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RESUMO

A relevancia do artigo deve-se ao crescimento estavel da industria de compésitos. Devido as suas altas
caracteristicas fisicas e mecanicas, os materiais compositos (MC) desempenham um papel vital em muitas areas
da tecnologia, como industria aeroespacial, aviagao, industria automotiva, engenharia e instrumentacado e a
industria médica. Ao criar os materiais com as caracteristicas mecanicas e térmicas necessarias, sao
frequentemente usados varios aditivos e enchimentos que afetam a resisténcia e a elasticidade das amostras
obtidas. Neste artigo, estudamos o efeito de inclusbes esféricas em resina epoxi nas propriedades mecéanicas do
material. Uma estrutura composta de resina ep6xi ED-20 com inclusdes na forma de particulas esféricas de vidro
PBS-50 foi considerada. O tamanho caracteristico das particulas foi de cerca de 50 ym. No ambito deste estudo,
foram produzidos lotes de amostras com o volume caracteristico de inclusées de 5%, 10%, 15% e 20%. Cada
lote consistia em 6 amostras do mesmo tipo. Para verificar a distribuicado do volume de particulas e estudar as
inclusdes, a microestrutura da segéo delgada da amostra e o p6 foram estudadas separadamente. Usando
métodos de modelagem do processo, as amostras foram submetidas ao teste de flexdo de trés pontos. Com
base nos resultados de testes mecanicos, foram obtidos o médulo de elasticidade, a resisténcia a tragédo e as
deformagdes finais. Como parte do estudo dos materiais, foram realizados os calculos numéricos usando o
software Digimat (MSC Software) para modelar a estrutura e obter propriedades efetivas do material. Também
foram realizados os calculos de tensdes usando o método dos elementos finitos em Ansys Workbench. O calculo
foi realizado para o conteudo volumétrico de inclusdes da ordem de 5%, 10%, 15% e 20% e na auséncia de
inclusdes. Os resultados numéricos obtidos foram comparados com o estudo experimental. Com base nos
célculos numéricos, foi obtida a dependéncia da porcentagem de inclusdes na resisténcia a tragdo € no modulo
de elasticidade.

Palavras-chave: material compdsito, inclusdo esférica, teste de flexao, propor¢do de volume, propriedades
mecénicas.

ABSTRACT

The relevance of the article is due to the stable growth of the composite industry. Due to its high physical
and mechanical characteristics, composite materials (CM) play a vital role in many areas of technology, such as
aerospace, aviation, automotive, engineering and instrumentation, and the medical industry. When creating
materials with the required mechanical and thermal characteristics, various additives and fillers are often used
that affect the strength and elasticity of the samples obtained. In this paper, we study the influence of spherical
inclusions in epoxy on the mechanical properties of the material. A composite structure of ED-20 epoxy with
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inclusions in the form of spherical particles of PBS-50 glass was considered. The characteristic particle size was
about 50 yum. Within the framework of this study, batches of samples with a specific volumetric inclusion content
of 5%, 10%, 15%, and 20% were produced. Each batch consisted of 6 samples of the same type. To check the
distribution of particle volume and inclusion studies, the microstructure of the thin section of the sample and
separately the powder were studied. Using methods of modeling the process, the samples were tested for 3-point
bending. Based on the results of mechanical tests, the elastic module, strength limit, and ultimate strains were
obtained. As part of the study of materials, numerical calculations were performed using Digimat software (MSC
Software) to model the structure and obtain effective material properties, as well as strength analysis using the
finite element method in Ansys Workbench. The calculation was carried out for the volumetric content of inclusions
of 5%, 10%, 15%, and 20% order and in the absence of inclusions. The obtained numerical results were compared
with an experimental study. Based on the numerical calculations, the dependence of the percentage of inclusions
on the strength limit and elastic module was obtained.

Keywords: composite material, spherical inclusion, bend test, volume fraction, mechanical characteristics.

AHHOTALUA

AKTyanbHOCTb CTaTbi 00ycrnoBneHa cTaburbHbIM POCTOM KOMMO3UTHOW MpOoMbILLNeHHOCTU. bnarogaps
BbICOKNM (PM3NKO-MEXAHNYECKUM XapaKTepUCTMKaMm, KOMNO3UTHbIe MaTepurarnbl (KM) urpatoT >XM3HEHHO BaXKHYHO
pofib BO MHOIMMX OBNacTsX TEXHWKM, Takmx Kak adpOKOCMMYECKas, aBMaLMOHHAsA TEeXHWKa, aBTOMOOMMbHas
NMPOMBILLMIEHHOCTb, MALMHOCTPOEHME U NPMBOPOCTPOEHME, MeaguumHckasa otpacnu. Npu cosgaHnn matepmnanos
¢ TpebyeMbIMN MEXaHNYECKUMWN 1N TENSIOBBIMW XapakTePUCTMKaMM YacTo MCNONMb3YIOTCA pasnuyHble 406aBku 1
HanoNHUTENN, BAUAIOLLME HA MPOYHOCTb U YNPYrocTb NonydeHHbIX 06pa3uoB. B aaHHon paboTe uccnegyercs
BNUAHNE cdepnyeckux BKIHOYEHUA B 3MOKCMAHOW CMOMEe Ha MeXaHW4eckMe CBOWCTBa Martepuana.
PaccmaTtpuBanacbk KOMNO3uTHas CTPyKTypa 13 anokcugHon cmonbl 3-20 ¢ fo6aBneHHbIMUY B HEE BKIMTHOYEHUSIMA
B Buae cepuyeckux yactuy crekna NBC-50. XapakTepHbl pasmep 4actul coctaenan nopsaka 50 mkm. B
paMkax AaHHOro nccrnefoBaHWsa U3roTaBnMBanuchb NapTnm obpasuoB ¢ XxapakTepHbIM 06 beMHbIM coaepXXaHnemM
BKITtoUYeHUN paBHbIM 5%, 10%, 15% 1 20%. Kaxxgas naptus cocTtosina u3 6 ogHOTUNHBIX 00pa3uoB. [ns npoBepku
pacnpegerneHus Yactuy, no o6bemy u nccnegoBaHnst BKITKOYEHUS NPOBOANNCE NCCIIEN0BaHNS MUKPOCTPYKTYPbI
wrmcda obpasua n oTAenbHO nopowka. Mcnonb3yss MeTogbl MoOZenvMpoBaHus npouecca, obpasupl
UCMbITbIBANUCh Ha 3X TOYEYHbIN n3rnb. Mo pedynbTatam MexaHUYecKUX UCMbITaHW ObiNM NoyYeHbl MOOY b
yrnpyroct, npegen npo4yHOCTM UK npedenbHble gedopmaumn. B pamkax wuccrnegoBaHus matepuanos
NPOBOANINCH YNCIIEHHbIE pacyeThl C UCMONb30BaHMeM nporpamHoro obecnedeHms Digimat (MSC Software) ans
MOOENMPOBaHUSA CTPYKTYpbl U MOMyyYeHus 3deKTMBHbIX CBOWCTB Martepuana, a Takke, nposBoguncs
NMPOYHOCTHOW pacyeT C UCMONb30BaHMEM MeTOAda KOHeYHbIX anemeHToB B cpede Ansys Workbench. Pacuet
nposoauncsa Ans obbemHoro cogepxaHus BknoveHun nopsgka 5%, 10%, 15% n 20% v npu oTCyTCTBMM
BKMOYEHUI. [lonyyYeHHble YMCNEHHbIE pe3yrbTaTbl CPaBHUBANMUCh C 3KCNEPUMEHTarnbHbIM UcCcregoBaHnem. Ha
OCHOBaHUM MPOBEAEHHbIX YMCIEHHbIX pacyeToB Obina MonyvyeHa 3aBMCMMOCTb MPOLEHTHOrO CoAepXKaHus
BKMIOYEHUI OT npefena NpoYHOCTM U MOAYIS YNpYrocTu.

KntoyeBble cnoBa: KOMMIO3UUUOHHbIU Mamepuari, Cd)epLI‘-IGCKOG BKJIIOYEHUE, UucrbimaHue Ha u3aub, obbemHas
dorisi, MexaHU4YecKue ceolicmea.

1. INTRODUCTION materials with the required mechanical and
thermal characteristics (Lakes et al., 2002; Orlov

The production and use of composite et al., 2001; Jae-soon, 2012) One of the options

materials (CM) is growing steadily every year.
Currently, CMs play a vital role in many areas of
technology, such as aerospace, aeronautical
engineering, automotive industry, mechanical
engineering, and instrumentation, the medical
industry and more (Yushkova et al., 2010; Dmitriev
et al., 2011; Shershak, 2019; Yu Timkina et al.,
2019). The reasons for this rapid growth of the
composite industry are low density of products,
high physical and mechanical characteristics,
resistance to corrosion and aggressive
environments, as well as the ability to create

for obtaining the necessary properties of materials
is the use of various additives, for example, the
addition of inclusions in the polymer matrix
(Trofimov et al., 2017; Wang et al., 2019;
Prentkovskis et al., 2012).

The matrix (binding agent) is the most
important element of the composite and
determines the nature of the change in its
properties when exposed to various factors
(temperature, chemical resistance, electrical and
other properties). A deeper understanding of the
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interaction of inclusions and matrix, as well as the
influence of the volumetric content of the included
particles on the physical and mechanical
characteristics, has emerged with the
development of nanotechnologies. That is why the
study of the mechanical characteristics of CM
samples with various fillers and additives is an
extremely urgent task (Tagliavia et al., 2010;
Tkachev et al., 2018; Xinfeng et al., 2018;
Umbetov et al., 2016). At the moment, there are
many studies describing the use of inclusions to
improve the physical and mechanical
characteristics of composites (Odegard et al.,
2005; Sanchez-Soto et al., 2007; Vettegren et al.,
2007; Song, 2009; Hurang et al., 2010; Markus et
al., 2013; Seighalani et al., 2015; Babaytsev et al.,
2017; Kenzhaev, 2019; Ryapukhin et al., 2019;
Formalev et al., 2019; Jeyaprakash and Devaraju,
2020). However, the addition of particles is
nonlinear and depends on many factors, such as
the structure of the material from which the
inclusions are made, the shape and size of the
particles, as well as the volume fraction of
inclusions (Markus et al., 2013; Hnatiuk et al.,
2019; Jeyaprakash and Devaraju, 2019).

The aim of this work is to prepare and study
the mechanical characteristics of glass dispersed
and epoxy-filled composites. In this work, we
consider the composite structure of the ED-20
epoxy, into which glass particles with a
characteristic size of about 50 um are added. In
this paper, five different batches of samples are
presented, depending on the volume fraction of
inclusions. Each batch consisted of 6 samples of
the same type. To check the distribution of particle
volume and inclusion studies, the microstructure
of the thin section of the sample and separately the
powder was studied. Moreover, to study the
influence of inclusions (spheres) on the
mechanical characteristics of CMs, tests were
carried out on samples with three-point bending.
As part of the study, a numerical calculation was
performed using Digimat MSC Software and
Ansys Workbench (Odegard et al., 2005; Lakes et
al., 2002; Hurang et al., 2010; Yushkova et al.,
2010; Jae-soon, 2012; Xinfeng et al., 2018;
Shershak, 2019).

2. MATERIALS AND METHODS

In the study, samples of epoxy with
inclusions and pure epoxy were studied. An ED-20
epoxy was used as a matrix, and PBS-50 glass
spheres with a characteristic sphere size of about
50 um were used as inclusions. The volumetric
content of inclusions was 5%, 10%, 15% and 20%.
The material for the samples in this study was

epoxy composites filled with spherical glass
particles with a characteristic size of about 50 ym.
The particle-filled polymer composites used in the
experiments are batches of samples consisting of
five types of volume fraction of the filler: 0%, 5%,
10%, 15%, and 20%. A diagram of the process of
manufacturing samples is given in Figure 1. In the
framework of this study, samples with a
rectangular cross-section of 10 mm x 4 mm and a
length of 80 mm were used. Quality control —
visual inspection, mixing lasted for 25 minutes,
vacuum with degassing was used, cooling took
place within 3 hours.

To do this, a plate was made, and then
samples were cut from it. For each batch of
samples, six samples of the same type were
produced. Photos of the studied samples are
presented in Figure 2. To check the distribution of
inclusions by volume, their percentage, as well as
confirm the size of the inclusions, we studied the
microstructure of the thin section of the sample
and separately the powder. The results of
microscopy are presented in Figure 3.

To determine the effect of inclusions on the
mechanical characteristics of CM, bend tests were
performed. The tests were carried out according to
standard test procedures on an Instron 5969
universal testing machine with Bluehill software.
For each tested batch, a stress-strainin curve was
constructed (Figure 4). As can be seen from the
test results, the presence of inclusion significantly
affects the CM mechanical characteristics.

3. RESULTS AND DISCUSSION:

For a more detailed study of the structure
under study, a numerical calculation was
performed. For this purpose, using the Digimat MF
software, a structure with the exact use of matrix
and inclusion properties, as well as the distribution
of inclusions by volume, were preliminarily
modeled. All materials were considered as
isotropic linearly elastic materials for spherical
inclusion and an epoxy polymer matrix and were
presented in Table 1.

For each variant of the volumetric content
of inclusions, a calculation and determination of
the stress-strainin curve of the structure under
study were carried out. A representative
elementary volume with a volume fraction of
inclusions is shown in Figure 5. In a representative
fragment, it was assumed that the contact
between the particles and the matrix is perfect,
there is no slip. The result obtained in the process
of this calculation for each case under
consideration is presented in Figure 6.
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After obtaining the characteristics of the
CM, a sample was created similar to the
experimental sample in ANSYS Workbench. A
three-point bending test process was simulated,
where the boundary conditions for a rectangular
plate were taken from the condition of free bearing
on supports. Of course, the elemental model
consisted of 16.469 nodes and 3.200 elements,
with an element size of ~ 1 mm (Figure 7a). An
example of a strain-stress state of the epoxy plate
without inclusion is shown in the figure (Figure 7b).

Thus, based on the numerical calculations,
the dependence of the percentage of inclusions on
the strength limit and elastic module was obtained.
The numerical results obtained are in good
agreement with experimental results, which
makes it possible to select such a volumetric
content of inclusions in order to obtain the
necessary physical and mechanical
characteristics of the CM. However, in such CMs
with a sufficiently large number of inclusions, these
particles become stress concentrates and
significantly reduce the strength limit and ultimate
strains.

The tests performed showed a significant
effect of the presence of inclusions of more than
15% on the strength limit and ultimate strain. As
part of this study, a numerical analysis of the
tested structure was performed using Digimat and
Ansys. The results of numerical simulation are in
good agreement with the experimental results until
the inclusion is equal to 10%. In addition, with an
increase in the volumetric content of inclusions,
the divergence of the numerical and experimental
results begins. This is most likely due to the
condition of contact between the inclusions and
the matrix and with possible internal defects.

4. CONCLUSIONS:

The mechanical characteristics of glass
dispersed and epoxy-filled composites, samples
with various inclusions were manufactured.
Microscopy and mechanical testing of samples
were carried out. Structural studies confirmed the
size of the inclusions and their distribution over the
sample volume. Based on the results of
mechanical tests, the elastic module, strength
limit, and ultimate strains were obtained. The tests
performed showed a significant influence of the
presence of inclusions of more than 15% on the
strength limit and ultimate strain. The results of
numerical modeling are in good agreement with
the experimental results, and with an increase in
the volumetric content of inclusions, the
divergence of the numerical and experimental

results begins. This is due to the condition of
contact between the inclusions and the matrix and
with possible internal defects, and therefore
requires additional research and more accurate
modeling.
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Figure 1. The technological scheme of manufacturing a composite
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example a

Figure 2. Photographs of test samples from each batch (top-down sample from a batch with
inclusions of 15%, 10%, 5%, and pure epoxy)

SEM HV: 5.0 kV WD: 11.68 mm ‘ | ‘ |1 ‘ MIRA3 TESCAN SEM HV: 5.0 kV WD: 11.68 mm
View field: 99.5 pm Det: BSE 20 ym View field: 1000 pm Det: BSE 200 ym
SEM MAG: 5.08 kx SEM MAG: 606 x

Figure 3. Microscopy results
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Figure 4. Graph of stress-strain curves
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Figure 5. Representative elementary volume with a volume fraction of inclusions
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Figure 6. Linear stress — strains with the different volume fraction of inclusion obtained using Digimat
MF software
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Figure 7. Stress-strain state of a finite element model when modeling a bending test
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