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Abstract

The aim of this study was to determine the linear viscoelastic properties of a series of ethylene/vinyl acetate copolymer/metallocene-

catalysed polyethylene (mPEs) blends. Newtonian viscosity showed a pronounced positive deviation from the double reptation model, which

assumes miscibility or, at least, cooperative relaxation between the mixed species. Enhanced values of steady-state compliance and elastic

indices with respect to those of the pure components were also noted. These features are typical of emulsion-like polymer blends and are

thought to arise from additional relaxation processes associated with dispersed phase deformability. Application of the Palierne model for

emulsions of two viscoelastic liquids showed good agreement with our experimental dynamic results at both ends of the phase diagram.

However, the model failed at intermediate compositions. Through the application of several rheological criteria we were able to locate the

phase inversion concentration at a weight fraction of w ¼ 0:60 in the mPEs. It is suspected that, in this composition range, a fully co-

continuous phase develops due to the phase inversion mechanism, which has considerable effects on the viscoelastic properties of the blends.

q 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Despite the interest generated in the patent literature [1],

to date, the rheological properties of ethylene/vinyl acetate

copolymer (EVAc)/polyethylene (PE) blends have been

scarcely investigated [2]. We recently observed certain

characteristic features in the viscoelastic response of EVAc/

low density polyethylene (LDPE) blends that point to these

blends being heterogeneous polymeric systems [3].

In rheology, three phase behaviour patterns are generally

considered for: (i) miscible single-phase systems, (ii) rather

ill defined intermediate systems near the phase separation

region, and (iii) immiscible two-phase systems [4,5]. It is

very difficult to establish the miscibility of a blend in the

melt state. The linear viscoelastic response obtained in small

strain dynamic flow is an appropriate method of obtaining

information on the homogeneity of polymer blends.

Miscibility or homogeneity is generally assumed when the

linear viscoelastic response of a blend can be expressed as a

simple blending rule applied to the relaxation spectra of its

base polymers. Moreover, the blending rules developed for

homologous polymer blends are frequently valid for

miscible blends. In the case of immiscible blends, the

situation is more complex. The properties and rheology of

immiscible blends are strongly dependent on morphology

and, therefore, on the viscoelastic properties of the phases,

mixing conditions and composition [5]. The more general

case is the emulsion-like morphology, with a continuous

phase (matrix) and a relaxed spherical dispersed phase. For

this particular case, the mathematical models developed

have attained a high degree of sophistication and take into

account the viscoelastic nature of the phases, their

deformability and hydrodynamic interaction between the

particles of the dispersed phase.

The Palierne model [6] for emulsions of viscoelastic

fluids has been proved to be highly efficient in describing the
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linear viscoelastic response of immiscible blends of flexible

polymers [7–14]. The main feature of these systems is a

characteristic increase in the values of the storage modulus

G0 at low frequencies, related to the deformation relaxation

mechanism of the dispersed spherical particles and the

interfacial tension between the phases. For a heterogeneous

blend of two viscoelastic fluids, one can define various

parameters associated with the system’s morphology [15].

lM is a relaxation time for the blend; lP is the relaxation

time associated with the deformation mechanism of the

phases and lD is the terminal relaxation time of the blend.

GP is a characteristic secondary plateau modulus that

appears at low frequencies associated with the dispersed

morphology. All these variables strongly depend on the

interfacial tension a; the particle radius R; and the linear

viscoelastic features of the pure components, mainly the

Newtonian viscosity ratio K ¼ h0;d=h0;m; and relaxation

time ratio x ¼ td=tm; between dispersed and continuous

(matrix) phases.

The Palierne model expresses the complex modulus of

the immiscible blend with a monodisperse droplet size

distribution as

GpðvÞ ¼ Gp
mðvÞ

1 þ 3fHðvÞ

1 2 2fHðvÞ
ð1Þ

with HiðvÞ given by

HðvÞ ¼

4
a

R

� �
½2Gp

m þ 5Gp
d� þ ½Gp

d 2 Gp
m�½16Gp

m þ 19Gp
d�

40
a

R

� �
½Gp

m þ Gp
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d�

ð2Þ

Gp
d and Gp

m are the complex moduli of the dispersed phase

and the matrix, respectively, a; the interfacial tension, f; the

volume fraction of the disperse phase, and R the particle

radius. These expressions have been validated for the

polydispersity of a droplet size distribution less than 2.3

[15]. This model’s general formulation also contains the

variables related to the interface b0ðvÞ and b00ðvÞ; which

take into account the viscoelastic properties of the interface

(usually set at zero). It should be noted that the model

includes no empirical variables and one can predict the

linear viscoelastic response of an immiscible blend from

measurable physical properties. If the interfacial tension a is

unknown, the model can be used to determine its values by

fitting experimental data.

Here we report a study performed on blends of a

branched EVAc and a linear metallocene-catalysed PE

(mPE) with moderate polydispersity indices. The rheologi-

cal properties of these materials have been recently

investigated [16,17]. Our primary focus was the linear

rheological behaviour of these polymer blends in oscillatory

shear. Morphology is very difficult to visualize because of

the lack of contrast between the two polymers in the melt

state. One could perform morphological studies in the solid

state, but the morphology in this case might have nothing to

do with that existing in the melt state due to co-

crystallization or segregation effects during solidification

of the material. Thus, we made use of rheological results

derived from the melt to infer phase behaviour by applying

current approaches that explain the behaviour of hetero-

geneous binary systems.

2. Experimental section

2.1. Materials and blend preparation

mPE and EVAc samples were supplied by Repsol-YPF,

Spain. The properties of the polymers are presented in

Table 1. Please refer to other works for details of the

characterisation methods used [16,17]. Blending was

carried out in an internal mixer Brabender Plasticorder

fitted with a cam type rotor. The temperature was set at

160 8C and the torque at 15 N m. Mixing was continued for

about 5 min until the torque and speed rotor reached stable

values. The blends were assigned the abbreviation mPEw; w

being the weight fraction of the mPE. The mixed mass

was compression moulded for 2 min at 160 8C in a

Schwabenthan Polystat 200T at a nominal pressure of

150 bar, and then quenched at room temperature. Disk

specimens 25 mm in diameter were stamped for dynamic

torsion measurements. The thickness of the compression-

moulded samples was adjusted to around 0.5 mm, which is

appropriate for rheological measurements. The pure

materials were treated in the same conditions.

2.2. Melt rheology

Storage G0 and loss G00 modulus measurements were

performed in a stress controlled Bohlin CVO torsion

rheometer, with parallel plates and cone-plate geometries of

25 mm diameter. This measurement was made at a maximum

strain of 15% and was within the linear range for all the

samples examined. The angular frequency dependence of the

viscoelastic functions storage modulus G0; loss modulus G00

and complex viscosityhp were determined in the range 1023–

102 rad s21 from 130 to 190 8C. Determinations were repeated

several times to minimise blending shear history and

degradation effects. Time–temperature superposition was

applied to frequencies and moduli [18] at the different

temperatures. It was observed that the shift factors aT and bT

Table 1

Characterisation of the materials analysed: vinyl acetate content, melt flow

index, weight average molecular weight, polydispersity index and

branching content

Sample VAc (%) Mw Mw=Mn SCB , 6 C LCB . 6 C

mPE – <180,000 <2.0 0.0 0.0

EVAc 27.0 911,00 3.9 5.5 ,0.5
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followed a simple Arrhenius-type expression for pure

polymers. The values of Eah were 5.4 kcal mol21 for mPE

and 15.5 kcal mol21 for EVAc, in good agreement with recent

reports [16,17]. For EVAc, a vertical shift had to be applied

and the Eav value of 2.8 kcal mol21 obtained corresponds to

branched, thermorheologically complex ethylene based

polymers [18]. The blends also fulfilled the time–temperature

superposition principle. As shown in Table 2, the flow

activation energy is reduced as the mPE content increases. The

results of the superposition are omitted for the sake of brevity

and since they provide no additional information on possible

miscibility or immiscibility of the blends [3,19]. Only the

results obtained at 160 8C are presented.

3. Results and discussion

3.1. Dynamic viscoelastic measurements

First we considered the complex viscosity of the blends.

Fig. 1 indicates characteristic behaviour at frequencies

below 1021 rad s21 for the blends. A clear inflexion occurs

in the complex viscosity curve of the blends as the weight

fraction of the mPE, w; increases. Moreover, higher

viscosity values than those corresponding to mPE are

obtained for the blends with weight fractions higher than

w ¼ 0:50: This result resembles the typical yield stress

response observed in viscosity h versus shear rate _g flow

curves for structured liquids [4]. Nevertheless, in the case of

linear viscoelastic measurements, the appearance of the

yield stress-like curve cannot be related to the rupture or

formation of inter-particle linkages, since the structure is

largely unaffected over the linear viscoelastic response

range. In this type of measurement, yield stress-like

behaviour is associated with the presence of an interface

[7–14]. The storage moduli G0 of the blends at 160 8C are

shown in Fig. 2. One can also clearly observe the enhanced

elastic character of the blends, mainly for high w values. In

the frequency range below 1 rad s21, the differences

between blends and pure components become evident.

Fig. 3 shows a plot of lhpl; at different levels of lGpl;
against blend composition. As it was pointed out by

Utracki [5] the most suitable compositional plot to study

the effect of blend composition is the Newtonian viscosity

plot. However, values of viscosity obtained at constant

shear stress could be used should be the unattainable

Newtonian range [5]. Hence, we have selected the values

of lhpl at constant lGpl (directly related to complex shear

stress, sp ¼ Gpg) due to the impossibility to reach

experimentally the terminal zone in the materials and

samples studied. Before going into the details provided by

the immiscibility models it is instructive to explore how

much our experimental results differ from the most

commonly used model of coupling two polymer com-

ponents. Consequently, the double reptation model, which

assumes miscibility between blend components, has been

applied considering that both have the same entanglement

modulus, G0
N; similar melt density, r; and that the

measured dynamic moduli in the terminal region are

much smaller than G0
N in the range of frequencies studied.

The equations for G0 and G00 can then be expressed as a

Table 2

Rheological variables at 160 8C of the materials and blends examined. Newtonian viscosity h0; steady-state compliance J0
e and relaxation time l; and flow

activation energies

Sample h0 (Pa s) J0
e (Pa21) l (s) ER Gx (Pa) Eah (kcal mol21) Eav (kcal mol21)

EVAc 4970 3.6 £ 1024 1.8 0.35 55,000 15.5 2.8

mPE010 6350 5.6 £ 1024 3.6 0.41 66,000 15.0 2.5

mPE020 8370 6.9 £ 1024 6.1 0.47 82,000 16.1 3.5

mPE030 11,570 7.5 £ 1024 18 0.62 84,000 13.2 4.9

mPE040 17,425 3.8 £ 1023 73 0.68 88,000 10.1 0.6

mPE050 453,70 8.1 £ 1023 630 0.86 12,2000 10.1 0.9

mPE060 743,95 4.1 £ 1023 420 1.5 16,4000 8.0 2.1

mPE070 424,00 1.3 £ 1023 64 0.95 16,7000 11.7 1.2

mPE080 422,75 9.6 £ 1024 43 0.44 20,5000 6.4 1.4

mPE090 393,00 9.8 £ 1024 40 0.35 23,5000 7.1 1

mPE 33,700 2.1 £ 1024 8.0 0.25 25,0000 5.4 0.4

Fig. 1. Modulus of complex viscosity hp versus angular frequency v at

160 8C for the pure materials and some of the blends: (A) EVAc, (B)

mPE020, (X) mPE040, (V) mPE050, (O) mPE060 (P) mPE080 and (W)

mPE. The lines corresponds to the spectral decomposition of the

viscoelastic response fitted to the Maxwell model (see text).
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function of the pure-component properties [20]

G0ðvÞ ø
Xn

i¼1

Xn

j¼1

wiwj

1

4
ðG0

iðvÞ
21=2 þ G0

jðvÞ
21=2Þ2

� �21

ð3Þ

G00ðvÞ ø 2
Xn

i¼1

Xn

j¼1

wiwj

1

G00
i ðvÞ

þ
1

G00
j ðvÞ

 !21

ð4Þ

From the calculated values of G0 and G00; the values of

lhpl at the different values of lGpl can be obtained. The

experimental values of lhpl obtained at low values of lGpl
show intense positive deviation from the double reptation

model (see Refs. [3,20,21]) for blends with high values of

w: This enhancement observed at low Gp values can be

understood if we consider the emulsion model for the

blends [5,7–14]. However, while operating at moderate to

high values of Gp (moderate to high values of frequency,

v), a slight negative deviation from the model is observed

for low values of w: An anomalous negative deviation in

the compositional dependence of the viscosity function is

a characteristic feature of immiscible blends in the non-

linear regime [22–24]. This experimental feature is

thought to be the consequence of an interfacial slip due

to large deformations. Brochard and co-workers [25]

suggest that in the interfacial region between two

immiscible polymers, the chains are less entangled and

form a region of lower viscosity and are thus able to slip

at large deformations. However, the present results were

obtained in the linear viscoelastic zone, where blend

structure remains unaltered and slippage should not occur.

At this point in the discussion, it should be considered

that for low values of w there is no good transfer of the

applied deformation across the interphase, when the

majority blend component is that of lowest viscosity

(EVAc). Fig. 3 also shows that the intermediate

composition w ¼ 0:5 seems to be a critical value; negative

deviation from the miscible model becoming apparently

below this characteristic composition. One can also regard

it as a non-equilibrium blend morphology due to effects

from the blending and sample preparation methods.

However, we have found that the rheological measure-

ments performed in successive frequency sweeps with the

same sample were reliable in the whole range of

frequencies studied, indicating neither morphological nor

structural (degradation) changes exist.

Let us now analyse the terminal variables of the blends

and pure materials examined. We have described the

rheological linear viscoelastic data obtained by means of

the generalised Maxwell model. This model was also used

to calculate the characteristic variables of the terminal zone,

as previously shown elsewhere (see Table 2) [3,16]. Table 2

lists the values of zero-shear viscosity h0; steady-state

compliance J0
e and terminal relaxation time l defined as

follows

h0 ¼ lim
v!0

G00ðvÞ

v

� �
ð5Þ

J0
e ¼

1

h2
0

lim
v!0

G0

v2
ð6Þ

l ¼ lim
v!0

G0

vG00
¼ h0J0

e ð7Þ

It may be noted that the values of h0 are much enhanced at

intermediate compositions. Also notice that the values of J0
e

and l (see Table 2) show strong positive deviation and

maximum values at these intermediate compositions. The

compositional variation of h0 in immiscible systems has

frequently been analysed using simple emulsion models [20,

26]. The one proposed by Oldroyd is perhaps the most

commonly applied [27]. This model coincides with the

monodisperse Palierne’s model given by Eqs. (1) and (2) in

the terminal zone. Expanding the monodisperse Palierne’s

model at low frequencies in powers of f one can obtain that

the viscosity of a dilute emulsion of two incompressible and

Fig. 2. Storage modulus G0 versus angular frequency v at 160 8C for the

pure materials and some of the blends. See Fig. 1 legend for the description

of the symbols and lines.

Fig. 3. Compositional dependence of viscosity at 160 8C for the blends: (X)

lhpl ðlGpl ¼ 103 PaÞ; (O) lhpl ðlGpl ¼ 104 PaÞ and (P) lhpl ðlGpl ¼
4 £ 104 PaÞ: Continuous lines represent the prediction of the miscible

double reptation model.
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totally immiscible Newtonian fluids is given by

h0 ¼ h0;m 1 þ f
5K þ 2

2ðK þ 1Þ
þ f2 ð5K þ 2Þ2

10ðK þ 1Þ2

" #
ð8Þ

where f is the volume fraction of the dispersed phase, h0;m

is the viscosity of the matrix liquid and K ¼ h0;d=h0;m; h0;d

being the viscosity of the dispersed droplets. This dilute

emulsion model is commonly used to predict the viscosity in

the terminal zone on both sides of the phase diagram. We

considered the weight w and volume f fractions to be equal,

i.e. it is assumed that both components have the same melt

density r: In our case, K ¼ 0:15 for high values of w and

K ¼ 6:7 for low values of w; assuming that the mixtures are

completely immiscible. Similar increases in the extrapo-

lated values of the terminal zone of the viscosity, h0; than

those predicted by the Oldroyd model can be observed in

Fig. 4. However, the model does not serve to explain

behaviour at intermediate compositions since pronounced

deviations are not accounted for and the model is only valid

for dilute emulsions.

In Fig. 5, we present the experimental G0 values obtained

for the blends mPE080 and mPE020, and for the pure

components, EVAc and mPE. The following typical

variables defined in the introduction for heterogeneous

blends can be directly derived from these results: the

relaxation time due to the interphase effects of particle

deformation ðtPÞ; the characteristic secondary plateau ðGPÞ

and the terminal relaxation of the blend ðtDÞ: As mentioned

in the introduction, Palierne [6] developed a general

expression for the complex shear modulus of an emulsion

of undiluted viscoelastic fluids, in terms of the ratio between

the interfacial tension and dispersed phase radius a=R: This

model is able to describe the linear viscoelastic behaviour of

heterogeneous concentrated blends over the entire range of

frequencies. Under the assumption that the deformation

of the inclusions remains small, and considering a constant

sphere particle radius R; the interfacial tension a; is the sole

parameter describing the interfacial properties of the

components. Owing to the lack of contrast between the

components of our samples in the melt state, particle radius

could not be determined. Thus, we applied the Palierne

model (Eqs. (1) and (2)) to our experimental data, taking

a=R as an adjustable parameter. The model provides a very

good description of the linear viscoelastic response at both

ends of the phase diagram (mPE080 and mPE020) with

values of a=R ¼ 3:5 £ 103 Pa; this may be observed in Fig. 5

for the storage modulus G0 and in Fig. 6, for the loss tangent

tan d: Similar behaviour (data not shown) has been observed

in mPE90 and mPE10 blends. We also applied this model to

the values of lhpl at constant lGpl: It can be seen in Fig. 4

that this model provides an excellent description of the

compositional dependence of this function, at least for

values of lGpl higher than 103 Pa.

The characteristic behaviour observed for the blends of

high w corresponds to that shown by heterogeneous systems

Fig. 4. Compositional dependence of viscosity at 160 8C for the blends: (B)

h0 (Maxwell fit) (X) lhpl ðlGpl ¼ 103 PaÞ; (O) lhpl ðlGpl ¼ 104 PaÞ and (P)

lhpl ðlGpl ¼ 4 £ 104 PaÞ: Broken lines represent the prediction of the

Oldroyd model for h0: Continuous lines represent the prediction of the

Palierne model.

Fig. 5. Storage modulus G0 versus angular frequency v for mPE080 (L) and

mPE020 (A) blends at 160 8C. Continuous lines represent the Palierne

model fit. The dashed and the dotted lines represent the behaviour of pure

EVAc and mPE, respectively.

Fig. 6. Loss tangent tan d versus angular frequency v for mPE080 (L) and

mPE020 (A) blends at 160 8C. Continuous lines represent the Palierne

model fit. The dashed and the dotted lines represent the behaviour of pure

EVAc and mPE, respectively.
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with a viscosity ratio between the components K lower than

unity, and similar terminal relaxation times of the phases tm

and td; both within the range of the experimental time

(frequency) domain [15]. For low values of w; one cannot

clearly observe the characteristic variables tP; GP and tD in

G0: In this case, the system is presumably comprised of an

EVAc matrix and a less deformable (more viscous)

dispersed mPE phase. It follows, that the deformation

mechanism that corresponds to the dispersed phase appears

at lower frequencies (higher value of tP), the secondary

plateau in G0; GP; being lower and less pronounced. Since

the loss tangent is a much more sensitive viscoelastic

function including both storage and loss response ðtan �

d ¼ G00=G0Þ [28] the above effects could be more clearly

observed. Indeed this is the case as shown in Fig. 6, where

the relaxation mechanism is revealed by using this function.

For the intermediate compositions, the Palierne model

does not fit the experimental results for G0 and G00 at values

of lGpl lower than 103 Pa, with the value of a=R ¼ 3:5 £ 103

Pa: The model does not entirely reproduce the secondary

plateau zone and underestimates the storage modulus at low

frequencies, as can be seen in Fig. 7. In the case of the

mPE070 blend, the value of a=R (1.5 £ 103 Pa) needs to be

halved to obtain a good fit of the experimental data. This

suggests an increase in particle radius with respect to more

diluted blends (lower than w ¼ 0:20 and higher than

w ¼ 0:80) considering that interfacial tension is a compo-

sitional independent constant (it only depends on the

chemical nature of the components and slightly on

temperature [29]). On the other hand, a broader plateau in

G0 extended at low frequencies appears for the blends of

lower mPE content, as can be observed in Fig. 7. The slope

of G0 is sensitive to the degree of interconnectivity in

materials of a network structure [30]. In dispersed

morphologies, the terminal slope approaches 2 at low

frequencies ðv , 1=tdÞ because the shape relaxation of the

droplets ceases and the blend enters the flow terminal

region. In the case of fully co-continuous morphologies,

power law behaviour and lower values of the slope of G0

have been observed due to the broad range in the

characteristic length of domains. In our case only the blends

with lower content in dispersed phase (below 30%) show

slope data that approach the value of 2 exhibited by the pure

EVA copolymer. However, a conspicuous decrease in the

value of the slope down to 0.34 is observed for intermediate

compositions. It is obvious that either experiment at very

low frequency or relaxation modulus experiments could

only clarify whether the characteristic power law behaviour

is followed by our system. Unfortunately degradation of the

samples inherent to very low frequencies and equipment

limitation (one single motor drive) do not allow us to go

further on the analysis of the phase behaviour.

This power law phenomenon is not accounted for by the

emulsion model. Bousmina and Muller [9] empirically

modified the Palierne model by simply adding a constant

value G to the storage modulus G0; to take the agglomeration

effect into account in thermoplastic/rubber blends, i.e. the

touching among the solid particles. Dispersed liquid

droplets, as it is our case, do not possibly aggregate but

rather might collapse and form a co-continuous morphology

with a network like behaviour (as rubber particle aggre-

gates) showing a similar effect in G0: A suitable choice of

the constant G ¼ 150 Pa for mPE060, G ¼ 70 for mPE050,

G ¼ 20 Pa for mPE040 and G ¼ 5 Pa for mPE030 blends,

gives rise to good fitting of results as one can observe in

Fig. 7. These values of G would correspond to the

characteristic modulus of the network structure formed by

the associating deformable particles. This means that at these

compositions the system presents a network-like character

that should be associated to the high degree of inter-

connectivity among the particles [30]. Then, the maximum

value of G could locate the phase inversion and a co-

continuous phase formation for the composition w ¼ 0:60:

The concentration at which phase inversion in immisci-

ble blends occurs can also be determined from the

rheological criteria: (i) maximum dynamic viscosity h0;

(ii) maximum storage modulus G0; and (iii) minimum slope

of G0 [30]. In all these cases, it is necessary to gain access to

the very low frequency zone. We applied all these criteria to

our blends at the lowest accessible frequency and the results

are shown in Table 3. It can be clearly observed that criteria

(i) and (ii) locate the phase inversion composition at around

w ¼ 0:60 while criterion (iii) yields the lower value of w ¼

0:50: This later method, however, lacks sensitivity, given

that values of the slope of G0 only vary from 0.35 to 1.9 with

blend composition, as was recently pointed out by

Steinmann and co-workers for heterogeneous PS/PMMA

blends [30]. These authors also propose that criterion (ii) is

the most robust and yields a better correlation with

morphological results, arguing that G0 is very sensitive to

morphology and morphological changes and that the

Fig. 7. Storage modulus G0 versus angular frequency v; for intermediate

compositions at 160 8C. (A) mPE30, (W) mPE40 and (K) mPE050. Broken

lines represent fitting to the Palierne model with variable values of a=R

(3.5 £ 103 Pa for MPE070 and 1.5 £ 103 Pa for the rest). Continuous lines

represent the fit to the modified Palierne model (see text). Please note that

the true G0 values are multiplied by an arbitrary constant a in order to show

the three compositions in the same plot.
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criterion is more suitable for determining phase inversion

concentration than for a morphological evaluation. This

stems from the fact that G0 reflects the three-dimensional

bulk properties of the material in the melt.

Utracki [31] proposed a criterion based on Krieger and

Dougherty’s model for suspensions of rigid particles [32],

which relies on the idea that co-continuity is associated with

the maximum of viscous extra stresses. Krieger and

Dougherty developed an expression for the suspension

dependent upon the viscosity of the matrix hm; the volume

fraction of the second component f; the maximum package

fraction fM and the intrinsic viscosity ½h� :

h ¼ hm 1 2
f

fM

� �2½h�fM

ð9Þ

According to Utracki, the composition of immiscible

polymer blends at which the viscosity function takes a

maximum value is an isoviscous point. This point

corresponds to the composition fdI at which adding polymer

2 to polymer 1, and viceversa, viscosity has a common value

and phase inversion takes place. Accordingly, Eq. (9) gives:

K ¼
ðfM 2 fdIÞ

fM 2 ð1 2 fdIÞ

� �2½h�fm

ð10Þ

Relation (10) has been tested for a large number of

immiscible blends with ½h� ¼ 1:9 and fM ¼ 0:84 [31].

Using this equation a value of fdI; 0.68, was obtained. This

value was still close to those provided by means of criteria

(i) and (ii). Fig. 8 shows a comparison of all the criteria

defined here for predicting phase inversion in our blends. It

can be observed that if one leaves out the value of 0.50

obtained from criterion (iii), the range obtained is 0.60–

0.68. We think that this represents a fairly narrow range of

compositions for the phase inversion mechanism.

Finally, it is worth to point out that the values of a=R

obtained for the EVAc/mPE system were of the order of

103 Pa for all the blends and are comparable to those

recorded for EVAc/LDPE blends [3] and those reported for

known heterogeneous polymer blends [26]. Owing to the

lack of contrast between the two materials, we cannot

foresee the morphology of the dispersed phase, but if one

assumes that the size of the inclusions is of the order of

1 mm, it follows that interfacial tension will not be higher

than 1 mN m21 (typical values of interfacial tension for

heterogeneous systems are between 0.1 and 20 mN m21 at

200 8C).

4. Conclusions

Through rheological measurements, EVAc/mPE blends

were found to behave as a heterogeneous polymer system.

Several grades of blend morphologies were inferred by

applying existing emulsion models such as the Palierne

approach. These morphologies range from a phase separated

dispersed system composed of viscoelastic deformable

droplets of EVAc in a mPE viscoelastic matrix to a more

complex structure arising from the onset of phase inversion

and a probable co-continuous phase. At intermediate

compositions, ca. w ¼ 0:60; the generation of a three-

dimensional network structure formed by the more viscous

mPE surrounded by the less viscous EVAc, would explain

the enhanced viscosity values observed. At lower mPE

weight fractions, softening of the network structure seems to

occur. Finally, a separated system of highly viscous

inclusions of mPE surrounded by an EVAc matrix of

lower viscosity develops. The strongest effect of phase

morphology is seen in elastic properties. Intensely enhanced

storage moduli were observed at low frequencies. An

extended secondary plateau in the low frequency zone for

blend compositions around w ¼ 0:60 suggests the existence

of a well developed fully co-continuous phase due to the

phase inversion mechanism.

Table 3

Rheological criteria ðv ¼ 0:0027 rad s21Þ at a temperature of 160 8C

applied to locate phase inversion composition

Sample h0 (Pa s) G0 (Pa) G0 slope

EVAc 4900 0.102 1.9

mPE010 6300 0.274 1.7

mPE020 8100 1.43 1.2

mPE030 11,100 3.69 1.1

mPE040 16,670 13.6 0.96

mPE050 25,320 62.5 0.34a

mPE060 54,720a 87.6a 0.67

mPE070 41,400 78.9 1.1

mPE080 40,050 17.2 1.1

mPE090 35,100 10.9 1.1

MPE 33,000 5.48 1.2

a These values locate the phase inversion concentration (see text for

details).

Fig. 8. Rheological criteria for predicting phase inversion composition in

the blends analysed at 160 8C: (A) G0 (0.0027 rad s21), (B) h0

(0.0027 rad s21). The vertical continuous line represents the value of fdI

obtained from criteria (i) and (ii). The arrow represents the value of fdI

obtained by means of the G0 slope criterion (criterion (iii)). The Broken is

the blend viscosity calculated according to Eq. (10) with fM ¼ 0:84 and

½h� ¼ 1:9:
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