a-olefins copolymers
might be discussed by authors that postulate its location in
a different temperature range considering the change in the
heat flow as the initiation of the melting process. As
mentioned before, the current work precisely addresses the
location of 7, in a copolymer with a high content of 1-octene
and its different glass fibre composites.

Fig. 2 shows the conventional DSC traces for the copo-
lymer and the different glass fibre composites, analysed at a
heating rate of 20°C min~". In this Fig. 2, a change in the
slope of the heat flow at around —47°C for the different
specimens is observed at this heating rate. It could be attri-
buted either to the glass transition of the copolymer or to the
beginning of the melting process of the smallest crystallites.
This change in the slope is somewhat better resolved when a
heating rate of 40°C min ' is used (Fig. 3). Assuming that it
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Fig. 2. DSC melting curves corresponding to the copolymer and the differ-
ent composites at a heating rate of 20°C/min. From top to bottom:
CEOGF40Q, CEOGF20Q, CEOGF10Q, CEOGF5Q and CEOQ. In the
insert, the glass transition region.
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Fig. 3. DSC melting curves in the glass transition region corresponding to
the copolymer and the different composites at a heating rate of 40°C/min.
From top to bottom: CEOGF40Q, CEOGF20Q, CEOGF10Q, CEOGF5Q
and CEOQ.

is a glass transition, the corresponding values of T, are
reported in Table 1. These values indicate that they are
quite independent on the introduction of fibre in the matrix.

MDSC is a very useful tool to distinguish the existence of
a very weak transition in the conventional calorimeter if the
convenient experimental conditions are used. The purpose
of using this technique is to corroborate that the thermal step
observed in the region of —50 and —40°C is the glass tran-
sition of this ethylene-1-octene copolymer (and its corre-
sponding composites with glass fibre). Consequently, a
temperature range from —100 to 0°C has been analysed.
The choice of correct modulation parameters is a prerequi-
site to assure steady state. Preliminary experiments have
shown that a temperature amplitude of 3°C and a period
of 90 s are the best choice and were selected to perform
the measurements. It has also been checked that distortion
of the heat flow sine wave does not occur under the selected
modulation conditions and that a minimum of 5-6 cycles is
achieved through the glass transition in order to assure
proper separation of the heat flow during the transition.

Table 1
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Fig. 4. Complex heat capacity in the glass transition region for the different
samples measured by MDSC. From top to bottom: CEOGF40Q,
CEOGF20Q, CEOGF10Q, CEOGF5Q and CEOQ.

Fig. 4 shows the results for the complex heat capacity. A
clear glass transition is exhibited for the different materials
at around —48°C (Table 1). The location of the transition is
now slightly dependent on the fibre content. It seems that a
glass fibre content up to 20% in weight imposes some
hindrances into the amorphous phase and, consequently,
the glass transition temperature increases. On the other
hand, mobility in the amorphous regions looks easier as
reinforcement content is 40% in weight and 7, is slightly
shifted to lower temperatures. Fig. 5 displays more
evidences that this transition is really the glass transition
of these materials. The reversible heat flow, the heat flow
phase and the derivative of the complex heat capacity are
depicted for the CEO copolymer and the composite with a
glass fibre content of 5%. An endothermic transition is
observed in the former magnitude, which corresponds to
the glass transition of these materials. On the other hand,
a minimum and a maximum are found in the plots of the
heat flow phase and the derivative complex heat capacity,
respectively. Both of them are again an indicative feature
that this thermal transition is a glass transition without any
doubt.

Glass transition temperatures determined from DSC and MDSC measurements and melting temperatures (7},), enthalpies of melting (AH) and crystallinities

estimated from DSC

Sample 725 (°C) at T2 (°C) at T35 (°C) from 7o (°C) at AH (J/g) at £95¢
20°C min " 40°C min ™" Cp*(mJ/°C) 20°C min~" 20°C min~"

CEOQ —47.0 —455 —49.0 70.8 86 0.30

CEOGF5Q —47.0 —455 —485 71.2 84 0.29

CEOGF10Q —47.0 —455 —47.0 71.5 84 0.29

CEOGF20Q —47.0 —455 —47.0 72.0 85 0.29

CEOGF40Q —47.0 —455 —-50.0 71.4 86 0.30
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Fig. 5. Reversible heat flow, heat flow phase and derivative of complex heat
capacity for the pure copolymer and the composite with a content of glass
fibre of 5% in weight.

In addition to the glass transition, Fig. 2 shows the melt-
ing process of the crystallites developed in the different
structures. The location of the main melting peak is quite
independent on the content of reinforcement in the compo-
site. A diminishment of the intensity in the melting curve is
observed as glass fibre content is increased in the composite,
due to the smaller amount of copolymer in the global material.
However, the actual enthalpy of the melting process calcu-
lated just from after T}, to 120°C, is similar in all the samples,
as reported in Table 1. Accordingly, crystallinity estimated
from these DSC experiments, when normalized to the copo-
lymer content in the composites, is similar for all the
specimens under study. On the other hand, the melting
temperature is shifted to slightly higher temperatures, point-
ing out the presence of somewhat larger crystallites in the
composites. Therefore, although the normalized crystalli-
nity remains practically unchanged, the reinforcement
seems to provoke some morphological changes, since
more perfect crystals are obtained in the composites with
not very high glass fibre content, judging from the better
resolution of the (110) diffraction and from the slightly
higher melting temperatures. A more detailed study of
these possible morphological changes is under way.

4. Conclusions

An experimental evidence of the existence of a glass transi-
tion has been reported for a commercial ethylene-1-octene
copolymer synthesized with a metallocene catalyst and its
composites with glass fibre as reinforcement. Such a glass

transition has been observed in the temperature range from
—50 to —45°C by conventional DSC and MDSC. The loca-
tion of such a glass transition is quite independent on the
glass fibre content in the composite. The fibre has some
influence on the crystalline regions, since slightly more
perfect crystals seem to be obtained in the composites
with not very high glass fibre content, judging from the
better resolution of the (110) diffraction and from the
slightly higher melting temperatures. However, the normal-
ized crystallinity remains practically unchanged in all the
samples.
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