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The influence of the content of additive of the nanosize combined sub-
stance aluminium oxide/silica on the formation of microfibrillar structure
within the thermodynamically incompatible blend of polypropylene/co-
polyamide (PP/CPA) is studied. As established, nanoparticles (NPs) of
Al,0,/Si0, are an effective modifier in the entire studied range of their
concentrations (0.1-3.0 wt.%). The mixed oxide exhibits a synergistic
result: the average diameter of PP microfibrils (&) decreases by = 2 times.
At the same time, the content of nanofiller is only of 0.1 wt.% that is an
order of magnitude less than when using NPs of its individual compo-
nents. The most subtle and homogeneous morphology is formed in the
composition containing 1.0 wt.% of the modifier: the value of & has a
minimum value (1.2 pm versus 4.0 ym for the original blend), the share
of microfibrils is the maximum (97.0%), and the value of the index of
variability (dispersion) decreases by =5 times. As shown, the change in
microrheological processes in the presence of a nanoadditive affects sig-
nificantly the macrorheological characteristics of melts of filled polymer
dispersions. Mixed oxide nanoparticles increase the degree of deviation
from the Newtonian flow regime of three-component systems. The for-
mation of anisotropic structures (PP microfibrils) in mixtures of
PP/CPA/mixed oxide causes a drop in the effective viscosity compared to
the melts of the original components. At the same time, the elasticity of
the melts of the modified compositions increases and the values of the ex-
trudate expansion coefficient (B) reach values higher than the additive
ones. The indicators of the maximum deformation of the melt jet of nano-
filled systems in the longitudinal tensile field (¥,,,) also increase. The de-
pendences of B and F,,, on the composition of the mixture have an ex-
tremum at a mixed oxide content of 1.0 wt.% due to the formation of PP
microfibrils with the highest degree of anisotropy.

HocaigsxeHo BIIMB BMiCTy AOMIINIKM HAaHOPO3MipHOI KOMOiHOBaHOI peyOBU-
HU oKcuj AJoMiHilo/KpeMHe3eM Ha (opMyBaHHA MiKpodidpuiaapHOi cTPY-
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KTypu B TepMOAMHAMiIUYHO HecyMicHi#l cywmimii mosimpomisen/cmiBmosiamiz
(III1I/CITA). Bcrauosieno, mo nanouactuaku (HY) Al,0,/SiO, € edexTus-
HUM MOAU(IiKATOPOM B yChOMY HOCJIiAKeHOMY AiANas3oHi IXHiX KOHIIeHTpa-
miti (0,1-3,0 mac.% ). 3mimmanuit oKCUA TPOABIAE CUHEPTIUHY Oif0: cepen-
Hith gigsmerep IIII-mikpodibpun (d) moHm:KyeThcsa y = 2 pasu. BoaHouac
BMiCT HaHOHANOBHIOBaua ckJagae Bcboro 0,1 mac.%, 10 HA IOPAJOK MEH-
e, Hisk 3a BukopuctanHa HY okpemux iioro ckjamoBux. Haii6isbin TOHKA
1 ogmHopimHa Mopdosoria ¢opmMyeTbca y Kommosuiii, mo wmictuts 1,0
Mmac.% wmoxudikaropa: BeamumHa d Mae MiHiManbHe sHaueHHA (1,2 MKM
mpotu 4,0 MKM /I BUXiZHOI cyMirrri), mos MiKpodiopui € MaKCUMaIbHOIO
(97,0%), a BesmumHA MTOKa3HUKa BapisbeabHOCTU (AucIepcii) sMeHIIyeTbCA
y = 5 pasiB. IlokasaHo, 1110 3MiHA MiKpPOPEOJIOTiUHUX IIPOIECiB y IIPUCYTHO-
CTi HAHOMOMINIKK 3HAYHOIO Mipoi0 BILJIMBAa€ Ha MaKpOPEOJIOTiuHi xapakKTe-
PUCTUKM PO3TOIIiB HAIMOBHEHWX MNOJiMepHUX auclepciii. HawmouacTuHKH
3MIIIaHOTO OKCHUAY MiABUINYIOTH CTYHiHb Bigxuiuy Big HbIOTOHOBOTO peixu-
My Teuil TPUKOMIIOHEHTHUX cucTeM. PopMyBaHHA aHi3OTPOIMHUX CTPYKTYP
(IITI-mikpodidbpua) y cymimax IIII/CIIA/3mimanuii oKcug 3yMOBJIOE IIa-
IiHHA edeKTUBHOI B’A3KOCTH IMOPiBHAHO 3 PO3TOIAMHU BUXiTHUX KOMIIOHEH-
TiB. BomHouac egacTHUHICTL PO3TOINiB MOAMGMPIKOBAHMX KOMIIO3UIIN IIigBM-
IIyeThCA i BeaWUMHU Koe@illieHTa pOBIIMpPEHHS eKcTpyAary (B) cAraimoThb
3HaUeHb, BUIUX 3a aJUTHBHi. 3pOCTAIOTh TaKOMK MOKA3HUKU MaKCHMaJbHOI
medopmarii cTpyMeHsA PO3TONY HAHOHATIOBHEHUX CHUCTEM Y IO3JOBKHBOMY
posraryBanpHOMYy moni (F,..). 3anexuocti Benwuwmsn B i F .. Big ckiany
KOMIIO3HUIil MalTh eKCTpeMyM 3a BMicTy smimranoro oxcuzay y 1,0 mac.%,
mio 3ymoBieHo GopmyBaHHaAM IIII-mMikpodibpua 3 HAUBUIMUM CTYIEHEM
aHizoTpomii.

Key words: polypropylene, co-polyamide, mixed oxide, mixture, melt,
morphology, viscosity, elasticity, deformation.

Karouosi cmoBa: moJginpormised, cmiBmoJsiamina, smimanwit okcum, cymirr,
poaTo1, mopdoJorid, B’A3KicTh, eIaCTUUYHICTh, AedopMmarlris.

(Received 31 March, 2025 )

1. INTRODUCTION

The addition of mineral nanofillers into the blend of polymers is an
effective method of creating universal materials with new function-
al characteristics. Today, the issues of developing theories and con-
cepts regarding the influence of nanoparticles on the compatibility
of polymer dispersions, regulating the morphology and properties of
nanocomposites, and creating practical methods of their preparation
and potential opportunities are widely researched in the world [1-
6]. Such nanocomposites are used as barrier, packaging materials,
for the manufacture of car parts, medical devices, computer cases,
in biotechnology, in LED, in lithium batteries, etc.

Blends of polymers, as a rule, are thermodynamically incompati-



STRUCTURE FORMATION AND MACRORHEOLOGY OF NANOFILLED COMPOSITES 1241

ble, so, the properties of products based on them largely depend on
the morphology of the component of the dispersed phase in the ma-
trix. The geometric shape, dimensional characteristics and homoge-
neity of the distribution of various types of structures in the poly-
mer dispersion are determined by thermodynamic and/or kinetic
factors. At the same time, selective localization of nanoparticles in
one of the phases or at the boundary of their separation is also an
important factor [3, 4]. The main thermodynamic parameter that
controls the placement of NPs in the system is the wetting of their
surface by component melts [56]. The authors of Ref. [6] showed
that, depending on the number of silanol groups on the surface of
hydrophilic silicon dioxide in a blend of polylactide/co-polymer of
ethylene with vinyl acetate (PLA/EVAC), they accumulated in the
dispersed phase, in the matrix (PLA), or in the interfacial space. A
reinforced composite was obtained by mixing in a melt PLA polyole-
fin elastomer and clay modified with silver NPs [7].

A correlation was established between the compatibility of the
components, the morphology and mechanical properties of the mate-
rial, the improvement of which is achieved due to the preferential
localization of the modified clay at the boundary of the phase sepa-
ration. Changing the morphology and reducing the size of the dis-
persed phase domains in thermodynamically incompatible mixtures
of different chemical nature, when natural and organomodified
clays are introduced into them, made it possible to increase the me-
chanical parameters of nanocomposites [8—12].

The simultaneous introduction of natural and modified clay into
the PLA/natural rubber (NR) blend creates a continuous morpholo-
gy, with the natural clay being mainly placed in the matrix, and the
organomodified clay in the dispersed phase [12]. Due to the selec-
tive localization of both types of clays, a synergistic increase in
strength and reduction in brittleness of the PLA/NR composition is
achieved (elongation at break is greater than 100%). The thermo-
dynamically balanced distribution of nanoadditives, which is dictat-
ed by the wetting parameter, is hindered by the high viscosity of
polymer melts. The final localization of NPs in a two-phase polymer
system is often determined by kinetic phenomena. Using the exam-
ple of the PLA/polyethylene/silica mixture, it was established that
the selective placement of NPs at the phase separation boundary is
characteristic of nanoadditives with a high affinity for one of the
components, if they are previously introduced into a polymer with
low compatibility. Simultaneous mixing of all ingredients contrib-
utes to uniform distribution of NPs in the mixture, and two-stage
mixing contributes to preferential localization in one of the phases
or on the border of their separation [13]. Different types of poly-
propylene structures in the polyvinyl alcohol (PVA) matrix were ob-
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tained by changing the sequence of adding silver/silica NPs to the
composition [14].

With the preliminary introduction of nanoparticles into the PP
melt, a dispersed type of structure is formed; when added to the
dispersion medium, mutually continuous morphology is formed;
with simultaneous mixing of all components, a layered structure of
concentrically arranged rings is formed.

Studies on the effect of mineral nanoadditives on the formation
of microfibrillar structure in thermodynamically incompatible pol-
ymer blends have shown that the morphology of the system depends
on the chemical nature of polymers and NPs, their size and content,
as well as on the conditions of preparation of compositions [15—-27].
Addition in the blend of PP/CPA and PP/PVA of silicas with dif-
ferent specific surface areas and functional groups [17-19], metal
oxides [20—-22], complex substances Ag/SiO,, Ag/Al,0; [23,24] and
TiO,/Si0, [25, 26] makes it possible to obtain nanofilled fibrils, ad-
just their dimensional characteristics and the properties of products
made from them. All investigated nanofillers have a compatibiliza-
tion effect, namely, the average diameter of PP microfibrils de-
creases almost in 2 times, and their mass fraction increases to
>90.0 wt.% . The formation of a finer microfibrillar structure also
occurred when thermo- or organically modified montmorillonite was
introduced into the PP/polystyrene blend [27]. The diameters of mi-
crofibrils, the uniformity of their distribution, and the ratio be-
tween other types of structures in the extrudate (particles, films)
depend on the content and chemical nature of mineral nanoaddi-
tives. Reducing the diameters of nanofilled PP microfibrils and in-
creasing the homogeneity of their distribution contributes to the
improvement of the performance characteristics of filter materials
(increasing cleaning efficiency and precision). Complex threads
based on them have higher strength and dimensional stability. The
presence of silver nanoparticles in the structure of microfibrils
gives products made of them antimicrobial properties.

The purpose of the work is to regulate the microfibrillar struc-
ture of the polypropylene/co-polyamide blend by introducing nano-
particles of the combined aluminium oxide/silica substance and to
study its effect on the macrorheological properties of the melts of
the modified compositions.

2. OBJECTS AND METHODS OF RESEARCH

The studies were performed using a thermodynamically incompati-
ble blend of PP/CPA with a composition of 30 wt.% /70 wt.% . The
dispersed phase was polypropylene of brand TATREN HG 1007 with
a melt flow index of 10 g/10 min (230°C/2.16 kg, ISO 1133-1) and
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a melting point of 169°C. Dispersion medium—PA-6/66 co-
polyamide (co-polymer of caprolactam and hexamethylene adipinate
in a ratio of 50:50) with a melting point of 170°C, relative viscosity
in sulfuric acid of 2.34, content of low molecular-weight compounds
of 4.5 wt.% . As nanofiller, a combined substance was chosen—
pyrogenic silica, on the surface of whose particles aluminium oxide
NPs (Al,0,/Si0,) were applied. The sample was synthesized at the
0. O. Chuiko Institute of Surface Chemistry of the National Acad-
emy of Sciences of Ukraine. The specific surface of the mixed oxide
was of 293 m?/g, and the aluminium-oxide content was of
164.0 ng/m?. The ingredients were mixed on a worm-disc extruder
in two stages. The calculated amount of mixed oxide was pre-
dispersed in the melt of the dispersed phase, and then the resulting
granules (PP/nanoadditive) were mixed with the matrix polymer
granules. The concentration (C) of Al,0;/SiO, nanoparticles in the
composition was of 0.1-3.0 by mass.% . The effective viscosity (n)
of the melts was determined using a capillary microviscometer in
the shear-stress range (t) (0.1-5.7)-10* Pa at a temperature of
190°C. Viscometry results were processed using generally accepted
methods, taking into account the Rabinovich—Weissenberg correc-
tion, when constructing true flow curves. The flow regime (the in-
dex of deviation from the Newtonian flow n) was determined by the
tangent of the angle of inclination of the tangent at a given point
of the flow curve to the abscissa axis. Calculations were performed
using a specially developed program [28].

The elastic properties of melts of individual polymers and blends
were evaluated by the values of the coefficient of swelling (expan-
sion) of the extrudate obtained under the conditions of free flow of
the melt from the forming hole (B;) and of the extrudate annealed
according to the method [29] (equilibrium swelling B, ). The equilib-
rium state was reached under annealing conditions, when the ex-
trudate was kept for a short time in silicone oil (to eliminate the
effects of gravity and surface tension) at temperatures close to the
melting point of PP and CPA. The values of B, and B,, were calcu-
lated as the ratio of the diameters of the original and annealed ex-
trudates to the diameter of the die hole. The ability of the melt to
longitudinal deformation was determined by the value of the maxi-
mum degree of extraction (F,,.), which was estimated as the ratio
of the speed of receiving the melt jet to its linear speed in the die.
Extraction of the matrix polymer from the composite extrudates
was carried out in a Soxhlet apparatus with a 70% aqueous solution
of ethyl alcohol. The morphology of the compositions was studied
using a polarizing optical microscope using microphotographs of
transverse and longitudinal sections of the extrudates. To quantify
the microstructure, the sizes of all types of structures (microfibrils,
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particles, films) in the PP residue after the extraction of the matrix
polymer from the extrudate mixture were determined under a mi-
croscope. For each sample, the number of types of structures that
were measured was at least 1000 pieces. The obtained data were
processed by the methods of mathematical statistics and the mass
fraction of each type of structure, the average diameters (&) of mi-
crofibrils and particles, the dispersion of the distribution (c?) of
microfibrils were calculated and the curves of their distribution by
diameter were constructed.

3. RESULTS AND DISCUSSION

3.1. The Influence of the Mixed-Oxide Concentration on the Rheo-
logical Properties of the Melt of the PP/CPA Blend

The conducted studies showed that the melts of all investigated sys-
tems are abnormally viscous liquids, which is evidenced by the na-
ture of the flow curves and the value of the deviation index from
the Newtonian regime (Fig. 1, Table 1).

The PP melt exhibits the greatest viscosity anomaly, and the flow
of the CPA melt approaches the Newtonian regime (the n values are
of 2.0 and 1.2, respectively). At the same time, the influence of the
deformation rate on the effective viscosity of the mixture is much
higher than on the n of the matrix component. On the dependence
curve lgn = f(lgt), the ‘structural’ section is steeper. Nanoparticles
of the mixed oxide practically do not affect the nature of the flow
of the PP melt, and the introduction of nanoadditives into the mix-
ture is accompanied by an increase in the viscosity anomaly. This is
due to the two-phase nature of polymer systems, the expansion of
the spectrum of relaxation terms in them, and the intensity of the
formation and destruction of the melt structure during its flow [30].

As can be seen from the Table 1, the values of the effective vis-
cosity of co-polyamide and polypropylene melts differ by 2.8 times.
The addition of a low-viscosity component causes a natural decrease
in n of the mixture. However, the viscosity of the PP/CPA melt
falls below the additive values: by 4.6 and 1.6 times compared to n
of the matrix and the dispersed phase component, respectively. This
indicates the separation of one of the ingredients into an individual
phase during the flow of a two-phase system [30]. When introduced
into the composition of 0.1-3.0 wt.% of nanofiller, the viscosity
values of the melts remain lower than n of the original components,
which indirectly indicates the invariance of the morphology of the
melt in the presence of mixed oxide NPs. In the flow conditions,
under the action of shear and tensile stresses, the layers of individ-
ual polymers in the flow move, but not the segments of their mac-
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Fig. 1. Dependence of melt viscosity on shear stress: 1—PP/CPA/NP 1.0
wt.% , 2—PP/CPA, 3—PP, 4—PP/NPs 1.0 wt.%, 5—CPA.

TABLE 1. Rheological properties of the studied systems.

Name of Conten‘t:, of Flow | . Melj: Maximqm
the polymer, Al,05/Si0,, regime viscosity, (Npp/Ncpa|Brp/Beps] deformation,
mixture wt. % Pa-s %
PP 0 2.0 260 — — 269
CPA 0 1.2 740 — — 541
PP/CPA 0 1.5 160 0.35 1.29 99
PP/CPA/NPs 0.1 1.7 120 0.40 1.21 102
PP/CPA/NPs 0.5 1.7 135 0.43 1.14 106
PP/CPA/NPs 1.0 1.8 150 0.45 1.07 128
PP/CPA/NPs 2.0 1.8 160 0.49 1.0 121
PP/CPA/NPs 3.0 1.8 165 0.51 0.93 118

romolecules. The sliding of the components on the surface of the
phase separation, due to their incompatibility, is one of the reasons
for the decrease in the viscosity of the melts of the original and
nanofilled mixtures.

At the same time, the dependence n = f(C) for modified systems
has a complex nature. With a nanoadditive content of 0.1 wt.%,
the viscosity of the system becomes minimal, and with an increase
in the concentration of the mixed oxide up to 3.0 wt.%, value of n
increases (Table 1). The established decrease in melt viscosity may
be related to the effect of small additives, which is due to a change
in the thermodynamic parameters of the system, primarily, the
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compatibility or incompatibility of the components at the boundary
of phase separation [31]. A further increase in the value of n of the
nanofilled composition is the result of the structuring of its melt
due to the formation of physical or chemical bonds between func-
tional groups on the surface of Al,0;/SiO, nanoparticles with ami-
no, oxide, and carboxyl groups of co-polyamide macromolecules.

Generalization and comparison of the results regarding the influ-
ence of the nanofiller content on the viscosity of the melts of the
studied compositions was carried out with the use of temperature-
concentration frequency superposition (adduction). The method is
based on the fact that the change in the effective viscosity of the
melt is determined by the complex of relaxation properties of the
system in the initial state, when the value of n is maximal, and the
flow process is described by Newton’s equation [30]. The degree of
change in the structure of the melt during its flow is estimated by
the ratio of viscosities: at given values of stress and shear rate and
the maximum Newtonian (ny). For this, the following reduced co-
ordinates are used: m,. =n/ny, 7, =MNyY, where ny is maximum
Newtonian viscosity, 7 —shear rate gradient, n,,—reduced viscosi-
ty, v,, —the reduced shear rate gradient.

In cases, where the Newtonian segment of the curve was not
reached in the experiment, ny was found by the method of extrapo-
lation of the dependence lgn—lgt, when lgt — 0. Generalization of
viscosity properties for PP/CPA compositions with 0.1-3.0 wt.% of
mixed oxide showed that there is invariance for them in relation to
the additive content (Fig. 2).

As can be seen from Fig. 2, in the co-ordinates lg(n/ny)-1g(My7Y)
the points are quite close located near one general curve for all con-
centrations of the nanofiller. The existence of a universal depend-
ence of n in the reduced co-ordinates indicates that the relaxation

lg(n.\;n}l’)' Pa
0.0 3.5 4.0 4.5 5.0
oqgm o
o 0, —_—
°ags -
-0.2| » o8 o — 3
P g
g o— 5
-0.4 s %%ﬂgzo' . o— &
8 9
3.
-0.6 i i " i @
lg(m/m,)

Fig. 2. Dependence of melt viscosity on shear rate in the reduced co-
ordinates for PP/CPA/NP mixtures. Points 1-6 correspond to the NPs’
content, wt.%: 0 (1), 0.1 (2), 0.5 (3), 1.0 (4), 2.0 (5), 3.0 (6).
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spectra of the melts of the modified mixtures are similar to each
other, and their rheological behaviour is described by the same
functional dependence as that of the original blend. Thus, in the
investigated systems, the influence of the composition of the mix-
ture on the effective viscosity of the melt is fully manifested
through the maximum Newtonian viscosity, and the possibility of
concentration superposition in the melts is determined by the dif-
ference in the sensitivity of the components to the shear intensity.

Under conditions of shear flow, polymer melts develop significant
highly elastic deformations and the resulting normal stresses. The
swelling of the extrudate (increasing the diameter of the jet) that
came out of the moulding nozzle is a manifestation of the elastic
properties of polymer systems. Judging by the values of the swell-
ing coefficient, the elasticity of the polypropylene melt is 1.3 times
higher than that of co-polyamide, due to the greater mobility of the
macromolecule chains of non-polar PP compared to polar CPA (Ta-
ble 1). The melts of the original and nanofilled systems are charac-
terized by increased elasticity, in comparison with the same indica-
tor for the original components (Fig. 3).

This is due to the fact that the elastic properties of melts of pol-
ymer blends are related to the orientation and deformation in the
direction of flow not only of segments of macromolecules in each
phase, but also of ellipsoids of the dispersed phase. The process of
relaxation of the accumulated stresses occurs non-immediately, and
under normal conditions, due to the increase in the viscosity of the
melt and the flow of crystallization or vitrification processes, the
accumulated deformations and stresses are partially ‘frozen’. As
can be seen in Fig. 3, the swelling values of the extrudates of the
initial and nanofilled samples under conditions of free flow from
the die (B,) are smaller than the equilibrium values (B,). At the

B

70| 4
‘ ‘ o4

5.0

3.0 /“\53

"—""_‘v————o—_‘_HZ'
1.0 ‘ i 1
0.0 1.0 2.0 3.0
C, wt.%

Fig. 3. Dependence of swelling of polypropylene extrudates (I —B,, 2—B,,)
and PP/CPA blend (3—B,, 4—B,,) on the content of mixed oxide.
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same time, the degree of growth of the equilibrium values of the
swelling coefficient for two- and three-component mixtures is sig-
nificantly higher than that of an individual component. Mixed ox-
ide nanoparticles have different effects on the elastic properties of
the PP melt and the PP/CPA blend. The B,, values of nanofilled
polypropylene melts decrease in the entire range of concentrations
due to a decrease in the mobility of macromolecule segments in the
presence of Al,0,/SiO, nanoparticles (Fig. 3). At the same time, the
elasticity of the melts of the modified compositions increases by
14-43%, judging from the equilibrium swelling values of the ex-
trudates. The dependence B = f(C) passes through the maximum,
which is reached at an additive content of 1.0 wt.%. The extreme
nature of the dependence of the elastic properties of melts of poly-
mer blends on the content of nanoadditives has been described for
many systems [5, 16—19, 23—26]. The formed structures of the dis-
persed phase are new relaxing elements, and they make the main
contribution to the elasticity of the system. Equilibrium swelling
values reach their greatest values, when structures with the maxi-
mum degree of anisotropy are formed. This occurs under the condi-
tion of formation of microfibrillar morphology during the flow of
the melt. The increase in elasticity of melts of PP/CPA/NPs compo-
sitions indirectly indicates that mixed oxide nanoparticles contrib-
ute to the formation of thinner polypropylene microfibrils in the
CPA matrix.

The accumulation of significant highly elastic deformations by
polymer melts determines another important feature of their rheo-
logical properties in the viscous-flow state, namely, the ability to
stretch (the so-called longitudinal flow). The formation of fibres
and films can be considered as a process of uniaxial deformation.
The technological parameter that characterizes the ability of poly-
mer melts and their blends to longitudinal stretching is the indica-
tor of the maximum degree of drawing F, ... The higher the value of
F,.., the better the systems’ ability to uniaxial deformation. The
results of the study showed that the melt of the original CPA is
stretched in the field of the longitudinal velocity gradient to the
greatest extent (Table 1). The fibre-forming properties of all the
studied mixtures deteriorate, compared to the original components,
which is due to the heterogeneity of their structure and a decrease
in the viscosity of the melts. The addition of mixed oxide nanopar-
ticles improves the uniaxial deformation of melts of modified com-
positions. At a concentration of nanoadditives of 1.0 wt.%, the val-
ue of deformation becomes maximum, and then slightly decreases
with an increase in the content of Al,0;/SiO, up to 3.0 wt.% . The
better deformation properties of three-component compositions are
the result of an increase in the strength of nanofilled jets, which
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occurs due to an increase in the viscosity of their melts and a
change in morphology in the field of the longitudinal velocity gra-
dient. During the extraction process, solid Al,0,/SiO, nanoparticles
are not deformed and increase the resistance to the flow of the
melt, which leads to an increase in the value of the longitudinal
viscosity of the system. At the same time, already formed aniso-
tropic structures of polypropylene undergo further deformation. An
increase in the degree of anisotropy of PP microfibrils also contrib-
utes to the longitudinal stretching of the composition melt jets.

3.2. The Influence of the Mixed Oxide Concentration on
the Processes of Structure Formation in the PP/CPA Blend

The dispersed phase of the polymer blend is deformed and destroyed
under the conditions of mixing and processing, which leads to the
formation of a wide range of its shapes and sizes. The final mor-
phology of the system is the result of a dynamic balance between
the phenomena of deformation and decay, on the one hand, and coa-
lescence, on the other. As can be seen in Fig. 4, the binary blend is
characterized by a coarser and more inhomogeneous structure of the
polymer of the dispersed phase in the dispersion medium. In three-
component systems, nanoparticles of mixed oxide act as compatibil-

Fig. 4. Microphotographs of transverse (I) and longitudinal (II) sections of
extrudates of PP/CPA/NPs mixtures according to the content of mixed
oxide, wt.%: 0.0 (a), 0.1(d), 1.0 (¢), 3.0 (d).
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Continuation of Fig. 4.

TABLE 2. Influence of the concentration of the mixed oxide on the micro-
structure of extrudates of the PP/CPA/NPs mixture.

Content . 1 Types of structurl'es
of ALO,/Si0,, Wt.% [— mfllcf;’t.lgflls e iﬁmﬁ e —{Films, wt.%
0 4.0 82.5 2.6 3.8 4.9 12.6
0.1 2.1 87.9 0.9 1.8 4.7 7.4
0.5 1.8 91.6 0.6 1.5 3.1 5.3
1.0 1.2 97.0 0.5 1.3 1.3 1.7
2.0 2.3 96.5 0.7 1.9 2.1 1.4
3.0 2.5 95.9 0.7 2.1 2.8 1.3

izers (emulsifiers) in the entire studied range of concentrations.

In the presence of nanoadditives in the amount of 0.1-3.0 wt.%
the degree of PP dispersion in the CPA matrix increases and most
of the drops acquires the correct round shape. Microfibrillar mor-
phology is formed in the nanofilled mixtures, as well as in the orig-
inal one. Examination under a microscope of polypropylene residues
after the extraction of the matrix polymer from the extrudates of
the mixtures showed that, in addition to microfibrils, other types of
structures are also formed in them: films and micron-size particles
(Table 2).

Microfibrils are the predominant type of structure in the extru-
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dates of two- and three-component systems. The morphology of
PP/CPA/NPs compositions is more subtle and homogeneous. Addi-
tion to the blend of only 0.1 wt.% of mixed oxide nanoparticles
causes a decrease in the average diameter of polypropylene microfi-
brils and the value of the dispersion of their diameter distribution
by =22 and 5 times, respectively (Table 2). At the same time, the
share of fibrils with 4<1.0 ym increases by 4.4 times, coarse struc-
tures disappear, and the curve of distribution of microfibrils by di-
ameters sharply narrows (Fig. 5).

In our earlier studies, it was shown that when modifying the
PP/CPA blend separately with nanoparticles of silica or aluminium
oxide, a similar result (decrease in & of microfibrils to 2.0 and 2.2
nm, respectively) was achieved, provided that their content is an in
order higher [17, 21]. Thus, the obtained results indicate that when
using the combined substance silicon dioxide/aluminium oxide as
nanofiller, its components show a synergistic effect in the direction
of reducing the dimensional characteristics of the component of the
dispersed phase. In this case, the modifying effect is determined by
the content of the additive in the mixture, and the dependence
d=f(C) is of an extreme nature. At a concentration of mixed oxide
of 1.0 wt.% share of PP microfibrils is the maximum and is of
97.0%, and their average diameter is the minimum, ie., 1.2 pm
(Table 2). Further increase in the content of Al,0;/SiO, nanoparti-
cles to 3.0 wt.% leads to coarsening of the microfibrillar morpholo-
gy of the compositions. Such nature of the dependence of the degree
of dispersion of the component of the dispersed phase on the con-
tent of the modifying additive is characteristic of classical compati-
bilizers, as well as mineral nanofillers [17-19, 21, 25-27]. This is
due to the fact that, when the critical concentration is reached, the
modifier is separated into a separate phase, while its surface activi-
ty decreases.

The synergistic effect of the combined substance aluminium ox-

wt.%

40.0
30.0
20.0

10.0

0.0l 3.0 6.0 9.0 12.0d, um

Fig. 5. Curves of distribution of microfibrils by diameters from extrudates
of mixtures: 1—PP/CPA, 2—PP/CPA/0.1 wt.% NPs.
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ide/silica on the in situ formation of thinner and more homogene-
ous PP microfibrils in the CPA matrix is primarily related to the
effect of the nanoadditive on the course of interphase phenomena.
It is known that modifying additives capable of exhibiting specific
interactions (hydrogen, dipole—dipole, chemical, efc.) with one or
both ingredients of the mixture improve the compatibility of com-
ponents, suppress coalescence, and reduce interfacial tension [30,
32]. Silicas containing a metal oxide phase on the surface retain
their properties and at the same time have additional active centres
in their structure [33]. It is the increased chemical activity of
Al,0,/Si0, nanoparticles, compared to individual components, that
ensures their synergistic effect. The maximum impact of nanoaddi-
tives on interphase processes is achieved, when they mainly fill the
surface of separation of components. Poor wetting of the Al,0;/SiO,
mineral additive (which has a polar surface) by the melt of nonpolar
polypropylene, as well as two-stage mixing of the components, con-
tributed to the migration and selective localization of mixed oxide
NPs in the interphase zone between the polypropylene droplets and
the co-polyamide matrix.

The second factor that changes the balance in the processes of
deformation, disintegration and coalescence of droplets of the com-
ponent of the dispersed phase in the matrix is a change in the ratio
of viscosities and elasticities of their melts [30]. Table 1 shows that
with an increase in the concentration of Al,O;/SiO, in the mixture,
the values of Mpp/Mcpa increase, and Bpp/Beps decrease, approaching
to one. This contributes to the formation of PP fibrils of smaller
diameters, since the deformation of polymer droplets with the for-
mation of a jet occurs most efficiently when the values of viscosi-
ties and elasticities of the dispersed phase and the dispersion medi-
um are close. Micron-size particles (PP drops) are the result of the
disintegration of jets of the smallest diameters, as the most ther-
modynamically unstable. The formation of films is facilitated by the
migration of the component with lower viscosity to the walls of the
capillary. When the ratio of viscosities of nanofilled PP and CPA
increases, the proportion of films decreases (Tables 1, 2).

4. CONCLUSIONS

It is shown that the introduction of the complex substance
Al,0,/Si0O, in the amount of 0.1-3.0 wt.% into the polypropyl-
ene/co-polyamide blend melt allows you to control the process of in
situ formation of PP microjets in the CPA matrix. Aluminium ox-
ide/silica nanoparticles exhibit a compatibilization effect in the
compositions at all studied concentrations, which causes a decrease
in the diameters of microfibrils in the modified systems and an in-
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crease in the homogeneity of their diameter distribution. The max-
imum effect is achieved with a nanoadditive content of 1.0 wt.%,
while 97.0 wt.% of polypropylene forms microfibrils, the average
diameter of which is of 1.2 ym, and the dispersion of the distribu-
tion decreases by = 5 times. Mixed oxide is a more effective struc-
tural modifier compared to silica and aluminium oxide nanoparti-
cles. A two-times decrease in the value of & is achieved with a con-
tent of nanoadditive in the composition of 0.1 wt.%, which is an
order of magnitude less than when using individual substances. The
synergistic effect is due to the presence of additional active centres
on the surface of nanoparticles of the Al,0;/SiO, combined sub-
stance, compared to its components.

It was established that the change in the microstructure of nano-
filled compositions affects the macrorheological properties of their
melts, namely, the effective viscosity decreases, and the ability to
longitudinal deformation and elasticity increase. The decrease in the
values of n of the modified melts is the result of the predominant
influence of the process of forming PP liquid jets in the CPA ma-
trix over the structuring of the melt due to the formation of con-
nections between the functional groups of the nanoadditive and
macromolecules of co-polyamide. The dependence curves of B and
F,.. on the concentration of the mixed oxide have an extremum at
its content of 1.0 wt.% . The formation of anisotropic PP structures
in the CPA matrix and the relaxation of the stresses accumulated
by them at the exit from the forming hole determine the high val-
ues of the swelling coefficient of extrudates—5.4—-7.3 of nanofilled
compositions. Polypropylene microfibrils are new relaxing elements
in the system, and they make the main contribution to its elasticity.

The invariance of the dependence of the effective viscosity on the
shear rate in the reduced co-ordinates was established for
PP/CPA/mixed oxide compositions. The existence of a concentra-
tion superposition confirms that the nanoparticles of the additive
do not change the nature of the relaxation spectrum of the melt of
the original blend, and the influence of its content on the m of
three-component compositions is manifested through the maximum
Newtonian viscosity.

Regulating the microstructure of incompatible polymer blends by
introducing complex nanoadditives into their melts is an effective
method of developing nanocomposites with predetermined morphol-
ogy and properties, as well as creating new thin-fibre materials with
improved characteristics based on them.
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