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ABSTRACT: The compatibilization mechanism of some compatibilizers for blends of
polyolefins with a liquid crystalline polymer (LCP) was studied. Polyethylene (PE) and
polypropylene (PP) were blended with a semirigid LCP (SBH) in a batch mixer, either
with and without compatibilizers. The latter were two commercially available samples
of functionalized polyolefins, that is, a PE-g-MA (HDM) and a PP-g-AA (Polybond 1001)
copolymer and some purposely synthesized PE-g-LCP and PP-g-LCP copolymers. Mi-
crotomed films of the binary and the ternary blends were annealed at 240°C on the hot
stage of a polarizing microscope and the changes undergone by their morphology were
recorded as a function of time. The results indicate that the compatibilizers lower the
interfacial tension, thereby providing an improvement of the minor phase dispersion. In
addition to this, the rate of the coalescence caused by the high-temperature treatment
is appreciably reduced in the systems compatibilized with the PE–SBH and PP–SBH
graft copolymers. Among the commercial compatibilizers, only Polybond 1001 displayed
an effect comparable to that of the above copolymers. HDM improved the morphology
of the as-prepared PE blends, but failed to grant sufficient morphological stabilization
against annealing-induced coarsening. The results are discussed with reference to the
chemical structure of the different compatibilizers. © 2000 John Wiley & Sons, Inc. J Appl
Polym Sci 77: 3027–3034, 2000
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ogy; coalescence

INTRODUCTION

The average size and the size distribution of the
minor-phase droplets of polymer blends depend

on a number of factors including the chemical
structure of the components and the thermal and
mechanical histories. It is generally agreed that,
during blend preparation, a dynamic equilibrium
is reached whereby droplet breakup, caused by
the stress field, is balanced by droplet coalescence
driven by interfacial tension.1–6 Thus, the result-
ing steady-state droplet size is expected to be
lower in the high-shear regions of the mixing
bowl, or extruder, and higher where flow-induced
coalescence prevails. It has also been shown that
the elasticity of molten polymers has a role in
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drop deformation and failure and that larger
droplets are formed in blends of polymers with a
stronger elastic character.7,8 Blends are generally
prepared by the use of extruders, where the equi-
librium morphology of the melt can normally be
approached within a few minutes mixing. This
morphology is thereafter frozen in, during the
subsequent quenching and pelletizing operations.
Thus, a study of the morphology of blend pellets
provides reliable information on the equilibrium
situation prevailing at the melt-mixing stage.

In the absence of a stress field, the only active
driving force is interfacial tension and the mor-
phology corresponding to thermodynamic equilib-
rium is that involving a minimum interfacial
area. Thus, macroscopic segregation should be
expected, under these conditions, from a thermo-
dynamic point of view. Also, in fact, when the
blends are used for shaping the final objects, con-
siderable coarsening can take place, especially if
relatively long processing cycles with low stress
are employed, such as those involved in compres-
sion molding. In other cases, coalescence may be
severely hindered, kinetically, and almost no
coarsening can be observed within relatively long
time intervals, especially if the temperature is
low, the components viscosity is high, and there is
no flow in the system.

An efficient compatibilizer should lower the in-
terfacial tension of a blend, thus reducing the
equilibrium droplets’ dimensions at the mixing
stage and should also lower the coalescence rate,
thus limiting the danger of morphology coarsen-
ing when new conditions favoring coalescence
prevail. The need of a compatibilizer is particu-
larly pressing when blends of polyolefins (POs)
with liquid crystalline polymers (LCPs) are to be
produced. These blends are potentially interest-
ing because of the strong PO reinforcement that
can be achieved by the addition of small amounts
of LCPs. The chemical structure of the two poly-
mer types, however, is such as to display very
poor interfacial adhesion if no compatibilizer is
added into the blend. Recently, different commer-
cially available functionalized polymers have
been employed as compatibilizing agents for PO/
LCP blends. For example, polypropylene (PP)
samples functionalized with maleic anhydride
(PP-g-MA) or with acrylic acid (PP-g-AA) have
been used for compatibilizing PP/LCP blends,9–16

while polyethylene (PE) modified with maleic an-
hydride (PE-g-MA) or copolymerized with acrylic
acid (PE-co-AA) has been tested for the compati-
bilization of PE/LCP blends.17,18 The observed,

slight improvement of the mechanical properties
and the concomitant increase of melt viscosity
were attributed to polar interactions between ei-
ther phase and the compatibilizer, but in no case
did the results indicate the formation of chemical
bonds between the blend components as a result
of interphase reactions.

It is generally agreed that block or graft copol-
ymers containing polymer sequences identical to
those of the blend components should display an
optimum compatibilizing ability, provided that
the relative lengths of the homopolymer segments
are appropriate. In previous articles,19–23 we
showed that PO-g-LCP copolymers synthesized
by polymerizing the LCP monomers in the pres-
ence of either PP-g-AA23 or a low molar mass
oxidized PE sample,20,22 or, alternatively, by
blending the functionalized Pos with the LCP in
the presence of a transesterification catalyst,21 do
enhance the interfacial adhesion of the PO/LCP
blends both in the solid state and in the melt19

and improve the dispersion of the LCP minor
phase.

In this work, the effect of these compatibilizers
on the annealing-induced morphology coarsening
was studied on blend films contained between two
microscope slides and held on the microscope hot
stage for appropriate times, and the results were
compared with those found by the use of commer-
cially available PE-g-MA and PP-g-AA compatibi-
lizers. It is possible that the droplet coalescence
observed under these conditions is influenced by
the geometry of the system, as well as by the
presence of the glass surfaces confining the film,
and provides, therefore, only a rough picture of
the situation prevailing in the bulk material.
However, it can be safely assumed that the re-
sults may be meaningful as long as the data ob-
tained from the blend films with and without a
compatibilizer, as well as with different compati-
bilizers, are compared.

EXPERIMENTAL

Materials

The POs used in this work, high-density PE and
isotactic PP, are commercial materials: A1100,
supplied by Solvay, is a relatively low molar
mass, injection-molding PE sample having a
melt-flow index (MFI) of about 11 dg z min21,
whereas PP was an injection-molding sample,
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X30G by Montell, with an MFI ' 12 dg min21

(Table I).
The LCP was a laboratory sample of a copoly-

ester synthesized by Eniricerche S.p.A. (Milan,
Italy) having the composition shown in the
scheme. The LCP, indicated here as SBH, con-
tains the flexible units (S) of sebacic acid and the
rigid ones (B, H) derived from 4,49-dihydroxybi-
phenyl and 4-hydroxybenzoic acid, respectively,
in a 1:1:2 mol ratio. The characterization of SBH
was already described in previous articles.24–28

Commercially available functionalized POs
were used as reference compatibilizers: a sample
of PE-g-MA with ;1% w/w MA grafts (HDM, by
Polimeri Europa) and one of PP-g-AA with ;6%
AA (Polybond 1001, by Uniroyal). Their main
properties are shown in Table I.

The PO-g-SBH copolymers were synthesized in
our laboratories as described before.20–23 In par-
ticular, the PE-g-SBH copolymer indicated here
as COPR and the PP-g-SBH copolymer (COPP50)
were synthesized by melt polycondensation of the
SBH monomers in the presence of either a low
molar mass PE sample containing free carboxyl
groups (PEox)20 or, respectively, of Polybond
1001,23 whereas the other PE-g-SBH copolymer
indicated here as COPM was produced by reactive
blending of SBH with Peox.21

Blends Preparation

The PO/SBH blends (80/20 w/w) were prepared in
a batch mixer (Brabender Plasticorder, Model
PLE330) equipped with a 50-mL mixing bowl.
The mixing temperature was 240°C and the speed
30 rpm. To avoid hydrolytic chain scissions, the

LCP sample was dried under a vacuum for
about 24 h at 110°C before processing. The com-
patibilizers were also dried under a vacuum
before use for at least 2 days at a lower temper-
ature (60°C) to avoid degradation phenomena.
Master batches (50/50 w/w) of the compatibiliz-
ers with SBH were first prepared and then
blended with the appropriate amounts of the
components so as to obtain a weight ratio of PO
to SBH equal to 80/20. The mixing speed was 3
rpm at the moment of the charge and was then
increased gradually to the final value of 30 rpm
after closing the blending chamber. The opera-
tion was continued until constant torque was
monitored (5– 6 min).

Characterization Techniques

The morphological characterization was carried
out with a scanning electron microscope (SEM)
(Philips Model 501). Compression-molded sheet
specimens were fractured in liquid nitrogen and
the fracture surface was coated with gold with an
SPI sputter coater. Observations were also made
with an optical microscope (Leitz Laborlux 12),
equipped with a camera, on microtomed films 20–
30-mm thick. The films were placed between two
microscope slides on the hot stage of a polarizing
microscope previously brought to the required an-
nealing temperature (240°C). Micrographs were
taken at intervals and were then analyzed with
the proper software (NIH Image 1.6®) to measure
the average dimension and the size distribution of
the dispersed-phase particles as a function of
time.

Table I Source and Properties of the Polymeric Materials

Polymer Supplier
Mw

(g/mol)
Mn

(g/mol)
hinh

(dL/g)
Tm

(°C)
MFI

(dg/min)
h0 at 240°C

(Pas)

A Solvay — — — 136 11.0 950
PP Montell 270.000 39.000 — 164 12.0 1200a

HDM (PE-g-MA) Polimeri Europa 6
Polybond 1001

(PP-g-AA)
Uniroyal — — — 160 40.0 50

SBH Eniricerche — — 0.87b 219 — c

COPR Ref. 20 — — — — — c

COPM Ref. 21 — — — — — c

COPP50 Ref. 23 — — — c

a Virgin.
b Inherent viscosity measured in pentafluorophenol (c 5 0.1 g/dL) at 60°C.
c Does not present h0 in the frequency range investigated.
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RESULTS AND DISCUSSION

PE/SBH Blends

The effect of the compatibilizers on the morphol-
ogy of as-prepared PE/SBH blends was already
discussed in a previous article.19 The observation
of the SEM micrographs taken on the fracture
surface of samples of 80/20 PE/SBH blends
showed clearly that, in addition to increasing the
interfacial adhesion, all the employed compatibi-
lizers, that is, COPR, COPM, and HDM, did re-
duce the average size of the SBH droplets, COPR
being the most effective in this respect, and
COPM, the least. The observation of microtomed
films of the same blends made by the use of a
polarizing optical microscope, either with parallel
and with crossed polarizers, confirms the conclu-
sion.

The uncompatibilized PE/SBH blend gives rise,
upon standing at 240°C, to considerable morphol-
ogy coarsening, as is shown in Figure 1, where the
optical micrographs taken after 5 and 10 min
annealing, with parallel [Fig. 1(a,c)] and crossed
[Fig. 1(b,d)] polarizers, are shown. It may be
clearly observed that the growth of the average
size of the SBH particles is due mainly to coales-
cence of the medium and large droplets. A very
large number of microdroplets remains even after
considerably long times, but they contribute very
little to the average dimensions as calculated
with a computer technique.

The behavior of the compatibilized blends is
illustrated qualitatively by the micrographs in
Figure 2, taken after 1 and 10 min, on a film of the
PE/COPR/SBH blend. Here, no macrosegregation
occurs, and the average size growth can only be
evidenced by the computerized analysis.

Several films of the blends were studied with
this technique and the results of the droplets’
average size calculation carried out on each of the
micrographs taken at different time intervals are
plotted in Figure 3. It can be observed that the
average size of the particles increases dramati-
cally for the uncompatibilized blend, passing from
about 12 mm to over 35 mm in 10 min, following an
almost linear trend. The blend compatibilized
with HDM displays a much finer dispersion of the
SBH phase, just after preparation. However,
upon annealing, the average size of the droplets
increases with a rate which is not far from that
characterizing the blend with no compatibilizer.
It is only after about 5 min annealing that the
coarsening rate starts decreasing progressively.
At any rate, the droplet dimensions of this blend
grew from 3–4 mm to over 20 mm in 10 min, which
corresponds to an increase exceeding 500%, which
is even stronger than that (about 300%) of the
uncompatibilized blend.

The behavior of the blends containing the PE-
g-SBH copolymers as compatibilizers is com-
pletely different. In fact, the reduction of the av-
erage particle size achieved at the mixing stage,

Figure 2 Optical micrographs (403) of a PE/COPR/
SBH blend film annealed at 240°C for (a,b) 35 s and
(c,d) 9 min. Micrographs (a) and (c) were taken with
parallel polarizers and (b) and (d) with crossed polar-
izers.

Figure 1 Optical micrographs (403) of a PE/SBH
blend film annealed at 240°C for (a,b) 5 min and (c,d) 10
min. Micrographs (a) and (c) were taken with parallel
polarizers and (b) and (d) with crossed polarizers.
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which is stronger for COPR, as already pointed
out,19 is accompanied by a much lower coarsening
rate. Indeed, for both the PE/COPR/SBH and PE/
COPM/SBH blends, the droplet growth is almost
negligible during the annealing time investi-
gated. It should be pointed out that the three
compatibilized blends display very similar viscos-
ity at 240°C,19 and, therefore, the different coars-
ening rate can only be attributed to differences in
the nature of the interphase.

Pötschke and coworkers29–31 studied the effect
of the viscosity ratio and of the compatibilizer
addition on the morphology and coalescence in
blends of thermoplastic polyurethanes (TPU)
with POs. The effect played by different types of
compatibilizers in kinetically hindering the co-
alescence of the PO droplets in TPU matrices was
discussed by these authors in terms of their ca-
pability to form more or less stable interphase
films. Coalescence of two drops, once they have
approached each other, can, in fact, take place
only as a result of failure of the matrix film be-
tween them, and this step is generally considered
as the rate-determining one.3 The results found in
this work indicate very clearly that HDM is capa-
ble only of lowering the interfacial tension of PE/

SBH blends, but practically fails to cause serious
kinetic hindrance against coalescence. On the
contrary, both COPR and COPM also display very
good efficiency in this respect.

It may be speculated that the microstructure of
the two kinds of compatibilizers is responsible for
their different behavior. HDM is a PE sample
containing a very small amount (about 1% w/w) of
MA grafts and it seems reasonable to assume
that, whereas during mixing it migrates to the
interface and lowers the interfacial tension, it
probably remains well anchored on the surface of
the PE cavities and simply makes it sufficiently
polar to give rise to a weak physical attraction for
the SBH droplets. Also, in fact, no experimental
evidence in favor of chemical reactions taking
place between the MA functionalities and the end
groups, or the internal ester bonds, of SBH has
ever been found.17,1. The two other compatibiliz-
ers (COPR and COPM), on the contrary, consist of
intricate mixtures of unreacted PEox, pure SBH,
and PE-g-SBH copolymer molecules containing
different amounts of PE and SBH sequences with
different relative lengths. These materials also
migrate to the interface, during mixing, and bring
about a reduction of interfacial tension. Here,
however, the different types of molecules, depend-
ing on their composition and microstructure, ei-
ther dissolve in the alike phases or remain
strongly anchored to the surface of one (or both) of
them, thus giving rise to a fairly stable inter-
phase. As a result, these compatibilizers not only
improve the interphase interactions with conse-
quent reduction of the steady-state particle size,
but also provide a strong hindrance against co-
alescence, thus practically eliminating the risk of
thermally induced morphology coarsening.

PP/SBH Blends

A study of the blends with a PP matrix fully
confirmed the results described in the previous
section. Indeed, also for these blends, the com-
patibilizing effect of the ad-hoc synthesized PP-g-
SBH copolymers was clearly demonstrated not
only by the much finer blend morphology, but also
by its appreciable stabilization with respect to
annealing-induced coarsening. In this case, how-
ever, the behavior of a commercial PP-g-AA com-
patibilizer (Polybond) was found to be comparable
to that of the copolymer containing SBH
branches.

It was already demonstrated23 that the uncom-
patibilized PP/SBH blend with 20% w/w SBH is a

Figure 3 Average dimensions of the SBH particles
versus time of annealing at 240°C for the PE/SBH
blends without and with compatibilizers.
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distinctly biphasic material characterized by very
poor phase dispersion and practically no interfa-
cial adhesion. The average size of the SBH drop-
lets, as estimated from the SEM micrographs,
was found to be 20–70 mm.23 This means that the
particle dimensions of this blend are even larger
than the thickness of the microtomed films em-
ployed in this study. As a consequence, the aver-
age droplet sizes measured for the blend by the
optical microscopic analysis were not as reliable
as those found for the PE/SBH blends. In addition
to this, the tendency of the SBH particles not to
take a spherical shape, probably due to preferen-
tial interactions with the glass surface, also pre-
vented the accurate estimation of their dimen-
sions. As an example, the micrographs taken on
the hot stage of the polarizing microscope on a
film of the 80/20 PP/SBH uncompatibilized blend,
after 5 and 10 min annealing at 240°C, either
with parallel and with crossed polarizers, are
shown in Figure 4. Thus, the actual droplets di-
mension could be estimated only roughly by this
technique. Nevertheless, a comparison of the fig-
ures drawn from the optical analysis with those
obtained from SEM micrographs taken on cryo-
fractured samples annealed in a thermostated
oven provided a qualitative, yet satisfactory, in-
dication of the coalescence behavior of this blend.

The optical microscopic technique provided
much better results with the two PP/SBH blends
compatibilized with the PP-g-SBH copolymer
(COPP50) and with the commercial PP-g-AA co-

polymer (Polybond). Examples of the micrographs
taken on a film of PP/Polybond/SBH are shown in
Figure 5.

The results of the measurements carried out on
the three PP-based blends are collected in Figure
6. A comparison of Figures 3 and 6 shows that the
dispersion of the SBH droplets within the PP
matrix is much coarser than that within PE, ei-
ther in the absence and in the presence of a com-
patibilizer. Also, the coalescence rate, measured
as the average increase of the droplet dimensions
(in mm/min) observed over a period of 10 min
annealing, is at least an order of magnitude
higher for the blends with a PP matrix (Table II).
On the basis of the rheological properties of the
POs and of the LCP used in this work, there
seems to be no reason for attributing these differ-
ences to the different viscosity ratios characteriz-
ing the two types of blends. Thus, the compara-
tive results provide an indication that the chem-
ical structure of the matrix is mainly responsible
for the different morphology, and morphology sta-
bility, of the PO/SBH blends.

The addition of a compatibilizer into the PP/
SBH blends causes a fourfold reduction of the
average droplet dimensions, as well as a strong
decrease of the coalescence rate (Fig. 6). It is
noteworthy that, in contrast with the PE-based
blends, those containing a PP matrix seem to
undergo substantial improvement of the phase
dispersion and morphology stabilization even

Figure 5 Optical micrographs (403) of a PP/Poly-
bond/SBH blend film annealed at 240°C for (a,b) 4 min
and (c,d) 10 min. Micrographs (a) and (c) were taken
with parallel polarizers and (b) and (d) with crossed
polarizers.

Figure 4 Optical micrographs (403) of a PP/SBH
blend film annealed at 240°C for (a,b) 3 min and (c,d) 10
min. Micrographs (a) and (c) were taken with parallel
polarizers and (b) and (d) with crossed polarizers.
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when added with a commercial sample of func-
tionalized PO. It should be emphasized, however,
that the content of the AA grafts of Polybond is
much higher (6% w/w) than that of the MA groups
of HDM (1% w/w). Therefore, although it was
shown that no significant ester exchange reac-
tions do probably take place between the func-
tionalities of the PP-g-AA compatibilizer and the
ester bonds of SBH,18 it may be assumed that the
AA grafts of Polybond are sufficiently polar and
bulky to give rise to strong physical interactions
with the SBH droplets and to depress the coales-
cence rate to an extent very similar to that of the
PP-g-SBH copolymer (COPP50).

CONCLUSIONS

In this work, a semirigid LC polymer was added
to two PO matrices together with appropriate
amounts of different types of compatibilizers, in-
cluding some ad-hoc synthesized PO-g-SBH co-
polymers, in order to obtain information on the
mechanism of compatibilization through a study
of the dispersion of the minor phase and of the
annealing-induced morphology coarsening. The

results indicate that the PO-g-SBH copolymers
do, in fact, produce a strong reduction of both the
average size of the SBH particles and the coales-
cence rate. Among the conventional, commer-
cially available compatibilizers, HDM (a PE sam-
ple with 1% w/w MA functional groups) causes a
reduction of interfacial tension and, thereby, an
improvement of the steady-state phase dispersion
of the as-prepared PE/SBH blends, but is unable
to lower the rate of morphology coarsening caused
by prolonged (5–10 min) annealing at 240°C,
whereas the PP-g-AA copolymer with 6% w/w AA
branches (Polybond 1001) is very effective in both
respects. The results demonstrate that the chem-
ical structure of the compatibilizers is very impor-
tant not only for the effect on the morphology that
can be induced in a given blend by melt mixing,
but, even more, also for the extent to which that
morphology proves stable when the blend is sub-
jected to thermal treatments.
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