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The linear viscoelastic behaviour of a series of mPE/LDPE blends was evaluated. Newtonian
viscosity showed slight positive deviation from the double reptation model, which assumes
miscibility or, at least, cooperative relaxation between the mixed species. This feature is
typical of emulsion-like polymer blends and is attributable to additional relaxation
processes that occur at low frequencies associated with deformability of the dispersed
phase. Close agreement between data obtained by applying the Palierne model for
emulsions of two viscoelastic liquids and experimental data was only shown for the blend
of lowest LDPE content. Good predictions were derived for the higher LDPE contents, when
partial miscibility of the components was assumed. In these cases, the viscoelastic
response can be modelled through a hybrid model that takes into account the double
reptation approach in the miscible phase models. Contrary to other heterogeneous blends,
the blends examined here do not show an enhanced elastic character. This behaviour is
probably due both to the extremely different relaxation times of the phases in the blends
rich in mPE, and to the partial miscibility of the components in the blends of high LDPE
content. C© 2003 Kluwer Academic Publishers

1. Introduction
Polyolefin blends have been widely investigated in
terms of their rheological properties, though recently
this topic has generated renewed interest [1–4]. In
general descriptions of rheological behaviour, the
miscibility of a blend’s components is the limiting
factor. The literature is full of interesting results re-
lated to the rheology and morphology of polyolefin
blends. Acierno et al. [5–7] and Utracki and Schlund
[8–12] extensively explored the rheological behaviour
of high density and linear low density polyethylene
(HDPE/LLDPE) as well as HDPE/low density PE
(LDPE) and LLDPE/LDPE blends. More recently, Cho
and co-workers [13–17] performed a series of stud-
ies on the rheology and mechanical properties of poly-
olefin blends. These works established that polyolefin
blends can be miscible, partially-miscible or immis-
cible. However, some authors infer single phase be-
haviour for blends HDPE/LLDPE and LLDPE/LDPE
in the melt also from rheological measurements [3, 11,
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12, 14], while Alamo et al. [18] consider phase segrega-
tion in blends of model polyethylene of hydrogenated
polybudadiene (HPB/HPB1-butene). Martı́nez-Salazar
and co-workers [19] published experimental findings
that indicate phase separation at 160◦C in blends of
HDPE and short branched PE (BPE) for branching
content values above 10 branches per thousand car-
bon atoms. Donnatelli [20], and more recently Xanthos
and Ponnusamy [21], discovered that HDPE/LDPE
blends were immiscible over the temperature range
170–210◦C. Further, according to Utracki and Schlund
[11, 12], LLDPE/LDPE blends are thermodynamically
immiscible. In these blends, the possibility of a com-
patible mixture of emulsion type morphology in the
temperature range 150–230◦C is suggested. Lee and
Denn [3] and Hussein and Williams [4] reached simi-
lar conclusions for LLDPE/LDPE blends. These latter
authors proposed molecular order and mismatch of the
molecular conformations of different polyolefin struc-
tures to account for immiscibility in polyethylenes. In
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contrast, Yamaguchi and Abe [2] observed miscibil-
ity in LLDPE/LDPE blends. Cho et al. [14] found that
HDPE/LDPE and LLDPE/LDPE blends were miscible
in the melt state in the temperature range 130–230◦C.
The findings of Groves et al. [22] also point to misci-
bility or, at least, cooperative relaxation between linear
and branched species in HDPE/LDPE blends at tem-
peratures of around 160 and 190◦C.

Of particular recent interest, is the miscibility and
processability of polyolefins generated by a single-site
(metallocene) catalyst (mPEs) compared to conven-
tional polyolefins such as LLDPE and HDPE, made
by the Ziegler-Natta catalyst [13, 24]. Available results
indicate that the degree of miscibility between mPEs
(1-octene comonomer) and LLDPE in the melt state
depends on the relative molecular weight (or the melt
flow index), the density and the comonomer content.
In a thermodynamic study of polyolefin blends, Mehta
showed that the melt miscibility of LLDPE depends on
the factors molecular weight and density [25]. These
findings confirmed earlier conclusions [26–28].

Collectively, the findings of these studies clearly in-
dicate that the rheology and other physical properties
of a blend strongly depend on morphology [29]. The
state of dispersion, which corresponds to the final mor-
phology but is not necessarily an equilibrium state, is
directly linked to the conditions of blend preparation.
This means that the mixing method or mixing condi-
tions can affect the characteristics of a blend [29, 30].
In most rheological studies, melt blending is achieved
in twin-screw continuous extruders, batch discontinu-
ous or two-roll mill mixers, which, depending on the
conditions, give rise to very different morphologies and
thermo-mechanical histories.

The behaviour patterns of rheological properties are
related to the morphological state in the melt, and, in
turn, depend on the viscosity ratio of the components,
temperature, phase interactions, interfacial tension and
hydrodynamic effects [29, 31]. Unfortunately, it is very
difficult to ascertain molten state morphology in poly-
olefin blends, due to the lack of contrast between pure
materials. Moreover, this morphology may be very dif-
ferent to that shown in the solid state. For example,
HDPE/LLDPE blends co-crystallise [3, 32, 33], yet
blends of HDPE/LLDPE/LDPE usually form crystals
separate from each other [3, 13].

The development of theoretical and phenomenolog-
ical models for miscible and immiscible blends is an-
other subject of current interest. The double reptation
model [34, 35] for miscible blends and the Palierne
emulsion model [36] for immiscible blends are both
frequently applied to explain the viscoelastic behaviour
of polyolefin melts [3, 4, 22]. Indeed, rheology has be-
come a potent tool for inferring morphological state in
this type of blends.

This study was designed to explore relationships be-
tween the rheological properties and the possible mor-
phology of mPE/LDPE blends. The rheological prop-
erties of these blends were then compared with data ob-
tained for blends of HDPE and a slightly short branched
PE (BPE) in our laboratory. We must stress that all the
blends were prepared in the same conditions. In both

cases, the pure materials were supplied as powders,
to allow better initial contact between the polymers in
blend preparation.

2. Experimental
2.1. Materials and blend preparation
We prepared blends of a metallocene catalysed ethy-
lene homopolymer (mPE) and a conventional low den-
sity polyethylene (LDPE). For comparative purposes,
we also examined data corresponding to blends of
conventional high density polyethylene of low molar
mass (HDPE) and low density or branched polyethy-
lene (BPE) of high molar mass [37]. All the materials
used were supplied by Repsol-YPF, in the form of a
powder. Blending was performed with small amounts
of Irganox 1010 as an oxidation inhibitor in a batch
Haake mixer at a temperature of 160◦C, increasing the
rotor speed until a constant value of the torque of 15
mN. Blending time was 5 min in all the cases. The
blends were denoted LDPEw and BPEw; where w rep-
resents the weight fraction of LDPE and BPE in the
mPE and HDPE blends respectively. The samples were
pressed in a laboratory Schwabenthan Polystat 200T
hot press at a temperature of 160◦C and a nominal pres-
sure of 150 bar, and then quenched at room tempera-
ture. Disk specimens 25 mm in diameter were stamped
for dynamic torsion measurements. The thickness of
the compression-moulded samples was adjusted for the
rheological measurements. The molecular variables of
all the materials examined as obtained from GPC and
13C NMR are listed in Table I.

2.2. Measurements
Linear viscoelastic properties in the molten state were
measured using a Bohlin CVO rheometer with the par-
allel plates geometry in the oscillatory shear mode. It is
well documented in the literature that linear viscoelastic
measurements in the melt can be performed from this
kind of experiments. Determinations were made within
the linear viscoelastic range at 15% strain. This value
was identified with the aid of previous strain sweeps
carried out for all the samples. The angular frequency
dependence of viscoelastic functions, storage modu-
lus G ′, loss modulus G ′′ and complex viscosity η∗, at
a temperature range of 130–190◦C were measured in
the frequency range 10−3–102 rad s−1. Measurements
were repeated several times on the same sample and
on fresh samples to avoid blending shear history and

TABLE I Characterization of the materials studied: weight-average
molecular weight (Mw), polydispersity index (Mw/Mn) and branching
content; short chain branching (SCB) and long chain branching (LCB)

Mw SCB LCB
Sample (gmol−1) Mw/Mn (CH3/1000C) (CH3/1000C)

mPE 180000 2.0 0 0
LDPE 223000 7.7 14.9 2.7
BPE 403000 3.3 3.5 0
HDPE 44400 4.6 0 0
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T ABL E I I Rheological parameters of the materials and blends examined here determined at 160◦C. Newtonian viscosity ηo, steady-state compliance
J o

e , relaxation time λ, lastic index ER, cross-point modulus Gx, and flow activation energies Eah and Eav

Sample ηo/kPa s J o
e /kPa−1 λ/s ER Gx/kPa Eah/kJ mol−1 Eav/kJ mol−1

mPE 34 0.64 22 0.25 251 22.5 1.66
LDPE010 43 0.54 23 0.55 199 26.3 4.17
LDPE020 55 0.49 27 0.60 166 26.3 6.25
LDPE030 68 0.47 32 0.69 142 30.0 7.50
LDPE040 80 0.53 42 0.71 121 41.7 5.83
LDPE050 90 0.64 58 0.80 85 31.7 10.0
LDPE060 105 0.61 64 0.77 65 40.0 10.8
LDPE070 120 0.69 83 0.79 43 49.2 8.33
LDPE080 130 0.89 116 0.75 27 44.6 14.2
LDPE090 120 0.85 102 0.78 14 60.4 11.7
LDPE 110 0.86 95 0.78 8 66.7 12.5

degradation effects. The time-temperature superposi-
tion was applied to frequency dependence and modu-
lus dependence at the different temperatures. A good
review about this procedure can be found elsewhere
[38]. At temperatures above melting temperature, Tm,
where most of the polyolefin melts are processed, the
temperature dependence of relaxation times follows an
Arrhenius-type equation:

aT = exp

[
EaH

R

(
1

T
− 1

To

)]
(1)

where aT is the horizontal relaxation time (frequency)
shift factor, R is the gas constant, T is the experimental
temperature, To is the reference temperature and EaH is
called “horizontal activation energy.”

As it is known some polymers, mainly those contain-
ing long chain branches as LDPE and ethylene/vinyl
acetate copolymers (EVA), show a stress-dependent ac-
tivation energy when data are shifted at constant stress,
providing that the data are only horizontally shifted.
For this reason a vertical shift involving a “vertical ac-
tivation energy” is also needed:

bT = exp

[
EaV

R

(
1

T
− 1

To

)]
(2)

where bT is the vertical stress (modulus) shift factor, and
R, T , and To have the same meaning than in Equation 1.
EaV is the “vertical activation energy.” Materials show-
ing high Eav values are frequently called thermorheo-
logical complex systems [38].

The Eah values recorded were 22.5 kJ mol−1 for mPE,
and 66.7 kJ mol−1 for LDPE, in good agreement with
results quoted in the literature [38]. For the LDPE, it
was necessary to apply a vertical shift to yield an Eav =
12.5 kJ mol−1, which corresponds to branched, ther-
morheologically complex ethylene based polymers.
The blends also fulfilled the time-temperature superpo-
sition principle. Eah and Eav varied linearly with com-
position (see Table II). The HDPE/BPE samples also
followed the time-temperature superposition. No ther-
morheological complexity was observed in this case,
as expected for linear polyolefins. Eah varied slightly
between 20.8 and 27.1 kJ mol−1. The results of super-
position are omitted here for the sake of brevity and
because they provide no additional information on the

possible miscibility or immiscibility of the blends [39].
Hereafter, only the results obtained at 160◦C for the
LDPEw series and at 190◦C for the BPEw series are
presented.

3. Results and discussion
Fig. 1 provides |η∗(ω)| data on the mPE/LDPE blends
determined at 160◦C. It is clear that in the LDPE-rich
compositions or the blends with high w values, η∗ ex-
ceeded the viscosity of the most viscous component
(LDPE). The values of G ′ were also enhanced at these
high w values, as can be observed in Fig. 2. These

Figure 1 Modulus of complex viscosity vs. angular frequency of the
blends examined at 160◦C. (◦) mPE, (�) LDPE020, (•) LDPE040,
(�) LDPE060, (�) LDPE080, (�) LDPE. The lines correspond to the
Maxwell fit of experimental data.

Figure 2 Experimental storage modulus at 160◦C for the pure materi-
als (open symbols) and two of the blends (full symbols). Symbols as
for Fig. 1. Lines represent fitting the experimental data to the Maxwell
model.
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results suggest heterogeneity in the blends and indicate
emulsion-like rheology. For these blends, Groves et al.
[22] found agreement between measurements and pre-
dictions derived from the double reptation theory, by
empirically varying the exponent blending law C of
the generalised form of the double reptation blending
law [34, 35]:

G(t) =
[∑

i

φiG
1/C
i (t)

]C

(3)

In the case of HDPE/LDPE blends, C depends on the
viscosity ratio of blend components as follows:

C = 1.08

(
ηoB

ηoL

) 1
3.6

+ 0.82 (4)

where ηoB and ηoL is the Newtonian viscosity of the
linear and branched polymers, respectively. This model
has been found to describe the linear rheology of blends
of linear and branched PEs for a range of C values be-
tween 1.25 and 4 [22]. Variability was explained in
terms of the different degrees to which branched and
linear species co-operatively relax in the molten state.
In the case of the mPE/LDPE blends studied here, the
value of C is 2.3, very close to the double reptation case
(C = 2). The value of C = 2.3 can be extracted from
the Newtonian viscosity ratio (ηoB/ηoL = 3.2) apply-
ing Equation 2 (see Table II). In Fig. 3, we represent
the result of the model given by Equation 1 applied
to the LDPE050 blend at 160◦C. The modified double
reptation model of Groves et al. [22], which assumes
miscibility, does not fit the experimental results. Higher
values of G ′ and G ′′ than those predicted by the model
at low frequencies are obtained. We computed the re-
laxation modulus G(t) of the individual components
and the blend by Fourier transforming the measured
dynamic moduli. The computed curve for the blend is
shown in the inset to Fig. 3. The line represents the mod-
ified double reptation model with C = 2.3. The shift of
the experimental viscoelastic response towards higher
times would be directly linked to a heterogeneous mor-
phology. This response is characteristic of emulsion-

Figure 3 Predictions of the reptation model with C = 2.3 [22] (solid
line) and experimental results of for G ′ (�) and G ′′ (◦) in blend
LDPE050 at 160◦C. The figure inset shows the prediction of the
computed relaxation modulus G(t) for the same blend.

Figure 4 Predictions of the reptation model with C = 2.7 [22] (solid
line) and experimental results of for G ′ (�) and G ′′ (◦) in blend
BPE050 at 160◦C. The figure inset shows the prediction of the computed
relaxation modulus G(t) for the same blend.

like systems of viscoelastic materials. An additional
slow relaxation mechanism is observed at longer times
(low frequencies) that can be interpreted as disperse
phase droplets deformation-relaxation process. Lower
values of C (C ∼ 1) would be needed to describe the ex-
perimental behaviour reproducing the relaxation mod-
ulus curve. This value of C corresponds to a viscosity
ratio of ηoB/ηoL ∼ 10−3 in Equation 4, far from the ex-
perimentally observed viscosity ratio.

Fig. 4 shows the viscoelastic response at 190◦C for
the BPE050 blend. We selected this blend and temper-
ature of 190◦C since the viscoelastic fingerprint, blend
preparation conditions and initial morphology of the
materials are very similar to those corresponding to the
LDPE050 blend in Fig. 3. The optimum value of C in
this case is C = 2.7. As can be seen in Fig. 4, there
is very good agreement between the computed curves
for the double reptation theory and the experimental re-
sults in the terminal region. This is consistent with the
notion that the polymers are miscible in the melt. The
result is virtually identical to that obtained by Groves
et al. [22] for linear/linear polymer blends. These au-
thors found that values of C between 2-3 explained the
viscoelastic response in this type of blend. It was found
that the blends of linear/linear species (HDPE/HDPE
and HDPE/BPE) did not confirm the C index predic-
tion given by Equation 2. In these cases, the blends
always closely, though not precisely, followed the orig-
inal Tsenoglou rule with C = 2. Recently, Lee and
Denn [3] also obtained accurate predictions with val-
ues of C = 2 for this type of system. Thus, in these
blends, unlike the case for linear/branched blends, it
seems that the value of C is independent of the vis-
cosity ratio. In our case, ηo1/ηo2 is of the order of 104

(see Table III). Lee and Denn [3] and Groves et al. [22]
worked with viscosity ratios in the range 2.2 to 84.

From the dynamic results at low frequencies, we can
extract data to infer the compositional dependence of
the characteristic terminal parameters shown in Table II
for the mPE/LDPE blends. Values of Newtonian vis-
cosity ηo, steady-state compliance J o

e , and relaxation
time λ, were obtained by applying the Maxwell gener-
alised model, as shown elsewhere [40]. As can be seen
in Fig. 5, a positive deviation of ηo from that expected
according to the modified double reptation model with
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T ABL E I I I Newtonian viscosity ηo, of the materials and blends
examined here determined at 190◦C

Sample ηo/Pa s

HDPE 140
BPE030 18000
BPE040 46250
BPE045 80000
BPE050 95000
BPE055 130000
BPE060 170000
BPE070 250000
BPE 820000

Figure 5 Compositional dependence of Newtonian viscosity ηo at
160◦C for (•) mPE/LDPE blends, and at 190◦C for (◦) HDPE/BPE.
The solid lines represent the predictions of the reptation model for val-
ues of C = 2.3 (see text). The dotted line represents the predictions given
by Equation 7 for miscible blends applied to HDPE/BPE blends. The
dashed line represents the predictions of the Oldroyd model for immis-
cible blends (Equation 8) applied to mPE/LDPE blends.

C = 2.3 (shown as a dotted line) is obtained for the
mPE/LDPE blends examined. A maximum value of
ηo, above that corresponding to the most viscous com-
ponent (LDPE), for the w = 0.70 LDPE composition
can also be observed. Conversely, for the HDPE/BPE
blends, the model with values close to C ∼ 3 fit the ex-
perimental ηo results very well in the composition range
studied. This value is in close agreement with that ob-
tained from the fit of G(t) (C = 2.7) to the model over
the whole time interval analysed (see Fig. 4). There are
several available blending laws for ηo, for which the
starting point is defined in terms of an additivity in the
weight-average molecular weight, Mw [41–44]:

Mwblend =
∑

i

wi Mwi (5)

According to the well-known dependence of ηo on Mw
of linear polymers:

ηo = KM3.4
w (6)

it is easy to obtain the following expression for the
compositional dependence of ηo as a function of the
characteristic values of ηo of the components:

ηo,blend =
[∑

i

wi(ηoi)
1/3.4

]3.4

(7)

This expression was applied to the HDPE/BPE blends
examined (Fig. 5). In general, the modified reptation
model and the blending law given by Equation 7 show
agreement for weight fractions higher than w = 0.30
of the most viscous component (BPE).

The positive deviation observed in the compositional
dependence of ηo for mPE/LDPE blends identifies a
heterogeneous morphology. This behaviour is com-
monly explored by applying simple emulsion models.
Among the various existing emulsion models, the one
proposed by Oldroyd is perhaps the most used [45].
Here, the viscosity of a dilute emulsion of two incom-
pressible and totally immiscible Newtonian fluids in the
linear viscoelastic range is given by:

ηo = ηo,m

[
1 + φ

5K + 2

2(K + 1)
+ φ2 (5K + 2)2

10(K + 1)2

]
(8)

where φ is the volume fraction of the dispersed phase
and K = ηo,d

ηo,m
, where ηo,m and ηo,d, are the viscosity

of the matrix liquid and the dispersed droplets, respec-
tively. This dilute emulsion model is commonly used to
predict the viscosity on both sides of the phase diagram.
We considered the weight, w, and volume, φ, fractions
to be equal, i.e., both components were taken to have
the same melt density ρ. It seems that the model works
well for compositions below w = 0.10 and higher than
w = 0.90 (dashed lines in Fig. 5).

In Fig. 6, we present the variation in experimen-
tal viscosity relative to that expected according to
the reptation miscible model for all the blends. It
can be seen that the HDPE/BPE blends scarcely
deviate from the behaviour expected by the misci-
ble reptation approach (differences are always less
than 10%). The mPE/LDPE blends, however, show
a strong positive deviation at intermediate composi-
tions. The enhanced ηo for the mPE/LDPE blends
is not as abrupt as that observed in immiscible sys-
tems such as polyethylene-terephthalate-glycol)/EVA,
polypropylene/EVA or EVA/PE blends [46–48]. In
all these cases, it has always been assumed that en-
hanced viscoelastic functions may be attributed to a
very long relaxation time associated with deformation
of the dispersed phase. The model recently developed

Figure 6 Relative deviation of experimental Newtonian viscosity ηo of
the blends from values predicted by the miscible reptation model. Sym-
bols are the same as for Fig. 5. The horizontal solid line represents the
expected behaviour of miscible blends. The dashed lines indicate the
normalised Oldroyd model predictions.

4761



by Palierne [36], describes the linear viscoelastic re-
sponse in this type of system in terms of the viscoelastic
behaviour of each phase, the matrix (m) and the dis-
persed phase (d) by means of the general expression:

G∗(ω) = G∗
m(ω)

1 + 3
∑

i φi Hi(ω)

1 − 2
∑

i φi Hi(ω)
(9)

with Hi(ω) given by:

Hi(ω)

= 4
(

α
Ri

)
[2G∗

m + 5G∗
d] + [G∗

d − G∗
m][16G∗

m + 19G∗
d]

40
(

α
Ri

)
[G∗

m + G∗
d] + [2G∗

d + 3G∗
m][16G∗

m + 19G∗
d]

(10)

In our particular case i = 1 since we consider a single-
sized droplet distribution of radius R. This model pre-
dicts that enhancement of viscoelastic functions due to
the presence of a dispersed phase greatly depends on the
relaxation time ratio χ and the viscosity ratio K of the
phases, the interfacial tension between the phases α, the
particle radius R, and the volume fraction of dispersed
phase φ [49]. For given values of α, R and φ, the en-
hancement in G ′ is usually seen as a secondary plateau,
GP, at low frequencies. For values of K = ηod

ηom
< 1, GP

is almost constant and shows values of around 103 Pa
[48, 49]. However, GP becomes ill defined when the
relaxation time of the matrix is high relative to that cor-
responding to the dispersed phase. In the blends exam-
ined here, the LDPE displays a higher relaxation time
than the mPE, which is normal for a polymer of broad
molecular weight distribution and long chain branch-
ing. As a first approximation, the Cross fit (not shown
here) of pure polymers to |η∗| data leads to a relax-
ation time ratio of χ = (τod/τom) > 100. This might
explain why dispersed phase deformation phenomena
could hardly be observed in the blends examined, com-
pared to other blends with similar values of K and a χ

ratio of 1 [49].
Fig. 7 shows the effect of the relaxation time of the

matrix in the viscoelastic response of the LDPE080
blend compared to an EVA/mPE blend with a mPE
weight fraction of w = 0.80 [48]. In both cases, the dis-
persed phase has a relaxation time of the order of 0.1.
The relaxationtime of LDPE is, however, two orders

Figure 7 Storage modulus G ′ of the LDPE080 (�) blend at 160◦C.
Results were compared with those obtained for an EVA/mPE blend of the
same composition (mPE080) (�) and with those of the pure components
mPE (solid line) and LDPE (dotted line).

of magnitude higher than that corresponding to mPE.
In the LDPE080 blend, although the relaxation mech-
anism is not easily observable in G ′, the increased val-
ues of this function with respect to the more viscous
and elastic blend component (LDPE) is appreciable.
Very similar behaviour has been recently observed in
LLDPE/LDPE blends [3, 4]. The difference between
these two reports is that, in the former, the Palierne
model itself was not able to predict the rheological re-
sponse of the blends, and thus the possibility of partial
miscibility had to be accounted for.

In Fig. 8a and b, we show predictions of G ′ and
tan δ at both ends of the phase diagram (LDPE080
and LDPE020) over a wide range of frequencies
(5 decades). Exceptional agreement was shown be-
tween the experimental and predicted value of α/R =
2.0×103 Pa for LDPE020. The model reproduces very
well the curve of loss tangent against frequency. Similar
results were obtained for mPE010 and mPE030 blends
(data not shown). The value of α/R is in good agree-
ment with those reported for LLDPE/LDPE and EVA/
PE blends [3, 4, 48, 49].

For the LDPE080 blend, the value of α/R = 2.0 ×
103 Pa does not reproduce the experimental results well.
A clear inflexion between 0.1–1 rad s−1 is predicted yet
not experimentally observed. The predicted values for
tan δ are also lower than those experimentally observed
at low frequencies. An increase in α/R of two orders of

(a)

(b)

Figure 8 Experimental values of (a) G ′ and (b) tan δ of LDPE020 (�)
and LDPE080 (�) at 160◦C. The lines represent the predictions of the
Palierne model (Equations 9 and 10). Solid lines: α/R = 2 × 103 Pa
for both LDPE20 and LDPE80 blends. Dashed line: α/R = 2 × 105 Pa
only for LDPE80 blend. Please note that for the blend LDPE020 the two
lines coincide.
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magnitude (α/R = 2.0 × 105 Pa) would fit the exper-
imental G ′ values well, but fails to describe the tan δ

curve at high frequencies. A high degree of variation in
α is not plausible since this variable depends mainly on
the chemical nature of the polymers in contact. Differ-
ent preparation conditions of the blends might lead to a
decrease in particle radius of two orders of magnitude
and changes in mixing shear rate or torque would give
rise to morphological alterations in the blends, i.e., dif-
ferent particle radius depending on composition. How-
ever, the mixing velocity and torque were set at 15 Nm
and 15 r.p.m. for all the mPE/LDPE blends. A possible
explanation for the differences noted could be partial
miscibility.

Lee and Denn [3] extended the emulsion model to
partially miscible systems, assuming a fraction X of
the minor component is miscible with the major com-
ponent. The matrix properties are then determined from
the double reptation theory (with C = 2.3), and the
properties of the blend are defined by the emulsion
model with a dispersed phase consisting of 1 − X of
the minor component. There are two parameters in this
hybrid approach, X and α/R. We followed the same
procedure as Lee and Denn [3]. α/R was fixed in as-
cending power of ten and a suitable value of X was
found. In this case, a good fit of the experimental data
was obtained at a value of α/R = 1.0 104 Pa and a
value of X = 0.40 (see Fig. 9a). Identical values were
found for the LDPE070 and LDPE090 compositions.
Fig. 9b shows the result of this “hybrid” model applied

(a)

(b)

Figure 9 Predictions of the Lee and Denn hybrid model (solid lines with
C = 2.3, α/R = 1.0 × 104 Pa and X = 0.4) [3]: (a) G ′ (�) and G ′′ (◦)
in the LDPE080 blend and (b) tan δ for the LDPE070 (�), LDPE080
(◦) and LDPE090 (�) blends at 160◦C.

Figure 10 Cross-point modulus ,Gx, and rheological polydispersity in-
dex ER vs. composition at 160◦C. (•) Gx, (�) ER (C1 = 5 × 10−3).
The lines are drawn to guide the eye.

to loss tangent for LDPE-rich compositions. The values
show very close agreement with those obtained by Lee
and Denn for LLDPE/LDPE blends.

Shroff and Mavridis [50] described several indices
to quantify the elasticity of polymeric materials in the
melt. These indices were found to define the rheological
polydispersity of molten polymers. The first index we
calculated is denoted ER:

ER = C1 · G ′|G′′=500Pa (11)

where an arbitrary constant, C1 = 5 × 10−3, is chosen
so that ER falls between 0.1 and 10. ER is actually a
measure related to the steady state shear compliance
J o

e :

G ′(ω) = J o
e [G ′′(ω)]2 when ω → 0 (12)

The cross-point modulus (tan δ = 1), Gx, is also con-
sidered to be a measure of rheological polydispersity
of polymers and blends [50]. Table II shows the steady-
state compliance J o

e and the elastic indices, ER and Gx,
for the mPE/LDPE blends analysed. It may be observed,
that the elastic indices systematically increase with w.
In Fig. 10, we plotted the compositional variation of J o

e
and ER. The characteristic maxima of heterogeneous
systems at the intermediate compositions cannot be ap-
preciated [48, 50]. For low values of w, although the
Palierne model for immiscible systems predicts the vis-
coelastic behaviour of the blends, the relaxation process
of the hard (long relaxation time) dispersed phase is not
observed. For high values of w, the possible partial mis-
cibility of the materials (higher α/R ratio and a certain
miscible fraction, X) does not allow the less viscous and
more deformable particles of mPE to store an additional
form of recoverable energy.

4. Conclusions
The mPE/LDPE blends showed positive deviation of
Newtonian viscosity from the double reptation model
that assumes miscibility. Results were compared with
those obtained for HDPE/BPE blends prepared in sim-
ilar conditions. These latter blends show very close
agreement with the model. The Palierne model for
emulsion-like heterogeneous polymer blends applied
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to mPE/LDPE blends was found to only satisfactorily
explain the viscoelastic behaviour of the blends of low
LDPE contents. The values of the α/R ratio are very
similar to those reported for heterogeneous EVA/LDPE
and EVA/mPE blends. This is not the case for blends
rich in LDPE, for which it was necessary to assume par-
tial miscibility of the components. A hybrid model that
includes the double reptation approach for the misci-
ble phase (the matrix) and the linear Palierne approach
for the whole system, was able to successfully explain
the viscoelastic response of these blends. The values of
the α/R ratio, and the miscible fraction of the minor
component X, were one order of magnitude lower than
that of mPE-rich blends and 0.40 respectively. These
results are consistent with those cited for conventional
linear/branched PE blends in the literature. Contrary
to heterogeneous blends, the blends analysed here do
not show enhanced elastic character. A systematic but
slight increase in steady-state compliance and elastic
indices was noted as the LDPE content of the blend
increased. This behaviour is probably due to the ex-
tremely different relaxation times of the phases in the
blends of lower LDPE content on the one hand, and to
the partial miscibility of the components in the blends
rich in LDPE, on the other.
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