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ABSTRACT: LDPE/PA6 binary blends and LDPE/PA6/compatibilizer ternary blends
were prepared in a Brabender extruder, equipped with a prototype static mixer. Com-
patibility of the components was estimated by rheological properties (viscosity and a
melt flow index ), and observations of the structure were made with the help of scanning
electron microscopy and tensile strength. It was found that the blends’ structure and
properties are dependent on the recipe content of the polymer blends and the conditions
of their manufacturing. Uniformity of the blends of the thermodynamically immiscible
polymers was improved by using a prototype static mixer giving mechanical compatibili-
zation and a compatibilizer giving chemical compatibilization. LDPE grafted with a
maleic anhydride (LDPE-g-MAH) was used as a compatibilizer. © 1998 John Wiley &
Sons, Inc. J Appl Polym Sci 69: 719-727, 1998
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INTRODUCTION

Properties of polymer blends depend on many fac-
tors, especially blend composition, interphase in-
teractions, size and shape of the particles of the
dispersed phase, and the rheological characteris-
tics of the blend’s components. In blends of immis-
cible polymers or with limited miscibility, ob-
taining a good dispersion of the dispersed phase
in the polymer matrix is difficult.”® The so far
undertaken attempts to solve this problem were
based on the application of mixing rotors or mix-
ing elements in screws of internal mixers or ex-
truders. Static mixers are also used during polymer
coextrusion, whose effect was additionally strength-
ened by using dynamic mixers (usually disc-head or
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cavity-transfer mixer types). However, this solution
implies significant investment and does not ensure
the desired effect always. Introducing additional
components having a chemical structure similar to
that of the components to be mixed, known as com-
patibilizers, reduce the interfacial tension between
phases. As a result, the size of the dispersed phase
is reduced, and the phase structure in the polymer
blend is stabilized.!~® Most frequently, they are
block or graft copolymers.

The aim of this work was to compare the effec-
tiveness of the mechanical compatibilization by use
of a prototype static mixer and chemical compatibil-
ization (introduction to the blend of a third-phase
compatibilizer). For this purpose, the structure and
properties of the blends of low-density polyethylene
(LDPE) and polyamide six (PA 6) were evaluated.

EXPERIMENTAL

Materials

The components used in the study were LDPE
(Malen E) made by the Petrochemical Plant
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Figure 1 Design of static mixers: (1) insert with a lenticular cavity and the channel
passing the trough centrally; (2) insert with a lenticular cavity and passing through
holes set on the circumference; (3) barrel; (4) insert with conic lug and passing through
holes on the circumference; (6) passing through holes; (7) central hole; (8) wedged

material.

(Plock, Poland) and PA6 (Tarnamid T-27) made
by the Nitrogen Chemistry Plant (Tarnéw, Po-
land). Before use, PA6 was dried in a vacuum
chamber at 80°C for 48 h. Polyethylene grafted
with a maleic anhydride (LDPE-g-MAH) ob-
tained by the method described elsewhere’ was
used as a compatibilizer.

Procedures

The blends to be studied were produced using a
Brabender plasticorder (type FOD 234) with a
tested static mixer of a special design and an ex-
trusion head (Fig. 1).5-™ Between the extruder’s
cylinder and head, a set of different mixing ele-
ments was assembled. These elements divide the
stream of the extruded material into streamlets.
These streamlets are converged into another con-
figuration and mutually infiltrate, creating a new
stream. This considerably homogenizes the blend
composition and stabilizes the temperature pres-
sure of the batch coming to the die. This process
also helps to bring the macroradicals generated
in dispersive mixing closer together and to recom-
bine. It is a necessary condition for mechanochem-
ical (reactive) processing. This design allows one

Table I Recipes of Polymer Blends Studied

to mix components in controlled conditions as
well. The length of the mixer, in which inserts
Nos. 1 and 2 were alternated, is 120 mm. The
rates at which the molten batch is moving through
the static mixer were selected so that the resi-
dence time of the material was about 2 min in the
regions during which it was heated up to 235°C.

In the first stage, our objective was to determine
the shearing stress appearing during the extrusion
of LDPE and PA 6. The studies were done with
three similar homogenizing inserts having different
diameter holes and at different rotational speeds
(20-110 min ') of the plasticorder screw. Shear
rates were determined from the output during the
extrusion of LDPE and PAG6. This output depends
not only on the screw speed and geometry of the
channels through which the polymer is flowing, but
also on the coefficient of friction.™

In the second stage, the binary LDPE/PA 6
blends and ternary LDPE/PA 6/LDPE-g-MAH
blends were extruded. The rotational speed of the
screw was 50 min '. Holes in the homogenizing
inserts of d = 1.4 mm in diameter (shearing stress
7 was 2.4+ 10° Pa) were used. The recipes of poly-
mer blends used in this investigation are given in
Table I.

Compatibilizer
Contribution

Compatibilizer (wt %)

Concentration of Individual Components in the Blend

LDPE/PA6 (wt %)

No compatibilizer —
LDPE-g-MAH 5

90/10 80/20 70/30 60/40
85/10 75/20 65/30 55/40




INFLUENCE OF COMPATIBILIZATION ON PE/PA BLENDS

120 T l
@d=1.1mm

100 f1d=1.4mm
Ad=1.9mm

80
=
60 /l/‘/ —

1//

201

y[s7]

20 30 40 50 60 70 80 Q0 100 110
[r.p.m.]

Figure 2 Shearing rate versus the rotational speed of the screw during extrusion of
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LDPE for different diameters of holes in the homogenizing inserts.

The rheological properties of the extrudates
were determined by a capillary rheometer made
by Instron. Measurements were done at 235°C us-
ing a capillary tube of L/D = 34.2 at the following
shear rates: y = 7.3, 18.25, and 36.5 s *. The
mean error of the viscosity measurement ex-
pressed as the geometrical mean of the viscosity
measurements of individual polymer components,
taking into account their percent concentration in
the blend, was 7.5%.

The melt flow index (MFI, 235°C; 21.1N) of the

blends was determined by an MP-IIRT-M plas-
tometer made in the USSR. The strength of the
samples made of these blends was measured by
use of a computer-operated Instron tensile testing
machine Model 1115 (UK).

Samples for the structural tests were cooled
down in liquid nitrogen and fractured. The frac-
ture surface was coated with gold for the SEM
studies. The morphology of the blends was tested
on a scanning electron microscope JOEL type
JMS-50A (Japan).
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Figure 3 Shearing rate versus the rotational speed of the screw during extrusion of
PA 6 for different diameters of holes in the homogenizing inserts.
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Figure 4 The rheological dependency viscosity n ver-

sus shearing rate y for the binary LDPE/PA6 blends.

RESULTS AND DISCUSSION

Figure 2 presents the shearing rates versus the
rotational speed of the screw during the extrusion
of LDPE for different diameters of holes in the
homogenizing inserts. It can be seen that with
increasing the rotational speed of the screw and
diminishing the diameter of holes in the homoge-
nizing inserts the shearing rate increases.

Figure 3 presents an analogous dependence for
PA 6. A comparison of the two dependencies re-
veals that when extruding PA 6 the shearing rate
is much lower as compared with that of LDPE for
the same rotational speed of the screw and the
same diameter of holes in the homogenizing in-
serts. This is a consequence of a lower flow resis-
tance during PA6 extrusion.

The rheological properties of the polymer blends
strongly depend on their morphology.’*~'® The
phase structure of the polymer blends is essen-
tially determined by the temperature and shear-
ing rate.’ Polymer blends of limited miscibility
are usually characterized by significantly reduced
viscosity in comparison to that approximated by
use of the additivity rule, which evidences that
an increase in the viscosity of a polymer blend is
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Figure 5 The rheological dependency viscosity n ver-

sus shearing rate y for the ternary LDPE/PA6/LDPE-
g-MAH blends.

an indication of increased interphase interac-
tions.
Figures 4 and 5 present the rheological depend-

* |

05 = 73 {s7]
—=—§ =1825[s"]
—o-7 =365 Is]

28

0 20 40 60 80 100
PA6 compositions [wt.% ]

Figure 6 Viscosity of LDPE/PAG6 blends as a function
of PA6 concentration in the blend.
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Figure 7 Viscosity of LDPE/PA6/LDPE-g-MAH
blends as a function of PA 6 concentration in the blend.

encies n = [ () for the studied binary LDPE/PA6
and ternary LDPE/PA6/LDPE-g-MAH blends re-
corded at 235°C. It was found that the flow of the
melts of the studied blends is non-Newtonian in
character. The rheological characteristics of the
blends permit an analysis of the relationship be-
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Figure 8 Viscosity of LDPE/PAG6 blends as a function
of PA6 concentration for shearing stress 7 = 41 kPa.
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Figure 9 MFI as a function of the blend recipe.

tween their viscosity and content (see Figs. 6 and
7). In Figure 8, the viscosity of the LDPE/PA6
and LDPE/PA6/LDPE-g-MAH blends is shown
as a function of PA6 concentration for 7 = const
= 41 kPa.

The relation between the recipe composition of
a given polyethylene—polyamide blend and its vis-
cosity has been studied by many authors.>?*?! So
far, no decisive answer has been given to the ques-
tion of whether the viscosity of such blends follows
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Figure 10 Tensile strength of LDPE/PA6 and LDPE/
PA6/LDPE-g-MAH blends as a function of PA 6 con-
centration in the blend.
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(a)

(h)

Figure 11 SEM micrographs of cryogenically fractured surfaces for blends: (a)
70LDPE/30PA6 blend; (b) 70LDPE/30PA6 blend extruded with a static mixer; (c)
65LDPE/30PA6/5LDPE-g-MAH blend extruded with a static mixer; (d) 65LDPE/
30PA6/5LDPE-g-MAH blend extruded with a static mixer and processed a second time
at a temperature of 230°C. Magnification 1000X.

linearly the changes in their content, according to
the additivity rule, or whether there are negative
or positive deviations from this rule. Our studies
prove that the deviations from the additivity rule
can be either positive or negative depending on
the conditions of the blend production.”?? It could
be accepted that that kind of deviation from the
additivity rule is related to the miscibility (total
or limited ) of the blend components in certain con-
ditions, that is, in the melt and under the effect
of certain shearing stress. The positive deviations
from the additivity rule are frequently observed
in the blends whose phases strongly interact with
each other or whose components have functional
groups that act chemically.’? Our supposition is

that the positive deviations from the additivity
rule are a consequence of two factors: a beneficial
effect of the static mixer (mechanical compatibili-
zation) and the applied compatibilizer (chemical
compatibilization). This conclusion is confirmed
by the results of our article,? where it was shown
that the tested static mixer sometimes gives a
pseudomolecular distribution of immiscible poly-
meric components. Now, this mechanical compati-
bilization is visible for binary LDPA/PA6 blends
containing up to 25 wt % of PA6. Here, a good
dispersion of the components gives a large border
surface area between phases, which should pro-
mote segmental diffusion during the processing
of molten polymers. This segmental diffusion is
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Figure 11 (Continued from the previous page)

beneficial for the stabilization of small drops of
immiscible components distributed in a viscous
matrix, especially after the cooling down of this
matrix. This, probably, is the reason for mechani-
cal compatibilization. For PA6, a concentration
over 25 wt % is a different morphology of such
a blend giving different properties, which is the
subject of further investigations.

Some confirmations of the increased interac-
tion between the blend components are the ob-
served changes in the melt flow index (MFI) ac-
companying the changes in the blend content
(Fig. 9). The MFI of the polymer blends whose
phases do not interact or show only weak interac-
tions change linearly with the composition con-
tent.?*?® For the blends whose phases have strong
interactions, this dependence reveals a character-
istic deviation from linearity. The dependencies

of MFT on the polymer blend content, similar to
the ones that we obtained, were reported for
blends of polypropylene with PA 6 in the presence
of polypropylene grafted with maleic anhydride.?*

The mechanical properties of polymer blends
depend mainly on the dispersion degree of the
components and the interaction between or
among them. Lack of miscibility is a reason that
impact and tensile strength are reduced. Additiv-
ity and synergism evidence the miscibility of the
components and positive interaction between the
phases.?” In Figure 10 is shown the dependence
of the tensile strength on the PA6 content in a
composition. In all tested samples, an increase in
the PA6 content is followed by the growth of ten-
sile strength. All ternary LDPE/PA6/LDPE-g-
MAH blends are characterized by a higher
strength than that of the binary LDPE/PA6
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blends. This shows the positive effect of chemical
compatibilization.

In Figure 11(a) is shown an SEM microphoto-
graph of a fracture surface of a 7OLDPE/30PA6
blend, extruded with the use of a typical extruding
die. A large difference in the chemical structure
of both polymers is the reason for a visible separa-
tion of the spherulitic particles in a polyethylene
matrix. Poor adhesion between the phases is the
reason for considerable pulling out of the dis-
persed phase during fracture. In Figure 11(b) is
shown an SEM microphotograph of a fracture sur-
face of a blend of the same content, but processed
with a static mixer assembled on the extruder.
The effect of mechanical compatibilization is visi-
ble in the relatively smaller-size particles of a dis-
persed phase. The morphology of the 65LDPE/
30PA6/5LDPE-g-MAH blend extruded with a
static mixer is shown in Figure 11(c), which
shows a uniform morphology without spherulites,
which is attributed to the effect of the chemical
compatibilization of the phases by LDPE-g-MAH.
The aim of the compatibilization of the polymeric
components of the blend is phase-structure stabi-
lization.?¢

To study the effect of recycling on the phase
stability, a 656LDPE/30PA6/5LDPE-g-MAH blend
was extruded, first, with the static mixer and,
next, after cooling, extruded again at a tempera-
ture of 230°C using a typical extruding die. Figure
11(d) shows an SEM microphotograph of a frac-
ture surface of this system. In this figure fine poly-
amide domains dispersed in a polyethylene ma-
trix are visible. This could be the result of a small
coalescence during the second processing. From
this, it is concluded that mechanical compatibili-
zation could be reversible when the viscosity of a
polymer matrix is reduced during the next stages
of the processing of the polymer blends containing
immiscible components. Studying this phenome-
non further in detail will be reasonable, especially
with an increased share of the compatibilizer and
use of static mixers applying higher shear forces
or use of dynamic mixers.

CONCLUSIONS

1. The viscosity of the studied polymer blends
reveals positive or negative deviations from
the additivity rule depending on the blend
content. The deviations are similar for differ-
ent shear rates.

2. The dependence of the MFI on PA6 concentra-

tion obtained for the blend of LDPE/PA6 re-
veals a characteristic deviation from linear-
ity, which suggests that the interphase inter-
actions have increased due to the effect of
both the compatibilizer and the applied static
mixer.

3. Mechanical and chemical compatibilization
affects the improvement of uniformity of the
phase structure of polymer blends.

4. Second processing the blends, earlier being
compatibilized mechanically or chemically,
might cause a small coalescence.

The authors thank the Polish Committee of Scientific
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