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Abstract

In the present work, the recently developed thermal fractionation technique successive self-nucleation and annealing (SSA) was applied to
blends of branched and linear polyethylenes (PEs), as a method to evaluate the phenomena of miscibility and segregation in PE blends. The
melting behavior of the systems, after a controlled cooling and after the application of SSA was compared.

The DSC scans corresponding to cooling of blend samples from the melt or subsequent heating displayed an overlap of the exotherms and
endotherms, respectively, of the blend components that could lead to interpretations of partial miscibility. These effects were interpreted as
arising from: a nucleation effect of the crystals formed by the more linear PE on the crystals of branched PE, a dilution effect of the molten
branched chains on the crystals formed by the more linear PE and finally possible partial miscibility effects. However, after SSA, even when
the nucleation and dilution effects are still present for some of the fractions produced, the thermal fractionation procedure helps to distinguish
them from co-crystallization effects. This is mainly achieved by observing how the number of thermal fractions generated by SSA in the
blends varies with composition and by comparing the relative amounts of the thermal fractions produced by SSA.

The results indicate that only those PE fractions that are similar in chemical structure, as regards to content and distribution of short chain
branches, are probably miscible in the melt and can oppose molecular segregation during SSA and therefore produce stable co-crystals in the
solid state. The application of SSA to the study of PE blends can be a quick and convenient tool for making comparisons and ascertain
miscibility of different types of PE blends. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

It has been recognized that the crystalline morphology of
blends of linear and branched polyethylenes (PEs) depends
on the following factors: cooling conditions, the crystalliza-
tion properties of each component which are related to its
molecular structure (molecular weight, branching), the
composition of the mixtures and melt homogeneity. There
exists an interest in establishing how these factors determine
the occurrence of co-crystallization (miscibility in the solid
phase usually arising as a consequence of quenching a
miscible melt) or molecular segregation of the components
during cooling [1-13].

A variety of studies report that upon evaluating blends of
linear low-density polyethylene (LLDPE) and high-density
polyethylene (HDPE) by differential scanning calorimetry
(DSC), if their thermal behavior shows a unique crystalliza-
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tion signal and melting at temperatures between those of
pure components, this may be taken as an evidence of misci-
bility in the system [2,4,6—9]. However, the dependency of
the position of these peaks with composition, is variable,
and a trend which complies with a simple law of mixing has
been reported [4,9] as well as strong positive deviations
from it for compositions of 70-80% LLDPE [2,6-9] or
complex dependencies [8]. However, Datta and Birley [2]
indicate that a single thermal transition cannot, by itself, be
considered as definitive evidence of co-crystallization,
given that phenomena of coincidental crystallization or
nucleating effects in the system, may be present. Norton
and Keller [3] and Barham et al. [5] report partial miscibility
in LLDPE or low-density polyethylene (LDPE) mixtures
with HDPE, establishing that the crystalline phases detected
are only possible as a consequence of the existence of a
liquid-liquid phase separation in the melt. This statement
has been validated upon analyzing the melting of PE
mixtures by small angle neutron scattering (SANS) [12].
In a counter-view, Tashiro [10] and Wignall et al. [11]
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obtained SANS evidences of a one phase melt of linear and
branched PE. Upon cooling this homogeneous melt, results
were obtained that indicated segregation during crystalliza-
tion. In the case of ultra low-density polyethylene (ULDPE)
and HDPE, Kim et al. [13] have reported that the mixture is
generally immiscible both in the melt and the solid state,
even though miscibility can be observed in compositions
that are rich in HDPE.

On the other hand, the copolymerization of ethylene with
a-olefins, using new developments in catalytic systems and
improvements in the processes of synthesis, allows density
grades between 0.875 and 0.910 g/cm® to be obtained.
These grades are lower than those prepared in the past by
conventional LLDPE obtained with conventional Ziegler—
Natta catalysis [14—16]. These new resins have been desig-
nated as very low-density polyethylene (VLDPE) and
ULDPE. In ethylene and a-olefin copolymers, the study of
the architecture of the molecular chain is an essential para-
meter in understanding the properties of these resins, parti-
cularly in the solid state. It is important to know the type of
a-olefin used, its content in the copolymer and the specific
distribution of the a-olefin or short branches in the material
[16-19].

The characterization of the branching distribution, in
ethylene and a-olefin copolymers, has typically been done
by the temperature rising elution fractionation technique
(TREF) [19]. Recently, Monrabal [20] has designed an
equipment that permits the measurement, in solution, of
the concentration of the copolymer molecules, as a function
of the temperature of crystallization. This technique which
has been called crystallization analysis fractionation
(CRYSTATF) allows data somewhat equivalent to TREF to
be obtained. Additionally, several methods of thermal frac-
tionation have been designed using DSC. Usually, a process
of step crystallization (SC) from the melt is applied to the
sample. This process has been inspired by the cooling proce-
dure that takes place in the TREF, although generally no
solvent is involved. The results, obtained in a shorter time,
give preliminary qualitative information of the distribution
of the a-olefin in the copolymer [21-38].

Our group has recently developed a thermal fractionation
technique designed to produce better fractionation in PE
than SC by DSC, using shorter times, since the method
involves a more complex thermal treatment that allows
better resolution [39—42]. This method is similar to that
published in 1964 by Gray and Casey [43]. The successive
self-nucleation and annealing (SSA) technique is based on
the sequential application of self-nucleation and annealing
steps to a polymer sample, where each cycle is similar to
those designed by Fillon et al. [44], for the evaluation of the
self-nucleation process in PP. After thermal conditioning, a
final DSC heating run reveals the distribution of melting
points induced by the SSA treatment, as a result of the
heterogeneous nature of the chain structure of the polymer
under analysis. The nature of the polymer chain must be
heterogeneous in order to have a wide distribution of crys-

tallizable chain segments. We have applied SSA to the char-
acterization of different PE grades [39], functionalized
LLDPE and ULDPE [40,42,45], cross-linked PE [42], and
to confined chains of crystallizable polymers within micro-
phase separated block copolymers [42,46]. More recently,
SSA has proven useful to follow hydrolytic degradation in
poly(p-dioxanone), a biodegradable polymer [47].

With reference to the study of blends of PE, both TREF
[48,49] and thermal fractionation by SC [23,36,50] have
been used as tools for evaluating the miscibility of com-
ponents. Shanks and Amarasinghe [50] reported recently
the use of SC methods to study the miscibility of LLDPE
and VLDPE blends. These authors interpreted as evidence
of co-crystallization the observation of differences in the
number of thermal fractions generated by SC and that
expected on the basis of the fractionation of the neat compo-
nents. In this work, the use of the SSA technique is
presented as an alternative to evaluate the miscibility of
the LLDPE/HDPE and ULDPE/HDPE blends. The present
work extends our previous short communication on this
subject [41].

2. Experimental
2.1. Materials and blend preparation
The grades of PEs used in this study were:

(a) Two HDPEs manufactured in Venezuela by Poli-
olefinas Internacionales, POLINTER, both obtained by
slurry processes: an injection grade, Altaven 2208J,
which is a homopolymer with unimodal molecular weight
distribution (HDPE1), and a blown film grade, Altaven
7000F, an ethylene/1-butene copolymer with bimodal
molecular weight distribution (HDPE2).

(b) A blown film grade LLDPE, Sclair 11U4, an ethylene/
1-butene copolymer produced by DuPont Canada,
synthesized by a solution process.

(c) An experimental grade ULDPE produced by Enichem
Polimeri (Italy), NULDI, an ethylene/propene/1-butene
terpolymer produced by a modified high pressure process
using supported Ziegler—Natta (Z—N) catalytic system.

Some basic molecular and thermal characteristics of these
PEs are presented in Tables 1 and 2. The blends were
prepared in a wide composition range using a Haake Rheo-
cord EU10, co-rotating, double screw extruder. The extru-
sion conditions were 40 rpm and a temperature of 210°C at
the die. They were later compression molded at 170°C into
0.5 mm thick sheets. The blends systems prepared were:
LLDPE/HDPE1, LLDPE/HDPE?2 and ULDPE/HDPE2.

2.2. Evaluation of basic thermal behavior

A Perkin—Elmer DSC-7 calorimeter was used to record
cooling runs down to 25°C, after complete melting for 3 min
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Table 1
Physical and molecular weight data of neat polymers

6879

Resins Type Density (g/cm?) MEFI* (dg/min) M, /M, SBC" (~CH,/1000C)
HDPEI Homopolymer 0.968¢ 5.80 28,500/168,000 -

HDPE2 Ethylene/1-butene copolymer 0.956° 0.05 12,500/230,000 bimodal 44

LLDPE Ethylene/1-butene copolymer 0.922° 1.40 37,800/159,700 12.7 bimodal

ULDPE Ethylene/propene/1-butene 0.888¢ 2.05 23,000/— Methyl: 43.5; ethyl: 26.0

terpolymer

* ASTM D1238 standard, condition E.
" Short chain branching content.

¢ ASTM D1505 standard.

¢ ASTM D792 standard.

Table 2
Thermal properties of PEs measured by DSC

Resins Crystallization temperature (°C) Melting temperature (°C) Observed melting range (°C) Crystallinity, X, (%)
T.* T, T, T,
HDPEI 115 - 136 - 75-143 80
HDPE2 115 77° 131 - 45-136 71
LLDPE 102 63° 119 107° 35-130° 43
ULDPE 78 41° 100 67¢ 25-130¢ 20
* Evaluated at 10°C/min and crystallinity calculated by DSC heating scans at the same heating rate.
® Shoulder.
¢ Peak.

at 170°C, and subsequent heating runs. The heating and
cooling rate for these runs was 10°C/min. From the
0.5 mm sheets, small disc samples (with diameters much
bigger than their heights) were cut, so that their weight, in
all cases, was approximately 10 mg. In this way, the shape,
size and weight of all the DSC samples were standardized.
The samples were encapsulated in aluminum pans and ultra
high purity dry nitrogen was used as an inert atmosphere for
all tests. The heat of crystallization (AH,) for 100% crystal-
line PE was taken as 293 J/g [51].

2.3. SSA technique

The SSA method is performed in a DSC and is described
schematically in Fig. 1. The experimental protocol follows:

(a) Erasure of previous thermal history: The sample was
first melted at 170°C for 3 min.

(b) Creation of a ‘standard’ thermal history: Immediately
following step (a), the sample was cooled at 10°C/min to
25°C, in order to create an initial ‘standard’ thermal history.
(c) Isothermal treatment at T, (melting and self-nucleation):
Subsequently, a heating scan at 10°C/min was performed
up to a selected self-seeding and annealing temperature
denoted as Ty, where the sample was isothermally kept for
5 min. This first applied T was chosen so that the polymer
would only self-nucleate (i.e. T, would be high enough to
melt all the crystalline regions except for small crystal
fragments and/or nuclei that can later self-seed the

polymer during cooling). So, at the end of the first cooling
from T, the polymer had been self-nucleated as in the
regime II, defined by Fillon et al. [44] for self-nucleation.
(d) Cooling down to 25°C (dynamic crystallization from
self-nuclei): After the first treatment at 7 described in
step (c), the sample is cooled down from 7y at 10°C/
min. During cooling, the sample will undergo dynamic
crystallization at temperatures higher than in step (b),
since the crystals will develop from the self-nuclei
produced in step (c).
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Fig. 1. Basic representation of the experimental protocol of the SSA tech-
nique as applied in a DSC.
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(e) Isothermal treatment at a lower 7 temperature (partial
melting, self-nucleation, annealing of unmelted crystal
fraction and isothermal crystallization): After step (d),
the sample was heated in the DSC once again at 10°C/
min, but this time, up to a T which was 5°C lower than the
previous T,. This means that some of the unmelted crys-
tals, at this lower T, will anneal during the 5 min at this
temperature. Some of the melted species will iso-
thermally crystallize (after being self-nucleated by the
unmelted crystal), while the rest of the molten crystal-
lizable chains (or chain segments), will only crystallize
during the subsequent cooling from T (also from self-
nuclei).

(f) The procedure described above for steps (d) and (e) is
repeated as indicated in Fig. 1, with T being lowered by
5°C intervals with respect to the previous step. The
chosen T; range was 134-109°C for LLDPE/HDPE1
and LLDPE/HDPE2 blends and 134-59°C for ULDPE/
HDPE2 blends (see Fig. 1).

(g) Finally, the melting behavior was recorded at 10°C/
min when the thermal conditioning was over.

3. Results and discussion

In this section, the thermal behavior observed after cool-
ing from the melt and subsequently heating at 10°C/min for
the LLDPE/HDPE1, LLDPE/HDPE2 and ULDPE/HDPE2
systems will be presented. Later, the final heating scans after
SSA had been applied will be examined. The interpretation
of the results could yield evidences of partial miscibility
and/or segregation in the blends and possible differences,
after submitting the same blend to a controlled cooling at
10°C/min, or to the SSA treatment.

HDPEI is a PE that does not have any detectable branch-
ing, this is reflected in its high density, high percentage of
crystallinity and high melting temperature, see Tables 1 and
2, even though this material shows a polydispersity close to
6. HDPE2 is an ethylene/1-butene copolymer with a lower
density and percentage of crystallinity than HDPEI1. The
LLDPE is also an ethylene/1-butene copolymer with a
short chain branching content (SBC) of 12.7 methyl groups
per 1000 carbon atoms and exhibits a bimodal melting
endotherm (see Fig. 3). Such bimodal melting is composed
of a low temperature shoulder and a high temperature peak.
The high temperature peak appears to be the overlap of two
very close melting peaks or a peak doublet that may be due
to reorganization during the scan [52,53].

Finally, ULDPE is an ethylene/1-propene/1-butene copo-
lymer with an elevated quantity of short chain branching,
low percentage of crystallinity and with a broad bimodal
melting endotherm. We have previously reported the quali-
tative characterization of the branching distribution of
materials that are very similar to HDPE2, LLDPE and
ULDPE using the SSA technique [39].

3.1. Thermal behavior during conventional heating and
cooling scans in the DSC

Fig. 2 shows cooling traces corresponding to all the 80/20
blends (melt mixed and ‘unmixed’ blends) examined in this
work as an example of how the dynamic crystallization was
monitored in the DSC. A similar behavior was obtained for
all the cooling scans from the melt, where upon cooling only
one exotherm was present for the melt mixed blends and two
very clear exotherms were encountered for the ‘unmixed
blends’. The cooling scans corresponding to the ‘unmixed’
blends was obtained by the weighted mathematical super-
position of the corresponding neat components. Very simi-
lar traces can also be generated experimentally by placing
the corresponding amount of each neat polymer separated
by aluminum foil within the DSC pan (see Ref. [54]).

For the ‘unmixed’ 80/20 ULDPE/HDPE2, a relatively
sharp crystallization peak corresponding to the HDPE2
component can be seen at approximately 115°C. Then, at
lower temperatures, the bimodal wide crystallization range
of the ULDPE can be observed. The higher temperature
peak that appears at 77.5°C corresponds to the crystalliza-
tion of the more linear fractions within ULDPE and this is
followed at lower temperatures by a very broad exotherm
where the shorter linear segments of fractions with higher
branch contents can crystallize. When this DSC scan is
compared to that of the melt mixed 80/20 ULDPE/HDPE2
blend, the fact that the most linear fractions within ULDPE
had been nucleated is apparent since the 77.5°C peak has
been shifted to higher temperatures and is now overlapped
with the crystallization exotherm of the HDPE2 component.
This nucleation process represents a significant increase
(35.4°C) of the crystallization peak temperature in relation
to neat ULDPE (whose crystallization behavior can be
clearly observed in the lower temperature range of the
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Fig. 2. DSC cooling scans from 170°C at 10°C/min, for the three types of
blends at a fixed composition of 80/20 LLDPE/HDPE. For each blend
system, the top DSC scan represents the ‘unmixed’ blend and the one
below the melt mixed blend.
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Fig. 3. DSC heating scans at 10°C/min for LLDPE/HDPE1: (a) melt mixed blends after cooling from 170°C at 10°C/min; (b) ‘unmixed blends’.

80/20 ‘unmixed’ ULDPE/HDPE2 blend), probably, due to
the nucleation effect that the HDPE2 has over the more
linear fractions of the ULDPE.

Fig. 2 also illustrates how an analogous nucleation
process of LLDPE by HDPE1 or HDPE2 can be observed
in the other two types of blends prepared here, namely
LLDPE/HDPE1 and LLDPE/HDPE2. Further results on
the cooling behavior of all systems studied in this work
are reported in Fig. 4 and will be discussed below for
each blend system examined here.

3.1.1. LLDPE/HDPE] blends

Fig. 3a shows DSC heating curves for the LLDPE/
HDPE]1 blends after controlled cooling at 10°C/min. Only
one melting endotherm is clearly observed for most com-
positions, a fact that may be considered as an indicator of
partial miscibility [2,4,6—9], although not conclusively since
the melting process could be influenced by a reorganization
process during heating among other factors (see below).

However, careful observation of the melting traces, and
above all in the blends that are rich in LLDPE, especially the
80/20, reveals that two melting signals are present. The one
at high temperatures is very clear and sharp and could
be attributed to the melting of co-crystals being formed
by the HDPE1 chains together with the more linear
fractions of the LLDPE. There is a broader second
endotherm at lower temperatures which could correspond
to the melting of the lamellae formed by the linear segments
of the LLDPE chains with the highest SBC. However, as
indicated below there may be an alternative explanation for
these results.

Fig. 3b shows the melting behavior of the ‘unmixed
blends’. These traces were also generated in a mathematical
way, as in the case of the cooling traces of Fig. 2, so they
represent how the DSC melting scan would look if no
interactions whatsoever between the components were
present.

The ‘unmixed blends’ exhibit the expected superposition
of the neat homopolymers thermal response in the DSC.
Fig. 3b shows that most blend compositions exhibit two
very clear melting endotherms, as opposed to the real melt
mixed blends (Fig. 3a), which show only one endotherm.
The differences are significant, above all, in the LLDPE/
HDPEI blends of composition 50/50, 70/30 and 80/20.
One very important difference is that of the size of the
endotherm corresponding to the LLDPE component. In
the ‘unmixed blends’, the height and area of the LLDPE
melting signal is proportional to its weight fraction in the
blend (with respect to the latent heat of fusion of each
material). Therefore, in the 80/20 LLDPE/HDPE]1 ‘unmixed
blend’, the height of the LLDPE melting peak is larger than
that of the HDPE1 peak in view of the large compositional
variation.

Another important difference between Fig. 3a and b is the
fact that the 30/70 and the 50/50 LLDPE/HDPEI1 blend
exhibit only one very clear melting endotherm at inter-
mediate temperatures with respect to the melting peaks of
the neat components while the corresponding ‘unmixed
blends’ exhibit very clear double peaks. In other words, if
there were absolutely no contact between the two neat poly-
mers, the DSC would be able to differentiate the signals of
the two components.

Fig. 4 shows that the peak crystallization (7,) and melting
(T,,) temperatures are dependent on the composition which
could be a consequence of nucleation and/or co-crystalliza-
tion processes. Fig. 4a shows the variations in 7, with
composition and it is interesting to note that with only an
addition of 10% of HDPE1 to the LLDPE, there was an
increase in this temperature of 8.0°C. Such an increase in
T, could correspond to either a nucleation effect of the
HDPEI on the LLDPE or to a process of co-crystallization
between the linear fractions of the LLDPE and the HDPEI.
In this way, the crystallization and melting behavior and
the compositional dependence of T, and T}, in the blends
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Fig. 4. Plots of (a) peak crystallization and (b) peak melting temperature as a function of blend composition.

(Fig. 4) could be explained in two possible ways:

(a) The formation of co-crystals during cooling from a
partially miscible melt of LLDPE and HDPEI. In this
case, the term partially miscible refers to the fact that
the neat polymers are not immiscible and may form either
one or two phases in the melt depending on the exact
shape of their phase diagram [5].

(b) In the case that the blends are not miscible, the results
may be due to a combined effect of:

e A nucleation phenomenon on LLDPE induced by
HDPEI1, a fact that would tend to increase both T, and
T, of the LLDPE component (usually the shift in T,
would be higher than that of T,).

e HDPEI1 will crystallize in a melt of LLDPE chains and
will melt also in the presence of molten LLDPE, this can
induce a dilution effect that would certainly depress the
melting point of the HDPE1 crystals, besides lowering 7.

The increase in the melting peak temperature for LLDPE
crystals and the depression in the melting peak temperature
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of the HDPE favors the overlap of the two melting signals
into one single signal in the DSC scan.

The discrimination between the interpretations (a) and (b)
above, that is to say, between partial miscibility with the
formation of co-crystals versus the combined nucleation
effect of HDPEI and diluting action of LLDPE, or indeed,
a combination of both interpretations, is made difficult
based only on the dynamic thermal behavior registered by
DSC. For this reason, other tests and/or experimental tech-
niques are required in order to discriminate which of these
effects prevails, and to this effect, the results of SSA offered
a greater amount of evidence that favors interpretation (b) as
will be discussed below.

3.1.2. LLDPE/HDPE? blends

Fig. 5a shows heating DSC scans of melt mixed LLDPE/
HDPE?2 blends, after a controlled cooling at 10°C/min. The
general behavior is similar to that observed in the case of
the LLDPE/HDPEI blends. In the LLDPE/HDPE?2 system,
the DSC scans of the ‘unmixed’ blends not shown here
exhibit two melting peaks that are much closer to one
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Fig. 5. DSC heating scans at 10°C/min for melt mixed blends after cooling from 170°C at 10°C/min: (a) LLDPE/HDPE2; (b) ULDPE/HDPE2.



M.L. Arnal et al. / Polymer 42 (2001) 6877—-6890 6883

another than in the case of the LLDPE/HDPE] system, since
HDPE2 is also an ethylene/1-butene copolymer.

It would require other experiments, such as isothermal
crystallization or, as pointed out below, SSA, to dis-
criminate between the effects of co-crystallization due to
miscibility, or a combined effect of nucleation of LLDPE
by the HDPE2 during crystallization, and the overlap of the
melting signals of both types of PE favored by the dilution
effect of the melted LLDPE over the crystals of HDPE2, as
mentioned above for the LLDPE/HDPE1 blends.

3.1.3. ULDPE/HDPE? blends

Fig. 5b shows heating DSC scans of ULDPE/HDPE2
blends, after a controlled cooling at 10°C/min blends. The
melting behavior of neat ULDPE is also shown in Fig. 5b.
This polymer starts melting at temperatures well below the
starting temperature of this scan as is usually the case for a
highly branched PE. In the temperature range explored in
Fig. 5b, it exhibits a very wide melting range with two
maxima located at 70 and 100°C, this corresponds to a
very wide bimodal distribution of lamellar thickness origi-
nating from a heterogeneous distribution of comonomers.

Table 2 shows the marked differences between ULDPE
and HDPE2 as regards to crystallization and melting
temperatures. The melting behavior that is shown in Fig.
5b for the ULDPE/HDPE?2 blends seems to be controlled,
principally, by the characteristics of the HDPE2.

The DSC heating scans for the ‘unmixed’ ULDPE/
HDPE?2 blends (not shown here) reveal that in view of the
great differences in enthalpy of fusion between both neat
polymers and the broad melting range of HDPE2, the con-
tribution of the ULDPE can hardly be appreciated in blend
compositions with more than 50% HDPE2.

In the case of the 80/20 ULDPE/HDPE2 blend, Fig. 5b
shows that the second melting signal corresponding to
ULDPE component which was around 100°C has almost
disappeared. The decrease in size of this signal could be
due to an overlap in the tail end of the HDPE2 melting
signal. On the other hand, the ULDPE component melting
signal at 70°C in the 80/20 blend is wider corresponding to
the melting of crystals formed by shorter linear sequences.
In other words, if there were a nucleating effect of the
HDPE2 over the ULDPE or partial miscibility, it would
appear that only the more linear fractions of the latter
were affected.

Fig. 4 shows a comparison of the trends in the variations
of the peak crystallization and melting temperatures for all
of the three systems evaluated in this work. Both crystal-
lization and melting peaks appear to strongly depend on the
behavior of the HDPE present in the blend.

In the case of the peak crystallization temperature, both
neat HDPEs show the same crystallization temperature, thus
the behavior for the three systems is similar in Fig. 4a. A
slightly higher depression on the crystallization temperature
of LLDPE/HDPE?2 blends upon increasing LLDPE content
can be appreciated in comparison with LLDPE/HDPEI1

blends. This difference could be interpreted as a result of
a greater miscibility between LLDPE and HDPE2, a fact
that could cause co-crystallization between several fractions
of both materials.

The melting peak temperatures shown in Fig. 4b appear to
depend, fundamentally, on the HDPE used in the blends. It
is important to point out that reorganization processes
during the scan may also play a role here since even though
the crystallization temperature of both HDPE1 and HDPE2
are the same, their melting temperature is different. This fact
is probably linked to different reorganization rates for each
HDPE during the scan in view of their distinct molecular
composition (i.e. one is basically a homopolymer and the
other a bimodal copolymer, see Table 1) [52,53].

The behavior shown for the melting temperature peaks of
the LLDPE/HDPE2 and ULDPE/HDPE?2 systems, in which
the same HDPE is used, is very similar (in particular for the
HDPE2 rich blends), which confirms that it is the type of
HDPE that fundamentally governs the resulting peak melt-
ing temperatures for the blends.

3.2. Thermal behavior after SSA treatment

3.2.1. LLDPE/HDPE] blends

Fig. 6a shows DSC heating scans of the LLDPE/HDPEI
blends after having been subjected to a six-step SSA treat-
ment, with the following T temperatures for self-nucleation
and/or annealing: 134, 129, 124, 119, 114 and 109°C (more
details of the technique and its applications to several
systems are reported in Refs. [39-42]).

The series of melting endotherms that can be observed in
the DSC heating scans of Fig. 6a indicate that thermal frac-
tionation has occurred during the SSA treatment. Each
fusion endotherm, therefore, corresponds to the melting of
a particular lamellar population made up of the linear
sections of chains with similar SBC and distribution. The
fractions that exhibit the highest melting points are those
with the longest linear segments incorporated within that
specific lamellar population and therefore they would be
the ones with the lowest SBC [39-42].

The results of Fig. 6a indicate that neat homopolymer
HDPEI1 is very difficult to fractionate in view of its negli-
gible branching content. Therefore, the limited impact the
SSA treatment had on its melting point distribution is due to
the poor ability of the technique to induce molecular weight
fractionation with the short times applied at each T in this
case. We also applied to this HDPE1 an SSA treatment
using steps separated by a 2.5°C window instead of our
standard 5°C; nevertheless, the fractionation quality did
not improve.

As has been demonstrated previously [39-42], the SSA
procedure fractionates the polymer mainly by its branch
content with a minor influence of the molecular weight
distribution, at least in the case of PEs [42,47]. The SSA
protocol used in this work was designed to cause fractiona-
tion by the segregation of short chain branching during each
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Fig. 6. DSC scans at 10°C/min after SSA treatment for LLDPE/HDPE]1 blends: (a) melt mixed blends; (b) ‘unmixed blends’.

step in the quickest and more efficient way [39—42]. The
presence of a single signal in HDPEL1 helps to indicate that
the process of segregation by SSA is less sensitive to differ-
ences in molecular weight of the chains because the
polydispersity of this material is close to 6 and still the
fractionation was very limited.

It should be noted that in the case of other thermal frac-
tionation techniques, such as TREF or stepwise crystalliza-
tion, there is also no reported evidence of successful
fractionation of materials with negligible branching content,
at least with the usual fractionation times employed in these
techniques [19,22,31,34]. In the case of TREEF, it could be
argued that the separation mechanism is somewhat different
because the molecular fractionation is performed in solution
and therefore the diffusion effects would be less restrictive.
However, the mechanism behind other fractionation tech-
niques in the bulk should be similar to SSA. Adisson et al.
[22] report that after applying thermal fractionation to a
polymer with a very low branching content no appreciable
molecular segregation was obtained. Furthermore, Keating
et al. [31] have applied thermal fractionation by SC methods
to polymers with different polydispersities but similar SBC
and obtained very similar qualities of fractionation.

The efficiency of the SSA treatment is revealed in the
samples that possess chains with appreciable amounts of
chain branching that can act as defects during crystallization
and subsequent annealing. This is apparent in the heating
scan shown in Fig. 6a of the neat LLDPE where four clear
fractions were produced by the SSA treatment. The SSA
method allows the observation of structural heterogeneity
in the LLDPE since a separation of several fractions by SBC
was made possible. A detailed analysis has been previously
reported for the LLDPE used in this work using an extensive
14-step SSA, which revealed the bimodal nature of the
distribution of the short branching and was in good agree-
ment with an analysis of the same material performed by
TREF [39].

The cooling DSC scans after each one of the isothermal
steps of self-nucleation and/or annealing, exhibited shifts in
the peak crystallization temperatures for the HDPE1 upon
cooling from a T temperature of 129°C (not shown here),
while in the LLDPE, the same phenomenon was observed
upon cooling from 124°C [42]. These increments in the
crystallization temperature are a consequence of the self-
nucleation of the PEs at the indicated temperatures. A
nucleation density increment of several orders of magnitude
brings a reduction in the supercooling necessary for the
crystallization. For LLDPE, this means that 124°C is a T;
temperature that causes only self-nucleation and that the
first step of the SSA treatment that induces annealing is
that when a T temperature of 119°C is used (see Table 3).
Therefore, of the four fractions exhibited in the DSC heating
scan of Fig. 6a for neat LLDPE, the highest melting three
fractions correspond to those induced by the thermal frac-
tionation steps of 119, 114 and 109°C, respectively (see
Table 3). On the other hand, the lowest melting endotherm
is the result of the fusion of the crystals formed during
dynamic cooling at 10°C/min from the last T, temperature
applied, i.e. 109°C. Table 3 lists the peak melting tempera-
tures of all the fractions produced by steps where annealing
and self-nucleation took place at the indicated T temperatures.

In the case of the 80/20, 70/30, 50/50 and 30/70 LLDPE/
HDPE1 melt mixed blends (Fig. 6a), the annealing of these
samples occurred in the isothermal steps corresponding to 7
temperatures 124, 119, 114 and 109°C. For this reason in
these blends, four sharp melting peaks (labeled 1-4 in
Fig. 6a and Table 3) are shown in addition to the lowest
melting temperature broad peak produced by the melting of
the lamellae formed during the dynamic cooling before the
melting scan shown in Fig. 6a. For the 10/90 LLDPE/
HDPEI blend, only one sharp melting peak (labeled 1 in
Fig. 6a) and a low temperature shoulder (labeled 2) can be
clearly observed since the proportion of LLDPE in the blend is
small, and the behavior is dominated by HDPE1 which shows
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Table 3
Melting temperature of blends evaluated by DSC after SSA treatment

HDPE content (%) T, (°C)
1: 124 2: 119 3: 114 4: 109
LLDPE/HDPE1
0 - 125.2 118.7 113.5
20 130.4 124.2 118.7 113.4
30 131.2 124.7 119.2 1134
50 132.0 124.7 119.2 113.2
70 135.7 125.0 119.3 113.2
90 135.7 124.7 119.5 -
100 135.9 - - -
LLDPE/HDPE2
0 - 125.2 118.7 113.5
10 - 125.7 119.4 113.9
20 - 126.5 119.5 113.8
30 - 126.4 119.5 113.7
50 130.2 126.7 120.0 113.9
70 132.9 126.5 120.0 114.2
80 131.7 126.7 120.4 114.2
90 133.2 126.0 120.7 114.7
100 133.0 127.0 120.2 1144
ULDPE/HDPE2
0 - - 120.5 115.0
20 129.5 127.0 120.0 114.5
70 131.9 127.2 120.5 1154
80 131.2 126.7 120.0 114.7
90 131.5 126.9 120.2 114.9
100 132.2 127.1 120.3 114.9

regularity, that is to say, little capability for fractionation in
view of its lack of defects or branching in the polymer chain.

Fig. 6b shows the expected behavior for LLDPE/HDPEI
blends after SSA, in the total absence of interactions
between each component since they are the ‘unmixed’
blends theoretical scans (constructed from the weighted
mathematical average of the DSC scans of the neat compo-
nents). The main difference between the melt mixed and
‘unmixed’ blends is seen in the endotherm corresponding
to the highest peak melting temperature (fraction 1 or peak
1) which, in the theoretical scans, remains at a constant
temperature and therefore appears to be broader. In the
case of the experimental behavior, a reduction of the peak
melting temperature of the annealed fractions at 124°C
(peak 1) with composition can be observed (see Table 3).
These variations in peak melting temperatures, for the group
of crystals annealed at 124°C, can be attributed to a dilution
effect caused by the rest of the chains that are molten at that
temperature (i.e. mainly LLDPE chains). Therefore, a
depression of the melting point of these highly linear
fractions is generated.

The variations of the melting peaks of all fractions with
composition for melt mixed LLDPE/HDPEI blends can be
seen in Table 3. It is readily apparent how the temperature of
fraction 1 (made up basically of HDPEI chains) decreases
as a result of an increase in the content of LLDPE in the

blends. Also, it is evident that, for the rest of the groups of
lamellae, the melting temperatures do not vary significantly
with the composition of the blends (fractions 2—4). In
general, the behavior of the melting point of the fractions
with composition follows a simple rule of additivity.

Fig. 7 shows how the areas under each one of the
endotherms of Fig. 6a varies with composition. These
areas are related to the relative percentage of crystalline
material that melts in each of the fractions present in
Fig. 6a. They are calculated by integrating each peak
between the relative minima that are next to them and
they are expressed as a percentage with respect to the
total melting enthalpy of the material in question (the
‘partial areas’ tools of Pyris™ 3.1 software of Perkin—
Elmer was used to make the calculation). This is why for
instance peak 1 of neat HDPE1 in Fig. 7 has a partial melt-
ing area of 85%, since the integration of peak 1 was made
between the high temperature baseline (i.e. 145°C) and the
change in slope present at the low temperature tail where
a small second fraction is present (see Fig. 6a, curve 0/100
or neat HDPE1, where peak 1 is the highest melting
endotherm). The mass of all tested samples, was standardized
at 10 mg, allowing comparisons to be made between
different samples.

The general behavior displayed in Fig. 7 can be described
by a simple additive rule of mixing, where a linear depen-
dence with blend composition is exhibited. Such behavior
probably indicates that the miscibility of one material with
the other is not significant. The results obtained can then be
explained by a diluting effect of the LLDPE chains over the
melting of the HDPEI1 crystals and also by a nucleating
effect of HDPE1 over the LLDPE during the controlled
cooling, see Fig. 4.

The results of this section, therefore, show that at least
after the SSA treatment (which promotes phase segregation
during crystallization and annealing) the blended materials
(LLDPE and HDPET1) do not exhibit clear signs of co-crys-
tallization that may constitute an indirect evidence of melt
miscibility before cooling.
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Fig. 7. Variation of partial melting areas with composition for LLDPE/
HDPEI] blends after SSA treatment.
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3.2.2. LLDPE/HDPE? blends

The LLDPE/HDPE2 blends were subjected to the same
SSA treatment as the LLDPE/HDPEI systems. The melting
behavior after SSA, shown in Fig. 8 for the LLDPE/HDPE2
system, presents important differences with regards to that
of the LLDPE/HDPEL1 blends.

Fig. 8a shows DSC melting scans after the SSA treatment
was applied, using temperatures of 134, 129, 124, 119, 114
and 109°C. The neat HDPE2 shows four melting signals
corresponding to groups of lamellae annealed at 124, 119,
114 and 109°C (see also Table 3). This material shows a
larger number of segregated fractions than HDPELI in view
of its less regular backbone. HDPE?2 is an ethylene/1-butene
heterogeneous copolymer instead of a pure PE homo-
polymer like HDPEI, therefore, it can be fractionated
using the SSA protocol applied in this work. Very similar
copolymers have been evaluated in the literature by cross-
fractionation procedures and the reported results indicate a
complex dependence of fractionation quality on the mole-
cular weight distribution and the short chain branching
distribution [52].

In the case of the LLDPE/HDPE?2 blends that are rich in
HDPE2 (50/50, 30/70, 10/90), four melting signals are
observed in Fig. 8a (labeled 1-4). The existence of these
four endotherms was expected in view of the response of
HDPE2 (the major component for these compositions) to
the SSA treatment.

In the case of blends that are rich in LLDPE, i.e. 70/30,
80/20 and 90/10, as with neat LLDPE or 100/0, only three
sharp melting signals can be seen in Fig. 8a. This is an
unexpected result, since the blends do contain an appreci-
able amount of HDPE?2 that should in theory respond to an
annealing at 124°C (see also Table 3). In other words, it
seems like the highest temperature fraction (i.e. fraction 1)
that should be present is missing as can be clearly seen by
comparing the theoretical scans of Fig. 8 with those of
the real melt mixed blends in Fig. 8a for blend compositions
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70/30, 80/20 and 90/10. In the case of the blends that are
rich in HDPE2, a better molecular segregation and therefore
thermal fractionation is obtained than in the blends that are
rich in LLDPE.

The results shown in Fig. 8 can be interpreted as an
indication that for blend compositions rich in LLDPE,
co-crystals are formed between the chains of HDPE2 (in
particular, those of fraction 1) and the more linear fractions
of the LLDPE (i.e. fraction 2). The tendency to form these
co-crystals and their stability must be high since SSA favors
molecular segregation during crystallization. The behavior
of partial miscibility for a range of compositions, has been
reported by Norton and Keller [3], for an LLDPE/HDPE
system, in experiments of isothermal crystallization after
abrupt cooling from the melt.

As stated above, the comparison between Fig. 8a and b
demonstrate the phenomena of partial miscibility in the
LLDPE/HDPE2 blends. Four sharp maxima (fractions 1—
4) are clearly seen in Fig. 8b for all the compositions in the
‘unmixed’ blends, contrary to the melt mixed blends of
Fig. 8a, where the behavior of the blends rich in LLDPE
differ from the expected and from the observed for the
blends rich in HDPE2 (10/90, 20/80, 30/70 and 50/50).
That is to say, there is a greater tendency of miscibility in
the blends rich in LLDPE than in those rich in HDPE2.

Table 3 also lists the peak melting temperature of the
fractions corresponding to the LLDPE/HDPE2 blends. In
particular, there is evidence of a shift to lower temperatures
in the peak melting temperatures corresponding to the group
of lamellae annealed at 124°C (fraction 1), with composition
(see Table 3). For the group of blends of compositions 50/
50, 70/30, 80/20 and 90/10, the number of signals found
experimentally is equal to the those found theoretically
and approaches the expected behavior, in absence of misci-
bility between the components of the blend. This drop in
peak melting temperatures with composition, for the frac-
tions annealed at 124°C, could be a consequence of the
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Fig. 8. DSC scans at 10°C/min after SSA treatment for LLDPE/HDPE2 blends: (a) melt mixed blends; (b) ‘unmixed blends’.
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Fig. 9. Variation of partial melting areas with composition for LLDPE/
HDPE2 blends after SSA treatment.

dilution effect of the melted chains of LLDPE over the
melting of lamellae formed principally by macromolecules
of HDPE2. In the same composition range, the other three
fractions do not seem to shift their melting peaks with
composition (see Table 3).

The behavior of the partial melted areas, in relation to the
composition of the LLDPE/HDPE?2 blends, is reported in
Fig. 9. The results show that several fractions behaved
according to the expectation of a simple rule of mixtures,
like those of LLDPE/HDPEI. The fractions 1, 3 and 4 that
correspond to groups of lamellae annealed at 124, 114 and
109°C (see also Table 3) exhibit a behavior close to linearity
in those cases where the signal is present.

On the other hand, there is evidence in Fig. 9 of a marked
positive deviation of the rule of mixing in the partial melted
areas corresponding to the fraction annealed at 119°C for the
blends that are rich in LLDPE. This positive deviation could
be a consequence of the partial miscibility between LLDPE
and HDPE2. The miscibility of these compositions rich in
LLDPE leads to the formation of LLDPE and HDPE2 co-
crystals that are annealed at 119°C. This also explains the
absence of a melting signal and its respective partial area for
groups of lamellae that should have been annealed at 124°C
and that would have been formed, primarily, by HDPE2
chains in immiscible blends. In summary, for the blends
that are rich in LLDPE, as a result of the co-crystallization,
the partial melted areas corresponding to the melting of
annealed crystals at 119°C (fraction 2) are much greater
than expected in the absence of interactions.

Table 3 shows that the melting peak temperatures corre-
sponding to the annealed crystals at 119°C for LLDPE/
HDPE2 blends do not vary significantly with composition.
This indicates that the lamellae corresponding to this frac-
tion have similar thickness for all blend compositions and
that the increase in the partial melted area of LLDPE rich
blends is a consequence of the melting of a greater quantity
of material due to co-crystallization between fractions of
HDPE2 and of LLDPE. This co-crystallization of fractions
1 and 2 of LLDPE and of HDPE2 is possible since both

materials are structurally similar (i.e. they are both Ziegler—
Natta type ethylene/1-butene copolymers).

In a study of LLDPE/VLDPE blends, which are charac-
terized by DSC using SC, Shanks and Amarasinge [50] also
show differences in the experimental DSC scans of the
blends after fractionation by SC and the theoretical scans
and related these differences with processes of partial misci-
bility; nevertheless, a nucleating action of some LLDPE
fraction on the VLDPE most linear fractions could also
contribute to the effect observed. Fonseca and Harrison
[49] characterized blends of LDPE/HDPE by TREF and
DSC, and found that by implementing abrupt cooling, a
fraction of co-crystals rich in LDPE is produced. The misci-
bility of the LLDPE/HDPE2 system presented in this work
seems to be greater because, even after a treatment such as
SSA that promotes segregation, there still is evidence of co-
crystallization.

3.2.3. ULDPE/HDPE? blends

Fig. 10a shows the final melting behavior of the
ULDPE/HDPE2 system after SSA. This system was
submitted to a 16-step SSA treatment with temperature
intervals between 134 and 59°C (every 5°C). In the case
of neat ULDPE, 12 sharp melting signals corresponding
to 12 thermal fractions can be observed (the first four T
temperatures used are wasted for neat ULDPE in view
of the lower melting temperature as compared to
HDPE?2). Such behavior implies that neat ULDPE exhi-
bits a great heterogeneity in its distribution of short
chain branching including a small amount of linear rich
fractions [39,40]. Indeed, for a complete fractionation of
the material, a greater number of cycles with even lower
T, temperatures would be required, as indicated in Fig. 10 by
the broad melting process, which is known to start at sub-
room temperatures [52].

In the case of the HDPE2 and in all the blends, the process
of annealing started at T, temperatures of 124°C. In the case
of neat HDPE2, T temperatures lower than approximately
100°C are not very effective in causing any fractionation
(see Fig. 10a) since the quantity of material that melts at
T < 100°C is very small.

The DSC heating scans of Fig. 10a, for blends rich in
HDPE2 after the SSA treatment, show a behavior very simi-
lar to that found for neat HDPE2. The DSC scans corre-
sponding to the melt mixed blends (Fig. 10a) are very
similar to those of the ‘unmixed’ blends (Fig. 10b), in the
case of blends that are rich in HDPE2 and this could indicate
that the prevailing behavior is segregation.

For the 80/20 ULDPE/HDPE2 blend, a melting point
depression for the fraction annealed at 124°C can be
observed and is probably caused as in previous cases
by a dilution effect of the rest of the molten material.
Incidentally, this is the only composition for which a
difference between the melt mixed and the ‘unmixed’
blends can be observed. As can be seen by comparing
Fig. 10a and b, the size of the second sharp melting
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Fig. 10. DSC scans at 10°C/min after SSA treatment for ULDPE/HDPE2 blends: (a) melt mixed blends; (b) ‘unmixed blends’.

fraction, whose maximum melting is found at 127°C
(see also Table 3), is higher than in the theoretical
blend. This result could be a consequence of some
miscibility or co-crystallization process between a small
proportion of similar short chain branched molecules of
ULDPE (probably the most linear ones) and mainly
HDPE?2 chains.

The behavior of the partial melting areas as a func-
tion of composition for ULDPE/HDPE2 blends is shown
in Fig. 11. It seems to follow a simple additive mixing
rule for fractions 2—4 (those produced by annealing at
T, temperatures of 119, 114 and 109°C, see Table 3),
which indicates that the segregation of the neat materi-
als prevails. Only do the fractions annealed at 124°C
(fraction 1 in Fig. 11 or Table 3) show a slight positive
deviation from simple additivity of their partial melting
area vs. composition trend. The peak melting tempera-
tures for the fractions are all constant with composition
as indicated in Table 3 except for the already mentioned
exception of fraction 1, where a dilution effect was
observed.
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Fig. 11. Variation of partial melting areas with composition for ULDPE/
HDPE?2 blends after SSA treatment.

3.3. Comparative analysis of the results for the three blend
systems

It is interesting to compare the observed behavior
presented above for all three blend systems. The trend
found upon evaluating only the crystallization and melting
process in a dynamic way (Figs. 2-5), is basically the same
for all blends, with minor differences in the variation of the
crystallization and melting temperatures with composition
and the shape of the endotherm tail that is extended to lower
temperatures. However, after the SSA treatment one can
observe significant differences in the systems examined.

For all the blends studied here, the interpretation of
dynamic cooling and heating in the DSC indicate that the
following effects are produced:

(a) A nucleating effect of the HDPE on LLDPE or
ULDPE crystals.

(b) A slight increase in the melting temperature of the
crystals formed by the most linear fractions of LLDPE,
as a consequence of the increase in crystallization
temperature caused by the nucleation effect mentioned
in (a).

(c) A dilution effect caused by the less regular material in
the liquid state (i.e. molten LLDPE or ULDPE) over the
melting points of the lamellae formed by the more regular
chains coming from the HDPE (a melting point depres-
sion effect similar to that caused by a solvent).

(d) Reorganization processes during the heating scans
that may lead to annealed crystals with higher melting
points.

(e) To a much lesser degree, there could also be some
partial miscibility between certain fractions in both
components.

However, after applying the SSA treatment to the LLDPE/
HDPE! and ULDPE/HDPE?2 blends, what predominates is
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the molecular segregation of both materials without any signif-
icant miscibility. The nucleation, dilution and reorganization
effects mentioned above also remained present for some of
the fractions produced. The results indicate that simple
additivity of blend components is followed, and linear
tendencies for the evolution of the partial melted areas
and melting peak temperatures of the fractions are observed.

In the case of the LLDPE/HDPE?2 blends, after treatment
with SSA, interesting effects were produced. Mainly, the
number of thermal fractions generated by SSA in the blends
varied with composition, a fact that is explained by
processes of partial miscibility between chains of specific
SBC of each copolymer for blend compositions rich in
LLDPE.

The SSA treatment fundamentally promotes molecular
segregation. Therefore, even under conditions that are
appropriate for the segregation of the blend components,
in the LLDPE/HDPE2 system, there exists miscible frac-
tions in the melt with a capacity to co-crystallize during
cooling and subsequent SSA steps, as opposed to the
LDPEI/HDPEI1 system, where segregation prevails. This
comparison stresses the capability of the SSA technique
for the study of segregation and partial miscibility phenom-
ena in PE blends, in a comparative way.

4. Conclusions

The application of the technique of SSA to the study of
PE blends is useful as a quick and precise tool for making
comparisons and ascertain miscibility between different
types of PE blends.

As opposed to simple cooling and heating runs in the
DSC where valuable but limited information on blend
miscibility can be gathered, the results after SSA can differ-
entiate blends that tend to phase segregate during cooling
from those that can form stable co-crystals even after a
thermal fractionation procedure that promotes molecular
segregation by SBC.

The effects of nucleation and melting point depression,
caused by one type of PE on the other when PEs of different
branching contents are mixed, tend to produce an overlap of
the crystallization and melting endotherms of conventional
DSC cooling and heating scans that may lead to inter-
pretations of partial miscibility. However, after SSA, even
when the nucleation, reorganization during the heating scan
and dilution effects are still present for some of the fractions
produced, the thermal fractionation procedure helps to
distinguish them from co-crystallization effects mainly by
observing how the number of thermal fractions generated by
SSA in the blends varies with composition and by compar-
ing the relative amounts of the thermal fractions produced
by SSA.

The results indicate that only those PE fractions that are
similar in chemical structure, as regards to content and
distribution of short chain branches, are probably miscible

in the melt and can oppose molecular segregation during
SSA and therefore produce stable co-crystals.
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