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Abstract: The study investigates a thermosetting polymer filled with montmorillonite. Montmorillonite is a
naturally occurring layered mineral with particle sizes ranging from 8 to 12 um. The thermosetting polymer was
DER-330 epoxy resin and FCH-S hardener. Rheological and physical-mechanical studies of the properties of
epoxy resin modified with montmorillonite were carried out. Viscosity versus shear rate is shown for uncured
pure epoxy resin and resin modified with montmorillonite particles at room temperature. At low shear rates, a
significant effect of montmorillonite on the properties of the composite is observed. The low shear rate further
allowed epoxy molecules to leak between the layers of montmorillonite platelets, causing swelling and
increasing the distance between them. As the shear rate increased from 8 to 20 s-1, the percolation time of
montmorillonite decreased, which affected the decrease in viscosity. When the shear rate increases above 20 s-1,
no significant changes in viscosity occur; for both samples a monotonic line is observed on the graph. The
addition of montmorillonite to epoxy resin changes the chemical composition of the composite, which leads to
changes in rheological and physical-mechanical properties. The addition of montmorillonite retards gelation,
which can affect processability, cure time, and final properties of the composite. Morphological studies were
carried out to determine the degree of dispersion of montmorillonite particles in the polymer composite using a
transmission electron microscope. The uneven distribution of montmorillonite particles predominated in all
samples. Apparently this is due to the curing conditions of the polymer composite and insufficient dispersion
time. Physical and mechanical studies were carried out on samples made of a composite with montmorillonite in
comparison with samples from pure epoxy resin. The flexural strength of samples made from the resulting
composite is comparable to the strength of samples made from pure epoxy resin. In turn, the viscosity increased
by 170%.
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AnHoTtanusi: B manHO#I paboTe OBIIM MPOBEACHBI UCCICIOBAHNS TEPMOPAKTHBHOTO ITOJIMMEpa, HATTOTHEHHOTO
MOHTMOPWIOHUTOM. MOHTMOPHIIIOHHUT TIPEICTABIACT COOOH BCTPEUAOIIUIACS B MIPUPOJIEC CIOUCTHI MUHEpAIL,
pasMep dYacTHI[ KOTOPOTO cocTaBiasieT OoT 8§ a0 12 wMkM. B kadecTBe TepMOpPEaKTHBHOTO TOJIMMEpa
ucnonp3oBaiack smokcuanas cmoiaa DER-330 u orBepautens FCH-S. IlpoBenens! peosorndyeckne U QU3HKO-
MEXaHUYECKUE HCCIIEIOBAHMS CBOMCTB OMOKCHUIHOW CMOJbBI, MOJU(PUIMPOBAHHOW MOHTMOPUIIOHHTOM.
Iloka3ana 3aBUCUMOCTb BSI3KOCTH OT CKOPOCTH CABMIa JUlsl HEOTBEP)KIEHHOW YUCTOM SMOKCUIHON CMOJBI U
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CMOJIBI, MOJAU(UIMPOBAHHOW YaCTHIAMM MOHTMOPWJUIOHHWTAa IIPM KOMHATHOH Temmeparype. Ilpum HH3KOi
CKOPOCTH CJ[BHra HaOJIIOAaeTcs 3HAYMTENILHOE BJIMSHHE MOHTMOPWIJIOHMTA Ha CBOMCTBA Kommosuta. Huskas
CKOpPOCTb CIBUTa IONOJHHUTENBHO T03BOJIMIA MOJIEKYJIaM SIOKCHIHOM CMOJBI IPOCAYMBATHCSA MEXKIY CIOAMHU
TUIACTUHOK MOHTMOPHWJUIOHWTA, BBI3bIBAash HaOyXaHWE W YBEIWYEHHE PACCTOSIHUS Mexny HuMH. llo mepe
yBEJIMYEHUS CKOPOCTH casura ¢ 8 a0 20 ¢! Bpems NepKONANMM MOHTMOPHMIUIOHMTA YMEHBIIAIOCh, UTO
TOBJIMAJIO Ha YMEHBIIEHUE BA3KOCTH. [IpH yBeJIMYEHHE CKOPOCTH CABUIa Bbiule 3HaueHns 20 ¢! kakux-nmu6o
3HAYMMBIX M3MEHECHUH BA3KOCTH HE NMPOMCXOANT, Al 00omx oOpasiax HaOmogaercs Ha rpaduke MOHOTOHHAS
muaust. JloOaBieHne MOHTMOPHWIIZIOHUTA B STIOKCHIHYIO CMOJY M3MEHSET XUMHUYECKHH COCTaB KOMIIO3HTA, YTO
MIPUBOJUT K M3MEHEHUSIM PEOJIOTHYECKNX U (PU3UKO-MEXaHHMUECKHX CBOMCTB. Jl00OaBiIeHNEe MOHTMOPWIIIOHUTA
3aMeUIAeT Tresieo0pa3oBaHUe, YTO MOXKET BIHMATh HA TEXHOJOTHYHOCTb, BPEMsI OTBEPKACHHS U KOHEYHBIC
CBOHCTBAa KOMIIO3MTAa. bbIIM TpoBeneHbl MOP(OIOrHYecKHe HCCICNOBAaHMS JUIl ONPENCIICHNUS CTENeHH
JUCIEPCHOCTH 4aCTULl MOHTMOPWIJIOHUTA B IIOJIMMEPHOM KOMIIO3UTE C MCIIOJb30BAaHUEM IIPOCBEUMBAIOLLEIO
3JIEKTPOHHOT0 MUKpocKoma. HepaBHOMepHOE pacipesesieHue YacTHI] MOHTMOPHUIOHHUTA NIPeo0iIaaio BO BCEX
obpasuax. [lo-BUAMMOMY 93TO CBS3aHO C YCIOBHMSMH OTBEpPXKACHHS IOJIMMEPHOTO KOMIIO3UTA |
HEI0CTaTOYHOCTH BPEMEHH JWCIIeprupoBaHus. [IpoBoaINCh (GU3MKO-MEXaHMYECKHE HCCIIEIOBaHMs 00pas3LoB
13 KOMITO3UTa C MOHTMOPWIJIOHUTOM B CPaBHEHUH C 00pa3laMy M3 YHCTON AIOKCHAHOW cMoutbl. [IpouHOCTh Ha
n3rud 00pasIoB M3 MOJYYEHHOTO KOMITO3HMTAa COINOCTABHMa C IPOYHOCTHIO OOpa3IoB W3 YHCTOW ATOKCHIHOM
cMoJbl. B cBoro ouepens BA3KoCTh yBenuunnack Ha 170%.

KaroueBble ciioBa: MOJIMMEPHBIC MATCPHUAJIbI, 3HOKCI/I,I[HBII>'I KOMIIO3UT, MOHTMOPUWJIJIOHUT,
HaMOJHUTEIN JJIA MTOJIUMEPOB, TEPMOPECAKTUBHBIE CMOJIBI

1. INTRODUCTION

Thermosetting polymers are widely used in
the construction industry as repair compounds
for cracks (defects), anti-corrosion protection
of building structures, and in decorative and
finishing works. Depending on the conditions
of use of thermosetting polymers, it is
necessary to use various structural and
functional fillers to obtain the necessary
physical, = mechanical and rheological
properties. To improve the mechanical and
thermal properties of the composite, small
amounts of montmorillonite are introduced
into its composition [1-3]. Montmorillonite
has a unique morphology in the form of flakes
with a thickness of about 1 nm with linear
surface dimensions of 50-150 nm, which
provides good barrier properties to moisture
and volatile substances [4]. Studies [5] have
shown that montmorillonite accelerates the
rate of chemical reaction of the polymer
composite. The interaction of montmorillonite
particles with epoxy resin molecules affects
the viscosity and mobility of the reacting
particles during the curing process, which
changes the curing rate, reaction time,
enthalpy, glass transition, activation energy,
viscoelastic properties and cross-linking
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density of the final composite [5, 6]. In
addition, it was shown in [7, 8] that the type
and amount of fillers and organic modifiers,
as well as their interaction with the polymer
base and their hardeners, affect the properties
of the resulting composites.

The fillers introduced into its composition have
a significant impact on the curing parameters of
a polymer composite. Therefore, the
manufacturer's recommended instructions for
the use of thermosetting polymers and hardeners
are not suitable for correct use. It is necessary to
take into account the influence of fillers on the
kinetic parameters of curing (activation energy)
of polymer composites.

Gelation is of decisive importance in a
thermosetting reaction. The use of a liquid
polymer composite beyond the gelation point
becomes virtually impossible due to the onset
of crosslinking coupled with the rapid

increase in viscosity. Therefore,
understanding the influence of
montmorillonite ~ morphology on the

rheological properties of thermoset polymer
composites is critical, since it is directly
related to the consistency of fluidity during
use and the effect on the physical and
mechanical properties of the thermoset
polymer composite product.
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2. MATERIALS AND METHODS

The following materials were used for the study:
epoxy resin DER-330 (diglycidyl ether of
bisphenol A, DGEBA); slow hardener FCH-S,
manufactured by The Dow Chemical Company
(Germany); montmorillonite Garamite 7305
(BYK, Germany). The montmorillonite used is
a naturally occurring layered mineral with a
chemical composition of
Ao03(Al13Mgo7)[Si4]010(OH)2H20,

where "A" is the exchange cation, K *, Na " or
0.5Ca ?*. The chemical structure is shown in
Figure 1. The particle size distribution of
montmorillonite clusters ranged from 8 to 12
microns. This section specifies and describes in
detail the chosen research method. The
description should be in such a way that a
qualified reader can reproduce it as a whole.
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Figure 1. Chemical structure of montmorillonite

9]

The components were mixed using a magnetic
stirrer MSH-300 (Biosan, Latvia). All
formulations contained 10.0 g of resin and 3.3 g
of hardener. A hardener and montmorillonite
were alternately added to the working epoxy
mixer. The mixing time of each component was
2 minutes, which made it possible to obtain a
homogeneous mixture.

Morphological studies were carried out using an
EMV-100A electron microscope (JSC SELMI,
Ukraine).
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The rheological properties of the formulations
were measured under normal environmental
conditions using a REOTEST RV2.1 rotary
viscometer (VEB MLW, Germany) with a
cylinder—cylinder working unit in the
concentration range of 0.5 — 20.0%. The shear
rate range was 0.3—1312 s,

Samples for physico-mechanical studies were
carried out with dimensions of 61x12x3.2 mm.
The obtained samples were hardened in two
stages at two temperature conditions — first at
100 °C for 24 hours, and then at 220 °C for 2
hours in a drying cabinet SHSU-MI
(manufactured by NPO  Laborkomplekt,
Russia).

Before taking measurements, the samples were
purified with acetone. Three samples were
tested for each composition. Bending tests were
performed at room temperature on a universal
testing machine TC 101-5-1-U (TEST SYSTEM
production, Russia). In accordance with GOST
R 56810-2015 "Polymer composites. Bending
test method for flat samples" the dimensions of
the sample span are regulated depending on its
thickness. With a thickness greater than 1,6 mm,
the span between the supports should be 16
times the thickness of the sample (tolerance + 1
time). Therefore, during the bending test, the
span between the supports was 51 mm, and the
slider speed was 1.3 mm/min.

3. RESULTS AND DISCUSSION

The change in the rheological and
physicomechanical properties of a thermosetting
polymer composite using montmorillonite
directly depends on the degree of dispersion, the
uniform distribution of montmorillonite in the
volume of the composite. Improving the
properties of the composite also depends on the
chemical reaction of the epoxy resin molecules
occurring on the large surface area of the
montmorillonite particles.

The greatest change in the rheological and
physicomechanical properties of a thermosetting
polymer composite and the effectiveness of
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using montmorillonite particles will be achieved
with a uniform distribution of the latter in the
volume of the polymer composite with the
largest surface area of montmorillonite particles
participating in a chemical reaction with epoxy
resin molecules.

Morphological studies were carried out to

determine the degree of dispersion of
montmorillonite particles in the polymer
composite using a transmission electron

microscope. The distribution of montmorillonite
particles in the polymer composite is shown in
Figure 2.

Figure 2. Polymer composite with
montmorillonite particles

The uneven distribution of montmorillonite
particles predominated in all samples.
Apparently, this is due to the curing conditions
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of the polymer composite and insufficient
dispersion time.

Experimental viscosity versus shear rate curves
for uncured pure epoxy resin and resin modified
with  montmorillonite particles at room
temperature are shown in Figure 3.
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Figure 3. Dependence of viscosity on shear rate

At low shear rates, the effect of montmorillonite
on the properties of the composite is very
noticeable. The interaction  of  the
montmorillonite particles with the epoxy resin
significantly influenced the initial viscosity
response to the applied shear stress. These
interactions, combined with interactions
between montmorillonite particles within the
epoxy resin in response to applied stress,
resulted in higher viscosity values at low shear
rates (0-5 s'). The low shear rate further
allowed epoxy molecules to leak between the
layers of montmorillonite platelets, causing
swelling and increasing the distance between
them. As the shear rate increased from 8 to
20 s’!, the percolation time of montmorillonite
decreased, which affected the decrease in
viscosity. When the shear rate increases above
20 s!, no significant changes in viscosity occur;
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a monotonic line is observed in both samples.
This behavior may have been due to insufficient
time for the epoxy molecules to move further
into the montmorillonite layers to form a
mesoscopic mixture in response to increasing
shear rates. Identical rheological properties at
different viscosities demonstrate the dependence
of viscosity on “particle—particle” and “particle—
host interactions”, as studies have shown [5, 10—
14]. In general, the viscosity of the
montmorillonite sample showed higher values
throughout the study compared to pure epoxy
resin.  This  indicates an  anisotropic
microstructural behavior in which epoxy
molecules move into the interlayer space of the
montmorillonite flakes and cause them to swell.
It can be assumed that with an increase in the
dispersion time of the composite, the epoxy
resin molecules will penetrate more deeply
between the montmorillonite flakes, with its
subsequent swelling, affecting the viscosity and
final properties of the composite. By the end of
the study, the viscosity of the composite,
compared to pure epoxy resin, increased by
170%. Montmorillonite significantly affects the
viscosity of the base polymer, which can affect
processability and cure, leading to changes in
rheological and physical-mechanical properties
[15-18].

The flexural test results for epoxy resin and
epoxy-montmorillonite composite specimens
are shown in Table 1. The cast pure epoxy resin
has a flexural modulus of 2.8 GPa and a flexural
strength of 83.0 MPa.

The composite containing 2 wt%
montmorillonite showed a flexural modulus of
4.7 GPa and a flexural strength of 82.0 MPa.
The elastic modulus of the composite increased
by 25% compared to pure epoxy resin. The
flexural strength of a composite with
montmorillonite compared to pure epoxy resin
is  not significantly  different.  Thus,
montmorillonite significantly affects the elastic
modulus of the composite, which can have a
significant impact on its technological and
operational properties [19, 20].
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Table 1. The modulus of elasticity and bending
strength of cast and layered samples

Name of material Elastic Flexural
modulus, | strength,
GPa MPa
Epoxy resin 2.8 83.0
Epoxy resin with 3.5 81.0
montmorillonite
4. CONCLUSION
The work investigated the influence of

montmorillonite on the rheological and
physical-mechanical properties of composites of
two compositions - two-component (from epoxy
resin and hardener) and three-component (from
epoxy resin, hardener and montmorillonite).

The scaly, branched surface of montmorillonite
has a significant influence on the gelation and
curing time of the composite. More research is
needed on composites with  different
percentages of montmorillonite to obtain
predictable properties of the final composites.
The results of the study showed that
montmorillonite increases the viscosity of the
composite by 170%, which affects its
technological, rheological and physical-
mechanical properties. The elastic modulus of
the composite increased by 25% compared to
pure epoxy resin. Montmorillonite significantly
affects the elastic modulus of the composite,
which can change its technological and
operational properties. The flexural strength of a
composite with montmorillonite compared to
pure epoxy resin does not differ significantly.
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