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ONTUMI3BALIA CKJIAILY TA TEXHOJIOI'TI ®OPMYBAHHSA BIOKOMIIO3UTHOI'O
MATEPIAJIY 3 BMICTOM HAITIOBHIOBAYIB POCJIMHHOI'O HOXO/I’KEHH S

Busnaueno mesxcy miynocmi diokomnozumnux mamepianie, AKi HANOGHEHI YACMUHKAMU 0epPEBHO20 DOpouwiHa ma
noopionenumu cmeonamMu 3epPHOGUX KYlAbmyp 6 KOMNIEKCHOMY CRiggionouwienni. Bcmanoeneno onmumanvnuili ckiad
HANOBHI0B8AUIE NPUPOOHO20 NOXOOHCEHHS, W40 003601UN0 OMPUMAMU DIOKOMNOZUMHI Mamepianu 3 6UCOKOI0 MIYHICHIO npU
cmuchnenni. Buznaueno egpexmuenicmo nposedenns nonepeonboi mepmiuHor 00pooKu Komno3uyii, w0 3a6e3neuye 6udaieHn
60102u 6 onmuUMAnbHil Kinbkocmi. DopmysanHus 0GiOKOMNO3UMHO20 Mamepiany 3 6UCOKOI) WAILHICMIO 00CAAECMbCA 6
pe3ynomami KOMRAKMHOZ0 PO3MAULYBAHHAM KOMHOHeHmié 6 Oiononimepuiit mampuuyi. /locniddceno eniue 000amKoeoi
mepmiunoi 00podKu Ha MiYHICMb NPU CMUCHEHHI, WO BU3HAUAE HCOPCMKICING 2IIOMUHO60T Mampuyi ma eaacmuynicms
noopioneHux cmeoden 3epHOGUX KYIAbmyp.

Knwwuoei cnosa: 6Giononimepui komnosumu, oepegrne O0OpoutHo; noopioHeni cmebaa,; mepmiuHa 00podKa; npecysaHHs,;
MiyHICMb, nopucmicmy, XIMIUHI 36 S3KU; a02e3is; CMpYKmypd.
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OPTIMIZATION OF THE COMPOSITION AND FORMING TECHNOLOGY OF
BIOCOMPOSITE MATERIAL WITH A CONTENT OF FILLERS OF PLANT ORIGIN

The compressive strength limit of biocomposite materials filled with wood flour particles and chopped stalks of grain
crops in a complex ratio was determined. The optimal composition of fillers of natural origin has been established. This made
it possible to obtain biocomposite materials with high compressive strength. The effectiveness of the preliminary heat treatment
of the composition, which ensures the removal of moisture in the optimal amount, has been determined. The formation of a
biocomposite material with high density is achieved as a result of the compact arrangement of components in the biopolymer
matrix. The influence of additional heat treatment on compressive strength, which determines the stiffness of the glutinous
matrix and the elasticity of the chopped stalks of cereal crops, was investigated.

Key words: biopolymer composites; wood flour; chopped stalks; heat treatment; pressing; strength; porosity, chemical
bonds; adhesion; structure.

Formulation of the problem. The widespread use of a new class of polymer composite materials
containing natural components is due to the high environmental friendliness of such materials and the
developed raw material base. In the case of using natural binders and fillers, the harmful impact on the
ecosystem is reduced sharply compared to synthetic components of polymer composite materials. This is
due to the biocompatibility of the components, which do not impair environmental safety and do not pollute
the environment during the manufacturing process of the products. In addition, under the influence of
atmospheric factors, harmful substances are not formed during the destruction of biocomposite products.
The raw material base for obtaining finely dispersed powders or fibers for the production of biocomposite
products is replenished with a large amount of organic waste, which is generated as a result of the production
of products in the textile, food, furniture and agricultural industries. Natural materials differ little in
chemical composition, structure, and properties, so they do not require the development of a separate
technological process for the preparation of fillers for mixing with the polymer matrix. This makes the
process of waste processing easier and ensures the unification of the technological processes of preparing
components for the formation of biocomposite products. However, it is necessary to take into account the
morphological composition and physical and mechanical properties of natural fillers, which affects the
technology and development of the technological process of forming biocomposite products. The structure
of biocomposite materials is formed depending on the nature of the filler and the presence of active groups
on its surface, as well as the ability to interact with the polymer matrix. This determines the physical and
mechanical and operational properties of biocomposite products, the scope of which expands depending on
the functional purpose.

The most common fillers are finely dispersed fillers, which are obtained as a result of processing all
possible types of raw materials of plant origin. This makes it possible to make the technological process of
forming products easier, but it is difficult to ensure an increase in the resistance of biocomposites to the
influence of dynamic loads. This is achieved by using fibrous fillers, but at the same time, the technological
process of product formation is complicated. Solving the problem is possible in the case of using fillers in
the form of short fibers, which allows to simplify the technological process and obtain high values of
mechanical characteristics. The relevance of the work is determined by the need to determine the optimal
ratio between the content of fine particles and discrete fibers, which requires research into the processes of
structuring and interphase interaction of components of natural origin.
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Analysis of recent research and publications. In the forming process of biocomposite materials, a
scheme of combining components is used [1, 2]. The components are polymer synthetic matrix and fillers
of plant origin. This approach is beneficial for modern society to reduce dependence on synthetic materials
[3]. Biocomposite materials differ from polymer composite materials by the type of filler, which is mainly
plant fibers [4, 5]. Developments in the direction of creating biocomposite materials are primarily
determined by environmental needs. A feature of biocomposite materials is the presence of components of
natural origin. Under the influence of microorganisms and atmospheric factors, they disintegrate into
separate components, which are completely safe [6]. The use of eco-safe components reduces harmful
effects during the production of biocomposite products, which increases safety and occupational hygiene
[7]. In this case, enterprises do not need to install complex and expensive ventilation systems and treatment
facilities. In most cases, the use of natural fibers provides higher environmental friendliness compared to
synthetic fibers (glass fiber, aramid fiber, carbon fiber) due to the reduction of carbon dioxide emissions
and the consumption of less energy during production [8].

In addition, there are requirements for the economical use of materials based on non-renewable
sources of raw materials due to limited oil and mineral substances. Their number in the earth's crust is
constantly decreasing, as renewal takes place over thousands of years. Therefore, their use is not
commensurate with the duration of recovery. Components of biocomposite materials can be obtained from
food, wood processing, and agricultural waste [9]. On the one hand, waste materials are disposed of, and
on the other hand, these industries are the main suppliers of renewable raw materials. This approach ensures
the long-term existence of the raw material base, which is capable of recovery thanks to the cultivation of
agricultural crops or energy plants.

The main advantages of biocomposites include availability and functional properties (eco-
friendliness, high thermal insulation properties, good formability, low cost and the ability to restore the raw
material base) [10]. In many cases, biocomposite-based materials provide weight reduction, increased
stability of working parts of processing equipment, additional functional properties (damping and
absorption of dynamic loads), as well as the ability to recycle [11]. In addition to the significant advantages
of biocomposite products, there are a number of disadvantages that must be taken into account in order to
obtain a quality product. First, the mechanical and operational properties of biocomposite materials are
worse [12, 13] compared to polymer composite materials consisting of components of synthetic origin.
However, with the use of modifying substances and chemical treatments, the properties of biocomposite
materials can be significantly improved.

The intensive development of new polymers on a biological basis is associated with the high
biodegradability of the matrix, which contains organic macromolecules. These biopolymers can be recycled
in the process of technological transformations or synthesized using raw materials of biological resources
[14]. A large group of biopolymers is represented by polysaccharides (cellulose, chitosan, starch, alginate,
and pectin), consisting of tens or thousands of monosaccharides connected by glycosidic bonds. The group
of synthesized thermoplastics includes biopolymers such as polylactic acid (PLA), polyhydroxyalkanoate
(PHA), polyhydroxybutyrate (PHB), polybutylene adipate terephthalate (PBAT), polybutylene succinate
(PBS), polycaprolactone (PCL) and thermosetting polymers obtained from vegetable oils and carbohydrates
[15]. In some cases, mixtures containing both bio-derived and synthetic components are used. This ensures
an optimal balance between productivity and positive environmental impact. Among the wide range of
biopolymers, the most practical application is polylactic acid (PLA), which is obtained from corn starch
and polyfurfuryl alcohol resin. Currently, there are many more types of biopolymers under development,
including starch and vegetable oils. The work [16] determined the optimal pressing pressure of the
composition (12 MPa), consisting of starch binder and wood flour particles. The use of a technological
compression operation ensures the formation of a biocomposite material that has a high structure density
due to the interaction of components with the formation of physical and chemical bonds.

Setting tasks. The purpose of the work is to determine the compressive strength limit of
biocomposite materials based on gluten with a complex content of fillers (shredded cereal stalks and wood
flour powder).

Presentation of the main material. The composition for the formation of biocomposite samples is
a mixture of a glutinous binder and fillers of vegetable origin (chopped grains of cereal crops and wood
flour) in a total amount of 100% (Table 1). The prepared composition was placed in a mold and compressed
using a hydraulic press with a specific load of 120 MPa. Further, the mold with the composition was heated
for 90 minutes at a temperature of 140°C. If necessary, additional heat treatment was performed. Additional
heat treatment consisted in heating the biocomposite samples to a temperature of 50°C for 8 hours. The
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compressive strength limit was determined according to the ASTM D695 "Compression Testing of Rigid
Plastics” method on cylindrical samples with a height of 30 mm and a diameter of 30 mm.

Table 1.
The ratio of filler content of multi-filled biocomposite material
Ne sample The content of chopped grains of Wood flour content, %
cereal crops, %

1 0 100
2 20 80
3 40 60
4 60 40
5 80 20
6 100 0

The limit of compressive strength of biocomposite materials containing wood flour (100%), the

composition of which contains moisture, is 20.7 MPa (Fig. 1).
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Fig. 1. The influence of the content of chopped stalks of cereal crops on the compressive
strength of biocomposite materials depending on the degree of moisture loss in the composition
without additional heat treatment of the biocomposite

With an increase in the content of chopped stalks of cereal crops, the content of wood flour decreases
and, accordingly, is the difference between the maximum content of the filler in the mixture (100%) and
the content of chopped stalks of cereal crops. The compressive strength increases by 38% in the case of
using a mixture (40% chopped cereal stalks and 60% wood flour) compared to biocomposites without
chopped stalks, because a biocomposite material with an optimal ratio of components is formed. The
compressive strength limit decreases by 57-76% in the case of a further increase in the content of chopped
stalks to 100% compared to the optimal content and reaches a minimum value of 8 MPa. This is due to the
excessive content of chopped stalks in the biocomposite material, which form a heterogeneous structure
due to the chaotic arrangement of particles in the biopolymer matrix.

The compressive strength of biocomposite materials increases by 27% in the case of preliminary heat
treatment, which consists in removing moisture in the amount of 10% from the composition, compared to
biocomposites without preliminary treatment of the composition. Such materials contain 100% wood flour
and do not contain chopped cereal stalks. The increase in compressive strength is due to the formation of a
biocomposite material that contains less moisture. This ensures the structuring of the biocomposite material
with less porosity, as intensive moisture release occurs during heating of the composition in the mold.
Accordingly, the formed cavities act as structural defects, which reduce strength under compression. A
uniform decrease of 12-45% in compressive strength occurs with an increase in the content of chopped
stalks, which is associated with an increase in the degree of chaos in the arrangement of chopped stalks.

Biocomposite materials, the compositions of which lost 20% of moisture as a result of preliminary
heat treatment, have a significant increase in compressive strength by 82% compared to biocomposites
without preliminary heat treatment of the composition. This increase is due to the removal of moisture from
the composition, which contains 100% wood flour. It is much easier to remove moisture from the powder
filler compared to the particles of the stalks of grain crops, which ensures the formation of a homogeneous
structure. An increase in the strength limit under compression to the maximum values of 130.6 MPa and
136.9 MPa occurs in the case of the introduction of chopped stalks into the composition of biocomposites
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in the amount of 40-60%. This is explained by the presence of an optimal amount of moisture in the
composition, which ensures the elasticity of the stalk particles without destruction during pressing of the
composition. As a result, a dense structure is formed with a compact arrangement of wood flour particles
and chopped stalks in the biopolymer matrix.

A sharp increase in the strength limit of biocomposite materials to 141.7 MPa occurs as a result of
preliminary heat treatment of the composition, which ensures the removal of moisture in the amount of
30%. This provides an increase in compressive strength by 85% compared to biocomposite materials whose
compositions contain the maximum amount of moisture (without additional heat treatment). An increase in
the content of chopped stalks in the range of 20-60% in the biocomposite material leads to a 43-53%
decrease in their compressive strength. Removing moisture from the composition complicates the process
of compaction of the biocomposite material, as the stiffness of the stalks increases. Such stalks lose
elasticity, which leads to their destruction during pressing of the composition. The lowest value (49.6 MPa)
of the compressive strength limit of the biocomposite material is obtained with a content of chopped stalks
of 80%. The formation of a composition consisting of 100% chopped stalks leads to an increase in the
strength limit to 81.2 MPa. This is due to the formation of the structure of the biocomposite material, in
which the strength is increased due to the mechanical interlocking of the stem particles.

The next stage of research concerns the determination of the compressive strength of biocomposite
materials, which, after the main heat treatment of the composition in the mold, were additionally heated
(additional heat treatment) in order to remove residual moisture. The compressive strength limit of such
biocomposite materials, the compositions of which were not heated to remove moisture during preliminary
heat treatment, is in the range of 17.5-25.5 MPa (Fig. 2).
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Fig. 2. The influence of the content of chopped stalks of cereal crops on the compressive
strength of biocomposite materials depending on the degree of moisture loss in the composition and
additional heat treatment (50° C for 8 hours) of the biocomposite

The obtained compressive strength values are higher by 52-56% compared to the strength of
biocomposites that were not subjected to additional heat treatment. This is due to the removal of excess
moisture from the composition. Excess moisture reduces the stiffness of the glutinous matrix and fillers of
natural origin, which leads to a decrease in the resistance of the biocomposite material to the impact of
static load.

Removal of 20% of moisture from the composition provides an increase of 31-45% in the
compressive strength limit in the case of filling the system with chopped stalks in the amount of 60-100%
compared to biocomposites from which the moisture was not removed. The increase in compressive
strength is due to the higher content of chopped stalks, which are able to form a structure resistant to static
loads.

Removing moisture from the composition in the amount of 20% allows to increase (by 32-43%) the
compressive strength of biocomposites with a content of 40-80 parts by weight of filler compared to
biocomposites in which 10% of moisture has been removed from the composition. The compressive
strength limit increases significantly to 71 MPa for biocomposites with a content of 100% chopped stalks,
which is due to the formation of physicochemical bonds between the stem particles and the biopolymer
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matrix. Removal of 20% of moisture from the composition ensures high stiffness of the glutinous matrix
and strength of the stem particles.

The highest compressive strength (156 MPa) was obtained for biocomposites containing 100% wood
flour (0% chopped stalks) with 30% moisture removal. The removal of moisture ensures the formation of
a stable dense structure of the biocomposite material due to the lack of pressure of water molecules on the
formation of physical and chemical bonds between the components of the biocomposite material. The limit
of compressive strength of biocomposites containing a higher quantity of chopped stalks (60-80%) is
reduced to 95 MPa. This is due to the sensitivity of cereal stalks to moisture loss, which leads to loss of
elasticity and destruction under the influence of static load. Additional processing provides relaxation of
residual stresses in the biocomposite material. This leads to an increase in compressive strength compared
to biocomposites of a similar composition, for which no additional heat treatment was performed.

Conclusions and prospects for further research. Additional heat treatment provides relaxation of
residual stresses, since the formation of biocomposite materials takes place in a compressed state at a
temperature of 140° C. Biocomposite materials whose compositions have been heat treated to remove
moisture in the maximum permissible amount of 30% have high compressive strength values. Removing
moisture from the composition provides the highest compressive strength values of biocomposites
compared to biocomposite materials whose compositions have an increased moisture content. The presence
of additional moisture in the biocomposite material reduces the compressive strength limit, as the glutinous
matrix dissolves and the bonds between the system components are destroyed.

Fillers can increase the compressive strength of biocomposites. For example, the compressive
strength of biocomposites containing chopped stalks of grain crops in the optimal range of 40-60% is 130-
136 MPa. This is achieved as a result of the formation of a dense structure of biocomposite material with a
compact arrangement of filler particles in the glutinous matrix. The presence of a small amount of moisture
contributes to the approach of macromolecules of the biopolymer matrix to the surface of the filler, which
ensures the formation of additional physical and chemical bonds between active groups on the surface of
the filler of natural origin and the glutinous binder.

In the future, it is planned to investigate the impact toughness of biocomposite materials in order to
determine the effect of heat treatment on resistance to dynamic loads.
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