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Abstract. The effect of the polyfractional micromarble introduction on the change in the physical and
mechanical characteristics of polymer composites based on low-viscosity epoxy binders has been studied.
Evaluation of changes in compressive strength and tensile strength in bending of epoxy composites
samples containing micromarble of three different fractions, depending on the degree of filling, was carried
out. Using the method of least squares, mathematical dependences of the epoxy composites strength
characteristics on the type of used micromarble and the degree of filling have been obtained. The analysis
of isolines and Gibbs-Rosebom triangular diagrams allowed to determine the composition of the
polyfractional filler, the composites on the basis of which have the greatest strength characteristics.
Polymer composite containing a mixture of micromarble of different fractions in the amount of 80 % of the
maximum filling level and having an increased compressive strength (up to 40 %) and close to the limit
tensile strength during bending (decrease by no more than 10 %) compared to the unfilled composition
epoxy polymer was obtained. The mechanical properties and the high filling degree of the obtained
composite indicate the possibility of using micromarble as an effective filler for epoxy polymers, which is
also confirmed by the achieved substantial economic effect.

AHHOTauusA. NccnegosaHo BNnaHME BBeAeHUSA NONMAPAKLMOHHONO MUKPOMpaMopa Ha M3MeHeHne
PU3NKO-MEXAHNYECKNX XapPaKTEPUCTUK MONMMMEPHbBIX KOMMO3UTOB Ha OCHOBE HMW3KOBSA3KUX 3MOKCUOHbIX
ceaAsyowmx. MNMpoBegeHa oOLeHKa M3MEHEHUS npefena NMPOYHOCTM MPWU CXKaTUM U Ha pacTshKeHue npu
n3rnbe o6pasLOB 3MOKCUOHBIX KOMMO3WUTOB, COOEPXaLUX MUKPOMPAMOp TPeX pasfnuuyHbiX pakuun, B
3aBMCUMOCTM OT CTeneHu HanosnHeHus. C Mcnonb3oBaHMEM METOAa HaUMEHbLUUX KBaApaToOB MOMyYeHbl
MaTemMaTU4eCKMe 3aBMCMMOCTU MPOYHOCTHBLIX XapaKTEePUCTUK SMOKCUOHBbIX KOMMO3UTOB OT BuAa
NCNONb3yEMOro MUKPOMpPaMopa U CTEMEHM HanoMHeHUs. AHanM3 U30NIMHUA U TPEYrofbHbIX Auarpamm
'mb66ca-Poseboma nos3sonun onpedennTb COCTaB MOMMMPAKLUOHHOIO HamnoNHUTENs, KOMMO3UTbl Ha
OCHOBE KOTOpOro, obnagatT HaMbOoNbLWMMKN NPOYHOCTHBIMKU XapakTepucTukamu. MNMonyvyeH NonMMEpPHbIN
KOMMO3UT, coaepKallnii CMeCb MUKpOMpamMopa pasnuyHblx dopakunin B konmdectse 80 % oT npeaensHoro
YPOBHSI HaMoSIHEHUSA U OOMNafatolmiA NOBbLIWEHHBIM NPeAenoM MpPoYHOCTM npu oxatun (o 40 %) wn
GrM3KMM MO 3HAYEHMWIO NPEAENOM NPOYHOCTU Ha pacTsKeHue npu uarnde (cHxeHue He 6onee 10 %) no
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CPaBHEHUIO C HEHAMOJIHEHHLIM COCTaBOM 3MOKCUAHOrO nonumepa. MexaHuyeckre CBOMCTBa U BbiCOKast
CTemneHb HarofHeHWUs1 MOJTYYEHHOTO KOMMO3UTa CBUAETENbCTBYIOT O BO3MOXHOCTU MCMOMNb30BaHUs
MUKpOMpamopa B KayecTBe 3(P(EKTUBHOIO HaMOSHUTENs AN SMOKCUAHLIX MONIMMEPOB, YTO TakkKe
NoATBEpPXXAAETCS JOCTUraeMbIM CYLLECTBEHHbIM 3KOHOMUYECKUM 3hEKTOM.

1. Introduction

Nowadays, polymeric materials are widely applied in various industries, which is caused by a set of
unique properties and continuously extending product range [1-6]. In the building industry, thermoset
polymers on the basis of low-molecular epoxy and diane resins with the average molecular weight of 350-
600 are the most widespread [7-11]. High resistance to the majority of corrosive media allows to apply
them as protective coats and impregnations almost anywhere [12-16]. However, wider application is
significantly restricted by high cost and insufficient preservation of properties under the influence of solar
radiation [17-22]. To date, the main way of reducing the cost price of protective coats is reduction of binders
consumption by supplementing their composition with various disperse fillers [23—-29].

Itis considered that fillers were initially added to rubbers for increase of their durability in dozen times
[27]. Then fillers were added to thermoset materials too. Today numerous kinds of fillers of various
purposes are used in different industries and enable to modify mechanical, technological, and decorative
characteristics of composites. Marshallit, chalk, portland cement, diatomite, and dolomite [11-13, 27-29]
are applied as fillers at manufacture of polymeric composites of building purposes. However, scientists and
manufacturers are searching for new effective fillers with controllable chemical and fractional composition.
In the recent years, microcalcite (calcium carbonate, micromarble) is widely applied for manufacture of
polymeric composites. This material is obtained by mechanical crushing of waste left after processing of
white marble with further separation [27]. Constant physical and chemical properties, granulometric
composition, and high degree of whiteness made microcalcite very widespread in manufacture of plastic,
building materials, and papers [27, 30]. These properties combined with high resistance to corrosive media,
atmospheric factors, and ultra-violet radiation make microcalcite very promising filler for building polymeric
protective and decorative coats.

From one hand, increase of disperse filler share in polymer coat composition leads to considerable
reduction of its cost price due to smaller consumption of binder. On the other hand, this results in significant
worsening of mixture workability [30—32]. As a result, the optimal filler content for ensuring the best possible
economic effect should be researched and determined. As a rule, application of plasticizers and solvents
for obtaining a better plasticity of the filled mixtures is not expedient, as it leads to significant reduction of
crack resistance, worsening of strength and adhesive properties of polymeric coats [16, 23, 28].
Considering constantly growing range of low-molecular epoxy and diane resins, authors believe this
problem can be solved by application of low-viscosity binders, which, in its turn, requires conducting
additional researches for analyzing the principles of their interaction with various fillers.

There are ways for obtaining filled coats of building products and structures, which properties are
distributed according to functional requirements by control of polymeric binder of viscosity, as well as filling
degree and fraction composition of the filler [26, 33]. Approach applied fir forming non-uniform distribution
of polymeric coat properties by cross section height based on theoretical and experimental researches of
restricted sedimentation processes with the help of multispeed continuum mechanics has shown obviously
promising outlook for development of filled composite compositions.

The purpose of carried out researches was the development of structures filled with epoxy
composites on the basis of low-viscosity binders and polyfractional microcalcite featuring high physical and
mechanical properties. The following tasks have been solved for achieving the set objective: 1) influence
of fractional composition of microcalcite and filling degrees on the change of mechanical properties of
polymeric composites was defined; 2) polynomial equation ratios were determined with the help of planning
methods and mathematical analysis of experimental researches and the graphic dependences reflecting
the influence of filling degree and fractional composition of microcalcite on filled composite properties were
built; 3) compositions on the basis of which the composites feature the best complex of properties were
determined.

2. Materials and Methods

Surface properties of composites based on two-component epoxy compound of cold setting Etal-
27NT/12NT which composition was supplemented with microcalcite of various fractions were researched
within the scope of experiment:

1) MKML1 (V;) — coarse fraction (0.5+1 mm);
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2) MKM2 (V,) — medium fraction (0.2+0.5 mm);
3) MKM3 (V;) — fine fraction (less than 0.2 mm).

Degree of composite filling varied in the range from 40 to 80% of the limit filler content (Table 1).
V, +V,+V; =1 condition was observed for all compositions at experiment planning. Experimental
research plan in coded values is presented in Table 2.

Change of ultimate compression and tensile strength when bending bar samples having the size of
20x20x70 mm was determined at the experiment. Samples filled with epoxy composites were produced
by casting a mix of filler and Etal-27NT/12NT compound (manufacturer - JSC “ENPC EPITAL"). Samples
solidified on air within 24 hours with further additional solidification within 6 hours at temperature of 80 °C.

Table 1. Level of variable factor varying

In 100 mass fractions of epoxy binder

Mass content of fillers

Maximal content of fillersin a mix, gram

-1

0

+1

MKML1 (V;)

MKM2 (V)

MKM3 (V)

40 %

60 %

80 %

300

250

200

Table 2. Experiment plan in coded values

Values of factors under study
Test number fraction in filler mix Degree of filling

MKM1 (V;) MKM2 (V) MKM3 (V) (X)
1 1 0 0 -1
2 0 1 0 -1
3 0 0 1 -1
4 0.5 0.5 0 -1
5 0.5 0 0.5 -1
6 0 0.5 0.5 -1
7 1 0 0 0
8 0 1 0 0
9 0 0 1 0
10 0.5 0.5 0 0
11 0.5 0 0.5 0
12 0 0.5 0.5 0
13 1 0 0 +1
14 0 1 0 +1
15 0 1 +1
16 0.5 0.5 0 +1
17 0.5 0 0.5 +1
18 0 0.5 0.5 +1

Polynomial dependence of the following kind was used for description of experimental research

results:

Y=bl'Vl+b2'V2+b3'V3+b12'Vl'VZ+b13'Vl'V3+b23'V2'V3+d1'V1'X+
+d2'Vz'X+d3'V3'X+d12'V1'Vz'X+d13'V1'V3'X+d23'V2'V3'X+
+k1'V1'X2+k2'V2'X2+k3'V3'X2+k12'Vl'VZ'X2+k13'V1'V3'X2+k23'Vz'V3'X2

Polynomial equation ratios were defined using the method of the least squares, which consists in
the selection of the equation coefficients, for which the squares of deviations sum of the calculated values
from the experimental ones is minimal [34]. According to the experiment plan, the plan matrix [X] and the
outputs column vector [Y] were compiled. Using matrix operations, unknown coefficients column vector [B]
was found from the solutions of linear algebraic expressions system:
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[B] = ([X"]-[xD~* - [Xx"] - [¥]. )

Adequacy of mathematical models was verified with Fisher criterion. Numerical values of polynomial
equation ratios are specified in Table 3.

Table 3. Ratios of polynomial equation describing the change of ultimate compression and
bending strength depending on varied factors

Polynomial equation ratios (1)

by | by | by | by | byg I by |ty | dy | ds | dyy | dg [ dos | by | ky | ko | kyy | i | Ko

Ultimate compression strength, MPa

56.6 | 623 | 67.4 | -5.16 | 3.72 | 806 | 087 | 133 | 274 | -0.00 | 662 | 5.08 | -1.36 | -3.58 | 020 | 21.01 | 848 | 228

Ultimate bending tensile strength, MPa

468 | 59.2 | 48.9 | -3.77 | 80.1 | 409 | 200 | -109 | 532 | 104 | 418 [ 280 | 805 | 076 | 081 | -7.07 | 315 | 430

3. Results and Discussion

Isolines of ultimate compression and tensile strength change in bending (Figures 1, 2) depending on
ratio of two fractions in micromarble at various degrees of filling were formed on the basis of obtained
polynomial equations.

All studied compositions feature increased strength at compression with the increase of degree of
filling, which is caused by two factors, one of which underlies the principle of filling and consists in greater
strength at compression of mineral filler compared to polymer's strength. The second factor relates to
composition changes in the polymeric matrix on the border between filler and binder. During sedimentation,
filler particles aim to reduce their surface energy and are grouped as cluster formations that have new
quality properties. Structural order of polymeric matrix can be observed inside the cluster, in a polymer
layer adjoining filler particles' surface. As a result, higher density leads to significant strengthening of the
boundary layer [27, 31, 32]. Binder in the cluster is in a film state, and beyond the cluster - in a bulk state.
Increase in the degree of filling leads to greater amount of clusters, which raises film phase content in a
composite.

On the basis of results of the carried out research, it was found out that the greatest compression
strength values (Figure 1, c) are observed in composites filled with a combination of medium and fine
fractions of micromarble (MKM2+MKM3) in the ratio of 0.2:0.8 at maximum degree of filling. Similar values
were obtained for combination of MKM1+MKM3 (Figure 1, b). Thus, increase of fine fraction micromarble
share in the composition of binary filler leads to significant increase of strength, which we believe is caused
by greater density of a structure and greater total area of the boundary layer between the filler particles
and the binder and, as consequence, greater volume content of film phase in a composite. The obtained
data can be compared to results of researches presented in works [31, 32, 35, 36] and describing polymer
property change depending on filler's degree of filling and degree of dispersion.
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Figure 1. Isolines of epoxy composite ultimate strength change at compression (MPa) depending
on degree of filling and micromarble fractions ratio: a) coarse (MKM1) and medium (MKM2);
b) coarse (MKM1) and fine (MKM3); ¢) medium (MKM2) and fine (MKM3)
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Figure 2. Isolines of epoxy composite ultimate bending tensile strength change depending on
degree of filling and micromarble fractions ratio: a) coarse (MKM1) and medium (MKM2);
b) coarse (MKM1) and fine (MKM3); ¢) medium (MKM2) and fine (MKM3)

Itis known [31, 32] that increase of the total filler surface area leads to strengthening of the composite
at compressing load impact only to a certain extent. This effect is caused by increase in polymer
consumption for wetting of filler's grains, which results in formation of unit from them that are not wetted
with the binder and are encapsulated in it. Compounds obtained from combination of micromarble of fine
fraction and insignificant (up to 20 % of the total filler's mass) content of medium and coarse fractions at
the maximal degree of filling feature higher compression strength than the composites that are filled only
with micromarble of MKM3. Increase of strength when a polyfractional filler is used is also caused by the
fact that with the greater density of a structure packing, where fine fraction micromarble particles fill the
space between grains of the coarse filler ejecting binder's volume phase.

From the analysis of isolines of bending tensile strength, presented in Figure 2, it has been found
out that composites containing micromarble of medium (MKM2) and coarse fractions (MKM1) features
essential reduction of bending tensile strength — from 77 to 38 MPa at increase of the filling degree
(Figure 2,a). High bending tensile strength obtained for these compounds with 40% degree of filling can be
explained, first of all, by lack of filler's particles in the stretched section zone due to their complete setting
in the process of sedimentation. In compounds having fine fraction micromarble (MKM3) of more than 80 %
in MKM1+MKM3 combination, bending tensile strength with increased degree of filling almost does not
change, which is proved by almost horizontal arrangement of isolines (Figure 2,b). In this case, the highest
tensile strength at the maximal degree of filling was observed at equal shares of coarse and fine fillers
(63 MPa).

According to [36], internal stresses do not depend on filler's dispersion; though, deformation energy
caused by residual stresses is higher around coarse particles, which results in the fact that composites
filled with micromarble of coarse (MKM1) and medium (MKM2) fractions have smaller strength at high
degrees of filling than compounds containing micromarble of fine fraction (MKM3). Tests of composites
filled with micromarble of fine fraction together with coarse or medium fractions led to a wide range of
tensile strength values in bending, varying values depending on the share of each fraction (Figure 2,b,c).
The best results were observed at equal ratio of shares; in this case, bending tensile strength does not
exceed 10 % for the degree of filling from 40 to 80 %.

Three-component Gibbs-Roseboom diagrams based on simplexes in a form of regular triangles were
used for a visual presentation of change in properties of filled epoxy composite materials at varying ratio of
three micromarble fractions (MKM1, MKM2, MKM3). Figures 3 and 4 present triangular Gibbs-Roseboom
diagrams of compression and tensile strength changes in bending plotted with Statistica 10.0.1011
software.

On the basis of triangular diagrams presented in Figure 3 it can be seen that the greatest
compression strength values for all degrees of filling is observed with maximal content of MKM3
micromarble and combination of MKM2+MKM3 fillers, while MKM2 share does not exceed 25-40 %.
Samples containing micromarble of coarse and medium fractions show that the optimal content of MKM2
makes about 60 % with the degree of filling of 40 and 80 % (Figure 3, a, ¢). The maximal compression
strength has been observed in the compound filled with a combination of MKM2+MKMa3 fillers in the ratio
of 0.2:0.8 with the degree of filling of 80 %. Increase of micromarble coarse fraction in all investigated
compounds led to considerable decrease of compression strength. The most obvious change of
compression strength has been observed at variation of fine and coarse fractions of microcalcite, while
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change of micromarble medium share in polyfractional filler has essentially smaller impact, especially when
the degree of filling makes 60 % (Figure 3,b).

V3
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0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00

a) v vz b ) vi v2 C) Vi v2

Figure 3. Triangular Gibbs-Roseboom diagrams of compression strength of filled epoxy
composite materials (MPa) with degree of filling: a) 40%; b) 60%; c) 80% (MKM1 (V1) — coarse
fraction (0.5+1 mm); MKM2 (V2) — medium fraction (0.2+0.5 mm);

MKM3 (V3) - fine fraction (less than 0.2 mm))

v3
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Figure 4. Triangular Gibbs-Roseboom diagrams of tensile strength of filled epoxy composite
materials(MPa) with degree of filling: a) 40%; b) 60%; c) 80% ( MKM1 (V1) — coarse fraction (0.5+1
mm); MKM2 (V2) — medium fraction (0.2+0.5 mm); MKM3 (V3) — fine fraction (less than0.2 mm))

The greatest bending tensile strength value has been observed in a compound with maximal share
of micromarble of medium fraction at 40% degrees of filling (Figure 4,a). Generally, increase of degree of
filling to 60 and 80% leads to reduction of bending tensile strength; thus, the optimal combination of strength
and economic indicators is observed in composites filled with a combination of MKM1 + MKM3
micromarble. With these degrees of filling, medium fraction micromarble in polyfractional filler has minimal
impact on strength properties.

4. Conclusions
Analysis of research results allowed us to draw the following conclusions:

1. Ultimate compression strength properties of epoxy composites can be enhanced from 10 to 40 %
depending on dispersion and fractional composition of the added micromarble, as well as on the filling
degree. The greatest ultimate strength reaching 70 MPa can be attained with application of the binary filler
with increased calcium carbonate content of MSM3 fraction; the composite filled with microcalcite of fine
and average fraction with 0.8:0.2 ratio and filling degree of 80 % features the optimal properties.

2. It has been determined that compounds with the filling degree of 40 % containing microcalcite of
coarse or average fraction feature the greatest ultimate tensile strength, which is caused by forming a layer
consisting mainly from unfilled epoxy polymer in a stretched area of the composite. Generally, increase of
the filling degree leads to reduction of ultimate tensile bending strength. When polyfractional combinations
of fillers containing micromarble with the fraction size of less than 0.2 mm and 0.5+1 mm or 0.2+0.5 mm
tensile bending strength decreases does not exceed 10% for compounds with the filling degree of 80 %
compared to unfilled compound (64 MPa), which proves economic feasibility of highly filled composite
application.

3. Analysis of mathematical models of filled composite properties change depending on dispersion
and fractional composition of the filler and filling degree presented in the form of isolines and triangular
Gibbs-Rosenboom diagrams enabled us to reveal a compound featuring the best combination of economic
and performance properties. Obtained composite contains a combination of MKM1+MKM3 fillers in the
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ratio of 0.2:0.8 and has almost maximal compression and tensile strength in bending with the filling degree

of 80 %.
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