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This study deals with the physical properties of melt-compounded blends of three linear ethylene
copolymers covering a large crystallinity range, namely 77% e 46% e 16% for the high density e linear
low density e ultra low density copolymers, respectively. The melt behavior assessed from the zero-
shear viscosity (ho) reveals immiscibility of the three binary systems over the whole composition range.
However, the change from positive to negative deviation of ho with respect to the log-additivity mixing
law as a function of composition suggests a structural transition from partial miscibility at the interface of
the phase-separated domains to incompatibility. Crystallization and melting behaviors of the blends
corroborate the occurrence of phase separation in the three systems. For most blends, the temperature
shift of the crystallization (Tc) and melting (Tm) peaks as compared to the ones of the pure copolymers
yet indicates partial miscibility in the crystalline and/or in the amorphous regions. It is pointed out that
miscibility in the amorphous phase resulting from partial miscibility in the melt may, on its own, entail
Tm depression of the crystals via surface free energy effect without necessarily implying cocrystallization
and crystal thickness reduction. In several cases, the presence of intermediate endotherm and exotherm
between the two main peaks of the melting and crystallization traces, respectively, discloses hybrid
crystals assigned to a composition gradient at the interface of the phase-separated domains. A marked
positive deviation of the upper Tc from the linear mixing rule is observed for the three systems. A
nucleating effect from the interface of the phase-separated domains is suggested to promote early
crystallization in the upper Tc phase. The SAXS data reveal electron density fluctuations at a much larger
scale than that of the semi-crystalline structure demonstrating the occurrence of micro-phase separation
in the melt prior to crystallization. Solubility of low Tm chain species in the amorphous layers of the high
Tm phase is also evidenced. AFM and DMTA support micro-phase separation in the three systems and
provide complementary information on the crystalline habits in the phase-separated domains of the
blends.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polyethylene-based materials (PE) display a very large variety of
molecular architectures in relation to various types of polymeri-
zation methods and copolymerization with diverse a-olefins [1].
Molecular architecture includes various amounts of short and long
chain branches that strongly influence the crystallinity index and
the organization hierarchy of the semi-crystalline structure [2,3].
As a direct consequence, a very large panel of mechanical proper-
ties from stiff plastics to thermoplastic elastomers is available.
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Disregarding processing-induced effects, stiffness and yield resis-
tance are mainly governed by the crystallinity index spanning from
about 75% to a few percent only [4,5]. Besides, at equivalent stiff-
ness, the molecular architecture of PE materials strongly influences
end-use properties such as tear and puncture resistance of films,
creep and fatigue of bulk pieces, and stress-crack resistance as well
[6e14].

Blending of PE materials as been for long a matter of investi-
gations with the aim of optimizing the balance between melt
rheology, that governs processability, and solid state behavior, that
determines the use-properties. Blends of long-chain-branched low
density PE (LDPE) with linear high density PE (HDPE) or linear low
density PE (LLDPE) have received much more attention than any
other systems regarding the fundamentals aspects of mixing,
including thermodynamics of melt blending, melt rheology in
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Table 1
Molecular and physical characteristics of the materials: number-average molar
weight, Mn; weight-average molar weight, Mw; counit content, x; density, r; zero-
shear viscosity, ho; crystal weight fraction, Xc.

Material Mn (kDa) Mw (kDa) x (mole%)a r (g/cm3)b ho (Pa s)d Xc (%)c

HD 14 174 0.1 (0.5) 0.959 115 77
LL 50 104 5.0 (25) 0.902 78 32
UL 75 150 12 (60) 0.870 22 16

a Hexene for HD; octene for LL and UL; between brackets is the SCB/1000 C atoms
in the backbone.

b For compression-moulded sheets.
c From DSC measurements.
d From dynamic viscosity master curves at 180 �C, and using the CarreaueYasuda

modelling.
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relation to phase behavior, crystallization kinetics, structural habits,
melting behavior and some physical properties. Evaluation of
miscibility in the melt has been often carried out from rheological
data, on phenomenological bases [15,16]. Indirect structural
insights on melt miscibility have also been obtained from post-
solidification studies leading to controversial conclusions due to
crystallization-induced morphological changes [17]. The contra-
dictory issues mainly concern the incidence of counit nature and
content on miscibility in the melt. Rheological data that actually
concern the molten state have unfortunately never been con-
fronted with direct structural data. Such direct structural studies of
blends in the melt state, essentially by means of small-angle
neutron scattering, are rather sparse [18e22]. The general trend is
that miscibility is strongly dependent on chain architecture, namely
LDPE/HDPE blends seem to be more easily miscible than LDPE/
LLDPE blends in spite of the close crystallization potential of the
two components of the later system. The reasons have not been
clearly elucidated so far, though various explanations have been put
forward in relation to the polymer characteristics. Besides, litera-
ture is rather scarce regarding optimization of the compounding
parameters and stability of the resulting blends [23e25].

Things are somewhat clearer regarding miscibility in the solid
state of LDPE/HDPE and LDPE/LLDPE blends due to direct experi-
mental access to structure determination. The components of
immiscible blends in the melt crystallize individually whereas
miscible blends are likely to display either cocrystallization or
phase separation during the crystallization stage. Cocrystallization
of miscible blends has been often reported to occur upon fast
cooling from the melt. Upon slow cooling, it turned out that chain
species having very different crystallization potential undergo
phase separation at the scale of the crystalline lamellae [26e32],
the respective lamellae of the unlike chains being seemingly
distributed at random [26].

Academic studies dealing with the mixing of linear PE materials
are not much profuse. The general trend is that even in case of melt
miscibility, binary blends of architecturally different chains having
intrinsically different crystallization capabilities (kinetics, crystal
size, crystallinity, etc.) may undergo crystallization-induced
phase separation during the cooling step when the unlike chain
species cannot find a structural consensus. Indeed, regarding
copolymers with short chain branches (SCB) longer than ethyl
group, it has been extensively shown that the counits are excluded
from the crystal so that only the methylene chain segments
between SCB can contribute to the buildup of crystalline lamellae
(e.g., Ref. [33] and references therein). Then, the consensus consists
in finding an optimum crystal thickness in which the methylene
segments of the unlike chains can cocrystallize by chain-folding
[24,27,34e36]. This phenomenon is noticeably evidenced from the
crystallization and melting behavior of highly heterogeneous Zie-
glereNatta copolymers that are analogous to blends of several
copolymers having various counit contents. Indeed, such copoly-
mers display a conspicuous depression of both the peak crystalli-
zation temperature and melting point as compared with the more
crystalline fractions obtained by TREF [37e42] that demonstrates
the occurrence of cocrystallization. However, this is a necessary but
not sufficient condition. Indeed, as in the case of LDPE-based
blends, it has been shown that homogeneous blends of linear
copolymers capable of cocrystallization under fast cooling from the
melt may undergo crystallization-induced phase separation under
slow cooling conditions due to the propensity of every chain
species to crystallize according to its own structural habits if
enough time is given for chain diffusion (this point will be further
discussed at various occasions in the text).

The present paper deals with the study of rheological, thermal,
structural and dynamic mechanical behaviors of mixtures of linear
PEmaterials having different chain architectures and crystallization
potentials. It contributes understanding the compatibility in the
melt- and the solid state of chemically close but physically different
PE materials spanning an extremely large crystallinity range, i.e.,
from 16% to 77%. Combining different investigation methods allows
cross-checking the conclusions.

2. Experimental

2.1. Materials

The polymers under investigation consist of a ZieglereNatta
high density ethyleneehexene copolymer (HD) from Total Petro-
chemicals, a linear low density ethyleneeoctene copolymer (LL)
and an ultra low density ethyleneeoctene copolymer (UL) from
DOW Chemicals, both issued from the metallocene catalysis. The
HD copolymer is a cascade-reactor bimodal compound consisting
of an actual homopolymer and a random copolymer with higher
counit content than the average. The molecular and physical
characteristics of the three materials provided by the manufac-
turers are given in Table 1. Better insight of the molecular structure
of the HD bimodal copolymer can be borrowed from some previous
papers regarding the same material or similar ones [43,44]. The
presence of an ethyleneehexene copolymer having a counit
content, x, greater than the average value in the HD copolymer is
expected to be a favorable factor for compatibilisation with the
counit-rich low density copolymers. Such bimodal copolymers are
well known to retain through melt-processing the intimate mixing
of the unlike chains generated during the synthesis, owing to the
high chain length [43,45].

2.2. Blend preparation

Blend compounding was carried out by melt-mixing which is
a natural route for processing polymers although the often used
solution-mixing may a priori seem more efficient to promote
miscibility considering the rather high viscosity and low chain
diffusion in the melt. The diagnosis from some comparative
structural studies [36,46e48] is that differences are rather faint
provided that some precautions are taken to favour thermody-
namic equilibrium.

Binary blends of the three polymers having weight fractions 25/
75, 50/50 and 75/25 were compounded using a co-rotating twin-
screw microextruder from DSM-Explore (Geleen, The Netherlands)
under N2 atmosphere. The extrusion parameters were: barrel
temperature ¼ 220 �C, screw speed ¼ 100 rpm, residence
time ¼ 10 min. The residence time was such that the screw torque
reached a constant value, indicating a priori rheological equilib-
rium. A residence time of 30 min did not change the melt-mixing
efficiency, as assessed from both crystallization and melting of the
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blends. First signs of degradation were yet clearly seen from the
light brown colour of the extrudate resulting in slightly reduced
overall crystallinity. The pure polymers were processed using the
same extrusion conditions for comparison with the blends at
equivalent thermomechanical history. Polymers and blends were
further compression-moulded into 0.5 and 1 mm thick sheets at
180 �C for 10 min, before cooling at about 40 �C/min.

2.3. Dynamic melt rheology

Melt rheology was investigated on an ARES equipment from TA
Instruments in the planeeplane configuration, using 2 mm thick
sample discs of diameter 25 mm. Isochronal experiments were
carried out every 20 �C over the temperature range 140e220 �C, in
the frequency range 10�2 < u < 10þ2 Hz, applying a shear strain of
1%. The dynamic viscosity, h(u), and the master curves were
computed according to standard methods. The reference temper-
ature of 180 �C is that of the compression-moulding step in order to
enable melt- and solid-state correlations regarding blend
morphology. Zero-shear viscosity, ho, was computed from the
viscosity master curve using the phenomenological CarreaueYa-
suda model [49].

hðuÞ ¼ h0
�
1þ ðluÞa�ðn�1Þ=a

(1)

where n is the slope of the non-Newtonian domain at high u values,
l is the characteristic time at the transition between the Newtonian
and non-Newtonian regimes, and a is a fitting parameter for
adjusting the transition zone between the two regimes.

2.4. DSC measurements

Differential Scanning Calorimetry (DSC) experiments were
performed on a Q100-apparatus from TA Instruments, under
nitrogen gas flow. The temperature and heat flow scales were
calibrated using high purity indium and zinc samples according to
standard procedures at the same heating rate as for the materials
analyses. About 8 mg samples inserted into aluminium pans were
submitted to heating and cooling cycles between�50 �C and 180 �C
at a scanning rate of 10 �C/min, holding the samples for 3 min at
each temperature limit. The 1st heating scan was aimed at erasing
the thermomechanical history due to compounding and sheet
moulding, as well as physical aging due to storage at RT. The
subsequent cooling and 2nd heating scans were recorded for ana-
lysing the crystallization and melting of the polymers and blends.
Heating scans were also recorded after cooling at various rates in
the range 1e50 �C/min for probing the eventuality of crystalliza-
tion-induced segregation of the blends in case structural equilib-
rium was not fulfilled in the moulded samples. All measurements
were performed several times, as indicated at the top of Figs. 4b, 8b
and 10b, using a new specimen for every run. The crystal weight
fraction was computed from the melting enthalpy of the samples,
using DHf

� ¼ 290 J/g for the melting of the perfect polyethylene
orthorhombic crystal [50]. The DHf

� drop with decreasing melting
point [50] was neglected, as often assumed in literature. The DHf

�

drop due to counit inclusion [51,52] was also ignored considering
that SCB longer than ethyl are largely excluded from the crystal (see
[33] and refs therein).

Dependence of the melting point on blend structure was qual-
itatively discussed via the GibbseThomson relation [53]

Tm ¼ T
�
m

h
1� 2se=

�
DH

�
f rcLc

�i
(2)

where Tm and Tm� are the experimental and the thermodynamic
melting points, respectively, se is the surface free energy of the
chain-folding surfaces of the crystalline lamellae, rc is the crystal
density and Lc is the crystal lamella thickness.

For the sake of a better insight into the structural features of the
blends, every heating and cooling traces have been compared with
the curves computed from the linear combination of the experi-
mental traces from the components. Only the linear slope of the
DSC recordings has been readjusted in order to match the onset
(T < �40 �C) and the end (T > þ120 �C) of the computed and
experimental traces.

2.5. DMTA measurements

A RSA3 apparatus from TA Instruments was used for Dynamic
Mechanical Thermo-Analysis (DMTA) in tensile mode. The rectan-
gular test pieces were 10 mm in gauge length, 4 mmwide a 0.5 mm
thick. Measurements were carried out at 1 Hz frequency, in the
temperature range�140/þ120 �C. The dynamic strain amplitude of
about 0.1% was determined after preliminary assessment of the
linear viscoelastic strain domain of the pure copolymers. The static
stress was 10% greater than the dynamic stress amplitude in order
to avoid buckling. All experiments have been carried out in dupli-
cate with two different samples. Similar measurements have also
been performed in torsion mode on an ARES apparatus from TA
Instruments for the sake of cross-checking some unusual findings.

2.6. AFM structural analysis

Atomic Force Microscopy (AFM) observations were performed
at RT on a Dimension 3100 apparatus (Digital Instruments) oper-
ated in Tapping Mode. Special care was taken to control the tip
penetration depth with regard to the size of the crystalline and
amorphous layers in order to optimize the phase contrast. The
100 mm thick samples were slow cooled from the melt under
nitrogen, with free upper surface in order to generate a crystalli-
zation-induced morphological fingerprint. More experimental
details are given elsewhere [54].

2.7. SAXS measurements

Small-Angle X-ray Scattering (WAXS) experiments have been
carried out on the BM2 beamline of the European Synchrotron
Radiation Facility (Grenoble, France) equipped with a 0.1 mm
point-focusing collimation and a CCD camera from Princeton
Instruments, using an X-raywavelength l¼ 1.54 Å. The 2D-patterns
were corrected for background scattering, geometry and intensity
distortions of the detector, and normalized with regard to sample
thickness by using the transmission coefficient. The intensity
profiles, I(q), versus scattering vector, q, were computed by
azimuthal integration of the 2D-patterns using the FIT2D software.
Reproducibility of the SAXS experiments has been checked on
different specimens of the pure copolymer samples that generated I
(q) profiles with less than 3% deviation in the correlation peak
position and a maximum deviation of 5% in intensity. The most
probable long period, Lp, was computed from the Lorentz-corrected
intensity profiles Iq2(q) using the Bragg relation Lp ¼ 2p/qmax,
where qmax is the scattering vector at the peak maximum.

3. Melt rheology

It is worth mentioning first that the different nature of the
counits in the various copolymers, namely octene for LL and UL
versus hexene for HD, should not a priori influence the phase
behavior of the blends. Indeed, according to Reichart et al. [21], the
interaction strength that rules the mixing thermodynamics of
ethylene copolymers depends much more on the concentration of
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the counits than on their nature. Some influence of the SCB length
on binary blend miscibility in the melt has yet been reported
without physical explanation [55,56].

Fig. 1 reports the ho data for the three systems as a function of
blend composition. It is to be noticed first that the ho data for the
pure copolymers are ranking in the same order as the decreasing
counit content (Table 1). This is purely fortuitous. Second, none of
the three systems obeys a log-additivity mixing rule relevant to
miscibility. The ho versus composition curves have a sigmoidal
shape that is an indication of structural changes in the molten
blends as a function of composition. It is worth noticing that,
though the choice of the reference temperature for the master
curves has an incidence on the ho values, it does not change the
observed evolutions as a function of composition for the three
systems. Therefore, the following discussion would hold for any
temperature in the range 140e220 �C.

The UL/LL system displays a quite large amplitude of ho varia-
tion. In the UL-rich composition range, the fairly good log-additivity
mixing rule suggests miscibility of the UL and LL chains, as often
claimed in literature in similar circumstances, for various kinds of
blends including PE-based polymers [15,16]. In contrast, the ho
positive deviation from the linearmixing law that is observed in the
LL-rich range is a common phenomenon often ascribed to an
Fig. 1. Zero-shear viscosity, ho, at 160 �C for the UL/LL, UL/HD and LL/HD blends as
a function of composition.
emulsion-like behavior, otherwise immiscibility [36,56e58].
Besides, the positive sign and the high amplitude of this deviation
are indicative of strongly favorable interactions at the interfaces of
the segregated phases. In previous studies regarding PE-based
blends, no particular endeavor was made for explaining the posi-
tive viscosity deviation on molecular grounds. Considering that
only van der Waals interactions can develop between the UL and LL
chains of the present system, a miscibility transition zone between
the UL-rich and LL-rich phases is likely to account for favorable
interactions via diffusion of chains through the interface and
intertwining. Such a UL/LL miscibility gradient may operate via the
chain species having similar molecular architecture in the two
copolymers, namely similar counit contents. This assumption
borrows from the observation of non-uniform composition distri-
bution in both the UL and LL metallocene copolymers having
different average values of counit contents, as will be shown in the
next section. In support to the present interpretation of the ho
positive deviation, it is worth noticing several rheological studies of
various immiscible polymer blends that reported a significant
increase of dynamic viscosity owing to interfacial compatibiliza-
tion, noticeable via block or grafted amphiphilic copolymers that
buildup actual molecular interconnections and chain entangle-
ments through the interface [59e63].

The UL/HD system exhibits the same type of dual behavior
suggesting phase separation (Fig. 1). However, the ho positive
deviation from the log-additive mixing rule in the HD-rich range is
much less pronounced than in the previous system in spite of the
somewhat higher viscosity difference between the two copoly-
mers, i.e., Dlog ho ¼ 0.7 for UL/HD versus Dlog ho ¼ 0.5 for UL/LL.
This finding could a priori be taken as an indication of better
Fig. 2. DSC heating traces of the three pure polymers recorded after continuous
cooling at 10 �C/min from 180 �C down to �50 �C.



Fig. 3. DSC (a) heating traces and (b) cooling traces of the LL/HD blends (the dotted lines stand for the computed linear combination of the experimental traces of the individual
copolymers taking account of the copolymer weight fractions).
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compatibility of the UL/HD system as compared to the LL/HD one.
Alternatively, one may suspect similar immiscibility trend for the
two systems but weaker interfacial interactions for the former one.
The 1st issue is contradictory with a number of studies concluding
that an increase in SCB content reduces melt compatibility of linear
copolymers with LDPE. This is particularly true for copolymers with
SCB >40/1000 C backbone atoms [20,25], that is precisely the case
of the UL copolymer. Relying on indirect solid-state investigations,
Hill and Barham [46,55,64e66] have extensively reported that the
miscibility of copolymer blends with HDPE in the melt surprisingly
increases with increasing counit content in the copolymer. Hussein
et al. [32] also observed increased miscibility of LDPEeLLDPE
blends with increasing SCB in the LLDPE component. Kwak et al.
[67] and Guimaraes et al. [68] concluded for melt miscibility of
HDPE/ULDPE blends close to the present binary UL/HD system. This
is rather coherent with the 1st proposal, although not strictly
consistent. All these puzzling data do not allow us to argue further
in favour of either of the two above structural hypotheses.

A striking behavior of the UL/HD system is the pronounced
negative deviation of ho to the log-additivity rule in the UL-rich
range. This behavior has been scarcely reported in the case of PE-
based blends [15,16,36,58]. It has been ascribed to interfacial sliding
during the experiments due to lacking interfacial interactions.
Recent works regarding layered blends of immiscible polymers
with no specific interactions, including a polyolefin, have indeed
shown that dynamic viscosity of the multilayers actually drops
with regard to that of the components due to the sliding of the
layers [62,69,70]. In the present case, such a molecular scheme
would mean that the segregated phases in the UL-rich composition
range exclude interfacial molecular interconnections, may be due
to the large x difference between UL and HD chains. This is again
rather consistent (although not in full agreement) with Hill-
eBarham’s conclusion that an actual phase separation loop exists in
this region of the phase diagram.

Regarding the LL/HD system, the data of Fig. 1 show quite
moderate deviation of the blend viscosity from the log-additivity
mixing rule as compared with the two previous systems. Besides
the rather small Dlog ho value for this system, the two copolymers
have close chain lengths and moderate x difference that let foresee
good compatibility.

From a general point of view, the three binary systems display
a similar sigmoidal shape of the ho versus composition curve, with
negative deviation on the high x copolymer side and positive devi-
ation on the low x copolymer side. Obviously, this cannot be due to
the ho difference between the two components since the ho devia-
tion from linearity is maximum for the UL/LL systemwhich displays
the smallerDlog ho of the three binary systems. This gives indication
of thermodynamic immiscibility combined with different kinds of
interfacial interactions on either side of the phase diagram. The
lower the x difference of the copolymers, the more favorable the
interactions between the phase-separated domains in the blends.

4. Melting and crystallization

4.1. Pure copolymers

Fig. 2 shows the DSC heating traces of the three pure polymers.
The value Tm ¼ 133 �C for HD is typical of a high crystallinity
material. Regarding the UL and LL copolymers, the broad melting
endotherm is indicative of a non-uniform composition distribution
(CD). Although ethylene copolymers issued from the metallocene
technology display much narrower CD and MWD than their Zie-
glereNatta parents, significant CD is observed at high counit
content [71,72], depending on the nature and structure of the
catalyst. The extent of the melting endotherm far below RT for the
UL copolymers is relevant to highly counit-rich chains that crys-
tallize upon cooling below RT or by aging/annealing at RT for long
periods. This latter treatment results in the occurrence of a melting
peak a few �C above RT [47,73], the amplitude of which depends on
aging time. This is the reason why the DSC heating traces reported
in the present study are the ones recorded after continuous cooling
from 180 �C down to �50 �C.



Fig. 4. Variation with composition of (a) the high temperature melting peak, Tmhigh, and
the high temperature crystallization, Tchigh, peak of the LL/HD blends, and (b) the overall
crystallinity index (digits at the top of Fig. 4b indicate the number of measurements for
each data point).

Fig. 5. Optical micrographs of cross-section slices from (a) LL/DH and (b) UL/HD bilayer
sheets after welding via compression under very light pressure at 180 �C.
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4.2. LL/HD blends

Fig. 3 shows the DSC cooling and the heating traces of the LL/HD
blends. Also shown on this figure are the curves computed from
a linear combination of the traces of the pure copolymers. The
experimental heating curves of the blends display a high tempera-
ture (HT) and a low temperature (LT) melting endotherms that
roughly correspond to the two individual copolymers. The experi-
mental cooling curves displaya clear cutHTcrystallization exotherm
and a very broad LT exotherm that also roughly correspond to the
two individual copolymers. This is evidence of phase separation in
the solid state. Moreover, the crystallization behavior enables
assuming that micro-phase separation was already present in the
melt prior to the crystallization completion, in the circumstances of
the present preparation conditions of the materials. Indeed, if
miscibility prevailed in the melt, segregation of the unlike chains
would not haveenough time tooccurduring the continuous cooling.

Regarding more specifically the heating traces, the HT melting
peak (Tmhigh) exhibits a nearly linear depression with respect to the
pure HD copolymer as shown in Fig. 4a. This suggests partial
miscibility of LL chains in the HD-rich phase of the blends. This
could be assigned to a thickness reduction of the crystals in HD-rich
phase with respect to the pure HD copolymer due to cocrystalli-
zation, as often claimed in literature for similar situations
[27e35,57,74], though the correlation with the GibbseThomson
equation was very rarely referred to in justification. Cocrystalliza-
tion indeed involves accommodation in the same crystallites of
crystallizable methylene sequences from the lower melting point
copolymer that have smaller average length than the ones from the
high melting point copolymer [27,40,75]. It straightforwardly
ensues a drop of the average crystal thickness and a concomitant
melting point depression. Under such circumstances, miscibility



Fig. 6. DSC heating traces of the 50/50 LL/HD blend crystallized at various cooling rates.

C. Frederix et al. / Polymer 51 (2010) 2903e2917 2909
would concern both the crystalline and the amorphous regions
since the gyration radius of the chain coils embraces several crys-
talline lamellae in the solid state [76].

A physical phenomenon generally ignored regarding crystalliz-
able blends is that, according to the GibbseThomson equation,
Fig. 7. DSC (a) heating traces and (b) cooling traces of the UL/HD blends (the dotted lines s
copolymers taking account of the copolymer weight fractions).
a change in the crystal surface free energy as a result of composi-
tional change in the amorphous phase may also trigger a melting
point depression in a blend, without necessarily implying crystal
thickness decrease. Indeed, fringed-micelle crystals from counit-
rich ethylene copolymers have higher se than regularly chain-fol-
ded lamellar crystals from homopolyethylene: the limiting se
values are about 0.07 J/m2 for chain-folded crystals and 0.24 J/m2

for fringed-micelles (see Ref. [77] and references therein). There-
fore, in the present case, increasing LL chain concentration in the
amorphous regions of HD-rich phase should result in higher se in
this phase, thus contributing to the Tm

high depression and to the
amplification of this phenomenon with increasing LL content. In
such a case, miscibility may eventually be restricted to the amor-
phous phase only, after exclusion of the LL chains from the crys-
talline region during the crystallization step. This means that
melting point depression in the LL/HD blends does not necessarily
mean that cocrystallization has occurred, unlike usually assumed in
literature for PE-based blends.

The fact that the LT endotherm (Fig. 3a) has systematically lower
amplitude than thatof the pure LL copolymer suggests that LL chains
are missing in the LL-rich phase of the three blends. This phenom-
enon is less obvious for the HTendotherm, indicating that some HD
chains are missing in the HD-rich phase. Moreover, it is noteworthy
that the endothermic signal recorded in the temperature range
between the HT and LT endotherms of the blends is higher on the
experimental traces thanon the computedones. This is an indication
of themeltingof hybrid crystals having an intermediate composition
between the two main crystallite populations in the blends. This is
a hint that a composition gradient exists between the HD-rich and
LL-rich phases of the blends, over the whole composition range of
the LL/HD phase diagram, this gradient zone being composed of the
HDchainsmissing fromtheHD-rich phase and the LL chainsmissing
from the LL-rich phase. These HD and LL chains capable of cocrys-
tallization have quite likely close x values.

Regarding the cooling traces (Fig. 3b), the HTcrystallization peak
exhibits a depression trend (Fig. 4a) that roughly confirms the
partial miscibility of LL chains in the HD-rich phase in the melt, and
tand for the computed linear combination of the experimental traces of the individual



Fig. 8. Variation with composition of (a) the high temperature melting peak, Tmhigh, and
the high temperature crystallization, Tchigh, peak of the UL/HD blends, and (b) the
overall crystallinity index (digits at the top of Fig. 8b indicate the number of
measurements for each data point).
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the cocrystallization in the solid state. However, the 25/75 blend
roughly displays the same Tc

high as the pure HD (Fig. 4a) which
strongly contrasts with the Tm

high depression. There is therefore
a need to consider that some specific factor promotes crystal
nucleation and growth in the HD-rich phase, but does not intervene
in the melting process. The narrowing of the HT crystallization
exotherm of this blend (Fig. 3b) is an additional hint of an increase
in the global crystallization rate. In the case of rubber-toughened
semi-crystalline polymers, the matrixeparticle interfaces have
been shown to play an active nucleation role even in the absence of
strong interactions [78e80]. This phenomenon also occurs when
molten polymers are dispersed in non-solvents, as reported for
polyethylene [81,82]. Finally, bilayer films have been recognized to
exhibit interface-induced nucleation in the semi-crystalline layer in
contact with an amorphous [83] or molten polymer [84].

Much akin to Muratoglu et al.’s work [83], an experimental
evidence has been provided for interface-induced nucleation in the
caseof a bilayer sheetof theHDandLL copolymerspreparedviamelt
welding. Fig. 5a shows an optical micrograph of a cross-section slice
of theHD/LL bilayer sheet. A conspicuous trans-crystallization of the
LL layer starting from the LL/HD interface gives clear evidence of the
nucleating effect of the HD crystals, as already reported for similar
LLDPE/HDPE blends [85] and LDPE/HDPE blends as well [86]. This is
probably due to an epitaxy phenomenon as evidenced by Loos et al.
[85] from transmission electron microscopy. A less obvious but
notwithstanding clear trans-crystallization of the HD layer also
appears on this micrograph, suggesting an interfacial nucleation
effect. It is worth mentioning that the LL layer was still in the melt
stateat the time the crystallization of the HD layer occurred. The
physical origin of this interface-promoted nucleation might be
either interfacial free energy [78] or interfacial topological
constraints [82], according to previous works. Although not clear
elucidated, this phenomenon gives support to the hypothesis of an
interface-induced nucleation in the HD-rich phase in the 25/75
blend. Considering moreover the ten micron thickness of the trans-
crystallization zone in the HD layer of the bilayer, one may reason-
ably expect that the trans-crystallization phenomenon is liable to
invade the whole volume of the HD-rich phase-separated domains.

It is worth noticing Xu et al.’s study [31,74] of partly miscible
LDPE blends with either heterogeneous ZieglereNatta or homo-
geneous metallocene copolymers of medium density. These
authors reported an upward shift of the crystallization temperature
of the heterogeneous copolymer in the blend as compared to the
pure copolymer, and of the melting point as well. The phenomenon
was ascribed to the transfer of the counit-rich chains of the
copolymer to the LDPE-rich phase. By contrast, the blends with the
homogeneous copolymers exhibited the usual depression of both
crystallization and melting points due to cocrystallization. In spite
of evidences of mutual miscibility of the unlike chains in the phase-
separated domains of the present LL/HD system, Xu et al.’s scenario
may not be transposed to the Tc

high positive deviation in the 25/75
blend considering the Tm

high monotonic decrease.
The strong broadening of the LT exotherm on its high temper-

ature side (Fig. 3b) reveals the growth of a crystallite population
with very wide thickness distribution that supports the existence of
a transition zone with large composition gradient between the HD-
rich and the LL-rich phases, as previously concluded from the melt
behavior [31].

In Fig. 6 are reported the DSC heating traces of the 50/50 LL/HD
blend crystallized under various cooling rates. Whereas the LT
endotherm displays no significant changes within experimental
accuracy, the HT melting peak slightly shifts upward with
decreasing cooling rate. The two other blends display the same
trend. The fact that the pure HD copolymer (not displayed) also
exhibits the same trend means that the phenomenon results from
an improvement in crystal perfection in relation to the more
favorable crystallization conditions. These data indirectly confirm
phase segregation into HD-rich and LL-rich domains and suggest
that no LL chain segregation takes place in the HD-rich phase
during the DSC crystallization run. One should keep inmind that all
materials have undergone a crystallization step after compression-
moulding, i.e., prior to the DSC study.
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The linear composition dependence of the global crystallinity
reported in Fig. 4b suggests that the partial miscibility of the LL and
HD chains in themelt due to favorable thermodynamic factors does
not modify their crystallization capability in the blends, as
compared to the pure copolymers. Therefore, cocrystallization in
the HD-rich phase or hybrid crystals seem to be a means not to
reduce the blend free energy, but just to preserve it.
4.3. UL/HD blends

Fig. 7 shows the DSC heating and the cooling traces of the UL/HD
blends together with the traces computed from the pure copolymer
data. Again, both the heating and cooling experimental traces of the
blends display HT and LT first order transitions that roughly
correspond to the melting and crystallization of the two individual
copolymers. These are strong hints of micro-phase separation into
UL-rich and HD-rich domains in the solid blends.

Regarding the melting, the fact that the LT endotherm is much
similar to that of the pure UL copolymer for the three blends
indicates that miscibility if any is veryweak in the crystalline region
of the UL-rich phase. One may suspect that miscibility in the
amorphous region of the UL-rich phase is also quite low. Yet, the
systematic depression of the HT melting peak (Tmhigh) reported in
Fig. 8 is indicative of partial miscibility of UL chains in the HD-rich
phase. As for the previous LL/HD binary blend system, this misci-
bility may take place either in both the crystalline and the amor-
phous regions of the HD-rich phase or in the amorphous region
only: in the first case, the Tm

high depression would result from the
drop of crystal thickness due to cocrystallization, whereas in the
second case it would be a consequence of an increase of the crystal
surface free energy.

The cooling traces of the three blends (Fig. 7b) reveal, at first
sight, no major changes in both the area and the peak temperature
of the HT crystallization exotherm as compared with the pure HD
Fig. 9. DSC (a) heating traces and (b) cooling traces of the UL/LL blends (the dotted lines st
copolymers taking account of the copolymer weight fractions).
copolymer, except a slight narrowing and concomitant amplitude
increase. In parallel, the LT exotherm displays an obvious flattening
with no measurable area modification. An acute examination of
Tc
high (Fig. 8a) yet exhibits a highly non-linear evolution with

composition that contrasts with that of Tmhigh, as in the case of the
LL/HD system. Moreover, both the 25/75 and 50/50 UL/HD blends
exhibit higher Tc

high than the pure HD copolymer. This early crys-
tallization in the HD-rich phase again suggests that a specific
nucleating effect is operating in the blends. The optical micrograph
of Fig. 5b shows that the UL/HD interface in a bilayer sheet is an
active nucleation site for both components as can be judged from
the trans-crystalline structure in both layers. As for the LL/HD
system, the trans-crystallization of the HD-rich domains onto the
HD/UL interface is an evidence that an interfacial nucleation should
take place in the HD-rich domains of the blends, although the UL-
rich phase was molten during the crystallization process.

Absence of distinct intermediate melting and crystallization
transitions in the heating and cooling traces of the blends is an
indicationof very few if anyhybrid crystals. This is a clearhintof little
miscibility between UL and HD chains in the crystalline state.
Therefore, the origin of the Tm

high depression would be rather
assigned to crystal surface free energy due to partial miscibility in
the amorphous phase of theHD-rich phase than to cocrystallization.

The global crystallinity of the UL/HD blends reported in Fig. 8b
obeys a roughly linear relationship in perfect consistency with the
observation of limited miscibility that does not restrain the crys-
tallization capabilities of the UL and HD chain species.
4.4. UL/LL blends

Fig. 9 shows the experimental DSC cooling and heating traces of
the UL/LL blends together with the computed traces from the pure
copolymers. The heating curves display HT and LT melting endo-
therms that roughly correspond to the pure copolymers. At first
and for the computed linear combination of the experimental traces of the individual



Fig. 10. Variation with composition of (a) the high temperature melting peak, Tmhigh,
and the high temperature crystallization, Tchigh, peak of the UL/LL blends, and (b) the
overall crystallinity index (digits at the top of Fig. 10b indicate the number of
measurements for each data point).
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sight, the rough evolution trend of the HT peak is a slight depres-
sion and broadening with respect to that of the pure LL copolymer
(Fig. 9a). This suggests miscibility and possibly cocrystallization of
UL chains in the LL-rich crystals, that will be further discussed
below. In parallel, the LT endotherm has turned flatter, indicating
that some UL chains are missing due to miscibility with LL chains.
The additional endothermic contribution between the two main
melting peaks reveals the melting of hybrid crystals that did not
exist in the either of the two pure copolymers. This is evidence of
a transition zone with composition gradient involving cocrystalli-
zation between the LL-rich and UL-rich phases.

The cooling traces of the blends display HT and LT crystallization
exotherms that roughly correspond to the ones of the two pure
copolymers (Fig. 9b). However, if the HT exotherm is very close to
that of the pure LL copolymer in the 50/50 and 25/75 blends, that of
the 75/25 blend is largely depressed. This is consistent with partial
miscibility and cocrystallization in micro-phase-separated blends.
The presence of an excess exothermic signal in the range 50e70 �C
between the two main crystallization exotherms confirms that
a composition gradient zone consisting of hybrid crystals exists
between the LL-rich and UL-rich phases. The strong reduction in
amplitude and area of the main peak of the LT exotherm indicates
that UL chains having a lower counit content than the average value
of the UL copolymer have cocrystallized with their homologous
chains from the LL copolymer. This cocrystallization is the origin of
the so-called hybrid crystals.

Fig. 10 enables close examination of the composition depen-
dence of both Tc

high and Tm
high of the UL/LL blends. The Tchigh evolution

exhibits a significant positive deviation from the linear mixing law,
that even exceeds the crystallization point of the pure LL copolymer
for the 25/75 blend. This is an indication of an early crystallization
according to the previously proposed mechanism of interface-
promoted nucleation. The Tm

high evolution (Fig. 9a) is perfectly
confirmed in Fig. 10a. As for the two previous binary systems, the
Tm
high depression for the 75/25 blend may be due to either crystal

thickness reduction or to the surface energy increase as a result of
miscibility of UL chain in the LL-rich phase. In contrast, Tmhigh of the
25/75 blend slightly exceeds that of the pure LL copolymer. This
may have two different sources:1) the occurrence of Xu et al.’s
scenario [31,74], suggesting that some counit-rich chains of the LL
copolymer have been excluded from the LL-rich phase; 2) the
increase of crystal thickness as a result of early crystallization. The
first hypothesis should involve a reduction of the HT melting peak
area of the 25/75 blend, which is not obvious from Fig. 9a.
Conversely, the second assumption will be confirmed from the
DMTA experiments in the following.

Fig. 10b shows that the global crystallinity of the UL/LL blends
roughly obeys a linear additivity law as for the two previous
systems that confirms that, with or without cocrystallization, the
crystallization potential of each species is preserved. This means
that it is not possible on structural bases to raise the crystallinity of
a given species via blending, thanks to cocrystallization.

A global conclusion from the DSC analysis is that the three binary
systems display micro-phase separation with partial miscibility
dependingon the xdifferenceof the twocomponents ineverysystem.
However,DSCdataonly suggest thatphase separationoccurred in the
meltprior tocrystallization, theydonotprovidedirectdemonstration
per se. Demonstrationwill be provided in the next section.

5. Morphology

5.1. SAXS analysis

Fig. 11 reports the uncorrected I(q) intensity profiles and the
Lorentz-corrected Iq2(q) profiles of the blends and the pure
copolymers for the three binary systems. The pure copolymers
exhibit a correlation peak relevant to a periodic stacking of crys-
tallites. Moreover, in contrast to the LL and UL copolymers, the HD
copolymer reveals a harmonic indicative of a highly regular stack-
ing of lamellar crystals. The occurrence of this harmonic at about
the same q value as the correlation peak of the LL and UL
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copolymers may entail problems in the SAXS interpretation. The
broadness of the correlation peak of the LL and UL copolymers is
a hint of a very large Lp distribution related to thickness distribu-
tions of both the amorphous layers and the crystal lamellae, in
agreementwith themelting behavior. This finding is also consistent
with previous assignments to counit-rich metallocene copolymers
of a fringed-micelle structure [73,75,87] for which a regular crystal
stacking is highly unlikely. The very close position of the UL and LL
correlation maxima indicates very close Lp values. This does not
mean yet that the two copolymers have the same most probable
crystal thickness, it just means that Lp ¼ La þ Lc is about the same
with different values of both the amorphous layer thickness, La, and
the crystal thickness, Lc. Furthermore, the strong intensity differ-
ence between the two copolymer is quite consistent with their
respective crystallinity index.

A noteworthy feature of the I(q) profiles is the drastic intensity
upswing at very low q values for the blends as compared to the pure
components. From a qualitative standpoint, this is an evidence of
electronic density variations that do not exist in the pure
Fig. 11. I(q) and Iq2(q) SAXS intensity pr
components and having a characteristic length scale much larger
than the semi-crystalline long period. In the present circumstances,
this can only be due to composition heterogeneities, in support to
the previous conclusion from rheology and thermal investigations
that all blends exhibit micro-phase separation. It is worth noticing
that similar observations has never been reported elsewhere so far.
Particularly conspicuous is the intensity jump at small q for the
three UL/HD blends that is consistent with the fact that this system
is the one with the strongest phase separation capabilities and the
greatest electronic density contrast.

Further analysis of the SAXS data is based on the Lorentz-cor-
rected intensity profiles that is the appropriate method for quan-
titative studies of isotropic lamellar systems.

5.2. LL-HD system

The 25/75 blend displays a 1st correlation peak assigned to the
HD copolymer. The 2nd one is a combination of the LL copolymer
maximum and the HD harmonic, as revealed by its intermediate
ofiles of the three binary systems.
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amplitude between the ones of the two contributions. These two
long periods give further evidence of the micro-phase separation of
the HD and LL components that seem to have crystallized as if
alone. The invariant location of the 1st peak with regard to that of
the pure HD copolymer is however apparently contradictory with
the Tm

high drop of this blend. A probable explanation is that the Lc
drop due to cocrystallization is compensated by the La increase due
to the LL chain mixing in the amorphous regions of the HD-rich
phase.

Regarding the 50/50 blend, the shift to higher q value of the 1st
peak indicates a Lp decrease in the HD-rich phase. This vouchers in
favour of a major incidence of the Lc decrease resulting from coc-
rystallization as compared to the La increase, in this blend.

The fact that the 2nd correlation peak for the various blends
gradually shifts from the position of the HD 2nd harmonic to the
position of the LL single peak confirms the superposition of these
two contributions. It does not provide further information on the
evolution with composition of the thicknesses of either the crystal
lamellae or the amorphous layers in the LL-rich phase due to HD
chain solubility and eventually cocrystallization.

The 75/25 blend surprisingly exhibits a single very broad
correlation maximum slightly shifted to small q with regard to the
pure LL copolymer. This is indicative of a unique Lp value in the
lamellar stacking, with a very broad distribution. However,
according to the crystallization and melting DSC traces, there are
actually two kinds of crystalline lamellae: the thicker ones related
to the HD copolymer and the thinner ones akin to the LL copolymer.
Several authors reported similar observation for binary systems of
high and low crystallinity PE-based polymers. Regarding HDPE-
poor blends of HDPE with either LDPE or hydrogenated poly-
butadiene, Wignall et al. [28,35] assigned the single broad SAXS
correlation peak to a common lamellar stack of mixed lamellae,
indicating crystallization-induced phase separation from amiscible
melt. Tashiro et al. [34] also argued for an aggregate of the unlike
lamellae, as assessed from in situ SAXS during slowcooling of LLDPE
blends with deuterated HDPE. However, studying HDPEeLDPE
blends, Reckinger et al. [26] theoretically demonstrated that the
characteristic Lp value of a random distribution of the two kinds of
lamellae resulting from a crystallization-induced phase separation
in a homogeneousmelt would be equal to the average of the ones of
the two components. In the present study, the observed most
probable long period, Lp z 11.4 nm, in the 75/25 blend is much
lower than the computed volume-average value, Lp z 14.0 nm, of
the LL and HD components (10.4 nm and 25.0 nm, respectively).
This Lp deviation from Reckinger et al.’s mixing rule strongly
suggests that crystallization did not occur in a homogeneous melt,
otherwise the solid blend consists of HD-rich domains dispersed in
an LL-rich matrix, in agreement with the observation of an intense
scattering at small q. In support to this proposal, it is worth noticing
the significant broadening of the correlation peak of the blend on
its small q side, with regard to that of the pure LL copolymer: this is
a hint of the scattering contribution from the HD-rich domains. The
missing of a resolved SAXS peak from these HD-rich domains may
be simply due to combined effects of weak intensity and high-q
shift due to cocrystallization (Lc reduction), as for the two previous
blends.

5.3. ULeHD system

The Iq2(q) intensity profiles of the blends all display two scat-
tering maxima that perfectly corroborate the phase separation of
the UL and HD chain species previously concluded from the very
high intensity at very low q value of the I(q) curves, at the beginning
of this section. There are yet significant differences between the
various blends. As for the previous system, the 25/75 blend displays
a 1st correlation peak close to that of the HD copolymer and a 2nd
one close to that of the UL copolymer. Closer examination of the
data reveals that the 1st peak is slightly shifted to small q indicating
Lp increase in the HD-rich phase. The same trend is observed for the
50/50 and 75/25 blends, with no further increase of Lp. One may
hardly assume a Lc increase of the HD crystallites with increasing UL
content in the blends, noticeably considering the Tm

high depression.
One may yet easily assign the phenomenon to a thickening effect in
the amorphous regions of the HD-rich phase (i.e., La increase) due to
the solubility of UL chains, that compensate the possible Lc drop
due to minute cocrystallization.

The fact that the 1st peak from the HD-rich phase is still
observable in the 75/25 UL/HD blend, in contrast to the 75/25 LL/
HD blend, is not an indication of a different behavior. Two argu-
ments may be brought forth. On the one hand, the scattering
intensity contrast is more favorable to the HD component in the UL/
HD system. On the other hand, the shift to small q enables this peak
to emerge from the base of the broad scattering of the UL
copolymer.

Considering the previous observation of a gradual Tmhigh drop
with increasing UL concentration in the blends that suggests Lc
reduction due to cocrystallization, the present Lp invariance at
a value slightly greater than that of the pure HD copolymer can be
assigned to an increasing solubility of UL chains in the amorphous
regions of the HD-rich phase that roughly counterbalances the Lc
drop. The crystal surface free energy contribution to the Tm

high

depression may thus be taken as a very probable issue for two
reasons: 1) due to their high x value, the UL chains dissolved in the
amorphous phase of the HD-rich regions should involve a signifi-
cant increase of se; 2) the cocrystallization capabilities of HD and
UL chains should be rather low owing to their large x difference.

5.4. ULeLL system

Although the scattering intensity from the UL copolymer is quite
lower than that of the LL one, the shape and location of the
correlation maximum is very similar for the two components. The
Iq2(q) scattering curves of the blends roughly obey a linear
combination of the curves of the pure components. This does not
allow arguing about the miscibility and structural behavior of the
blends, and about the Lc evolution with composition. Only the
strong scattering close to the beam-stop, previously pointed out
from the I(q) plots, confirms the phase separation at a scale level far
beyond that of the crystalline lamella thickness.

6. AFM structural characterization

It is worth noticing first that there are very few reports dealing
with direct structural characterization of PE-based blends at
a nanometric scale by transmission electron microscopy
[35,88e90] or AFM [91]. The analysis of the micrographs indeed
proved to be not so obvious. In the present study, phase images
turned out more relevant than height images for revealing the
morphological features from the native surface of the films.

AFM images of the copolymers and blends for the LL/HD and UL/
LL systems are reported in Fig. 12. The choice of the image scale is
a compromise for the best examination of blend morphology in
account of the strong difference between the structural scales of
the phase-separated domains and that of the components within
the domains. For the two binary systems, the blends display
a predominance of lamellae akin to the more crystalline copolymer.
This is particularly true for the LL/HD systems for which the well-
formed HD lamellae seem to invade the sample surface of the
blends. Similar unreported observations were made for the UL/HD
system. This may be due to the preparation method that promotes
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generation on the sample surface of the morphological fingerprint
of the component having the higher crystallization capabilities
(greater crystal content and higher crystallization kinetics).
However, when the lower crystallinity copolymer is predominant,
namely the 75e25 blends of each binary systems in Fig. 12, a clear
micro-phase separation morphology at a much larger scale than
that of the periodic lamellar stacking of the components is
observed, in agreement with the preceding conclusions.

7. Dynamic thermomechanical behavior

The storage modulus, E0, and loss factor, tan d, are plotted in
Fig. 13 as a function of temperature for the three binary systems UL/
LL, UL/HD and LL/HD. The three typical relaxations of PE-based
materials can be clearly observed. The g relaxation that appears in
the temperature range (�140/�110 �C) of the tan d plots is very
similar for the three copolymers and their blends, irrespective of
their crystallinity index. This is consistent with the assignment to
local chain motions in both the crystal and the amorphous regions
[92]. The corresponding very small drop of stiffness on the E0(T)
plots that contrasts with previous data on linear PE [93] confirms
that the g relaxation is not a cooperative process for the present
systems. From a practical standpoint, it is thoroughly useless for
miscibility evaluation.

Regarding the b relaxation in the temperature range (�60/
�40 �C), the marked E0(T) drop clearly reveals a cooperative process
that can be assigned to themain relaxation in the amorphous phase
[92]. Mandelkern and collaborators [94,95] concluded that the
b relaxation is only a contribution from the interfacial amorphous
not the whole amorphous phase. Our assignment yet agrees with
studies by Bensason et al. [73,96] of the relaxation behavior of low
density metallocene copolymers and their blends. These reports
also clearly show that the b relaxation in homogeneous ethylene/a-
olefin copolymers gradually shifts to higher temperature with
increasing crystallinity, up to merging into the a relaxation [73,96].

The LL/HD and UL/HD blends exhibit a monotonic increase of
the b-peak amplitude with LL and UL content, respectively, without
Fig. 12. AFM phase images of the copolymers and blends of the LL/HD and UL/LL bina
significant temperature shift. This insensitivity of LL or UL chain
mobility to blending with HD, even when the latter component is
predominant, is a hint of phase separation in the amorphous
regions of the blends that support micro-phase separation prior to
crystallization. Similar situation and conclusion have been made by
Bensason et al. [73] regarding blends of various homogeneous
copolymers.

The UL/LL system ismore complex since it exhibits a b-peak shift
only for the 25/75 blend, indicating at least partial miscibility in the
amorphous regions of this blend. This suggests a higher degree of
miscibility in the melt for LL-rich blend, in rough agreement with
the present rheological data (positive ho deviation), as well as with
HilleBraham’s observation that melt miscibility prevails in the low
x copolymer side of the phase diagram.

The a relaxation assigned to the motional activation of confor-
mational chain defects in the crystal [97], probably combined with
mobility of chain folds, appears in a wide temperature range
beyond 20 �C [92]. If the amplitude of the a relaxation mainly
depends on crystallinity, the prime dependence factor of the a-
peak temperature is the crystal thickness [95,98].

All three systems display a collapse of the elastic modulus in the
high temperature range resulting from both the gradual mechan-
ical softening of the crystals with increasing temperature and their
final melting. However, only the UL/LL system exhibits a clear
evolution with composition of the a relaxation on the tan d plots.
The a-peak temperature depression of the 75/25 blend is quite
consistent with the crystal thickness reduction resulting from
cocrystallization. By contrast, the slightly positive shift of the a-
peak temperature of the 25e75 blend beyond that of the pure LL
copolymer suggests that the crystals are thicker in the blend.
Duplication of the DMTA experiments in tensile mode, and exper-
iments in torsion mode as well, confirmed this unusual phenom-
enon. This is yet quite consistent with the observation that Tmhigh of
the 25e75 UL/LL blend is slightly higher than that of the pure LL
copolymer. The previous explanation regarding this Tmhigh evolution
relies on the interfacial nucleation effect that promoted an early
crystallization in the LL-rich phase.
ry systems (between brackets is indicated the phase amplitude for every image).



Fig. 13. DMTA of the three binary systems: (a) storage modulus, E0 , and (b) loss factor, tan d, as a function of temperature.
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8. Concluding discussion

The emulsion-like rheological behavior of the three systems of
the present study suggests immiscibility over the whole composi-
tion domain. However, the dual behavior of negative and positive ho
deviation is indicative of either total lack of interactions at the
interface of the phase-separated domains or strong interactions
throughmiscibility and/or composition gradient. These conclusions
are consistent, though not in perfect agreement, with Hill-
eBarham’s studies reporting that miscibility and a phase separa-
tion loop systematically occurs in the counit-rich copolymer side of
the phase diagram for a great variety of binary PE-based systems.
The strong interactions evidenced through the positive ho deviation
on the high x copolymer side of the phase diagram decrease with
increasing x difference of the components of the binary blends. This
contrasts with HilleBraham’s conclusions that the size of the
miscibility domain increases upon increasing x difference of the
components.

The whole set of DSC data provides evidence that phase sepa-
ration of the unlike species also prevails in the solid state, with
partial miscibility between the phase-separated domains that
depends on the x difference of the components in each binary
system. Partial miscibility either in the amorphous phase or in the
crystalline phase via cocrystallization decreases with increasing x

difference of the copolymers in the order: UL/LL > LL/HD > UL/HD.
This suggests that the driving force to the phenomenon is the
amount of homologous chains having close x values in the unlike
copolymers, owing to the chemical heterogeneity that is even
present in the metallocene materials. The three systems display
a systematic positive Tc

high deviation to the linear relationship, due
to an interfacial nucleation-promoted crystallization of the phase
rich in low x copolymer, i.e., the HTmelting phase. The concomitant
depression of the Tm

high with decreasing content of low x copolymer
in the blends is assigned to combined cocrystallization-induced
reduction of crystal thickness and surface free energy increase due
to solubility of the high x species in both the crystalline and
amorphous regions of the HTmelting phase. The Tmhigh value slightly
higher than that of the components in the UL/LL system suggests
that early nucleation results in thicker crystals in the HT melting
phase. Hybrid crystals with melting point intermediate between
those of the two major phases have been assigned to a gradient
composition, the amount of which increases upon decreasing x

difference of the components. The DSC data yet do not per se
provide direct evidence that phase separation took place prior to
crystallization for the present blend preparation conditions, they
just suggest it. Besides, the DSC data do not provide any informa-
tion that could help understanding the dual rheological behavior.

Evidence from SAXS of electron density fluctuations at a much
larger scale than that of the crystal thickness in the blends of the
three binary systems provides demonstration that phase separation
had already occurred in themelt prior to crystallization. The double
long period distribution corroborates this conclusion for the LL/HD
and UL/HD systems. Long period variations in the HD-rich phase of
both systems corroborate the solubility of high x copolymer chains
in the HD-rich phase that thickens the amorphous layer (for both
LL/HD and UL/HD) and reduces the crystal thickness via cocrys-
tallization (for LL/HD).

DMTA and AFM roughly confirm micro-phase separation.
Besides, DMTA gives support to the crystal thickness increase in the
25/75 UL/LL blend with regard to the pure LL copolymer as sug-
gested from the melting behavior.
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