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Abstract

In this work, the morphology of a low-molecular weight single-site based linear polyethylene and several high molecular weight single-site
ethylene—hexene copolymers, as well as their blends are investigated in the solid state using differential scanning calorimetry, transmission
electron microscopy, atomic force microscopy and optical microscopy. Such model blends are believed to be important to elucidate the
structure of polyethylene with a bimodal molecular weight distribution. The lamellae- and spherulite structure in the blend components and
in the blends, and the ability to cocrystallise from the melt are found to be highly dependent on the amount of comonomer incorporation in the
branched blend component. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Linear low-density polyethylene (LLDPE) represents a
relatively new class of materials that entered the commercial
market in the early 1980s. These materials were developed
in order to produce a polyethylene with short chain
branches, without any long chain branches. These materials
are available in a range of densities from 0.900 to
approximately 0.935 g cm °, depending on the amount of
comonomer incorporated, usually 1-butene, 1-hexene or
1-octene. The market for LLDPE has increased significantly
compared to low-density polyethylene (LDPE) due to high
toughness, impact strength, tensile strength, elongation at
strength and puncture resistance compared to LDPE-
materials [1]. These materials also show an improved resis-
tance to environmental stress cracking. However, it is
known that ordinary Ziegler—Natta based LLDPE contains
a considerable structural heterogeneity, with substantial
amounts of the polymer having either low or high degree
of comonomer incorporated [2—10]. These materials there-
fore show a range of properties, i.e. the low-branched frac-
tions contribute to crystallinity, which reduces flexibility,
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control of melting point and clarity, while the more
branched molecules contribute to surface stickiness and
solubility. Furthermore, these materials show a rather
broad molecular weight distribution (MWD). The low-
molecular weight fractions involve extractable materials
and problems with stickiness in soft copolymers, while the
high-molecular weight fractions are detrimental to stiffness,
melting point, clarity and rate of crystallisation. The intro-
duction of single-site catalysts has made possible to synthe-
sise LLDPE with a more narrow distribution of comonomer
along the polymer chains and narrow MWD [5]. The
problems with heterogeneous comonomer incorporation
and low- and high-molecular weight fraction are therefore
significantly reduced.

However, even though high-molecular weight single-site
LLDPEs show superior properties in several aspects, the
narrow MWD involves poor processibility and higher
tendency toward melt fracture compared to ordinary
Ziegler—Natta based LLDPE [11]. This problem is over-
come by producing an LLDPE with a bimodal MWD.
Such materials show a combination of high strength and
good processibility, and are produced in a dual reactor
system. The low-molecular weight fraction which contains
only a few branches contributes to the processibility through
an inherent lubrication effect. The properties of such
bimodal LLDPE are expected to be closely related to the
solid-state morphology, the phase behaviour in the melt and
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the molecular structure of the blend components. However,
these systems are complex, and the molecular weights,
MWD, amount- and type of comonomer and compositions
of the materials should both be treated as separate variables
and viewed simultaneously as a complex system. Some of
the complexity is overcome when LLDPE with bimodal
MWD is simulated by blending a well-defined single-site
low-molecular weight LPE with a single-site well-defined
high-molecular weight LLDPE [12]. In a recent work
[13,14], the phase behaviour in the melt was examined in
several blends of a low-molecular weight LPE and different
lightly branched ethylene-1-alkene copolymers. The results
indicated that such blends show considerable extent of
phase separation in the melt. In another work [15], LLDPEs
with bimodal MWD were simulated by blending a single-
site low-molecular weight LPE with several different single-
site ethylene—hexene copolymers. Thermal fractionation of
the ethylene—hexene copolymers showed that some
structural heterogeneity was present even though the
materials were synthesised by single-site catalysts.
However, cocrystallisation among the blend components
seemed to be more restricted in the blends compared to
what is generally found in Ziegler—Natta based materials,
in accordance to results published earlier [16—18] in differ-
ent blend systems. The results furthermore indicated,
however, that some limited degree of cocrystallisation was
present in all blends.

In this work a morphology exploration of the blend com-
ponents and the blends reported in Ref. [15] is presented. The
solid state morphology of the blends and blend components is
investigated by differential scanning calorimetry (DSC),
transmission electron microscopy (TEM), optical micro-
scopy (OM) and atomic force microscopy (AFM).

2. Experimental

Details of most of the experimental techniques used in

this work are described elsewhere [13—-15,18] and will only
be commented briefly here.

The materials used in this work include seven different
single-site ethylene—hexene copolymers, denoted LLDPE(i);
i=1-7 and a single-site linear polyethylene, denoted LPE.
Relevant information of these samples is found in Table 1.
Two of the samples, LLDPE(6) and LLDPE(7) are extracted
fractions from a bimodal copolymer [14]. Weight-average
molecular weight and polydispersity were determined from
GPC [13], while the amount of comonomer in the branched
blend components was determined from FTIR and NMR
[14]. All blends were made in solution in boiling xylene
in various compositions from the LPE component and
each of the copolymers. A blend containing x% (by weight)
of LPE and y% (by weight) of LLDPE(i) will be denoted x/y
LPE/LLDPE(i). As an example, 10/90 LPE/LLDPE(1)
refers to a blend containing 10% (by weight) of LPE and
90% (by weight) of LLDPE(1). After precipitation in cold
methanol, filtration, drying and vacuum treatment, film was
made in a hot press. As earlier described [15], reorganisation
effects are found to be highly present in these blends when
the cooling rates are high. To eliminate these effects and to
obtain homogeneous morphology throughout the samples, a
cooling rate of 1°C min ' was employed. This was obtained
in a Perkin—Elmer DSC 7 equipped with a water cooling
unit [15].

2.1. Optical microscopy

Circular film disks were encapsulated in DSC sample
pans and went through a controlled temperature scan in
DSC, by heating the samples to 170°C, held for 5 min before
the samples were cooled to 10°C applying a cooling rate of
1°C min~". The heating rate was 10°C min~'. This low
cooling rate will most probably ensure a homogeneous
morphology throughout the samples. After the thermal
treatment, the samples were taken out from the sample
pans, and thin sections, 2 wm in thickness were obtained

Table 1
Characterisation of the single-site based materials used in this work

M,}? MM, T’ T Com* L. [DSC] L./ [TEM] Density®
LPE 26 5 132.9 121.0 - 22.6 14.6 >970.0
LLDPE(1) 90 2.7 123.9 112.7 1.0 12.0 9.7 937.4
LLDPE(2) 150 22 119.0 107.6 1.7 9.80 8.8 925.1
LLDPE(3) 115 2.5 117.9 106.9 1.8 9.4 8.4 927.8
LLDPE(4) 62 33 115.5 105.3 2.5 8.7 7.9 928.5
LLDPE(S) 105 2.3 110.9 98.9 42 7.5 6.5 919.6
LLDPE(6) 85 22 103.0 88.9 5.7 6.1 6.0 902.3
LLDPE(7) 58 10 95.5 83.4 7.5 52 5.0 902.8

* Weight-average molecular weight (M,,) in 10° g mol ™" and polydispersity (M,/M,) determined from GPC.
® Melting point in °C as observed in DSC using a heating rate of 10°C min " after a cooling rate of 1°C min~",
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Crystallisation temperature in °C as observed in DSC using a cooling rate of 1°C min~ .
Mol% butyl branches determined from NMR and FTIR.
Lamellae thickness in nm determined from DSC and Thomson—Gibbs equation.
" Lamellae thickness in nm determined from TEM.

Density in kg m~* determined from gradient column.
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in a Reichert—Jung ultramicrotome operating at —120°C
and equipped with new glass knives. The sections were
embedded between a microscope slide and cover glass
and examined in a Zeiss Optical microscope equipped
with crossed polarisers.

2.2. Atomic force microscopy

Thermal treatment of samples for AFM followed a
similar procedure as the samples prepared for OM
(described above). However, instead of using the sections,
the surface left after cutting was employed for AFM. These
surfaces were etched with a mixture of sulphuric acid, ortho-
phosphoric acid and potassium permanganate, and washed
in four separate baths according to published procedures
[19]. The etching times were, however, determined indivi-
dually for each sample, based on examination of samples
etched for times between 30 min. and 2 h. Details of AFM
instrumentation are described in Ref. [13]. Band spacing in
banded spherulites was measured directly from the pictures
using the Nanoscope computer software.

2.3. Transmission electron microscopy

Thermal treatment of samples for TEM was performed as
described above for OM and AFM. The samples were then
treated in chlorsulphonic acid following the procedure intro-
duced by Kanig [20,21]. The samples were kept in the acid
for a time range of 1 to 20 days, the actual time depends on
the samples, since the rate of staining of the acid decreases
with increasing crystallinity of the sample [22]. Details of
cutting and instrumentation are described in Ref. [13].
Lamellae thickness were evaluated directly from negatives
using an ocular and a light table.

3. Results and discussion
3.1. Morphology of the blend components

DSC crystallisation exotherms of the branched blend
components LLDPE(i); i = 1-7 are given in Fig. 1. The
cooling rate applied was 1°C min~'. The crystallisation
peaks show a sharp leading edge characteristic of primary
crystallisation and a tail into the low-temperature region,
reflecting a secondary crystallisation process involving
creation of thinner lamellae. However, it is observed that the
crystallisation peaks are broader and extend deep into the
low-temperature regime for higher comonomer incorpora-
tion. This result indicates that the comonomer incorporation
is more heterogeneous in samples containing higher amount
of comonomer, in accordance to results presented elsewhere
[15]. Furthermore, from Fig. 1 and Table 1 it is clear that the
crystallisation temperature decreases as the amount of
comonomer increases.

The lamellae in the LLDPE(1) sample are found to be
rather long and slightly curved and exhibit rather uniform
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Fig. 1. DSC crystallisation exotherms of the LLDPE(i); i = 1-7 compo-

nents used in this work. The cooling rate was 1°C min~".

thickness distribution. AFM indicates that the lamellae in
this sample exhibit stacking. This is shown in Fig. 2. The
most probable lamellae thickness from AFM measurements
in this sample was found to be approximately 10 nm.
Results from TEM furthermore demonstrate that stacking
is present greatly in this sample. The most probable lamellae
thickness judged from TEM was 9.7 nm, i.e. in good
agreement to the AFM observations. However, it is known
that shrinkage of lamellae might occur during TEM

Fig. 2. AFM phase contrast of the LLDPE(1) copolymer. The sample
experienced a cooling rate of 1°C min~" prior to examination in AFM.
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examination, due to interaction between the electron beam
and polymer crystals [19,23,24]. The true lamellae thickness
of the LLDPE(1) sample and the others samples examined
by TEM in this work is therefore probably higher than quoted
here. Furthermore, in TEM the lamellae are observed domi-
nantly along the crystallographic b-axis i.e. edge on [25],
which makes it much easier to measure the lamellae thickness.
In AFM, the lamellae are viewed in all orientation and it is
possible that the observed lamellae are not completely edge
on. Results from TEM furthermore demonstrate that
dominant and subsidiary lamellae are present in this sample.

A TEM picture of the LLDPE(3) blend component is
shown in Fig. 3. The lamellae in the LLDPE(3) sample
are found to be thinner than the lamellae observed in the
LLDPE(1) sample, see Table 1. These observations are
found to be general, i.e. the most probable lamellae thick-
ness in the LLDPE(7) samples are found to decrease as the
amount of comonomer increases. The introduction of higher
amounts of branches in the polymer chains will lead to a
reduced length of sequences able to crystallise with a corre-
sponding reduction in lamellae thickness. The depression in
lamellae thickness with increasing amount of comonomer
incorporated is expected from the Thomson—Gibbs equation
[26], which relates the lamellae thickness L. of the samples
to the melting temperature according to

2 ()'T,?l
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Fig. 3. TEM of the LLDPE(3) copolymer. The sample experienced a cool-
ing rate of 1°C min~" prior to examination in TEM. The scale bar in the
picture is 25 nm.
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Fig. 4. Most probable lamellae thickness of the LLDPE(i); i = 1-7 compo-
nents measured from TEM (M) and DSC (@) and Thomson—Gibbs Eq. (1)
given as a function of the amount of comonomer incorporated.

where o =90 mJ m~* [27] is the fold surface free energy,
T, is the melting point of the samples judged from DSC,
Ah{=1290Tg™' [27] is the heat of fusion for a 100%
crystalline polymer at the equilibrium melting point
T2 =418.5 K [27] and p. = 1000 kg m* [28] is the crystal
phase density. It has been pointed out that the applicability
of the Thomson—Gibbs equation given in Eq. (1) is
restricted for ethylene copolymers [29,30]. This is due to
uncertainty in determining the surface energy and equili-
brium melting temperature for ethylene copolymers.
However, even though there are numerous sources of errors
when lamellae thickness are calculated from Eq. (1) (surface
energy and equilibrium melting temperature) and from
TEM observations (shrinkage of lamellae and systematic
measurement errors), the most probable lamellae thickness
of the samples LLDPE(i); i = 1-7 obtained from TEM and
from Eq. (1) are found to be in reasonable agreement, at
least in samples where the comonomer content is higher
than 2.5 mol%. This is shown in Fig. 4.

Furthermore, it is observed that the lamellae thickness
distribution is broadened as the amount of comonomer
increases. This is believed to support the observation from
the crystallisation exotherms in Fig. 1 and results presented
elsewhere [15]. In addition to the features observed in the
lamellae described above, the lamellae are found to show a
transition from long and straight lamellae to increasingly
more curved (C-shaped) lamellae, as the amount of
comonomer increases. Such curvature is believed to be asso-
ciated with the tilt angle, known to be present in polyethylene
[25], and plays a major role in models that seek to explain the
phenomenon of banding in spherulites. The topic of banding in
polyethylene spherulites is discussed in a separate paper [31].

The structure of the LPE component used in this work is
found to differ somewhat from the structures of the
copolymers. A TEM picture of the LPE component is
shown in Fig. 5(a). Relatively long and straight occasionally
roof-ridged lamellae are found to be present, in contrast to
the predominantly curved C-shaped lamellae found in the
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Fig. 5. (a) TEM of the LPE component. The sample experienced a cooling
rate of 1°C min~" prior to examination in TEM. The scale bar in the picture
is 45 nm. (b) AFM topography contrast picture of the LPE component. The
sample experienced a cooling rate of 1°C min~" prior to examination in
AFM.

LLDPE(i); i = 1-7 samples. The lamellae are organised in
stacks, which was not the case for the branched blend
components (except the LLDPE(1) sample). The most
probable thickness of these lamellae, measured from
TEM, is found to be 14.6 nm. Fig. 5(b) shows an AFM
picture of the LPE component in topographic contrast.
Lamellae stacks in all orientations are found to be present.
The most probable lamellae thickness judged from AFM
was found to be significantly higher than observed in TEM.

This discrepancy is probably due to the fact that the
lamellae in the AFM picture in Fig. 5(b) are not viewed

entirely edge on, which is done in the TEM picture in
Fig. 5(a).

In the samples discussed above, the cooling rate was
1°C min~'. When the cooling rate is increased, e.g. to
10°C min ™' the crystallisation temperatures are found to
be significantly reduced. The results in Table 1 suggest
that a reduction in crystallisation temperature is associated
with a decrease in lamellac thickness. This result is
confirmed from AFM and TEM results.

At larger scales the LLDPE(i) components exhibit a
spherulite morphology. In Fig. 6(a), an AFM picture of
spherulites observed in the LLDPE(1) blend component is
presented. The spherulites are found to be less developed,
exhibit banding and are approximately 20 wm. in diameter.
When the amount of comonomer is increased e.g. in the
LLDPE(3) blend component, the spherulites are found to
be more developed, i.e. the number of concentric rings is
increased. This is shown in Fig. 6(b), where an AFM picture
of a spherulite found in the LLDPE(3) blend component is
presented. The spherulite presented in Fig. 6(b) and other
spherulites in the LLDPE(3) sample are found to be
approximately 15-20 pwm. in diameter. Lamellae radiating
out from the centre of the spherulites are visible in Fig. 6(b).
It is furthermore observed that the band spacing decreases as
the amount of comonomer increases [31].

The spherulite structure is also found to be dependent on
the cooling rate applied, i.e. spherulites are generally found to
be more regular and exhibit an increasing number of
concentric rings as the cooling rate is increased to
10°C min~". This observation and the morphology of the
samples in Fig. 6(a) and (b) clearly demonstrate that the
spherulite structure become more irregular as the crystallisa-
tion temperature increases.

An OM picture of the LPE component is shown in Fig. 7.
This picture reveals that premature spherulites are present in
this sample, known as axialites. This structure is generally
found to be present in samples with low molecular weight
and high crystallisation temperature [32—34], in agreement
to the LPE sample studied here.

3.2. Morphology of the blends

It has been demonstrated elsewhere that blends, similar to
the blends presented here, show extended regions of phase
separation in the melt [13,14]. Based on those results it is
expected that the blends 10/90 LPE/LLDPE(); i=4-7
show two separate crystal populations. The DSC crystallisa-
tion exotherms of the blends 10/90 LPE/LLDPE(i); i = 1-7
are given in Fig. 8. One single exotherm is found in the
blends 10/90 LPE/LLDPE(1) and 10/90 LPE/LLDPE(2),
indicating the formation of one single crystal population
during crystallisation. However, the crystallisation exotherm
in the blend 10/90 LPE/LLDPE(3) indicates the existence of a
shoulder at 105°C. This is believed to indicate the existence
of two crystal populations in this blend, in accordance to
DSC and TEM results presented elsewhere [15].
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Fig. 6. (a) AFM topography contrast of the LLDPE(1) copolymer. The
sample experienced a cooling rate of 1°C min~" prior to examination in
AFM. (b) AFM phase contrast of the LLDPE(3) blend component. The
sample experienced a cooling rate of 1°C min~" prior to examination in
AFM.

When the amount of comonomer in the branched blend
component is increased to 2.5 mol% (in the blend 10/90
LPE/LLDPE(4)), two separate crystallisation exotherms
are clearly visible, indicating the formation of two crystal
populations. If the amount of comonomer in the branched
blend component is further increased, a better separation of
the crystallisation exotherms is observed. This is shown in
the blends 10/90 LPE/LLDPE(i); i = 5-7 in Fig. 8. Results
from TEM on the blends 10/90 LPE/LLDPE(): i =4-7
clearly indicate the existence of two crystal populations in

Fig. 7. OM of the LPE component. The sample experienced a cooling rate
of 1°C min ™" prior to examination in OM. The scale bar in the picture is
10 pm.

these blends. A TEM picture of the blend 10/90 LPE/
LLDPE(5) is shown in Fig. 9. A few long and relatively
straight lamellae are observed in a matrix of considerable
thinner lamellae that are C-shaped. The thicker lamellae are
believed to correspond mainly to the LPE component in the
blend, while the thinner lamellae are believed to correspond
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10/90
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Fig. 8. DSC exotherms of the blends 10/90 LPE/LLDPE(i); i = 1-7. The

cooling rate was 1°C min~".
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Fig. 9. TEM picture of the blend 10/90 LPE/LLDPE(S). The blend experi-
enced a cooling rate of 1°C min "~ prior to examination in TEM. The scale
bar in the picture is 30 nm.

mainly to the LLDPE(5) component in the blend. The most
probable lamellae thickness of the thicker lamellae is found
to be 9.4 nm, compared to 14.6 nm in the pure LPE com-
ponent. As suggested by Puig et al. [35] and discussed else-
where [15] such depressions in lamellae thickness (together
with a depression in melting- and crystallisation tempera-
ture) most probably have a complex explanation, but can be
explained (at least partly) by the inclusion of some
LLDPE(5) chains into the LPE lamellae during crystallisa-
tion. The thicker lamellae in Fig. 9 are therefore believed to
represent an LPE-rich component. The most probable
lamellae thickness of the LLDPE(S)-rich component is
found to be 5.8 nm, compared to 6.5nm in the pure
LLDPE(5) component. The remaining LLDPE(5) chains,
not included into the LPE-rich lamellae during crystallisa-
tion, are expected to have a higher degree of branches, and
will therefore form thinner lamellae, according to the results
in Table 1.

Some interesting observations of the blends shown in
Fig. 8 are summarised in Fig. 10. From Fig. 10 it is observed
that the crystallisation temperature of the high-temperature
peak in the blends that show two crystallisation exotherms is
significantly lower than the crystallisation temperature in
the pure LPE component. This was observed in the 10/90
LPE/LLDPE(5) blend, as described above, and could be
partly explained from the inclusion of some LLDPE(i)
chains into the LPE lamellae during -crystallisation.
However, as shown in Fig. 10, a similar depression in crys-
tallisation temperature is found in the other blends 10/90
LPE/LLDPE(i); i = 4,6,7. These results indicate that even
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Fig. 10. Details of the blends presented in Fig. 8. The dotted lines indicate
the crystallisation temperature of the pure LPE component (121°C). The
rectangular boxes indicate the crystallisation temperatures of the LPE-rich
components in the blends, for increasing amount of comonomer in the
branched blend components. The rotated squares indicate the crystallisation
temperatures of the LLDPE(i)-rich components in the blends for increasing
amount of comonomer in the branched blend components. The triangles
indicate the crystallisation temperatures of the pure branched blend
components for increasing amounts of comonomer incorporated.

in LLDPE(7) there exists chain segments that are able to
cocrystallise with the LPE lamella during crystallisation.
The results from thermal fractionation, presented in
Ref. [15], indicate that such chain segments are present.
Furthermore, from Fig. 10 it is observed that the crystal-
lisation temperature of the LLDPE(7)-rich component in
separated blends occurs at a higher temperature than the
crystallisation temperature of the corresponding pure
LLDPE(i) components. As already pointed out, the results
in this work clearly demonstrate that the lamellae thickness
increases when the crystallisation temperature increases.
Based on these results it is expected that the lamellae in
the LLDPEC(i)-rich components in the blends should be
thicker than the lamellae in the pure LLDPE(i) components.
However, it is demonstrated from Fig. 9 that the lamellae
thickness of the LLDPE(5)-rich component in the blend is
smaller than the pure LLDPE(5) component, a result found
to be valid also in the blends LPE/LLDPE(i), i =4,6,7.
Moreover, in the first part of this work [15], it was
concluded that the melting points of the LLDPE(i)-rich
components in the blends occurred at lower temperatures
than the pure LLDPE(i) blend components. This was
explained by a limited degree of cocrystallisation among
the blend components. The observation in Fig. 10, regarding
crystallisation temperatures of the LLDPE(7) components in
the blends seems therefore to be in conflict with other
observations. These results will be discussed in light of
observations in the blend 10/90 LPE/LLDPE(6). It has
been demonstrated elsewhere that the LPE/LLDPE(6)
blend system shows a wide region of phase separation in
the melt phase (wide in composition and temperature) [14].
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Crystallisation of the blend will therefore most probably
occur from a separated melt.

In Fig. 11, crystallisation exotherms of the pure LPE
component, the pure LLDPE(6) blend component and the
blend 10/90 LPE/LLDPE(6) are shown. The crystallisation
curves for both pure blend components show sharp leading
edges, characteristic of primary crystallisation, into an
axialite structure in the case of the LPE component
(shown in Fig. 7) and into spherulite structure in the case
of LLDPE(6). In addition, both components, especially
LLDPE(6), have an extended tail to lower temperatures,
reflecting a secondary crystallisation process into thinner
lamellae. In the blend it is obvious from Fig. 11 that the
LPE-rich component crystallises first. The crystallisation
curve shows a relatively sharp leading edge for this high-
temperature peak. The low-temperature peak, however,
reflecting the crystallisation curve of the LLDPE(6)-rich
component in the blend, do only show a broad leading
edge very different from the relatively sharp crystallisation
observed for the pure LLDPE(6) component. It is therefore
believed that in the blend, the primary crystallisation is due
to the LPE-rich component alone. The LLDPE(6)-rich
component crystallises in a secondary crystallisation
process within the structure determined by crystallisation
of the LPE-rich component [36]. It is therefore suggested
that crystallisation of the LPE-rich component will trigger
the crystallisation of the LLDPE(6)-rich component at
higher temperatures than the LLDPE(6)-rich component
would otherwise crystallise. The lamellae thickness of the
resulting LLDPE(?) rich components in the blends and the
subsequent melting behaviour indicate that this enforced
crystallisation at elevated temperature occurs without form-
ing thicker lamellae, as normally would be expected due to
higher crystallisation temperature. The blends 10/90 LPE/
LLDPE(4), 10/90 LPE/LLDPE(5) and 10/90 LPE/LLDPE(7)
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Fig. 11. DSC exotherms for the LPE component, the LLDPE(6) component
and the blend 10/90 LPE/LLDPE(6). The cooling rate was 1°C min~".

20.0

Fig. 12. AFM phase contrast of the blend 10/90 LPE/LLDPE(2). The
sample experienced a cooling rate of 10°C min~' prior to examination in
AFM.

are found to behave similar to the blend 10/90 LPE/
LLDPE(6) discussed above, and are therefore believed to
show the same effect.

It is therefore clear that crystallisation of the branched
blend components are highly influenced by the crystallisa-
tion of the LPE component. This is perhaps particularly
clear from the AFM picture of the blend 10/90 LPE/
LLDPE(2) shown in Fig. 12. In Fig. 12 it is demonstrated
that two LPE axialittes are present in the centre of the
spherulite (slightly below the centre in the picture) which
are believed to seed the crystallisation of the LLDPE(2)
component.

Furthermore, it is clear that the morphology of the blends
are changed when increasing amounts of the linear blend
component is added. An example of such behaviour is found
when an AFM picture of the pure LLDPE(S) blend com-
ponent is compared to AFM pictures of the blends 10/90
LPE/LLDPE(5) and 50/50 LPE/LLDPE(S), presented in
Fig. 13(a)-(d). The AFM picture of the LLDPE(5) blend
component in Fig. 13(a) clearly demonstrates that banded
spherulites are found to be present, with a band spacing of
approximately 0.7 wum. When 10% (by weight) of the LPE
component is added, the spherulites are observed to be less
regular and the band spacing is increased to approximately
3.8 pm. This is shown in an AFM picture in Fig. 13(b) and
an OM picture in Fig. 13(c). The results in Fig. 13(b) and (c)
demonstrate that AFM and OM are complementary tech-
niques for the observation of large-scale structures, at
least for the particular blend discussed here. However, the
AFM technique is able to resolve finer details in the struc-
ture. It has been demonstrated elsewhere that AFM is able to
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Fig. 13. (a) AFM phase contrast of the LLDPE(5) blend component. The sample experienced a cooling rate of 1°C min~" prior to examination in AFM.
(b) AFM phase contrast of the blend 10/90 LPE/LLDPE(5). The blend experienced a cooling rate of 1°C min~! prior to examination in AFM. (c) OM of the
blend 10/90 LPE/LLDPE(5). The blend experienced a cooling rate of 1°C min ' prior to examination in OM. The scale bar in the picture is 15 wm. (d) OM of
the blend 50/50 LPE/LLDPE(5). The blend experienced a cooling rate of 1°C min~' prior to examination in OM. The scale bar in the picture is 15 pm.

resolve banding in spherulites where OM indicates the
presence of non-banded structure [31]. This discrepancy is
most probably due to the limited resolving capability in OM.

When the amount of the LPE component in the blend is
further increased to 50% (by weight), the spherulite struc-
ture is almost completely broken down, as shown in
Fig. 13(d). A few spherulites having a limited number of
concentric rings are, however, visible, with a band spacing
of approximately 4.5 wm. A similar morphology is observed
from AFM. A further increase in the amount of the LPE
component will result in a morphology where the spherulite

structure is completely broken down, and is more simi-
lar to an axialite structure. These results clearly demon-
strate that a transition from banded spherulites into an
axialite morphology occurs as the amount of the linear
blend component in the blend increases.

In two of the blend systems, LPE/LLDPE(4) and LPE/
LLDPE(6) a transition from banded spherulites into non-
banded spherulites (as observed in AFM) is observed when
10% by weight of the LPE component is added. By further
increasing the amount the linear component in the blend, a
transition from a morphology dominated by non-banded
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spherulites to a morphology dominated by axialites is
observed.

Furthermore, TEM results of the blends 50/50 LPE/
LLDPE(i); i=4-7 and 75/25 LPE/LLDPE(); i=4-7
show the existence of two separate crystal populations, in
agreement to results obtained elsewhere [15].

4. Conclusions

In this work the morphology of a low-molecular single-
site based linear polyethylene and several higher molecular
weight single-site ethylene—hexene copolymers, as well as
their blends are investigated in the solid state using DSC,
TEM, OM and AFM. It is believed that these blend com-
ponents as well as their blends are of fundamental
importance to those concerned with structure and properties
of bimodal PE systems prepared from single-site catalysts.
Observations of lamellae in the copolymers demonstrate
that an increase in the amount of comonomer is associated
with a decrease in crystallisation temperature and lamellae
thickness and a transition from rather straight long lamellae
into increasingly more curved (C-shaped) and shorter
lamellae. A successive broadening in the lamellae thickness
distribution is also observed as the amount of comonomer
increases. This is believed to indicate a more heterogeneous
comonomer distribution in samples with high amounts of
comonomer incorporation compared to samples with
smaller amount of comonomer incorporation. Furthermore,
the results obtained suggest that cocrystallisation among the
blend component is limited, even 1.8 mol% comonomer in
the branched blend component is believed to generate the
existence of two crystal populations in the blends. This is
probably due to the rather homogeneous nature of single-
site materials.

In blends showing two crystal populations the crystallisa-
tion temperature of the component rich in the branched
blend component is higher than that of the corresponding
pure branched blend components. However, this is not
accompanied with an increase in lamellae thickness. Results
from TEM suggest on the contrary that the lamellae in the
components rich in the branched blend component are
thinner than the corresponding pure branched components.
The explanation of these observations is not completely
clear, however, a qualitative scheme based on a seeding
effect of the LPE blend component is suggested.

The spherulite structure in the blends are found to be
highly dependent on the crystallisation temperature, i.e.
the spherulites are observed to be less regular with a
decreasing number of concentric rings as the crystallisation
temperature increases.
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