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Abstract: This paper examines the influence of nanoparticles of the natural

mineral bentonite and aluminum hydroxide in obtaining nanocomposites that are
based on a compatibilized polypropylene random copolymer. A random copoly-
mer of ethylene and propylene modified with maleic anhydride was used as a
compatibilizer. The total amount of filler introduced into the polypropylene ran-
dom copolymer composition was 50 wt. %. To study the synergistic effect, using
a mixture of fillers, bentonite was included in the formulation at five different
concentrations (5, 10, 15, 20 and 25 wt. %). The composites were obtained by
mechanical mixing in the melt of a compatibilized polymer matrix. The struc-
tural, morphological, physical-mechanical, thermal properties and fire resistance
of the obtained composite materials were determined. The structural and mor-
phological properties were characterized using infrared spectroscopy (IR) and
scanning electron microscopy. Based on the results of IR and scanning electron
microscopy-energy dispersive X-ray spectra, the presence of elements and bonds
corresponding to the composition of bentonite and aluminum hydroxide, which
were used as fillers in the composition of the polypropylene random copolymer,

was confirmed. Morphological study revealed minor agglomerates of bentonite
nanoparticles. Thermal properties of the obtained composites were determined
using thermogravimetric analysis and differential scanning calorimetry. Ther-
mogravimetric analysis showed that the addition of bentonite increases the ther-
mal stability of composites, as evidenced by a decrease in the rate of mass loss.
Mechanical properties (tensile strength, elongation at break) decrease with inc-
reasing bentonite concentration. The synergistic effect obtained by the combined

use of aluminum hydroxide and bentonite was manifested mainly in an increase
in the melt flow index of the composite. The sample containing 25 wt. % natural

bentonite showed the highest melt flow index values, up to 3.12 g/10 min.
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INTRODUCTION

Improving the performance properties of polymer composite materials is one
of the current areas in the field of materials science. When developing a recipe, it
is necessary to improve the physical and mechanical properties while maintaining
technological effectiveness. One of the most promising approaches to the creation
of polymer composites is the use of bifunctional layered silicates as polymer fillers.
The main attractive feature of bentonite clay-polymer composites is that small
amounts of nanoclay can be used to enhance the functional properties of the polymer
without compromising other key characteristics. Bentonite, as an inorganic min-
eral whose main component is montmorillonite, has advantages such as large dep-
osits in Azerbaijan, availability and low cost. The introduction of cheap minerals
into the polymer composition helps to significantly reduce the cost of the com-
posite material. A number of studies!—3 have reported on the influence of bentonite
on the structure and properties of various polymers. However, individual frag-
mentary information on the modification of the properties of polyolefins by bento-
nite does not allow us to systematize the research into a single, comprehensive
theory. This is especially true for research in the field of developing fire-resistant
materials. It is known that bentonite and montmorillonite belong to the group of
clay minerals, distinguished by a unique combination of a layered structure with
high flame retardancy.* In the process of studying the influence of structural
features of layered silicates on the combustion process of polymer composites, two
mechanisms for reducing flammability were proposed.> The first mechanism con-
sisted of the formation of a carbonized layer, which affected the mass and heat
transfer between the combustion zone and the polymer material. The second mech-
anism was based on the possible catalytic activity of aluminosilicates in the process
of thermal destruction of the polymer. Also, it is necessary to take into account the
fact that bentonite, at a certain content in the composition of the composite, can
contribute to the improvement of their basic strength properties, in particular, ten-
sile strength, bending strength and impact strength.%7 This is due to the ability of
bentonite, as a filler-reinforcer to act as a reinforcing agent, improving the overall
mechanical characteristics of the composite.8

Metal hydroxides are effective flame retardants that improve the environmen-
tal performance of fire-resistant composites. These flame retardants account for 40
% of the total polymer flame retardant materials market by weight.19 Their flame
retardancy is due to strong endothermic decomposition with the release of water.
Aluminum hydroxide is a flame retardant that is widely used in various types of
polymers due to its ability to suppress smoke and prevent the spread of fire.!!
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When introduced into the polymer matrix, aluminum hydroxide performs two main
functions. It acts as a filler, as well as a flame retardant and smoke suppressant. For
effective action, the recommended loading of aluminum hydroxide in the polymer
composite is 40-65 wt. %.12-14 However, to achieve a satisfactory fire protection
effect a large amount of aluminum hydroxide is required, which to a certain extent
negatively affects the physical, mechanical and operational properties.

Yand et al. in their work!5:16 showed that the addition of a mixture of alu-
minum hydroxide with organic montmorillonite slows down the thermal decom-
position of the polymer composite and shows good thermal insulation properties
while reducing heat release during combustion. Kaleg et al. found that the addition
of aluminum hydroxide and montmorillonite did not result in significant changes
in the decomposition temperature of unsaturated polyester, but tended to decrease
the maximum mass loss rate.!7 Based on the above ideas, we proposed a con-
venient strategy to replace part of the aluminum hydroxide with bentonite in a
compatibilized polypropylene random copolymer.

Overall, this work allows for a simple and environmentally friendly green
approach to using Azerbaijan’s natural mineral resources in conjunction with
flame retardants. In particular, this work examined the combined use of aluminum
hydroxide with bentonite clay for use as a multifunctional flame retardant system.
For this purpose, a study was conducted on the influence of different ratios of alu-
minum hydroxide to bentonite on the structural, morphological, physical-mech-
anical, thermal and fire-resistant properties of the obtained composites. The fol-
lowing composition was used as the base composition: polypropylene random
copolymer/compatibilizer/aluminum hydroxide with a component ratio (wt. %) of
47/3/50.

EXPERIMENTAL
Materials

The properties of the polymer-based components used in the studies are presented in Table 1.

TABLE I. Properties of polymer matrix and compatibilizer

Material Name Brand Manufacturer Melt flow index Meltnlg
temp., °C
Polymer Polypropylene Topilene® Hyosung 0.2 g/10 min 145
random copolymer R200P Chemical (230 °C,
—PP-R Corporation 2.16 kg)
Compatibiliser ~ Polypropylene DuPont™ DuPont 470 g/10 min 135
copolymer grafted Fusabond® Company (190 °C,
with maleic anhydride =~ P353 2.16 kg)
— PPC-g-MAH

Concentration of fillers was fixed at 50 wt. % of total amount of composite. The fillers
used in studies differ in shape and size. To prepare to polymer composites aluminum hydroxide
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with particle sizes Dv(10) = 0.0197 um, Dw(50) = 0.0559 um, Dv(90) = 0.159 pum were used
(Fig. 1).
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Fig. 1. Particle size of fillers.

The dosage of bentonite (origin of the Dash-Salahli deposit of the Azerbaijan Republic)
varied in the range of 0-25 wt. %. The oriented particle size of the bentonite used is generally
less than 0.248 pum: Dv(10) = 0.024 pm, Dv(50) = 0.0855 um, Dv(90) = 0.248 um. The Ana-
Iytical Center of the Institute of Geology and Geophysics of the Ministry of Science and
Education of the Republic of Azerbaijan determined the bentonites mineralogical (XRD Mini-
flex 600, Rigaku, Japan) and chemical (XRF S8 Tiger, Bruker, Germany) composition (Tables
II and III).

TABLE II. Chemical composition of bentonite (in %); the amount of volatile components at
950 °C temperature: 0.83

Na,O MgO Al O, Si0, P,05 SO; K,O CaO
1.61 2.00 12.57 58.71 0.22 0.10 2.70 8.05
TiO, MnO Fe,04 BaO SrO V,0;5 Crr
1.11 0.14 8.83 0.002 0.07 0.02 0.02

TABLE III. Mineralogical composition of bentonite (in %)

SiO, (« quartz) Anorthite Montmorillonite ~ Vesuvianite  Clinoptilolite
10 25 57 0 0
Lamontite Fe,0; (hematite)  Fe3O4 (magnetite)  Amorphous  Other mixtures
0 8 0 0 0
Sample preparation

The polymer composite samples based on PP-R/PPC-g-MAH/AI(OH);/bentonite were
prepared in three stages. The first stage involved the preparation of polymer composites using
a twin-roll mixer at a temperature of 170 °C. The mixing time was 8—10 min and the rotor speed
was 50 rpm. The mixing of components was carried out in stages. PPC-g-MAH was added to
the PP-R melt, followed by fillers. At the second stage, the materials extracted from the rolls
were pressed at a temperature of 190 °C. The third stage involved cutting out blade samples
from the pressed plates to test their strength characteristics. Table IV shows the formulations
used and sample identification. The numbers in the sample designations indicate the content of
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the filler used. Using the mechanical melt mixing method, composite formulations were pre-
pared using two fillers, as shown in Table IV.

TABLE IV. Identification and formulations of all prepared samples (in wt. %)

Sample code PP-R PPC-g-MAH Al(OH); Bentonite
AHysBts 47 3 45 5
AHyBt g 47 3 40 10
AH;5Bt;s 47 3 35 15
AHj;(Bty, 47 3 30 20
AH,sBty5 47 3 25 25

Characterization methods

Fourier transform infrared spectroscopy (FTIR). An Agilent Cary 630 FTIR device from
Agilent Technologies (India) was used to record the samples infrared spectra. Every spectrum
was gathered at wavenumbers between 4000 and 600 cm™!.

Scanning electron microscopy (SEM) analysis. A scanning electron microscope, model
JSM-6610 (JEOL, Japan), was used to investigate the surface morphology of the composites.

Particle size analysis. A Mastersizer 3000 laser analyzer from Malvern Instruments (Eng-
land) used to measure the particle size of fillers (bentonite, aluminum hydroxide). The range of
operation was 0.1 to 3500 um. Measurements were made in distilled water.

Melt flow index (MFI). The CEAST MF50 branded melt flow tester (Instron company,
Italy) was used to evaluate MFI of the filled PP-R composites in accordance with ASTM D1238.
The length and diameter of the capillary were 8 and 2.095 mm, respectively. With a preheating
period of 10 min and a 5 kg weight, the temperature was 190 °C. For every sample, four replicate
measurements were made.

Physical and mechanical properties. Using a WPM, VEB, Thuringer industriewerk,
Rauenstein R-40, TYP-2092 tensile testing machine in accordance with GOST 11262-80
(ASTM D 638), the physical and mechanical characteristics of the polymer composite materials
were investigated at a speed of 50 mm/min movable grips of (four samples were tested). This
study presents the average tensile strength value of the four specimens for each composite.

Thermal analysis. The thermal characteristics, decomposition process and thermal stability
of the composites were ascertained using thermogravimetric analysis (TGA), differential scan-
ning calorimetry (DSC) and differential thermogravimetric analysis (DTG). A Perkin Elmer
STA 6000 simultaneous thermal analyzer was used for measurements. A nitrogen atmosphere
was used to scan the sample weight of approximately10 mg between 25.00 to 750.00 °C at a
heating rate of 10.00 °C/min.

A Kanavets device was used to ascertain the samples thermomechanical characteristics.
With a load of 0.5 kg/cm? and a heating rate of 50 °C/h, the deformation was recorded at sequen-
tially varying temperatures (7). Tables with a flat surface that were 24 mm in diameter, 6 mm
high and weighed 3.5-4 g were pressed into a special mold in order to conduct research. Ther-
momechanical curves A = {T) showing the dependence of polymer composites were created
using experimental data.

Resistance to burning. Standard Test Method for Measuring the Comparative Burning
Characteristics of Solid Plastics in a Vertical Position (ASTM D3801) was used for conducting
fire resistance investigations of polymer composite products.
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RESULTS AND DISCUSSION

PPC-g-MAH increases the polarity of polypropylene random copolymer. The
presence of a compatibilizer in the non-polar polymer matrix promotes adhesive
interactions between the incompatible dispersed and dispersion phases. FTIR ana-
lysis reveals possible structural information and examines the bond interaction
between all components in the composite system. Fig. 2 shows the FTIR spectra
of PP-R/PPC-g-MAH/AI(OH)3/bentonite composites.

The characteristic absorption bands observed across the FTIR spectra correspond
directly to the functional groups of the polymer matrix (PP-R), the compatibilizer
(PPC-g-MAH) and the inorganic fillers (Al(OH)3 and bentonite clay). Matrix and
compatibilizer bands (present in all spectra): 2950-2840 cm~! intense, sharp peaks
originating from the asymmetric symmetric C — H stretching vibrations of —CH3
and —~CH,— groups in the PP-R backbone; 1450-1460 cm~! medium peak corres-
onding to C—H bending deformations of -CH3 and -CH,— groups; 1375-1380 cm™!
sharp peak assigned to the —CH3 umbrella mode (symmetric bendix vibration of
methyl side chains), a classic fingerprint for polypropylene; 1730-1750 cm!
(spectra b, c, d) a distinctive C=0 carbony]l stretching vibration band introduced
by the PPC-g-MAH compatibilizer (grafted maleic anhydride groups).

Aluminum hydroxide absorption bands (spectra b, c, d) are 3620-3300 cm ™!,
a series of strong, sharp peaks (visible at approximately 3619, 3523, 3450 and 3393
cm1) representing the crystalline intermolecular and intramolecular O—H stretch-
ing vibrations of the gibbsite (Al(OH)3) structure and 1020-960 cm~! as enhanced
absorption intensity caused by the AI-OH bending/deformation modes.

As the concentration of bentonite increases from 5 (¢) to 25 wt. % (d), several
distrinct aluminosilicate silicate bands appear and intensify. Bentonite clay absorp-
tion bands (spectra ¢ and d) are 1030-1050 cm~!, a massive, broad peak that prog-
ressively dominates the fingerprint region. It originates from the Si—O-Si in plane
asymetric stretching vibrations of the tetrahedral clay layers, 3620 cm™! overlap-
ping with AI(OH)3 peaks, corresponding to the structural hydroxyl stretching
within the clay lattice and 520 and 460 cm~! prominent bands at lowest frequency
range representing Al-O—-Si stretching and Si—O—Si bending vibrations of the clay
framework.

The appearances of all characteristic peaks were correlated to the distribution
and dispersion of inorganic fillers in the composites. It can be confirmed from the
FTIR spectroscopy that the functional groups, which were present in the individual
materials had their influence in the composite formation and no new peaks were
found indicating that no additional functional groups were formed. The IR spec-
trum of composite show characteristic band of both the PP-R and bentonite which
ensures the incorporation of clay in the polymer. Referring to spectra of bentonite
filled composites in comparison to the PP-R/PPC-g-MAH/50 wt. % Al(OH)s, it
was found that all spectra were very similar to each another. However, the presence
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Fig. 2. IR spectra of PP-R (a), PP-R/PPC-g-MAH/50 wt. % Al(OH); (b), AH45Bt5 (c) and
AH,sBt,5 (d) polymer composites.
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of bentonite caused slight changes in the position and intensity of the aborption
band. Moreover, the intensities of peak related to the Si-O-Si stretching band, were
more pronounced, which characterizes the presence of bentonite in the composites.

It is known that the supramolecular structure of a composite predetermines its
final properties. The dispersion state of bentonite in the PP-R/PPC-g-MAH/AI(OH)3
composition was further confirmed by SEM analysis (Fig. 3).
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Fig. 3. SEM images and EDX spectra of AH45Bt5 (a) and AH,5Bt,s (b) polymer composites at
different magnifications.

The surface structure of AHysBts and AHy5Bty5 composites observed via
SEM are compared in Fig. 3. Agglomeration morphology of bentonite in some
areas due its poor dispersion is noticeable in SEM. The EDX analysis of com-
posites showed the presence of K, C, Ca, O, Fe, Na, Mg, Si and Al element. The
obtained results confirm the fact of obtaining a composite of the composition
PP-R, PPH-g-MAH, Al(OH)3 and bentonite.
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In particular, changes in MFI can be used to judge the structural and rheolog-
ical changes occurring in the polymer matrix under the influence of various factors.
The study of the dependence of the MFI of PP-R/PPC-g-MAH/AI(OH)3 on the
bentonite content showed that it significantly affects the viscosity of the composite
melt. As can be seen from Fig. 4, the replacing of AI(OH)3; with bentonite leads to
a fairly sharp increase in the MFI values of the polymer. Obviously, this behavior
is associated with structural changes occurring in the polymer matrix. We do not
exclude that as a result of thermomechanical action, the layered structure of ben-
tonite decomposes with the release of surface-active substances, including gly-
cerin, which significantly leads to an increase in the MFI of the composites. In
general, the MFI values of the obtained PP-R/PPC-g-MAH/AI(OH)s/bentonite
composites are higher than those of the PP-R/PPC-g-MAH/50 wt. % Al(OH)3, as
well as the MFI values of industrial PP-R. This indicaes that the types/nature, size,
quantity and dispersion status of fillers are playing a major role in the properties
of the prepared composites more than the number of the used fillers.!8

Fig. 4 shows the results of studies of the physical and mechanical charac-
teristics of polymer composite materials based on PP-R/PPC-g-MAH/AI(OH)3/
/bentonite. The obtained results indicate a significant influence of bentonite con-
centration on physical and mechanical properties. With an increase in the concen-
tration of bentonite, a slight decrease in the mechanical characteristics of the com-
posite was recorded.
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. Fig. 4. Physical-mechanical properies of

= 3 PP-R/PPC-g-MAH/AI(OH),/bentonite

04 o7 ! | ‘ ! o  based polymer composites: A— elongat-

LA 5 10 15 20 25 ion at break, m — tensile strength, ® — MF1T.

Generally, the strength properties of the composite strongly related to the
interfacial interaction between the filles and matrices. The specific surface area
and particle size resulted in better dispersion of filler. The agglomeration of fillers
can be a possible explanation for the reduction of tensile strength at higher filler
loading. Refering to Fig. 4, it can be concluded that the tensile strength was dec-
reased with the increase of bentonite concentration from 5 to 25 wt. %. Agglomer-
ation of fillers may be a possible explanation for the decrease in tensile strength at
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higher bentonite loading. It is believed that fillers with smaller particle sizes, such
as aluminum hydroxide, provide a larger contact area with the polymer matrix due
to their higher surface area compared to bentonite. The specific surface area and
particle size resulted in better dispersion of the filler. This is most likely why rep-
lacing aluminum hydroxide nanoparticles with bentonite resulted in a decrease in
strength.

On the other hand, Fig. 4 shows elongation at break of the studied composites.
The elongation at break decreased monotonically with increasing bentonite content
and decreased by approximately 27 % at a bentonite concentration of 25 wt. %.
Poor interaction between Al(OH)3 and bentonite, and with the matrix may have
contributed to lower properties in composites.

TGA has been used to evaluate the thermal stability of obtained composites.
Generally, inorganic species have good thermal stability. Introduction of inorganic
components into organic materials improve the thermal stability of the resulting
composite. The most prominent effect of particulate fillers on the crystalline struc-
ture of semi-crystalline thermoplastics is their ability to work as a nucleation agent.
Though there has been some debate over the effects of crystalline changes on
macro-mechanical properties, it seems clear that by increasing crystallinity, the
strength and deformability of PP-R decrease.

Thermogravimetric curves of both composites have two clearly defined stages
of mass loss. The decrease in mass of both composites began above of 240 °C. The
major thermal weight loss of PP-R/PPC-g-MAH/AI(OH)3/ bentonite composites
occured in the range of 240—450 °C, and the mass loss was about 65—60 %. A TGA
study of the obtained composites showed that their heat resistance depends on the
bentonite content. The increase in heat resistance with a low bentonite content is
due to intermolecular interactions and the features of the resulting phase structure.
The residue obtained at the end of the TGA scan (750 °C) showed a value of approx-
imately 34.181 % for the AH45Bt5 composite and 39.076 % for the AH,5Bt)5. The
increase in solid residue is primarily driven by replacing Al(OH)3; with bentonite.
At 750 °C, Al(OH)3 fully decomposes into volatile HO and Al,O3, while ben-
tonite is highly thermally stable, retaining a greater proportion of its mass to form
a denser residual structure. Bentonite is a clay mineral composed of alumino-
silicate. It is highly thermally stable and does not degrade or release volatile gases
at 750 °C like the polymer or hydroxide do. Thus, an increased bentonite content
leads to larger absolute mass of stable inorganic minerals in the final residue.

The thermal properties of PP-R/PPC-g-MAH/AI(OH)s/bentonite-based com-
posites with different bentonite loading levels were also studied by DSC and the
corresponding thermographs are given in Fig. 5. The melting enthalpy AH}, and
melting temperature 7y, obtained from the DSC analysis for AHysBts and
AHj5Bty5 composites were summarized in Table V. The results showed that the
melting temperature and melting enthalpy change of the composites increased with
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Fig. 5. Thermal analysis results for AH,5Bts (a) and AH,5Bt,5 (b) polymer composites.

the increase of bentonite amount. A strong endothermic peak average value around
138.61 °C s visible, which is most likely associated with the melting of the crystal-
line domains of the AH45Bts composite. Double melting peaks can be associated
with crystals having different morphology and, accordingly, thermal stability,
crystalline perfection or crystallite sizes, polymorphism.19 The melting peak tem-
perature T}, of PP-R/PPC-g-MAH/AI(OH)3/bentonite composites increase with the
addition of bentonite. The melting enthalpy change (AHy,) of PP-R/PPC-g-MAH/
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/Al(OH)3/bentonite increased with the addition of bentonite. The increase in melt-
ing enthalpy change can be explained by amount of free volume between PP-R
chains capable of allowing bentonite to be intermixed.

TABLE V. Scanning calorimetry data corresponding to AH4sBts and AH,sBt,s polymer
composites

Parameter PP-R AHysBts AH,5Btys
Onset mass loss temperature, °C 34532 279.39 271.05
Maximum weight loss rate temperature, °C 451.48 428.86 416.88
Maximum weight loss rate, %/min —25.715 —8.808 -8.319
Solid residue under 750 °C, % 0.3 (at 700 °C) 34.181 39.076
Tn/°C 145.36 138.61 147.42
AH,, /Jg! 56.6878 28.1959 39.1271

The heating thermogram of AH,5Bty5 shows a single melting endopeak with
a maximum at 147.42 °C and an enthalpy change of 39.1271 J g~1. Table V shows
the melting enthalpy changes of composites. The endopeak enthalpy of melting of
PP-R/PPC-g-MAH/50 wt. % Al(OH)3 was 48.2213 J g-1, while that of PP-R was
higher, reaching a value of 56.6878 J g~1. The melting enthalpy change charac-
terizes the energy required to break intermolecular bonds in a crystal during the
transition from a solid state to a viscous flow state.20 In similar PP-R, intermole-
cular bonds are determined by the van der Waals interaction energy. The decrease
in enthalpy change for AH»5Bt>5 indicates a decrease in intermolecular interactions.

The thermogram of AH45Bts and AH,5Bt)5 has a regular symmetrical shape,
which indicates a fairly homogeneous crystalline phase.2! The enthalpy change of
melting of AHjsBtys was greater than that of AHy4sBts. If in AHpsBty5 the
enthalpy change of melting was only 11 J g-! higher than the enthalpy change of
melting of AH45Bts, then in PP-R the enthalpy change was 56 J g~!. Obviously,
this is due to a decrease in the degree of crystallinity of PP-R due to the influence
of filler particles on the crystallization process.

A series of experiments with samples of different compositions showed that
they all have thermograms of similar shape. The positions of the maximum melting
temperature on the temperature scale are shifted relative to the melting temperature
of the original PP-R. Based on the DSC data, it can be said that the introduction of
25 % bentonite into PP-R leads to an increase in the melting temperature. It has
been established that the introduction of 45 % AI(OH)3/5 % bentonite leads to a
decrease in the melting temperature. When interpreting the DSC results, it can be
assumed that the increase in the enthalpy change of melting of AH»5Bty5 as a result
of the introduction of 25 % of the amount of bentonite is due to the fact that bento-
nite promotes an increase in the number of heterogeneous nucleation centers, which
contributes to an increase in the total rate of crystallization of PP-R. An increase
in the rate of crystallization from two centers — homogeneous and heterogeneous
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nucleation centers — leads to the simultaneous formation of many small-sized crys-
tallites, which, as a result of steric limitations during their growth, form a crystal-
line phase with a minimum number of defects compared to the PP-R crystalline
phase.?2

Similarly, thermomechanical analysis recorded an increase in the softening
temperature and viscous flow state of the composites (Fig. 6). By analyzing the
thermomechanical curves in Fig. 6, it can be established that the test samples are
not subject to deformation over a wide temperature range.23 According to this
method, the melting point of the samples changed in the following sequence:
AHy5Btys — 149 °C, AH3¢Btyg— 145 °C, AH35Bt15— 146 °C, AHyoBt;9— 153 °C,
AHysBts— 155 °C. The difference in the values of temperature transitions obtained
by the DSC method and thermomechanical analysis is interpreted by the fundam-
ental features of the methodological approaches to assessing the value of thermo-
physical indicators.
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Fig. 6. Thermomechanical curves of the dependence of deformation on temperature for
PP-R/PPC-g-MAH/AI(OH);/bentonite-based polymer composites.

Combustion tests were carried out in accordance with ASTM D3801. The Fig.
7 illustrates the results of a vertical burning flammability test performed on differ-
ent polymer composite formulations over time.

As you can see from the Fig. 7, PP-R ignites quickly and burns intensely. By
30 s, a large flame is visible, and the polymer rapidly melts and drips onto the
cotton. By 50 s, the sample is completely consumed, leaving the remaining time
slots blank. By 80 s, the sample is entirely consumed and completely gone from
the clamp, leaving nothing to record at 80 and 120 s. This indicates high flam-
mability.
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Composite
composition

10 sec 30 sec 50 sec 80 sec 120 sec

PP-R/PPC-g-AH/50%AI(OH)s PP-R

AHy:Bts

AH:Bts

Fig. 7. Burning tests of PP-R and PP-R based composites.

For AH45Bts, flame spread is slower compared to pure PP-R. At 30 and 50 s,
a char layer begins to form, reducing the dripping behavior.24:25 The sample sur-
vives longer than pure PP-R, remaining clamped and burning slowly up to 80 s.

Increasing the bentonite filler to 25 wt % significantly improves performance.
At 30 and 50 sec, the vertical specimen sustains much less severe structural
collapse. The additive creates a thick, protective carbonaceous char layer. This
layer blocks oxygen and heat transfer, delaing total degradation past 80 sec.

In samples containing bentonite, no burning droplets of the composite were
released during combustion. Although the best result was obtained for the PP-R/
/PPC-g-AH/50 wt. %AI(OH)3 sample, the samples filled with both fillers showed
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better results than the original RPP (Fig. 7). As can be seen from the figure, while
the original PP-R sample, which complies with the standard, burned for 50 s, the
burning time of the samples to which both fillers were added increased to 80 s.
Furthermore, unlike other samples, the sample with the addition of 25 % Al(OH)3/
/25 % bentonite did not burn cotton within 30 s when the alloy was dropped. The
figure demonstrates that adding flame retardant and synergistic additives / clays like
bentonite significantly reduces the flame spread rate and dripping of the polymer.

CONCLUSION

The obtained composites were characterized using FTIR, SEM, physical-
-mechanical, TGA and DSC analyses. The effectiveness of modifying the com-
posite with bentonite was assessed by changes in the physical and mechanical
properties of the composite. Physical-mechanical studies have shown that the
addition of bentonite clay to PP-R/Al(OH)3 composites helps maintain melt fluidity
even at high contents. DSC analysis revealed changes in the melting temperature
of composite samples with different bentonite concentrations. The results showed
that the inclusion of bentonite clay could effectively improve the thermal stability
of PP-R/PPC-g-MAH/AI(OH)3 composite. Thus, taking into account the results of
the assessment of the physical and mechanical properties of polymer composites,
it can be stated that the optimal content of bentonite in PP-R/PPC-g-MAH/
/Al(OH)s/bentonite is 25 %. The results of the conducted studies provide grounds
for recommending this composite as a promising material with improved operat-
ional and environmental characteristics. Enhanced fire-rated PP-R is ideal for com-
mercial hot/cold water, heating, and sprinkler system where flame retardancy is
required.

H3BOJ

HATIPEJHU ITOJTUITPOIMUJIEHCKU HACYMHUYHU KOTIOJIMMEPHHU
HAHOKOMIIO3UTHU: YTULIAJ IPUPOJOHE BEHTOHUTHE ITIMHE U
AJIYMUHUIJYM-XUJIPOKCHUIA HA MOP®OJIOTHUJY U CBOJCTBA

FATIMA MUSTAFAYEVA'? u NAJAF KAKHRAMANOV!

Institute of Polymer Materials of Ministry of Science and Education Republic of Azerbaijan, Sumgayit city, S.
Vurgun Str. 124, AZ5004, Azerbaijan u Sumgayit State University, Sumgayit city, 43rd district,
Baku street 1, AZ5008, Azerbaijan

Y pagmy ce ucnuryje yTULdj HAHOYECTHULA MPUPOSHOT MUHepasna OEHTOHUTA U alyMH-
HHUjyM-XUIPOKCUIA Ha fodHjare HAaHOKOMIIO3UTa Ha 0a3d KOMIATHOMIM30BAHOT IOJMIIPO-
MHJIEHCKOT HaCyMHYHOT Komosnumepa. Kao koMmaTudOwiau3aTop KopuirheH je HaCyMHUYHU
KOTIOJIUMED eTHJIEHA U MTPOoNuIeHa MOTUGUKOBaH aHXUIPUIOM MaleMHCKe KHCelrnHe. YKYITHA
KOJIMYMHA MyHWIa y MOJUIPONWIEHCKOM Kononumepy ouna je 50 mac.%. Ja 6u ce nmpoyuno
CUHEPTUCTHUUYKU edekaT Kajjla ce KOPUCTH MellaBHHA MyHWIa, DEHTOHUT je yKbydeH y ¢op-
MyJalujy y neT pasnu4yuTUX KoHUeHTpauuyja (5, 10, 15, 20 u 25 mac.%). Komnosurtu cy nodu-
jeHH MeXaHUYKUM MellakeM Yy pacTolly KOMIaTHOMIu30BaHe noaumepHe marpuue. Onpehena
Cy CTpyKTypHa, mMopdosnomka, GU3NYKO-MeXaHUYKa, TEPMHUYKAa CBOjCTBA U OTIOPHOCT Ha
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Hoxap JOOMjeHUX KOMIIO3UTHUX MaTepujana. CTpykTypHa U MOpdOJIoLIKa CBOjCTBa Cy Onpe-
hena xopuurthewem wuHppaupseHe cnextpockonuje (IR) u ckeHupajyhe enekTpoHCcke
mukpockonuje. Ha ocHoBy pesynrara IR crekrpockonyje v ckeHupajyhe eekTpoHcKe MUKPO-
CKOTIMje-eHepreTcKy JUClep3uBHe PeHITeHCKe CIeKTPOCKOIHje, OTBpHeHo je MPUCYCTBO efe-
MEHaTa Y Be3a KOje OAroBapajy cacTaBy OEHTOHMTA M alyMUHHjyM-XUIPOKCHIA, KOjH Cy KO-
puwrheHy kao MyHUNIA y cacTaBy MOJMIPONUIEHCKOr HACYMUUHOT Konoaumepa. Mopdonomuika
CTyIMja OTKDHIIA j€ Mame ariomMepare DEHTOHUTHHX HaHOYEeCTHIa. TepMUYKa CBOjCTBA JOOH-
jeHuUX KoMMo3uTa onpeheHa cy TepMOrpaBUMETPHUjCKOM aHAIN30M U JUdepeHLHjaTHOM CKe-
HUpajyhom kanmoprumerpujom. TepMorpaBuMeTpHjcka aHalIM3a Noka3asa je oa JoJaBame OeH-
TOHHUTa nosehaBa TEPMUYKY CTaOUITHOCT KOMIIO3UTa, O YEMY CBEJOYM CMamewme Op3uHe ry-
OuTka Mmace. MexaHWUKa CBOjCTBa (3aT€3Ha UBPCTOha, U3AYyKekhe NIPU NPEKUTY) CMamyjy ce ca
nosehameM KoHLIeHTpauuje benToHuTa. CHHEPTUCTUYKY edexaTt JoOHjeH KOMOMHOBaHOM YIIO-
TpeOOM aTyMUHHjyM-XUOPOKCULA U OEHTOHHWTa MaHU(ECTOBAaO ce yIJIaBHOM y mHoehamwy
MHJIEKCa TOIUbeha KOMIO3KTa. Y30paK Koju cagpu 25 mac. % NpupogHor HEHTOHHUTA je Moka-
3a0 HajBMIIE BpeJHOCTH MHAEKCca Tomsbena 10 3,12 ¢/10 min.

(ITpummbeHo 26. anpuna, pesugupato 20. jyHa, npuxsaheno 23. jyna 2026)
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