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Relaxation behavior of polymer blends with complex morphologies: Palierne
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Abstract

This paper deals with the dynamic rheological behavior of polypropylene/polyamide6 (PP/PA6) uncompatibilized blends and those
compatibilized with a maleic anhydride grafted PP (PP/PP-g-MAH/PA6). The terminal relaxation times of the blends predicted by the Palierne
emulsion model were compared with those obtained from experimental relaxation time spectra. The Palierne model succeeded well in describing
PP/PA6 uncompatibilized blends with relatively low dispersed phase contents (10 wt%) and failed doing so for those of which the dispersed
contents were high (30 wt%). It also failed for the compatibilized ones, irrespective of the dispersed phase content (10 or 30 wt%) and whether or
not interface relaxation was taken into consideration. In the case of the uncompatibilized blend with high dispersed-phase content,
interconnections among inclusions of the dispersed phase were responsible for the failure of the Palierne model. As for the compatiblized blends,
in addition to particle interconnections, the existence of emulsion-in-emulsion (EE) structures was another factor responsible for the failure of
Palierne model. A methodology was developed to use Palierne emulsion model upon taking into account the effects of the EE structure on the

viscosity of the continuous phase and the effective volume fraction of the dispersed phase.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

An immiscible polymer blend typically has a morphology
in which droplets of one phase are dispersed in another one.
Adhesion between the two phases is usually weak because
of high interfacial tension and weak entanglements. It can
be improved by the presence of a block, graft or random
copolymer that tends to accumulate preferentially at the
interfaces [1-3]. Rheology is one of the most frequently
used methods for characterizing interfacial properties such
as interfacial tension and strength [4,5] that are necessary
for predicting the mechanical properties of immiscible
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polymer blends. In fact, over the last decades rheological
properties of immiscible polymer blends have been
extensively studied from both theoretical and experimental
points of view [6-35]. A rheological characteristic of such
materials is an increase in elasticity at low deformation
frequencies. For example, Riemann et al. [28,34] and Jacobs
et al. [36] observed a slow relaxation process in small
amplitude oscillatory shear experiments on a PS/PMMA
blend with a compatibilizer of various molecular
architectures.

Rheological studies on the interfacial properties of
immiscible polymer blends rely on a key principle that such
materials are emulsions in the molten state. One of the most
striking properties of emulsions is that particles change shapes
under a shear stress. The balance between the two types of
forces exerted on the particles, viscous forces and Laplace
pressure originating from the interfacial tension, dictates their
equilibrium form. The process during which a deformed
particle is regaining its spherical form is called the form
relaxation process. This process has a characteristic relaxation
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time 71, the form relaxation time. It is longer than the terminal
relaxation time of each of the blend components.

Taylor extended Einstein’s analysis to include the case of
emulsions composed of spherical particles of a Newtonian
liquid in another immiscible Newtonian liquid and proposed
the following equation [37] that relates the viscosity of the
blending system, 7y, to that of the medium, 7n,,:

5K +2
My = Mm {1 + (m) %} (D

where K=mg4/1y,, the viscosity ratio between the dispersed
phase and the medium; ¢; is the volume fraction of the
dispersed phase. Eq. (1) is reduced to Einstein’s equation when
K becomes infinite. Oldroyd [38] extended the above Taylor’s
equation to:
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Schowalter et al. [39] and Scholz et al. [40] extended
Taylor’s theory and introduced the deformability of the
dispersing particles. When a dispersed system is subjected to
a steady shear flow of shear rate y, the shear stress that tends to
deform particles is n,7y. On the other hand, the interfacial
stress, a/R (« is the interfacial tension, R is the radius of the
dispersed particle), tends to maintain the spherical shape of the
particles. Deformation of particles results in elastic properties
of the dispersed system. Graebling et al. [23] introduced
viscoelasticity to describe the viscoelastic behavior of the
particles and the medium over a wide frequency range. Palierne
proposed an emulsion model that took into account the particle
size distribution and the interface properties and arrived at the
following expression [6]:
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G} (w) complex modulus of polymer blend,;

G} (w) complex modulus of dispersed phase;

G (w) complex modulus of matrix;

B} (w) surface dilatation modulus;

85 (w) surface shear modulus;
R dispersed particle radius;

v(R) distribution function of dispersed particle radius;

o interfacial tension;
w angular frequency.

In the linear viscoelastic zone, the deformation of the
dispersed particles is small. Thus, it is reasonable to assume
that 87 (w)=pB5(w)=0. As a result, if the particle size
distribution of the dispersed phase is narrow enough
(Rv/R,<2), then Eq. (3) can be reduced to
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where
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Ry(Ry=3 RIS niR?): volume average particle radius;

Palierne emulsion model has been widely used to
quantitatively describe the linear viscoelastic properties of
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polymer blends and to derive the interfacial tension from them
[23,41,42]. However, it has to be modified when it comes to
complex morphologies, such as emulsion-in-emulsion (EE)
morphology in PS/PMMA blends [22]. The situation could be
even more complicated with compatibilized polymer blends
for which even experimental results themselves have been
subject of controversy in the literature [34,36,43—46]. For
example, unlike Riemann et al. [28,34] and Jacobs et al. [36],
Velankar et al. [46] did not observe the expected slow
interfacial relaxation process in the PDMS/PIB blends they
investigated. Reasons for those discrepancies could be of
different types. In most blends, the material responses did not
cover the form relaxation region or the form relaxation
processes were too slow to be within the experimental
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frequency or time range [43,45]. In other cases [47,48], like the
‘salami type’ morphology that is formed in high impact
polystyrene, particles were not uniform enough in size or their
morphologies were too complex. Addition of block copolymers
could also lead to complex morphologies [44,49]. There are
also situations where the concentrations of the dispersed
particles were too high to quantitatively apply the models
[43,45] (> ~30 vol%).

In a previous work [7], based on Palierne emulsion model,
the experimentally measured data of the complex modulus of
PP/PP-g-MAH/PAG ternary blends were used to determine the
interfacial tension between the PP/PP-g-MAH and the PAG6.
The EE morphology in the blends was taken into account. The
value of the interfacial tension obtained was in good agreement
with that reported in the literature [49,50] (the difference was
less than 5%). However, to fit the model to the experimental
data, the volume fraction of the dispersed phase had to be
artificially increased with decreasing angular frequency, which
did not have any physical foundations. Thus, the predictability
of Palierne emulsion model was not really proven. In this work,
the applicability of that model was further investigated by
studying the terminal behavior (terminal relaxation time) of the
polymer blends only in order to alleviate the above-mentioned
problems. In that way, since emulsion-in-emulsion structures
were much larger in size than particles of the dispersed phase,
their terminal relaxation time was significantly beyond the time
scale of our experiments.

2. Experiments
2.1. Materials

A polyamide 6 (PA6) was supplied by Heilongjiang Nylon
Plastic Factory, China. Its relative viscosity was 2.5
(1 g/100 ml formic acid solution at 30 °C). An isotactic
polypropylene (PP) was supplied by Beijing Yanshan
Petrochemical Co. Ltd, China. A polypropylene grafted with
maleic anhydride (PP-g-MAH) was supplied by Elf Atochem
now Arkema, France. The MAH content was 1.03 wt% with
respect to the PP. Table 1 shows other characteristics of those
polymers.

2.2. Preparation of PP/PA6 and PP/PP-g-MAH/PAG6 blends

Blends were prepared by using an internal mixer of type
Brabender Plasticord PLE 330. Before blending, the PP,
PP-g-MAH and PA6 were dried in a vacuum oven at 85 °C
for 24 h. The mixing temperature was set at 230 °C. The

Table 1
Characteristics of the PA6, PP and PP-g-MAH

rotating speed of the rotors was 50 rpm. The mixing time
was 7 min. In those blends, the PA6 was always the
dispersed phase and the PP or PP+ PP-g-MAH mixture was
always the matrix.

2.3. Rheological measurement

Oscillatory rheological characterization of the blends was
carried out at 230 °C on a Physica MCR-300 rheometer with a
25 mm parallel plate arrangement. Disks of 1 mm thick were
prepared by compression-molding pellets in a hot press under
5 tons and at 230 °C. The pellets were pre-dried at 80 °C in a
vacuum oven for 12 h. The rheometer oven was purged with
dry nitrogen during measurement to avoid degradation. A
frequency range of 0.01-100 rad/s and a strain of 5% were
applied during the measurement. A strain sweep was carried
out to determine the strain limit for the linear viscoelastic
response range. The relaxation spectra were calculated by
using a non-linear regression regularization method (NLREG)
developed by Honerkamp and Weese [13]. The latter was
available in the software package of Physica MCR-300
rheometer. Creep tests were also performed to evaluate the
zero shear viscosity of each of the components of the blends
[25,27] at 230 °C. The zero shear viscosity of the PA6, PP and
PP-g-MAH at 230°C were 1250, 1300 and 50 Pas,
respectively.

2.4. Morphology analysis

The morphologies of the PP/PA6 uncompatibilized blends
were observed with a Jeol JXA-840 scanning electron
microscope (SEM). In order to have a better contrast, samples
were fractured in liquid nitrogen, etched by formic acid to
remove the PA6 particles. They were then coated with 50/50
Au/Pt to avoid charging. Those of the PP/PP-g-MAH/PA6G
compatibilized blends were characterized by using the SEM
and a JEOL-2010 transmission electron microscope (TEM),
respectively. The TEM elastic bright-field images were taken.
The accelerating voltage was 200 keV. Ultrathin films of about
60 nm in thickness were obtained from quenched discs using a
Leica Ultracut-E microtome with a diamond knife. They were
treated with RuO, vapor in order to improve the contrast
[51,52]. Since, the staining rate of the PP phase was slower
than that of the PA6, the PA6 domains appeared darker than the
PP. The radius of the particles was determined from several
representative photographs.

Polymer M, (kg/mol) M,, (kg/mol) d (25°C) MEFR 230 °C Zero shear viscosity Relaxation time'
(g/em?) (g /10 min) at 230 °C (Pas) at 230 °C (s)

PA6 24.0 - 1.14 - 1250 0.03

PP 65.0 259.0 0.902 7.9 1300 0.35

PP-g-MAH 59.0 320.0 0.902 100 50 0.25

# Obtained from the main peak value in the relaxation time spectra of the polymers.
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Table 2
Average particle radii and particle polydispersities of the PP/PP-g-MAH/PA6
compatibilized blends

PP/PP-g-MAH/PA6  $paq (%) R, (um) R.(um)  Ry/R,
90/0/10 8.1 35 22 1.6
70/0/30 25.4 17.7 75 2.4
45/45/10 8.1 0.11 0.08 13
35/35/30 25.4 0.2 0.1 2.0
80/10/10 8.1 0.13 0.11 13
60/10/30 25.4 0.3 0.2 L5

% The volume fractions of the PAG6 in the blends were calculated based on the
following specific masses: ppp=0.902 g/cm’, ppas=1.14 g/cm®.

3. Results and discussion
3.1. Theoretical background

Before we begin to present the experimental results, it
would be useful to outline the theoretical bases we used in this
work. Using the continuous representation of the Maxwell
model, the relaxation spectrum H(2) is related to G' and G”
through the Fredholm integral equation of the first kind [21]:

After an oscillation test, a relaxation time spectrum can be
calculated from the storage modulus data of the blends using
the NLREG method [13]. The peak values of the relaxation
time spectrum are called experimental relaxation times of a
blend. On the other hand, the form relaxation time of the
dispersed phase can be predicted by Palierne emulsion model
[6]. If the variations of the interface area and interface
relaxation are ignored and both the dispersed and continuous
phases are assumed to be Newtonian fluids, which are valid
when the angular frequency is very low, the form relaxation
time can be calculated from Eq. (7):

- _ Ry (19K +16)2K +3 —2¢,K —1))
"7 4a 10(K + 1) —2¢;(5K +2)

(7

If the interface relaxation is taken into account, 85 in Eq. (3)
is no longer zero but 85 = B8,9. The form relaxation time can
then be calculated by Eq. (8) [28]:

t2 f 172

with:

For 3,0—0, i.e. for uncompatibilized blends, Eq. (8) is
reduced to Eq. (7). The relaxation times calculated by Eqgs. (7)
and (8) are called theoretical terminal relaxation times. In this
work, the latter were compared with experimental ones.
Differences between them were analyzed in detail.

Ry (19K + 16)2K + 3 —2¢;(K — 1))
YT 4a 10K+ 1)+ B (13K +12) — ; [2(5K +2) + 22 (13K + 8)]
o Ryvnw 10K + 1) + (Ba/e)(13K + 12) — ; [2(5K +2) + (Bop/a)(13K + 8)]
27 4By I—g¢;

+o0
w*)?

—+o

G (w) = J Y% Hodd(n A 6 3.2. Morphology
(w) R (Ad(In 2) (6)

—

where A is the relaxation time.

Rheological and other physical properties of polymer blends
are closely related to the dispersion and distribution of the

- e~

(c) (d)

Fig. 1. Emulsion-in-emulsion structures in compatibilized PP/PP-g-MAH/PAG6 blends: (a) 80/10/10; (b) 45/45/10; (c) 35/35/30; (d) 60/10/30.
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particles of the dispersed phase in the matrix. Therefore, it is
essential to determine the sizes of the particles and their
distribution in the blends in order to interpret rheological data
and assess rheological models. Table 2 lists the number
average radius R, and volume average radius Ry, of the
particles of various blends studied in this work. The
compatibilized blends showed EE structures, as indicated by
arrows in Fig. 1. Those structures were excluded from the
calculation of Ry and R,,. This is because as already mentioned
above, we studied the terminal behavior (terminal relaxation
time) of the polymer blends only and the terminal relaxation
times of the EE structures were beyond the experimental time
scale.

The radii of the PA6 domains were of the order of 10 pm for
the uncompatibilized blends [7] and were in the submicrometer
range for the compatibilized ones. The particle size distri-
butions of the uncompatibilized blends were broader than those
of the compatibilized ones.

Consider now how the EE structures were formed in the
PP/PP-g-MAH/PA6 compatibilized blends. The PP and PP-g-
MAH used in this work were supposed to be miscible under the

@
> /
\

| PP-g-PA6 micelles and/or PAG particles |

PP-g-PA6

S’

PP-g-MAH |

PP-g-PA6 micelles

Fig. 2. Schematics of emulsion-in-emulsion structures in PP/PP-g-MAH/PA6
compatibilized blends. (a) PP or PA6 particles were encapsulated by PP-g-
MAH. This type of structure is likely possible when the PP-g-MAH or PA6
content is relatively high or both of them are low; (b) PP-g-MAH droplets
encapsulated by large PA6 particles. This type of structure may likely exist
when both the PP-g-MAH and PAG6 contents are relatively high.

processing conditions (Appendix A). Thus, a PP/PP-g-MAH/
PAG6 blend could initially be considered as a two-phase system:
PP/PP-g-MAH matrix and the PA6 dispersed phase. Under
mixing, PP-g-PA6 graft copolymers were formed at the
interfaces between the PP-g-MAH and the PA6. For
mechanical and/or thermodynamic reasons, they could be
pulled out from the interfaces where they were generated [53]
and then formed micelles in the PA6 particles [54] and/or the

()
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- 70/30
2000
w .
ol N
a 1500 C
,<. . .
2 g .
$ 10004 - N :
N A/
0 T T
0.01 1 10 100
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3500 1 PP/PP-g-MAH/PA6
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(c) 12000
PP/PP-g-MAH/PAG
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Fig. 3. Relaxation time spectra of PP/PA6 uncompatibilized blends and PP/PP-
g-MAH/PA6 compatibilized blends of varying PA6 contents at 230 °C. (a)
PP/PA6 uncompatibilized blends; (b) PP/PP-g-MAH/PA6 compatibilized
blends with higher PP-g-MAH contents; (c) PP/PP-g-MAH/PAG6 blends with
lower PP-g-MAH contents.
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PP/PP-g-MAH matrix [55,56]. The dissolution of the PP-g-
PA6 micelles in the PP/PP-g-MAH matrix could increase the
interaction parameter between the PP and PP-g-MAH and
cause a phase separation between the PP and PP-g-MAH (Ref.
[7] for supporting information). Since, PP-g-MAH had a much
lower viscosity than the PP and PAG6, it tended to encapsulate
the PP or PA6 particles when EE structures were formed
(Fig. 1(a), (b) and (d)). However, when the amounts of the
PP-g-MAH and PA6 were relatively large, the excess of the
PP-g-MAH could be located inside the PA6 particles forming
another type of EE structures [22] (Fig. 1(c)).

Fig. 2 shows in a schematic manner that two types of EE
structures can be formed in the PP/PP-g-MAH/PA6 compati-
bilized blends. In addition to neat PA6 particles, there are also
EE structures in the PP/PP-g-MAH matrix. Both the neat PA6
particles and the EE structures are surrounded by the PP-g-PA6
graft copolymers. The latter could also be located in these two
types of particles in the form of micelles.

3.3. Rheology

Fig. 3 shows the relaxation time spectra of various PP/PA6
uncompatibilized blends and PP/PP-g-MAH/PA6 compatibi-
lized blends calculated directly from the storage modulus data
obtained by the oscillation tests. The two peaks at shorter times
resulted from the matrix relaxation. The third peak at the
longest time corresponded to the form relaxation time.
However, no form relaxation time peak was observed for the
PP/PA6 (90/10) uncompatibilized blend, likely because the
form relaxation process of the dispersed phase merged with
that of the matrix [26,32]. Table 3 gathers both the
experimental and theoretical terminal relaxation times of all
the blends. The value of the interfacial tension used for the
theoretical predictions was 9.2 and 2.0 mN/m for the
uncompatibilized and compatibilized blends, respectively.
The value of 8y, used to calculate 74 of the compatibilized
blends was 0.02 mN/m. All those values were taken from Ref.
[71.

For the PP/PA6 uncompatibilzed blends, both the theoreti-
cal and experimental relaxation times matched well when the
PAG6 content was low, 10 wt%. However, when the latter was
increased to 30 wt%, they differed greatly. At that high PA6

Table 3
Relaxation times of the PP/PA6 uncompatibilized blends and PP/PP-g-
MAH/PA6 compatibilized blends

PP/PP-g-MAH/P 7 (s) (Experi- 7 (8) (Theoretical)

A6 by mass mental)
71 (Eq. (7)) 75 (Eq. (8))

90/0/10 1.1 11" .

70/0/30 17.3 59" -

45/45/10 26.0 0.1 21.1
35/35/30 17.0 0.1° 36.5
80/10/10 40.0 0.2° 37.1
60/10/30 42.0 0.5 84.1

% a=2 mN/m; 8,,=0.02 mN/m.
> ¥=9.2 mN/m.
¢ a=2 mN/m.

content, PA6 particles were no more isolated but more or
less interconnected [35]. As such, the Palierne model did not
apply [26]. As for the PP/PP-g-MAH/PA6 compatibilized
blends, the differences between the theoretical and experi-
mental relaxation times were always large, irrespective of the
PAG6 content or the interfacial properties that were used for the
calculations.

According to the morphologies of the PP/PP-g-MAH/PA6
compatibilized blends in Fig. 1, when the PA6 content was low
(10 wt%), the existence of EE structures was responsible for
the failure of the Palierne model. When it was high (30 wt%),
overlap of the particles of the dispersed phase further
contributed to its failure. In what follows, we will only show
that for the compatibilized blend with a low PA6 content
(10 wt%), Palierne emulsion model can satisfactorily predict
its relaxation time if the EE structures are taken into account in
an appropriate manner.

The size of the EE structures was much larger that of the
neat PA6 particles. Therefore, their terminal relaxation time
was expected to be so long that it became inaccessible by the
oscillating frequencies used in this work. However, they could
affect the relaxation time of the neat PA6 particles because
their presence in the PP/PP-g-MAH was expected to increase
the viscosity of the matrix and decrease the volume fraction of
the neat PA6 particles. If Palierne emulsion model is used to
predict the form relaxation times of the neat PA6 particles, the
viscosity of the medium (PP/PP-g-MAH + EE structures) and
the volume fraction of the neat PA6 particles will have to be
calculated.

Thus, to calculate the viscosity of the matrix of the PP/PP-g-
MAH/PA6 compatibilized blend containing 10 wt% PAG6, the
EE structures in the PP/PP-g-MAH matrix should be taken into
consideration. Based on the structures in Fig. 2(a) and
assuming the matrix be a dilute emulsion system, Eq. (2) can
be expressed as:

5K, +2

, (5K, +2)?
No,m = Mo,pp/PP—g—MaH |1 T @1 2K, +1)
1

P10k, + 1)
&)

where 1o pp/ppg-man 1S the viscosity of the PP/PP-g-MAH
mixture, ¢; is the volume fraction of EE structures in the PP/
PP-g-MAH medium and K; =7gg/Mo pp/pp-g-MaH-

Meanwhile, an EE structure itself could also be considered
as a dilute emulsion system with PAG6 particles dispersed in the
PP-g-MAH. Thus, Eq. (2) was used to calculate its viscosity,

MEE-

5Ky +2

5 (5K, +2)*
MEg = Nopp-g-MAH || + @2 2K 1 D)
P

270k, + 172
(10)

where 19 pp_g-man 18 the viscosity of the PP-g-MAH, ¢ is the
volume fraction of the PP or PA6 droplets in the EE structures.
Since, the zero shear viscosities of the PA6 and PP were very
close, the value of K, was approximated as K» =10 pac/M0,pp-g-
maH- The effect of the PP-g-PA6 micelles on the shear
viscosity was ignored.
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According to Fig. 2(a), ¢, in Eq. (9) and ¢, in Eq. (10) can
easily be expressed as follows:
%
o1 = - (1n)

- residue residue
@eE T @pp T OppeMaH

d
Ppra
¥ =—— (12)
PEE
h residue  residue d d residue th
where  @gg, Ppp s Pppg-MaH ANA Ppp, PppoMag A€ €

volume fractions of the EE structures, the PP in the matrix,
the PP-g-MAH in the matrix and the PA6 in the EE structures,
respectively. The volume fractions of the neat PA6 droplets in

the whole system (¢; in Eq. (8)), as well as opp' ™", o™
and @ppio¥an can then be expressed by:
0
Pra — 192
0: = ppa—@19x(1 =) = A —2 (13)
l =910,
(p;’esi(lgllfMAH = (ng-g-MAH — (1 =@)le; X1 —9¢y)] (14)
residue __ 0
PP =opp —(1 = 9o, (15)

where ¢9p, (pgp_g_MAH and @Y, are the initial nominal volume
fractions of the PP, PP-g-MAH and PA6 in the compatibilized
blends, respectively. Eqgs. (9)—(15) indicate that the matrix
viscosity 1o.m is a function of ¢, and ¢,. However, the values of
those two volume fractions were unknown and were not be able
to quantify experimentally. In this work, their values were
identified by searching for a set of values for ¢y, ¢ and g 1,
that allowed the relative errors to be less than 1% between the
calculated and experimental values in terms of the form
relaxation times of the neat PA6 particles.

Table 4 lists the values of those three parameters that met
the above criterion for the PP/PP-g-MAH/PA6 compatibilized
blends with 10 wt% PA6 (45/45/10 and 80/10/10). The volume
fractions of the neat PA6 particles in the blends were smaller
than the initial PA6 contents. Moreover, it decreased with
increasing initial PP-g-MAH content. Those results seem to be
logical and could be understood as follows. During the reactive
blending process, the reaction between the PP-g-MAH and
PAG led to the formation of the PP-g-PAG6 graft copolymer. As
a result, after blending the volume fractions of the neat PA6 in
the polymer blends should be smaller than its initial nominal
ones. Moreover, the higher the initial PP-g-MAH content in the
blend, the more the PA6 was expected to react with the PP-g-
MAH, the more the PA6 could be encapsulated by the EE
structures and the less the volume fraction of the neat PA6 in

Table 4

Identified values of ¢, @5, ppx" and n, that allowed the relative errors between
the experimental relaxation times and those predicted by the Palierne model to
be less than 1%

PP/PP-g- ¢, b e Nom (Pas) 7y, (Pas)
MAH/

PA6

45/45/10 0.31 0.13 0.05 604 255
80/10/10 0.05 0.3 0.07 1052 905

4 Matrix viscosity before modification.

the blend should be. On the other hand, the viscosity of the
matrix should increase with increasing volume fraction of
the EE structures in the blend. Thus we could conclude that the
methodology developed in this work could be used for
applying the Palierne model to predict rheological properties
of polymer blends with complex morphologies such as the PP/
PP-g-MAH/PA6 compatibilized blends.

4. Conclusion

In this work, the dynamic rheological behavior of
polypropylene/polyamide6 (PP/PA6) uncompatibilized blends
and those compatibilized with a maleic anhydride grafted PP
(PP/PP-g-MAH/PA6) was studied. The terminal relaxation
times of the blends predicted by Palierne emulsion model were
compared with those obtained from experimental relaxation
time spectra. The model succeeded well in describing PP/PA6
uncompatibilized blends with relatively low dispersed phase
contents (10 wt%) and failed doing so for those of which the
dispersed contents were high (30 wt%). It also failed for the
compatibilized ones, irrespective of the dispersed phase
content (10 or 30 wt%) and whether or not the interface
relaxation was taken into consideration. In the case of the
uncompatibilized blend with high dispersed-phase content,
interconnections among inclusions of the dispersed phase were
responsible for the failure of the Palierne model. As for the
compatiblized blends, in addition to particle interconnections,
the existence of emulsion-in-emulsion structures was another
factor responsible for the failure of Palierne model. When the
effects of the emulsion-in-emulsion structure on the viscosity
of the continuous phase and the effective volume fraction of the
dispersed phase were properly taken into account, the model
worked well again. This indicates that Palierne emulsion model
can be used to predict rheological properties of polymer blends
with complex morphologies provided that the latter are
properly described.
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Appendix A

In our previous work [7], we showed that the PP and PP-g-
MAH used in our work was miscible at 230 °C by calculating
the interaction parameter between them. Here, we present the
other evidence. Table Al lists the zero shear viscosities of the
PAG6, PP, PP-g-MAH and mixtures of the PP and PP-g-MAH.
We can find that the experimental data agrees well with the
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Table Al

Zero shear viscosities of blend components

Polymer material no at 230 °C (Pa's) n5 (Pas)
PA6 1250

PP 3000

PP-g-MAH 301

PP/PP-g-MAH (50/50) 950 950
PP/PP-g-MAH (80/10) 2300 2324
PP/PP-g-MAH (70/10) 2260 2251
PP/PP-g-MAH (60/10) 2180 2160

ny Calculated by the Irving additive equation [57] (logn =", ¢; log n;) for
miscible polymer blends.

Irving equation. These results indicate that PP/PP-g-MAH
pairs employed in our work are miscible at 230 °C.
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