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INTRODUCTION

Polyethylene (PE) is one of the most important semicrystalline synthetic
polymers. Semicrystalline polymers consist of two or more solid phases, in at
least one of them molecular chain segments are organized into a regular three-
dimensional array, and in one or more other phases, chains are disordered. When
molten polyethylene solidifies, the chains in some regions become organized
into small crystals, known as crystallites. Disordered chains surround the
crystallites; this is the essence of semicrystallinity. Term “amorphous” is often
used to describe regions with no discernible ordering.

PE is a commodity polymer that has become widely used over the past several
decades because of its low price and good mechanical properties. Polyethylene
is available with a wide array of engineering properties to provide toughness,
ease of processing, shrinkable grades as well as chemical, abrasion and impact
resistance. The properties are largely determined by the characteristics of the
polymer such as molar mass (MM), molar mass distribution (MMD),
comonomer type and content. The relationship between microstructure and
properties of polymers requires, among other factors, investigation of melting
and crystallization behaviours. The microstructure plays an important role in
determining the polymer mechanical, optical, rheological and thermal properties.

Differential scanning calorimetry (DSC) has been the main technique used to
study melting and crystallization behaviour and this method is powerful enough
to analyze very small quantities, sometimes only 1-2mg of material and to detect
very small changes in crystallinity.

Despite the fact that polyethylene crystallization is very widely studied there are
still some questions which need to be answered. Polyethylene crystallizes at the
temperatures around 110-120°C (high temperature crystallization). Often this
high temperature crystallization peak (HTCP) in DSC has a shoulder around
90°C, so called low temperature crystallization peak (LTCP). This is primary
crystallization where crystal superstructures are formed. Between crystallites
exists amorphous region. Under certain conditions, additional crystallization, at
temperatures around 60-75°C, takes place. It is not clear what causes this
phenomenon of very low temperature crystallization (VLTC) and it is not
satisfactorily studied.

Commercial materials have usually broad MMD and composition distribution
(CD). Before going on to the end-use properties of the materials and how this
crystallization behaviour at very low temperature influences the products it is
important to understand how its macromolecular constituents influence the
VLTC process.



Therefore, the main objective of the present study was to examine the
crystallization behaviour of linear low density polyethylene (LLDPE) at very
low temperature using DSC. For better understanding what causes the very low
temperature crystallization peak (VLTCP), components with different
comonomer contents were blended together. Another interest in blending is the
synergy and segregation of the components.

The aim of the work was to study the effect of:
structure
MM and MMD
polydispersity (PD)
comonomer type
comonomer concentration
on the behaviour of the VLTCP.

The results of the work have been published in four papers.
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ABBREVIATIONS AND SYMBOLS

ASL average sequence length

BC branching content

Ceom comonomer content

CD composition distribution

DSC differential scanning calorimetry
AH change of enthalpy

HDPE high density polyethylene

HTCP high temperature crystallization peak
HTMP hign temperature melting peak
LDPE low-density polyethylene

LLDPE linerar low density polyethylene
LPE linear polyethylene

LTCP low temperature crystallization peak
LTMP low temperature melting peak

MM molar mass

MMD molar mass distribution

Mw weight average molar mass

PD polydispersity

PE polyethylene

PTFE polytetetrafluoroethylene

SCB short chain branching

SCBD short chain branching distribution
SS single site

ZN Ziegler-Natta

Tutcp HTCP temperature

T melting temperature

Th' equilibrium melting temperature
TvLtcp VLTCP temperature

VLTC very low temperature crystallization
VLTCP very low temperature crystallization peak
VLTMP very low temperature melting peak
X degree of crystallinity

Xoverall overall degree of crystallinity
XvLTCp partial degree of crystallinity of VLTCP



1. LITERATURE SURVEY

1.1. Theory of crystallization

Despite this relatively broad subject area, it needs to be discussed within the
general framework of the crystallization behaviour of copolymers. Therefore,
brief summary of the general principles that govern copolymer crystallization is
presented before some of the specific thermodynamic and structural properties
are discussed.

Polymer crystallites are microscopic crystals that are embedded in a matrix of
noncrystalline material. Solid polyethylene consists of a three-phase
morphology: submicroscopic crystallites are surrounded by a non-crystalline
phase comprising a partially ordered layer adjacent to the crystallites and
disordered material in the intervening spaces as shown in Figure 1. In crystalline
phase the molecular chain segments are packed in regular arrays. Disordered
molecular segments in the non-crystalline regions are normally continuous with
those in the crystallites. Noncrystalline segments can traverse the intercrystalline
zone to connect to an adjacent crystallite (known as “tie chains), they can
double back and attach themselves to the crystallite from which they originated
(“loops™), or they can terminate in a chain end (“cilia”). The three types of
noncrystalline segments are shown in Figure 2. Between disordered regions and
crystallite surfaces a third phase exists, made up of chain segments that exhibit
varying degrees of order as they traverse it. The third phase is termed the
interfacial region (Peacock 2000).

There are several models of crystallization. The fringed micelle model was one
among the earliest morphological models of semi-crystalline polymers (Flory
1953). In this model, crystallites are envisaged as small bundles of parallel
extended linear chain segments disposed randomly in a matrix of disordered
chains. This is a model of crystallinity in which the crystallized segments of a
macromolecule belong predominantly to different crystals. In the fringed micelle
model noncrystalline chain segments are attached to the crystalline stems via
partially aligned noncrystalline chain segments. Schematic picture of fringed
micelle model can be seen in Figure 3.

The modern view of initial step in crystallization process is based on the model
of chain folding which was first introduced by Storks (1938). Storks concluded
that the chains of semicrystalline polymer had to fold back and forth. But at that
time this proposal was left unnoticed until in the mid 1950’s it was discovered
by Keller (1957), Till (1957) and Fischer (1957) that various polymers could
form crystals with lateral dimensions, several orders of magnitude greater than
their thickness. Such crystals were called «lamellae». First this type of crystals
were discovered in crystallization from solution but then it was observed that
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also melt-crystallized samples had structure similar to solution crystals (Gedde
1995).

Crystalline

" Interfacial

i Noncrystalline

Figure 1. Three-phase morphology of polyethylene (Peacock 2000)

Crystallite

Crystallite

Figure 2. Tie chains, loops and cilia in the non-crystalline phase of polyethylene
(Peacock 2000)
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Figure 3. Fringed micelle model (Peacock 2000)

When polyethylene crystallizes from a very dilute solution it forms lamellar
crystals with thicknesses of the order of 0.01um and lateral dimensions varying
from a few micrometers up to more than 100um (Sharma and Mandelkern
1969). The surface of solution crystals was observed to be microscopically
smooth, leading to the suggestion that the crystals were composed of crystalline
stems linked to their neighbours by a series of regular tight folds (Basset et al.
1963, Keller 1959, Lindenmeyer 1962). This model required that consecutive
chain segments from a single molecule be laid down successively on the
growing face of the crystal in a mode known as adjacent reentry (see Fig.4a).

An opposing view held that many molecules contributed chain segments to each
layer of the growing face. It has been said that no more than half of the chains
emanating from the lamellar crystal surface can be accommodated by the
neighbouring disordered amorphous phase. As a result, more than half of those
sequences must return to the crystal face from which they departed. This re-entry
has been proposed to occur via loops of varying lengths that are present in the
spaces between the crystal and the amorphous regions. There are also a number
of chains that do not re-enter a given crystallite, but leave the basal plane of the
crystal to become part of a disordered amorphous region. These chains could
eventually enter another neighbouring crystallite. Such a possibility of chain
folding is often referred to as the "switchboard model" (see Figure 4b). Model
shown in Figure 4c is called loose loops with adjacent reentry and 4d is called
departure of chains from immediate environs of crystallite.

12
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Figure 4. Different chain-folding models: a-adjacent reentry, b-switchboard model,
c-loose loops with adjacent reentry, d-departure of chains from immediate environs of
crystallite (Peacock 2000)

Strobl (2000) has argued that in all processes of polymer crystallization, a
mesomorphic precursor phase is formed before the crystalline phase. Blocks of
this mesomorphic state then attach to the growth front, as seen in Figure 5.

[

lamellar crystal granular crystal layer mesomorphic layer

solidification by

block mergin
ging a structural transition

Figure 5. Strobl’s model (Reiter and Strobl 2007)
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1.2. Thermodynamics

When semicrystalline polymer is cooled to a temperature that is below the
melting temperature T,, but above the glass transition temperature T,, the
polymers undergo crystallization. Processes that increase enthalpy such as
melting or evaporation are endothermic while those that lower like
crystallization are called exothermic. The change in enthalpy is measured with
calorimeter, by recording the displacement of the heat flux Q from a baseline.
The baseline is a linear section of the curve that represents conditions in which
no reaction or transition occurs.

One of the powerful methods for studying the thermal properties of crystallisable
polymers is DSC. DSC measures the heat flow into or from a sample under
heating, cooling or isothermal conditions. DSC provides valuable information on
such key parameters as enthalpy of fusion, melting and crystallization
temperatures, time to reach maximum rate of crystallization etc.

Crystallization is the change that occurs when a material in the (usually liquid)
amorphous state is transformed into a solid crystalline state. It can occur only
after the temperature has fallen below the equilibrium melting temperature T,,,
for PE T,,’=142°C (Wunderlich 1980). The crystallisation peak temperature T.”
is the temperature at which the crystallization rate is at maximum.

Polyethylene crystallizes from the molten state when the prevailing conditions
make the crystalline state more stable than the disordered one. The processes by
which polyethylene crystallizes, reflect the properties of the disordered state
from which the ordered phase condenses. Thus levels of chain entanglements,
molecular dimensions, and viscosity all play important roles. The factors
affecting the structure of disordered state are molar mass average, MMD, and
concentration, type, and distribution of branches.

The driving force behind the crystallization is thermodynamic. The system
strives to achieve the lowest possible free energy state. As with all
thermodynamic processes occurring at constant pressure, the direction of change
is covered by the free energy of competing states according to

AG=AH —-TAS Q)

where AG is change of Gibbs free energy, AH is change of enthalpy, T is
absolute temperature and AS is change of entropy (Peacock 2000).

Melting is a change from solid, crystalline state into an amorphous liquid state.

No loss of mass or chemical change occurs. Semicrystalline polymers consist of
crystallites of different lamellar thicknesses and degree of perfection. The
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melting curve reflecting this non-uniform structure is shown in Figure 6. At the
onset temperature T;, the thinner or less perfect crystallites begin to melt and at
the melting end temperature Ty, all crystallites are melted and the crystalline
order has been destroyed. Therefore the melting curve indirectly characterizes
the lamellar thickness distribution. The melting peak temperature T, is the
temperature at which most of the crystallites melt.

Heat flow [W/g] — exo

Y

Temperature [°C]

Figure 6. Melting curve and lamellar thickness distribution for a semicrystalline
thermoplastic (Ehrenstein et al 2004)

One of the important relationships for crystalline polymers is the Thompson-
Gibbs equation which relates melting point and crystal thickness:

T, = T,,?{l - 20—0} @)
AH p L,

o is the specific fold surface free energy, AH’ is the heat of fusion; p, is the
crystal phase density; L. is crystal thickness. From this equation it is possible to
estimate the initial crystal thickness, L. (Gedde 1995):

. 20T,
b A (- ©

where T, is the crystallization temperature.
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1.3. Linear low-density polyethylene: structure, catalyst, thermal
behaviour

1.3.1. Structure, catalyst, synthesis

Conventionally, PE is classified into three types according to its density and
structure: high density polyethylene (HDPE), low-density polyethylene (LDPE),
and LLDPE. Because the current study treats ethylene/l1-olefin copolymers,
representing class of LLDPE, the literature review also focuses only on these
materials. HDPE can be viewed as a LLDPE with no comonomer.

Figure 7 shows schematic structures of HDPE and LLDPE. In Table 1 are listed
some key properties of those materials.

_— f—L"M
h‘—jﬁi\—‘—'ﬁ

HDPE LLDPE
Figure 7. Different polyethylenes

Table 1. Properties of different types of polyethylenes (Peacock 2000)

Property HDPE LLDPE
Density (g/cm’) 0.94-0.97 0.90-0.94
Degree of crystallinity %  62-82 34-62

The LLDPE is produced from the reaction of ethylene with an o-olefin such as
1-butene, 1-hexene, 1-octene and others. Production of LLDPE with
conventional Ziegler—Natta (ZN) catalysts is difficult because of the much
greater reactivity in the ethylene to polymerize than the a-olefin. ZN catalyst
systems contain a variety of active sites. Each type of site behaves differently,
having a unique activity level to cause branching, chain transfer, or
rearrangement of molecular chains. Accordingly, each site will produce
polyethylene molecules with different distribution of chain lengths, branching,
saturation, etc. Single site (SS) catalysts allow control increase on the type,
amount and distribution of the «-olefin comonomer within the chains. SS
catalyst contains only one type of active site which polymerizes available
monomers in an identical fashion (Miiller and Arnal 2005, Razavi-Nuori 2006,
Briill et al. 2001, Razavi-Nuori and Hay 2001, Faldi and Soares 2001, Islam et
al. 2007, Peacock 2000).

The single-site catalysts involved in the synthesis of such copolymers permit a
uniform distribution of comonomers in various polymer chains, i.e., the

16



distributions of comonomers in different polymer chains are identical to each
other, irrespective of chain length (Hseih et al. 1997). This is in sharp contrast to
the ZN based systems that yield a broad distribution of comonomers among
various polymer chains. There is also a difference in MMD due to catalyst used:
ZN catalyst gives broad MMD and SS catalyst gives narrow MMD.

The structure of LLDPE can be carefully manipulated by varying the manu-
facturing conditions according to the application desired (Briill et al. 2001). The
branches in LLDPE not only lower the degree of crystallinity compared to
HDPE but also lower the density of the material. LLDPE is comprised only of
branches of a constant length leading to potentially higher crystallinity and
higher rigidity compared to a LDPE (Subramaniam 1999).

1.3.2. Crystallization of copolymers

From the point of view of the crystallization behaviour, the definition of a
copolymer can be subtle. In copolymers two or more chemically dissimilar
monomers or co-units incorporated into the chain will constitute a copolymer.
Unlike a homopolymer, a copolymer is fragmented into a number of sequences
by the occurrence of branches along the backbone.

Generally, a copolymer can be considered as being comprised of two types of
units - crystallizable A units, and B co-units. The latter represent the
comonomers (or branches) in an actual copolymer. The presence of co-units
gives rise to the possibility of these units being either completely rejected from a
crystal lattice, or being uniformly included in the lattice.

The equilibrium theory of the fusion of copolymers has been developed by Flory
(1949, 1955) for the case where the crystalline phase remains pure. In his theory
the co-units are considered as defects that are completely excluded from the
growing crystal. All sequences of a crystallite are composed only of A units,
while the melt includes both A and B units. The presence of B units results in the
partitioning of the polymer into sequences of A units of varying lengths that can
aggregate in an ordered fashion to form a crystallite.

The Flory theory also gives expectations to the level of crystallinity for random
copolymers. The degree of crystallinity, X., is estimated as the sum of all
sequences involved in the formation of crystallites and is given by the following
expression:

oo

X, =Y xe=Y(xe-x;) @)
¢ ¢
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where (* is the limiting sequence length of the crystallite that can be in
equilibrium with the melt at given temperature, XQO is the weight fraction of {
sequences of A units in the completely molten copolymer, and X;® is the weight
fraction of { sequences of A units in the melt in equilibrium with the crystallites.
The degree of crystallinity is severely reduced as the concentration of non-
crystallizing units increases. This is in contrast to the crystallinity of a
homopolymer. A broad range of melting temperatures may be expected for the
copolymers. The crystallization process in copolymers is further influenced by
the fact that branches longer than the methyl are predominantly excluded from
the growing crystal. As a result, the crystals formed are much thinner and less
perfect compared to those formed from the corresponding linear material.

Flory (1962) pointed out that a demarcation between the ordered crystalline
region and the disordered liquid-like region could not be sharply defined in a
semicrystalline polymer. Consequently an interfacial region develops that
involves a partially ordered set of chain units. Molar mass and crystallization
conditions significantly alter the content of the interface (Alamo and
Mandelkern 1994). The interfacial content increases with increasing co-unit
content in the copolymer (Alamo and Mandelkern 1994, Alamo et al. 1993).

In general, melt-crystallization in semicrystalline polymers can be described by
the following structural hierarchy: (a) crystal lamellae of folded chains; (b)
stacks of almost parallel crystal lamellae, each crystal separated by a thin,
amorphous interlayer; (c) supermolecular structures which are polycrystalline
structures, e.g. spherulites (Gedde 1995). Spherulites may be viewed as spherical
aggregates of lamellae that originate from a common center and radiate
outwards.

The process involving the formation of a spherulitic superstructure may be
roughly classified as primary crystallization. However, it has been widely
reported that the physical and mechanical properties as well as the degree of
crystallinity of many polymers continue to vary considerably with time, after the
completion of this step. The process involving the time-dependent evolution of
the crystallinity of the material is termed as secondary crystallization. It may
be viewed as a slow process of completion of the crystallization process in
polymers.

The changes associated with a secondary crystallization are modest in
comparison with those of primary crystallization. The degree of crystallinity is
unlikely to increase by more than 2-3%. Samples crystallized slowly at higher
temperatures are unlikely to exhibit secondary crystallization, because their
chain segments initially have the opportunity to adopt thermodynamically stable
conformations (Peacock 2000). For highly crystalline polymers the long time
evolution of crystallinity has been associated with a lamellar thickening process
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(Schultz and Scott 1969, Hoffman and Weeks 1965, Wunderlich and Mellilo
1968). For polymers having bulky unit structures and for copolymers with
branches along the backbone, the lamellar thickening process may be dismissed
as being highly unfavorable on the basis of the reorganization required at the
lamellar fold surface. Generation of new lamellae (Bell and Murayama 1969),
crystal perfection (Fakirov et al. 1977, Fischer and Fakirov 1976), and a
combination of thickening and recrystallization (Groeninckx et al. 1980) have
also been proposed for secondary crystallization. The exact nature of the process
involved depends on factors such as chain mobility, stiffness of chains, level of
primary crystallinity, degree of constraint in the amorphous regions etc.

1.3.3. Triple crystallization behaviour of ethylene/a-olefin copolymers

The molecular architecture of the distribution of the short chain branching (SCB)
for LLDPE is an important parameter which determines many of the properties
as it controls the crystallization and hence the final morphological structure
(Chau and The 2005). An important element of phase structure is the degree of
crystallinity. Alamo et al. (1984) studied the crystallinity of polyethylene
copolymers and noticed a decrease of crystallinity with increasing comonomer
content. The chemical nature of the branch does not influence the crystallinity
values for a given co-unit content. It was suggested that the dependence of
crystallinity on comonomer content is associated with the severe restrictions
imposed on the length of the crystallizable sequences with the random addition
of comonomer units. Mathot et al. (1998) have examined the comonomer effect
on the crystallinity of a variety of ethylene copolymers via thermal analysis. The
crystallization process in samples with comonomer content < ~5 mole-%
branches was found to be largely influenced by cooling rate, whereas the higher
branch content materials remained mostly invariant. Peeters et al. (1997)
suggested that lower branched samples may crystallize more perfectly if the time
available for crystallization is prolonged via a slower cooling rate. No such
effect was seen for the highly branched copolymers.

Increasing branch content also causes a decrease in the melting temperatures T,
of ethylene/o-olefin copolymers (Alamo and Mandelkern 1994). However, the
Tw's were found to be independent of the chemical nature of the co-unit.
According to Flory’s theory, the melting point of a copolymer (T,,) does not bear
a unique dependence on composition, nor is it significantly influenced by the
nature of the co-unit, as long as the comonomer is non-crystallizable and is
excluded from the crystal lattice. T, is influenced mostly by the sequence
distribution of the co-unit in the copolymer.

Many properties of crystalline polymers are dependent on the molar mass.
Alamo and Mandelkern (1994) have studied the influence of molar mass on the
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crystallization and melting behaviours of random copolymers. They reported a
decrease in the degrees of crystallinity and melting temperatures of quenched
random ethylene-olefin copolymers with increasing molar mass up to 100
kg/mol, while being independent of the chemical nature of co-unit. The
explanation was that the increased entanglement density in the melt at higher
molar masses considerably slows down the disentanglement of chains and
hinders the ability of the chains to participate in the crystal formation process.
Thus, the kinetic constraints imposed by the higher molar mass not only reduce
the level of crystallinity, but also leads to the formation of thinner and smaller
crystals that melt at lower temperatures (Alamo et al. 1992, Mandelkern et al.
1968, Mandelkern 1971).

The results of thermal analysis study on heterogeneous ZN ethylene/a-olefin
copolymers clearly indicate the existence of a triple crystallization mechanism: a
sharp HTCP, a broad LTCP next to HTCP and often a VLTCP. The
phenomenon of VLTCP has been noticed by several authors (Alizadeh et al.
1999, Hussein 2008, Kim and Philips 1998, Marand et al. 2000, Mathot 1994,
Mathot et al. 1998, Minick et al. 1995, Hussein 2008 and Islam et al. 2007). For
SS copolymers, and in general for homogeneous copolymers, just HTCP and,
often, VLTCP are observed. HTCP is usually associated with a primary
crystallization process, whereas VLTCP is associated with secondary
crystallization process that occurs during longer period of time and at lower
temperatures. Islam et al. (2007) suggested that branching content (BC) hinders
longitudinal chain diffusion through the crystals, thus suppresses crystal
thickness growth. So, a very slow further lateral extension of lamella can occur
during secondary crystallization.

For SS LLDPE samples Zhang et al. (2002) and Mirabella (2008) suggested that
HTCP corresponds to the crystallization of ethylene with a large linear average
sequence length (ASL) and VLTCP is related to the crystallization with a
relatively short ASL. As it is said that crystallization in copolymers is
predominantly governed by the crystallizable sequence length distribution
Alizadeh et al. (1999) suggested that while longest sequences form part of the
lamellar crystals, they impose a constraint on the remaining crystallizable
sequences in these chains. As the number of segments participating in lamellar
formation increase, so do the restrictions imposed on the mobility of the
remaining sequences. At a very high degrees of constraint, the shorter sequences
are unable to participate in the reeling-in process required for chain-folded
crystal formations. The easiest way for those short segments to crystallize is to
aggregate into thin bundles. They aggregate with neighbouring sequences to
form stable clusters or bundled crystals.

Another point of view on the problem of VLTCP arises from the investigation of
homogeneous nucleation of PE. For this purpose Kraack et al. (2001) emulsified
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low MM PE:s to separate the nucleation from the growth process and to remove
macroscopic heterogeneous nucleation sites. Both a VLTCP and a HTCP were
observed for the emulsified samples during DSC cooling scans. The degree of
undercooling from the equilibrium melting temperature of linear PE, T,,’=142°C
(Wunderlich 1980), for the VLTCP was several tens of degrees (80-100°C) in
contrast to non-emulsified samples, which had only a HTCP at a few degrees of
undercooling. It was suggested that the HTCP in the cooling scans is due to
heterogeneous nucleation of aggregated droplets and the VLTCP is related to the
homogeneous nucleation of the un-aggregated emulsion droplets.

1.3.4. Crystallization of blends

One of the problems that has to be solved is the phase segregation between the
components of the blends. Blends of HDPE with LDPE show segregation
between two components when cooled slowly from the melt (Wignall et al.
1995, Agamalian et al. 1999, Morgan et al. 1999). Only quenching of the melts
showed a uniformly mixed crystalline sample, or a co-crystallized sample. For
the blend of LDPE with LLDPE a formation of separated crystals of phase
segregation was suggested (Kyu et al. 1987). For the blend between HDPE and
slightly branched LLDPE the co-crystallization was reported even under the
condition of slow cooling (Tashiro et al. 1994a, Tashiro et al. 1994b, Tashiro et
al. 1992, Wignall et al. 2000). Therefore the crystal segregation and co-
crystallization are dependent in a complicated manner upon the couples of the
selected PEs, the crystallization conditions, etc.

The molar mass of the components in the blends, as it has been suggested
elsewhere (Tashiro et al. 1994a, Tashiro et al. 1995), is of secondary importance
in determining the occurrence or extent of co-crystallization. At the same time
the amount of SCB and type of catalyst seems to be important factors (Tanem
and Stori 2001a, Puig 2001, Tanem and Stori 2000). The higher the branching
content, the lower is the possibility of co-crystallization between the
components. Zhao et al. (1997) conclude that the upper branching limit still
allowing co-crystallization to occur is probably much lower in blends with SS
catalyst synthesised materials that in blends with ZN based materials. Zhao et al.
(1997) argue that in ZN LLDPE long segments exist between branches that can
easily co-crystallize with HDPE or linear polyethylene (LPE), but the more
uniform SCB distribution in single site LLDPE makes co-crystallization more
difficult.

Many works presented in literature have focused on blends between LPE or
HDPE and the LLDPE (Tashiro et al. 1994a, Tashiro et al. 1994b, Tashiro et al.
1992, Wignall et al. 2000, Tashiro et al. 1995, Tanem and Stori 2001b, Shanks
and Amarasinghe 2000). Moreover, in performed works the mixtures are

21



generally prepared by melt-blending, which may not ensure the initial
homogeneity of the components, because it is not certain that sufficient time was
allowed for the molecules to inter-diffuse to the homogeneous state.
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2. EXPERIMENTAL

2.1. Materials

Nine commercial ethylene/1-butene and ethylene/1-hexene copolymers were
chosen for the study of VLTC process. Five of them were produced using SS
catalyst and four using ZN catalyst. All these materials had similar density,
923kg/m’, and weight average MM (M,,) 126kg/mol. Comonomer content varied
from 2.3 to 8.5 wt-%. One ZN HDPE (ZN-0) was taken for comparison.
Material SS-6 was used only in blends and is only discussed regarding blends.
All materials were obtained in pellet form. Molecular characteristics and
producers of whole copolymers are listed in Table 2.

Table 2. Properties of whole copolymers

Sample | Manufacturer | Type of Ceoms Density, M,,, Poly-
name co- wt-% kg/m’ kg/mol dispersity
monomer M.,./M,

SS-1 Exxon 1-hexene | 5.4 923 84 2.1
Chemical Co.

SS-2 Borealis 1-hexene | 3.6 927 140 3.1

SS-3 Exxon 1-hexene | 5.0 923 140 2.3
Mobile

SS-4 Exxon 1-hexene | 6.9 920 115 2.4
Mobile

SS-5 Chevron 1-butene 2.3 922 136 2.3
Phillips

ZN-1 Borealis 1-hexene 5.6 930 125 4.5

ZN-2 Borealis 1-hexene | 7.6 924 125 4.4

ZN-3 Westlake 1-hexene | 8.5 917 150 3.8
Chemical
Corporation

ZN-4 Borealis 1-butene 7.2 920 122 4.0

ZN-0 Rhone- - 0 960 94.5 8.3
Poulenc

SS-6 Mitsui 1-butene 17.8 888 87.9 2.0
Chemicals

2.1.1. Preparative fractionation

For fractionation were chosen materials SS-1, SS-4, ZN-2, ZN-4 and ZN-0.
Fractionation was carried out in a glass reactor, heated by silicon oil thermostat.
Inside the reactor there a stainless steel net was placed and the bottom of reactor
was covered with glass wool in order to prevent the obstruction of out flow tap.
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For mixing the solution inside the reactor vibromixer was used. Nitrogen was
blown into reactor to prevent oxidation.

Before fractionation polymer pellets were dissolved in xylene at 130°C for
30min. The obtained polymer solution was allowed to cool to room temperature
and the polymer was precipitated by adding acetone, then filtered using
polytetrafluoroethylene (PTFE) filters with pore size 0.45um and dried in
vacuum at room temperature for 24h. Obtained material was a powder.

Fractionation by MM was carried out according to Holtrup technique which is a
solvent/non-solvent extraction (Holtrup 1977). Polymer powder was extracted in
a 200ml of solvent/non-solvent mixture of xylene/ethylene glycol monoethyl
ether in different ratios (see Table 3). Antioxidant 2,6-di-tert-butyl-4-
methylphenol (BHT) was added in concentration of 6ppm. Dissolution time for
each dissolution step was 10min. The collected polymer solutions were allowed
to cool to room temperature and then polymers were precipitated by adding
acetone, then filtered using PTFE filters with pore size 0.45um and dried at
room temperature first 24h in air and next 24h in vacuum. Obtained material was
a powder.

Fractionation by SCB (composition) was carried out by multiple solvent
extraction technique (Lehtinen and Paukkeri 1994). The dissolution time for
each step was 30min. The solvents used in the fractionation were: n-pentane at
35°C, n-hexane at 65°C, n-heptane at 75°C and 90°C, n-octane at 100°C, toluene
at 105°C and xylene at 130°C. The first two fractions were separated by
evaporation of the solvent in a rotavaporizer and the other ones by precipitation
in acetone.

In the text fractions are named after whole copolymer following “M” or “C” for
molarmass or compositional fractions respectively and the fraction number.
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2.1.2. Blending by dissolving method

SS catalyzed highly branched LLDPE SS-6 was taken as common component
for all the blends. The SS-6 is a copolymer of ethylene with 1-butene. For a
second component different ZN catalyzed polyethylene samples with different
degrees of branching were chosen: ZN-2, ZN-2-M1 and ZN-0-M1. The
molecular parameters of pure components can be seen in Table 2 and 3.

Blends were prepared by dissolving components, approximately 15mg, in 4ml
xylene at 130°C by stirring with magnetic stirrer for 2h. To avoid oxidation
nitrogen was blown into vessel. After dissolving, the mixtures were quenched in
liquid nitrogen and then freeze dried in vacuum for 48h. Blends were obtained as
powders/fluffy materials.

2.2. Differential scanning calorimetry

Perkin Elmer Diamond DSC and DSC-7 calorimeters were used for thermal
analysis. Temperature and heat flow calibrations were done by indium and tin at
all used heating rates. In Diamond DSC helium (20ml/min) was used as furnace
purge gas and in DSC-7 nitrogen (20ml/min) was used.

For calorimetry sample preparation plates from whole copolymer pellets were
pressed at 180°C and then cooled to room temperature. Flat samples of
11£0.02mg were cut from the plates and packed into aluminium foil to maximise
thermal contact between the sample and calorimetric furnace. Fractions and
blends were compacted manually and flat samples of 1£0.02mg were packed
into aluminium foil.

180

5min 5min

Temperature, °C

5min

Figure 8. Thermal program for non-isothermal measurements
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During the non-isothermal measurement, the sample was first kept at 180°C for
Smin for deleting its thermal history. Then it was cooled to 0°C (-50°C for
highly branched samples) at constant scanning rate, kept at this temperature for
Smin and then heated to 180°C at the same rate. Thermal program is shown in
Figure 8.

The enthalpy change AH of a specimen, expressed in terms of initial specimen
mass [J/g], is calculated from the area bounded by the curve and the line
connecting the onset temperature to the end temperature, that means baseline.
The enthalpy change is called heat of fusion AHy and is the energy needed to
melt the existing crystalline fraction. The crystalline fraction is expressed as a
percentage of a value representing complete crystallization. Overall degree of
crystallinity Xgveran Was calculated from the heat of fusion using the peak area
determination method, i.e., by integration of the area under the normalized
melting peak after subtraction of an arbitrary straight baseline; a value of
AH,"=293 J/g was used as the reference melting enthalpy of fusion for 100%
crystalline PE. The partial degree of crystallinity estimated from the area of
VLTCP, Xyrrcp, Was obtained from cooling traces by dividing the crystallization
enthalpy of VLTCP by AH,,”.

%XIOO (5)

m

X

overall =

2.3. Miscellaneous analyses

The MM averages and MMD of the samples were determined by Waters 150C
size exclusion chromatography (SEC) using 1,2,4-trichlorobenzene (TCB)
stabilized with 2,6-di-tert-butyl-4-methylphenol (BHT) as an eluent at 140°C. A
set of two mixed bed and one 10" A TSK-Gel columns from TosoHaas was used
and the system was calibrated with polystyrene standards with narrow MMD and
well-characterised PEs having a broad MMD.

Comonomer contents of the samples were determined by Fourier transform

infrared spectroscopy (FTIR) (Usami and Takayama 1984). The method was
calibrated with samples analysed by >C NMR spectroscopy.
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3. RESULTS AND DISCUSSION

3.1. Crystallization of whole copolymers

VLTCP is still an open question and poorly studied so therefore mostly
crystallization behaviour of copolymers at very low temperature is discussed.
Whole copolymers with different comonomer content (C..,) were studied at
different scanning rates: 5, 10, 100 and 300°C/min. In all used scanning rates
three crystallization peaks (HTCP, LTCP, and a small VLTCP) are observed and
the character of dependences on the same molecular parameters is similar for all
scanning rates. It was found that the area of VLTCP increases with decreasing
scanning rate and the shape of this peak broadens. The higher the scanning rate,
the better the resolution of VLTCP: the peak becomes sharper and higher. It
allows to obtain the more precise values of partial degree of crystallinity, Xy rcp
and peak temperatures of VLTCP. Figure 9 shows the dependence of VLTCP
temperature, Tyyrcp, on scanning rate. The VLTCP depends on scanning rate, as
it is evident from the Figure 9: the higher the cooling rate the lower is the
Tyrrcep. The temperature corresponding to the main sharp crystallization peak
(Turcp) shows the same rate-dependency, shifting to lower temperatures at
higher cooling rates.

Also the partial degree of crystallinity calculated from VLTCP, Xyitcp, displays
slight scanning rate dependence. Crystallinity value decreases with increasing
scanning rate, and appear to reach a nearly constant value when scanning rate is
higher than 100°C/min. It can be suggested that at low scanning rate there is
enough time for chains to be incorporated into the crystal lattice and more
perfect and larger crystals are formed in comparison to those obtained at high
cooling rate. Therefore, 100°C/min cooling/heating rate was chosen for all other
experiments.

80+

75 o
1)
% 70
5
>
= sS-2
654 SS-1
ZN-1
60 + SS-4
ZN-3
55 : T

10 100
Scanning rate, (°C/min)

Figure 9. Dependence of temperature of the VLTCP, Ty, rcp on scanning rate
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Figure 10. DSC cooling curves of whole copolymers
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Figure 11. DSC heating curves of whole copolymers

Temperature (°C)

The non-isothermal crystallization and meting thermograms for nine copolymes
that were studied are shown in Figure 10 and 11 respectively. The presence of

29



two distinct peaks in the crystallization curves of copolymers can be seen: a
sharp HTCP and a much broader and less in magnitude VLTCP at temperatures
around 65-70°C. The melting of the materials has only one endothermic peak
corresponding to their HTCP.

3.1.2. Dependence on comonomer content

The pronounced effect of C.,, on Ty rcp is observed for all studied copolymers.
Figure 12 shows the dependence of the peak temperature of VLTCP, Tyrrcp , On
the comonomer content, C.,mn, for ethylene—1-hexene copolymers. As Ceom
increases, Tyircp decreases, which is in agreement with the finding reported
Mathot (1994). An interesting fact is that Tyrrcp vs. Ceom for copolymers that
have the same comonomer type can be represented by a single line, irrespective
of the catalyst type by which the materials were produced. This differs from the
behaviour of the HTCP. The temperatures of the main peak Tyrcp for SS
materials were lower than for ZN materials as is seen from the inset in
Figure 12. The ZN copolymers are known to be structurally heterogeneous.
Therefore, more and longer ethylene sequences are available leading to thicker
lamellae and consequently to higher crystallization and melting temperatures
according to the Thompson—Gibbs equation.

5 >

TVLTCP ( C)

55
3

C.(Wt%)

Figure 12. Dependence of peak temperature Ty rcp on Ceop,

For ZN catalyst it was suggested by Wilfong and Knight (1990) that the HTCP
is due to the crystallization of high MM constituent having low branching
content, whereas the LTCP is caused by low MM constituent with high
branching content. The VLTCP was also referred to the highly branched low
MM chains (Zhang et al. 2002, Mirabella 2008, Alizadeh et al. 1999). However,
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the branching distribution is homogeneous in materials synthesized by SS
catalysis, without the localization of branch along the main chain as in ZN
copolymers, and there should be no relation between MM and branch content.
However, the experimental results uniquely indicate that there is still a low
temperature crystallization process, leading to a formation of VLTCP.

The dependence of Tyircp on Ceon of whole copolymers can be seen also in
Figure 12. When C,,, increases, Tyrrcp decreases for all scanning rates in
agreement of the finding reported in works (Mathot 1994, Wilfong 1989). A
decrease in Tyrrcp (and consequently in crystallite size) is expected with
increasing the number of branches in a given chain due to the decreased number
of crystallizable units.

Taking into account similar MM of the used materials (see Table 2), the
conclusion can be made that SS and ZN copolymers possess approximately the
same thickness of crystallites associated with the VLTCP. Such behaviour
differs from that of HTCP (See Figure 12 inset). The temperatures of the main
peak (Tyrcp) for SS materials are essentially lower than for ZN materials if Ceop,
is fixed, due to the structural heterogeneity of ZN copolymers. Therefore, more
and longer ethylene sequences are available in ZN materials leading to thicker
lamellae and consequently to higher crystallization and melting temperatures
according to the Thompson-Gibbs equation.

On further comparison between copolymers of different catalyst types the plots
of Xvrrcp vs. Tyrtcep for all the copolymers are presented. As shown in Figure 13
in spite of identical Tvircp, Xvitcp 1S approximately two times higher for the SS
copolymers compared to the ZN materials.
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Figure 13. The degree of crystallinity Xyprcp vs. peak temperature Ty rcp, for all used SS
and ZN based ethylene/l-butene (squares) and ethylene/l-hexene (circles) copolymers.

Figure 13 also shows that Xy rcp does not depend on Ty rcp and comonomer
type within the same type of catalyst. The independence of crystallinity on
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nature of the comonomer (except for methyl branches) is well known for the
HTCP, because the degree of crystallinity mostly determined by the
crystallizable sequence length distributions (Kim and Philips 1998, Alamo and
Mandelkern 1989). In its turn, the sequence distributions are influenced by the
type of catalyst. It is evident, that homogeneous CD facilitates formation of the
VLTCP.

On further comparison between copolymers of different catalyst types, it is
found that the type of catalyst ZN and SS, influence the crystallization process in
the low-temperature range. These observations are verified by comparing the
fractional degree of crystallinity of Xyircp Vs Ceom - Plots for all the copolymers
are shown in Figure 14. It is found that Xyircp does not depend either on the
comonomer type and its content or on the polydispersity of MM within the same
type of catalyst. The overall degree of crystallinity is known to be independent
of the nature of the comonomer (except for methyl branches), while being
largely determined by the crystallizable sequence length distributions (Alamo
and Mandelkern 1989, Kim and Philips 1998). In turn, the sequence distributions
are influenced by the type of catalyst (e.g., ZN-based systems result in broader
distributions compared to SS catalyst based copolymers). The fractional degree
of crystallinity calculated from VLTCP is two times higher for the SS
copolymers than for the ZN materials as seen in Figure 14. It is evident that
homogeneous CD facilitates the formation of a VLTCP.

MW/MH(A o)
2 3 4
2 - T T T
S
2 A A
3 WA
61 - A % A SS
g
>
< | |
ZN -® S a0
0 1 1 1
2 4 6 8

C (Wt%) (a m

com

Figure 14. The degree of crystallinity Xy rcp vs comonomer content C.. and
polydispersity M. V/Mn for the SS and ZN copolymers

Important fact detected in calorimetric cooling and heating scans is that no low-
temperature melting peaks corresponding to the VLTCP were found for the
studied LLDPE materials. Hence, the origin and properties of the VLTCP cannot
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be explained only in terms of the crystallization of ethylene sequences having a
relatively short average sequence length ASL. In this case the lamellae
population formed at low temperature should be thin (Mirabella 2008) and
therefore should melt at a considerably low temperature. This is not observed for
the studied materials, which have essentially large VLTCPs at
undercoolings ~80°C.

3.2. Crystallization of fractionated copolymers

Many properties of crystalline polymers are dependent on chain length (Alamo
and Mandelkern 1989, 1994, Ergoz et al. 1972, Kim and Philips 1998,
Mandelkern 1971, Mandelkern et al. 1990). The phase structure that defines the
crystalline state can be varied by changing the MM and/or crystallization
conditions (Alamo et al. 1992, Alamo and Mandelkern 1994, Ergoz et al. 1972,
Simanke et al. 2001, ).
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Figure 15. Selected heat flow curves for MM fractions of SS-4 (a, d) and ZN-2 (b, V).
The numbers of fractions are listed in the plots.

33



Since whole copolymers represent a mixture of chains with different MMD and
short chain branching distribution (SCBD), the influence of MM as an
independent variable has to be investigated. The best way for studying the
influence of MM on copolymer structure and properties is the fractionation of
copolymer. As a result several chosen copolymers were fractionated both by
MM and composition. The characteristics of fractionated copolymers are listed
in Table 3. The obtained fractions have narrow MMD and SCBD.

The crystallization and melting behaviour of the selected SS and ZN molar mass
fractions are shown in Figure 15. It is clearly demonstrated that no VLTCP is
detected for the first fractions. The next fractions have, as usual, three
crystallization peaks: HTCP, LTCP and VLTCP. The crystallization behaviours
of the SS and ZN fractions are rather similar. The important finding is that the
identical crystallization behaviour is also detected for MM fractions of HDPE,
namely ZN-0: the first fractions with lowest MM have no VLTCP but fractions
with highest MM also demonstrate the presence of VLTCP.

Nevertheless, the melting curves of the LLDPE materials and HDPE as well
have only one or seldom two endothermic peaks corresponding to primary
crystallization process presented by HTCP and secondary LTCP. No additional
very low temperature peaks, unambiguously related to the VLTCP, were
detected, as it is obvious from the Figure 152’ and 15b’. Due to this fact no
melting temperature and partial crystallinity directly corresponding to the
VLTCP can be obtained from the melting traces. For that reason in this work
only data obtained from exotherms is used.
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Figure 16. DSC cooling thermograms of compostional ZN-2 fractions. Numbers of
fractions are listed in the figure
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3.2.1. Dependence on comonomer content

The heat flow curves for compositional ZN-2 fractions are shown in Figure 16.
It is shown that the compositional fraction has also VLTCP along with HTCP.
The relationship between the crystallization peak temperatures and the
comonomer content for the HTCP and VLTCP is shown in Figure 17 for ZN and
SS compositional fractions. At fixed branch content the values of Ty rcp, as well
as Turcp, are identical for the SS and ZN fractions. Increase in C.,, leads to
decreasing of the peak temperatures. Important fact is that the temperature
interval between HTCP and VLTCP remains constant. Thus, crystallization of
the macromolecules associated with the VLTCP is influenced by the prior
crystallization of macromolecules represented by the HTCP. Such comonomer
content dependence for fractions is rather similar to that of whole copolymers.
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Figure 17. Crystallization peak temperatures as a function of comonomer content Ce,,
for the compositional SS-4 (solid and open squares) and ZN-2 (solid and open triangles)
fractions

Moreover, the Figure 17 shows that the less branched copolymers display the
higher values of Ty rcp and extrapolation of Tyircp to Ceon=0 gives the value of

TVLTCPE 80 OC, which is found to be TVLTCP for ZN-0 (HDPE)

In spite of Tyrrcp, Which is presumably related to the crystallite thickness of the
very-low temperature crystallized structures, decreases with increasing Ceon, the
XyLrep does not show any systematical change with C.o,. In Figure 18 the
Xvyrrep 18 plotted as a function of C.,, for compositional fractions of SS-4 and
ZN-2 copolymers. MM of these samples is similar, around 100kg/mol. It is
evident that the introduction of the non-crystallizing co-units into the chain does
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not influence strongly the level of Xy tcp within the same type of catalyst. This
fact is understandable when you consider that the degree of crystallinity that is
attained in an actual crystallization process, is not a measure of the minimum or
maximum sequence that participates in the crystallization, which is directly
related to C.on. Rather it is the sum over all possibilities, which can lead to
independence of crystallinity on Ce,n, up to a definite value.
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Figure 18. Plots of VLTCP partial crystallinity Xyircp vS. Ceom for SS-4 (solid squares)
and ZN-2 (open triangles) fractions obtained by fractionation according to structure

Wilfong (1989) suggested that the co-units in the macromolecule may have been
distributed in a blocky manner during the copolymerization of ethylene and o-
olefin. Hence, the HTCP and the VLTCP may arise from the crystallization of
ethylene rich and hexene/butene rich portions of the macromolecule,
respectively. That is, the HTCP can be associated with crystallization of the
linear portions of the macromolecule into the chain folded lamellae. The
branched segments of macromolecule are exiled into the inter-lamellar or inter-
facial regions and crystallized there upon further undercooling into thin lamellae.
However, the blocky intramolecular distribution of co-monomers in chain is
recognized for ZN (Hosoda 1988), but not for SS samples. Additionally, VLTCP
has also been detected by us for HDPE having extremely low number of
branches. Moreover, thin lamellar crystallites should melt at considerable low
temperature and could be detected in melting traces by DSC. But no melting
peaks related to VLTCP were found in all the studied materials.
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3.2.2. Dependence on molar mass
3.2.2.1. Crystallinity

Since the effect of C.oy has been studied, the effect of MM as an independent
variable can be investigated. Figure 19 represents the dependences of the
degrees of overall (Xoveran) and partial VLTCP (Xyprcp) crystallinities of MM
fractions for all the samples on weight average MM (M,). The decrease in
Xoveral Of the fractions with MM is well-known (Alamo et al. 1984, Ergoz et al.
1972, Rastogi et al. 2005). Increasing MM increases the density of chain
entanglements in the melt (Alamo et al. 1992, Alamo and Mandelkern 1994, Fan
et al. 2003, Lippits et al. 2007, Psarski et al. 2000, Rastogi et al. 2005, Simanke
et al. 2001, ). It gives the opportunity to suggest that increasing chain
entanglements reduces the ability of chains to participate in the primary
crystallization process at high temperature and as a result restrict the formation
of large dominant crystallites.
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Figure 19. Dependence of Xyircp (a) and Xyyeran (b) on M, of both SS and ZN molar
mass fractions.

This means that the proportion of non-crystallized chains in the amorphous
regions, which further can participate in the secondary crystallization at lower
temperature, increases. As it is evident from the Figure 19, in the range of My
from 5 up to 60—100kg/mol Xyrcp sharply increases. At My>60—100kg/mol,
named as critical MM, the degree of crystallinity Xy rcp does not increase
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anymore. Within the same catalyst type (ZN) there is an essential difference in
Xyrrep values for different material types—LLDPE or HDPE. It is well known
that in case of HDPE in comparison with LLDPE the major part of chains take
part in primary crystallization process that gives the value of overall crystallinity
for HDPE more than 70% against 30—60% for LLDPE. Therefore it can be
concluded that the value of critical MM and maximum level of Xyprcp are
sensitive to polymer (LLDPE or HDPE) and catalyst (ZN or SS) types. The most
probable that the VLTCP crystallinity depends on whether the fraction of
crystallizable sections of polymer macromolecules is incorporated into the
primary crystallization process associated with HTCP. Less incorporation in
primary crystallization will cause crystallites, associated with the VLTCP, to
grow in size or/and amount and reach some kind of equilibrium with dominant
crystallites at critical M,,=60—100kg/mol. An identical behaviour as presented in
Figure 19 is observed for the dependence of Xy rcp on Typrcp.

3.2.2.2. Crystallization peak temperature

For the lowest MM fractions as seen from the inset to the Figure 20,
crystallization temperature of the HTCP, Tyrcp, slightly increases with MM due
to the decrease in number of end-groups per 1000 C atoms (Mathot 1994). The
VLTCP is not detected for such fractions. Further, after an initial expected
increase the Tyrcp decreases at M,~10-20kg/mol to become more or less
constant at M~60—100kg/mol. The reduction of the Tyrcp With increasing MM
is a consequence of the decreased crystallite thickness of dominant lamellae
(Alamo et al. 1984, Alamo et al. 1992, Basiura et al. 2006, Fan et al. 2003,
Lippits et al. 2007, Mathot 1994, Psarski et al. 2000, Rastogi et al. 2005). An
explanation for the formation of smaller crystals with increasing MM is due to
the increase in entanglements: as the number of intermolecular entanglements
increases with the increase in MM, the mobility of segments is increasingly
hindered. In this case, a higher undercooling is required to produce a larger
driving force for crystallization to overcome the influence of entanglements, and
then the crystallization temperature shifts to lower temperature (Fan et al. 2003).

VLTCP behaves in opposite manner than HTCP: while the Tyrcp decreases, the
Tvrrcp grows with the increasing MM (see Figure 20). According to Smith and
Manley (1979), for quenched PE fractions with My=4kg/mol, that is MM above
which the entanglements are operative, the chains are extended. In the domain
4<M,,<100kg/mol the amorphous phase increases with the MM. For
monodisperse and polydisperse samples of MM greater than 100kg/mol, the long
period and the crystalline lamellar thickness do not change any more (Robelin-
Souffache and Rault 1989, Rousseaux and Lemonnier 1980). These results are in
accordance with this finding. Indeed, TyLrcp steeply increases in the range of
MM 10-100kg/mol, and tends to level off at M=60—100kg/mol. Within the
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same catalyst and polymer types the value of critical MM depends on PD: the
larger the PD, the higher the value of critical MM. When MM<60-100kg/mol
the slope of the dependence TyLrcp on My, is defined by C.,n. It is obvious for
ZN-2 sample, in which the less branched fractions have higher MM (see Table
3), that TyLrcp decreases with My, steeper than that of SS-1 fractions, having the
same Cgom.
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Figure 20. Plot of Ty.rcp against M, for MM fractions of SS and ZN copolymers (the
data labels represent the values of C.,,,); inset shows the dependence of Tyrcp vs. M, for
the same fractions

For copolymers produced using ZN catalyst the most popular explanation for
VLTCP is that the molecular fractionation or segregation of macromolecules by
MM during crystallization implies that the HTCP is due to the crystallization of
high MM macromolecules having low branching content, whereas VLTCP can
be comprised of the less crystallizable, lower MM, more highly branched
polymer chains (Alamo and Mandelkern 1994, Alizadeth et al. 1999, Canetti and
Bertini 2010, Crist and Claudio 1999, Mandelkern 1971, Marand et al. 2000,
Mirabella 2008, Rabiej et al. 2004, Simanke et al. 2001, Tashiro et al. 1995,
Zhang et al. 2002). However, based on the results it can be said that if there was
the possibility, for ZN fractions the polymer molecules associated with the
VLTCP would be mostly present in the first fractions. Hence, fractions with
higher MM would be expected to exhibit only the HTCP. However, as it is seen
from the Figure 15b the first MM fractions of ZN copolymer having low MM
and high C.,, do not show any VLTCP at all. The fractions with higher MM
display both the HTCP and the VLTCP. This suggests that the polymer chains
associated with the HTCP are also related to the VLTCP, which is in agreement
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with the results on crystallization temperatures. Moreover, it can be seen from
Figure 16 that even the first highly branched compositional fractions, which
presumably should have only VLTCP, demonstrate the HTCP along with
VLTCP in DSC thermograms.

To understand the effect of MM and C.,, on the behaviour of VLTCP two
different LLDPEs were blended together: 80% of ZN-2-M1 having no VLTCP
and 20% of SS-6 having only VLTCP. Melting and crystallization thermograms
for both pure components are shown in Figure 21.
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Figure 21. Melting and crystallization thermograms for pure components
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Figure 22. Melting and crystallization thermogram of blend
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Blend of those components shows both VLTCP and very low temperature
melting peak (VLTMP) as it is seen in Figure 22. Based on that can be said if
VLTCP was caused by highly branched molecules why VLTMP cannot be seen
in any of whole copolymers and their fractions thermograms. Most probably the
key role on formation of VLTCP is entanglements of high MM chains.

Because there is a clear correlation of both peaks with molar mass (see
Figure 20), it is implicit that these exotherms (especially the VLTCP) are also a
consequence of melt topology; in other words, entanglements. Then, the key to
the presence of VLTCP exotherm will not be the sequence distribution caused
by the comonomer, but a melt topology that restricts further crystallization after
a primary nucleation and further (usually spherulitic) growth in most
semicrystalline polymers. The increase in Xyrrcp with MM leads to a suggestion
that inter-crystalline links are responsible for the formation of the VLTCP.
During crystallization numerous tie molecules are formed especially at rather
large supercooling. These tie molecules can aggregate locally to form
intercrystalline links (named as bundles). However, the formation of inter-
crystalline links also has its optimum MM limit equal to 60—100kg/mol, above
which the crystallinity level of so-named bundles does not strongly change or
even slightly decreases.

3.3. Crystallization of blends

After analysing the VLTCP blends were also analysed in the point of view how
they will co-crystallize. Based on the result found in literature (Puig 2001,
Shanks and Armasinghe 2000, Tanem and Stori 2000, 2001a and 2001b, Zhao et
al. 1997) it is expected that blends studied in this work will show two separate
crystal populations. DSC melting endotherms of the blends ZN-0-M1/SS-6 with
various ratios of components are shown in Figure 23. The heating and cooling
rates were 10°C/min. The DSC result clearly indicates the existence of two
crystal populations in these blends. Two melting peaks are found in all studied
blends. The mixtures with a high concentration of the high-density polymer
(>50%) show a sharp high temperature melting peak (HTMP) with a small peak
in the low-temperature region. This low temperature melting peak (LTMP)
further develops into a well-defined peak for the mixtures with high
concentration of the hyper-branched component. The form and position of the
low-temperature peak indicates that this peak represents melting of mainly the
component rich in SS-6. The HTMP seems to represent the ZN-0-M1-rich
component. It should be noticed that HTMP has a small shoulder, sub-peak,
generated at slightly lower temperature. Similar behaviour is detected for all the
blends of ZN-2 with SS-6, as is obvious from the Figure 24 where their
crystallization and melting thermograms are shown.
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Figure 23. DSC cooling and melting traces of the ZN-0-M1/SS-6 blends with various
component ratios. Cooling and heating rate 10 °C/min.
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Figure 24. DSC cooling and melting traces of the ZN-2/SS-6 blends with various
component ratios. Cooling and heating rate 10 °C/min.

The origin of sub-peak observed at high temperatures can be understood from
the thermograms of pure components, also presented in Figures 23 and 24. Pure
ZN-0-M1 component has mainly one melting peak but the shoulder extent to
lower temperatures is present, indicating some degree of heterogeneity in
sequence lengths. The same is found for pure ZN-2. If the compositional and
MM heterogeneity of conventional whole ZN-2 is expected, the heterogeneity of
ZN-0-M1 seems to be unusual. Taken into account that ZN-0-M1 used in this
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study is the first fraction of the whole ZN-0 obtained by fractionation according
to MM and it is catalyzed by ZN technique, this first fraction contains branched
chains with low MM. The degree of branching in the first fractions is therefore
higher than present in whole polymer. Therefore ZN-0-M1 can contain chains
that can be excluded from the largest lamellae during primary crystallization and
generate a secondary crystal sub-population. This can result in an appearance of
sub-peak in melting traces. SS-6 has also rather wide SCBD and contains chains
having much lower branching content than averaged value (17.8 wt-%, see Table
2) Presence of chains forming the secondary crystals gives the possibility of
mixing them with that part of SS-6 chains which have very low branch content.
As seen from the Figures 23 and 24, the increase in the amount of SS-6
component in the blends results in a better separation of HTMP and sub-HTMP.
The position and broadness of these peaks indicates partial chain segregation of
ZN-0-M1-rich peak and possibility of a formation of mix crystals.

In order to understand the origin of LTMP and HTMP in blends the cooling rate
during the cooling scans was varied. The heating rate was constant, 10°C/min.
The thermograms of the blends at 1 and 200°C/min cooling rates show identical
behaviour as it was observed for cooling rate of 10°C/min. It is clearly seen from
the Figure 25 where melting traces of 20/80 ZN-0-M1/SS-6 and 50/50 ZN-2/SS-
6 blends at different cooling rates are shown as illustrations. Two main melting
peaks, HTMP and LTMP, with additional sub-peak sub-HTMP at high
temperature were recorded.

From the heat of fusion, the degree of crystallinity X by weight was obtained for
low and high temperature peak. These values are given in Table 4 for the 20/80
ZN-0-M1/SS-6 blend as example. First of all the degree of crystallinity of each
peak does not depend on scanning rate indicating that the observed peaks are not
associated with the recrystallization or reorganization process but consistent with
the formation of separate crystals from both components. The other blends of
ZN-0-M1/SS-6 and ZN-2/SS-6 were found to possess a similar behaviour and
the same conclusion can be done for them. Rapidly crystallized samples show
usually one peak but slowly crystallized show two peaks. Thus, in comparison
with HDPE/LLDPE and LDPE/LLDPE discussed in literature (Agamalian 1999,
Hill et al. 1992, Kyu et al. 1987, Martinez-Salazar et al. 1991, Morgan et al.
1999, Puig 2001, Tanem and Stori 2000, 2001b, Tashiro et al. 1992, 1994a,
1994b, 1995, Wignall 1995, 2000), in blends studied in this work two crystal
populations are forming even in rapidly crystallized mixtures at 200°C/min
similar to slowly cooled samples at 1°C/min.
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Figure 25. DSC melting thermograms for (a) 20/80 ZN-0-M1/SS-6 and (b) 50/50 ZN-
2/88-6 blends crystallized at various cooling rates.

To find out whether the observed melting peaks correspond to completely
separated crystallites, formed independently, the degree of crystallinity of low
and high temperature peaks was compared with the expected value in the blends
if both components had crystallized independently. Table 4 shows that the
crystallinity of the SS-6-rich low-temperature peaks is lower than that calculated
assuming independent crystallites. Overall degree of crystallinity of both peaks
is also lower than that calculated by mentioned above method. Lower
crystallinity of the blends compared to the pure blend components has been
taken elsewhere as an argument in favor of co-crystallization (Morgan et al.
1999, Puig 2001, Tanem and Stori 2000, 2001a, 2001b, Tashiro et al. 1992,
1994a, 1994b, 1995, Wignall 2000, Zhao et al. 1997). The observed melting
behaviour of the blends therefore suggests that slight co-crystallization to some
limited extent is present in the blends.

Table 4. The degree of crystallinities X for 20/80 ZN-0-M1/SS-6 blends obtained from
melting thermograms at various cooling rates.

Cooling rate Xoveral Xvrmp Xurmp
°C/min (wt%) (wt%) (wt%)
extpl.” calc. extpl. calc. extpl. calc.
1 27 37 11 18 16 19
10 26 31 11 12 15 19
200 25 35 10 16 15 19

* extpl. means measured from DSC melting endotherms
calc. means calculated assuming independently crystallized crystals
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Furthermore, the low-temperature peaks in all the blends have almost the same
melting points. However this melting point is around 4°C lower than observed
for the pure SS-6 component as also obvious from the Figures 23 and 24. This
result might indicate that even in SS-6 there are chain segments that are able to
co-crystallize with branched chains of ZN-0-M1 or ZN-2 (Shanks and
Armasinghe 2000). Most probably that these chain segments of SS-6 have the
lowest branching content compared to overall SS-6 branch content. In that case
remaining SS-6 chains, not incorporated in ZN-0-M1- (ZN-2-) rich crystals, can
be suggested to have a higher overall content of branches than the pure
ZN-0-M1 (ZN-2) and should melt consequently at a lower temperature; and this
is in fact observed from Figures 23 and 24.

The melting point of the high-temperature peak in the ZN-0-M1/SS-6 and
ZN-2/SS-6 is significantly lower (~10°C and 2°C maximum, respectively)
compared to that of the pure ZN-0-M1 and ZN-2 component. Other authors have
observed a similar depression of the melting temperature of the high-temperature
peak in a blend of LPE/LDPE (Puig et al 1993, Puig 2001) and LPE/LLDPE
(Tanem and Stori 2001a and 2001b) and suggest that such behaviour can be
explained by both the co-crystallization of the branched component into the LPE
crystal and a lower lamellae thickness of the LPE component in the blend.
Based on this conclusion, the depression of the high-temperature peak in the
blends most probably has a complex reason but could be explained, at least
partly, from a limited degree of co-crystallization among the blend components.

Therefore, a limited degree of co-crystallization is believed to be present in
blends used in this work, at least in the blends rich in SS-6 (=50%)).

One more interesting behaviour can be seen from the crystallization traces of the
blends. From Figure 23 it is observed that the crystallization temperature of the
SS-6-rich component in separated blends locates at a higher temperature than the
crystallization point of the corresponding pure SS-6 component. This
observation seems to be in a conflict with the observation of melting point
behaviour. This effect can be explained based on comments and observations
made by others (Tanem and Stori 2001b). Crystallization curves for both pure
blend components show sharp leading edges, characteristic of primary
crystallization. Additionally, both components have an extended tail to lower
temperatures, reflecting a secondary crystallization process into thinner lamellae.
In the blends it is obvious from Figures 23 and 24 that the ZN-0-M1- as well as
ZN-2-rich component crystallizes first. The crystallization curves show rather
sharp and narrower peak at high temperature. The low-temperature peak,
however, reflecting a secondary crystallization process of mainly SS-6-rich
component, shows rather broad leading edge very different from the sharp peak
observed for pure SS-6. Therefore it can be suggested that the primary
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crystallization in blend is associated with the crystallization of ZN-OM1-rich or
ZN-2-rich component in ZN-0-M1/SS-6 and ZN-2/SS-6 blends, respectively.
SS-6-rich component crystallizes in a secondary crystallization processes within
the structure determined by crystallization of ZN-0-M1- or ZN-2-rich
component (Ueda and Register 1996). Therefore as others have suggested the
crystallization of ZN-0-M1 or ZN-2 will generate the crystallization of SS-6 at
higher temperature than the pure SS-6 would otherwise crystallize. The lamellae
thickness of the resulting SS-6-rich component in the blends and the subsequent
melting behaviour indicate that this enhanced crystallization at higher
temperature occurs without forming thicker lamellae, as normally would be
expected due to higher crystallization temperature.
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CONCLUSIONS

Low temperature crystallization behaviour of single site (SS) and Ziegler-Natta
(ZN) catalyst based ethylene—a-olefin whole copolymers and their fractions was
analyzed. DSC curves of whole copolymers, molar mass (MM) and
compositional fractions of SS and ZN materials uniquely show the presence of
an additional crystallization process occurring at temperatures around 60—75°C.
The very low temperature crystallization peak (VLTCP) was not detected in the
fractions having lowest MM. The VLTCP is much broader and less in magnitude
than the main sharp high temperature crystallization peak (HTCP). Moreover,
the melting curves do not show any additional peaks clearly related to the
VLTCP. Results of this work give a better understanding of the matter compared
to the mixed opinions in literature.

Based on DSC measurements following conclusions can be made:

— The comonomer content (Conm) does not strongly influence the partial degree
of crystallinity of VLTCP (XyrLrcp) while the pronounce decrease in peak
temperatures of VLTCP (Tyrrcp) with C,n is observed. However, the Xyprcp
and Tyrrep are independent of the chemical nature of the co-monomers (1-
butene or 1-hexene).

— The Xyrrcep is influenced by the type of catalyst. For the SS materials the
Xvrrcp 1s in approximately 2 times higher than for the ZN samples. For ZN high
density polyethylene (HDPE) the obtained values of Xy tcp are much lower than
those of ZN linear low density polyethylene (LLDPE). At the same time, Typrcp
did not depend on the catalyst type used.

— In the range of 5<Mw<100 kg/mol the partial degree of crystallinity Xyitcp
calculated from the VLTCP and the crystallization peak temperature Tvyprcp
increase with increasing My.

At the same time the crystallinity of HTCP decreases with My that involves a
molecular correlation between the primary and secondary crystallization
processes. When My is higher than 100 kg/mol, the Xy tcp and Tyrrcp level off.
Such behaviour can be a result of increasing amorphous layer with My due to
the increase in number of entanglements. It implies the less incorporation of the
fraction of crystallizable sections of polymer macromolecules into the primary
crystallization process associated with HTCP. The chains or/and segments of
chains, remaining in the melt after primary crystallization, can aggregate locally
forming the bundle-like inter-crystalline links.
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Blends of LLDPE with high C,,, with HDPE and LLDPE had in addition to a
VLTCP also a corresponding melting peak. Based on these results, it can be
said:

— VLTCP in copolymers is not caused by highly branched component of the
materials but due to the entanglements of high My chains which melt at higher
temperatures.

From thermal analysis of rapidly and slowly cooled blends can be concluded that
both components form two crystal populations. The limited degree of co-
crystallization is present in all studied blends having the content of LLDPE with
high C. o, component of 80%.
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KOKKUVOTE

Poliietiileeni kopoliimeeride ja nende segude Kristallisatsioonikaitumise
termiline analiiiis

Poliietiileen on vdga laialdaselt kasutatav poliimeer. Suures ulatuses miiravad
tema omadused molaarmass, molaarmassiline jaotus ja lithikeseharuliste
hargnemiste jaotus.

Vaatamata sellele, et poliietiileeni kristallisatsiooni on véga palju uuritud, on seal
siiani ebaselgeid nilansse. Enamus poliietiileeni makromolekulidest kristallub
temperatuuril 110-120°C (niinimetatud kdrge temperatuuri kristallisatsioon).
Tihti kaasneb selle protsessiga tdiendav kristallisatsioon ~90°C juures,
niinimetatud madala temperatuuri kristallisatsioon. Kahte eelpool mainitud
protsessi kokku nimetatakse primaarseks kristallisatsiooniks, kus moodustuvad
kristalsed superstruktuurid. Kristalliitide vahele jddvas amorfses osas toimub
kristallisatsioon edasi ning tihti esineb temperatuurivahemikus 60-75°C
sekundaarne  kristallisatsioon.  Poliietilleeni  primaarse  kristallisatsiooni
temperatuuri silmas pidades voib sekundaarse kristallisatsiooni temperatuuri
nimetada viga madalaks. Selle viga madalal temperatuuril toimuva
kristallisatsiooni olemus ja tekkepohjused on siiani ebaselged.

Too eesmirk oli uurida lineaarse madaltiheda polietiileeni (LLDPE)
kristallisatsioonikditumist viga madalal temperatuuril, 60-75°C juures,
kasutades selleks diferentseerivat skaneerivat kalorimeetriat. Uuriti kuidas
mojutavad vidga madalal temperatuuril toimuvat kristallisatsiooni materjali
struktuur, molaarmass, molaarmassiline jaotus, komonomeeri tiiiip ja sisaldus.
Viga madala temperatuuri kristallisatsiooni ndhtuse uurimiseks valiti {iheksa
kaubanduslikku LLDPE-d. Lisaks fraktsioneeriti osad nendest materjalidest
molaarmassi (komonomeeri sisaldus on fraktsioonidel sarnane) ja koostise jargi
(molaarmass on fraktsioonidel sarnane) ning uuriti saadud fraktsioone. Lisaks
valmistati erinevad segud, et mdista kuidas modjutavad materjali erinevad
koostisosad kristallisatsioonikditumist selles temperatuurivahemikus.

Termilise analiilisi tulemused néitasid, et kdikidel valitud materjalidel toimus
vidga madalal tempeartuuril tdiendav kristallisatsioon. Samas ei niidanud
termiline analiiiis thelgi materjalil sellele kristallisatsioonipiigile vastavat
sulamispiiki.

Tulemustest voib jareldada, et 60-75°C juures toimuv tdiendav kristallisatsioon
ei sOltu materjali komonomeeri sisaldusest ja —tiilibist, vaid on sdltuv
molaarmassist. Molaarmassi tdustes suureneb temperatuurivahemiskus 60-75°C
termogrammil esineva kristallisatsiooni piigi pindala. Sellise kéitumise
pohjuseks voib olla amorfse faasi suurenemine lamellide vahel ning molekulide
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takerdumine, mis takistab neil kristalluda esmase kristallisatsiooni kéigus.
Hiljem voivad nad aga moodustada kimbutaolisi struktuure lamellide vahel.

Seda oletust aitab kinnitada segude uurimine, kus segati kokku suure
komonomeeri sisaldusega materjal, millel esineb tdiendav kristallisatsioon véga
madalal temperatuuril ning materjal, millel seda ei esine. Sellise segu termiline
analiiiis nditad selgelt vdga madalal temperatuuril toimuvat kristallisatsiooni.
Samuti esineneb selliste segude termogrammidel tdiendav sulamispiik 60-75°C
juures. Seega vdib viita, et kdige enam mojutab viga madalal temperatuuril
toimuvat kristallisatsiooni materjali molaarmass ning molekulide omavaheline
takerdumine.
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ABSTRACT

Thermal analysis of crystallization behaviour of polyethylene copolymers
and their blends

PE is a commodity polymer that has become widely used over the past several
decades because of its low price and good mechanical properties. The properties
are largely determined by the characteristics of the polymer such as MM, MMD,
comonomer type and content. The relationship between microstructure and
properties of polymers requires, among other factors, investigation of melting
and crystallization behaviours. DSC has been the main technique used to study
melting and crystallization behaviour and this method is enough powerful to
analyze very small quantities, sometimes only 1-2mg of material and to detect
very small changes in crystallinity.

Despite the fact that polyethylene crystallization is very widely studied there are
still some questions which need to be answered. Polyethylene crystallizes at the
temperatures around 110-120°C (high temperature crystallization). Often this
HTCP in DSC has a shoulder around 90°C, so called LTCP. This is primary
crystallization where crystal superstructures are formed. Between crystallites
exists amorphous region. In certain conditions addional crystallization at
temperatures around 60-75°C takes place. What causes this phenomenon of
VLTC is not clear and not satisfactorily studied. Therefore, the main objective of
the present study was to examine the crystallization behaviour of LLDPE at very
low temperature using DSC. For better understanding what causes the VLTCP
some materials were fractionated according to MM and composition to get
samples with narrow MMD and CD. Some components with different
comonomer content were blended together to understand how different
macromolecular constituents influence crystallization process at very low
temperature.

DSC curves of whole copolymers, MM and compositional fractions of SS and
ZN materials uniquely show the presence of an additional crystallization process
occurring at temperatures around 60—75°C. The VLTCP was not detected in the
fractions having lowest MM. The melting curves do not show any additional
peaks clearly related to the VLTCP. Results of this work give a better
understanding of the matter compared to the mixed opinions in literature. Based
on DSC measurements can be said that VLTCP in copolymers is not caused by
highly branched component of the materials but due to the entanglements of
high MM chains.
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Abstract. The crystallization behaviour of Ziegler—Natta (ZN) and single-site catalyst based ethylene—1-butene and ethylene—1-
hexene copolymers with different comonomer content were studied by differential scanning calorimetry. In addition to a high-
temperature crystallization peak, and for ZN copolymers in addition to a low-temperature crystallization peak, quite often a very-
low-temperature crystallization peak (VLTCP) was observed at temperatures in between approximately 330 and 345 K. It was
found that the VLTCP temperature decreased with increasing comonomer content and did not depend on the type of catalyst used.
The fractional degree of crystallinity calculated from the VLTCP was independent of the chemical nature and content of the
comonomers present as well as of the polydispersity of molar mass within the used range of magnitudes. However, crystallinity as
related to the area of the VLTCP was strongly catalyst type dependent and was higher for the single-site catalyst used compared to
the ZN catalyst used.

Key words: materials technology, linear low-density polyethylene, copolymers, low-temperature crystallization peak, differential

scanning calorimetry.

INTRODUCTION

Polyethylene (PE) is available with a wide array of
engineering properties to provide toughness, ease of
processing, shrinkage rates, chemical abrasion, impact
resistance, etc. The properties are largely determined by
the characteristics of the polymer such as molar mass
(MM), molar mass distribution (MMD), and degree of
branching.

One method for providing the special properties is
the copolymerization of ethylene and o-olefins, which
has become increasingly important in the last two
decades. These materials, collectively termed linear low-
density polyethylene (LLDPE), have been synthesized
using different types of catalysts and comonomers.
Usually, 1-butene, 1-hexene, or 1-octene is used as the
o-olefin comonomer. Random ethylene—a-olefin co-
polymers obtained by homogeneous single-site catalysts
(SSC) show a homogeneous comonomer distribution
(CD) and a narrow MMD [1], in contrast to traditional

*
Corresponding author, triinu.poltimae@ttu.ce

Ziegler—Natta (ZN) catalysts, which lead to broad MMD
and CD [2,3].

The crystallization in copolymers is markedly
different from the crystallization of linear or slightly
branched polymers, such as linear PE and high-density
PE respectively [4]. In copolymers ethylene sequences of
varying lengths (determined by branching frequency) are
present abundantly. These sequences can only crystallize
below certain temperatures, determined by their lengths.
Therefore, a broad range of melting temperatures may be
expected for the copolymers. The crystallization process
in copolymers is further influenced by the fact that
branches longer than methyl are predominantly excluded
from the growing crystal [S]. However, it should be
mentioned here that ethyl (1-butene as comonomer),
being a ‘border case’ branch, is excluded from the crystal
lattice at low cooling rates, and can be included at high
cooling rates. The crystals formed under such conditions
are much thinner and less perfect compared to those
formed in the corresponding non-branched material.

Differential scanning calorimetry (DSC) has been
the main technique used to study melting and crystal-
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lization behaviour. The results from the thermal analysis
of heterogeneous, ZN ethylene—a-olefin copolymers [6—
9] clearly indicate the existence of a triple crystalliza-
tion mechanism in the ethylene copolymers: a sharp,
high-temperature crystallization peak (HTCP), a broad
low-temperature crystallization peak (LTCP) next to
HTCP, and often a very-low-temperature crystallization
peak (VLTCP) are observed. For SSC copolymers, and
in general for homogeneous copolymers [7], just HTCP
and, often, VLTCP are observed (see for an example [6,
Ch. 9, fig. 9.11]).

One of the hypotheses of the origin of VLTCP is
proposed in [10,11] for SSC-based LLDPEs. As it was
mentioned above, the crystallization process in copoly-
mers is predominantly governed by the length distribu-
tion of the crystallizable sequence. In a random copoly-
mer, the frequent occurrence of branches along the
polymer backbone fragments the chain into a number of
shorter sequences. Taking this into account, Zhang et
al. [10] and Mirabella [11] suggested that HTCP cor-
responds to the crystallization of ethylene with a large
average sequence length (ASL) and VLTCP is related to
the crystallization with a relatively short ASL.

Another point of view on the problem of VLTCP
arises from the investigation of the homogeneous
nucleation of PE. For this purpose in [12] low MM PEs
were emulsified to separate the nucleation from the
growth process and to remove macroscopic hetero-
geneous nucleation sites. Both a VLTCP and a HTCP
were observed for the emulsified samples during DSC
cooling scans. The degree of undercooling from the
equilibrium melting temperature of linear PE (417 K)
for the VLTCP was several tens of degrees (80—100 K)
in contrast to non-emulsified samples, which had only a
HTCP at a few degrees of undercooling. It was
suggested that the HTCP in the cooling scans is due to
heterogeneous nucleation of aggregated droplets and the
VLTCP is related to the homogeneous nucleation of the
un-aggregated emulsion droplets.

The same degree of undercooling (as mentioned
above) was pointed out for single nanocrystals homo-
geneously grown from solution, consisting of a single
crystalline lamella with a thickness of 6.3 nm covered
by thin amorphous layers [13]. Therefore, it can be
concluded that the VLTCP phenomenon can be caused
by homogeneous nucleation as it has the same under-
cooling as pointed out above.

However, the origin of the VLTCP in ethylene-
containing polymers is not clear yet. Therefore, the
main aim of the present study was to examine the effect
of the structure of materials, polydispersity of MM of
the polymers, and comonomer type and its concentra-
tion on the behaviour of the VLTCP.

EXPERIMENTAL
Materials

The LLDPEs used in this study were commercial
ethylene—1-butene and ethylene—1-hexene copolymers
produced by ZN and SSC. The polymers will be
referred to as ZN and SSC samples. The comonomer
content, C, ., in the copolymers varied. All these
materials had similar density and weight average MM
M w)- Molecular characteristics of the studied samples
are listed in Table 1.

Methods

A Perkin Elmer Diamond differential scanning calori-
meter (DSC) was used for thermal analysis. The instru-
ment was calibrated using indium and tin at the applied
cooling rate. Helium was used for furnace purge. Plates
of 55 x 65 x 1 mm were pressed from the materials at
453 K and cooled to room temperature. Flat samples of
approximately 1 mg were cut from the plates and
packed into aluminium foil to maximize thermal contact
between the sample and the calorimetric furnace.
During the measurement, the sample was first held at
453 K for 5 min for deleting its thermal history. Then it
was cooled to 273 K at a rate of 100 K/min, held at
273 K for 5 min, and then heated to 453 K at a rate of
100 K/min. The fractional degree of crystallinity, w,,
was calculated by dividing the crystallization enthalpy
of VLTCP by the enthalpy of the fusion of 100% crys-
talline PE, AH; =293 J/g. Crystallinity is, however,
only to be used for comparison between the materials.
The overall crystallinity (w,, ) was obtained by dividing
the overall melting enthalpy by 293 J/g.

The MMD was measured in Borealis Polymers OY
by gel permeation chromatography (GPC) using tri-
chlorobenzene as a solvent at 140°C.

The comonomer content was measured in Borealis
Polymers OY by Fourier transform infrared spectro-
scopy (FTIR).

Table 1. Molecular characteristics of linear low-density
polyethylenes
LLDPE| Typeof |C, ..., |Density,| M, Poly-
sample | comonomer | wt.% kg/m3 kg/mol | dispersity
My, / My
SSC-1  1-Hexene 5.4 923 84 2.1
SSC-2  1-Hexene 3.6 927 140 3.1
SSC-3  1-Hexene 5.0 923 140 2.3
SSC-4  1-Hexene 6.9 920 115 2.4
SSC-5 1-Butene 2.3 922 136 2.3
ZN-1 1-Hexene 5.6 930 125 4.5
ZN-2  1-Hexene 7.6 924 125 4.4
ZN-3 1-Hexene 8.5 917 150 3.8
ZN-4  1-Butene 7.2 920 122 4.0
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RESULTS AND DISCUSSION

The nonisothermal crystallization and melting thermo-
grams for one of the materials (SSC-1) are shown in
Fig. 1 as an example.

Figure 1 illustrates the presence of two distinct
peaks in the crystallization curves of SSC-1 copolymer:
a sharp HTCP and a much broader and less in
magnitude VLTCP at temperatures around 340 K.
Similar heating/cooling scans are observed for all the
samples studied. In contrast, the melting of the materials
has only one endothermic peak corresponding to their
HTCP. It should be mentioned that for ZN as well as for
SSC copolymers no clearly evident LTCPs were
observed, except for sample ZN-3, where an additional
small LTCP was clearly detected. Along with it an
additional broad melting peak is present in DCS melting
curves of this sample. For copolymers produced using
ZN catalyst it was suggested [14] that HTCP is due to
the crystallization of high MM polymers having a low
branching content, whereas the LTCP and also VLTCP
are caused by low MM polymers with a high branching
content. However, the branching distribution is homo-
geneous in materials synthesized by SSC, without the
clustering of the branch along the main chain as in ZN
copolymers, and there should be no relation between
MM and the branch content. However, the experimental
results uniquely indicate that there was still a low-tem-
perature crystallization process, leading to a VLTCP, as
it is obvious from Fig. 1.

Figure 2 shows the dependence of the peak tem-
perature of VLTCP, T, ,, on the comonomer content,
C for ethylene—1-hexene copolymers. It is seen

comon 2
that as C increases, 7., decreases, which is in

comon
agreement with the finding reported in [7]. An interest-
ing fact is that T, vs. C,, for copolymers that have

the same comonomer type can be represented by a
single line, irrespective of the catalyst type by which
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Fig. 1. DSC cooling and subsequent heating curves of sample
SSC-1.
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Fig. 2. Plots of peak crystallization temperatures of the
VLTCP (7,,) as a function of the comonomer content
(C,omon ) for the ethylene—1-hexene copolymers. The inset

shows temperature dependence of the HTCP (7.;,) on C_ 0,
for the same copolymers.

the materials were produced. This differs from the
behaviour of the HTCP. The temperatures of the main
peak (T.,) for SSC materials were essentially lower
than for ZN materials as is clearly seen from the inset in
Fig. 2. The ZN copolymers are known to be structurally
heterogeneous both at inter- and intramolecular level.
Therefore, more and longer ethylene sequences are
available leading to thicker lamellae and consequently
to higher crystallization and melting temperatures accord-
ing to the Thompson—Gibbs equation. Taking into
account the above-mentioned difference in the behaviour
of peak temperatures with catalyst type, one can suggest
that it is not only the presence of long ethylene sequences
that influences the thermal behaviour of VLTCP.

However, on further comparison between copolymers
of different catalyst types, it was found that the type of
catalyst, ZN and SSC, influences the crystallization
process in the low-temperature range. These observations
were further verified by comparing the fractional degree
of crystallinity of VLTCP w,_, vs. C, ... Plots for all
the copolymers are shown in Fig. 3. It was found that
W, did not depend either on the comonomer type and
its content or on the polydispersity of MM within the
same type of catalyst. The overall degree of crystallinity
is known to be independent of the nature of the
comonomer (except for methyl branches), while being
largely determined by the crystallizable sequence length
distributions [15,16]. In turn, the sequence distributions
are influenced by the type of catalyst (e.g., ZN-based
systems result in broader distributions compared to SSC-
based copolymers).

The fractional degree of crystallinity calculated from
VLTCP is two times higher for the SSC copolymers
than for the ZN materials as is seen from Fig. 3. It is
evident that homogeneous CD facilitates the formation
of a VLTCP. However, thermal analysis alone is not
sufficient for explaining this behaviour.
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Fig. 3. The degree of crystallinity w,, vs. comonomer
content C, .~ (solid signs, bottom of X-axis) and poly-

dispersity My, /MN (open signs, top of X-axis) for SSC (1)
and ZN (2) copolymers.

An interesting and important fact detected in calori-
metric cooling and heating scans is that no low-tem-
perature melting peaks corresponding to the VLTCP
were found for the studied LLDPE materials. Hence, the
origin and properties of the VLTCP cannot be explained
only in terms of the crystallization of ethylene
sequences having a relatively short ASL. In this case the
lamellae population formed at low temperature should
be thin [11] and therefore should melt at a considerably
low temperature. This is not observed for the studied
materials, which have essentially large VLTCPs at
undercoolings ~80 K. The same degrees of undercool-
ings were detected in [12,13] for homogeneously grown
crystals of PE. Probably, the VLTCP is associated with
homogeneous nucleation, which occurs spontaneously
by undercooling only.

CONCLUSIONS

On the basis of the DSC experimental results on the

low-temperature crystallization behaviour of SSC- and

ZN-based ethylene—a-olefin copolymers the following

conclusions can be drawn:

— DSC curves uniquely indicate that in the studied
copolymers an additional crystallization process
occurred at very low temperatures around 330—
345 K. This VLTCP is much broader and less in
magnitude than the main sharp HTCP. Moreover,
the melting curves do not show any additional peaks
clearly related to the VLTCP.

— No dependences of the fractional degree of crystal-
linity calculated from the VLTCP on the comonomer
content and polydispersity of MM were observed at
least within the studied range of magnitudes. The
degree of crystallinity was also independent of the
chemical nature of the comonomers (1-butene or
1-hexene).

— The fractional degree of crystallinity was in turn
strongly influenced by the type of catalyst. For the
SSC materials the degree of crystallinity was higher
than for the ZN samples.

— The crystallization temperatures of the VLTCP,
T, decreased with the increasing comonomer

cvl?

content in the LLDPEs. At the same time, 7, did

not depend on the catalyst type used for producing
the LLDPE materials.
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Lineaarse madaltiheda poliietiileeni viiga madala temperatuuri Kristallisatsiooni
piigi olemus

Triinu Poltimée, Elvira Tarasova, Andres Krumme, Arja Lehtinen ja Anti Viikna

Diferentsiaalse skaneeriva kalorimeetriaga on uuritud Ziegleri-Natta (ZN) ja ainuasendi (SSC) kataliisaatoritega
saadud erineva komonomeeri sisaldusega etiileen/1-buteen- ning etiileen/1-hekseenkopoliimeeride kristallisatsiooni-
kaitumist. Lisaks kdrge temperatuuri kristallisatsiooni piigile (KTKP) ja ZN-i kopoliimeeride puhul lisaks madala
temperatuuri kristallisatsiooni piigile (MTKP) on tuvastatud tihti ka viga madala temperatuuri kristallisatsiooni piik
(VMTKP) temperatuurivahemikus ligikaudu 330-345 K. On leitud, e¢ VMTKP maksimumi temperatuur vaheneb
koos komonomeeri sisalduse kasvuga kopoliimeeris ja ei sdltu kasutatud kataliisaatori liigist. VMTKP pdhjal arvu-
tatud kristalsusméér ei sdltu uuritud materjalide puhul komonomeeri keemilisest koostisest (1-buteen vdi 1-hekseen),
komonomeeri sisaldusest ega molaarmassilise jaotuse poliidisperssusest. Siiski sdltub VMTKP kristalsusméar
tugevalt kopoliimeeri valmistamiseks kasutatud kataliisaatori liigist ja on korgem SSC kataliisaatori puhul, vorreldes
ZN-i kataliisaatoriga.
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Study of Very Low Temperature Crystallization
Process in Ethylene/a-Olefin Copolymers

E. Tarasova,*" T. Poltimie," A. Krumme," A. Lehtinen,®> A. Viikna'

Summary: The crystallization behavior of Ziegler-Natta (ZN) and single site (SS) based
ethylene/1-butene and ethylene/1-hexene copolymers and SS copolymer fractionated
by composition and molar mass (MM) has been studied by differential scanning
calorimetry. It was observed that in addition to the high temperature crystallization
peak (HTCP), and for ZN copolymers in addition also to low temperature crystal-
lization peak (LTCP), a very-low temperature crystallization peak (VLTCP) is present at
temperatures in between 60-75 °C. Peak temperature of VLTCP, Ty, 1cp, decreases with
increasing comonomer content (Ceomon) at fixed MM. If Ccomon is kept approximately
constant, Ty.rcp increases with increasing MM. It turns out that Ty.cp does not
depend on the type of catalyst used. The degree of crystallinity calculated from the
VLTCP is independent of the chemical nature of the comonomers present, but slightly
changes with C.omon. It also steeply increases with MM and levels off at MM around
50 kg/mol. It was found that the crystallinity as related to the area of the VLTCP is
catalyst type dependent, and is higher for the SS catalyst used compared to the ZN

catalyst.

Keywords: crystallization at very low temperature; differential scanning calorimetry;
ethylene/wa-olefins; linear low-density polyethylene

Introduction

The crystallization of copolymers is mark-
edly different from the crystallization of
linear or slightly branched polymers, such
as linear polyethylene and high-density
polyethylene, respectively.!'! In copolymers
ethylene sequences of varying lengths
(determined by branching frequency) are
present abundantly. These sequences can
only crystallize below certain temperatures,
determined by their lengths. Therefore, a
broad range of melting temperatures may
be expected for the copolymers. The
crystallization process in copolymers is
further influenced by the fact that branches
longer than the methyl are predominantly
excluded from the growing crystal.?}

! Tallinn University of Technology, Ehitajate tee 5,
19086 Tallinn, Estonia
E-mail: tarasova_elvira@mail.ru

2 Borealis Polymers OY, P.O. Box 330, FIN-06101,
Porvoo, Finland
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Differential scanning calorimetry (DSC)
has been one of the main techniques used to
study melting and crystallization behavior
of polymers. The results from the thermal
analysis study on heterogeneous, Ziegler-
Natta (ZN) ethylene/a-olefin copolymers!>!
clearly indicate the existence of a triple
crystallization mechanism in the ethylene
copolymers: a sharp, high temperature
crystallization peak (HTCP), a broad low-
temperature crystallization peak (LTCP)
next to HTCP, and often a very-low
temperature crystallization peak (VLTCP).
For single site catalyzed (SS) copolymers,
and in general homogeneous copolymers,
the high temperature crystallization peak
and the very-low temperature crystalliza-
tion peak are usually detected.

The presence and behavior of VLTCP in
copolymers is interesting, because there is a
possibility of correlation between this
secondary crystallization process and the
mechanical properties of the samples. One
of the hypotheses of the origin of VLTCP is
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proposed in Ref. [7-9] for SS based linear
low-density polyethylenes (LLDPE). As it
was mentioned above, the crystallization
process in copolymers is predominantly
governed by the crystallizable sequence
length distribution. In a random copolymer,
the frequent occurrence of branches along
the polymer backbone fragments the chain
into a number of shorter sequences. While
the longest sequences form part of the
lamellar crystals, they impose a constraint
on the remaining crystallizable sequences
in these chains. As the number of segments
participating in  lamellar formation
increases, so do the restrictions imposed
on the mobility of the remaining sequences.
At very high degrees of constraint, the
shorter sequences are unable to participate
in the reeling-in process required for chain-
folded crystal formation. The easiest route
available for this short segments to crystal-
lize without violating spatial requirements
is to simply aggregate into thin bundles.”!
Accordingly, they aggregate with neighbor-
ing sequences to form stable clusters or
bundled crystals. It is also suggested that
the bundled crystals may act as cross-
linking points in the amorphous phase. H.
Teng et al.'” stated by means of atomic
force microscopy that there is a clear
regular structure between spherulites and
a lot of bundle-like bridges spanning the
neighboring spherulites in bulk-crystallized
polyethylene (PE). With increasing the
branch component in the blend of linear
and branched PEs the regular structure
between spherulites disappeared.
However, the origin of the VLTCP in
ethylene-containing polymers is not clear
up to now. It is well known that many
properties of crystalline random copoly-
mers are very dependent on molar mass
(MM) and crystallization conditions.!!~1%
Consequently, to get appropriate proper-
ties of copolymers, along with the sequence
distribution (SD) and concentration of
comonomer (Ceomon) the MM and crystal-
lization condition have to be specified and
independently assessed. Therefore, the
major focus of the present study is to
examine the effect of structure of materials,

Copyright © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

co-monomer type and its content, MM and
different cooling/heating rates on the
behavior of the VLTCP. Moreover, one
of the SS catalyzed copolymer was fractio-
nated by MM and composition to analyze
the contribution of MM and C.omon as
independent variables.

Experimental Part

Materials

The LLDPE’s used in this study were
commercial ethylene/l-butene and ethy-
lene/1-hexene whole copolymers, produced
by ZNU4 or SSUS catalyst types. The
molecular characteristics of the investi-
gated ethylene copolymers are listed in
Table 1. The samples are identified with the
initials SS or ZN followed by a number
corresponding to the comonomer content,
Ceomons €xpressed in weight percent. All
these materials (obtained in pellet form)
had about the same density and weight
average MM (M,,). One of the SS materials,
namely SS-6.9, was fractionated according
to both MM and composition. All the
fractionations were carried out on polymer
in powder form. For this purpose, the
sample pellets were dissolved in xylene.
The solution obtained was allowed to cool
to room temperature and the polymer was
precipitated in acetone, filtered and dried at
room temperature. Fractionation by MM
was carried out according to the Holtrup
technique which is a solvent/non-solvent
extraction.'® In the experiment 10g of
polymer powder was extracted in a solvent/
non-solvent mixture of xylene and ethylene
glycol monoethyl ether in different ratios at
116 °C. Dissolution time of 10 min was used
at each dissolution step, and 10 fractions
were collected. Fractionation according to
short chain branching (composition) was
carried out using multiple solvent extrac-
tion!'”! technique. The sample amount
fractionated was about 15 g and dissolution
time was 30 min. The solvents used in the
fractionation were: n-pentane at 35°C,
n-hexane at 65 °C, n-heptane at 75°C and
90 °C, n-octane at 100 °C, toluene at 105°C

www.ms-journal.de
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Table 1.

Molecular characteristics of single site (SS) and Ziegler-Natta (zN) catalyzed copolymers.

Sample Comonomer type  Ccomon My MW/M,,
(Wt%) (kg/mol)  arbitrary units

Whole polymers ZN-5.6 hexene 5.6 125 4.5
ZN-7.2 butene 7.2 122 4.0
ZN-7.6 hexene 7.6 125 4.4
ZN-8.5 hexene 8.5 150 3.8
SS-2.3 butene 2.3 136 2.3
SS-3.6 hexene 3.6 140 3.1
SS-5.0 hexene 5.0 140 23
SS-5.4 hexene 5.4 84 2.1
SS-6.9 (6.2) hexene 6.9 (6.2) 115 2.4
Fractions of molar mass M1 hexene NA 5.1 2.1
SS-6.9(6.2) by M2 hexene NA 13.6 1.6
M3 hexene NA 20.1 1.6
M4 hexene NA 25.4 1.5
Ms hexene 5.6 35.0 1.4
M6 hexene 5.8 43.4 1.5
M7 hexene 6.3 66.5 1.5
M8 hexene 6.2 82.4 1.6
M9 hexene 6.2 128 1.8
M10 hexene 6.4 ny7 1.8
composition Ci hexene 6.5 98.5 2.5
2 hexene 5.9 100 2.3
c hexene 5.4 96 2.2
C4 hexene 3.9 99.5 2.1

‘NA’ means ‘not analyzed’; M1, M2,...C1,C2 ... are the

and xylene at 130 °C. The first two fractions
were separated by evaporation of the
solvent in a rotavapor and the other ones
by precipitation in acetone. Due to the
reasonably narrow composition distribu-
tion of sample SS-6.9, the first three
compositional fractions were too small for
further analyses. For comparison with
LLDPE fractions the commercial Ziegler-
Natta catalysed high-density polyethylene
(HDPE) with M,,=94500 and polydisper-
sity MW/]\_,[n =8.3 was fractionated accord-
ing to MM. The fractions of HDPE have
approximately similar polydispersity equal
1.7 in average.

As it follows from the fractionation
description the whole SS-6.9 was dissolved,
dried and obtained in powder form. Prob-
ably, due to the dissimilarity in material form
(pellet or powder) there was a difference in
melting and crystallization temperatures as
well as in the degree of crystallinity of SS-6.9.
Moreover, the value of C.omon for powder
SS-6.9 was estimated to be about 6.2 wt%.
The difference in C.omon may be connected
with the different material forms (determi-

Copyright © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

numbers of fractions.

nation of Ceomon Was calibrated with pelle-
tized samples). Therefore, this material was
identified as SS-6.9(6.2). For comparison
with the fractions the fluffy SS-6.9(6.2)
powder was chosen as the reference material.
The MM fractions have similar polydisper-
sity M, 'M,and approximately identical
Ceomon- The Ceomon for the first four fractions
was not analyzed due to their small amount.
The compositional fractions used in this
work have about the same molar mass
distribution and M,,.

Methods

Perkin Elmer Diamond differential scan-
ning calorimeter (DSC) and DSC-7 were
used for thermal analysis at scanning rates
of 10, 100, 300°C/min and 5°C/min,
respectively. The instruments were cali-
brated using indium and tin at all applied
heating rates. In Diamond DSC helium was
used as furnace purge gas and in DSC-7
nitrogen was used. 55 x 65 x 1mm plates
were pressed from the materials in pellet
form at 180°C and cooled to room
temperature. For fractions powders were

www.ms-journal.de
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manually compacted by pressure at room
temperature. To avoid differences in melt-
ing and crystallization temperatures caused
by variation in sample weight, a sample
mass of 1.00 +0.02 mg was used in all DSC
experiments. Flat samples were packed into
aluminum foil to maximize thermal contact
between sample and calorimetric furnace.
During the measurement, the sample was
first held at 180 °C for 5 min for deleting its
thermal history. Then it was cooled to 0°C
at a definite scanning rate, held at this
temperature for Smin and then heated to
180 °C at the same rate. Overall degree of
crystallinity Xoyerann Was calculated by divid-
ing overall melting or crystallization
enthalpy by enthalpy of fusion of 100%
crystalline PE, AH? =293 J/g. The partial
degree of crystallinity estimated from the
area of VLTCP, Xy tcp, Was obtained from
cooling traces by dividing the crystallization
enthalpy of VLTCP by AHY,.

MM averages and MMD were deter-
mined by size exclusion chromatography
(SEC) using 1,2,4-trichlorobenzene (TCB)
as eluent at 140 °C. Comonomer contents
were measured by Fourier transform infra-
red spectroscopy (FTIR).18)

Results and Discussion

The nonisothermal crystallization and
melting thermograms for all SS and ZN

whole materials were studied. Several
selected exotherms of copolymers with
different branch content at the constant
cooling rate of 100°C/min are shown in
Figure 1. The similar heating/cooling ther-
mograms are observed for all the samples
studied at all scanning rates used.

Figure 1 illustrates the existence of a
triple crystallization mechanism in the
ethylene copolymers: a sharp, high tem-
perature crystallization peak (HTCP), a
broad low-temperature crystallization peak
(LTCP) close to HTCP, and a very-low
temperature crystallization peak (VLTCP),
extending to temperatures around 60—
75°C, are observed. For SS copolymers
studied, just the HTCP and VLTCP are
usually observed. It should be noticed here
that for whole HDPE no VLTCP and even
LTCP were observed.

Nevertheless, the melting curves of the
LLDPE materials have only one or seldom
two endothermic peaks corresponding to
primary crystallization presented by HTCP
and LTCP. No additional peaks clearly
related to the VLTCP were detected for
none heating rate, as it is obvious from the
Inset of the Figure 1. Due to this fact no
melting temperature directly correspond-
ing to the VLTCP (and also, partial
crystallinity) can be obtained from the
melting traces. We suggest that the crystal-
lization temperature of the copolymer will

-}é §5-36 —
&
m
=
5
Z |
&
z | E
= |2
N
§ 10 Cimin
o 5 100 "Chmin.
= | 2 b i}
m 40 60 80 100 120 140 160 y
v temperature (°C)
T T T T T T T
40 60 80 100 120
Temperature T/°C

Figure 1.

DSC exotherms of ethylene-hexene copolymers measured at cooling rate of 100 °C/min. Inset shows DSC
endotherms divided by scanning rates of SS-3.6 copolymer at different scanning rates.

Copyright © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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accordingly behave itself with the melting
temperature and such parameters as
Ceomon, MM, scanning rate etc. affects the
melting and crystallization temperatures in
a consistent manner. Therefore, in this
work just the high and the very low
temperature crystallization peaks, their
crystallinity and temperatures, are mainly
discussed. The temperatures used are the
peak temperatures.

For copolymers produced using ZN
catalyst it was suggested!"”! that the HTCP
is due to the crystallization of high MM
polymers having low branching content,
whereas the LTCP is caused by low MM
polymers with high branching content. The
VLTCP was also referred to the highly
branched low MM chains.["~! However, the
branching distribution is homogeneous in
materials synthesized by SS catalysis, with-
out the localization of branch along the
main chain as in ZN copolymers, and there
should be no relation between MM and
branch content. However, the experimental
results uniquely indicate that there is still a
low temperature crystallization process,
leading to a VLTCP, as it is obvious from
Figure 1. From this figure it is also clearly
seen there is some dependence of Tyyrcp
on Ceomon Of the copolymers.

Indeed, Figure 2 shows the dependence
of TyLtcp on scanning rate for several
selected samples with different Ceomon
produced by ZN and SS type of catalyst.
The temperature corresponding to the main

80

™ \
o
L
& 70
$8-3.
65 T 5.

35 T T
10 100
Scanning rate /°C min”

/

Figure 2.

Dependence of temperature of the VLTCP, Ty 1cp ON
scanning rate for selected SS and ZN based copoly-
mers.

Copyright © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

sharp crystallization peak (Tyrcp) is rate-
dependent, shifting to lower temperatures
at higher cooling rates. The VLTCP also
depends on scanning rate, as it is evident
from the Figure 2: the higher the cooling
rate the lower is the Tyytcp.

This figure also shows the dependence of
Tvitcp on Ceomon Of copolymers studied. It
is seen, as Ceomon Increases, Tvitcp
decreases for all scanning rates in agree-
ment of the finding reported in works.[*?!
A decrease in Ty tcp (and consequently in
crystallite size) is expected with increasing
the number of branches in a given chain due
to the decreased number of crystallizable
units. In our previous work!*”! we detected
that for 100°C/min scanning rate the
Tvirtcp US. Ceomon fOr copolymers, having
the same comonomer type, can be repre-
sented by a single line, irrespective of the
catalyst type by which the materials were
produced. The same behavior is observed in
present study for all used scanning rates.
Taking into account similar MM of the used
materials (see Table 1), the conclusion can
be reached that SS and ZN copolymers
possess approximately the same thickness
of crystallites associated with the VLTCP.
Such behavior differs from that of HTCP.
The temperatures of the main peak (Tgrcp)
for SS materials are essentially lower than
for ZN materials if C.omon 1S fixed, due to
the structural heterogeneity of ZN copoly-
mers both in inter- and intramolecular
level.?”) Therefore, more and longer ethy-
lene sequences are available in ZN materi-
als leading to thicker lamellae and conse-
quently to higher crystallization and
melting temperatures according to the
Thompson-Gibbs equation. Considering
above mentioned difference in behavior
of peak temperatures of HTCP and VLTCP
with catalyst type, one can suggest that
not only the presence of long/short ethylene
sequences plays the role in thermal
behavior of VLTCP.

Animportant element of phase structure
is the degree of crystallinity. It should be
noted here, that the partial degree of
crystallinity calculated from VLTCP,
Xvirrcp, displays scanning rate dependence.

www.ms-journal.de
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Crystallinity value decreases with increas-
ing scanning rate, and appear to reach a
nearly constant value when scanning rate is
higher than 100°C/min. It is well known
that at low scanning rate there is enough
time for chains to be incorporated into the
crystal lattice and more perfect and larger
crystals are formed in comparison to those
obtained at high cooling rate.

On further comparison between copo-
lymers of different catalyst types, the
interesting and unusual effect was found.
For ZN materials the shape of the VLTCP
is broader and less in magnitude than for SS
materials having approximately the same
comonomer content Ceomon (see Figure 1).
However, their peak crystallization
temperatures Typrcp are similar. As is
seen from the Figure 3 where the plots of
Xvrrep Us. Typrcp for all the copolymers
are presented, in spite of identical Ty tcp,
Xvrrcp 1s approximately two times higher
for the SS copolymers compared to the ZN
materials.

This figure also shows that Xy tcp does
not depend on Ty rcp and comonomer
type within the same type of catalyst. It
should be noted that MM for all whole
copolymers was approximately similar (see
Table 1) and higher than 80kg/mol. As it
will be shown below for fractionated SS-
6.9(6.2), Xyrrcp does not change with
Tyitcp if MM is higher than 40-50 kg/mol.

0,0 T T T T T T
60 62 64 66 68 70

VLTCP

Figure 3.

Plots of VLTCP fractional crystallinity Xy rcp vs. peak
temperatures of VLTCP, Ty rcp, for all used SS and ZN
based ethylene/1-butene (squares) and ethylene/1-
hexene (circles) copolymers. Scanning rate is
100 °C/min.

Copyright © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The independence of crystallinity on nature
of the comonomer (except for methyl
branches) is well known for the HTCP,
because the degree of crystallinity mostly
determined by the crystallizable sequence
length distributions.?*??! In its turn, the
sequence distributions are influenced by the
type of catalyst (e.g., ZN based systems
result in broader distributions compared to
SS based copolymers). It is evident, that
homogeneous CD facilitates formation of
the VLTCP. However, thermal analysis
alone is not sufficient for explaining this
behavior.

In Figure 4 the Xvyprcp is plotted as a
function of C.omon for whole copolymers at
two selected scanning rates. Data for
compositional fractions of SS-6.9(6.2) are
also presented in the Inset to the figure. It is
evident that the introduction of the non-
crystallizing co-units into the chain does not
influence the level of Xyircp for whole
copolymers. There is only slight tendency to
decrease when Ceomon 18 higher than 6 wt%.
For compositional fractions having the
same MM the decrease in Xyprcp at
Ceomon>0Wt% 1is a little bit steeper. It
should be noted that the degree of crystal-
linity that is attained in an actual crystal-
lization process is not a measure of the
minimum or maximum sequence that

Figure 4.

Plots of VLTCP fractional crystallinity Xy tcp VS. Ccomon
for all SS copolymers at 5°C/min (solid circles) and
100 °C/min (open circles). The inset shows the plots
Xvirep VS. Ceomon fOT SS-6.9(6.2) fractions obtained by
fractionation according to structure. The open circle
in the Inset represents the whole unfractionated SS-
6.9(6.2) copolymer at 100 °C/min.
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participates in the crystallization, which is
directly related to Ceomon- Rather it is the
sum over all possibilities, which can lead to
independence of crystallinity with Ceomon
up to definite value.

Many properties of crystalline polymers
are dependent on chain length,[!1:1323:24]
The phase structure that defines the crystal-
line state can be varied by changing the MM
and/or crystallization conditions.[!322¢]
Since random copolymers would be
expected to behave in a similar manner,
the influence of MM as an independent
variable has to be investigated. The best
way for studying the influence of MM on
copolymer structure and properties is the
fractionation of copolymer. However, for
fractions of ZN copolymer the Iless
branched fractions have the highest MM,
and consequently, possible role of MM in
influencing the thermal behavior and other
structural properties are hard to recognize.

A definite influence of the MM on
temperature and degree of crystallinity
can be observed for SS based LLDPE
fractions. For this purpose the whole
copolymer SS-6.9(6.2) was fractionated by
both MM and composition. Molar mass
fractions have approximately constant
branching content 6.2 4+ 0.4 wt%. Composi-
tional  fractions have the same
MM =100+ 2 kg/mol and different como-
nomer content (see inset in Figure 4).

For all molar mass fractions, except the
first one with MM =5.1kg/mol, and all
compositional fractions two (seldomly
three) crystallization peaks in cooling
thermograms were observed — HTCP and
VLTCP (and seldomly LTCP). The first
fraction does not display the VLTCP at all.

As has been stated in Ref. [11], the
influence of MM on the crystallization/
melting temperature of the HTCP is not
specific to a given copolymer type but is a
general phenomenon for all types of
branches. It was observed that the influence
of MM is much more marked for the
copolymers, than for linear PE, especially
in the range of MM between 5 and 100 kg/
mol.'"2 For our samples the Tyrcp (and
also melting temperature T,,) levels off

Copyright © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5.

Plot of peak temperatures Ty 1cp against My, for MM
(solid circles) and compositional (open rhombs) frac-
tions of SS-6.9(6.2). The point for unfractionated,
whole, copolymer is also included and marked as
an open circle. The data labels represent the values
of Ccomon- INset shows the dependence of peak tem-
peratures of the main crystallization peak Tyrcp vs. My,
for MM fractions of SS-6.9(6.2). Cooling rates are
100 °C/min.

above a molar mass of about 50-70 kg/mol
as is seen from the inset to the Figure 5. R.
Alamo et al. suggested>** for fractions of
ethylene/a-olefin copolymers having con-
stant branch content that the reduction of
the Tarcp (as well as T,) with increasing
MM is a consequence of the decreased
crystallite thickness of dominant lamellae.
An explanation for the formation of smaller
crystals with increasing MM is related to
the slower crystallization kinetics due to the
increase in entanglements. It has been
demonstrated that not only crystallite
thickness but also the nature of lamellae
formed are affected by MM.I The
lamellae that were long and straight at
MM of 7kg/mol have been observed to
become short and highly segmented for
MM of 70 kg/mol. The lateral dimensions of
the lamellae are also decrease with MM.

The VLTCP behaves in absolutely
opposite manner than HTCP does. As it
is seen from Figure 5, while the Tyrcp
decreases, the Tyitcp grows with the
increasing MM. Tyitcp steeply increases
in the range of MM 5-+70kg/mol, and
tends to level off at M, >70kg/mol.

The data for compositional fractions of
SS-6.9(6.2) is also drawn in Figure 5. These
plots indicate that the less branched
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copolymers display the higher values of
Tyrrcp- It is in agreement with the data for
whole copolymers shown in Figures 1 and 2.
Probably, the data for compositional frac-
tions will generate a family of curves in
plots Tyrrcp(My), each dependent on
Ceomon and having the functional form as
presented for Ceomon=062Wt% (drawn
with solid line in Figure 5).

Since we have studied the influence of
MM as an independent variable on the
crystallization temperature of the VLTCP,
we examined next its influence on the
degree of crystallinity. Figure 6 represents
the dependences of the degrees of overall
(Xoveran) and partial VLTCP (Xyrrcp)
crystallinities of MM fractions of LLDPE
SS-6.9(6.2) on M, For comparison in the
given figure the data for MM fractions of
HDPE are also included.

The decrease in the overall crystallinity
of the fractions with MM agrees with that
observed in works!"*?*3% for copolymer
and linear polymer fractions. As it was
supposed!'?*3% increasing MM increases
the density of chain entanglements in the
melt. It gives us the opportunity to suggest
that increasing chain entanglements reduce
the ability of chains to participate in the
primary crystallization process at high
temperature and to form large dominant
crystallites. It results in a significant

0 20 40 60 8 100 120 140
J‘Id'w;"kgmcrl'I

Figure 6.

Dependence of VLTCP crystallinity Xy.rcp (circles; left
Y-axis) and overall crystallinity Xoveran (triangles; right
Y-axis) on M,, of SS-6.9(6.2) fractions (solid circles and
triangles) and HDPE fractions (open circles), which
were obtained by fractionation of whole polymers by
molar mass. Cooling rate used is 100 °C/min.

Copyright © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

increase of the amorphous layer thick-
ness.!*> This means that the proportion of
non-crystallized chains in the amorphous
regions, which further can participate in the
secondary crystallization at lower crystal-
lization temperature, increases. As it is
evident from the Figure 6, in the range of
MM from 5 up to 40-50kg/mol Xyirtcp
sharply increases. At MM > 40-50 kg/mol
the degree of crystallinity Xy rcp does not
change any more. It seems that the crystal-
linity of the VLTCP depends on whether
the fraction of crystallizable sections of
polymer macromolecules is incorporated
into the main peak. Less incorporation will
cause that VLTCP to grow in size or/and
amount and reach some kind of equilibrium
with dominant crystallites at critical
MM = 40-50kg/mol. The most probable
the value of critical MM is not a universal
parameter and can differ with C.omon,
polydispersity of MM, etc.

Because there is some clear correlation
of HTCP and VLTCP with MM, it can
imply that these exotherms are conse-
quences of melt topology defined by
entanglements. However, not only the melt
topology, but also the presence of the
branch defines the existence and properties
of VLTCP. Indeed, as it is clear seen from
the comparison of the curves for LLDPE
and HDPE fractions in Figure 6, for
branched polymer the crystallinity of
VLTCP, Xvyitcp, is in around 5 times
higher than for approximately linear poly-
mer (having a few branches).

An identical behavior as presented in
Figure 6 for VLTCP is observed for the
dependence of XVLTCP on TVLTCP-

On this stage of our investigation it is
hard to suggest the morphology structure of
VLTCP crystallites. According to the
model for copolymer crystallization pro-
posed in Introduction section, two distinct
modes of crystallization can be a result of
two vastly different morphologies operated
in the copolymers — lamellae and bundled
crystals. Following this model the HTCP
can be attributed to crystallization of
polymer chains having high MM and
low branching content, while VLTCP is

www.ms-journal.de
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comprised of the less crystallizable, lower
MM, more highly branched chains.l’! 1f
there was the case, for ZN fractions the
polymer molecules associated with the
VLTCP would be eluted first in the
temperature rising elution fractionation
(TREF) process. Hence, fractions with
higher MM would be expected to exhibit
only the HTCP. However, as it was shown
in Work,[32] all the MM fractions of ZN
copolymer, obtained by preparative TREF,
displayed both the HTCP and the VLTCP.
This suggests that the polymer chains
associated with the HTCP are also related
to the VLTCP. D. Wilfong suggested®?
that the HTCP and the VLTCP arise from
the crystallization of ethylene rich and
hexene/butene rich portions of the macro-
molecule, respectively. That is, the HTCP
can be associated with crystallization of the
linear portions of the macromolecule into
the chain folded lamellae. Highly branched
molecular segments of these lamellae are
exiled to the interlamellar or interfacial
regions of the crystal and crystallized upon
further undercooling.

However, the origin and properties of
VLTCP cannot be explained only in terms
of the crystallization of ethylene sequences
having a relatively short average sequence
length. In this case the lamellae population
formed at low temperature should be thin®
and therefore should melt at considerable
low temperature. This is not observed for
the studied materials. Following the results,
presented in Figure 6, the melt topology (in
other words, entanglements) also has to be
taken into account.

Unfortunately, only DSC experiments
without any additional morphological study
cannot provide us with full information
about structure of crystallites formed at
very-low crystallization temperature. It is
the body of our upcoming study.

Conclusion
On the basis of the DSC experimental

results on low temperature crystallization
behavior of SS and ZN based ethylene/a-

Copyright © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

olefin copolymers the following conclusions
can be made:

1) DSC curves uniquely show the presence
of an additional crystallization process
occurring at very low temperatures
around 60-75°C. This VLTCP is much
broader and less in magnitude than the
main sharp HTCP. Moreover, the melt-
ing curves do not show any additional
peaks clearly related to the VLTCP.

2) The peak crystallization temperature of
the VLTCP, Tyitcp, decreases both
with increasing comonomer content (if
MM is fixed) and with decreasing MM
(when comonomer content is approxi-
mately constant). At the same time,
Tyy1rcp does not depend on catalyst type
used for producing the copolymers.

3) Very slight dependences of the degree
of crystallinity calculated from the
VLTCP, Xvyi1cp, ON cO-monomer con-
tent were observed at least within the
studied range of magnitude. However,
the Xy rcp is independent of the chemi-
cal nature of the co-monomers (1-
butene or 1-hexene).

4) It was observed that Xyyrcp sharply
increases with MM in the range of 5—
50kg/mol, and levels off at higher MM.
In the same time the crystallinity of
HTCP decreases with MM in the range
of 5-50 kg/mol. This implies a molecular
correlation between the primary and
secondary crystallization processes.

5) The Xvrrcp is in turn strongly influ-
enced by the type of catalyst. For the
SS materials the Xy rcp is higher than
for the ZN samples.
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Abstract Non-isothermal crystallization processes in frac-
tions of Ziegler-Natta (ZN) and single site (SS) based ethylene/
1-butene and ethylene/1-hexene copolymers have been studied
by differential scanning calorimetry (DSC). Fractionation of
used copolymers was done according to molar mass (MM) and
composition (comonomer content). It was observed in DSC
scans that for fractions with high MM (larger than 10 kg/mol)
in addition to the main high-temperature crystallization peak
(HTCP), a very-low temperature crystallization peak (VLTCP)
is present at temperatures in between 60—75 °C. Such peak is
absent for the first fractions having very-low MM. The partial
crystallinity and peak temperatures, obtained from VLTCP,
increase with MM and level off at MM around 60—100 kg/mol.
It was found that the crystallinity as related to the area of the
VLTCP is catalyst type dependent, and is higher for the SS
catalyst compared to the ZN. Peak temperature of VLTCP
linearly decreases with increasing comonomer content at fixed
MM while the partial crystallinity practically does not change
with comonomer content.
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Introduction

Despite the vast amount of experimental data and thermody-
namic as well as kinetic considerations, polyethylene crystal-
lization continues to be an attractive field of research. This is
illustrated by recent landmark with industrial impact—
introduction of heterogeneous and homogeneous copolymers
of ethylene with «-olefins [1-3]. The later materials experi-
ence a revival as a result of the need to fill the gap between
linear and high-density polyethylenes (LPE and HDPE,
respectively) and low-density polyethylenes (LDPE). Typical
commercial samples, prepared by Ziegler-Natta (ZN) poly-
merization, are heterogeneous copolymers of ethylene and 1-
butene, 1-hexene, or l-octene. Such samples appear to be
complex blends with a wide inter- and intramolecular
distribution of the side chains and are generally termed linear
low-density polyethylenes (LLDPE) [1-4]. It is well known
that the chain microstructure, resulting from the synthesis,
determines, together with the crystallization conditions, the
morphology. Hence by changing the chain microstructure (in
other words, selection of suitable catalyst), new and improved
properties can be obtained, as evidenced by the recent interest
in using single site (SS) catalysts [5—8]. Such catalyst gives a
possibility to change the molar mass (MM) and the short
chain branching (SCB) distributions independently.
Differential scanning calorimetry (DSC) has been one of
the main techniques used to study melting and crystalliza-
tion behavior of polymers. For heterogeneous Ziegler-Natta
(ZN) and homogeneous SS ethylene/-olefin copolymers
the existence of a double crystallization mechanism: a
sharp, high temperature crystallization peak (HTCP) and a
broad low-temperature crystallization peak (LTCP) closely
located to HTCP, is well known and widely studied [6—13].
However, during non-isothermal treatment in ethylene/
«-olefin copolymers a third very-low temperature crystal-
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lization peak (VLTCP) is detected. This peak was observed
previously by several authors [6, 8, 12, 13, 28]. Unfortu-
nately only a few papers are devoted directly to this
phenomenon and it is still not satisfactorily studied.
Alizadeh et al. [12] studied the copolymers of poly-
ethylenes and also observed the third crystallization peak
in DSC exotherms during the non-isothermal scan. How-
ever, to understand the origin of this VLTCP they used an
isothermal treatment. After annealing at certain temperature
they observed two melting peaks in endotherms: high
temperature peak and low temperature peak, located just
above the annealing temperature. The lower temperature
melting peak was addressed by authors to correspond to the
VLTCP. The similar isothermal behavior was detected in
works [13-18] for polyethylene copolymers. All authors
[13—18] suggested that low temperature melting peak is not
related to melting-recrystallization-remelting process.
Therefore they conclude that under isothermal treatment
two crystal populations are formed in polyolefins. Some of
the authors suggested that one of the populations is
lamellae crystals formed from longest sequence lengths
and another is fringed micelles [14] or small lamellae [11]
formed from the shortest sequence lengths. Another authors
explained the high-temperature isothermal crystallization
and double melting behavior of a copolymer by a reduction
in spherulitic growth rate associated with the creation of an
intermediate disordered phase that only in a secondary
stage converts into orthorhombic material. None of these
authors, excluding Alizadeh et al. [12], claimed that the
lower melting peak obtained during annealing is corre-
sponded to the VLTCP, which is clearly observed only
under non-isothermal conditions. As it is well known, due
to possible time for reorganization and thickening under
isothermal treatment the crystallization mechanism and the
morphology of isothermally crystallized polymers are
different from non-isothermal. Therefore the origin of the
VLTCP is still an open question.

By our knowledge all previous studies were mostly done
for whole unfractionated copolymers with wide MM
(MMD) and short chain branching (SCBD) distributions
and with a focus on the influence of SCBD on the melting
and crystallization of LLDPEs [5-7, 12, 13, 19].

It is well known that many properties of crystalline
random copolymers are very dependent MM and crystalli-
zation conditions [18-21]. That is why the influence of
MM on the behavior of VLTCP under non-isothermal
conditions has to be studied. Probably the main reason
behind that is that it is hard to find commercial PEs with
different MM but with the same comonomer content.
Consequently, to get appropriate properties of copolymers,
along with the sequence distribution and comonomer
content (Ceop), the MM and crystallization condition have
to be specified and independently assessed. Commercial

@ Springer

LLDPEs are complex blends of polyethylenes involving
strongly heterogeneous copolymers with a very wide MMD
containing low as well as high density like material. The need
to work with better defined materials could be reached only by
a strong effort in fractionation. Ziegler-Natta catalyzed
LLDPEs and its fractions are heterogeneous with respect to
inter- and intramolecular distribution of the side chain
branches, and MM and short chain branching content are
intimately related. Therefore it is not possible to study the
effect of the different molecular parameters on the crystalli-
zation independently. However, SS copolymers of ethylene
and several «-olefins are homogeneous in that the comono-
mer content does not vary with MM; low and high MM
fractions have essentially the same comonomer content.

It should be stated here that we define primary
crystallization as the stage that ends at spherulitic impinge-
ment (i.e., when lamellar growth is no longer taking place
from the melt). Since the morphology resulting from
primary crystallization is kinetically controlled, it is not
surprising to observe that the degree of crystallinity at the
end of this stage is significantly below unity [18]. We then
define the term secondary crystallization as including any
process that leads to further increase in crystallinity and that
is not associated with a main chain folding lamellar growth
mechanism from the melt. In summary, secondary crystal-
lization will occur below the primary crystallization
temperature to an extent that decreases with decreasing
temperature.

From our point of view, the behavior of VLTCP in
copolymers has to be investigated more carefully because
there is a possibility of correlation between this secondary
crystallization process and the mechanical properties of the
samples. The present work reports on the crystallization
behavior of fractionated heterogeneous (ZN) and homoge-
neous (SS) copolymers of ethylene with 1-butene and 1-
hexene, and fractionated high density polyethylenes. The
major focus is to examine the effect of structure of materials
and their MM (which has not been investigated with due
attention before), co-monomer type and its content on the
behavior of the VLTCP. One might be temped to explain
mentioned above triple crystallization behavior by a
mechanism of fractionation during primary crystallization.
To refute this explanation the SS and ZN catalyzed
LLDPEs as well as ZN HDPEs were fractionated by MM
and composition. Fractionation also gives the opportunity
to analyze the contribution of MM and C,,,, as independent
variables.

Running ahead, let us say here that the level of VLTCP
crystallinity is around 2-3 wt% and if VLTCP crystallites
have bundle-like structure as we suggest, the direct
observation of morphology of VLTCP crystallites by such
usually used for morphological study methods as atomic
force microscopy, transmission electron microscopy, small
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angle light scattering etc. is hardly possible in principal.
Therefore, DSC seems to be the most convenient and
sensitive method for studying the properties of crystallites
associated with VLTCP. And mostly on the base of DSC
data we are able to do some predictions on morphology of
VLTCP crystallites. To our knowledge, this is at least one
of the first detailed experimental attempts to study the
thermal properties of crystallites associated with the
VLTCP.

The additional discoveries of the present work are the
observation and elucidation of the effect of MM, comono-
mer content, catalyst type and polymer structure on the
properties of VLTCP.

Experimental part
Materials

The LLDPESs used in this study were commercial ethylene/
1-butene and ethylene/l1-hexene whole copolymers, pro-
duced by ZN [22] or SS [23] catalyst types. The molecular
characteristics of the studied fractionated ethylene copoly-
mers are listed in Tables 1 and 2. The samples are identified
with the initials SS or ZN followed by a number
corresponding to the comonomer content, Ceop,, expressed
in weight percent (wt%). All whole materials (obtained in
pellet form) had about the same density and weight average
MM (M,,). All the materials presented in Tables 1 and 2
were fractionated to get the materials with the narrower
MMD and SCBD. However, for fractions of ZN copolymer
the less branched fractions have the highest MM, and
consequently, possible role of MM in influencing the
thermal behavior and other structural properties are hard

to recognize. A definite influence of the MM on crystalli-
zation temperature and degree of crystallinity can be
observed for SS based LLDPE fractions.

All materials used in present study were fractionated
according to MM. Moreover, two samples (SS-6.9 and ZN-
7.6) were additionally fractionated according to composition
(i.e. SCB). All the fractionations were carried out on polymer
in powder form. For this purpose, the sample pellets were
dissolved in xylene. The solution was cooled to room
temperature and the polymer was precipitated in acetone,
filtered and dried at room temperature. Fractionation by MM
was carried out according to the Holtrup technique which is a
solvent/non-solvent extraction [24]. In the experiment 10 g
of polymer powder was extracted in a solvent/non-solvent
mixture of xylene and ethylene glycol mono-ethyl ether in
different ratios at 116 °C. Dissolution time of 10 min was
used at each dissolution step, and 13 fractions were
collected. Fractionation according to short chain branching
(composition) was carried out using multiple solvent
extraction technique [25]. The sample amount fractionated
was about 15 g and dissolution time was 30 min. The
solvents used in the fractionation were: n-pentane at 35 °C,
n-hexane at 65 °C, n-heptane at 75 °C and 90 °C, n-octane at
100 °C, toluene at 105 °C and xylene at 130 °C. The
first two fractions were separated by evaporation of the
solvent in a rotavapor and the other ones by precipitation in
acetone.

The MM fractions of samples have similar polydisper-
sity M,,/M,. As an illustration, in the Fig. 1 the selected
MMD curves for SS material are shown. For MM fractions
of SS materials the comonomer content C.,,, Was approx-
imately fixed while for ZN materials C.,,, varied with MM
(see Tables 1 and 2). The C,,, for the first four-five
fractions was not analyzed due to a small amount of

Table 1 Molecular characteris-

tics of single site (SS) based Sample

$S-5.4(5.2) (hexene)

$8-6.9(6.2) (hexene)

molar mass and compositional

fractions of LLDPEs MM fractions

MM fractions Compos. fractions

Fraction number M,, kg/mol Ceom Wt% M,, kg/mol Ceom Wt% M,, kg/mol Ceom Wt%
whole 84 5.4/5.2 115 6.9/6.2 115 6.9/6.2
1 9.4 NA 5.1 NA NA NA

2 14.2 NA 13.6 NA 56.1 9.2

3 23.1 NA 20.1 NA 98.5 6.5

4 324 NA 254 NA 100 59

5 44 52 35 5.6 96 5.4

6 54 52 434 5.8 99.5 39

7 78.8 5.1 66.5 6.3 - -

8 89.3 5.1 82.4 6.2 - -

9 86.1 52 128 6.2 - -

10 90 52 117 6.4 - -

11 90.2 5.1 - - - -

NA means ‘not analysed’
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Table 2 Molecular characteristics of Ziegler-Natta (ZN) based molar mass and compositional fractions of LLDPEs and HDPE

Sample ZN-7.2 (butene)

ZN-7.6(7.2) (hexene)

ZN-0 (HDPE)

MM fractions MM fractions

Compos. fractions MM fractions

Fraction number M,, kg/mol Ceom Wt% M,, kg/mol Ceom W% M,, kg/mol Ceom Wt% M,, kg/mol Ceom Wt%
whole 122 7.2 125 7.6/7.2 125 7.6/7.2 95 0
1 2.1 NA 5.1 NA 61 27.8 4.8 0
2 53 NA 8.1 NA 66.9 18.9 8.1 0
3 9.1 NA 14.3 NA 92.9 12.3 12 0
4 NA NA 17.5 NA 128 4.5 17.5 0
5 NA NA 24 NA 136 3.2 22.7 0
6 NA NA 33 9.3 232 1.3 29.3 0
7 29 NA 42.7 7.9 227 1.5 38.5 0
8 35.8 NA 53 6.9 - - 50.2 0
9 125 NA 78.7 6.2 - - 73.9 0
10 - - 152 59 - - 111 0
11 - - 303 5.7 - - 211 0
12 - - 207 5.1 - - 571 0
13 - - 194 52 - - 606 0

NA means ‘not analysed’

samples. The compositional SS fractions used in this work
have about the same M,, and polydispersity.

As it follows from the fractionation description the
whole SS-6.9, SS-5.4 and ZN-7.6 were dissolved, dried and
obtained in powder form. Probably, due to the dissimilarity
in material form (pellet or powder) there was a difference in
melting and crystallization temperatures as well as in the
degree of crystallinity of pellet and powder materials.
Moreover, the value of averaged C,,p, for powder samples
was lower than for pellets. Therefore, such materials were
identified as SS-6.9(6.2), SS-5.4(5.2) and ZN-7.6(7.2),
where values in brackets are for powder form of materials.

For comparison with LLDPE fractions the commercial
Ziegler-Natta catalysed high-density polyethylene (ZN-0)
with M=94500 and polydispersity M, /M,=8.3 was
fractionated according to MM. The fractions of HDPE
have approximately similar polydispersity equal 1.7 in
average.

Methods

Perkin Elmer Diamond differential scanning calorimeter
(DSC) and DSC-7 were used for thermal analysis at
scanning rates of 10 and 100 °C/min. Temperature and
heat flow calibrations have been done by indium and tin at
all applied heating rates. In Diamond DSC helium was used
as furnace purge gas and in DSC-7 nitrogen was used. 55x
65x1 mm plates were pressed from the materials in pellet
form at 180 °C and cooled to room temperature. For
fractions powders were manually compacted by pressure at
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room temperature. To avoid differences in melting and
crystallization temperatures caused by variation in sample
weight, a sample mass of 1.00+£0.02 mg was used in all
DSC experiments. Flat samples were packed into aluminum
foil to maximize thermal contact between sample and
calorimetric furnace. During the non-isothermal measure-
ment, the sample was first held at 180 °C for 5 min for
deleting its thermal history. Then it was cooled to 0 °C
(=50 °C for highly branched samples) at 100 °C/min
scanning rate, held at this temperature for 5 min and then
heated to 180 °C at the same rate. Overall degree of

0.6

0.4

0.2

differential weight fraction dw/d(logM)

0.0

logM

Fig. 1 Differential molar mass distributions of the selected fractions
of SS-5.4(5.2) sample obtained by SEC
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crystallinity Xoyeran Was calculated from the heat of fusion
using the peak area determination method, i.e., by integra-
tion of the area under the normalized melting peak after
subtraction of an arbitrary straight baseline; a value of
AHS, = 293]/g was used as the reference melting enthalpy
of fusion for 100% crystalline PE. The partial degree of
crystallinity estimated from the area of VLTCP, Xyircp,
was obtained from cooling traces by dividing the crystal-
lization enthalpy of VLTCP by AH}.

MM averages and MMD were determined by size
exclusion chromatography (SEC) using 1,2,4-trichloroben-
zene (TCB) as eluent at 140 °C. Comonomer contents were
measured by Fourier transform infrared spectroscopy
(FTIR) [26].

Results and disscusions

In our previous work [27] we studied by DSC the whole
unfractionated copolymers with different C.,, and at
different scanning rates, namely 5, 10, 100 and 300 °C/min.
It was found that in ethylene/c-olefins at all used scanning
rates three peaks of crystallization (HTCP, LTCP, and a small
VLTCP) are observed and the character of dependences on
the same molecular parameters is similar for all scanning
rates.

As it has been found in our previous work [27] the area
of VLTCP increases with decreasing scanning rate and the
shape of this peak broadens. The higher the scanning rate
the better is the resolution of VLTCP: the peak becomes
sharper and higher. It allows obtaining the more precise
values of Xyrrcp and peak temperatures of VLTCP.
Therefore, 100 °C/min cooling/heating rate was chosen in
present study for all non-isothermal experiments.

Many properties of crystalline polymers are dependent
on chain length [18, 21, 28-31]. The phase structure that
defines the crystalline state can be varied by changing the
MM and/or crystallization conditions [21, 32-37]. Since
random copolymers would be expected to behave in a
similar manner, the influence of MM as an independent
variable has to be investigated.

The crystallization and melting behaviour of the selected
SS molar mass fractions are shown in Fig. 2. As it is clear
seen from the figure, no VLTCP is detected for the first
fractions of SS. The similar behaviour is observed for ZN
samples. They have mostly only one main peak—HTCP.
However, for the next MM fractions and all compositional
fractions (not presented in the Fig. 2, but shown in Fig. 5)
three crystallization peaks in cooling thermograms are
observed—HTCP, LTCP and VLTCP. The crystallization
behaviours of the SS and ZN fractions are rather similar.
The important finding is that the identical crystallization
behaviour is also detected for MM fractions of HDPE,
namely ZN-0.

Nevertheless, the melting curves of the LLDPE materials
and HDPE as well have only one or seldom two endothermic
peaks corresponding to primary crystallization process pre-
sented by HTCP and LTCP. No additional very low
temperature peaks unambiguously related to the VLTCP were
detected, as it is obvious from the Fig. 2a and @’. Due to this
fact no melting temperature and partial crystallinity directly
corresponding to the VLTCP can be obtained from the
melting traces. Therefore, in this work just the high and the
very low temperature crystallization peaks, their crystallin-
ities and temperatures, are mainly discussed. The temper-
atures used are the peak temperatures.

Figure 3 represents the dependences of the degrees of
overall (Xyyeran) and partial VLTCP (Xyprcp) crystallinities

Fig. 2 Selected heat flow ( ) Y
curves for MM fractions of SS- —fr 1 a ((l )
6.9(6.2) (a, ). The numbers of 2 .
fractions are listed in the plots R i ﬁ% . g
g [—f5 ——— % |2
g fr. 7x\\ E
—f o
2 fr. 11\’\\ 2
o )
E / E
o VLTCP | rcp = fi. 1
: g
—_— —_— T.
2 ' ﬁ fr.3
31 :CE r' fr.5
= E Fff. 7
= / F‘ fr. 11
HTCP
1 1 1 O " 1 " 1 n 1
0 50 100 15 0 50 100 150

Temperature (°C)

Temperature (°C)
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Fig. 3 Dependence of VLTCP 2 90
ini B 55-6.9(6.2
crystallinity XYLTCP (a) and . 5575.4252; (@) 1))
overall crystallinity Xoveran (b) A ZN-7.6(7.2) ¥
on My, of both SS and ZN v N72 80
fractions, which were obtained K 7N0 )
by fractionation of whole poly- 70
mers by molar mass. (/)—SS Q <~ 3)
samples; (2) and 2)—zN g E X
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40
(€))
oLt 0 ) e
10° 10° 10° 10' 10°

of MM fractions for all the samples on M,,. The decrease in
Xoverann Of the fractions with MM is well-known [21, 38,
40]. Increasing MM increases the density of chain
entanglements in the melt [18-20, 40—43]. It gives us the
opportunity to suggest that increasing chain entanglements
reduce the ability of chains to participate in the primary
crystallization process at high temperature and as a result
restrict the formation of large dominant crystallites.

This means that the proportion of non-crystallized chains
in the amorphous regions, which further can participate in
the secondary crystallization at lower temperature,
increases. As it is evident from the Fig. 3, in the range of
MM from 5 up to 60—-100 kg/mol Xy tcp sharply increases.
At M,>60-100 kg/mol, named as critical MM, the degree
of crystallinity Xy;rcp does not change any more or starts
to decrease slightly. Everyone can see the difference in
maxima level of Xy rcp for LLDPEs catalyzed by Ziegler-
Natta or single site techniques. Moreover, within the same
catalyst type (ZN) there is an essential difference in Xy rcp
values for different material types—LLDPE or HDPE. 1t is
well known that in case of HDPE in comparison with
LLDPE the major part of chains takes part in primary
crystallization process that gives the value of overall
crystallinity for HDPE more than 70% against 30-60%
for LLDPE. Therefore we can conclude that the value of
critical MM and maximum level of Xv;rcp are sensitive to
polymer (LLDPE or HDPE) and catalyst (ZN or SS) types.
The most probable that the VLTCP crystallinity depends
on whether the fraction of crystallizable sections of
polymer macromolecules is incorporated into the primary
crystallization process associated with HTCP. Less incor-
poration in primary crystallization will cause crystallites,
creating the VLTCP, to grow in size or/and amount and
reach some kind of equilibrium with dominant crystallites
at critical M,,~60—100 kg/mol.
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An identical behavior as presented in Fig. 3 is observed
for the dependence of Xyrcp on Tyircp.

Since we have studied the influence of MM as an
independent variable on the degree of crystallinity, we
examined next its influence on the crystallization temper-
ature. We have got qualitatively and quantitatively the same
set of results for 1-hexene and 1-butene copolymers. For
the lowest MM fractions as seen from the inset to the
Fig. 4, crystallization temperature of the HTCP, Tyrcp,
slightly increases with MM due to the decrease in number
of end-groups per 1000 C [8]. It should be noted here that
the VLTCP is not detected for such fractions. Further, after
an initial expected increase the Tyrcp decreases at M,,~10—
20 kg/mol to become more or less constant at M, ~60—
100 kg/mol. The reduction of the Tytcp with increasing
MM is a consequence of the decreased crystallite thickness
of dominant lamellae [8, 20, 38—43]. An explanation for the
formation of smaller crystals with increasing MM is related
to the slower crystallization rates due to the increase in
entanglements. As the number of intermolecular entangle-
ments increases with the increase in MM, the mobility of
segments is increasingly hindered. In this case, a higher
undercooling is required to produce a larger driving force
for crystallization to overcome the influence of entangle-
ments, and then the crystallization temperature shifts to
lower temperature [43].

VLTCP behaves in opposite manner than HTCP: while
the Tyrcp decreases, the Typrcp grows with the increasing
MM (see Fig. 4). According to Smith and Manley [44], for
quenched PE fractions with M,=4 kg/mol, that is MM
above which the entanglements are operative, the chains are
extended. In the domain 4<M,,<100 kg/mol the amorphous
phase increases with the MM. For monodisperse and
polydisperse samples of MM greater than 100 kg/mol, the
long period and the crystalline lamellar thickness do not
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Fig. 4 Plot of peak tempera- 90
tures Tyyrcp against M,,for MM
fractions of SS and ZN frac- 85
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change any more [45, 46]. Our results is in accordance with
this finding. Indeed, Tyrcp steeply increases in the range
of MM 10+100 kg/mol, and tends to level off at M,,= 60—
100 kg/mol. Within the same catalyst and polymer types the
value of critical MM depends on polydispersity: the larger
is the PDI the higher is the value of critical MM.

When MM<60-100 kg/mol the slope of the dependence
Tyrrep(M,,) is defined by Ceom. It is obvious for ZN-7.6
(7.2) sample, in which the less branched fractions have
higher MM (see Table 2), that Ty rcp decreases with M,,
steeper than that of SS-5.4(5.2) fractions, having the same
comonomer contents.

The relationship between the crystallization peak tem-
peratures and the comonomer content for the HTCP and
VLTCP is shown in Fig. 5 for ZN and SS compositional
fractions. As an illustration, the heat flow curves for
compositional ZN-7.6(7.2) fractions are shown in Fig. 6.
At fixed branch content the values of Tyitcp as well as
Thtep, are identical for the SS and ZN fractions. Increase in
Ceom leads to decreasing of the peak temperatures. The
interesting and important fact is that the temperature
interval between HTCP and VLTCP remains constant.
Thus, crystallization of the macromolecules associated with
the VLTCP is influenced by the prior crystallization of
macromolecules represented by the HTCP.

Moreover, the plots in Fig. 5 indicate that the less
branched copolymers display the higher values of Tyircp
and extrapolation of Tyrrcp to Ceom = 0 gives the value of
TVLTCP;SO OC, which is typical for TVLTCP of ZN-0 (HDPE)

In spite of Tyrrcp, Which is presumably related to the
crystallite thickness of the very-low temperature crystal-
lized structures, decreases with increasing Cp.,, the Xy rcp
does not show any systematical change with Ceyp,. In Fig. 7

M,, (kg/mol)

the Xyrrcp is plotted as a function of C,,, for composi-
tional fractions of SS-6.9(6.2) and ZN-7.6(7.2) copolymers.
It is evident that the introduction of the non-crystallizing
co-units into the chain does not influence strongly the level
of Xyircp within the same type of catalyst. This fact is
understandable if we take into account that the degree of
crystallinity that is attained in an actual crystallization
process is not a measure of the minimum or maximum
sequence that participates in the crystallization, which is
directly related to Ceop. Rather it is the sum over all
possibilities, which can lead to independence of crystallin-
ity with C.op, up to a definite value.

120

%

100
80 -
60
a0t

20

crystallization temperatures ('C)

0 1 1 1 1 1
0 5 10 15 20 25 30

C  (wt%)

com

Fig. 5 Crystallization peak temperature of the HTCP (/) and VLTCP
(2) as a function of comonomer content C,,,, for the compositional
SS-6.9(6.2) (solid and open squares) and ZN-7.6(7.2) (solid and open
triangles) fractions. The data for whole flufty SS-6.9(6.2) (solid
rhombs) and fluffy ZN-7.6(7.2) (open rhombs) copolymers are also
presented in the Figure
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Fig. 6 DSC cooling thermo-
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The origin of VLTCP still remains a discussed problem.
For copolymers produced using ZN catalyst the most
popular point of view is that the molecular fractionation
or segregation of macromolecules by MM during crystal-
lization implies that the HTCP is due to the crystallization
of high MM macromolecules having low branching
content, whereas VLTCP can be comprised of the less
crystallizable, lower MM, more highly branched polymer
chains [10-19, 30]. However, based on our results we can
say—if there was the case, for ZN fractions the polymer
molecules associated with the VLTCP would be mostly
present in the first fractions. Hence, fractions with higher
MM would be expected to exhibit only the HTCP.
However, as it is seen from the Figs. 1, 2 and 5 the first
MM fractions of ZN copolymer having low MM and high
Ceom do not show any VLTCP at all. The fractions with
higher MM display both the HTCP and the VLTCP. This
suggests that the polymer chains associated with the HTCP
are also related to the VLTCP, which is in agreement with
the results on crystallization temperatures (see comments to
the Fig. 4). Moreover, everyone can see from Fig. 5 that
even the first highly branched compositional fractions,
which presumably should have only VLTCP, demonstrate
the HTCP along with VLTCP in DSC thermograms.

D. Wilfong suggested [47] that the monomers in the
macromolecule may have been distributed in a blocky
manner during the copolymerization of ethylene and olefin.
Hence, the HTCP and the VLTCP may arise from the
crystallization of ethylene rich and hexene/butene rich
portions of the macromolecule, respectively. That is, the
HTCP can be associated with crystallization of the linear
portions of the macromolecule into the chain folded
lamellae. The branched segments of macromolecule are
exiled into the inter-lamellar or inter-facial regions and
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crystallized there upon further undercooling into thin
lamellae. However, the blocky intramolecular distribution
of co-monomers in chain is recognized for ZN [48], but not
for SS samples. Additionally, VLTCP has also been
detected by us for HDPE having extremely low number
of branches. Moreover, thin lamellar crystallites should
melt at considerable low temperature and could be detected
by DSC. But no melting peaks related to VLTCP were
found for all the studied materials.

Because there is a clear correlation of both peaks with
molar mass, it is implicit that these exotherms (especially
the VLTCP) are also a consequence of melt topology; in
other words, entanglements. Then, the key to the presence
of this VLTCP exotherm will not be the sequence

XVLTCP (Wt%)
=
=

——
——
>—

0 1 1 1 1 1
0 5 10 15 20 25 30

C._(wt%)

com

Fig. 7 Plots of VLTCP partial crystallinity Xvicp vs. Ceom for SS-6.9
(6.2) (solid squares) and ZN-7.6(7.2) (open triangles) fractions
obtained by fractionation according to structure
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distribution caused by the comonomer, but a melt topology
that restricts further crystallization after a primary nucleation
and further (usually spherulitic) growth in most semicrystal-
line polymers. The increase in Xytcp with MM leads us to
suggest that inter-crystalline links are responsible for the
formation of the VLTCP. During crystallization numerous tie
molecules are formed especially at rather large supercooling.
These tie molecules can aggregate locally to form inter-
crystalline links (named us as bundles). However, the
formation of inter-crystalline links also has its optimum
MM limit equal to 60-100 kg/mol, above which the
crystallinity level of so-named bundles does not strongly
changes or even slightly decreases.

Conclusions

On the basis of the DSC experimental results on low
temperature crystallization behavior of fractionated SS and
ZN based ethylene/x-olefin copolymers and ZN HDPE the
following conclusions can be made:

DSC curves of MM and compositional fractions of SS
and ZN materials, except the first MM fractions, for which
the VLTCP was not detected, uniquely show the presence
of an additional crystallization process occurring at very
low temperatures around 60-75 °C. The VLTCP is much
broader and less in magnitude than the main sharp HTCP.
Moreover, the melting curves do not show any additional
peaks clearly related to the VLTCP.

In the range of 5<M,,<100 kg/mol the partial degree of
crystallinity calculated from the VLTCP (Xyrrcp) and the
peak crystallization temperature of the VLTCP (Tyir1cp)
increase with increasing MM. At the same time the
crystallinity of HTCP decreases with MM that involves a
molecular correlation between the primary and secondary
crystallization processes. When MM is higher than
100 kg/mol, the Xyrrcp and Tyircp level off. Such
behavior can be a result of increasing amorphous layer
with MM due to the increase in number of entanglements.
It implies the less incorporation of the fraction of
crystallizable sections of polymer macromolecules into
the primary crystallization process associated with HTCP.
The chains or/and segments of chains, remaining in the
melt after primary crystallization, can aggregate locally
forming the bundle-like inter-crystalline links.

The comonomer content (C.,,) does not strongly
influence on the values of Xyprcp, while the pronounce
decrease in Tyigcp with Ceop is observed. However, the
Xvrrep and Typrcp are independent of the chemical nature
of the co-monomers (1-butene or 1-hexene).

The Xvyircp is in turn strongly influenced by the type of
catalyst. For the SS materials the Xyircp is in approxi-
mately 2 times higher than for the ZN samples. Moreover,

for ZN HDPE the obtained values of Xyircp are much
lower than those of ZN LLDPE.
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Blends of high-density polyethylene (HDPE), moderate and hyper-branched LLDPEs (LLDPE and HbPE, respectively)
have attained widespread commercial applications, though the understanding of the mechanical and melt-flow properties
of such blends has been handicapped by the absence of a consensus concerning the degrees of mixing of the
components. Moreover, usually the blends are obtained by melt blending, which may not ensure the initial homogeneity
of the components. In our work the mixtures were prepared by dissolving the conventional LLDPE having branching
content 7.2 wt% with HbPE with comonomer content 17.8 wt% in xylene at 130°C and stirring for 2 hours. The same
procedure was applied for the blending of HDPE with HbPE. After dissolving the mixtures were cooled in liquid
nitrogen and after that freeze dried in vacuum line. The ratio of components in the blends was varied. Differential
scanning calorimetry has been used to investigate the miscibility and thermal behavior of the blends. For this purpose
isothermal and non-isothermal treatment of prepared blends were conducted. By preliminary study the double melting
peaks in non-isothermal endotherms have been observed in all the studied blends. The presence of two peaks in DSC
scan can be attributed to the formation of separated crystals from both the high density/linear low density and highly
branched components. However, certain limited degree of co-crystallization is detected in all the LLDPE/HbPE blends

and HDPE/HbPE blend rich in HbPE component

Keywords: blends, hyper-branched linear low density PE, thermal behaviour, differential scanning calorimetry.

1. INTRODUCTION

Blends of linear low density polyethylene (LLDPE)
with different types of polyethylenes have been widely
investigated from scientific as well as industrial interests
and attained widespread commercial applications.

One of the most important problems that have to be
solved is the phase segregation between the components of
the blends. For example as it is known from the literature
the blend of high density polyethylene (HDPE) with low
density polyethylene (LDPE) shows segregation between
these two components when cooled slowly from the melt
[1-3]. Only quenching of the melts showed a uniformly
mixed crystalline sample, or a co-crystallized sample. But
the phenomenon is limited to the sample with high HDPE
content or to those with a low degree of branching in
branched PE [4, 5]. For the blend of LDPE with LLDPE a
formation of separated crystals of phase segregation was
suggested [6]. For the blend between HDPE and slightly
branched LLDPE the co-crystallization was reported even
under the condition of slow cooling [7-10]. Therefore the
crystal segregation and co-crystallization are dependent in
a complicated manner upon the couples of the selected
PEs, the crystallization conditions, etc.

The molecular weight of the components in the blends,
as it has been suggested elsewhere [8, 11], is of secondary
importance in determining the occurrence or extent of co-
crystallization. At the same time the amount of short chain
branching (SCB) and type of catalyst seems to be

* Corresponding author. Tel.: + 372-620-2906; fax.: + 372-620-2903
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important factors [12-14]. The higher the branching
content, the lower is the possibility of co-crystallization
between the components. Zhao et al. [15] conclude that the
upper branching limit still allowing co-crystallization to
occur probably is much lower in blends with single-site
materials that in blends with Ziegler-Natta based materials.
Zhao et al. argue that in Z-N LLDPE there exists long
segments between branches that can easily co-crystallize
with HDPE or LPE, but the more uniform SCB distribution
in single site LLDPE makes co-crystallization more
difficult.

Much of the works present in literature has been
focused on blends between LPE or HDPE and the LLDPE,
which is a lightly branched ethylene-butene copolymer,
obtained by single site catalyst [7-11, 16, 17]. Moreover, in
performed works the mixtures are generally prepared by
melt-blending, which may not ensure the initial
homogeneity of the components, because it is not certain
that sufficient time was allowed for the molecules to inter-
diffuse to the homogeneous state.

In present work we prepared the blends of hyper-
branched LLDPE with HDPE and moderate branched
LLDPE. These blends were prepared with mixing of
components in solution and keeping them for several hours
in that state before drying. Although HDPE, LLDPE and
hyper-branched LLDPE differ in the amount and
distribution of the comonomer, chemically they should be
miscible. To our knowledge this is the first study of
thermal behavior of hyper-branched LLDPE blends.
Blends were analyzed with a view to determine the extent
to which the polymers either co-crystallize or crystallize
independently.



2. EXPERIMENTAL PART
2.1. Materials

All materials used in this study are commercial
materials kindly supplied from Borealis, Finland. Single
site catalyzed hyper-branched LLDPE (HbPE) is used as
common component for all the blends. HbPE is a
copolymer of ethylene with 1-butene. The Ziegler-Natta
catalyzed polyethylene samples with different degrees of
branching, i.e., fractionated high-density polyethylene
(HDPE) having presumably low amount of branches and
linear low density polyethylene moderately branched
(marked in text as just LLDPE) were used as the second
component in the blends. LLDPE is a copolymer of
ethylene with 1-hexene. HDPE sample was fractionated by
molar mass (MM) according to Holtrup technique which is
a solvent/non-solvent extraction [18]. In the present study
the first fraction of fractionated HDPE was used in order to
have the high-density sample with a few branches. The
molecular parameters of pure components are listed in
Table 1.

Table 1. Molecular characteristics of the pure components used
for preparation of blends.

Material Comonomer Weight MM
content (Wt%) average MM polydispersity
(kg/mol)
HbPE 17.8 88 2
LLDPE 7.2 125 4.4
HDPE not analyzed 5 2
2.2.Blending

Blends were prepared by dissolving different ratios of
components in xylene at 130°C and stirring for 2h. After
dissolving the mixtures were quenched in liquid nitrogen
and then freeze dried in vacuum line for 48h. Blends were
obtained as powders/fluffy materials. Ratios of
components in blends were varied: 20/80, 50/50 and 80/20
wt% was taken for LLDPE/HbPE, 20/80 and 80/20 for
HDPE/HbPE.

2.3.Methods

For all isothermal and non-isothermal experiments at
cooling rates 1 and 10°C/min Perkin Elmer differential
scanning calorimeter DSC-7 was used with nitrogen as
furnace purge gas. For non-isothermal experiments at
cooling rate 200°C/min Perkin Elmer Diamond DSC was
used with helium as furnace purge gas. Temperature and
heat flow calibrations were done with indium and tin
standards. To avoid differences in melting and
crystallization temperatures caused by variation in sample
weight, a sample mass of 1.00£0.02mg was used in all
DSC experiments. Samples were manually compressed and
packed into aluminium foil to maximize thermal contact
between sample and calorimetric furnace.

During non-isothermal measurements the sample was
first held at 180°C for deleting its thermal history. Then it
was cooled to -40°C at cooling rate 1, 10 or 200°C/min,
held at -40°C for 2 minutes and heated to 180°C at heating
rate 10°C/min. Degree of crystallinity 4 was calculated

from the heat of fusion using the peak area determination

method, i.e., by integration of the area under the

normalized melting peak after subtraction of an arbitrary
o

straight baseline; a value of AH =293 J/g was used as the

reference melting enthalpy of fusion for 100% crystalline
PE.

For isothermal treatment sample was first held at
180°C, then quenched to an annealing temperature and
held there 30 minutes and then heated to 180°C at heating
rate 10°C/min. Annealing temperatures were between
melting temperatures of pure components: 80, 90, 100 and
115°C.

MM and polydispersity were determined by size
exclusion chromatography using 1,2,4-trichlorobenzene
(TCB) as eluent at 140°C. Comonomer contents were
measured by Fourier transform infrared spectroscopy.

3. RESULTS AND DISCUSSION

It has been presented elsewhere that blends similar to
the blends presented here show extended regions of phase
separation (in temperature and composition) in the melt
[12-17]. Based on those results it is expected that our
blends will show two separate crystal populations. DSC
melting endotherms of the blends HDPE/HbPE with
various ratios of components are shown in Fig. 1. The
heating and cooling rates were 10°C/min. The DSC result
clearly indicates the existence of two crystal populations in
these blends. Two melting peaks are found in all studied
blends. The mixtures with a high concentration of the high-
density polymer (>50%) show a sharp high-temperature
peak with a small peak in the low-temperature region. This
low-temperature peak further develops into a well-defined
peak for the mixtures with high concentration of the hyper-
branched component. The form and position of the low-
temperature peak indicates that this peak represents
melting of mainly the component rich in HbPE. The high-
temperature melting peak seems to represent the HDPE-
rich component. It should be noticed that high temperature
melting peak has a small shoulder, sub-peak, generated at
slightly lower temperature. Similar behavior is detected for
all the blends of LLDPE with HbPE, as is obvious from the
Fig. 2 where their crystallization and melting thermograms
are shown.

The origin of sub-peak observed at high temperatures
can be understood from the thermograms of pure
components, also presented in Figs. 1 and 2. Pure HDPE
component has mainly one melting peak but the shoulder
extent to lower temperatures is present, indicating some
degree of heterogeneity in sequence lengths. The same is
found for pure LLDPE. If the compositional and molar
mass (MM) heterogeneity of conventional whole LLDPE
is expected, the heterogeneity of HDPE seems to be
unusual. As it was mentioned in Experimental part the
HDPE used in this study is the first fraction of the whole
HDPE obtained by fractionation according to MM. Taken
into account that HDPE is catalyzed by Ziegler-Natta
technique, first fractions of such polymers after
fractionation by MM usually contain branched chains with
low MM. The degree of branching in the first fraction is
therefore higher than present in whole polymer. Therefore



HDPE can contain chains that can be excluded from the
largest lamellae during primary crystallization and
generate a secondary crystal population. This can result in
an appearance of sub-peak in melting traces. Presence of
chains forming the secondary crystals gives the possibility
of mixing them with the HbPE chains having very low
branch content. As seen from the Figs. 1 and 2, the
increase in the amount of HbPE component in the blends
results in a better separation of two high-temperatures
melting peaks. The position and broadness of these peaks
change indicating partial chain segregation of HDPE-rich
peak and possibility of a formation of mix crystals.
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Fig. 1. DSC cooling (left) and melting (right) traces of the
HDPE/HbPE blends with various component ratios. Cooling and
heating rates are 10°C/min.

These values are given in Table 2 for the 20/80
HDPE/HbPE blend as example. First of all the degree of
crystallinity of each peak does not depend on scanning rate
indicating that the observed peaks are not associated with
the recrystallization or reorganization process but
consistent with the formation of separate crystals from
both components. The other blends of HDPE/HbPE and
LLDPE/HbPE are found to possess a similar behavior and
the same conclusion can be done for them. Thus, in
comparison with HDPE/LLDPE and LDPE/LLDPE
discussed in literature [1-14], in our types of blends two
crystal populations are forming even in rapidly crystallized
mixtures at 200°C/min similar to slowly cooled samples at
1°C/min.

Table 2. Degree of crystallinities A for 20/80 HDPE/HbPE
blends obtained from melting themograms at various
cooling rates.

Cooling Aoverall A (low A (high
rate °C/min (Wt%) temperature temperature
peak) wt% peak) wt%
exptl | caled | exptl | caled | exptl | caled
1 27 | 37 11|18 16 | 19
10 26 | 31 11 ] 12 15| 19
200 25|35 10 | 16 15| 19

* exptl means measured from DSC melting endotherms
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Fig. 2. DSC exotherms (left) and endotherms (right) of the /HbPE
blends with various component ratios. Cooling and heating rates
are 10°C/min.

In order to understand the origin of low temperature
and high temperature melting peaks the cooling rate during
the cooling scans was varied. The heating rate is constant,
10°C/min. The thermograms of the blends at 1 and
200°C/min cooling rates show identical behavior as it was
observed for cooling rate of 10°C/min. It is clear seen from
the Fig. 3 where melting traces of 20/80 HDPE/HbPE and
50/50 LLDPE/HbBPE blends at different cooling rates are
shown as illustrations. Two main melting peaks with
additional sub-peak at high temperature are recorded.

From the heat of fusion, the degree of crystallinity 4
by weight was obtained for low and high temperature peak.

calcd means calculated assuming independely crystallized
crystals

To find out whether the observed melting peaks
corresponds to completely separated crystallites, formed
independently, the degree of crystallinity of low and high
temperature peak was compared with the expected value in
the blends if both components had crystallized
independently. Table 2 shows that the crystallinity of the
HbPE-rich low-temperature peaks is lower than that
calculated assuming independent crystallites. Overall
degree of crystallinity of both peaks is also lower than that
calculated by mentioned above method. Lower crystallinity
of the blends compared to the pure blend components has
been taken elsewhere as an argument in favor of co-
crystallization [3, 7-16]. The observed melting behavior of
the blends therefore suggests that slight co-crystallization
to some limited extent is present in the blends.

Furthermore, the low-temperature peak in all the
blends has almost the same melting point which is around
4°C lower than observed for the pure HbPE component as
also obvious from the Figs. land 2. This result might
indicate that even in HbPE there are chain segments that
are able to co-crystallize with branched chains of HDPE or
LLDPE [17]. In that case remaining HbPE chains, not
incorporated in HDPE- (LLDPE-) rich crystals, are
suggested to have a higher overall content of branches than
the pure HDPE (LLDPE) and should melt consequently at
a lower temperature; and this is in fact observed from Figs.
1 and 2.
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Fig. 3. DSC melting thermograms for 20/80 HDPE/HbPE (a) and
50/50 LLDPE/HbPE (b) blends crystallized at various cooling
rates.

The melting point of the high-temperature peak in the
HDPE/HbPE and LLDPE/HbPE is significantly lower
(~10°C and 2°C maximum, respectively) compared to that
of the pure HDPE and LLDPE component. Other authors
have observed a similar depression of the melting
temperature of the high-temperature peak in a blend of
LPE/LDPE [13, 19] and LPE/LLDPE [12, 16] and suggest
that such behavior can be explained by both the co-
crystallization of the branched component into the LPE
crystal and a lower lamellae thickness of the LPE
component in the blend. Based on this conclusion, the
depression of the high-temperature peak in the blends most
probably has a complex reason but could be explained, at
least partly, from a limited degree of co-crystallization
among the blend components.

Therefore, a limited degree of co-crystallization is
believed to be present in blends used in this work, at least
in the blends rich in HbPE (=50%).

One more interesting behavior can be seen from the
crystallization traces of the blends. From Fig. 1 it is
observed that the crystallization temperature of the HbPE-
rich component in separated blends locates at a higher
temperature than the crystallization point of the
corresponding pure HbPE component. This observation
seems to be in a conflict with the observation of melting
point behavior. We will explain this effect based on
comments and observations made by others [12].
Crystallization curves for both pure blend components
show sharp leading edges, characteristic of primary
crystallization. Additionally, both components have an
extended tail to lower temperatures, reflecting a secondary
crystallization process into thinner lamellae. In the blends
it is obvious from Figs. 1 and 2 that the HDPE- as well as
LLDPE-rich  component  crystallizes  first. ~ The
crystallization curves show rather sharp and narrower peak
at high temperature. The low-temperature peak, however,
reflecting a secondary crystallization process of mainly
HbPE-rich component, shows rather broad leading edge
very different from the sharp peak observed for pure
HbPE. Therefore it was suggested that the primary
crystallization in blend is associated with the

crystallization of HDPE-rich or LLDPE-rich component in
HDPE/HbPE and LLDPE/HbPE blends, respectively.
HbPE-rich component crystallizes in a secondary
crystallization processes within the structure determined by
crystallization of HDPE- or LLDPE-rich component [20].
Therefore as others have suggested the crystallization of
HDPE or LLDPE will generate the crystallization of HbPE
at higher temperature than the pure HbPE would otherwise
crystallize. The lamellae thickness of the resulting HbPE-
rich component in the blends and the subsequent melting
behavior indicate that this enhanced crystallization at
higher temperature occurs without forming thicker
lamellae, as normally would be expected due to higher
crystallization temperature.

To confirm the presence of partial co-crystallization in
used blends, assuming for the sake of argument that one
could initially assign the double melting to the formation
of independent LLDPE (or HDPE) and hyper-branched
crystal, it follows that isothermal crystallization of blends
especially with a high amount of HbPE at temperatures
intermediate between both melting peaks should give rise
to completely segregated LLDPE (or HDPE) crystals
represented by a single peak in DSC thermograms [1].

To test this hypothesis, isothermal crystallizations
were carried out in all the blends. The blends were
equilibrated in the melt at 180°C and rapidly cooled to the
annealing temperature (7,). The melt endotherms were
subsequently recorded starting from 7, i.e., without further
cooling. The example is shown in Fig. 4 for the 50/50
LLDPE/HbPE blend crystallized at different 7,. The
endotherms of a similar mass of the pure components,
crystallized at the same temperatures are demonstrated in
the inset to the Fig. 4. The melting after crystallization at
different T, <100°C shows two well-defined peaks at about
116 and 123°C and a low-temperature sub-peak in the 7,
region that shifts toward the melting temperature of the
main peak. This sub-peak, observed also in scans at T,=
115°C, is often observed for the annealed crystalline
polymers: the small crystallites of the size intrinsic of 7,
are generated when the sample is annealed at T, [8]. In the
heating process these small crystallites melt in the
temperature region close to 7, and can recrystallize into a
larger crystallite of the main melting point. In other words,
the sub-peaks in Fig. 4 are not considered to come from the
co-crystal or phase segregated crystals of the blend.

The crystallization at 7, of the pure HbPE for the same
time does not show any melting peak in heating scans as it
is clear seen from the inset to the Fig. 4. The pure LLDPE
component shows only one main melting peak at around
123°C and a sub-peak in T, region. Therefore, no chain
segregation of LLDPE during annealing is detected. Taken
it into account the medium peak of the 50/50 blend, around
116°C, cannot be associated with the melting of segregated
crystals formed from the pure HbPE or chain segregated
LLDPE. The interesting observation is that the position of
medium melting peak of LLDPE/HbPE blend almost does
not change with increasing 7,. Consequently, the peak is
believed to be associated with the melting of limited co-
crystals formed with molecules from the both components
of the blend. The crystallization of shorter sequences of the
hyper-branched component, unable to co-crystallize with
LLDPE, takes places at lower crystallization temperatures.



These crystals melt at 7<T,. The high peak at ~123°C is
associated with melting of pure LLDPE crystals which
probably were formed above T, during the cooling process.
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Fig. 4. DSC thermograms measured for 50/50 LLDPE/HbPE
blend annealed at various temperatures. Inset shows isothermal
DSC thermograms for pure LLDPE and HbPE components.

The possibility of melting with further re-
crystallization of a single species during the heating run is
believed to be minor for the following reasons. The 50/50
LLDPE/HbPE mixture was crystallized at 100°C for 30
min and the melting followed at different heating rates (5,
10, and 40°C/min) was recorded. The relative areas of both
melting peaks are practically independent of heating rate
within experimental error, indicating that both species are
formed mainly during crystallization and not in the melting
process [1]. However some degree of recrystallization
process is still possible.

High annealing temperatures, 7,>100°C, hinder the co-
crystallization process; for example, crystallization of the
50/50 mixture at 115°C (see Fig. 4) results in single
melting peaks around 125°C corresponding to the pure
LLDPE species.

These experiments clearly indicate that there is partial
co-crystallization of both components in the 50/50
LLDPE/HbPE blend crystallized at temperatures at which
the crystallization of the pure hyper-branched component
is completely retarded.

A similar behavior is found from the analysis of the
melting peaks after isothermal crystallization of the 20/80
and 80/20 LLDPE/HbPE mixtures, and 20/80 HDPE/HbPE
blends, as it is obvious from the Fig. 5. Therefore it is
believed that the limited co-crystallization is occurred in
all LLDPE/HbPE blends, and in HDPE/HbPE blends rich
in hyper-branched component.

HDPE-rich blends did not melt at temperatures
indicative of partial co-crystallization. Only a single
endotherm was observed for 80/20 HDPE/HbPE blend, see
Fig. 5. It is known that for the blends with high
concentration of the high-density component, the
crystallization rate of the HDPE in the blend is much
higher than that of the pure branched polymer [1, 20-22].
Therefore segregation of the components is kinetically
favored in 80/20 HDPE/HbPE blend. At high content of
HbPE (250%) the difference in crystallization rates
between HDPE and HbPE becomes smaller, favoring co-

crystallization. The results on HDPE/HbPE blends are
consistent with the interpretation from the experiments
after isothermal crystallization done by other authors for
various types of blends [8-10, 17, 21, 22].
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Fig. 5. DSC thermograms measured for LLDPE/HbPE (a) and

blends HDPE/HbPE (b) with different component ratios annealed
at 100°C.

3. CONCLUSIONS

The data of rapidly and slowly cooled blends of HDPE
and LLDPE with hyper-branched LLDPE indicate that
both components form two crystal populations. However,
the limited degree of co-crystallization is believed to
present in all LLDPE/HbPE blends and HDPE/HbPE
blends having the content of HbPE component of 80%.
The DSC thermograms of all mixtures, excepting 80/20
HDPE/HbPE, annealed between the melting temperatures
of both components show double melting peaks that were
interpreted in terms of partial co-crystallization for all
studied blends. 80/20 HDPE/HbPE blend shows only
single melting peak in isothermal thermograms, which
seems to be associated with completely segregated
crystals.
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