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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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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.
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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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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%)
=
=

——
——
>—
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0 5 10 15 20 25 30
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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.

Acknowledgments The Estonian Science Foundation is acknowl-
edged for support under grant no. 6553 and Borealis Polymers OY
(Finland) for structural characterization of the studied materials. We
also acknowledge the Targeted Financing of Estonian Ministry of
Education and Research for the grant no. SF0142687s05.

References

—

. Mathot VBF, Pijpers JFJ (1988) Integration of fundamental
polymer science and technology. Proceedings of International
Discussion Meeting, Rolduc Abbey, Netherlands, 26-30 April,
1987. Elsevier Applied Science, London, p 381

2. Mathot VBF, Scherrenberg RL, Pijpers MFJ, Engelen YMT
(1996) New trends in polyolefin science and technology. Hosoda
S. Ed.; Research Signpost, Trivandum, India

. Patel RM, Jain R, Story B, Chum S (2008) Polyethylene: an
account of scientific discovery and industrial innovations. ACS
Symposium Series. Innovations in Industrial and Engineering
Chemistry 1000:71-102

4. Wang C, Chu M, Lin T, Lai S, Shih H, Yang J (2001)
Microstructures of a highly branched polyethylene. Polymer
42:1733-1741

. Minick J, Moet A, Hiltner A, Baer E, Chum SP (1995)
Crystallization of very low density copolymers of ethylene with
«-olefins. J Appl Polym Sci 58:1371-1384

. Hussein IA (2008) Nonisothermal crystallization kinetics of linear
metallocene polyethylenes. J Appl Polym Sci 107:2802-2809

. Ramos J, Peristeras LD, Theodorou DN (2007) Monte Carlo
simulation of short chain branched polyolefins in the Molten
State. Macromolecules 40:9640-9650

. Mathot VBF (1994) Calorimetry and thermal analysis of
polymers. Hanser, Munich-Germany-Vienna-New York
9. Mathot VBF, Scherrenberg RL, Pijpers TFJ (1998) Metastability

and order in linear, branched and copolymerized polyethylenes.
Polymer 39:4541-4559
10. Zhang F, Liu J, Xie F, Fu Q, He T (2002) Polydispersity of
ethylene sequence length in metallocene ethylene/a-olefin copoly-
mers. II. Influence on crystallization and melting behavior. J
Polym Sci Polym Phys 40:822-830
. Mirabella FM (2008) Crystallization and melting of a polyethyl-
ene copolymer: in situ observation by atomic force microscopy. J
Appl Polym Sci 108:987-994
12. Alizadeh A, Richardson L, Xu J, McCartney S, Marand H (1999)
Influence of structural and topological constraints on the crystal-
lization and melting behavior of polymers. 1. Ethylene/1-Octene
Copolymers. Macromolecules 32:6221-6235
13. Marand H, Alizadeh A, Farmer R, Desai R, Velikov V (2000)
Influence of structural and topological constraints on the crystal-
lization and melting behavior of polymers. 2. Polyarylene ether
ether keton. Macromolecules 33:3392-3403

14. Crist B, Claudio ES (1999) Isothermal crystallization of random
ethylene-butene copolymers: bimodal kinetics. Macromolecules
32:8945-8951

15. Canetti M, Bertini F (2010) Crystalline and supermolecular
structure evolution of poly(ethylene terephthalate) during isother-
mal crystallization and annealing treatment by means of wide and
small angle X-ray investigation. Euro Polym J 46:270-276

16. Rabiej S, Goderis B, Janicki J, Mathot VBF, Koch MHI,

Groeninckx G, Reynaers H, Gelan J, Wlochowicz A (2004)

Characterization of the dual crystal population in an isothermally

58}

w

N

~

)

1

—_

@ Springer



E. Tarasova et al.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

crystallized homogeneous ethylene-1-octene copolymer. Polymer
45:8761-8778

. Tashiro K, Imanishi K, Izumi Y, Kobayashi M, Kobayashi K,

Satoh M, Stein RS (1995) Cocrystallization and phase segregation
of polyethylene blends between the D and H species. 7. Time-
resolved synchrotron-source small-angle X-ray scattering meas-
urements for studying the isothermal crystallization kinetics:
comparison with the FTIR Data. Macromolecules 28:8477-8483
Alamo RG, Mandelkern L (1994) The crystallization behavior of
random copolymers of ethylene. Thermochim Acta 238:155-201
Simanke AG, Alamo RG, Galland GB, Mauler RS (2001) Wide-
angle X-ray scattering of random Metallocene—Ethylene copoly-
mers with different types and concentration of comonomer.
Macromolecules 34:6959-6971

Alamo RG, Chan EKM, Mandelkern L, Voigt-Martin IG (1992)
Influence of molecular weight on the melting and phase structure of
random copolymers of ethylene. Macromolecules 25:6381-6394
Ergoz E, Fatou JG, Mandelkern L (1972) Molecular weight
dependence of the crystallization kinetics of linear polyethylene. I.
Experimental results. Macromolecules 5:147-157

Natta G (1955) Une nouvelle classe de polymeres d’ ac-olefines ayant
une régularité de structure exceptionnelle. J Polym Sci 16:143-154
Pino P, Oschwald A, Ciardelli F, Carlini C, Chiellin E (1975) In:
Chien JCW (ed) Coordination polymerization of a-Olefins.
Elsevier, New York

Holtrup W (1977) Zur fraktionierung von polymeren durch
direktextraktion. Makromol Chem 178:2335-2349

Lehtinen A, Paukkeri R (1994) Fractionation of polypropylene
according to molecular weight and tacticity. Macromol Chem
Phys 195:1539-1556

Usami T, Takayama Sh (1984) Identification of branches in low-
density polyethylenes by Fourier transform infrared spectroscopy.
Polym J 16:731-738

Tarasova EV, Poltimde T, Krumme A, Lehtinen A, Viikna A
(2009) Study of very low temperature crystallization process in
ethylene/-olefin copolymers. Macromol Symp 282:175-184
Kim M, Philips PJ (1998) Nonisothermal melting and crystalliza-
tion studies of homogeneous ethylene/a-olefin random copoly-
mers. J Appl Polym Sci 70:1893-1905

Alamo RG, Mandelkern L (1989) Thermodynamic and structural
propeties of ethylene copolymers. Macromolecules 22:1273-1277
Mandelkern L (1971) Thermodynamic and morphological prop-
erties of crystalline polymers. J Phys Chem 75:3909-3920
Mandelkern L, Alamo RG, Kennedy MA (1990) The interphase
thickness of linear polyethylene. Macromolecules 23:4721-4723
Failla MD, Lucas JC, Mandelkern L (1994) Supermolecular
structure of random copolymers of ethylene. Macromolecules
27:1334-1337

@ Springer

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Liu W, Yang H, Hsiao BS, Stein RS, Liu S, Huang B (1999) Real-
time crystallization and melting study of ethylene-based copoly-
mers by SAXS, WAXD, and DSC techniques. ACS Symposium
Series: Scattering from Polymers 739:187-200

Mandelkern L (1990) The structure of crystalline polymers. Acc
Chem Res 23:380-386

Gedde UW, Janson JF, Liljenstrom G, Eklund S (1998) Molecular
structure, crystallization behavior, and morphology of fractions
obtained from an extrusion grade high-density polyethylene.
Polym Eng Sci 28:1289-1303

Fatou JG, Mandelkern L (1965) The effect of molecular weight on
the melting temperature and fusion of polyethylene. J Phys Chem
69:417-428

Alamo RG, Mandelkern L (1991) Crystallization kinetics of
random ethylene co-polymers. Macromolecules 24:6480-6493
Alamo RG, Domszy R, Mandelkern L (1984) Thermodynamic
and structural-properties of copolymers of ethylene. J Phys Chem
88:6587-6595

Basiura M, Gearba RI, Ivanov DA, Janicki J, Reynaers H,
Groeninckx G, Bras W, Goderis B (2006) Rapidly cooled
polyethylenes: on the thermal stability of the semicrystalline
morphology. Macromolecules 39:8399-8411

Rastogi S, Lippits DR, Peters GWM, Graf R, Yao Y (2005)
Heterogeneity in polymer melts from melting of polymer crystals.
Nat Mate 4:635-641

Lippits DR, Rastogi S, Hhne G, Mezari B, Magusin P (2007)
Heterogeneous distribution of entanglements in the polymer melt
and its influence on crystallization. Macromolecules 40:1004—
1010

Psarski M, Piorkowska E, Galeski A (2000) Crystallization of
polyethylene from the melt with lowered chain entanglements.
Macromolecules 33:916-932

Fan Z, Wang Y, Bu H (2003) Influence of intermolecular
entanglements on crystallization behavior of ultra-high molar
mass polyethylene. Polym Eng Sci 43:607-614

Smith P, Manley J (1979) Solid solution formation and fraction-
ation in quasi-binary systems of polyethylene fractions. Macro-
molecules 12:483-491

Robelin-Souffache E, Rault J (1989) Origin of the long period and
crystallinity in quenched semicrystalline polymers.1. Macromole-
cules 22:3581-3594

Rousseaux F, Lemonnier M (1980) Crystallization of polymers.
Part II: Fractionated polyethylene quenched from the liquid state.
J Physique 41:1469-1474

Wilfong DL (1989) LLDPE TREF fractions, crystallization
behavior and morphology. Polym Mater Sci Eng 61:743-747
Hosoda S (1988) Structural distribution of linear low-density
polyethylenes. Polym J 20:383-386



PAPER IV

T. Poltiméde, E. Tarasova, A. Krumme, J. Roots, A. Viikna. Thermal analyses of
blends of hyperbranched LLDPE with HDPE and LLDPE prepared by
dissolving method. Material Science (Medziagotyra), accepted 03 December
2010.

93






ISSN 1392-1320 MATERIALS SCIENCE (MEDZIAGOTYRA). Vol. 17, No. 2011

Thermal Analyses of Blends of Hyperbranched Linear Low-density Polyethylene
(LLDPE) with High-density Polyethylene and LLDPE Prepared By Dissolving

Method

Triinu POLTIMAE", Elvira TARASOVA', Andres KRUMME!, Jaan ROOTS?, Anti VIIKNA'

" Tallinn University of Technology, Ehitajate tee 5, 19086 Tallinn, Estonia
% University of Oslo, Department of Chemistry, P.O. box 1033 Blindern, N - 0315 Oslo, Norway

Received 17 August 2010; accepted 03 December 2010

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
E-mail address: triinu.poltimae @ttu.ee (T. Poltimie)

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.



| 20/80 HDPE/HbPE ~ | 50/50 LLDPE/HbPE
z z
g g
a o
5| 1°Crin S| 1°Cmin
e} =]
= =)
3 i
| toomn ﬂJA
3 2
) =2
— i3
= o k= o
g 200"C/min O | 200°C/min
T am
R L . . . .
50 0 50 100 150 S0 0 50 100 150
Temperature (°C) Tenperature (°C)
a b

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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