
Role of the Interface in the Melt-Rheology Properties of
Linear Low-Density Polyethylene/Low-Density
Polyethylene Blends: Effect of the Molecular Architecture
of the Dispersed Phase

N. Robledo,1 J. F. Vega,1 J. Nieto,2 J. Martı́nez-Salazar1

1Departamento de Fı́sica Macromolecular, Instituto de Estructura de la Materia, CSIC, Serrano 113 bis, 28006
Madrid, Spain
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ABSTRACT: We studied the melt linear viscoelastic and
elongational properties of blends consisting of a Ziegler–
Natta linear low-density polyethylene (LLDPE) and differ-
ent LDPEs. The weight fraction of the LDPE used in the
blends was 15%. The linear viscoelastic characterization
was performed at different temperatures for all of the
blends to determine the thermorheological behavior in the
melt state. The blends fulfilled the time–temperature super-
position but exhibited a broad linear viscoelastic response,
which was further than that expected for miscible blends
and even immiscible systems with a sharp interface. A
rheological study of the application of the Palierne model
revealed that in addition to the droplet shape relaxation,

another mechanism was present at lower frequencies. We
discuss the results by hypothesizing a strong interaction
between the high-molecular-weight linear fraction of the
LLDPE matrix and a fraction of molecules of the dispersed
phase, which formed a thick interface with its own visco-
elastic properties. A clear change in this additional mecha-
nism was observed, depending on the dispersed minor-
phase properties, which produced an impact on the proc-
essing of the blends, and more precisely, on the values of
the melt strength in the melt-spinning experiments. VC 2010
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INTRODUCTION

Polymer blending is a common and efficient route
for obtaining new materials with suitable combina-
tions of processing and end-use properties. How-
ever, most polymers are inherently immiscible, even
when they have similar monomer chemistry, as
occurs in polyolefins. Blends of low-density polyeth-
ylene (LDPE) and linear low-density polyethylene
(LLDPE) have been extensively studied in recent
decades, and a dichotomy of results supporting both
miscibility and immiscibility can be found.1–11 We
recently reported that LLDPE-rich blends (with
5–15% LDPE) were immiscible, and the final proper-
ties were strongly dependent on the molecular
architecture of the LLDPE matrix (Ziegler–Natta or

metallocene).12 In the case of blends of Ziegler–Natta
LLDPE with LDPE, an additional contribution in the
linear viscoelastic spectrum was found, which was
not explained by the assumption of a simple disper-
sion of LDPE droplets in the LLDPE matrix. This
additional contribution was not present when the
matrix was a homogeneous LLDPE obtained by
means of a single-site catalyst. We suspect that this
additional contribution was due to the existence of a
thick interphase, presumably formed by a fraction of
the longest linear molecules of the LLDPE matrix
and the smallest, less branched molecules (rich eth-
ylene sequences) of the LDPE minor phase. This
interphase gave rise to a very long relaxation time
tail, which could be explained by a viscoelastic
model that includes the effect of nonisotropic inter-
facial effects with a high elastic character. Wagner
et al.9 also reported a singular behavior in this type
of blend, which was explained by the assumption a
two-phase system: one phase formed by the
branched shorter chains of both components and a
second phase composed of the longer chains (mostly
linear) of both components. More recently, Mieda
and Yamaguchi11 also reported an additional melt-
relaxation mechanism in this type of blend. They
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assumed that the behavior observed was not due to
phase separation but more likely to entanglement
couplings associated with long-chain branching.

In this study, we focused our attention on the
effect of the characteristics of the minor phase
(LDPE) in the interfacial properties of blends with a
Ziegler–Natta LLDPE sample. We studied the ther-
morheological properties of blends consisting of a
LLDPE and different LDPE samples with a variety
of melt flow indices (MFIs). The morphology of the
various blends was studied by means of the applica-
tion to the linear viscoelastic results of theoretical
models developed for immiscible blends. Also, the
processability in the extensional flow in melt-spin-
ning experiments was investigated.

EXPERIMENTAL

The LLDPE sample was a commercial polyethylene-
grade Ziegler–Natta LLDPE. This material was
mixed with several commercial LDPE samples syn-
thesized from high-pressure radical polymerization
processes, both from an autoclave high-pressure po-
lymerization process (LDPE 1–LDPE 4) and a tubu-
lar high-pressure polymerization process (LDPE 5).
Dow Chemical Ibérica S. L. (Tarragona, Spain) sup-
plied all the materials used in this study. Some of
their molecular and physical features are collected in
Table I.

The LDPE samples, with a thermal stabilizer, were
mixed as the minor phase with 85% of the commercial
polyethylene-grade Ziegler–Natta LLDPE. The mixing
was performed in a Haake mixer (Karlsruhe, Ger-
many) at a temperature of 180�C for 20 min. The indi-
vidual pure components also had the same processing
history. The sample sheets obtained were compres-
sion-molded at 160�C in a Schwabenthan Polystat
200T hot press for 5 min and at a nominal pressure of
150 bar for 10 min and then cooled to room tempera-
ture. Sheets of around 1 mm thickness were molded,
and disks of suitable dimensions for rheological meas-
urements were obtained.

The shear moduli [storage modulus (G0) and loss
modulus (G00)] were measured in parallel-plate ge-
ometry (diameter ¼ 15 mm) in a stress-controlled
Bohlin CVO rheometer (Worcertershire, UK) at 130,
160, and 190�C. The dynamic property determination
was carried out within the frequency range 10�2–102

rad/s. Deformation was set around 10% or lower,
which corresponded to the linear viscoelastic region
in all of the pure polymers and blends, as identified
through previous amplitude sweeps. The thermal sta-
bility of the samples was confirmed by means of time
sweeps at low frequencies (0.6–6 rad/s) in the tem-
perature range of study. The data obtained from the
frequency sweep tests at different temperatures were
shifted at reference temperature (TR ¼ 160�C) with
the time–temperature superposition principle (TTSP).
The extensional properties of the polymers in the

melt-spinning experiments were measured at a tem-
perature of 160�C with a CEAST Rheoscope 1000 (Pia-
nezza TO, Italy) capillary rheometer equipped with a
specific set of rotating wheels and a tension detector
(stretching unit). The capillary was a circular cross
section (diameter ¼ 1 mm) with a length/diameter ra-
tio of 20. The length of the spin line was constant and
equal to 200 mm, and the die exit velocity (v0) was 2
mm/min and remained constant during the experi-
ments. The force required for the extension of the
polymer extrudates (F) was evaluated by the steep
increase of the rotating wheels’ draw-down velocity,
up to the breakup of the filaments. Under these condi-
tions, it seemed reasonable to assume that the cooling
of the filament during the experiment was moderate
and that the conditions were quasi-isothermal.
The extensional stress (r11) was determined with

the following expression:

r11 ¼ F

A0
V (1)

where A0 is the cross section of the die (A0 ¼ pRC
2)

and V is the draw ratio (V ¼ v1/v0, where v1 is the
take-up velocity at the rotor).

TABLE I
Properties of the Pure Materials Used in This Study at T 5 160�C

Resin Process
MFI

(g/10 min)a
Mw

(kg/mol)b Mw/Mn
b LCBf

b
EaH

(kcal/mol)
EaV

(kcal/mol)
g0

(kPa�s) s0 (s)
Fmax

(mN)

LLDPE Solution 1.1 112.4 3.96 – 8.2 0.7 15.3 0.39 9.40
LDPE 1 Autoclave 0.5 254.7 11.1 2.6 17.8 2.9 100.5 153.0 160
LDPE 2 Autoclave 0.9 266.2 12.7 3.1 17.3 2.6 77.4 122.4 154
LDPE 3 Autoclave 1.6 243.7 12.0 3.6 16.6 1.2 44.6 45.3 108
LDPE 4 Autoclave 2.3 239.4 12.0 3.0 15.8 2.0 25.1 18.2 94.8
LDPE 5 Tubular 0.8 89.4 4.91 ND 21.7 3.3 48.7 13.1 65.3

Mw/Mn ¼ polydispersity index (where Mn is the number-average molecular weight); LCBf ¼ long-chain branching fre-
quency; Fmax ¼ maximum melt tensile stress; ND ¼ not determined.

a Melt index ¼ 190�C, 2.16 kg.
b Average values between two and three different runs.
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RESULTS AND DISCUSSION

Rheology of the pure polymers and blends

Figure 1(a) depicts the complex viscosity [g*(x)]
obtained for some of the pure polymers listed in Ta-
ble I as a function of the angular frequency at TR ¼
160�C after application of the TTSP. The data
obtained at different temperatures were shifted at TR

with the method developed by Mavridis and
Shroff.13 This methodology allowed us to obtain the
temperature shift factors [horizontal shift factor (aT)
and vertical shift factor(bT)] defined for the fre-
quency and complex modulus, respectively. aT can
be interpreted in terms of the horizontal flow activa-
tion energy (EaH) values. Similarly, bT is defined in
terms of a vertical flow activation energy (EaV). The
application of bT is necessary in thermorheological
complex systems of long-chain branched polyolefins
and blends of linear and branched molecular spe-
cies.13 All of the LDPE samples and LLDPE/LDPE
blends studied here were thermorheologically com-
plex, and the necessary bT was applied for TTSP.

The most commonly used equation to describe the
thermal dependence of the rheological properties of
polymeric systems is the William–Landel–Ferry
(WLF) expression.14 This expression is generally ap-
plicable in the temperature range between the glass-
transition temperature (Tg), and Tg þ 100�C. For
higher temperatures, it can be closely approximated
by an Arrhenius-type equation:

aT ¼ exp
EaH

R

1

T
� 1

TR

� �� �
; bT ¼ exp

EaV

R

1

T
� 1

TR

� �� �

(2)

where R is the gas constant and T is the experimen-
tal temperature. From the values of aT and bT and
with these expressions, it is possible calculate the
activation energy values. The values for the pure
materials studied are listed in Table I. LLDPE pre-
sented no signs of thermorheological complexity
(bT � 1), with EaV being very low, close to zero.
However, as expected, the LDPE samples presented
thermorheological complexity, which means that the
EaV values were nonzero (2–3 kcal/mol). Moreover,
these samples showed EaH values higher than the
LLDPE sample, around 15.0–20.0 kcal/mol, a typical
feature of long-chain-branched polyolefins. This
complex behavior was attributed to the different
relaxation mechanisms of the branched chains in an
entangled environment compared to linear macro-
molecules. On the other hand, comparing the tubu-
lar LDPE 5 and the autoclave LDPE 2 samples with
similar MFIs, we observed that the former showed a
higher viscosity at lower frequencies and a lower
EaH value. Other studies concerning physical proper-

ties of LDPE samples have shown that these differ-
ences are likely due to a different branched structure
in the tubular and autoclave LDPE samples.15–20 In
the case of LLDPE, the viscosity curve approached
the Newtonian viscosity (g0) at low frequencies.
Notwithstanding, it exhibited a certain degree of
shear thinning, as expected for a polydisperse sys-
tem. In comparison, the LDPE samples showed a
stronger shear thinning behavior; the viscosity was
much more dependent on the oscillation frequency
than that of LLDPE, a behavior attributed to both
the broad molecular weight distribution and the
presence of long-chain branches.
Lanfray and Marin21 reported a simple method for

analyzing the dynamic rheological results of molten
entangled polymers and obtaining g0. They showed
the suitability of the Cole–Cole representation of real
and imaginary parts of the complex viscosity
[g*(ix)]. The representation of the out-of-phase com-
ponent of complex viscosity, g00, versus the dynamic

Figure 1 (a) g*(x) curves and (b) Cole–Cole plots for
some of the pure samples superposed to a TR of 160�C:
(þ) LLDPE, (&) LDPE 1, (~) LDPE 3, and (!) LDPE 4.
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viscosity, g0, and the real axis; k0, a characteristic
relaxation time that corresponds to the reciprocal
frequency at the maximum of l00, xmax; and b, which
is the dispersion parameter and is defined as the
angle between the diameter through the origin of
the circular arc and the real axis:

g� ixð Þ ¼ g0

1þ ixk0ð Þ1�b (3)

The Cole–Cole model provides an accurate fit to
the experimental data over the usual frequency
range with only these three parameters for many
flexible polymers. The experimental data of the
pure samples examined in this study fit to obtain
g0 from eq. (3) are presented in Figure 1(b). The
values of g0 for the pure samples at 160�C are listed
in Table I.

Concerning the blends, the TTSP seemed to prop-
erly work in all cases. In the case of polymer blends,
the fulfillment of the TTSP cannot be considered a
good test of miscibility.22 The addition of LDPE to
LLDPE causes an increase in the EaH values, with
EaV remaining lower than 1 kcal/mol (see Table II).
This is a common behavior in LLDPE/LDPE blends.
In Figure 2 are shown the Cole–Cole plots of the
pure materials and some of the blends studied. It
was not possible to distinguish between different
relaxation mechanisms corresponding to the differ-
ent molecular species, as a unique broad response
proceeded. Also, some of the blends showed g0

close to or higher than those corresponding to both
pure samples (cf. the values in Tables I and II). This
result involved a shifted viscoelastic response to
lower frequencies or higher relaxation time values
than those corresponding to the average molecular
species of both blends’ components. This strong
deviation from the expected behavior indicated the
existence of additional relaxation mechanisms, as
reported in nonhomogeneous blends.23–26

Analysis of the linear viscoelastic response of the
blends

Application of the Palierne model to the linear rheo-
logical response

The morphology of nonhomogeneous polymer
blends likely consists of droplets of the minor phase
immersed into the major phase (the matrix). The
shape, size, and interactions of these droplets with
the matrix strongly affect the linear viscoelasticity,
processing, and final properties of the products. The
study of the morphology of the polyolefin blends is
very complex, as a poor contrast between the phases
is found. In this case, dynamic small-amplitude os-
cillatory measurements were of interest, as the linear
viscoelastic response was very sensitive to the mor-
phological aspects of the blends. The study of the
melt-state dynamic shear features is very useful, as

TABLE II
Properties of the LLDPE/LDPE (15% LDPE) Blends Studied at TR 5 160�C

Blend
EaH

(kcal/mol)
EaV

(kcal/mol)
g0

(kPa�s)
a/R

(kN/m)
b00/R

(kN/m) sa (s)a sa (s)b sb (s)a sb (s)b
Fmax

(mN) K

LLDPE/LDPE 1 10.0 1.0 30.0 1.5 0.40 11.5 15.3 220 290 65.9 3.8
LLDPE/LDPE 2 9.3 0.8 27.7 2.3 0.40 8.1 9.9 180 230 56.8 3.2
LLDPE/LDPE 3 9.0 1.5 22.7 4.2 0.40 5.5 5.4 130 200 45.8 3.2
LLDPE/LDPE 4 9.4 0.4 20.7 8.0 0.40 4.1 2.9 97 115 42.4 2.7
LLDPE/LDPE 5 10.1 0.4 25.6 3.5 0.60 6.6 6.5 78 106 37.5 1.7

a/R and b00/R ¼ hydrodynamic features of the blends from the Palierne model; sa and sb ¼ corresponding relaxation
times associated with the terminal response of the blends; K ¼ ratio of the maximum tensile stress of the blends to the
corresponding to the dispersed LDPE sample.

a Obtained from empirical splitting of the si distribution spectra.
b Obtained from eqs. (9) and (10).

Figure 2 Cole–Cole plots of g*(x) at a TR of 160�C for the
pure polymers [(þ) LLDPE, (&) LDPE 1, (~) LDPE 3, and
(!) LDPE 4] and their blends with LLDPE (solid sym-
bols). The solid lines correspond to the results of the appli-
cation of the Palierne model (see the text).
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they can be related to the blend morphology by
means of the use of the Palierne model, which is

widely used to estimate the average radius of the dis-

persed phase and/or the characteristic interfacial ten-

sion (a) between the components.23 This model pre-

dicts the existence of an additional slow relaxation

mechanism (low frequencies), which was interpreted

as the dispersed droplet deformation process. The

model describes de complex shear modulus of the

blend, G*(x), in terms of the properties of each phase,

the complex moduli of the matrix and dispersed phase,

G*m(x) and G*d(x), respectively, by means of the follow-

ing expression:

G� xð Þ ¼ G�
m xð Þ

1þ 3
P
i

/iHi xð Þ
1� 2

P
i

/iHi xð Þ (4)

where Hi(x) is a function that contains materials and
blend features and is determined as follows:

HiðxÞ ¼
4ðaRÞ½2G�

mðxÞ þ 5G�
dðxÞ� þ ½G�

dðxÞ � G�
mðxÞ�½16G�

mðxÞ þ 19G�
dðxÞ�

40ðaRÞ½G�
mðxÞ þ G�

dðxÞ� þ ½2G�
dðxÞ þ 3G�

mðxÞ�½16G�
mðxÞ þ 19G�

dðxÞ�
(5)

These equations predict that the enhancement of
viscoelastic functions due to the presence of a dispersed
phase mainly depends on a between the phases, the
particle radius (R), and the volume fraction (/).

In Figures 2 and 3 are shown the results obtained
upon the application of the model to the linear
viscoelastic functions of the different blends studied
over a wide range of frequencies (5 decades). The
values of a used varied between 1.0 � 103 and 10 �
103 N/m2, in a range repeatedly reported in the lit-
erature for this type of blend.27–31 The model given
by the simple formulation of eqs. (4) and (5) was not
able to explain the experimental results obtained in
the whole range of frequencies. In a previous work,
we already revealed that the application of this
model for LLDPE/LDPE blends did not explain the
experimental shear moduli measured, as the broad
relaxation response could not be described only as a
consequence of the shape relaxation mechanism of
the dispersed LDPE droplets. A change in the pa-
rameter a/R did not improve the prediction.12 An
additional relaxation mechanism should be postu-
lated to explain the broadening of the melt mechani-
cal relaxation. The matrix was a Ziegler–Natta copol-
ymer, characterized by a complex molecular
architecture. This LLDPE was actually a mixture of
molecules in a continuous range from low-molecu-
lar-weight branched species to high-molecular-
weight linear species. This linear high-molecular-
weight tail possessed the highest relaxation time of
the distribution. Moreover, the relaxation time val-

ues of this tail spread to the same time region as the
average relaxation time (s0) of the dispersed LDPE
droplets. It is documented in the literature that lin-
ear polyethylene (high-density polyethylene) is mis-
cible with LDPE in a whole range of compositions in
blends prepared under similar conditions to those
used in this study.5,6 Then, we expected some kind
of interaction between the linear species from
LLDPE and the lowest molecular weight species
from LDPE samples because both had very high
relaxation time values.12 The morphological picture
proposed for the LLDPE/LDPE blends here was
similar to that proposed by Wagner et al.9 These
authors suggested a two-phase system composed by
one phase with the branched shortest chains of both
LLDPE and LDPE polymers and another phase with
the longest chains of both components. Other
authors have suggested the existence of a third
phase in these type of blends composed of chains
from both the matrix and the dispersed phase with
the ability to cocrystallize, that is, high weight-aver-
age molecular weight (Mw) linear chains from
LLDPE with high-Mw branched chains from LDPE.10

It is important for further discussions to take into
account that the interfacial properties between
LLDPE and LDPE in our blends could be eventually
modified and also should have had their own visco-
elastic properties. In addition to the isotropic a, such
an interface is characterized by an interfacial elastic-
ity.30 The extended model of Palierne32 has been
proven to adequately describe the linear viscoelastic

Figure 3 G0 superposed to a TR of 160�C for the pure
samples and some of the blends (see Fig. 2 for an explana-
tion of the symbols).
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data of blends with strong interfacial interactions.33–38

In this study, different dispersed phases were used
in the blends, and so, we expected systematic
changes in the interfacial component. The systematic
changes in the linear viscoelastic response are shown
in Figure 3 for G0. As clearly shown, as MFI of the
LDPE minor phase increased, the values of G0 of the
blends at low frequencies were closest to that shown
by the pure LDPE phase at low frequencies.

Viscoelastic properties of the interface

The weighted relaxation spectrum [H(s)] is very use-
ful for studying the additional relaxation mechanisms
associated with the presence of dispersed viscoelastic
droplets in a matrix.10,25,26,30,39 The relationship
between H(s) and the shear dynamic moduli, G0 and
G00, can be expressed by14

G0 xð Þ ¼
X
i

hi
x2s2i

1þ x2s2i
(6)

where (hi,si) represents the discrete Maxwell relaxa-
tion time distribution.

G00 xð Þ ¼
X
i

hi
xsi

1þ x2s2i
(7)

We applied a nonlinear regression fitting proce-
dure to obtain H(s) from the dynamic mechanical
data. The si’s were fixed at equally spaced intervals;
si/si�1 was a constant (with the minimum relaxation
time defined as smin ¼ 1/xmax, being xmax the maxi-
mum experimental frequency). The number of data
points per decade was specified to be 1.5 to mini-
mize ill-posed problems. With these conditions, the
relaxation time spectrum was directly related to the
experimental frequency range. Then, we could easily
obtain the related continuous function, H(s) from40

hi sið Þ ¼ H sð ÞD ln s � H sð Þ ln si
si�1

� �
(8)

Figure 4(a) shows the relaxation time spectrum for
the LLDPE/LDPE 5 blend. The characteristic s0 val-
ues were revealed as maxima, which could be easily
analyzed quantitatively. The spectrum curve for the
LLDPE/LDPE 5 blend had a single peak that com-
prised s0 values of both the LLDPE and LDPE pure
components. We observed that the experimental
relaxation (solid symbols) was broader than that
obtained by the modeling of the viscoelastic
response by means of the Palierne model (with a ¼
1.0–10 � 103 N/m2), which gave rise to two relaxa-
tion mechanisms, the bulk blend relaxation and the
shape droplet relaxation (a). The relaxation time dis-
tribution of this blend showed a longer tail than that

corresponding to the pure LDPE sample, which rep-
resented around 15% of the total response. This was
a clear indication of strongly cooperative or over-
lapped mechanisms in the whole time domain, as
was also suggested by the unique temperature de-
pendence of the viscoelastic properties in the time
range explored. An extra contribution should be
included to explain the whole H(s), as shown in Fig-
ure 4(b). This additional relaxation appeared at the
longest relaxation time region, and it could be inter-
preted as the interfacial contribution (b). Molecular
interaction between different fractions of the mixed
samples would promote the accumulation of certain
molecular species, preferentially at the interface and
causing changes in the particle size and an
improved adhesion between the blend components.
From a microscopic point of view, the presence of

Figure 4 (a) Weighted relaxation time spectra of (þ) pure
LLDPE and (^) pure LDPE 5 (dotted lines) and (^) the
LLDPE/LDPE 5 blend at a TR of 160�C. The solid lines
corresponds to the main relaxation and shape deformation
relaxation predicted by the Palierne model (thick, solid
line). (b) Identification of the different relaxation mecha-
nisms by empirical Gaussian splitting of the weighted H(s)
for the LLDPE/LDPE 5 blend.
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these molecular species enlarged the thickness of the
interface. This interface contributed with an addi-
tional relaxation process characterized with a very
large interfacial relaxation time (sb). Moreover, the
properties of this interface should have now been
strongly dependent on the nature, molecular weight,
and amounts of the involved species.

If both LLDPE and LDPE species are involved in
the interface, a systematic change in the LDPE type
dispersed phase should also promote different inter-
facial contributions at a given composition. The dif-
ferences found in the blends studied are shown in
Figure 5. A strong effect of the LDPE phase was
clearly identified, as a systematic shift of the relaxa-
tion time distribution was obtained as the MFI of
the LDPE changed. Decreases in the strength and in
the values of the characteristic time of the b relaxa-
tion as relaxation time of the dispersed LDPE phase
decreases were clear from the results. The blends
with the LDPE 2 and LDPE 5 samples were espe-
cially interesting. Both LDPE samples had similar
MFI but likely a different branched structure (because
of the different polymerization process, as indicated in
the preceding lines). The relaxation time distributions
of the blends were then totally different; this suggested
different interfacial properties. The isolated b relaxa-
tion (assumed as a Gaussian contribution, additional
to the Palierne response) for all of the blends studied
is plotted in Figure 6. From these results, we extracted
the values of the strength (Hb) and sb of the additional
relaxation, as listed in Table II. Both viscoelastic fea-
tures nicely scaled with MFI of the LDPE minor phase,
and then, it was a process that could be tailored by a
change in this component. Moreover, the characteristic
values of sb, defined at the maximum of the relaxation,
were higher than the corresponding averages to both
the pure LLDPE matrix and the LDPE dispersed
phases (see Table I).

We applied the Palierne model modified by Jacobs
et al.,32 which considers an additional term to the
shape deformation of the droplets to account for the
viscoelastic properties of the interface. This approach
considers an interfacial dilatation modulus (b0 ¼ 0)
and an interfacial shear modulus (b00), independent of
the frequency (purely elastic interface). As pointed
out by these authors, this approach requires two con-
ditions: first, the existence of an additional relaxation
mechanism in addition to the shape relaxation of the
droplets, and, second, the g0 values of the blends
must only depend on the amount of dispersed phase
and not on the interfacial nature. Considering all of
the above, Van Hemelrijck et al.36 found the corre-
sponding expression for G0 with only two parameters
a/R and b00/R. The fits of the experimental data of G0

and g00 to the Palierne model with the parameters b00/
R and a/R listed in Table II are shown in Figure 7 for
the LLDPE/LDPE blends studied. From these fits, the
characteristic relaxation mechanism assigned to both
the shape deformation time (sa) and to the response of
the interface (sb) were deduced. We made use of the
equations for the characteristic relaxation time values
on the basis of the extended Palierne model derived
by Jacobs et al.32 We could simplify these equations in
our case, considering that / < 1 and b00/a � 1. In this
specific case, the characteristic sa and sb were
obtained as35

sa ¼ gmR

a
f pð Þ (9)

sb ¼ gm 1þ pð ÞR
b

(10)

where gm is the viscosity of the matrix, p is the ratio
between the viscosity of the dispersed phase and

Figure 5 Weighted relaxation spectra of (þ) pure LLDPE,
(n) LLDPE/LDPE 1, (l) LLDPE/LDPE 2, (!) LLDPE/
LDPE 4, and (^) LLDPE/LDPE5 at a TR of 160�C.

Figure 6 b relaxation contribution obtained from empiri-
cal Gaussian splitting of the weighted relaxation time dis-
tributions of the blends studied at 160�C: (&) LLDPE/
LDPE 1, (*) LLDPE/LDPE 2, (!) LLDPE/LDPE 4, and
(^) LLDPE/LDPE 5.
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that of the matrix, and f(p) is a function that
accounts for a weak influence of the viscosity ratio,
which varies between 1 and 2 (we considered an av-
erage value of 1.5 in our case). The calculated values
of sa and sb are listed in Table II. The calculated
relaxation time values of both the a and b relaxa-
tions were in good agreement with the obtained
results of the empirical separation methodology
applied for the blends, as discussed in the preceding
lines, as we observed in the comparison made as a
function of the values of g0 of the dispersed phase
in Figure 8.

The model was able to capture the characteristic
broad linear viscoelastic response, but it was more
precise for those blends with the lower values of g0

(LDPE 3 to LDPE 4, see Fig. 7(c,d)]. In these cases,
the g0 values were practically unaltered by the na-
ture of the second component of the blend, which
within the measurements uncertainty was around
the theoretical value expected by the Palierne model.
The model was not able to completely explain the

Figure 7 Application of the Palierne model with an additional term for the viscoelastic response of the interface for dif-
ferent values of a/R and b00/R to (h) G0 and (~) g00 in the LLDPE/LDPE blends at 160�C: (a) LLDPE/LDPE 1, (b)
LLDPE/LDPE 2, (c) LLDPE/LDPE 3, and (d) LLDPE/LDPE 4. Solid lines are the results of the applied model. Dashed
lines (LLDPE) and dotted lines (LDPE) are the results of G0 for the pure materials. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 8 Characteristic relaxation time values: (n) sa and
(l) sb obtained from Gaussian splitting and from fitting to
the Palierne model (the solid lines are for b00/R ¼ 0.4 kN/
m2 and the dotted line is for b00/R ¼ 0.60 kN/m2) versus
g0 of the dispersed phase at 160�C for all of the studied
blends. The open symbols correspond to the results
obtained for the LLDPE/LDPE 5 blend.
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response of the blends with LDPE 1 and LDPE 2 dis-
persed phases [Figs. 7(a,b)], which were character-
ized by higher values of g0. These results suggest a
complex picture, probably due to the different na-
ture of the molecules at the interface in each of the
blends. In a recent study, the additional interfacial
response was identified with the Gibbs elasticity as
an intrinsic property of the interface, which was the
key point for explaining the scaling of the relaxation
time values with interfacial properties.35 In this con-
text, the parameter that actually controlled sb was
3MI//NaqI/I (where Na is the Avogadro’s number,
MI is the molecular weight of the interfacial compo-
nent, qI is its concentration, and /I is its volume
fraction) or, in other words, the volume occupied by
a molecule located at the interface. This treatment
explained the increased relaxation time values as the
molecular weight of the interfacial molecules
increased. If the interface was formed in our blends
by both the LLDPE matrix and the different LDPE
dispersed components, it seemed reasonable to
assume that the increase observed in sb was due to
the increased molecular size of the LDPE molecular
species, as shown in Tables I and II. With these
results, one could anticipate a higher stability of the
dispersed phase to mechanical deformation in the
blends with LDPE with the highest values of dis-
persed phase g0 or s0 (or lower MFI), and then, the
droplets would not easily break upon strong defor-
mations, in contrast to the behavior observed in
unstabilized immiscible blends.36 In the case of the
LLDPE/LDPE 5 blend (with the tubular LDPE), a
small deviation was observed. This blend had the
smaller sb contribution, a result probably related to
the also smaller value of s0 in the pure dispersed
phase (LDPE 5) with respect to the autoclave LDPE
family (LDPE 1–LDPE 4), as shown in Table I. This
was likely due to the different molecular architecture
of the tubular LDPE 5 sample. Anyway, the presence
of the b contribution ascribed to the interfacial elas-
ticity in these blends may have played an important
role not only in the melt-state processing operations
but also in the final microstructure and properties
(mechanical, optical, etc.) of the finished products,
such as films.

Elongational properties: Melt spinning

The load (F) versus V curves measured for the vari-
ous materials and blends by the melt-spinning tests
performed under the aforementioned testing condi-
tions are reported in Figure 8(a,b). V is defined as V
¼ v1/v0, where v1 is the stretching velocity at the
wheels, which was steadily increased, and v0 is the
die extrusion velocity, which was kept constant dur-
ing the whole duration of the experiment. Figure
9(a) shows the tensile force for the pure components

as a function of the draw-down ratio. The figure
clearly shows the expected difference between the
LDPE and LDPE samples. The draw-down force val-
ues obtained for the LDPE samples (160–65.3 mN
from LDPE 1 to LDPE 5) were higher than that of
the LLDPE sample (9.40 mN). This difference was
attributed to the differences in the relaxation time
distributions and the molecular architecture of the
samples. Moreover, in the LDPE samples, there
existed a clear increase in the melt strength as the
MFI decreased, with the exception of sample LDPE
5, which as it has been indicated in previous lines,
likely possessed a different molecular architecture
than the rest of the LDPE samples. As it is well
known,41 the presence of long-chain branching and a
broader molar mass distributions causes a higher
degree of strain hardening in elongation and, as a
result, a higher tensile force in melt-spinning
experiments.
Figure 9(b) shows the tensile force versus the

draw-down velocity ratio measured for the LLDPE/

Figure 9 Tensile force versus the drawdown velocity ra-
tio at 160�C for (a) the pure polymers [(—) LLDPE, (&)
LDPE 1, (*) LDPE 2, (~) LDPE 3, (!) LDPE 4, and (^)
LDPE 5] and (b) the LLDPE/LDPE blends (the symbols
correspond to the LDPE used in the blend).
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LDPE blends studied. As clearly shown in this fig-
ure, the presence of LDPE induced an increase in
the force exhibited by the material in resisting exten-
sion at a prescribed V, with respect to neat LLDPE.
The maximum tensile force values at the break of
the filament were higher than that the corresponding
to the pure LLDPE sample in all cases, with values
varying between 65.9 mN for the LLDPE/LDPE 1
blend to 37.5 mN for LLDPE/LDPE 5. Furthermore,
these values were also above those obtained by the
additive rule applied to the corresponding values of
the pure components. Moreover, there seemed to
exist a correlation between the increase observed in
the maximum extensional stress, r11max obtained
from eq. (1) for the blends and the interfacial proper-
ties, as the stronger increments given by K in Table
II, with K ¼ r11max(blend)/r11max(LDPE), were seen
in those blends with a more important contribution
of the interfacial component to the linear viscoelastic
response.

CONCLUSIONS

We investigated the influence of different LDPE dis-
persed phases in the linear viscoelastic behavior and
elongation in the melt of LLDPE/LDPE blends. The
simplified model of Palierne was not efficient in
describing the complex relaxation observed in the
blends, and an additional relaxation mechanism had
to be considered. From this study, it was clear that
the LDPE type had a strong effect on this additional
mechanism, probably because of the differences in
the interfacial properties. The application of the
extended model of Palierne identified the additional
mechanism with the elastic properties of the inter-
face by means of the introduction of b00. This param-
eter, together with a and the intrinsic viscoelastic
properties of the pure components, explained both
qualitatively and quantitatively the very broad si
distribution of the blends. The trend observed sug-
gests that those LDPE samples with the highest g0

(lowest MFI) values induced more elastic interfaces,
with characteristically higher relaxation time values.
Small differences were found for the blend with the
tubular LDPE, which suggested an effect of the dif-
ferent molecular architecture in this case. The pres-
ence of the contribution attributed to the interfacial
elasticity played an important role in the melt-state
processing operations. Strong positive deviations of
the maximum tensile stress were found in the melt-
spinning experiments. These deviations were more
pronounced in those blends with the presumed
strongest interfaces.
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