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Abstract

The rheological properties of PA-6/EPM polymer blends, non-
compatibilized and compatibilized with grafted ethylene propylene rubber
(EPM-g-MA), have been investigated. Linear and non-linear (relaxation both
in shear and extension) experiments were realized. Stress relaxation
experiments coupled with scanning electron microscopy (SEM) analysis
showed the existence of one relaxation time and non-deformed droplets for the
immiscible blend, and two relaxation times and deformed droplets for the
compatibilized ones, the second relaxation being more pronounced for higher
compatibilizer contents. These results clearly indicate that, despite the high
viscosity and elasticity ratios, if high amounts of compatibilizer are added to the
blend, interfacial slip is suppressed and a high-enough adhesion between the
phases is achieved for the high-viscosity dispersed phase to be deformed.

Keywords Polymer blends « Compatibilization « Interface « Nonlinear rheology « PA-
6/EPM blends « Droplet deformation

Introduction

Blending polymers is a relatively cheap way to generate high performance materials.
Blends already represent a large fraction of all plastics produced. Their properties depend
strongly on the properties of the components and on

the morphology, as most of polymer blends of industrial interest are generally immiscible.
However, the behavior of interfaces during polymer blend processing is not well
understood yet and is the subject of much ongoing research worldwide.

The first model to predict with relative accuracy the dynamic modulus of a two-phase
system with viscoelastic components was proposed by Palierne (1990). Although it is only
valid for small-amplitude oscillatory flow, it has been shown to be in good agreement with
experimental data (e.g., Graebling et al. 1993). To predict the dynamic moduli of the blend
using this model, it is necessary to know the dynamic moduli of the matrix and dispersed
phase, the interfacial tension, and the size distribution of the droplets. In the Palierne
model, the distribution of droplet radius can be substituted by the volumetric mean radius,



provided that the polydispersivity index ( R, /R, ) does not exceed the value of 2 (Graebling
et al. 1993).

In terms of the response to extensional flows, Delaby et al. (1994, 1995, 1996a, 1996b)
studied blends with wellcontrolled number and size of droplets and viscosity ratios. The
authors found that the droplet deforms less than the macroscopic deformation of the
sample when it is more viscous than the matrix and more than the matrix (approximately
5:3 times) when it is less viscous, which is in accordance with the theories of Taylor (1934)
and Cox (1969) for vanishing interfacial tension. Delaby et al. (1994, 1995, 1996a, 1996b)
also used Palierne's linear model to derive a first-order time evolution deformation of the
droplet during start-up of flow. Mighri et al. (1997) used a convergent die to generate an
apparent elongation flow and showed that the droplet deformation is not only governed
by the viscosity ratio but also by the elasticity ratio, defined as the ratio between the
relaxation time of the dispersed phase to that of the matrix. They observed that the droplet
deformation increases with
increasing elasticity of the matrix and decreases with increasing elasticity of the droplet.
The elongational properties of acrylonitrile-butadiene-styrene (ABS) polymer melts were
investigated by Takahashi et al. (1997) who showed that strain-hardening could be
correlated with the deformability of the butadiene particles. The strain hardening of the
samples containing hard butadiene particles was strongly reduced in comparison with soft
ones because of a length decrease of the region of elongational flow. Oosterlinck et al.
(2005), while studying poly(methyl methacrylate)-polystyrene (PMMA-PS) blends
subjected to uniaxial elongation flows, verified that the extra stress due to droplet
deformation can, in principle, be deduced from extensional rheological measurements.
However, experimental studies about the morphological development of immiscible
blends during uniaxial elongational flows are rare, and some aspects, mainly those
concerned with the influence of elasticity, need to be clarified.

The elongation and subsequent recovery of PS/PMMA blends, as well as the evolution of
morphology, were studied by Gramespacher and Meissner (1997) and, more recently, by
Mechbal and Bousmina (2004) and Handge and Potschke (2004). Pronounced differences
were observed in the recovery behavior after melt elongation, that of the blends being
much larger than that of the blend components. The results suggest that, in polymer
blends, there is a fast molecular recovery related with each component and a slow one
associated with interfacial tension.

Over the last years, the use of compatibilizers has become a usual practice because the
compatibilizers enhance adhesion between the two phases and stabilize the morphology,
leading to a finer morphology. Compatibilization can be achieved by different methods,
such as the addition of a pre-synthesized copolymer or creating in situ, during the blending
process, a third component, often called an interfacial agent, emulsifier, or compatibilizer
(Utracki 1994; Datta and Lohse 1996a, b). This component can be a graft or block
copolymer, which tends to be located at the interfaces between the two components of the
blend.

The first method, ex situ, has the advantage of better control of the molecular architecture
of the compatibilizer. However, it requires specific chemical routes and reaction
conditions. In the second method, also called reactive blending or in situ
compatibilization, the generation of the compatibilizer is performed in situ at the
interfaces directly during blending. To generate the copolymer at the interface, both
polymers must have reactive groups. For example, the terminal amine groups of PA-6 can
react with maleic anhydride groups of the modified polyolefins. Moreover, because the



compatibilizer is formed in situ at the interfaces, the problem of getting it there no longer
exists. For these reasons, this second method has become very attractive recently.
Nevertheless, because the reaction takes
place primarily in the interfaces, it is difficult to control the rate of formation, the amount,
and the molecular architecture of the compatibilizer.

In addition, the behavior of the interfaces modified by compatibilizers is not well
understood yet. Most of the rheological studies in this area deal with the blends
compatibilized with a pre-synthesized block copolymers (Van Puyvelde et al. 2001),
revealing a new relaxation process in this type of blends. For example, Riemann et al.
(1997) showed that the addition of P(S- --MMA) and P(CHMA-b-MMA) block copolymers
at PS/PMMA blends originates a new relaxation time, 5. Moreover, they observed that

the addition of a compatibilizer causes a slight increasing of the shape relaxation time, 7.
Considering non-isotropic interfacial stress in the Palierne model, the authors predicted
the relaxation time 7. In fact, some studies (Van Hemelrijck et al. 2004) suggest that the
concentration of compatibilizer can change along the droplet interface, leading to an extra
stress called the Maragoni stress.

It has been reported that the presence of compatibilizers suppresses droplet coalescence
(Van Puyvelde et al. 2001; Van Hemelrijck et al. 2004) and reduces or eliminates
interfacial slip. For example, Van Puyvelde et al. (2003), studying PA-6/EPR blends, had
observed a negative deviation from the log-additivity rule. They observed that the addition
of compatibilizer suppresses slip, significantly increasing the viscosity of the blend. Their
studies support the hypothesis that the interfacial slip is due to loss of entanglements in
the interfacial region.

The scaling laws of Doi and Ohta (1991) on the shear stress were verified experimentally
by Iza et al. (2001) for PS/HDPE blends physically compatibilized with copolymers.
However, these authors verified that N; does not scale with y but with y%, where « is close
to 2 . Moreover, it was demonstrated that the amount of compatibilizer, as well as its
structure, drastically affects the rheological response to a sudden imposition of a shear
rate.

Macaubas et al. (2005), using blends of PP/PS compatibilized with a linear triblock
copolymer (styrene-ethylene-butylene-styrene, SEBS), observed that the scaling laws are
not valid for the shear stress. They formulated a model using the ideas of Doi and Ohta
(1991), Lacroix et al. (1998), and Bousmina et al. (2001) that was able to predict the
behavior of non-compatibilized blends for a single step shear. However, the model does
not predict the behavior of compatibilized blends. Finally, Silva et al. (2006) observed that
the shear behavior of PA-6/EPM blends is altered by in situ compatibilization. They
observed that the addition of EPM-g-MA compatibilizer leads to an increase of dynamic
moduli, mainly at low frequencies, and to the appearance of a second longer relaxation
time in shear.

From the above review, it results quite clear that the rheological behavior of blends
(compatibilized and non-
compatibilized) with high viscosity and elasticity ratios is not well understood yet despite
their obvious industrial importance. Thus, the main aim of the present work is to
understand the role of the in situ compatibilization of these materials, namely, to assess
whether the high viscosity, high elasticity droplets of the dispersed phase are
viscoelastically deformed under flow, and what the implications in the overall rheological
behavior of the materials are.



Experimental

Materials

Several blends of a commercial polyamide-6 (PA-6 Akulon K123), an ethene-propene
rubber (EPM Keltan 740) and an ethene-propene rubber modified with maleic anhydride
(EPM-g-MA ExxelorVA 1801, containing 0.49wt% of MA, as determined by Fourier
transform infrared (FTIR), were prepared in a twin-screw extruder under the same
process conditions. The PA-6 content was kept constant in all blends, but the amount of
modified rubber was varied to have different amounts of maleic anhydride in each blend
and, thus, various amounts of compatibilizer at the interface. The chemical and
morphological characterizations were performed in a previous work (Machado et al.
1999), some data being summarized in Tables 1 and 2. The volume (R,) and number (R,)
average radii were calculated using Eqs. 1and 2 :
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where n; = number of the droplets having radius R;.

Table 1 Compounding of the blends

€y

(2)

Blend (w/w/ | PAG6 EPM EPM-g-MA MA content of rubber
w) (Wt%) (Wt%) (wt%) @ phase (wt%) P
80:20:0 80 20 0] 0]
80:15:5 8o 15 5 0.13
80:10:10 80 10 10 0.25
80:5:15 80 5 15 0.37
80:0:20 8o 0 20 0.49
Table 2 Morphological characterization of the blends
Blend (w/w/w) | Ry(um) | Ry(um) | Ry/Ry
80:20:0 17.6 5.6 3.1
80:15:5 8.25 1.28 6.5
80:10:10 2.35 1.18 2.0
80:5:15 1.78 1.11 1.6




| 80:0:20 | 0.36 | 0.20 | 1.8 |

Shear rheometry

The rheological measurements in shear were performed in a Reologica Stress Tech HR
rheometer, using a parallel plate geometry (diameter = 25 mm ) with a 1,000 + 1z m gap.
Samples were vacuum dried at 80°C during 12 h before each rheological experiment.

All oscillatory tests were performed at three different temperatures ( 240,260,280°C ) in a
nitrogen atmosphere, time sweep measurements at constant frequency having been
performed to ensure that neither polymerization nor degradation occurred during the
frequency sweep tests (Figs. 1 and 2).

The stress relaxation experiments were performed at 240 °C in a nitrogen atmosphere; a
shear rate of 0.1 s~ during 250 s was applied, and the shear stress upon cessation of flow
was measured. Because it is likely that the processing of blends causes degradation (by
chain scission/crosslinking) of the polyamide to have comparable results for the PA6 and
the blends, the former was also extruded under the same conditions as the latter. Thus, all
the results shown below are not for virgin PA6, but for extruded PA6.

Extensional rheometry

The extensional rheological measurements were performed on the modified rotational
rheometer (MRR) developed by Maia et al. (1999). For start-up extensional
measurements, extruded samples (either in a Leistritz twin-screw extruder blends or in a
Rosand RH8-2 capillary rheometer-EPM and EPM-g-MA) were used. For extensional
relaxation experiments, samples with rectangular cross-section (about 3 x 2 mm )
necessary to increase the signal were prepared by compression molding. All the samples
were vacuum dried at 80°C during 12 h before the corresponding rheological experiments.

Upon loading onto the rheometer, residual stresses were allowed to relax; once the
measured torque decayed to zero, any existing slack was removed, which was followed by
another waiting period for residual stress relaxation; only once the measured torque
decayed to zero again would the experiment be started. The effective length of each sample
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Fig. 1 Dynamic moduli of PA6 measured at a constant frequency (0.1 Hz) at 260°C in a
nitrogen atmosphere
was 40 mm , and the diameter varied between 2 and 3 mm , thus, yielding an aspect ratio,
L/D, ranging between approximately 13 and 20, which has been shown (Barroso et al.
2002) to be high enough for end effects to be negligible. During all the experiments, the
samples were immersed in silicone oil at 240°C for the dual purpose of temperature control
and sagging prevention. The particular details on the experimental technique to measure
the stress relaxation after an extensional step strain are given in Barroso and Maia (2002).

The main motivation for performing extensional rheometry experiments on these samples
is related to the fact that their viscosity and elasticity ratios are very high (see below) and,
therefore, any differences in rheological behavior, especially due to interfacial
phenomena, between the immiscible and the compatibilized blends are likely to be better
seen in extensional flows than 1is shear (e.g., Oosterlinck et al. 2005).
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Fig. 2 Dynamic moduli of EPM measured at a constant frequency ( 0.1 Hz ) at 240°C
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Fig. 3 Storage modulus for several blends of PA6/EPM/EPM-g-MA and their components

Morphology

To study the morphology of samples undergoing extensional deformations, the oil bath
was rapidly removed during an experiment and the deformed sample was quenched in
liquid nitrogen (the whole process takes only 2 to 3 s ) while the deformation is still being
imposed. This means that no significant morphological changes, such as droplet relaxation
and/or coalescence, should occur during the quenching process. Once solidified, the
samples were fractured longitudinally in liquid nitrogen, etched with boiling xylene to
remove the rubber from the surface and gold plated; their morphology was studied using
a Jeol JSM 6310F scanning electron microscope.

Results and discussion

Figures 3 and 4 show the dynamic moduli of the blends and their components (PA-6, EPM,
EPM-g-MA). Timetemperature superposition was performed at a reference temperature
of 260°C for PA-6 and the blends. From the figures, it is possible to observe that the t — T
superposition works well at high frequencies, while at low frequencies, there is some
scatter in the data, and it is possible that, especially at the higher temperatures, sample
degradation is starting to set in. However, because the experiments were performed in a
nitrogen atmosphere, this is not very likely; in addition, because the scatter is not large
enough to mask the qualitative behavior of the G’ and G’ curves, the option was made to
keep the data.



The figures show that the blends have different qualitative behaviors depending on the
amount of compatibilizer. At high frequencies, all the blends except the one with the
highest compatibilizer content show an effect commonly known as negative deviation
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Fig. 4 Dissipative modulus for several blends of PA6/EPM/EPM-g-MA and their
components

nates in slip at the interfaces (Utracki 1983; Van Puyvelde et al. 2003) due to poor or
insufficient compatibilization between the matrix and the dispersed phase. At low
frequencies, an increase in the moduli of the blends can be noticed. This is especially
noticeable at very low frequencies where a plateau in G’, which has been related to the size
of the particles of the dispersed phase and the amount of compatibilizer at the interfaces
(Riemann et al. 1997; Van Hemelrijck et al. 2004), seems to develop.

Again, it could be argued that this plateau could also be attributed to changes in
rheological properties of the components during the experiment, e.g., degradation.
However, as shown in Figs. 1 and 2, the rheological behavior of PA-6 and EPM remains
very much constant in time at the timescale of the experiments.

Because the viscosity ratios are very high (approximately 50 and 400 between PA6 and
EPM, at 3 x 1073 Hz ), the Palierne model is not able to predict, even qualitatively, these
results.
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Figure 5 shows the transient Trouton ratios for all the materials in uniaxial extension
(except PAG6 that was not possible to test due to its low viscosity), the main features being:
(a) All the materials show a pronounced strain hardening due to the existence of a rubber
phase. In the noncompatibilized blend, the degree of strain hardening is much smaller
than in the remainder, which is a further indication of poor adhesion between the two
phases.

(b) The onset of strain hardening is much lower (of the order ¢4 = 0.1 ) for the non-
compatibilized and the insufficiently compatibilized blends (EPM-g-MA content equal or
lower than 10% ) than for those with higher MA contents (of the order ey =1 ).
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Fig. 7 Normalized relaxation modulus flow for the blends and their components. Strain
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Fig. 8 SEM micrographs of the fracture surfaces of the 80/20/0 blend: a non-deformed
sample and b after extension (the sample was stretched during 5 s at a strain rate of
0.08 571 )




Again, this is presumably due to the better adhesion between the phases; i.e., the presence
of the rubber stabilizes the blend and increases the range of linear viscoelastic response
(note that the onset of strain hardening for the EPM and EPM-g-MA are very similar to
those of the 15 and 20% EPM-g-MA blends).

Shear stress relaxation measurements (Fig. 6) illustrated that all blends relax in two
consecutive steps. The first (faster) step should be related with the relaxation of the PA-6
matrix, and the second (slower) step is probably due to relaxation of EPM and/or
interfaces. In this case, particle size and interfacial adhesion play a determinant role in the
shear stress relaxation function. For the compatibilized blends, the second relaxation time
increases in duration with increasing amount of compatibilizer up to a EPM-g-MA content
of 15%, which indicates that the effect is related with a better adhesion at the interfaces
and saturates at 15% EPM-g-MA concentration. An interesting feature in Fig. 6 is that the
second relaxation time of the 80/15/5 blend is slightly shorter than the one of the non-
compatibilized blend, which indicates that low compatibilizer amounts are enough to
decrease significantly the droplets' average size but not to prevent the slip between the
phases.

As in the shear relaxation experiments, in the extensional relaxation (after a step strain)
experiments, the compatibilized blends exhibits higher relaxation times (Fig. 7). Once
more, the fast relaxation time can be attributed to the PA-6 matrix and the slow one to the
interface and/or rubber dispersed phase. This suggests that the presence of slip at the
interface inhibits the deformation of dispersed phase droplets and that this effect is
corrected with the addition of EPM-g-MA. However, this needs to be confirmed by a
morphological analysis of stretched samples on a SEM.

Representative results of the morphological analysis are depicted in Figs. 8 and 9 for the
non-compatibilized and the highest compatibilizer content blends, respectively. Figure 8
shows the morphologies of the non-compatibilized blend (a) before extension and (b)
quenched during extension, and the similarities are immediately apparent: in both cases,
droplets are essential spherical. Thus, there was no (or only negligible) deformation of the
rubber phase upon extension due to interfacial slip. In the compatibilized blend, the
average droplet size is much smaller, as would be expected, and the morphologies before
(Fig. 9a) and after (Fig. 9b) extension are quite different. In the former case, the expected
spherical droplet morphology is seen, and in the latter, the droplets are very elongated,
but still quite large. This is an indication that the compatibilizer was present in an enough
content to make the drag force on the droplets overcome the resistance to
flow/deformation of the rubber phase (note that the viscosity ratio is very high in these
materials).

Fig. 9 SEM micrographs of the fracture surfaces of the 80/0/20 blend: a non-deformed
sample and b after extension (the sample was stretched during 5 s at a strain rate of
0.08s71 )



Conclusions

In the present work, the rheological proprieties of immiscible and compatibilized blends
with high viscosity and elasticity ratios were studied. Despite this fact, the rubber droplets
do not exhibit a rigid sphere-like behavior. In fact, oscillatory shear, uniaxial extension,
and stress relaxation experiments (in both shear and extension) showed the existence of
one relaxation time for the immiscible blend and two for the compatibilized ones that, in
all cases, is more pronounced for higher compatibilizer contents. Together with SEM
evidence of the existence of elongated droplets after extension for the compatibilized
blends and spherical ones in the non-compatibilized ones, these results clearly indicate
that, despite the high viscosity and elasticity ratios, if high enough amounts of
compatibilizer are added to the blend, interfacial slip is suppressed and a high-enough
adhesion between the phases is achieved for the highviscosity dispersed phase to be
deformed.
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