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ABSTRACT We study rheological, morphological and mechanical properties of polyamide-6 (PA) and polypropy-
lene (PP) blends in the presence of layered silicates (two types of organically modified montmorillonite -
Cloisite30B for PA and Cloisite20A for PP). For comparison, we used maleic anhydride grafted polypropy-
lene (PP-g-MA) as a compatibilizer and in all compositions weight ratio of PA and PP was constant 80/20,
respectively. Introduction of layered silicates always led to more viscous melt and increased storage modu-
lus. It is also identified that layered silicates cause more finer-dispersed morphology than PP-g-MA. Elastic
modulus and yield strength were increased when the layered silicates were introduced in either composites or
blends.
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1. Introduction

Blends of polyamide (PA) and polypropylene (PP) have gained significant prominence in various industrial appli-
cations due to their multifaceted advantages. Combining the inherent chemical resistance of PA with the lightweight
characteristics of PP results in a material that not only exhibits robust resistance to a variety of chemicals but also facil-
itates weight reduction in applications where mass is a crucial factor. Furthermore, the synergistic combination of these
polymers contributes to enhanced thermal stability, making the blend suitable for applications demanding resilience to
elevated temperatures. The incorporation of cost-effective PP into the blend not only reduces overall material costs but
also imparts improved mechanical properties by balancing the high tensile strength and impact resistance of PA with the
stiffness of PP. This combination of chemical resistance, weight reduction, enhanced thermal stability, cost reduction, and
improved mechanical properties positions PA-PP blends as versatile and economically viable solutions across diverse in-
dustrial sectors. Aside from their common applications in automobile interior and exterior components such as dashboard
panels, door trims, bumpers, and wheel arch liners, PP/PA blends prove invaluable under the hood as well. With their
notable heat resistance and durability, these blends find ideal use in critical under-the-hood components like air intake
manifolds [1, 2]. Furthermore, their exceptional thermal stability and resistance to automotive fluids render them suitable
candidates for engine covers, contributing to the reliable performance and longevity of automotive engines [3, 4].

At the same time, the incompatibility of these polymer pairs limits the achievement of the set goals. The incompat-
ibility of polymers is rooted in low interfacial adhesion; conversely, high interfacial tension exacerbates this issue [5–8].
The solution to this problem has been demonstrated in numerous compatibilization experiments, wherein a third function-
alized polymer is introduced to enhance compatibility with one of the components of the blend and react effectively with
the other component. This approach is called reactive compatibilization, forming a copolymer (graft or block copolymer),
as a rule, reaches the phase boundary and prevents the process of coalescence of particles of the dispersed phase and
stabilizes the desired blend morphology [9,10]. The implementation of such an approach to the PA and PP pairs by using
compatibilizers such as maleic anhydride grafted PP (PP-g-MA) or ethylene-polypropylene copolymer can significantly
reduce the water absorption of PA and significantly increase the dimensional stability and impact resistance of the polymer
blend [11–13].

Another important approach is the introduction of nanosized non-organic fillers into polymer blends, among which
layered silicates occupy a special place. Dispersion of particles of layered silicate to nanosizes (particles in the form of
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discs with a thickness of less than one nanometer and a perimeter is approximately 100 nm) or intercalation of macro-
molecules into the interlayer space of layered silicate allows a very significant increase in the elastic modulus, yield
strength, and reduces permeability [14, 15].

Composites in which the necessary levels of specific interaction with the surface of the particles of layered silicate
and modifier are provided lead to the formation of exfoliated and intercalated nanocomposites, respectively. Specific
interaction is easily achieved for polar PA, while polyolefins require the introduction of a certain proportion of a func-
tionalized polymer, that is, a compatibilizer, for which the earlier maleic anhydride grafted polyolefins have proven to be
effective [16].

The combination of these two approaches for a PA/PP blend has been the subject of a number of studies [17–20]. At
the same time, in many works, the components of the blend, two polymers and particles of layered silicate, and in some
cases with the addition of functionalized PP for compounding, were loaded into the extruder at the same time. This method
was initiated in work [21], in which it was shown that the introduction of nanosized inorganic third particles in a blend
of polymers leads to their indication at the phase boundary, that is, a compatibilizing effect was discovered. Depending
on the degree of polarity, the mixing of blend components and the type of modifier of the organically modified layered
silicate, the particles can be located in one of the phases, in two phases simultaneously or at the phase boundary [22].

The compatibilizing effect, which is manifested in the case of particles of layered silicate in one of the polymer
phases, especially dispersed, the other two cases determine the possibility of transition from dispersed morphology to
coexisting two continuous phases and changing the pattern over the phases. A slightly different, combined method for
the formation of PA/PP polymer blends in the presence of modified montmorillonite (MMT) has been proposed [21].
The difference is that the first family of compositions was obtained in one stage (introduction of the blend components,
simultaneous), in second the approach - the compositions were obtained in two stages, that is the second polymer (PA or
PP) was extruded with finished compositions in the second stage. That is, the authors, as it were, considered 2 variants
of components based on PA/PP with the introduction of a modified MMT in the presence and absence of a compatibilizer
(PP-g-MA). In all cases, with the exception of the two-stage variant of obtaining the composition of PA and organically
modified (OMMMT) at the first stage and with the subsequent addition of PP, the authors observed the formation of
various levels of intercalated structures. Moreover, the same composition, with the addition of a compatibilizer, formed
only an intercalated structure. The mechanism of such a phenomenon was not disclosed in the work. Unfortunately, the
authors of the work did not present the characteristics of the layered silicate sample, one thing is clear that these particles
are concentrated in the PA phase. The authors formulate the final conclusions as follows: finer dispersion of layered
silicate particles leads to a noticeable increase in the elastic modulus up to 42%, while compatibilization of a blend of two
polymers contributes to an increase in the yield strength of nanocomposite polymer blends. In addition to this, the authors
did not take into account the formation of a third polymer phase in the form of a well-known copolymer of PA with
PP-g-MA. As noted by the authors of the work [23, 24], this copolymer not only contributes to the increase in interfacial
adhesion between PA and PP, but also to a certain extent they are preferential territories for the introduction of layered
silicate particles.

In this work, the PA:PP blend in 80:20 ratio was selected as the most favorable after evaluating the physicochemical
characteristics across a range of sample compositions we also chose a two-stage variant preparation of the PA/PP polymer
blends. At the first stage, a sample was obtained from pure components, separately compositions of PA/PP with OMMMT
(Cloisite20A and Cloisite30B, respectively, in the presence and absence of a compatibilizer in the form of PP-g-MA), at
the second stage, various compatibilization of PA and PP were mixed in the ratio of 80/20 wt.%. Knowledge of the
initial structures and their transformation into mixing processes made it possible to establish the correlation dependences
between the rheological characteristics, the features of the structure and morphology of the blends, and the final elastic-
strength properties of multi-component nanostructured systems based on PA and PP.

2. Experimental

PA6, Toplon grade 1027 BRT, with Mw= 80 kDa, relative viscosity 2.7 was purchased. Isotactic PP (J-170T) with
Mw= 200 kDa, MFI = (2.16 kg, 230◦C) 21 g/10 min was kindly provided by JV Uz-Kor Gas Chemical LLC. PP-g-MA
with 2.5 wt.% maleic anhydride content and MFI = (2.16 kg, 230◦C) >200 g/min was provided by JV UzAuto CE-
PLA LLC, as a gift. Cloisite30B, (spacing d001 = 1.83 nm, methylbis(2-hydroxyethyl)-tallow ammonium chloride conc.
0.9 mEq/g) and Cloisite20A, (spacing d001=247 nm., dimethyl dehydrogenated tallow ammonium conc. 0.95 mEq/g)
Southern Clay Products, Inc., Gonzales, TX were used. The particle size in both clay types is less than 13 µm. Cloisite
20A and Cloisite 30B are modified montmorillonite clays through the incorporation of quaternary ammonium salts.
Cloisite 20A is enriched with dimethyl dihydrogenated tallow ammonium chloride, while Cloisite 30B contains methyl
tallow bis-2-hydroxyethyl ammonium chloride. Tallow, sourced from beef, primarily consists of carbon chains with
18 carbons (about 65% C18, approximately 30% C16, and roughly 5% C14). Hydrogenated tallow is obtained from tal-
low through the hydrogenation process, eliminating double bonds. With two tallow groups, Cloisite 20A exhibits greater
hydrophobicity compared to Cloisite 30B.

Prior to obtaining the composites and blends by melt-blending, PA was dried under vacuum overnight at 80◦C. The
melt-blending process was performed using a conical co-rotating fully intermeshing twin-screw midi-extruder (DSM
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Research, The Netherlands). On the first stage, PA and PP nanocomposites and their blends in the absence and presence
of PP-g-MA were obtained, listed in Table 1. On the second stage, PAClay and PPClay, were mixed separately with pure
PA and PP, as well as together without pure components (Table 2). The compositions of PAClay and PPClay composites
shown in Table 2 were subjected to the same processing as the second cycle. The melt-blending process was carried
out for 5 minutes at 50 rpm and at temperature profiles of 230, 235, and 240 ◦C. The dog bone shaped specimens for
mechanical experiments are obtained on Laboratory injection molding machine of ZAMAK Mercator 1947 (Poland) and
the and dimensions of the specimen were illustrated in details elsewhere [25].

TABLE 1. Composition of polymer composites and blends

PA PP PP-g-MA Cloisite20A Cloisite30B

PPClay – 91 6 3 –

PAClay 97 – – – 3

PA/PP 80/20 80 20 – – –

PA/PP/PP-g-MA 72/18/10 72 18 10 – –

TABLE 2. Composition of polymer blends (subjected the second cycle)

PAClay PPClay PA PP

PA/PPClay 80/20 – 20 80 –

PAClay/PP 80/20 80 – – 20

PAClay/PPClay 80/20 80 20 80 –

XRD measurements were conducted with Rigaku Miniflex 600, the condition of 40 kV voltage, 15 mA current and
0.02◦ step. The measurements were carried out from 2◦ to 30◦, and interplanar distances were calculated according to
Bragg’s law using SmartLab Studio II.

nλ = 2d sin θ

where, n is the diffraction order, λ is the wavelength of X-ray (1.5406 Å), θ is the incident angle, and d is the interplanar
distance.

Rheological tests were carried out on TA instruments ARES-2K strain controlled remoter in nitrogen atmosphere, at
240 ◦C. Frequency sweep and time sweep were done in linear regime. Tensile tests were conducted according to ASTMD
638 in Shimadzu AG-X PLUS (Japan). For measuring tensile module (E), 1 mm/min crosshead speed was chosen until
0.3 % deformation, after that crosshead speed increased immediately to 20 mm/min for further exploration yield stress (σ)
and deformation (ε). The morphological properties of obtained samples were investigated on JEOL JSM-6010LM SEM,
at 20 kV accelerating voltage. Before visualization, all samples were coated with a thin Au/Pd layer by JEOL JFC-1300
autofine coater (JEOL, Lireweg, The Netherlands) on order to avoid charging during imaging.

3. Results and discussions

3.1. X-ray diffraction (XRD) measurements

XRD patterns of PA, Cloisite30B and their composites are illustrated in Fig. 1. Interlayer distance accounts for
18.29 Å in Cloisite30B which corresponds to intensive peak in 4.83◦. In the XRD pattern of PAClay composite, this peak
becomes a flat, indicating exfoliated structure.

With regard to PP and its composite with Closite20A, XRD results show intercalation of clay particles within PP
matrix (Fig. 2). Interlayer distance d increases from 24.66 to 34.75 Å as a result of insertion of PP macromolecules into
between clay platelets. Even though in our previous work, we obtained exfoliated structure for the same composition
due to the difference between processing conditions, intercalated nanostructures were identified by XRD measurements.
Moreover, distribution of clay particles in polymer matrix affected crystallization behavior of the polymer. In both cases,
nucleating effect led to increase intensity of the crystallization peak. In PA, alone peak in 21,5◦ and in PP, peak i 16.9◦

increased remarkably,contributing more perfect crystallization.
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FIG. 1. XRD patterns of PA, Cloisite30B and their composites

FIG. 2. XRD patterns of PP, Cloisite20A and their composites

3.2. Rheological measurements

In Fig. 3, the dependencies of complex viscosity and dynamic modulus of the initial components in blends and
nanocomposites based on PA and PP with modified MMT are presented as an example against shear rate (frequency
sweep). Similar curves were obtained for all investigated compositions, and viscosity values for three velocity gradients.

FIG. 3. Complex viscosity and storage modulus of PA, PP and their nanocomposites with 3 wt. % of clay
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It is also known [19, 26] that the viscosity of melt nanocomposites is highly sensitive to the degree of dispersion of
layered silicate particles, i.e., the aspect ratio, which in turn directly depends on the level of macromolecule intercalation
into the interlayer space of the MMT, up to the exfoliation of the latter into individual nanoscale plates, the anisotropy
coefficient of which is maximal. The viscosity values of exfoliated PA nanocomposites are significantly higher throughout
the range of shear rate gradients compared to intercalated PP nanocomposites.

In Fig. 4., complex viscosity and storage modulus of 5 blends are shown. As expected, for all blend compositions,
the complex viscosity decreases with an increase in shear rate [27, 28]. Upon the introduction of a compatibilizer and
nanocomposites based on the virgin components, the complex viscosity notably increases. The highest viscosities to
blends in which the original components are replaced with corresponding nanocomposites and, in place of the PP phase,
an intercalated PP nanocomposite, respectively. As is hypothesized, such rheological behavior is associated with the
structuring of the composition during the mixing process, that is, with the emergence of varying levels of specific inter-
actions between components. In PA/PPClay blend, an intercalated PP nanocomposite is present, which was obtained by
introducing 6 wt.% PP-g-MA. It is known that PP-g-MA reacts with PA macromolecules, forming a grafted copolymer of
PA with PP [29]. Apparently, the structuring and degradation of PP under the selected temperature conditions of mixing
also contribute to this process [30].

FIG. 4. Complex viscosity and storage modulus of PA/PP blends

3.3. Morphological investigations

Analysis of the cryo-fractured surface of the samples under SEM revealed that the particle size of the dispersed
phase compared to samples of PA/PP blends indicates that the compatibilized blend is 7–8 times smaller than that of
a conventional one (Fig. 5). Thanks to good interfacial adhesion resulting from the presence of a reaction between the
amino group of PA and PP-g-MA, leading to the formation of a grafted copolymer, the particles of the PP dispersed
phase remain bound to the PA matrix during the low-temperature fracture process. For blends of samples without a
compatibilizer, particles of the dispersed phase torn from the surface are clearly seen. For a PA/PPClay, the size of the
particles of the dispersed phase uniformly distributed in the PA phase is 500±150 nm on average (Fig. 3c,d).

The intercalated PP nanocomposite acts as a more effective compatibilizer in comparison with the classical PP-g-MA
for this blend of polymers.
The replacement of the PA phase with exfoliated PA nanocomposite also brings an insignificant compatibilizing effect
(Fig. 5e,f). The sizes of the dispersed PP phase exhibit a broad particle size distribution ranging from 1 – 8 µm, contrasting
with conventional blends where these sizes vary within the range of 3 – 14 µm. The absence of a pronounced effect of
compatibilization is apparently due to the fact that exfoliated MMT particles are distributed in the bulk of the PA phase
and practically does not participate in the processes of coalescence of the dispersed phase particles.

3.4. Mechanical analysis

It is well known that blending two incompatible polymers can result in different expressions of final mechanical prop-
erties, depending on the blend composition, individual polymer characteristics, and blend morphology [31]. In the case
of nanocomposites based on layered silicates, besides interfacial adhesion, the elastic-strength characteristics, particularly
the modulus of elasticity, are influenced by the dispersion of modified MMT, meaning the anisotropy coefficient (aspect
ratio – the ratio of particle length to thickness).

The mechanical properties such as the elastic modulus (E), the yield strength (σ), and the relative elongation at break
(ε) of PA and PP, along with the nanocomposites containing Cloisite30B and Cloisite20A, as well as their blends are
outlined in Table 3. We will analyze how these parameters change as we transit from individual components to multi-
component compositions.

The initial modulus of elasticity slightly differs (higher for PA), with an increase of 10 % for the intercalated PP
nanocomposite and over 50% enhancement in the modulus of elasticity for the exfoliated PA nanocomposite, consistent
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FIG. 5. SEM images of PA/PP blends 80/20 ratio series. a) PA/PP, b)PA/PP/PP-g-MA, c) and d)
PA/PPClay, e) and f) PAClay/PP

with similar findings reported in previous studies [32]. A minor enhancement effect in terms of yield strength is observed
in the corresponding nanocomposites based on PP and PA. The deformability of the intercalated nanocomposite decreases
by more than 4 times, whereas for the exfoliated nanocomposite, deformability is somewhat preserved, resulting in a
twofold reduction in ε.

For polymer blends, considering the incorporation of the respective nanocomposites, the followings can be stated. The
modulus of elasticity for these blends takes an intermediate position according to the rule of additives. Enhancement of
interfacial adhesion through the introduction of a compatibilizer in the form of PP-g-MA (formation of grafted copolymer
of PA with PP at the phase interface) leads to a 20% increase in Young’s modulus. Replacing PP with intercalated
nanocomposite, PA with exfoliated nanocomposite, and their simultaneous replacement without a compatibilizer revealed
increases in the modulus of elasticity by 28, 40, and 44 %, respectively. Of particular significance is the composition
involving PA/PPClay, which exhibits a remarkable combination of high elastic modulus and noticeable plasticity.
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TABLE 3. Mechanical properties of the blends and components

E, [MPa] σ, [MPa] ε, [%]

PP 854 ± 49 32.5 ± 0.9 371 ± 53

PPClay 929 ± 65 33.6 ± 2.6 84 ± 31

PA 973 ± 31 58.2 ± 2.1 222 ± 39

PAClay 1477 ± 68 66.9 ± 2.3 112 ± 33

PA/PP 896 ± 69 38.5 ± 2.3 18 ± 6

PA/PP/PP-g-MA 1075 ± 20 43.3 ± 5.5 50 ± 7

PA/PPClay 1148 ± 96 53.1 ± 2.6 356 ± 39

PAClay/PP 1254 ± 75 43.6 ± 9.7 9 ± 4

PAClay/PPClay 1290 ± 58 47.3 ± 1.4 23 ± 7

4. Conclusion

In this paper, we studied the rheological, morphological and mechanical properties of PA and PP blends in the pres-
ence of layered silicates. The melt viscosity of nanocomposites is highly influenced by the dispersion of layered silicate
particles, exfoliated PA nanocomposites exhibited notably higher viscosity compared to intercalated PP nanocomposites.
In the blends, the introduction of a compatibilizer or nanocomposites derived from original components always increases
complex viscosity. In terms of morphology, the PA/PPClay blend indicates the most finely dispersed morphology rather
than PAClay/PP or the blend with traditional PP-g-MA. The increased viscosity of the PPClay leads to an equal amount
of viscosity of the blend components, in turn; this will create the necessary condition for dispersion of minor phase parti-
cles. Moreover, intercalated clay particles and PP-g-MA, in the PPClay content, avoid agglomeration because they tend
to interact with PA molecules. As to PAClay/PP blend, as long as particles with 10 µm there are also nanosized particles
and better dispersion of PP dispersed phase too. Even though the occurrence of interaction between PP and clay particles,
in the PAClay content, is not possible, better dispersion than pure blend was caused due to the higher viscosity of PAClay.
The increase of matrix viscosity resists coalescence and particularly thanks to this reason PAClay/PP indicates more finer
dispersed morphology than PA/PP blend. With regard to mechanical properties, compatibilization enhances all mechan-
ical characteristics relative to the blend with pure components while all blends with clay are superior to compatibilized
one. Due to the advantage of PA/PPClay in terms of dispersion, it has the highest values of σ and ε amongst all blends
obtained while blends with PAClay are dominant by elastic modulus.
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