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Synthesis, Structure and Properties of Hybrid Composite Bentonite-Based Materials

A systematic study of the synthesis of hybrid composite materials based on synthetic (poly-N-
vinylpyrrolidone) and natural (agar-agar) macromolecules in the presence of plasticizers (PEG-400, glycerin)
and mineral filler bentonite has been performed by the method of electron irradiation. The methods of X-ray
diffraction analysis and SEM showed that the structure of the resulted hybrid compositions is defined as an
interpenetrating network with the distributed intercalated particles of mineral component inside its volume. It
has been established that mechanical properties of the hybrid composition are determined mainly by the struc-
tural organization of the interpenetrating polymer network, formed during electron irradiation of the initial
polymer mixture in the presence of plasticizers, as well as by the conditions for intercalation of polymer seg-
ments into the interpacket layers of the mineral matrix. During the process of crazing of the sample under ten-
sion the shear stress is concentrated in the central part of the sample from the periphery of the fastening. It is
shown that the degree of swelling for hybrid composition strongly depends on concentration of a low molecu-
lar plasticizer in the polymeric interpenetrating network, which can easily impregnate into the interplanar lay-
ers of bentonite.

Key words: hybrid composition material (HCM), polymer-inorganic compositions (PIC), electron irradiation,
synthetic and natural polymers, bentonite, deformation, compression, tension, intercalation, interpenetrating
networks (IPN).

Introduction

Hybrid nanocomposites represent a promising class of complex polymer-inorganic materials in which
mineral particles are distributed in a polymer matrix of synthetic or natural origin [1-3]. The interphase
boundary between the filler and the polymer matrix in nanocomposites occupies a larger area than in conven-
tional microcomposites; therefore, it affects the properties of nanocomposites to a much greater extent even
with a minimum amount of filler [4].

Among the variety of hybrid nanocomposites, a special place is occupied by systems where bentonite
clays are used as an inorganic filler. The study of structure and properties of minerals of the layered alumino-
silicates class, produced from available and widespread natural raw materials, is an important scientific and
practical task aimed to create new multifunctional materials [5, 6]. This is mainly defined by uniqueness of
the physical-chemical properties of layered aluminosilicates, which appear in a developed specific surface,
the presence of active reaction centers, high adsorption and ion exchange abilities [7-9]. This suggests the
possibility of using bentonite clays in medicine as drug carriers in the form of gel, film and injectable drug
forms [10]. The main conditions for the use of polymer-clay composite materials for medical purposes are:
uniformity of the clay mineral composition, harmlessness of the components and relative indifference of
their behavior in the polymer matrix.

There are a lot of publications devoted to the synthesis of polymer-clay systems based on natural and
synthetic polymers [11-13], where the possibilities of designing new classes of hybrid polymer-inorganic
compositions for solving various applied and technological problems are considered in detail.

Depending on the nature of used components (for example, chain, layered or zeolite silicate, polymer
matrix) and the method of preparation, three main types of hybrid compositions can be produced in which
layered silicates are bonded to the polymer matrix in various ways [13-15]: the first case when the polymer
cannot intercalate between silicate layers resulting in formation of a microcomposite with separated phases.
The second type of polymer compositions occurs when intercalation or exfoliation of the clay takes place, in
which a single extended polymer chain is inserted between the silicate layers, which leads to formation of
alternating layers of polymer and silicate particles. In the third case, the silicate layer is evenly and complete-
ly dispersed in a continuous polymer medium, resulting in a completely layered exfoliated structure.
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The purpose of this paper is to review the mechanism of formation and structure of intercalated hybrid
composite materials based on natural (agar-agar, bentonite) and synthetic medical-purpose polymers (poly-
N-vinylpyrrolidone, PVP) in the presence of low and high molecular plasticizers (glycerol, polyethylene gly-
col PEG-400 ) produced by the method of electron irradiation.

The method of electron irradiation was used to obtain three-dimensional polymer structures due to the
radiation cross-linking of polyvinylpyrrolidone macromolecules. Other options for cross-linking of a linear
PVP are possible only by means of thermal degradation at the temperature of decomposition of the material
at a temperature above 120 °C in a dry state, which is not acceptable for our purposes. Moreover, the elec-
tron irradiation is a pure reagent-free method for obtaining three-dimensional polymer systems, that solves
the issue of sterilization of polymer compositions, which is the main condition for their application in medi-
cal practice for use as an anti-burn and an anti-bedsore hydrogel coated on damaged tissue.

Experimental

Bentonite (BT) from the JSC “lisky plant Utyazhelitel” (Russia) TU-2164-003-00136716-2015 was
used after washing with distilled water and drying to constant weight at a temperature of 70 °C.

Agar-agar (AA) “Grasar” 900 (Company “Bargus Trade”, Russia) is a white fine powder, manufactured
in accordance with STO 010-96140533-2016, was used with no additional purification.

Poly-N-vinylpyrrolidone (PVP) (Kollidon 90 F) and PEG400 (BASFPharma, Germany) were used with
no additional purification.

Preparation of a composite hydrogel solution included two stages: 1) dissolution of the required weight
of PVP at a temperature of 15 °C with stirring on a magnetic stirrer until complete dissolution, after which
plasticizer PEG-400 (P1) was added to this solution. Separately, a solution of agar-agar (P2) was prepared in
distilled water at a temperature of 80-90 °C for 2 hours. Next, solutions P1 and P2 were mixed with addition
of 0.5 g (0.5 %) of dry bentonite powder with vigorous stirring until a homogeneous system with a uniform
distribution of the mineral component (for 1-2 hours) was obtained until a suitable temperature (4045 °C) is
reached for pouring the polymer-mineral mixture into the special shaped containers.

Irradiation of a mixture of prepared solutions of polymer-inorganic compositions (PIC) of a given com-
position was performed in an accelerator ILU-10 with electron beam in the dose range from 5 to 25 kGy in
special plastic molds with a rectangular cross section of 10x12 cm-or in cylindrical ampoules with an inner
diameter of 10 mm and a height 30 mm with the following processing mode: E — 5 MeV, limp — 350 mA;
f— 26 Hz, V — 2.7 cm/s; l.» — 4.55 mA. The samples, obtained at the irradiation dose of 25 kGy, were
used in the work.

X-ray diffraction analysis (XRD) was performed on a Bruker X-ray diffractometer with CuK,, radiation.
A thin dried film of a hybrid composition and powdered bentonite up to 10 um in size were scanned in the
20 angle range from 20° to 70° with a step of 0.02°, a scanning speed of 2 s/point, with radiation parameters
of 40 kV and 40 mA.

Scanning electron microscopy (SEM) was performed using a Hitachi model TM 4000 Plus microscope
(Japan) equipped with an X-ray fluorescence energy dispersive analysis (EDS) attachment with a crystal de-
tector. Samples were studied under low vacuum in back-scattered electron (BSE) mode.

IR-Fourier spectra were taken on a spectrometer Carry 660 (Agilent, USA) in the absorption mode in
the frequency range 700-4000 cm™ with a resolution of 4 cm™.

The mechanical properties of PIC samples were analyzed on a texture analyzer TAXTplusSta-
bleMicroSystems (England) with software. The principle of the texture analyzer is that the sample is subject-
ed to the action of controlled forces using a probe while stretching a rectangular sample or compressing a
cylindrical sample. The resistance of a material to tensile or compressive forces is measured using a torque
Sensor.

Results and Discussion

In our previous study [16], we considered the mechanism for formation of rare cross-linked composite
hydrogels based on the natural polysaccharide agar-agar, a synthetic polymer for medical application, poly-
N-vinylpyrrolidone (PVP), synthesized by electron irradiation. It has been established that synthesis
conditions and component composition of the initial mixture determine the structure and morphology of the
formed hydrogel compositions and their mechanical properties. A new interpretation of the formation of the
composite hydrogels structure in the presence of various plasticizers was provided. It was shown that
formation of a three-dimensional structure of PVP occurs as a result of electron irradiation of the reaction
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mixture in an aqueous medium in the presence of low- and high-molecular plasticizers, the content of which
can be controlled to obtain networks of various strengths and elasticity. The composite hydrogels P[AA-
PVP-plasticizer] are a model of interpenetrating networks consisting of physical and covalent crosslinking
points that provides them a good combination of an elastic and viscoelastic properties.

Considering above, this article reviews the mechanism for formation of intercolated structures of a
natural mineral in the volume of a polymer matrix, synthesized by the method of electron irradiation of
solutions of natural (AA) and synthetic (PVP) polymers mixtures in the presence of plasticizers. Content of
the mineral filler was chosen equal to 0.5 wt.% in order to achieve a uniform distribution of natural silicate
suspension in the volume of the polymer mixture solution while maintaining their aggregative stability.

It is known that the main rock-forming components of bentonite clays are minerals of the smectite
group, mainly montmorillonites (more than 70 %). Their composition contains also quartz, feldspars, calcite
and rarely pyrite, as well as other clay minerals such as illite, kaolinite, and mixed-layered minerals [ 8, 11,
15, 17, 18].

Figure 1 shows the X-ray diffraction patterns of bentonite powder (1) and its intercolated complex
(ICC) in the form of a film, scanned in the range of slip angles 26 from 18° to 90° with a step of 0.02°. The
X-ray diffraction data of bentonite (curve 1) shows characteristic diffraction reflections at 20.96°, 26.75°,
29.51°, 31.8°, 42.46° and 61.54°, which correspond to the characteristic signals of quartz 20.96°, 26.75° with
interplanar distances (d) of 4.23 A and 3.32 A, respectively, and oxides of calcium, magnesium and
aluminum with frequent line overlap, which makes their identification difficult.

I 1 -I BT T T T T I
2 - P[AA-PVP-PEG]{BT} (dry) 1200
3 - P[AA-PVP-PEG]{BT} (wet)
450
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Figure 1. X-ray diffraction patterns of BT (1), (2) dry and (3) wet hybrid composition P[AA-PVP-PEG]{BT}

During intercalation of bentonite particles into the volume of the polymer matrix P[AA-PVP-PEG], the
characteristic maximum of the diffraction signal of quartz in the composition of clay shifts from 26.75° to
26.58° with an increase in the interplanar distance from 3.380 A to 3.342 A, respectively. However, in this
case, there is a significant expansion of the range of diffraction signals in the range of 2620-40 A and the
growth of their intensity observed for the hybrid composite material P[AA-PVP-PEG]{BT}, which may indi-
cate in favor of splitting of the layered packing of the polyoxide forms of aluminum and silicon included in
the composition of bentonite clay. In the case of wet compositions, expansion of the range of diffraction sig-
nals is observed in a wider range from 30° to 50°. Disappearance of a number of characteristic diffraction
bands of pure bentonite in the case of its intercolation into the volume of polymer matrix is explained by a
decrease in the content or disappearance of a number of basic and impurity compounds, for example, quartz
(26 = 50.14°, 59.94°) and montmorillonite itself (26 = 68.12° and 68.31°), which may be caused by a com-
plete filling of the interlayer space of the layered silicate with macromolecules of interpenetrating network.
A detailed explanation of this assumption will be considered in the analysis of the SEM data.

It was previously noted [19, 20] that clay minerals are divided into two types depending on alternation
of tetrahedral [SiO2] and octahedral [AlO¢] sheets and their mutual arrangement in the crystal lattice: (i) 2:1
composition clay (smectite and montmorillonite) and (ii) 1:1 clay (kaolinite). The high size ratio of smectite
clay minerals is defined by their unique intercalation-separation properties, making them especially im-
portant and effective as reinforcing fillers for polymers [4-6].
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Bentonite clay is mainly composed of thin layers of 1 nm thick composition 2:1 aluminum phyllosili-
cates with a central octahedral alumina sheet fused between two outer tetrahedral silica sheets by shared ox-
ygen atoms, forming galleries between the alternating layers (Figure 2) [18].
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Figure 2. Structure of bentonite clay composition 2:1 [18]

The structured silicon and alumina layers are interconnected by covalent bonds, in which both the iso-
morphic substitution of silicon for aluminum in the tetrahedral chain and the substitution of aluminum in the
octahedral layer for iron, magnesium or alkaline earth metals take place. In addition, in stabilization of the
covalently bonded layers of bentonite, an essential role is played by the electrostatic forces of interaction that
arise between the ions of alkali and alkaline earth metals or impurity transition metals located in the gallery
between the tetrahedral layers, thus tightly holding the stacks of clay layers together from disintegration ei-
ther in dry or in wet state. Under such conditions the covalent bonds between the interlayers of aluminosili-
cate sheets of the clay create difficulties to penetrate into their bulk for most hydrophobic macromolecules
[17, 18] due to the high hydrophilicity of the mineral matrix.

Introduction of massive cations or anions into the interlayer space also contributes to loosening of the
crystallite structure, which makes it possible for surfactants and water-soluble polymers to penetrate. This leads
to complete splitting of crystallites into primary nanosized silicate plates, i.e. to exfoliation [18, 19, 21].

Figure 3a shows that bentonite particles represent a structure characterized by the presence of a com-
plex non-oriented clay mass - a matrix, which contains randomly arranged dust-like sand grains that do not
contact each other. When zoomed in from 120 (1) to 1000 (2) and 4000 (3) times, a clear picture of the sur-
face structure of the layered and chain structure of natural polymer can be obtained.

This issue has been widely discussed in scientific publications and review articles [3, 4, 11, 17, 20, 21,
23]. The most researchers believe that the stage of modification of clay minerals with hydrophobizing or lyoph-
ilizing surfactants is necessary to obtain polymer-silicate (nano) compositions with acceptable mechanical
characteristics and operational parameters, since surfactants are able to intercalate into the interlayer space of
inorganic ionite with the formation of weak van der Waals (dispersion) or strong covalent chemical bonds.

The morphology of the polymer film is represented by macroporous segments with a developed surface
and topological inhomogeneity typical of amorphous sparsely crosslinked polymer systems (Fig. 3b). It is
characterized by a layered structure or cleavage of layers caused by formation of a matrix of an interpenetrat-
ing network with alternating layers of natural (agar-agar) and synthetic polymers (PVP) with lateral grafting
of plasticizer molecules (PEG or glycerol), which we previously described in details in [15].

When forming a hybrid composition of bentonite-IPN, the picture changes significantly (Fig. 3c). It can
be seen that the bentonite particles are unevenly distributed over the interlayer surfaces of the interpenetrat-
ing network. Particularly noteworthy is the shape of bentonite particles, which resemble the structure of -
alumina. Traditionally, its crystal structure is described as feldspar, in which aluminum atoms are localized
simultaneously in tetraeric and octahedral positions, as a result of which its surface is much more hydrox-
ylated compared to silica gel. It has been noted that the presence of water accelerates the rate of aluminum
hydrolysis with formation of a lamellar large-pore structure of aluminum hydroxide [22—26], which also has
an octahedral structure.
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Figure 3. SEM micrographs of bentonite (a), P[AA-PVP-PEG] (b) and P[AA-PVP-PEGI{BT}(c)
at various magnifications: 1 —120; 2 — 1000 and 3 — 4000 times and X-ray fluorescence energy dispersive analysis
for P[AA-PVP-PEG] (d) and PLAA-PVP-PEGI{BT} (e).
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This conclusion about the chemical structure of the hybrid compositions is in good agreement with the
X-ray fluorescence energy dispersive analysis data for P[AA-PVP-PEG] (Fig. 3d) and P[AA-PVP-
PEGI{BT} (Fig. 3e).

It should be assumed that we are dealing with the process of partial or complete delamination of sheets
with a composition of 2:1 until the complete separation of the silica and alumina layers from each other due
to the excess negative charge arising in the process of hydration. Sequential analysis of the stages of mont-
morillonite hydration confirms the fact that 1 to 4 layers of water molecules can be located in the spaces be-
tween silicate layers [27—-29].

However, in the studied system the particle sizes determined according to SEM data go far beyond na-
noscale, in particular, the average size along the diagonal of octahedrons varies from 3.04 to 5.57 um, that is,
it exceeds the interplanar distances between layers by three orders of magnitude (Fig. 1). Therefore, the al-
ternative explanation can be provided, according to which, in addition to delamination or exfoliation of ben-
tonite particles in the intertwined polymer matrix of the interpenetrating PVP-AA network, microcrystallites
of bentonite particles grow into more or less large aggregates in the form of a single monolithic structure of
the same geometry as for individual molecules of hydrated alumina in the form of well-formed octahedra.

In the presence of polymers with bulky side pyrrolidone rings (PVP) linked to plasticizer molecules
(PEG or glycerol) through a system of hydrogen bonds, as well as polysaccharides which macromolecules
consist of cyclic units of D-galactose and 3,6-anhydro-L-galactose, deep splitting of aluminosilicate sheets
from each other should be expected (Fig. 4).
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Figure 4. Schematic diagram of formation of composite hydrogels based on agar-agar
and PVP in the presence of plasticizers by electron irradiation [15]

Thus, exfoliation begins with the splitting of sheets along the boundary of the gallery =Si-O-Al-O-Si=
|[mMe™-kH,0| =Si-O-Al-O-Si= with subsequent destruction of the three-layer structure along the heterobond
line =Si-O-Al along the oxygen atom. When bentonite particles are in a polymer matrix consisting of two
complementary and intertwined macromolecules associated with the terminal hydroxyl groups of plasticiz-
ers, the exfoliation process can proceed until the complete rejection of not only sheets of aluminum phyllosil-
icates from each other, but also by splitting the structures of polyoxosilicon and polyoxoaluminum chains
into separate fragments in the form of disparate y-Al,O3 octahedron, as shown in Figure 5.

An increase in the interlayer space during exfoliation of silicates by the IPN matrix contributes to the
further process of delamination of the layered filler due to growth of disjoining pressure between the packag-
es and, subsequently, between the sheets of the packages (Fig. 5). The irradiation of the system with an elec-
tron beam exacerbates this process since the action of various types of radiation leads to the formation of
radiation defects [30]. In this case occurs an uncontrolled redistribution of crosslinking sites and dimensions
of the pore structures of the polymer matrix, where more or less hydrated bentonite particles are initially lo-
cated according to the law of average distribution with nonlinear effects during structural transitions.
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Figure 5. Scheme of exfoliation of bentonite sheets in the IPN matrix
with subsequent ordering of BT crystallites into large aggregates

It can be assumed that during electron irradiation of the P[AA-PVP-PEG]{BT} hybrid composition af-
ter partial exfoliation of sheets of mineral filler from each other by the polymer chains begins the stage of
aggregation of disordered aluminosilicate sheets with each other along the side faces and edges of aluminum
octahedron oxide, forming associates with more or less individual molecules of alumina or silicon oxide or
from their linear sequences.

Consequently, recrystallization of bentonite nanoparticles into larger perfect crystals, consisting mainly
of aluminum oxide, takes place. The absence of silica tetrahedral structures can be associated with a higher
rate of its hydrolysis and dissolution in a water-alcohol medium with formation of polysilicic acid or their
associated forms with a polymer matrix through hydrogen bonds according to the scheme compared to alu-
minum oxide (Fig. 5).

Complete destruction of clay packets in the form of separate sheets leads to formation of a layered struc-
ture, which is well distributed in the polymer matrix. This structure provides the most favorable improvement
in the characteristics of the resulting polymer nanocomposites in comparison with the intercalated structure due
to the high aspect ratio and intense surface reaction of clay particles with polymer chains [31-34].

In addition to the structures of y-Al.Os, SEM micrographs revealed a small number of other geometric
configurations (triangular, prismatic, and a number of distorted shapes) belonging to impurity compounds, a
detailed study of which is beyond the scope of this article and requires additional in-depth studies.

Previously, the authors [35-37] studied the conditions for production of aluminosilicates by the sol-gel
synthesis. It was found that introduction of templates into the aluminosilicate matrix, such as PEG, PEO, cat-
ionic surfactants, leads to rapid precipitation of aluminum hydroxide, while two phases of aluminum and sil-
icon oxides condense with no formation of Si—O—Al heterobonds. The resulting octahedra, with an aluminum
atom in the center and hydroxyl groups at six corners, has the formula [Al(OH)¢]*".

The molecular composition and structure of the hydrogel compositions produced by the mixing method
followed by irradiation with electron beams were identified by IR-Fourier spectroscopy (Fig. 6). Spectra of
the three-dimensional polymer matrix P[AA-PVP-PEG] (curve 1) show a clear maximum at 1650 cm, cor-
responding to the stretching vibration band of the carbonyl groups of the pyrrolidone ring, which shifts to the
long-wavelength region of 1655 cm™ during three-dimensional radiation polymerization. This indicates the
formation of a strong hydrogen bond between the C=0 and —OH groups of agar-agar or the terminal hydrox-
yl groups of PEG, confirming the previously accepted mechanism for the formation of three-dimensional
structures in this system [15]. Thus, the synthetic and natural polymers of the hybrid composition are physi-
cally intertwined with each other within the three-dimensional framework of PVP and agar-agar, forming an
interpenetrating network.

The intensity of the characteristic absorption length of PVP at 2942 cm, corresponding to the stretch-
ing vibrations of the C—H bond of the methylene groups, increases, indicating a possible superposition of
different sections of crosslinked and non-crosslinked sections of polymer chains in the network. Bands of
bending vibrations in the region of 1494, 1457, 14221 and 1277 cm™ (C-N-groups) also appear in the spectra
of the synthesized polymer hydrogels, which indicates the presence of linear PVP macromolecules, which
are associated with both agar-agar and PEG chains.
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Figure 6 below shows the Fourier IR spectra of the initial BT (2) and the final hybrid P[AA-PVP-
PEG]{BT?} (3) composition. It should be noted that the spectra have large overlaps with each other, but it
makes it possible to qualitatively identify the structure of the hybrid composition. This is especially evident
in the region of 3600-3200 cm, which characterizes the stretching vibrations of the hydroxyl groups of both
BT and the polymer matrix, including adsorption or capillary water in the composition of the initial matrices.
It is also possible to detect the spectra of stretching vibrations of Si—O-Si in the region of 1100— 900 cm™?
and deformation vibrations of the AI-O-Al bond in the region of 918 cm™.

Vibrations in the region of 1018-1046 cm™ can be attributed exclusively to stretching vibrations of the
Si—O bond [18, 26]. These results show that chemical interaction occurs between the silicate groups of the
inorganic matrix and the functional groups of the polymer matrix, leading to formation of a stable intercalat-
ed spatial IPN already from heterogeneous network structures of polymer macromolecules and inorganic io-
nite P[AA-PVP-PEG]{BT}.
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Figure 6. Fourier IR spectra BT (1), PJAA-PVP-PEG] (2) and their hybrid composition P[AA-PVP-PEG]{BT} (3)

Figure 7 shows the swelling kinetics of the compositions P[AA-PVP-PEG]{BT} synthesized in water
(1) and in the presence of glycerol with a content of 0.1 wt.% (2) and 0.3 wt.% (3) in the initial reaction mix-
ture. It can be seen that the presence of a low molecular plasticizer of glycerin along with PEG leads to
swelling growth of the hybrid composition at the initial time, which can be judged by the tangent of slope
angle in this time interval (tgo= AKsw/At). So for the composition synthesized in water (tgo=15.87°), in 0.1
and 0.3 wt.% glycerol is 9.963 and 7.53, respectively. Swelling profile in water and 0.1 wt. % glycerol has
bends in the range from 0.5 to 1.5 hours, which may be defined by gradual hydration of the composition
components when water molecules penetrate into its volume through the pores of the polymer matrix. It
should be assumed that, first of all, fragments of the polymer matrix will be subjected to hydration, in partic-
ular, macromolecules of natural polysaccharide and PVP associated with PEG-400 chains through a system
of hydrogen bonds, as noted above. The presence of a bend corresponds to the site when hydration of the
mineral filler bentonite begins, the particles of which are distributed in the areas between the crosslinking
nodes of the polymer matrix components. With a glycerol content of 0.3 mass. %, such bend is not observed,
which may be caused by a change in the structure of bentonite with an excess content of glycerol in the com-
position of the initial mixture.

We believe that at a low content of glycerol (wri; < 0.1 wt.%), there is a maximum flaking of alumino-
silicate sheets from each other with the growth of interplanar distance between them in bentonite particles.
This gives maximum rigidity to the polymer matrix they are located in. With the growth of glycerol content
to 0.3 wt.%, its function from the expansion factor of the interplanar distance between the sheets changes to
the function of a plasticizer, when its excess amount begins to bind to the hydrophilic ridges of the matrix
macromolecules and the oxygen atoms of the aluminosilicate groups of bentonite due to hydrogen bonds. In
this case, the interplanar spacing between the aluminosilicate layers can approach in value the initial parame-
ters of the matrix with no glycerol additives due to enhancement of hydrophobic interactions stabilized by a
system of hydrogen bonds. This can explain the twofold increase in the swelling coefficient of hybrid com-
position material in the presence of 0.1 wt. % glycerol.
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Figure 7. Change in the swelling coefficient of hydrogels P[AA-PVP-PEG]{BT} at different glycerol content

This conclusion is in good agreement with the results of strength measurements for hybrid composite
materials. The strength properties and deformation behavior of hydrogel compositions are clearly illustrated
by the stress—strain dependence (P = f (g)), obtained by the method for determining the “puncture” strength
of a material by pressing a ball through a layer of a flat composite hydrogel. Three main sections can be dis-
tinguished on the deformation curves (Fig. 8). The initial, gently sloping rectilinear section corresponds to
the area of plastic, the second — to elastic, the third — to viscous-flowing deformation. In the interval of sec-
tions 11111, phase transitions and orientation of macromolecular chains take place between crosslinking sites in
the direction of the applied tension and compression force, at which the segment mobility of macromolecules
increases and the structure of the material is rearranged. In section Ill, the relaxation rate of the material be-
comes comparable with the strain rate of the sample. Outside the zone IIl, with further deformation, mac-
rocracks appear in the sample of hydrogel composition, as a result, the thinning section of the composite hy-
drogel, which bears the load from the indented ball, is punctured from region I to region 111 [15].

PVP:PEG:AA:BT=8:1,5:1:0,5 mas.% '
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Figure 8. Deformation curves of hybrid Figure 9. Stress-strain dependence
composite materials P[AA-PVP-PEG]{BT} of the composition
at different glycerol content P[AA-PVP-PEG]{BT}

It can be seen that when the content of glycerol in the hybrid composition is 0.1 wt. %, it shows a no-
ticeable increase in the strength of material from 3680 Pa to 3834 Pa with a decrease in the strain value from
693% to 400% compared to the sample, where its content is 0.3 wt. %. This indicates an increase in inter-
planar distances between aluminosilicate sheets and the space between them is filled predominantly by the
vertically oriented glycerol molecules. This leads to an increase in the disjoining pressure and stress, which
affects the ultimate strength of the material and reduces its deformation during punching.

With the growth of glycerol content between sheets of aluminosilicates in bentonite particles, hydro-
phobic interactions increase and the material acquires viscous-flowing properties against the background of a
slight decrease in puncture strength.
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Figure 9 shows the stress-strain dependence for uniaxial compression (curve 1) and tension (curve 2) of
a cylindrical and rectangular sample, respectively. Under uniaxial compression, the dependence P =f (g)
shows a break in the deformation range of ~30 % followed by a smooth increase in stress up to 12 kPa at
=70 %.

It is important to have a qualitative representation of the process leading to strengthening or weakening
of the strength of the composite material under external loads to establish quantitative relationships between
the structure and the property of a material to resist destruction. It is now generally known that absorption of
the energy transferred to the polymer matrix occurs almost entirely. The function of fillers-plasticizers is to
promote and control deformations in the matrix, providing significant stress concentrations in those places
where local deformations can be initiated. Shear fluidity plays a role in the process, but crazing is the pre-
dominant hardening mechanism. Many researchers have shown that stress whitening is associated with for-
mation of more crazes than microcracks [35].

With regard to the system we are considering, it can be assumed that mineral fillers play the role of
stress absorbers caused by compression or tension of the sample.

The stress-strain dependence does not show a region of elastic deformation corresponding to the Hooke
model. The dependence P—f (¢) already at the initial stages resembles a plastic deformation profile, that is,
not a sharp, but a gentle change in shear or compression stress up to & ~ 20 %, which is not typical for most
previously studied systems [38]. When a sample is compressed in the region of £€30-50 % there is a “con-
sistent” orientation of mineral particles and layers of polymeric planes of a three-dimensional matrix, along
the axis of tension or compression. It is natural in this case to expect some change in the morphological
structure of the hybrid composition, which corresponds to the bend section on the stress-strain curve during
compression, which is not observed in the absence of a mineral filler [15]. Such bends correspond to the re-
gion of the conformational transition of macromolecules “coil-globule” [38, 39].

Any parameter that affects the degree of intercalation and delamination, like the modulus, has a signifi-
cant effect on the tensile strength of nanocomposites. Another effect of the nanoclay filler on the mechanical
characteristics of nanocomposites is the value of elongation at break, which is affected by the interfacial re-
action between the polymer and layered silicates [40].

In addition, introduction of a mineral filler into the volume of the polymer matrix resulted in a decrease
in the degree of elongation by almost a factor of two [15]. In shear zones [38], molecules are oriented ap-
proximately parallel to the applied tensile stress and, therefore, normal to the planes where crazes form.
Since both the initiation and growth of crazes are inhibited due to orientation in this direction, shear bands
have an effect on inhibition of the crazes growth. As the number of shear bands increases, the length of new-
ly formed crazes decreases, which is shown in the image (Figure 9).

Provision of the exfoliation conditions is of particular importance as it maximizes the interaction be-
tween the polymer and the clay particles, allowing the polymer to access the entire surface of the silicate lay-
ers, thus leading to the greatest changes in various physical properties. Nevertheless, there are still disputes
about whether the system of polymer—clay nanocomposites contains entirely layered silicates, which is con-
firmed by the fact that a significant part of polymer nanocomposites in the literature has intercalated or
mixed intercalated—layered nanostructures [41]. This is due to the fact that silicate layers are highly aniso-
tropic, their side sizes vary from 100 to 1000 nm, and they cannot be arranged randomly in the polymer ma-
trix even when separated at a large distance from each other [42].

In the course of crazing processes during sample stretching in tension, according to formation of mi-
crocracks in the area of material fastening and whitening in the central part from the fastening periphery, the
shear stress is concentrated at break. Moreover, in the studied polymer compositions the formation of a
“neck” is not observed, and the system rather passes into a viscous-fluid state than into a highly elastic state
before destruction of the sample.

Most studies show that elastic modulus of polymer nanocomposites, fabricated using modified or-
ganoclay growth significantly, especially at increasing of load on the organoclay [43]. However, in some
cases, the Young's modulus decreased, since completely exfoliated structures are replaced by partially exfo-
liated intercalated structures when the volume fraction of organoclay exceeds the threshold limit value [44,
45].

We propose to consider such hybrid composite materials as a new class of interpenetrating networks
with promising applied properties (materials for tissue engineering and anti-burn hydrogel dressings with a
wound healing effect and high bactericidal activity, etc.).
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Conclusions

Thus a systematic study of the synthesis of hybrid composite materials based on synthetic (PVP) and
natural (AA) macromolecules in the presence of plasticizers (PEG-400, glycerol) and the mineral filler ben-
tonite was carried out.

X-ray diffraction analysis and SEM showed that the structure of the resulting hybrid compositions is de-
fined as an interpenetrating network, in the volume of which intercalated particles of the mineral component
are distributed.

It has been established that the mechanical properties of the hybrid composition are determined mainly
by structural organization of the interpenetrating polymer network formed during electron irradiation of the
initial polymer mixture in the presence of plasticizers, as well as by the conditions for intercalation of poly-
mer segments into the interpacket layers of the mineral matrix. During the process of crazing of the sample
under tension the shear stress is concentrated in the central part of the sample from the periphery of the fas-
tening.

It is shown that the degree of swelling of the hybrid composition strongly depends on concentration of a
low molecular plasticizer in the polymeric interpenetrating network, which can easily impregnate into the
interplanar layers of bentonite.
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F.K. MawmeitOekos, XK.M. bekcynranos, B.W. banusix, 1.B. /lanbko

beHTOHUT Heri3iHaeri rHOPUATI KOMIO3UIUSAJIBIK MaTEePUAIAAPAbIH CHHTE3I,
KYPBUIBIMBI JKoHEe KacueTTepi

IInactudukaropnap (I15I-400, rauepuH) MeH OCHTHOHUT MUHEPAIBI TOJNTHIPFBIITAPBIHBIH KAaTHICYBIMEH
CHUHTETHKAJBIK (10JH-N-BUHIIIHPPOTUIOH) KoHE TaOWru (arap-arap) MaKpOMOJCKYJanaplblH HEri3iHe
THOPHUITI KOMITO3MIMSUIBIK MaTepHAIIApAbl SIEKTPOH/BIK COYJIeNIeHy 9IICIMEH CHHTE3Jey Hpolleci KywHei
3eprrenni. PCA xone COM apicTepi keMeriMeH aiblHFaH THOPUATI KOMIO3UIMSIIAPIBIH KYPBUIBIMBI MHHE-
panabl KOMIIOHEHTTEpAiH HHTEPKAJHpIICHTeH O6JIIeKTepiHiH e3apa eTIMII TOp peTiHAe KapacThIpyFa
0OaTHIHIBIFBI AHBIKTANIB. BEeHTOHNT-63apa ©TIMII TOp THOPUATI Kypambl KaJbIITACy Ke3iHIAEC MUHEPaIbl
TONTHIPFBILTHIH O6JIIEeKTepl e3apa oTiMII TOPABIH KadaTTapHBIH apackl OoibiHIIA Oipkenki Oenminbeini. ['n-
OpUATIK KOMITO3MIUSHBIH MEXaHUKAJIBIK KaCHEeTTepi IIacTU(PHUKATOPIAPABIH KAThICYbIMEH 0OacTamKpl MONHU-
Mep KOCIACHIHBIH 3JICKTPOH/IBI COYJICICHYI Ke3iH/ie maiiia OoMaThiH e3apa eiMJli TOJIMMEp TOPBIHBIH HETi3ri
KYPBUIBIMIIBUTBIFBIMEH, COHJIal-aK MOJIUMEep CerMEeHTTEepiHiH MUHEPAIIbl TOCSHIIITIH TOpapaiblK KabaTTapsl-
Ha MHTEPKALIIHS JKaFaibIMeH aHBIKTaNaabl. YJTiHI co3y Ke3iHJe KPeif3WHT NpoIeciHAe CO3bULy Ke3iHne
BIFBICY KepHeyl YiriHiH Oekiry mepudepuscblHaH OpTajiblK OeiliriHe NIOFBIpiaaHanbl. [ HOpuaTi
KOMITO3UIIMSAHBIH ICiHY Iopekeci OCHTOHMTTIH apaiblK KabaTTapblHa OHAl €HE alaThIH MOJMMEpIi e3apa
OTIMJII TOPABIH KYPAMBIHIAFbl TOMEH MOJEKYJaNbl IIACTH(GHUKATOPABIH KOHIEHTPAIMACHIHA OalIaHBICTHI
EKeHJIIT1 KOPCETIIreH.

Kinm ce30ep: rubpuari koMmno3umsiblK Matepuainap (I'KM), mommmMepiik-0eifopraHuKambIK KOMITO3HIINS-
nap (I1BK), 3MeKTpOHABIK COyJeeHY, CHHTETHKAIBIK JKOHE TAOWFH MOJUMEpIiep, OCHTOHHT, aedopMarius,
KBICY, CO3bLITY, HHTepKaIsLus, e3apa etimai Topiap (IPN).

I" K. MameitOekoB, JXK.M. bekcynranos, B.W. banusix, 1.B. /lanpko

CuHTe3, CTPYKTYPa M CBOMCTBA THOPUIAHBIX KOMIIO3MIIUOHHBIX
MaTepHaJIOB HA OCHOBe OEHTOHUTA

IIpoBeneHo cucreMaTndecKoe MCCIIEOBAaHHE MPOLEcca CHHTE3a THOPUIHBIX KOMITO3HIIMOHHBIX MaTepHaIoB
Ha OCHOBE CHHTETHYECKOTO (TIONMBHHII-N-TTHPPOIUIOH) U IPUPOTHOTO (arap-arap) MakpoMOJIEKYJ B MPH-
cyrcrBud miactudukatopoB (I[19I-400, roumeprH) ¥ MHUHEPAJbHOTO HAIONHHUTENS OCHTOHHTA METOAOM
anekTpoHHOro obmyuyenus. Merogamu PCA m COM  moka3aHo, YTO CTPYKTypa IMOTYyYEHHBIX THOPHIHBIX
KOMIIO3HULIUH onpenesseTcs kak B3anmonpoHukatomias cerka (BIIC), B o0beMe KOTOpoil pacrnpe/eneHbl HH-
TepKaJMPOBAHHbBIC YaCTUIIBI MUHEPAIbHOW KOMIOHEHTHL. [1pu hopMupoBaHUH THOPHIHON KOMIIO3UIMU OSH-
ToHUT-BIIC yacTuilel MUHEPaIbHOTO HAMONHHUTENS] HEPaBHOMEPHO PACIPEACNISIOTCS MO MEXKCIOEBBIM MO-
BEPXHOCTSM B3aWMOIPOHHUKAIONIEH CETKH. YCTaHOBJIEHO, YTO MEXaHWYECKHEe CBOMCTBAa TMOPHIHONW KOMIIO-
3UIUN OINPEAEIIIOTCS MPEUMYIECTBEHHO CTPYKTYpHOW OpraHm3amiell B3aHMIIPOHHKAIOIIEH MOIMMEpPHON
ceTkH, (popmupyrommeiics B X01e 3IEKTPOHHOTO OOIydeHHs MCXORHOH IOIMMEpPHOI cMecH B HPHCYTCTBUH
IUIACTH(UKATOPOB, a TAKKE YCIOBUSIMU MHTEPKAUISAINH ITOJMMEPHBIX CETMEHTOB B MEXKITAKETHBIE CIIOM MH-
HepaJbHOM MaTpHuibl. B Xone mporeccoB Kpel30BaHMs MPH PAcTsHKEHUH o0pasia NPOUCXOAUT KOHIEHTPH-
pOBaHHE HAIPSDKEHUS CIBUTa B LIEHTPAIBHYIO YacTh oOpasua oT nepudepun KperieHus npu paspbise. [loka-
3aHO, YTO CTCIICHb HanyaHI/IH FM6pM}1HOﬁ KOMIIO3UIIMN CUJIBHO 3aBUCUT OT KOHLCHTPAIIUU HHU3KOMOJIEKY-
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G.K. Mamytbekov, Zh.l. Beksultanov et al.

JAPHOTO IIacTH(HUKATOPA B COCTABE IOJMMEPHOIl B3aMMOINIPOHHUKAOIICH CETKH, KOTOPAs MOXKET JIETKO MM-
HPErHUPOBATH B MEXKIUIOCKOCTHBIE CIOU OSHTOHHTA.

Kniouesvie cnosa: rubpuaapie koMmno3uonHeie Matepuaisl (I'KM), monumepHo-HEOpraHMYECKHE KOMIIO-
sunun (ITHK), snexrporHOE 00ydeHre, CHHTETHIECKHE M IIPHPOAHEIE ITOJIMMEpHI, OEHTOHUT, AedopMarIiys,
cKaTue, pacTsDKeHUe, HHTepKaIIns, B3anMonponukatomue cetu (BIIC).
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