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JTOCJII)KEHHSI MEXAHIYHUX BJIACTUBOCTEM I TEILIOCTIMKOCTI
IIVIACTUPIKOBAHUX ENOKCUKOMITIO3UTIB 3 MIKPOJIOBABKAMU

Y cmammi odocnioxnceno ennue mikponanoeniosauie na mexamiuni i mennogizuuni enacmueocmi enokcuoOHux
Komno3umie na ocnogi nnacmugixosanoi cmoau DER 331. Ak mikponanosuiogaui 6uKOpuUcCmano nopoutKu OKcuoy xpomy
Crz Os (20 Mkm) T a kap6iay kpemHiro SiC (40 mkm) za svicT y 83 5 40 20 Mac. %. JI0GTifxk 6HO MexaHiuHi BIacT MBoCT i
DPYUHIGHI Hanpy)sCceHHA [ MOOYab RpyyHcHOCMI npu 32uni, yoapna e6’sazkicms. /[00amKo6o npoeoounu GunpodysanHs
menaocminikocmi po3poonenux mamepianis.

Ilopisnanvuuil ananiz énnugy MiKpOHAN06H08aYie RIOMEEPOIHCYE nePesazy 3acCMOCY8anHA OKCUOY XPOMY HOPIGHAHO 3
Kapoioom KpemHuiio Ona NOKpawieHHA enacmueocmeit enokcuonux komnosumie. Ilpu konyenmpauii 10 mac.% oxcuo xpomy
3abesneuye na 6,4 % euwy miynicmo mamepianie (85,2 MIla npomu 80,1 MIla) ma na 17,6 % euwjuit mooyns npysycnocmi (4
I'lla npomu 3,4 I'lla) nopienano 3 Komno3umamu, HAnOGHEHUMU Kapoioom Kpemmuiro. Lla nepesaza 3ymoenena Kpauiorw
aozesieto 00 mampuyi ma 30amHicmI0 00 ymeopeHHs Gi3uuHuX, KOBANEHMHUX MA IOHHUX 36’ A3KI6 Ha Medci nodiny gas.

Haiikpawyi pesynomamu xapakmepui 01a mamepiaiy 3 OKCUOOM Xpomy, aKuil 3a emicmy 15 mac.% 3abe3neuye
dopmysanna KM 3i 3nauennamu miynocmi na pospue (88,3 Mlla), mooyns npysucnocmi (4,2 I'lla) ma mennocmiikocmi (364
K). Mexanizm nokpawiennsa 61acmugocmeit nojas2ac y momy, w0 MikpoOUcnepcHi 4acmku Gopmyroms cmpyKkmypHuil Kapkac,
AKUI cmeopioe 6ap’epu npu nowiupenni mpiwiun (moomo, 6i0dysacmoca Kozesiiine 3smiynennsa mamepiany). /Ina komno3umie
3 Crz O3 KWOUORIM € T aKOX YT BODEHHA AQAAT KORX @iiKeximiunux 36°a3kie 3 mampuuelo, wo 3abesneuye
mepmocmaodinbHicms HOBUX Mamepianie.

Kniouosi cnosa: enokcuonuii KOMno3um, Mexamiymi i menio@izuuni 61acmueocmi, HaANOGHIOBAYl, NOIMED, NOKPUMMSL,
nracmugixamop.
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RESEARCH ON THE MECHANICAL PROPERTIES AND HEAT RESISTANCE OF
PLASTICIZED EPOXY COMPOSITES WITH MICROADDITIONALS

The article investigates the influence of microfillers on the mechanical and thermophysical properties of epoxy
composites based on plasticized resin DER 331. As microfillers, chromium oxide Cr, Os; powakrs (20 um) andsilicon carbide
SiC (40 pm) were used with a content of 5 to 20 wt%. Mechanical properties were investigated: fracture stress and modulus of
elasticity during bending, impact strength. Additionally, heat resistance tests of the developed materials were conducted.

Comparative analysis of the effect of microfillers confirms the advantage of using chromium oxide compared to silicon
carbide for improving the properties of epoxy composites. At a concentration of 10 wt.% chromium oxide provides 6.4% higher
strength of materials (85.2 MPa vs. 80.1 MPa) and 17.6% higher modulus of elasticity (4 GPa vs. 3.4 GPa) compared to
composites filled with silicon carbide. This advantage is due to better adhesion to the matrix and the ability to form physical,
covalent and ionic bonds at the interface.

The best results are characteristic of the material with chromium oxide, which at a content of 15 wt.% provides the
formation of CM with values of tensile strength (88.3 MPa), elastic modulus (4.2 GPa) and heat resistance (364 K). The
mechanism of improving the properties is that microdispersed particles form a structural framework that creates barriers to
crack propagation (i.e., cohesive strengthening of the material occurs). For composites with Crz O , the formation of additonal
physicochemical bonds with the matrix is also key, which ensures the thermal stability of new materials.

Keywords: epoxy composite, mechanical and thermophysical properties, fillers, polymer, coating, plasticizer.

Problem statement. Modern technologies require the development of materials with high
mechanical properties and resistance to thermal loads [1-12]. Epoxy composites remain one of the most
promising polymer systems due to their improved adhesion, strength and chemical resistance. However,
their brittleness and limited thermal resistance necessitate modification [1-4].

Analysis of recent studies and publications. For plasticization of epoxy matrices, phthalic acid
ethers, dibutyl phthalate, and also diethylene glycol DEG-1 are widely used [8]. We previously established
the optimal content of DEG-1 in an epoxy binder based on the oligomer DER 331 and substantiated that
from the point of view of rheological, mechanical properties and heat resistance in the resin (100 wt.%) it
is advisable to introduce 12 wt.% of the plasticizer. As a hardener, polyethylenepolyamine (PEPA) was
used in an amount of 12 wt.%, which provides an optimal polymerization rate at room temperature [5, 7].
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To further strengthen the structure and improve the properties of CM, it is advisable to introduce
fillers of various nature and sizes. These include microparticles, in particular chromium oxide (Cr. O3 )
and silicon carbide (SiC). They are added to increase impact resistance and thermal stability.

The purpose of the work is to investigate the mechanical properties and heat resistance of plasticized
epoxy composites with microadditives in the form of chromium oxide and silicon carbide.

Materials and research methods. During the formation of polymer compositions, the epoxy resin
DER 331 (ISO 9001) was chosen as the basis, which is the reaction product of epichlorohydrin and
bisphenol A. The epoxy oligomer was plasticized with aliphatic resin DEG-1 in an amount of 12 wt.% per
100 wt.% DER 331. Polyethylene polyamine (TU 2413-357-00203447-99) was used to cure epoxy
compositions. As microdispersed additives, the work used powders of chromium oxide (Cr203) (ISO
4621:1986) and silicon carbide (SiC) (ISO 8486-2:2007) with particle sizes of 20 um and 40 pm,
respectively.

The values of the ultimate stress and the modulus of elasticity in bending were determined using a
four-point loading scheme according to ASTM D 790-03. The impact toughness was tested by the Charpy
impact without notch (ISO 179-1). The heat resistance of the isotropic polymer composites was tested using
Martens according to I1SO 75-2.

Discussion of the results. The study of the influence of chromium oxide microadditions revealed a
significant improvement in the performance characteristics of the epoxy composite in the content range of
10...15 wt.% (Fig. 1). The destructive stresses demonstrate an intensive increase to 85.2 MPa at 10 wt.%
and 88.3 MPa at 15 wt.%, which is explained by the formation of a volumetric dispersed-filled structure.
Cr, Os; partides, having a high surface energy, create an effective barrier system for the propagation of
microcracks.
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Fig. 1. Dependence of the cohesive properties of CM on the content of chromium oxide
microfiller: 1 — failure stress (6); 2 — modulus of elasticity (E); 3 — impact strength (W); 4 — heat
resistance (T).

The elastic modulus increases from 2.6 GPa to 4 GPa at 10 wt.% and reaches 4.2 GPa at 15 wt.%,
reflecting the ability of microadditives to create a structural framework of increased rigidity.

The impact strength shows a stable increase from 10.4 kJ/m2 to 13.5 kJ/m2 at 10 wt.% and 13.8 kJ/m?2
at 15 wt.%, which indicates the activation of energy dissipation mechanisms. The filler particles are centers
of multiple deflection and branching of cracks, increasing their propagation path.

The heat resistance of the composites increases from 352 K to 360 K at 10 wt.% and to 364 K at 15
wt.%, demonstrating the ability of chromium oxide to create a thermostabilizing effect. This is due to an
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increase in the thermal conductivity of the system and a decrease in the molecular mobility of polymer
chains.

The strengthening mechanism is based on the principle of composite synergism, where
microdispersed particles form a spatial reinforcing system. At a content of 10...15 wt.%, a critical level of
filling is achieved, which provides optimal density of reinforcing elements without their agglomeration.
This creates conditions for effective redistribution of stresses across the volume of the material.

A feature of Cr,0s is the ability to form chemical bonds with the epoxy matrix through surface
hydroxyl groups. This provides strong adhesion at the phase interface and prevents defects under load.
Functional groups on the surface of chromium oxide contribute to the formation of coordination bonds with
functional groups of the polymer.

The optimal content range of 10...15 wt.% corresponds to the maximum efficiency of the additive.
At these values, an optimal ratio between volumetric filling and effective transfer of the polymer to the state
of the outer surface layers was observed [5]. Further increase in filler content leads to further improvement
of CM properties.

Thermal stabilization occurs by creating thermal barriers and increasing the heat resistance of
composites. Cr.0s particles, having high thermal conductivity, form heat-conducting paths that contribute
to uniform temperature distribution.

The increase in impact strength is due to the activation of multiple energy dissipation mechanisms:
crack deflection, their branching, and plastic deformation of the matrix around the particles. This leads to
the conversion of kinetic energy into surface energy of newly formed surfaces.

Microstructural studies show that Cr, Os; particles are distributed mainly in the interd uster spaces
of the polymer, creating additional reinforcement in areas of stress concentration. Such morphology
contributes to increased resistance to various types of loads.

Therefore, the introduction of micro-additions of chromium oxide in the amount of 10...15 wt.%
allows achieving a comprehensive improvement in properties: increasing strength by 33...38%, modulus
of elasticity by 54...62%, impact strength by 30...33%, and heat resistance by 8...12 K. The results
obtained demonstrate the high efficiency of Cr. O; for creating adhesives and composites with increased
performance characteristics.

The results of tests of the influence of silicon carbide microadditives on the properties of CM revealed
their monotonic improvement compared to the original matrix (Fig. 2). An increase from 64.2 MPa to 80.1
MPa of destructive stresses was established at the optimal concentration of the additive (10 wt.%), which
is associated with the ability of SiC particles to partially screen the trajectories of crack propagation. The
elastic modulus increases to 3.4 GPa (at 10 wt.%), reflecting the formation of a rigid structural framework
of the introduced particles. The impact strength reaches a maximum of 14 kJ/m? at 10 wt.%, which is
explained by the ability of dispersion-filled CM to resist impact loads and branch cracks. At the same time,
this CM is characterized by heat resistance, which is 360 K. This is evidence of the formation of a composite
that is characterized by a thermostabilizing effect.

A comparative analysis of the effectiveness of the influence of Cr, O; and SiC particles on the
properties of CM (Fig. 1 and Fig. 2) demonstrates a significant advantage of chromium oxide as a
microfiller. At the optimal content of Cr, Oz (10 wt.%), CM is formed with higher valuesof destructive
stresses (85.2 MPa versus 80.1 MPa in CM with SiC) and elastic modulus (4 GPa versus 3.4 GPa in CM
with SiC). This difference is 6.4% for strength and 17.6% for elastic modulus in favor of CM filled with
Cr, Os; partides.

The advantage of CM with Cr, Oz is especidly noticeable when comparing heat resistance
indicators: at 10 wt.% it provides an increase in heat resistance to 360 K, but at 15 wt.% the value of 364 K
was obtained, while CM with SiC demonstrates maximum heat resistance only up to 362 K at 15 wt.%. The
difference in mechanisms is due to the better adhesion of Cr, O; to the epoxy matrix due to its surface
chemical properties.

Cr, O, partidesform ageater number of physicochemical bonds with the functional groups of the
polymer, which provides a more effective counteraction to the influence of external stresses. In addition,
Cr, O3 demonstrates better thermostabilizing properties due to higher heat regstance and the ability to
create more effective thermal barriers.

Economic analysis also indicates in favor of Cr, Os , since its effectiveness at |ower concentrations
allows to reduce the costs of composite production. Thus, despite similar strengthening mechanisms,
chromium oxide demonstrates higher efficiency as a microfiller for epoxy composites compared to silicon
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carbide. This advantage is manifested in a more significant increase in mechanical characteristics and heat
resistance, which makes Cr, O; a nore promising material for creating high-performance structural
composites.
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Fig. 2. Dependence of the cohesive properties of CM on the content of silicon carbide
microfiller: 1 — fracture stress (6); 2 — modulus of elasticity (E); 3 — impact strength (W); 4 — heat
resistance (T).

Conclusions.

1. Microfillers (Cr. O; and SiC) demonstrate high efficiency at a significantly higher (compared to
nanoadditives) content in composites (10...15 wt.%). The best results are characteristic of the material with
chromium oxide, which at a content of 15 wt.% ensures the formation of CM with values of tensile strength
(88.3 MPa), elastic modulus (4.2 GPa) and heat resistance (364 K). The mechanism of improving properties
is that microdispersed particles form a structural framework that creates barriers to crack propagation (i.e.,
cohesive strengthening of the material occurs). For composites with Cr. Oj , the formation of additional
physicochemical bonds with the matrix is also key, which ensures the thermal stability of new materials.

2. Comparative analysis of microfillers confirms the advantage of using chromium oxide compared
to silicon carbide to improve the properties of epoxy composites. At a concentration of 10 wt.% chromium
oxide provides 6.4% higher strength of materials (85.2 MPa vs. 80.1 MPa) and 17.6% higher modulus of
elasticity (4 GPa vs. 3.4 GPa) compared to composites filled with silicon carbide. This advantage is due to
better adhesion to the matrix and the ability to form physical, covalent and ionic bonds at the interface.

3. The synergistic effect of combining the plasticizer DEG-1 (12 wt.%) with fillers of different size
classes allows for a controlled modification of the composite structure: microparticles (Cr. Oz ) form a
volumetric reinforcing framework, which increases the stiffness and heat resistance of the composites. This
opens up prospects for the creation of new hybrid composites with predicted properties.
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