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JOCJIIIKEHHS MEXAHIYHUX BJIACTUBOCTEM TA CTPYKTYPH
BIOKOMIIO3UMTIB, HAIIOBHEHUX ITIOAPIBHEHUMMU CTEBJIAMUA 3EPHOBUX
KVYJbTYP

B cmammi 0ocnidsceno miynicmo Ha CMUCKAHHA OI0KOMRO3ZUMHUX MAMEPIAie HA 0CHOBI 2NIOMUH080T Mampuyi, AKy
2omyeanu 3a pi3H020 cniesionHowenHA Komnonenmie. fIk nanonioeau 0nsa 0GioOKOMNO3UMHUX Mamepianié 6UKOPUCMAHO
noopioneni cmeona 3epuosux Kyavmyp. /locniornceno miynicmo Ha CMUCKAHHA 0IOKOMRO3UMIG 3A/1EHCHO 6I0 CHYneHs
niocywyeanns komnozuyii. Ilpoeedenns  0ooamxoeoi mepmiunoi 00poOKu 3abe3neuuno NiOGUUIEHHA MEXAHIYHUX
xapakmepucmuk 6iokokomnozumis. Yoapuy 6’a3kicmo mamepiany 6U3HAYEHO 3A1€)HCHO 8i0 6MICHLY HANOBHIOBAYA, CIYNEHSA
RiOCyury8anna ma MucKy npecyéannsa KOMno3uyii, a maxkoic npoeedeHHs 000amKo6oi mepmiunoi 00pooKu diokomno3umis.
Cmpykmypy 6iokomnozumie 00cnioxnceno menmooom I4-cnekmpockonii Ha ocHo6i ananizy yHKyionanbHux zpyn.

Knwuogi cnosa: posuun entomuny, noopibneni cmebna 3epHosUx Kyaivmyp, MiyHiCmb HA CMUCKAHHA, YOApHA 8 A3KICMb,
cmynine niocyuwiyeanns, 14 cnekmpockonis.
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STUDY OF MECHANICAL PROPERTIES AND STRUCTURE OF BIOMPOSITS
FILLED WITH CHOPPED STALKS OF CEREALS CROPS

The article examines the compressive strength of biocomposite materials based on a glutinous matrix, which was
prepared with different ratios of components. Chopped stalks of grain crops are used as a filler for biocomposite materials. The
compressive strength of biocomposites was studied depending on the degree of drying of the composition. Additional heat
treatment of biocomposites was carried out in order to increase the mechanical properties of biocomposites. The impact strength
of biocomposites is determined depending on the content of the filler, the degree of drying of the composition, the pressing
pressure of the composition and the additional heat treatment of biocomposites. Analysis of the structure with the detection of
functional groups of biocomposites was investigated by IR spectroscopy.

Key words: glutin solution, chopped stalks of cereal crops, compressive strength, impact strength, degree of drying
IR spectroscopy.

Formulation of the problem. In modern industry, synthetic discrete fibers are mainly used to
reinforce composite materials. However, recently, the development of green materials and technologies
encourages scientists and industry to use natural fibers and matrices for the formation of composite
materials [1]. The use of fibers of natural origin as a filler in a thermoplastic matrix is an alternative for the
production of inexpensive and ecological composites using them as a commodity plastic or packaging
material [2]. Currently, many different natural fibers of plant origin have been investigated. Their unique
properties have been revealed. The use of natural fibers for reinforcing plastics allows to improve their
mechanical properties, in particular strength. Composite materials have been developed based on synthetic
thermoplastic matrices [1] containing hemp, jute straw, paper mulberry, empty oil palm fruits, wood, wheat,
barley, kenaf, rye, rice husk, bamboo, flax, reed, oats, sisal, grass, coconut coir, ramie, pineapple leaf fiber,
banana fiber and papyrus. However, there is a need to develop and conduct research on biocomposite
materials based on matrices of natural origin, which ensures a high degree of biodegradability and simplifies
the disposal of biocomposite products at the final stage of the life cycle.

Analysis of recent studies and publications. Fibers add to composite materials in order to increase
the thermal stability of the matrix, which ensures the ability to operate biocomposite products at higher
temperatures. It has been proven that the addition of long fibers reduces the kinetics of water absorption
and the formation of biocomposites with a low moisture content. It was revealed by the IR-spectroscopy
method that the addition of cellulose fibers leads to a change in the structure of the thermoplastic matrix.
The absorption peaks corresponding to hydroxyl groups are shifted to lower wavenumbers. This indicates
the existence of hydrogen interaction between the components. The prepared samples are completely
biodegradable. The components formed during the decomposition are harmless if they get into the
environment [2].

The authors of the work [3] developed highly filled composites based on starch, which are reinforced
with natural fibers (flax, bagasse, banana, date palm). The composites were prepared by pressing under a
pressure of 5 to 20 MPa and a temperature of 130 to 160°C. It was established that composites with a fiber
content of 50-70% have the highest tensile strength and modulus of elasticity. It was established that the
mechanical properties of the composites significantly deteriorated when the fiber content increased to 80%
due to insufficient amount of starch binder.
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The formation of biocomposites filled with flax, bagasse, banana and date palm fibers was carried
out by pre-heating the composite and pressing under a pressure of 5 MPa at a temperature of 150 °C for 30
min. The bamboo-reinforced starch-based composite was prepared by pressing under a pressure of 20 MPa
at a temperature of 130 °C for 5 min. The composite based on starch and hemp was prepared by pressing
under a pressure of 10 MPa at a temperature of 130 °C for 5 min. All fibers, except bamboo and hemp,
were treated with alkali (NaOH) before preparing the composite. Composite samples filled with fibers of
flax, bagasse, date palm and banana in the amount of 50-60 wt. %, have the highest tensile strength. These
strength values are 8-15 times higher than the strength value of the composite based on starch binder without
fiber content (less than 4 MPa).

Composites of polymer and natural fiber absorb moisture in a humid environment. Moisture
absorption affects the matrix-fiber interface, which leads to low stresses between the matrix and the fiber.
The movement of water in the composite can be explained by the presence of defects in the matrix (voids,
pores and cracks). Water absorbed by the matrix is of two types: free and bound. Free water is water
molecules that move freely through the voids, and bound water is water molecules that are bound to the
polar groups of the matrix [3].

According to the literature, the moisture absorption of starch/natural fiber composites is highly
dependent on the type of fiber and its content. It was established that each type of fiber has a different
cellulose content, and fibers with a high cellulose content significantly reduce the moisture absorption of
the resulting composite. Mehanny and etc. investigated the influence of thermoplastic starch (TPS) matrix
with different content (0, 20, 40, 60 and 80%) of bagasse fibers treated in NaOH on the moisture absorption
of the obtained composite. The moisture absorption of the composite with a starch-based matrix without
fibers was more than 53%, while at the lowest fiber content of 20% it was 48%. Moisture absorption
decreases to 36% with an increase in fiber content to 80% [4]. According to Elsayed et al. [5, 6] increasing
the content of NaOH-treated flax fiber from 0 to 60% led to a decrease in the moisture absorption of the
TPS/flax composite from 48% to 38%.

It was established by the TGA method that the thermal decomposition of thermoplastic starch occurs
in three main stages. The first stage - the formation of a peak on the crooked line at a temperature of 100°C
is explained by the evaporation of water. The second stage — the formation of a peak on the crooked line
near 200°C is associated with the evaporation of glycerol. The third stage — the formation of a peak around
330°C on the crooked line is associated with the thermal decomposition of starch. Composites with a high
content of natural fibers based on a starch binder are a promising material for the production of panels for
housing, automobiles and decorative applications [7].

The study of thermoplastic composites based on wheat gluten (the content varied from 0 to 20 wt.%),
which were formed by pressing, is presented in the article [8]. The maximum tensile strength of
thermoplastic starch/wheat gluten composites (1.1 MPa) was obtained using 10 wt.% wheat gluten.
Crosslinking between protein chains of wheat gluten caused an increase in the tensile strength of
thermoplastic starch/wheat gluten system composites. The temperature during maximum loss mass (TGA)
of thermoplastic starch/wheat gluten composites was higher than that of thermoplastic starch. In addition,
wheat gluten reduces water absorption.

Setting tasks. The purpose of the work is to study the mechanical properties and structure of
biocomposite materials, based on a glutin solution of different concentrations.

Presentation of the main material. In order to increase the compressive strength of biocomposites,
it is necessary to establish the optimal ratio of the components used to the formation of the biopolymer
matrix. The content of chopped stalks of grain crops in biocomposite materials was 140 wt. parts with
fraction of 0.7 mm. The degree of drying of the composition was 20% and 25%. The main heat treatment
was carried out at a temperature of 150 °C with exposure for 2 hours. Additional heat treatment (TO2) was
carried out at a temperature of 50 °C with exposure for 4 hours. The concentration of the glutin solution
was 38%, 43% and 50%.

The strength of biocomposite materials (with the degree of drying of composition of 20%) without
additional heat treatment (TO2) (Fig. 1) is 43.9 MPa and 57.0 MPa in the case of using a glutin solution
concentration of 38% and 43%, respectively. The 23% higher compressive strength of biocomposites, the
matrix of which was formed with a glutin solution concentration of 43%, can be explained by the presence
of a smaller amount of unbound water in the materials. Unbound water prevents the formation of the
maximum possible number of physical and chemical bonds between the components of the biocomposite
system. During additional maintenance (exposure for 4 h at a temperature of 50 °C), the compressive
strength of biocomposites, the matrices of which were formed with a glutin solution concentration of 38%
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and 43%, increases by 19-22% and is 54.1 MPa and 73.2 MPa, respectively. This indicates additional
structuring of biocomposites due to the removal of excess moisture from the biocomposite material during
additional heat treatment.

90 -
80 -
70 -
60 -
50 -

20%, without TO2
20% , 50°C
B25% , 50°C

o
o
1

MMM
~ V222222

Compressive strength, MPa

30 A
20 A
10 -

MMM
» V77777222222

Fig. 1. Compressive strength of biocomposites under different modes of glutin matrix
formation: 1 — concentration of glutin solution 38%; 2 — concentration of glutin solution 43%

Compressive strength increases by 20% (67.5 MPa) with an increase in the degree of drying of the
composition up to 25% for biocomposites, the matrix of which was formed at a concentration of glutin
solution of 38%. The increase in the strength of biocomposites can be explained by a higher degree of
drying of the composition (additional moisture removal), which provided a higher degree of structuring of
the material. The compressive strength decreases by 23% in the case of an increase in the degree of drying
of the composition for biocomposites, the matrix of which was formed with a concentration of glutin
solution of 43%. In this case, the decrease in strength can be explained by the insufficient moisture content
due to the use of less water for the formation of the biopolymer matrix, since the degree of drying of the
composition was 25%. Therefore, optimal moisture content in the material is necessary to ensure a higher
degree of structuring of biocomposites, as well as their strength.

Additional thermal treatment of TO2 was carried out (exposure for 4 h at a temperature of 50 °C) for
composite samples with a concentration of 50% glutin solution. Additional thermal treatment of TO2
(exposure for 4 h at a temperature of 50 °C) was carried out for composite samples with a concentration of
glutin solution of 50%. The degree of drying of the composition was 20% and 25%. Biocomposites filled
with 150 wt. parts of chopped cereal stalks and a degree of drying of the composition of 20% have the
highest compressive strength of 82.8 MPa (Fig. 2). The average mass loss of the biocomposite sample after
additional heat treatment is 0.06 g (Table 1).

The compressive strength of biocomposites decreases by 63% with an increase in the degree of
compression of the composition to 25%, which is 50.9 MPa. The average mass loss of the biocomposite
sample after additional heat treatment is 0.08 g. The decrease in compressive strength can be explained by
the excessive removal of moisture (mass loss of 25%) from the volume of the material with a high content
of filler, which did not allow the formation of the maximum possible number of bonds in the material.

For this biocomposite, absorption bands were detected on the IR spectrogram (Fig. 3) at frequencies
of 1458.25 cm* with optical density D=0.442 and half-width b=7.72 cm?, 1655.00 cm™* with optical density
D =0.477 and half-width b=11.58 cm?, 1701.29 cm? with optical density D=0.447 and half-width
b=9.65 cm™. The obtained absorption bands indicate the presence of deformation vibrations of O-H-, C-H,
N-H groups and valence vibrations of double bonds -C=C, -C=0, -N=0 and -C=N, the number of which
increases during heat treatment. In the areas of higher wave numbers, absorption bands were recorded at
frequencies of 2345.54 cm-1 with optical density D=0.486 and half-width b=32.80 cm™ and 2364.83 cm™
with optical density D=0.503 and half-width b=21.22 cm.
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Fig. 2. Compressive strength of biocomposites with a concentration of glutin solution of 50%

Table 1.

Mass loss of biocomposite samples during preliminary heat treatment (drying)

The degree of drying of the composition
The content of chopped stalks of 20% 25%
grain crops, wt. parts Mo, ¢ mi, ¢ Am, g Mo, g my, g Am, g
140 8,74 8,56 0,18 8,02 8,08 -0,06
150 8,79 8,71 0,08 8,14 8,22 -0,08
41 H H
an— :
] :
01— E

Fig. 3. IR spectrogram of a biocomposite based on a glutin matrix with a concentration of
50% glutin solution, which contains 150 wt. parts of chopped stalks of grain crops with a degree of
drying of 20% (Fig. 2)

The compressive strength of biocomposites filled with 140 wt. parts chopped stalks of grain cropsand
the degree of drying of the composition 20 % is 72.6 MPa. This value of strength is lower by 12% compared
to the samples that have the maximum value of compressive strength (82.8 MPa) for the given ratio of
components of the polymer matrix. The average change in the mass of the sample after additional heat
treatment is +0.18 g. The lower compressive strength of these samples can be explained by the lower content
of the filler, which performs a reinforcing function.

Among the studied samples (Fig. 2) the lowest (2 times compared to the maximum value)
compressive strength (41.4 MPa) was obtained for biocomposites containing 140 wt. parts of the filler, with
a degree of drying of the composition of 25%. The average change in the mass of the sample after additional
heat treatment is +0.08 g. The low compressive strength of this biocomposite can be explained by the low
content of the filler (140 wt. parts) and the degree of drying of the composition (20%), which is associated
with a decrease in the structuring of the material due to excess moisture content. Moisture, which is in a
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vapor state, does not have time to be removed during heat treatment. Moisture condenses in the pores and
voids of the material, which prevents its structuring.

Biocomposite samples were formed to study the impact toughness. The optimal composition and
technology for these biocomposites were selected based on the results of compressive strength studies.
Biocomposite samples were formed by pressing the composition in a mold under different pressures (8 MPa
or 11 MPa). The duration of the main heat treatment of the samples was 2 hours at a temperature of 150 °C.

Biocomposites (sample No. 3, Table 2) containing 140 wt. parts of chopped stalks of grain crops
with a degree of drying of the composition of 25%, formed under a pressure of 11 MPa. These biocomposite
samples were subjected to additional heat treatment at a temperature of 50 °C with exposure for 4 hours.
The obtained higher values of the impact toughness of biocomposites are ensured by a high degree of drying
of the composition at the forming stage, which allows the removal of excess moisture. Higher pressing
pressure of the composition and additional heat treatment of biocomposites at a low temperature also
contribute to the formation of a greater number of physical and chemical bonds between the components
of the biocomposite material.

Table 2.

Composition and of forming technology of biocomposites for the study of impact toughness
Sample No Filler content, | Degree of drying, | TO2, 50 °C Pressing KC,
wt. parts % 4 hours pressure, MPa kJ/m?
1 140 20 + 8 4,82
2 140 25 - 8 2,82
3 140 25 + 11 6,56
4 150 20 + 8 4,25
5 150 25 + 8 3,05
6 150 20 - 8 3,92
7 150 20 - 11 1,52

Biocomposite samples No. 1, formed at a lower degree of composition drying (20%) and lower
pressing pressure (8 MPa), have 27% lower values of impact toughness (4.82 kJ/m?) compared to
biocomposites No. 3. This indicates the removal of an insufficient amount of moisture from the volume of
biocomposite material for this filling (140 wt. parts) of the composition. Moisture forms microcracks by
evaporating during additional heat treatment.

Among the biocomposites with a content of 140 wt. parts of chopped stalks of grain crops, the lowest
impact toughness (2.82 kJ/m?) has the samples formed according to technology No. 2 (degree of drying
25%, pressing pressure 8 MPa). The low values of the studied characteristic can be explained by residual
moisture in the material, since no additional heat treatment was performed for these biocomposites.

Among the biocomposite materials with a content of 150 wt. parts of chopped stalks of grain crops,
the highest impact toughness (4.25 kJ/m?) have biocomposite samples formed by technology No. 4.
However, this value is 35% lower compared to the value of impact toughness of biocomposite formed by
technology No. 3. The 28% lower value of impact toughness (3.05 kJ/m?) of biocomposites formed
according to technology No. 5 can be explained by the formation of an insufficient number of bonds
between the components of the composite system due to the high degree of filling (150 wt. parts) and the
degree of drying (25%) of the composition due to insufficient wetting of the filler with the glutin matrix.

To study the impact toughness, biocomposites were formed with the content of the filler and the
degree of drying of the composition, such as biocomposite No. 4 without additional heat treatment (No. 6
and No. 7). Impact toughness (3.92 kJ/m?) is 8% lower compared to biocomposite No. 4 in biocomposites
formed by technology No. 6. The lowest impact toughness is 1.52 kJ/m? (2.8 times compared to No. 4 and
4.3 times compared to No. 3) have biocomposites formed according to technology No. 7. The obtained low
impact toughness of biocomposites, the degree of drying of the compositions of which is lower (20%),
indicate the presence of excess moisture in the volume of the material, which prevents structuring. Carrying
out additional heat treatment at a low temperature allows to increase the degree of structuring of
biocomposites due to the formation of more bonds due to the removal of excess moisture.

A complex spectrum of transmission bands in the frequency range of 1400 cm™... 1900 cm™ was
revealed for the developed biocomposites. The most characteristic transmission bands (Fig. 4, a) at
frequencies of 1438.96 cm™ with optical density D=0.434 and half-width b=7.72 cm, 1655.00 cm™ with
optical density D=0.459 and half-width b=13.51 cm™, 1720.58 cm™* with optical density D=0.437 and half-
width b=9.65 cm™ was recorded for biocomposite material No. 1 (Table 2), which contains 140 wt. parts
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of the filler with a degree of drying of the composition of 20% and a pressing pressure of 8 MPa. These
bandwidths correspond to symmetric deformation vibrations of —CHs-groups and valence vibrations of —
C=0-groups. The fixed transmission band at the frequency of 2345.54 cm* with optical density D=0.357
and half-width b=9.65 cm™ corresponds to valence vibrations —P—H. The transmission band at the frequency
of 2920.35 cm™ (optical density D=0.467 and half-width b=63.65 cm™) was detected. This transmission
band corresponds to asymmetric valence vibrations of CHs groups.
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Fig. 4. IR spectrograms of biocomposites No. 1 (a) and No. 4 (b) (Table 2)
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Biocomposite material No. 4 (Table 2), which contains 150 wt. parts of the filler with a degree of
drying of the composition of 20% and a pressing pressure of 8 MPa is also characterized by transmission
bands at similar frequencies (Fig. 4, b): 1438.96 cm™ with an optical density D=0.365 and a half-width
b=11.58 cm, 1655.00 cm* with optical density D=0.385 and half-width b=11.58 cm™, 1720.58 cm™* with
optical density D=0.362 and half-width b=9.65 cm™. The transmission band has a larger half-width value
of b=11.57 cm™ at frequencies of 2345.54 cm* (optical density D=0.280).

The transmission band, which corresponds to the vibrations of the methylene group, is shifted to the
region of higher frequencies up to 2924.21 cm* with optical density D=0.370 and half-width b=63.65 cm®
! This indicates the activation of physicochemical processes of bond formation in the biocomposite. This
material has lower values of optical densities compared to biocomposite material No. 1, which indicates a
lower degree of structuring of the biocomposite system.

Conclusions. It was established that with a lower content of chopped stalks of grain crops (140 wt.
parts) it is necessary to dry the composition until the moisture loss of 25% by weight. With a higher content
of the filler (150 wt. parts), it is sufficient to dry the composition to a moisture loss of 20% by weight. This
is economically beneficial, as the duration of the technological process is shortened, which will lead to a
decrease in energy costs. Biocomposites filled with 150 wt. parts of chopped stalks of cereal crops and the
degree of drying of the composition of 20% with a concentration of glutin solution of 50% have the highest
compressive strength of 82.8 MPa. This material has a high degree of structuring, as evidenced by the IR
spectrogram of the biocomposite. It was established that it is necessary to increase the degree of drying of
the composition to 25% in the case of a lower concentration of glutin in the matrix and a higher content of
water in the composition. The compressive strength of these biocomposites is 54.1 MPa. Degree of drying
of the composition of 20% is sufficient for biocompositions with a higher concentration of glutin solution
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(43% and 50%), which is associated with a lower water content in the matrix. The strength of these
biocomposites is higher (73.2 MPa). A higher concentration of glutin solution of 50% increases its
viscosity. The IR spectroscopy method confirmed that biocomposite materials that contain less chopped
stalks of grain crops (140 wt. parts) have a higher degree of structuring compared to biocomposites with a
content of 150 wt. parts of filler.
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