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Abstract

Blends of linear low-density polyethylene (LLDPE) and very low-density polyethylene (VLDPE) with long chain branching have
been prepared by extrusion mixing. All copolymers have similar branch lengths and are commercial ethylene–octene copolymers. The
copolymers and blends were subjected to crystallisation (“thermal fractionation”) by stepwise cooling interspersed with isothermal periods
and the fractionated samples were examined by differential scanning calorimetry (DSC). Thermal fractionation by DSC separates
copolymers and blends according to their branching densities. Thermal fractionation data were used to calculate branching distribution in
polyethylenes using calibration curves obtained from the literature. It is found that LLDPE contains a broad distribution of branching
densities whereas the VLDPEs contain a narrow distribution, though with shorter average lengths between branches. Where both polymers
have common melting endotherms in the thermally fractionated blends they may co-crystallise if they are mutually miscible in the melt. In
blends containing low amounts of VLDPEs, the branching observed are combined effects of each individual polymer indicating that
polymers retain some of their individual features after blending. The blends with high VLDPE amounts show some miscibility in the
melt suggesting co-crystallisation between the copolymers may be occurring.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Linear low-density polyethylene (LLDPE) is used in
many film applications where flexibility, toughness and
strength are required in a polyethylene film. Although
LLDPEs have superior mechanical properties [1], which
enable very thin gauge films to be produced, they exhibit
poor processability due to the presence of short chain
branches [2]. Conversely, low-density polyethylene
(LDPE) is easier to process, and in particular it has higher
melt strength. The superior melt strength of LDPE arises
from the presence of long chain branching and long chain
branches are thought to provide more entanglements within
the melt. Blending LDPE up to 20% (w/w) proportions with
LLDPE provides a better level of long chain branching
retaining some of the properties of LLDPE [3]. Another
improved feature of blending LDPE into LLDPE is the
better transparency of LLDPE–LDPE films.

The development of single-site catalyst technology has
enabled production of a new range of polyethylenes includ-
ing very low-density polyethylene (VLDPE) [4,5]. VLDPE
has more long branches than conventional LLDPE and these

branches are more evenly distributed along the polymer due
to the selectivity of the metallocene catalyst used in the
polymerisation. The VLDPE, which also has long branches,
will be similar to LDPE except those short branches will be
better defined in number and distribution. Metallocene poly-
ethylenes are also found to have lower haze than LDPE and
processability similar to LDPE [6]. Thus, blending VLDPE
into conventional LLDPE is expected to improve properties
and performance including melt tension and transparency in
the LLDPE blends.

Polyethylene copolymers, produced using both conven-
tional Ziegler–Natta polymerisation catalysts and single-
site or metallocene catalysts, have been found to exhibit
structural heterogeneity due to the unequal reactivities of
ethylenes and the 1-olefin comonomer [7–16]. Differential
scanning calorimetric (DSC) analysis of these copolymers
showed broad or several melting peaks suggesting uneven
branching in these copolymers [9–19]. The most common
methods used for the analysis of structural heterogeneity are
fractionation methods such as solvent gradient elution frac-
tionation (SGEF, direct extraction by solvents/non-solvent
mixtures; fractionation mainly based on the molecular
weight differences) and temperature rising elution fractio-
nation (TREF, crystallisation/dissolution procedures; frac-
tionation based on the differences in crystallinity) [16]. Due
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to the lengthy steps and high cost involved, these procedures
are not widely used for the compositional analysis of
polymers.

Alternative fractionation methods such as stepwise
annealing [20], stepwise isothermal crystallisation [20–31]
and successive self-nucleation/annealing [32–34], etc. by
differential scanning calorimetry have been reported. We
have recently examined a stepwise cooling program to
fractionate polymers [26]. In this method, the polymer is
quickly cooled to the desired crystallisation temperature
from the melt and then successively held for a certain
time at decreasing temperatures. At each cooling step, all
molecules, which can crystallise, have time to do so and
molecules or segments of molecules are separated based
on branching density. In fact, Adisson et al. [25] showed
that the DSC thermograms of thermally treated samples
of LLDPEs and combined TREF fractions were almost
the same indicating that this DSC fractionation
proceeded mainly according to the branching not to
the molar mass. Hence, this process is termed thermal
fractionation.

Thermal fractionation does not physically separate the
polymer sample into fractions, but rather the crystals within
the sample are separated into groups of lamellae of different
thicknesses depending on the extent and distribution of
branching. According to the exclusion model [23,24,35],
crystallites of copolymers are formed from the crystallisable
and non-crystallisable components. During crystal growth,
crystallisable units continuously grow attaching to the
lamella surface whereas non-crystallisable units are
excluded thereby hindering the lamellae thickening. The
fold period will thus depend on the frequency of the non-
crystallisable units such as short branches and branch points
of long branches along the copolymer chain. The exclusion
of branch points from crystals should be complete due to the
long equilibration (50 min) at each isothermal crystallisa-
tion temperature. Since short branches (except methyl [36])
and branch points of long branches are excluded from the
crystal, it is possible to obtain a distribution of lamellae,
which also represents the branching distribution of poly-
mers. In particular, DSC fractionation based on stepwise
slow crystallisation carried out at progressively lower
temperatures from the melt can be considered closer to
equilibrium conditions. Therefore, the subsequent melting
of the fractionated sample in the DSC reveals information
about the lamella thickness distribution and the DSC data

can be used to determine the chemical composition distri-
bution of copolymers [23–25,31,34].

While the commercial outcomes of metallocene poly-
ethylene blends may be important our long-term goal is to
understand the microstructure of these copolymers and their
blends to extend the theories of polymer–polymer misci-
bility and the role of microstructure on properties and
performance. In our efforts to investigate metallocene or
single-site catalysed grade polyolefin blends, we have
studied blends of LLDPE with VLDPE. Here, we present
the application of a thermal fractionated crystallisation
method to study the branching distributions and melt
miscibility of the copolymers and their blends.

2. Experimental

2.1. Materials

The polyethylenes used in this study are commercial
1-octene copolymers and have similar branch length. The
LLDPE is a Ziegler–Natta solution/slurry polymerised type
and the VLDPEs are single-site-polymerised types with
long chain branches, obtained from Dow Plastics, Australia.
The details of the polymers used are shown in Table 1.

2.2. Preparation of blends

The pellets of each VLDPE1 and VLDPE2 were mixed
with LLDPE in various proportions (by weight) 10, 20, 50
and 80%. The uniformly mixed pellets were fed into an
Axon BX-12 extruder (Axon Australia Pty. Ltd., Australia)
with a Gateway screw, 12.5 mm diameter and a
length:diameter of 26:1. The temperature profile of the
extruder was 120, 180, 180 and 1508C at the feed zone,
compression zone, metering zone and die-end, respectively.
The screw speed was 40 rpm. The extruded strands were
passed through room temperature water and subsequently
granulated after drying in air. The blends are labelled by the
VLDPE content; 10% VLDPE1 blend contains 10% of
VLDPE1 by weight.

2.3. Differential scanning calorimetry

Thermal fractionation and thermal analyses were
performed on a Perkin–Elmer series Pyris1 differential
scanning calorimeter with Pyris software version 3.0. The
DSC was operated at ambient temperature mode with a cold
finger cooled to 1–58C with ice/water and under a nitrogen
blanket (N2 flow 20 ml/min). Samples weighing about
2–5 mg (Perkin–Elmer AD-2Z Autobalance) were sealed
in crimped aluminium pans. About 3–4 mm long pieces
were cut from the strands of melt-mixed blends and
vertically cut thin slices were obtained from pellets of
neat polymers.
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Table 1
Details of the polymers used in this research

Codea Comonomer % MFI (g/10 min) Density (g/cm3)

LLDPE 5.0 0.94 0.927
VLDPE1 7.5 1.0 0.915
VLDPE2 9.5 1.0 0.908

a All data were taken from data sheets published by the manufacture.



2.4. Standard DSC analysis

The previous thermal effects were removed by melting
the samples to 1808C and holding at 1808C for 5 min. The
samples were then cooled to 308C to obtain the crystallisa-
tion temperature (Tc) and heated again to 1508C to obtain the
peak melting temperature (Tm

0). A cooling and heating rate
of 108C/min was used. A baseline was run with a similar
empty pan using the same methods. Peak area and tempera-
tures were determined following the calibration with an
indium standard.

2.5. Thermal fractionation method

The samples were melted at 1808C for 5 min and then
cooled to 1228C at a nominal rate of 2008C/min. Isothermal
crystallisation was continued for 50 min at 1228C. The
sample was cooled to 1188C at a 2008C/min rate and another
isothermal crystallisation followed. This procedure was
repeated in every 48C step until 468C and the sample was
cooled to room temperature at a 2008C/min rate. The melt-
ing scans were obtained by heating the thermal fractionated
samples from 30 to 1508C at a 108C/min heating rate.

2.6. Data analysis

The specific heat was calculated by using the multiple
curve method on raw heat flow data. The degree of branch-
ing (B) and degree of crystallinity (x c) were calculated from
calibration curves derived from TREF results of previous
researchers [10]. The relationships between peak melting
temperatures (Tm), B and x c were Tm � 22:18B 1 134
and xc � 22:51B 1 0:86; respectively. The degree of
branching is reported as the number of branches per 1000
backbone carbon atoms. The amount of polymer in each
fraction (Table 2) was then estimated using the calculated
crystallinity values and area under each endotherm (A);
%Polymer� �A=%xc� × 100:

3. Results and discussion

Fig. 1 shows the specific heat curve for LLDPE after
thermal fractionation. The curve contains a well resolved
series of melting peaks (10 peaks) between 84 and 1318C
suggesting that independently melting crystallites are
formed during the stepwise cooling. The broad melting
range indicates that LLDPE has a range of lamella thick-
nesses and therefore a wide distribution of branching
content. Calculations show that LLDPE contains 4–21
branches per 1000 carbons (Table 2). This disperse distribu-
tion of branching is due to the multiple active sites of the
catalyst used in the solution/slurry polymerisation process.
Each of the peaks in the DSC curve is due to the molecules
or segments of molecules of a particular distance between
branches. The branches are expected to be excluded from
the crystals, under the stepwise isothermal conditions used,
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thus the lamella thickness is limited by the distance between
branches. It is considered that, in ethylene copolymers,
branches longer than –CH3 are mostly excluded from the
crystal [36]. As a result, the lamella thickness and crystal-
linity are reduced in ethylene copolymers. The crystals
under each of the peaks cannot undergo lamella-thickening
growth with time and temperature due to this limitation. The
crystals represented by each peak have been formed under
isothermal conditions over a period of 50 min and the
crystals of each subsequent peak of a lower temperature
were unable to crystallise during this period when the
temperature was 48C higher. Müller et al. [37] examined
LLDPE cooled under different conditions by transmission
electron microscopy. They found that LLDPE, which was
slowly cooled, produced a higher proportion of thicker
lamella crystals with an overall higher degree of crystal-
linity. It was observed that thermally fractionated LLDPE
also showed a higher degree of crystallinity (calculated from
DSC data, Table 2) indicating that a higher proportion of
thicker lamella crystals may have formed upon step-wise
cooling.

The specific heat curves for thermally fractionated
VLDPEs are shown in Figs. 2 and 3. The branches in
these single-site catalysed VLDPEs are expected to be
more evenly distributed along the molecule giving a
narrower melting range than LLDPEs. VLDPE1 showed
seven peaks in the temperature range of 85–1208C. The
highest melting peak temperature appears at 1118C indicating

that there are no unbranched sequences capable of providing
higher melting temperature crystals. Most of the crystals
melt in this one peak, though there is a series of smaller
peaks, appearing to about 858C, which are due to more
highly branched molecules or molecular segments.
However, the long branches present in VLDPE1 are not
significant for determining the distribution of lamella thick-
nesses because they are mostly excluded from the crystal.
The branching distribution in VLDPE1 varies from 10 to 21
branches per 1000 carbons.

It can be seen from Fig. 3 that VLDPE2 also exhibited
nine peaks with the lowest and highest peak melting
temperatures appearing at 76 and 1078C, respectively. The
lowering of the melting range of VLDPE2 (85–1208C
versus 73–1128C) indicates that VLDPE2 contains more
branching (12–27 branches per 1000 carbons) which lowers
the peak melting temperatures compared with VLDPE1. As
seen in VLDPE1 specific heat curve, the majority of crystals
of VLDPE2 melt in the highest melting peak at 1078C.
Nonetheless, the lower melting endotherms of VLDPE2
are larger than those of VLDPE1 indicating that the distri-
bution of branching is slightly greater in VLDPE2. The high
level of branching of VLDPE2 is also supported by the
efficient processability due to the improved melt rheology
as shown by Swogger and co-workers [38].

Blends of copolymers were similarly analysed with
a view to determine the extent to which the polymers
either co-crystallise or crystallise independently. Although
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Fig. 1. DSC specific heat curve of LLDPE obtained after thermal fractionation.

Fig. 2. DSC specific heat curve of VLDPE1 obtained after thermal fractionation.



LLDPE, VLDPE1 and VLDPE2 differ in the amount and
distribution of the comonomer chemically, they should be
miscible. The long branches in VLDPEs do not affect the
crystallisation since there are few of them. Nonetheless,
they are expected to affect the rheology and especially the
melt strength. If the LLDPE and a VLDPE are miscible then
they should be able to co-crystallise where the segment
lengths between branches are the same in each polymer. It
has been shown that more flexiblen-alkane units can

incorporate into the crystal lattice and miscibility is more
likely to occur when the branching is similar [39]. Fig. 4
presents the melting of a series of blends of LLDPE with
VLDPE1 after thermal fractionation; the individual poly-
mers are shown in the top and bottom curves. Addition of
VLDPE1 to LLDPE simply dilutes the larger melting peak
of the LLDPE, while increasing the size of the lower series
of melting peaks. Blending 20% of LLDPE to VLDPE1
separated the main melting peak of VLDPE1 into two
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Fig. 3. DSC specific heat curve of VLDPE2 obtained after thermal fractionation.

Fig. 4. Specific heat curves of LLDPE–VLDPE1 blends after thermal frac-
tionation. An adapted scale is drawn by consecutively adding 10 units to
each curve.

Fig. 5. Specific heat curves of LLDPE–VLDPE1 blends after cooling at
108C/min. An adapted scale is drawn by consecutively adding 10 units to
each curve.



sharper peaks. The main melting peak of VLDPE1 was
broad though not resolved in the pure polymer. These
changes indicate that there must be some co-crystallisation
between the two polymers in the 80% VLDPE1 blend.

Fig. 5 contains the DSC specific heat curves for the
same series of blends after cooling from the melt at

108C/min and the peak melting temperatures associated
with them are listed in Table 3. The presence of multiple-
peaked crystallisation and melting curves was observed
for copolymers and their blends. These results are char-
acteristic of intermolecular heterogeneity [16]. As
mentioned before, the multiple-peaked DSC specific
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Table 3
Crystallisation and melting characteristics of pure polymers and their blends at scanning rates of 108C/min

Polymers and blends Tm
0 a (8C) DHm (total) (J/g) Tc

b (8C) DHc (total) (J/g)

LLDPE 120 9.9 106 11.5
VLDPE1 111 9.3 97 10.9
VLDPE2 107 7.9 91 9.4
10% VLDPE1 121 8.4 107 11.4
20% VLDPE1 120 9.0 106 11.8
50% VLDPE1 118 8.0 104 11.4
80% VLDPE1 110 8.0 101 11.2
10% VLDPE2 121 9.2 107 11.8
20% VLDPE2 120 9.0 107 11.4
50% VLDPE2 118 7.9 107 11.0
80% VLDPE2 106 7.4 97 10.0

a Multiple melting peaks were observed for LLDPE and all blends. The value of the highest melting peak is reported.
b Cooling curves had shoulder on low-temperature side.

Fig. 6. Specific heat curves of LLDPE–VLDPE2 blends after thermal frac-
tionation. An adapted scale is drawn by consecutively adding 10 units to
each curve.

Fig. 7. Specific heat curves of LLDPE–VLDPE2 blends after cooling at
108C/min. An adapted scale is drawn by consecutively adding 10 units to
each curve.



heat curve of LLDPE (bottom curve) is an indication of
heterogeneous comonomer incorporation in LLDPE. The
higher melting peaks due to LLDPE stay at the same
temperature but are diluted by VLDPE1. The lower
melting peak of VLDPE1 and LLDPE are at the same
temperature, though that of LLDPE is much broader. This
lower melting peak temperature decreases slightly to a
minimum for the 50% VLDPE1 blend. Again co-crystal-
lisation between some of the LLDPE and VLDPE1 in this
range of branching compositions may take place. Moreover,
it is seen that the information provided in these curves is
limited compared with those of thermally fractionated
blends.

Fig. 6 shows the melting of a series of blends of LLDPE
and VLDPE2 after thermal fractionation. Similar observa-
tions to those for the blends of LLDPE and VLDPE1 are
apparent, though the temperature range for the changes due
to co-crystallisation are decreased due to the lower melting
temperature of VLDPE2. A small peak appeared on the high
temperature side of the main melting peak of LLDPE in 10
and 20% VLDPE2 blends. The splitting of the high tempera-
ture peak of VLDPE2 into two peaks is again observed in
the 80% VLDPE2 blend. The presence of LLDPE has

enabled the crystallisation of VLDPE2 to be better resolved
in this temperature range.

The DSC curves obtained after cooling at 108C/min
are shown in Fig. 7. Again, these curves present less
detail about the crystallisation of the blends. The broad
lower temperature melting peak, due to VLDPE2 and
part of the LLDPE decreased slightly for the 20, 50 and
80% VLDPE2 blends, indicating that some co-crystallisa-
tion has occurred in this melting range. The higher melting
temperature peak, due to LLDPE, stayed at the same
temperature, while the middle melting peak, also due to
the LLDPE decreased markedly for the 50% VLDPE2
blend.

In order to better observe the effects of additivity on the
melting of the blends calculated specific heat curves were
obtained for the blends. The specific heat curves for the pure
polymers after thermal fractionation were added in the frac-
tion each was present in the blend to provide a calculated
specific heat curve for the blends. Only the curves for the 20
and 80% VLDPEs are shown, since these show the greatest
change and illustrate the procedure. The use of specific heat
curves for the DSC results has enabled this procedure to be
used since heat flow curves only provide relative DSC
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Fig. 8. Comparison of experimental and calculated specific heat curves of LLDPE–VLDPE1 blends after thermal fractionation: (a) 20% VLDPE1; (b) 80%
VLDPE1 blends.



curves. Even when the heat flow curves are normalised for
the mass of the sample the heat flow scan is relative since
the zero line in not known. The specific heat curves provide
an absolute representation of DSC data, with the zero line
being a true zero and the baseline of the polymer represent-
ing the specific heat of the polymer at any temperature along
the curve. Generally, the specific heat of polyethylene is
about 2 J/(g8C).

The calculated and observed specific heat curves for
VLDPE1 and VLDPE2 blends are shown in Figs. 8 and 9.
A close match is seen between the calculated and observed
curves of 20% VLDPE1 blend (see Fig. 8(a)), except that
the experimental curve shows better fractionation resolution
at 120 and 1128C, and the greater intensity of the highest
melting peak. Apart from these changes the two polymers
could be considered to have crystallised separately. The
80% VLDPE1 blend shows greater differences between
the calculated and observed curves in the region where
VLDPE1 has its main melting peaks. The calculated curve
displays a broad main melting peak for VLDPE1, whereas
the observed curve contains two resolved peaks for the same
temperature range. Furthermore, the two highest tempera-
ture peaks, due to the LLDPE have changed relative areas

with the second highest peak being larger in the observed
curve. The peak at 1078C is also larger in the observed
curve. In the 80% VLDPE1 curves, these differences indi-
cated that the two polymers are having an effect on their
crystallisation in the blend. This suggests that they are
miscible or partially miscible and are able to co-crystallise.
Similar behaviour was observed for VLDPE2 blends. The
20% VLDPE2 blend shows very good agreement between
the calculated and observed curves, and in this case the
calculated curve again shows less fractionation resolution.
The curves for the 80% VLDPE2 blend display changes in
the same regions as described above.

Crystallisation is very selective even within the one poly-
ethylene. If the LLDPE and VLDPE are immiscible in the
melt near the temperature of crystallisation they will crystal-
lise essentially independently. If they are miscible in the
melt they may still crystallise independently, since crystal-
lisation is very selective about structure. If they are miscible
in the melt and, in part, co-crystallise then the morphology
of the LLDPE will be changed. They are only expected to
co-crystallise when they have similar unbranched segment
lengths. Small differences in the branching between poly-
ethylenes also results in liquid–liquid phase separation.
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Fig. 9. Comparison of experimental and calculated specific heat curves of LLDPE–VLDPE2 blends after thermal fractionation: (a) 20% VLDPE2; (b) 80%
VLDPE2 blends.



Further studies will be carried out to investigate the
microstructures and phase behaviour of these blends in the
melt.

4. Conclusion

Thermal fractionation by DSC separates copolymers
according to their branching densities so that thermal frac-
tionation data was used to calculate branching distribution
in polyethylenes using calibration curves obtained by TREF
data. It is found that many branches are present in the octene
LLDPE studied and the branch content of this copolymer
varies from 4–21 branches per 1000 carbons. VLDPEs,
contained a narrow distribution, though with shorter average
lengths between branches. Since the total specific heat of the
10 and 20% VLDPE blends appears to follow the additivity
rule, the ability of LLDPE to crystallise is not prevented by
the VLDPE or vice versa. The blends with high VLDPE
amounts show some miscibility in the melt indicating
that there may be cocrystallisation between copolymers.
Thermal fractionation of polymers can be performed using
a DSC and is useful in characterisation of copolymers and
their blends.
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