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SYNOPSIS

The development of the morphology of a reactive blend along a twin-screw extruder has
been experimentally studied. A transesterification reaction activated by a catalyst allowed
a cross-linking of the dispersed phase during the flow in the extruder. In comparison with
the nonreactive system (without catalyst), the resulting morphologies were characterized
by larger dimensions. Influence of screw speed and feed rate were similar for both systems,
whereas the changes along the screws were more pronounced for the reactive blend. It
appeared that the local morphology was strongly dependent on the extent of the reaction.
At low extent, the equilibrium between breakup and coalescence was shifted toward co-
alescence, whereas at high extent, the classical mechanisms were largely modified and
replaced by a “coagulation” mechanism. It was shown that, for the fully cross-linked dis-
persed phase, the final morphology remained remarkably stable during successive extrusion
steps. For such products, the observation of a low-frequency plateau of the elastic modulus
suggested the formation of a copolymer at the interface with the matrix. © 1994 John Wiley

& Sons, Inc.

INTRODUCTION

Thermomechanical properties of immiscible poly-
mer blends have been shown to be closely dependent
on the morphology of the dispersed phase.!? There-
fore, it is important to clearly understand the basic
mechanisms of morphology development and the
way it takes place in the complex flow fields of in-
dustrial processing equipment. On the other hand,
control and stabilization of the desired morphology
is of utmost importance for industrial applications.
For example, spherical droplets with micron or sub-
micron diameters will improve impact properties,
whereas a minor phase dispersed in relatively large
and thin lamellas will be used in solvent barrier ap-
plications. Some recent studies have shown the in-
terest in a better knowledge of the morphology de-
velopment of an immiscible blend along a twin-screw
extruder, both theoretically®! and experimentally.>®
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However, these studies were carried out on non-
reactive polymer blends.

The present article was aimed to discuss more
deeply the effect of the in situ chemical reaction of
cross-linking of the dispersed phase on the blend
morphology development along the twin-screw ex-
truder, characterized after the cooling process.
Polypropylene (PP)/thermoplastic elastomer
blends have generated considerable interest for
achieving properties suited to particular applica-
tions.!%1¢ In the present study, a phase constituted
by a miscible blend of ethylene vinyl acetate (EVA)
and ethylene methyl acrylate (EMA) copolymers
was dispersed in a PP matrix. The chemical reaction
was an exchange reaction of ester groups in the
presence of dibutyltin oxide as the catalyst. The
same system, but without a catalyst, was studied in
detail in a previous publication.® It was expected
that the cross-linking of the elastomeric phase dur-
ing the extrusion should permit stabilization of the
particle size in the melt and prevent demixion phe-
nomena during the cooling process. Therefore, the
influence on the morphology of processing param-
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eters such as screw speed, feed rate, and barrel tem-
peratures was quantified and the stability of the
blend was tested through a series of successive ex-
trusions.

EXPERIMENTAL

Materials

The PP used was an Appryl 3120 MN1 (melt index
12). EVA and EMA commercial copolymers, con-
taining, respectively, in weight, 28% of vinyl acetate
(Evatane 2803 ) and 29% of methyl acrylate (Lotryl
29MAO03) were supplied by the Elf-Atochem Co.
The blend ratio (in weight) was constant in all
the experiments and equal to 80% PP/10% EVA/
10% EMA.

As mentioned in the Introduction, the cross-link-
ing reaction of the dispersed phase in the molten
state was a transesterification reaction of ester
groups of EVA and EMA, in the presence of dibu-
tyltin oxide ( Bu,SnO) as the catalyst. It is important
to underline that the eventual presence of radical
scavenging phenol as a thermostabilizer of com-
mercial PP cannot influence the cross-linking re-
action of the EVA /EMA phase due to the different
chemical natures of the reaction of scavenging and
the reaction of transesterification. The transester-
ification reaction, of which a reactional scheme is
given in Figure 1, was well characterized by chemical
and rheological experiments.!” Furthermore, it has
been shown that the gel fraction of the EVA/EMA
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Figure 1 Chemical network formation by exchange re-
action of ester groups of EVA and EMA copolymers cat-
alyzed by dibutyltin oxide (Bu;SnO).

network can be connected to the extent of the re-
action.’® For example, when the temperature was
increased from 170 to 230°C, the gel time reduced
from 12 to 2 min and cross-linking became com-
patible with the residence time in an extruder.
Therefore, the necessary time to reach the gel point
at a given temperature was known and the deter-
mination of the gel fraction g of the EVA/EMA
phase was used to quantify the extent of the chemical
reaction.

EVA and EMA copolymers with the addition of
catalyst were preblended in a twin-screw extruder
(Leistritz LSM 30-34) at a temperature of 170°C
and granulated at the die. As explained before, at
these temperatures and residence times (¢ ~ 200
s}, no cross-linking was able to occur inside the ex-
truder barrel.!” These products were then added with
PP in different twin-screw extruders.

Processing Equipments

Extrusion experiments were carried out on three dif-
ferent intermeshing self-wiping corotating twin-
screw extruders:

e A Clextral BC 45 extruder (centerline distance:
C; = 45 mm; screw diameter: D, = 50 mm) with
a short barrel (L/D = 12) was used for dead-
stop experiments. Starting from steady-state
extrusion conditions (stable die pressure and
temperature ), feed rate, screw rotation, and
barrel heating were suddenly and simulta-
neously stopped. The sliding barrel was then
removed to coliect samples all along the screws.

e A Clextral BC 45 extruder with a long barrel
(L/D = 35) was used for testing long residence
times (greater than 3 min) and obtaining a high
extent of the cross-linking reaction.

o A Leistritz LSM 30-34 extruder (centerline
distance: C; = 30 mm; screw diameter: D, = 34
mm; L/D = 35.5) was used for successive ex-
trusions with the same blend.

Samples were collected at the die exit and along
the screws, during the dead-stop experiments. The
whole procedure, as well as the screw profile used
for these experiments, has been described in detail
elsewhere.®

The samples were fractured in liquid nitrogen,
and after dissolution of the dispersed EVA/EMA
phase in tetrahydrofurane (48 h at 50°C), the mor-
phology of the blend was examined by scanning
electron microscopy (JEOL JSM 35) and charac-
terized by image analysis on 1000-1500 particles, in
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Figure2 Variations in average diameter of the dispersed
phase across the extrudate section, for two different cool-
ing conditions: (a) nonreactive blend (without catalyst);
(b) reactive blend (with catalyst). N = 100 rpm; @ = 10
kg/h; die temperature: 248°C.

order to obtain the particle-size distribution and its
main parameters (average diameter in number d,;
variance ¢).°

RESULTS AND DISCUSSION

Influence of Cooling Conditions

It was shown in a previous study® that sample cool-
ing was an important parameter, mainly in the case
of semicrystalline polymers such as PP. For these
products, the influence of the cooling rate on the
droplet-size distribution may effectively be impor-
tant. The morphologies observed at the die exit for
the same extrusion conditions (@ = 10 kg/h; N
= 100 rpm), but different cooling conditions (slow
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cooling in air at ambient temperature or rapid
quenching in cold water), with and without chemical
cross-linking of the dispersed phase, are shown in
Figure 2. As previously observed for the experiments
without a catalyst, the particle size was higher for
slow cooling conditions, because droplet coalescence
was induced by the growing of the spherulites,
whereas the EVA /EMA phase was still in the mol-
ten state.® However, Figure 2(b) shows that for a
partially cross-linked dispersed phase the morphol-
ogy was quite independent on the cooling rate and
more homogeneous across the extrudate section.
These first results seemed to prove that the mor-
phology development during the cooling process may
be modified by the cross-linking of the dispersed
phase. We can assume that the coalescence process
induced by crystallization of the matrix was slowed
down by the viscosity increase due to the cross-link-
ing reaction and led to the stabilization of the mor-
phology, whatever the cooling conditions.

Morphology at the Die Exit

The influence of the processing conditions (feed rate
@ and screw speed N) on the final morphology at
the die exit was investigated on the short-barrel ex-
truder Clextral BC 45 without® and with the devel-
opment of the chemical reaction.

At a constant screw speed of 175 rpm, it was ob-
served (Fig. 3) that the average particle diameter
decreased when increasing feed rate. Similar trends
were followed by reactive and nonreactive blends.
However, droplet size was higher when the catalyst
was added. Between 10 and 48 kg/h, the average
diameter decreased from 0.63 to 0.32 um without
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Figure 3 Influence of feed rate on average diameter at
the die exit, with and without catalyst (N = 175 rpm).
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Table I Influence of Processing Conditions on Final Particle Size at the Die Exit,
With and Without Catalyst

Without Catalyst With Catalyst
Feed Rate Screw Speed Average Diameter Variance Average Diameter Variance

(kg/h) (rpm) (pm) (pm) (um) (um)
10 175 0.63 0.40 0.91 0.47
16 175 0.55 0.32 — —
21 175 — — 0.68 0.41
26 175 0.40 0.27 0.69 0.30
34 175 —- — 0.73 0.46
36 175 0.38 0.25 — —
42 175 0.41 0.29 0.54 0.29
44 175 — — 0.48 0.25
48 175 0.32 0.21 0.63 0.54
10 60 0.63 0.34 0.47 0.31
10 100 0.49 0.33 0.71 0.43
10 150 0.44 0.26 — —
10 250 0.63 0.40 0.99 0.49

the catalyst and from 0.91 to 0.63 um with the cat-
alyst. At the same time, the variance of the distri-
bution was also reduced (Table I).

At a constant feed rate of 10 kg/h, the average
diameter tends to increase with the screw speed for
the reactive blend, whereas the nonreactive system
exhibited a more irregular evolution (Fig. 4). Once
again, particles were bigger for the reactive blend,
varying from 0.47 to 0.99 um when the screw speed
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Figure 4 Influence of screw speed on average diameter Figure 5 Example of droplet-size distributions: (a) @

at the die, with and without catalyst (@ = 10 kg/h). =48 kg/h, N =175 rpm; (b) = 10 kg/h, N = 250 rpm.
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Table II Experimental Processing Parameters (Reactive Blend)
Feed Rate Screw Speed Final Product Temperature Mean Residence EVA/EMA Gel
(kg/h) (rpm) (°C) Time (s) Fraction

10 175 255 85 0.20

21 175 246 45 0.10

26 175 248 40 0.10

34 175 253 30 0.10

42 175 248 28 0.10

44 175 241 30 0.10

48 175 246 25 —

10 60 205 110 0.10

10 100 223 100 0.10

10 250 275 85 0.30
linking reaction, which seemed to favor the coales- - na T0%
cence of the EVA/EMA phase and shifted the dis- R= e 4 [n—-] (1)

m m

tribution to higher values of diameters (up to 3 um).

It has been shown®58919-21 that the final mor-
phology observed at the die exit resulted from all
the thermal and mechanical history experienced by
the blend during the process. In Table II are reported
experimental parameters such as final product tem-
perature, average residence time, and gel fraction.
At a constant screw speed, an increase in feed rate
from 10 to 44 kg/h resulted in a decrease in both
the mean residence time (from 85 to 30 s) and the
final temperature (from 255 to 241°C). It means
that the cross-linking reaction was less developed
at the high feed rate, even if, in these conditions,
the measured gel fraction (around 10% for all the
trials) was too inaccurate to confirm this assump-
tion. On the contrary, at a constant feed rate, an
increase in screw speed from 60 to 250 rpm induced
a sharp increase of final temperature (from 205 to
275°C) and a low decrease in residence time (from
110 to 85 s), leading thus to a more developed re-
action, which was confirmed by the change in gel
fraction from 0.10 to 0.30.

Thus, it appeared that the final size of the par-
ticles was affected by the cross-linking reaction, the
mean diameter being higher as the reaction was de-
veloped. Such an effect was already observed by
Bhowmick and Inoue during dynamic vulcanization
of hydrogenated nitrile rubber/nylon blends.? It
could be explained by the change in the rheology of
the dispersed phase during the cross-linking reac-
tion. Indeed, the influence of the viscosity ratio
on the morphology has been proved by many au-
thors.?*2® Wu,? e.g., proposed the following for-
mulation, predicting an increase of the droplet size
with the viscosity ratio:

with R as the particle radius; o, the interfacial ten-
sion; 7,,, the viscosity of the matrix; 5,4, the viscosity
of the dispersed phase; and +y, the shear rate.

In fact, this is an empirical relationship obtained
by characterizing the blend morphology at the exit
of a twin-screw extruder. It considers, thus, the dif-
ferent mechanisms occurring in the system, such as
breakup and coalescence, for a blend composition
of 85/15, similar to our own experiments. It is clear
that we use this formulation only to obtain an order
of magnitude and to propose a possible explanation
of the observations. More precise computations are
presently in progress and will be published later.

In the absence of a chemical reaction, the vis-
cosities of the both phases were very close and the
ratio ng/7,, was in the range 1-2, which was favorable
for obtaining a fine morphology.® For example, at
10 kg/h and 175 rpm, the mean shear rate was
around 240 s ! and the corresponding viscosity ratio,
equal to 0.9, led to a particle diameter of 0.76 um.
When cross-linking developed, the viscosity of the
dispersed phase increased rapidly. At the gel point,
its value was around 1000 Pa-s at 200°C, leading,
in the same conditions, to a viscosity ratio of 9.1
and, thus, to a mean diameter of 4.5 um. Conse-
quently, a result of the cross-linking reaction of the
dispersed phase was to perturb the mechanisms of
dispersion and coalescence. Due to the formation of
the EVA/EMA network, the breakup process may
be assumed to be slowed down by the increase of the
viscosity and the development of the elasticity,
though the coalescence process was slightly modi-
fied, leading to larger particles. Such an assumption
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Figure 6 Evolution of the average droplet size along the screws (@ = 10 kg/h; N = 100

rpm) with and without catalyst.

will be discussed below. Direct observations of the
morphology development all along the extruder were
thus carried out in order to better understand the
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Figure 7 Droplet size distribution (O) with and (@)
without catalyst: (a) after the melting zone; (b) before
the die.

changes in droplet sizes with the extent of the
chemical reaction.

Morphological Changes Along the Screws
General Observations

As described in a previous study,® the following pro-
cedure was chosen as the best procedure of sampling:
After the screw rotation was stopped and the sliding
barrel removed, samples still in a molten state were
directly taken off the screws and quenched in cold
water. This method seemed to be the more efficient
for assessing the real morphology of the melt blend.

The influence of the progressive development of
the cross-linking reaction along the screws is shown
in Figure 6. As already observed, a fine dispersion
of the EVA /EMA phase was obtained just after the
melting section of the extruder, located at the first
left-handed screw element. At this location, we can
assume that no cross-linking occurred and similar
size distributions were observed, whatever the pres-
ence of the catalyst, which proved that the initial
dispersion mechanism remained unchanged [Fig.
7(a)]. As the blend progressed inside the extruder,
the reaction of cross-linking started and developed.
Consequently, initially during the flow through the
kneading discs, a significant change of behavior in
comparison with the nonreactive blend was ob-
served. Similar changes were then followed by the
two systems, but, as already mentioned, in situ cross-
linking of the dispersed phase increased the size of
the particles and the broadening of the distribution
[Fig. 7(b)].

Influence of the Temperature

Considering a nonreactive blend, results concerning
the influence of the temperature on the particle size
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Figure 8 Evolution of the average droplet size along the screws (@ = 10 kg/h; N = 100
rpm). Influence of the barrel temperature in the presence of the catalyst.

are often contradictory. In the case of ethylene-
propylene rubber (EP)/polyamide (PA) blends,
Luciani® observed an increase of the droplet size
with mixing temperature, explained by the relative
variation of the viscosities. Oppositely, Tokita®’ ob-
served, for natural rubber (NR)/ethylene propylene
diene copolymers (EPDM) systems, a decrease in
the particle size with increase of temperature. A
probable explanation may be found in the decrease
of the interfacial tension with temperature.

For the reactive blend studied, experiments were
carried out at two different regulation temperatures
of the barrel. These temperatures were fixed (from
hopper to die) at, respectively, 140-180-200°C and
230-230-230°C. For the same processing conditions
(@ = 10kg/h; N = 100 rpm), similar residence times
(around 100 s) but different exit temperatures (re-
spectively, 221 and 253°C) were measured. As shown
in Figure 8, starting from identical morphologies af-
ter the melting zone, the mean diameter increased
more rapidly at higher temperature, because the

cross-linking reaction was more rapid. These results
confirmed the assumption that the particle-size
variations were controlled by the chemical reaction,
through the variations of the viscosity of the dis-
persed phase, and were in agreement with the work
of Bhowmick and Inoue.?> Moreover, it appeared
that a more cross-linked dispersed phase was less
conducive to particle breakup. Effectively, at higher
temperature, the mean diameter increased more
monotonously along the screws.

Influence of Processing Parameters

Influence of screw speed at a constant feed rate is
indicated in Figure 9. At 100 rpm, the morphology
changes were very similar to those observed for the
nonreactive system (see Fig. 6), because the cross-
linking reaction was poorly developed in these pro-
cessing conditions (low product temperature).
When the screw speed was increased, the melt tem-
perature increased also (to 255 and 275°C) and,
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Figure 9 Evolution of the average droplet size along the screws in the presence of the
catalyst. Influence of screw speed (@ = 10 kg/h).



1682 DE LOOR ET AL.

-
é WAV TTVTERTTT
<0’0 L\W//,/\\\\\r\\\ “_=|///A\\ ,

Figure 10 Evolution of the average droplet size along the screws in the presence of the

catalyst. Influence of feed rate (N = 175 rpm).

thus, the extent of the reaction, although the mean
residence time decreased from 110 to 85 s, leading
to particles of larger diameter and less subject to
breakup.

In the same way, the influence of feed rate at a
constant screw speed is shown in Figure 10. In this
case, the effect of feed rate was less important. In
the tested flow conditions, temperature profiles were
similar (see Table II) and, thus, the changes in par-
ticle diameters along the screws were very close. The
main differences occurred during the flow through
the die, where the high shear and elongation rates
experienced at a high feed rate led to a decrease in
the final morphology.®?

As for nonreactive blends, the morphological
changes along the screws were very dependent on
local flow conditions and resulted from equilibrium
during all the processes between dispersion and co-
alescence. As previously mentioned, development of
in situ cross-linking of the EVA /EMA phase led to
the development of larger particles.

Effect of Thermomechanical History

Generally, the extrusion itself represents only one
step of the whole process leading to the elaboration
of final products. To simulate the effect of different
transformation processes that a polymer blend may
undergo and to test the stability of the morphology,
three successive extrusions were carried out with
the Leistritz extruder on both reactive and non-
reactive blends (@ = 3 kg/h, N = 100 rpm, exit
temperature =~ 220°C). Such experiments allowed
confirmation of the role of chemical modification of
the dispersed phase on the control of the final mor-
phology.

The evolution of the particle-size distribution
with the number of passages in the extruder is shown

in Figure 11(a) for the nonreactive blend. The size
of the particles increased regularly from 0.30 to 0.50
pm with the number of extrusions. Between the first
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Figure 11 Effect of successive extrusions on the par-
ticle-size distribution: (a) without catalyst; (b) with cat-
alyst. (O) First extrusion; (@) second extrusion; ((J) third
extrusion.
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Table III Average Droplet Diameter After Repetitive Passages in the Extruder

First Passage

Second Passage Third Passage

Without catalyst Average diameter (um)

Variance (um)

With catalyst Average diameter (um)
Variance (um)

Gel fraction

0.30 0.37 0.50
0.22 0.23 0.29
0.72 0.68 0.64
0.38 0.40 0.40
0.40 0.60 0.80

and the last passage, the variation was about 70%
for the droplet mean diameter and 30% for the vari-
ance (width of the distribution) (Table III). These
results were rather unexpected and in apparent con-
tradiction with those of Tokita?’ and Fortelny et
al.,”® who observed a decrease in the droplet size
with mixing time, in the case of continuous reactors.

Such evolution in the droplet size may be attrib-
uted to a coalescence process, which should be en-
hanced by the chosen processing conditions. These
results may be also attributed to a degradation of
the PP matrix with the number of passages in the
extruder. Consequently, the viscosity of the matrix
could decrease and, according to eq. (1), the droplet
size could increase with the number of passages. The
limiting viscosity 7, of each blend was measured with
a mechanical spectrometer (Rheometrics RMS
800), at 153°C in order to avoid an evolution of the
blend during the measurement. The values of 7,
varied from 9.5 102 Pa-s, for the first passage in the
extruder, to 9- 10° Pa-s for the second, and 6.5 - 10°
Pa-s for the third. These results confirmed the deg-
radation of the PP matrix when the blend was ex-
truded.

Coalescence/break-up equilibrium
with crosslinking
O,

o2 S0 g®

X
g= ;%‘ l g<g gt
o O 0 O
Qo O ©
Coalescence/break-up equilibrium

without crosslinking

Figure 12 Schematization of development of coales-
cence and breakup processes with the gel fraction. Co-
agulation process at a high gel fraction.

As expected, the morphology obtained with the
reactive blend was more stable and only a low de-
crease in the mean diameter was observed, whereas
the extent of the reaction increased with processing
time (Table III). The variation of the dimension of
the particles between the different passages re-
mained limited, about 10% only, with a constant
value of the variance. The corresponding size dis-
tributions are presented in Figure 11(b).

In fact, the introduction of a chemical cross-link
into an uncross-linked polymer tends to convert it
from a viscoelastic liquid to a viscoelastic solid.
Thus, the question to answer is that of the validity
of the concepts of coalescence and breakup processes
for such partially cross-linked particles. The role of
the elasticity in these mechanisms is still not com-
pletely understood.?® However, as illustrated in Fig-
ure 12, three different mechanisms can be proposed
depending on the extent of the cross-linked network,
characterized by the gel fraction g:

Case 1: g = 0. Although the chemical reaction of
cross-linking develops, the EVA/EMA network is
only constituted of a few coupled chains, which do
not constitute a real three-dimensional network. The
EVA/EMA system may be viewed as a viscoelastic
liquid with a higher viscosity. Thus, the mechanisms
of coalescence and breakup can be imagined as gen-
erally discussed in the literature, on the basis of the
model proposed by Wu.? Therefore, the equilibrium
between coalescence and breakup is shifted to the
coalescence process with the increase of the EVA/
EMA viscosity and leads to higher particles. The
shape of the particles is regular and spherical, as
observed in Figure 13(a).

Case 2: 0 < g < g*. At a low gel fraction (g*
~ 0.4), although the gel point has been reached,
most of the EVA/EMA chains, mainly those of low
molecular weight, are still free in the network. Con-
sequently, the coalescence process can be still de-
veloped by interpenetration of droplets, but the
mechanisms of dispersion ar. considerably slowed
down by the increase of the elasticity in the EVA/
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Figure 13 SEM pictures of (a) nonreactive and (b)
reactive blend, after solvent extraction of the dispersed
phase.

EMA network. The shape of the particles of the
extruded blend in which the gel fraction of the EVA /
EMA phase is low (g ~ 0.1) remains spherical.
However, the extent of cross-linking reaches a crit-
ical value, where the classical theories of coalescence
and breakup become no more valid.

Case 3: g* < g. At a higher gel fraction, the num-
ber of free chains in the EVA/EMA network van-
ishes. Then, interpenetration of EVA /EMA droplets
is only partially possible, as illustrated in Figure 12,
and it should be more appropriate to discuss a “co-
agulation” mechanism. SEM observations [Fig.

13(b)] show that the shape of the largest particles
is no more spherical when the gel fraction of the
dispersed phase is about 0.8. We can expect that the
morphology of such a blend would be stabilized by
the total cross-linking of the dispersed phase.

To verify this last assumption, a complementary
experiment was performed for a reactive blend pre-
liminary extruded with the long-barrel extruder, de-
scribed in the Materials section. This extruder al-
lowed long residence times (about 3 min), which
permitted the full development of the cross-linking
reaction. The insoluble fraction of the EVA/EMA
phase obtained was 0.40 and droplet size was 1.1
um. This blend was then extruded through the short-
barrel extruder, to observe the morphological
changes along the screws. It can be verified in Figure
14 that the initial size of 1.1 um was conserved all
along the screws, from the feeder zone to the die. In
this case, the dispersed phase can be considered as
a “solid elastic” filler, which cannot be subjected
any more to deformation and breakup or to coales-
cence.

Therefore, these results put into evidence that
development of in situ cross-linking of the EVA/
EMA phase was a good way to stabilize the blend
morphology for further processing steps.

Rheological Behavior of the Reactive Blends

To explain the mechanisms of stabilization of the
morphology, some experiments were carried out on
a mechanical spectrometer (Rheometrics RMS 800)
using a parallel-plate geometry. Extruded samples
were melt at a temperature of 180°C during 3 min
and experiments were carried out at a temperature
of 153°C. At this temperature, a curing time exper-
iment had shown that no modification developed in
the sample during the measurements. The variations
of the storage modulus G’ for the successive extru-
sions are shown in Figure 15. At high frequency, the
different samples exhibited the same behavior,
identical to that of the nonreactive blend. However,
at low frequency, a secondary plateau was observed.
The value of this plateau increased with the number
of extrusions and, thus, with the extent of the re-
action, characterized by the gel fraction. This pla-
teau could be attributed to an agglomeration of the
particles during the successive extrusions. In fact,
SEM observations refuted this assumption, although
a “coagulation” process leading to a nonspherical
shape of the particles was previously observed for a
high value of the gel fraction of the EVA/EMA
phase (in the third repetitive extrusion, g was
about 0.8).
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Figure 14 Evolution of the average droplet size along the screws for a preextruded blend
with a fully cross-linked dispersed phase (@ = 10 kg/h; N = 100 rpm).

Generally, such a secondary plateau is attributed
to the deformability and shape relaxation of the
droplets of the dispersed phase.’* However, in the
case of impact PMMA, Bousmina and Muller®
showed that the corresponding long relaxation time
mechanisms were not only due to the deformation
of the rubber particles. On the other hand, cross-
linked particles remain almost undeformed in a
macroscopic strain. Therefore, the origin of this
secondary plateau can provide from the presence of
an interphase matrix/particle, which could induce
a modification of long relaxation time mechanisms
by trapping physical entanglements of the matrix
chains. This interphase could be due to the presence
of polymer structure, such as copolymers PP-
(EVA/EMA). It was also proved, in the case of
impact polyamide, that the secondary plateau mod-
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Figure 15 Variations of storage modulus vs. frequency
with the number of passages in the extruder: (@) non-
reactive blend.

ulus increased with the concentration of the copol-
ymers at the interphase.?? Therefore, this interpre-
tation implies that an interphase has been created
between EVA/EMA droplets and the PP matrix.
Effectively, on SEM pictures, it may be observed
that the outline of the droplets was very different
between the reactive blend with high {g =~ 0.8, Fig.
13(b)] and low [g ~ 0.1, Fig. 13(a)] values of the
gel fraction. As previously mentioned, the shapes
were more irregular, but the pictures suggested the
presence of an interphase PP-(EVA/EMA), which
has been swollen by the solvent during the extraction
step of the EVA /EMA phase. This interphase might
result from thermal degradation of PP, which would
induce free radicals in the system. These radicals
would then start a reaction of cross-linking between
the EVA/EMA chains and the PP chains of the
matrix, allowing the formation of a copolymer at
the interface. This interphase might also result from
the trapping of PP chains at the interface by the
EVA /EMA network.

CONCLUSIONS

The cross-linking reaction of the dispersed phase
largely modified the evolution of the blend mor-
phology along the twin-screw extruder. A fine dis-
persion was always observed after the melting zone,
but the increase of the viscosity of the dispersed
phase during the chemical reaction shifted the equi-
librium between breakup and coalescence and led to
larger particles. As the EVA/EMA chemical net-
work developed, different interpretations of coales-
cence and breakup processes have been proposed.
For the higher values of the gel fraction of the dis-
persed phase (g > 0.4), it seems more realistic to
speak about a coagulation than a coalescence pro-
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cess. In situ cross-linking of the EVA /EMA phase
allowed the stabilization of the morphology, what-
ever the different stages of transformation processes
of the polymer blend. No morphological changes
were observed along the screws for a reactive blend
preliminarily extruded at high temperature, in order
to obtain a full extent of the cross-linking reaction.

Rheological studies have put into evidence the
existence of a low-frequency plateau of an elastic
modulus for the blends with a cross-linked dispersed
phase. This permitted us to suspect high interactions
at the interface PP-EVA /EMA.

This study has shown that the use of a chemical
reaction that permitted us to modify in situ the
rheology of the dispersed phase was an original way
to understand the mechanisms of development and
stabilization of the morphology in the incompatible
polymer blends.
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