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Abstract. Novel type of light heat-resistant polymer concretes was developed on the basis of
oligooxyhydridesilmethylenesiloxysilan with hollow glass or ceramic microspheres. Adding hollow glass and
ceramic microspheres being waste products from thermal power plants operating on solid fuels allowed
developing reasonably priced materials and reducing potential environmental pollution. For optimization of
production technology, the curing and molding conditions of materials were studied. According to impact
strength changes, the optimal curing mode for the composites was at 480-515 K for 4.25-4.5 hours depending
on the filler type and binder content. It was stated that used organic-silicon binder provided thermal resistance
and high strength characteristics of the composite material. In comparison with traditional silicone resins, the
compressive strength value of the developed materials increased by almost two times and the modulus of
elasticity increased by almost an order of magnitude. Due to the interaction of aluminum hydroxide groups of
ceramic microspheres with organosilicon polymer, Young's modulus of the materials filled by ceramic
microspheres was higher by 20-30 % than that of the concretes with glass microspheres. Consequently,
enhanced physical and mechanical properties expand possibilities of using these materials under exposure of
significant external static loads.

1. Introduction

Many recent studies have focused on physical, mechanical and thermal properties of different types of
concrete [1-4]. Fiber reinforcement is commonly used in order to increase strength and tensile-deformation
properties of concretes [5]. Introduction of hydrosilicates additives [6] allows to increase the water and frost
resistance of materials. Lightweight concretes containing fillers or pores are characterized by improved heat-
insulating properties [7, 8].

The filling of mineral binders with hollow microspheres with particle ranging in size from units to several
hundred micrometers has been known for a relatively long time. Despite low density and acceptable thermal
conductivity, they are characterized by low impact strength. In addition, a major drawback of such materials is
their low chemical resistance to aggressive natural and technogenic factors, such as acid rain and carbon
dioxide, which limits their use in construction. The polymeric binders can be a promising alternative to the
mineral binders.

Light polymer concretes (LPC) comprised of hollow microspheres fastened by mineral or organic
bindings are promising materials for thermal insulation with enhanced physical-mechanical properties, in
particular, increased impact strength. Most polymeric materials are resistant to acid and alkaline reagents,

Mastalygina, E.E., Ovchinnikov, V.A., Chukhlanov, V.Yu. Light heat-resistant polymer concretes based on
oligooxyhydridesilmethylensiloxysilane and hollow spherical fillers. Magazine of Civil Engineering. 2019. 90(6).
Pp. 37-46. DOI: 10.18720/MCE.90.4

Macransirnaa E.E., OBumnHuMkoB B.A., Uyxmnano B.JO. Jlerkue jxapocToiikue MOJMMEPOETOHBI Ha OCHOBE
OJIMTOOKCUTUAPHICHIMETHIICHCHIIOKCUCHIIaHa M TIOJIBIX C(epUUECKUX HaroJdHUTeNeH // IHKeHepHO-CTPOUTEIbHBIH
xypHai 2019. Ne 6(90). C. 37-46. DOI: 10.18720/MCE.90.4

This open access article is licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/)

37


https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

WmxeHepHo-crpouTenbHbIiA xypHai, Ne 6(90), 2019

characterized by high adhesive characteristics to the filler particles surface. However, they have several
disadvantages, such as low thermal stability and susceptibility to degradation by ultraviolet radiation. In this
regard, much attention is drawn to the polymer concretes based on siloxane binders.

The composites based on the hollow inorganic microspheres and silicone polymeric binders with a
siloxane main chain were described in the previous works [9-12]. The weaknesses of these thermal insulation
materials are their relatively low tensile strength and low thermal stability. The long-term operation temperature
of composites with the most common polymethylphenylsiloxane binder does not exceed 250°C, after which a
catastrophic loss of tensile strength is observed [13-15]. Fundamentally, new silicon-organic binders
containing siloxane and carbosilane units in the main chain are used to increase tensile strength and thermal
stability of ceramic microspheres (CM) [16—18]. Under heating, such polymer changes into the ladder structure
characterized by the increased tensile strength and thermal stability up to 400°C. Considering that the initial
polymer contains a heat-resistant filler, as a result of heat treatment a composite material with high strength
characteristics is formed.

This work was devoted to the novel light polymer concretes based on a novel class of silicon-organic
polymer oligooxyhydridesilmethylenesiloxysilan (OHSMS) with hollow glass and ceramic microspheres. Based
on the fact that ceramic microspheres are the products of smoke emissions of solid-fuel power plants, using
waste products as the fillers for the composites under investigation allowed to develop a reasonably priced
material and to reduce potential environmental pollution. The materials of this type can be used in the
construction of facilities operating at elevated temperatures under aggressive environment and exposure of
ionizing radiation, for example, in the construction of conventional and nuclear power plants, chemical
production facilities.

The main goal of this research was to study the mechanism of interaction of the binder and the polymer,
as well as to examine the physical-mechanical properties and behavior of the developed materials under
deformation. The results of this research can be used for developing a new group of polymer concretes with
high strength characteristics and resistance to shock loads, thermal effects, chemicals and all types of
radiation.

2. Materials and Methods

Hollow glass microspheres (HGM) and hollow ceramic microspheres (HCM), referred to cenospheres,
obtained by the flotation processing of fume emissions from the thermal power plants operating on solid fuels,
specifically on the Kuzbass coal, were used as fillers. The cenospheres had the following composition: 57 %
SiOz2, 28 % Al20s, the rest oxides CaO, MgO, Na20, Fez0s. In comparison with HGM filler, the fractional
composition of HCM is characterized by the larger fractions. Taking into account the low content of HCM float
fraction and the necessity of the further utilization of the separated small fractions, the additional fraction
separation of HCM is not economically and environmentally justifiable. For this research, HCM were used as
a filler without additional fractionation.

Varnish VKL-1 TU 6-05-64-101-85 was used as a binding agent. The main component of this agent is
oligooxyhydridesilmethylenesiloxysilan (OHSMS), which contains carbosilane and silane bonds in addition to
siloxane bonds. OHSMS was obtained by the esterification reaction of the high-boiling fraction of the direct
synthesis of methylchlorosilanes and was used as a solution in the organic solvents [19].

The technology of sample preparation included several stages. At the first stage, in order to achieve the
consistency of “wet sand” mixing the binding agent with HGM or HCM was conducted with a rotation speed of
45 rpm by an open low-speed laboratory mixer with a capacity of 0.1 m® and a frame mixer. In the cases of
mixing at elevated temperatures, the mixer with the composite content was placed in an oil bath. Temperature
control and adjustments were carried out by the PEX controller REX100. Mixing modes temperature and time
are given in Table 1. Then, the composite samples were molded under pressure from 0.05 to 0.5 MPa in the
metal molds with an internal sizes of 30x30x30 mm for compression tests and 80x10x4 for impact tests,
followed by heat treatment according to the modes indicated by the Box—Behnken design.

The complex of physical and mechanical properties of the obtained composite samples were
investigated according to the standard methods. Analysis of compression strength and modulus of elasticity
was carried out by a specialized machine Instron Model 4206 (Germany) in accordance with standard ISO
604:2002 at room temperature on cubic samples with a loading speed of 1 mm/min. l1zod impact strength of
the materials was determined by a pendulum machine GOTECH GT-7045-MDL (Taiwan) in accordance with
standard ISO 1268-4:2005.

3. Results and Discussion

The properties of polymer concretes are determined by a set of factors, including chemical composition
and structure of polymer matrix (binding agent) [20]. Oligooxyhydridesilmethylenesiloxysilan (OHSMS) used
as a binding agent has the following chemical formula:
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where n, M, k, I, p, g = 1+4; mq, kg, I, I2, p1 = 1+2; m2, p2 = 1+1.5; nz, g2 =1; N1, g1 = 0+1.

1)

To determine the optimal technological conditions of obtaining materials, the processes of curing and
molding were studied comprehensively. Curing of OHSMS apparently occurs due to the presence of both
reactive hydroxyl groups and hydride radicals. Considering the chemical structure of OHSMS, it can be
assumed that intensive processes of oligomer curing take place only under the conditions of increased
temperatures. The kinetics of the OHSMS curing was defined by the degree of the oligomer curing.

The degree of OHSMS crosslinking (Figure 1) was determined by a residual amount of the fraction
dissolved in organic solvent by means of a Soxhlet apparatus. It was stated that nearly 100 % of the oligomer
crosslinking was occurred at a temperature of 513 K and a curing time of 6 hours.

After primary investigation, the selection of optimal processing modes of curing was performed. The
scheme of obtaining LPC based on OHSMS as a binder was as follows: mixing of OHSMS and microspheres
to the consistency of “wet sand”, molding of products under pressure, at which the required packing density
of microspheres of approximately 60 % is achieved, and subsequent heat treatment. The developed
processing method allows to obtain LPC with a volume fraction of the binder not more than 25 vol.%. This is
associated with a sharp decrease in the number of open pores in the material and the subsequent hindered
penetration of organic solvent.

Table 1 gives the modes of obtaining products from LPC by molding materials under low pressure. The
relatively long time and increased temperature during the process of components mixing were determined by
a poor solubility of OHSMS in organic solvents (12.5 %) and by the necessity for their subsequent removal to
achieve “wet sand” consistency.

Table 1. Modes of obtaining LPC filled by HGM and HCM (curing temperature 423 K, time
2 hours).

Composition (wt.%) Blending mode

Filler —— Volume fraction of Exposure to Packed density
type Filler BINding agent yinging agent (%) Time (min) Temperature (K)  air (hours) (kg/m?)
(solid residue)

HGM 65 35 5 10 289 1 257
HGM 60 40 10 20 333 3 294
HGM 55 45 15 40 353 6 372
HGM 50 50 20 60 353 24 401
HGM 45 55 25 90 353 48 462
HCM 75 25 5 10 289 1 361
HCM 70 30 10 20 333 3 416
HCM 65 35 15 40 353 6 474
HCM 60 40 20 60 353 24 514
HCM 55 45 25 90 353 48 578

As the composition reached the consistency of «wet sand», it was placed in a mold and was subjected
to layer-by-layer molding under low pressure until the maximum packed density of microspheres was reached
(0.6 for HGM and 0.66 for HCM). The maximum packed density was controlled by the values of constant
packed density of the material regardless of the molding pressure (Figure 2).

The results of this study showed that a minimal pressure for achieving the required fullness volume
coefficient was 0.4 MPa for the composites with HCM and 0.25 MPa for the composites with HGM. Further
increase in pressure could cause destruction of the hollow shells of microspheres.

After molding and before heat treating composite materials were kept in an open mold block in
accordance with the modes given in Table 1. This operation allowed to foam concrete during heat treatment
due to an excessive unextracted solvent. The preliminary curing temperature of 423 K was not optimal, since
it was obviously insufficient for the complete crosslinking of OHSMS.
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Figure 1. Dependence of the bonding agent (OHSMS) Figure 2. Dependence of the packed
curing degree on the curing time and temperature: density of LPC on molding pressure:
1-433K,2-473K,3-513K, 4-553K. 1 —glass microspheres filler (HGM);

2 — ceramic microspheres filler (HCM).

Determination of the optimal temperature conditions of heat treatment is a considerable task, since
many factors have an effect on the final performance properties of LPC. However, the dominant factors are
temperature, curing time and binding agent content [21]. Therefore, in this study the full three-factor
experiment planning was conducted in order to select the optimal modes (Table 2).

The impact resistance was used as a response function, since with increasing temperature and time LPC
can completely lose plastic properties and resistance to impact, which is extremely undesirable for protective
materials. The impact strength value depends on the degree of macromolecules crosslinking and it can decrease
at a certain stage, when a certain crosslinking frequency is exceeded [22]. The purpose of Box—Behnken design
was to find the corresponding optimal technological parameters, in particular temperature and time. Figures 3 and
4 show lines of equal levels of impact strength values depending on time and temperature of heat treatment for
LPC filled by HGM and HCM with a binder content of 10 vol.% and 20 vol.%, correspondingly.

Table 2. Box—Behnken Design.

Input data of experiment

No. Trial No. Coded variable levels Natural variable levels
X1 X2 X3 X1 (Time, hours) X2 (Temperature, K) X3 (Binding agent, %)
1 6 + + 0 8 553 15
2 2 + — 0 8 473 15
3 5 — + 0 2 553 15
4 1 - - 0 2 473 15
5 10 + 0 + 8 513 20
6 12 + 0 - 8 513 10
7 11 - 0 + 2 513 20
8 9 - 0 - 2 513 10
9 8 0 + + 5 553 20
10 7 0 + - 5 553 10
11 4 0 - + 5 473 20
12 3 0 - - 5 473 10
13 13 0 0 0 5 513 15
14 14 0 0 0 5 513 15
15 15 0 0 0 5 513 15
16 16 0 0 0 5 513 15
17 17 0 0 0 5 513 15
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According to the obtained experimental data, as the binding content increased, the impact strength
value shifted towards higher temperatures. As expected, an optimum impact value zone was found in all the
cases. When HGM was used as a filler, the optimum impact strength was achieved at OHSMS content of
10 vol.% at a temperature of 480 K and curing time of 4.25 hours.

With an increase in the binder content up to 20 vol.%, no significant changes in the optimum character
were observed. For this composition, the impact strength of the building material increased by no more than
20 %, owing to the low reactivity of HGM surface with OHSMS at the given temperatures.

When HCM was used as a filler, another behavior was observed. For composites filled by HCM, the
optimal curing mode was 515 K at the curing time of 4.5 hours (20 vol.% of OHSMS). The impact strength
increased significantly to about 36 kJ/m at OHSMS content of 20 vol.%, which is a very significant value for
building materials with the similar density.

Automated implementation of the Box-Behnken Design allowed to obtain the following regressions that
describe the dependence of impact strength value on curing time, temperature and binding agent content.

For LPC filled by HGM:
oy =20.87+0.674X,; +2.123X, +1.585X ; —3.299X, — 7.844X ] — 2.434X —0.995X; X, +
(2)
+1.282X, X5 +1.942X, X 5.
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For LPC filled by HCM:
O =21.44+0.701X, +2.122X, +1.559 X5 —3.561X, — 7.158X ] —2.694X ] —0.994X X, +
+1.23X, X5 +1.942X, X,

®)

where X1 is curing time; X2 is curing temperature; X3 is binding agent content in LPC.

The results presented above indicate that there is an active interaction of the filler with the binding agent
due to the presence of active functional groups on the HCM surface. By virtue of the chemical composition,
there are aluminum hydroxide groups with an increased reactivity on the surface of HCM. The interaction of
aluminum hydroxide groups of HCM with functional groups of the organosilicon polymer located along the
main chain apparently occurs.

OHSMS used as a binder differs from commonly used organosilicon materials in not only chemical
nature (silane and carbosilane bonds in the main polymer chain appear in addition to siloxane bond), but also
in a high frequency of OHSMS macromolecules cross-linking limiting their mobility after curing [23]. Thus, the
developed composite materials based on OHSMS have lower plastic properties than commonly used LPC.
However, the analysis of physical and mechanical properties under compression showed compression
strength and modulus of elasticity increased in comparison to these values of commonly used LPC (Figure 5).
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Figure 5. Dependence of mechanical strength characteristics of LPC filled
by HGM (curve 1) and HCM (curve 2) on bonding agent content (OHSMS):
(a) compression strength, (b) modulus of elasticity.

Apart from the nature and the content of a binder, the chemical composition and the size distribution of
fillers have a significant impact on the physical and mechanical properties of LPC. In this study the use of
HCM filler led to a significant increase in compressive strength as compared to LPC with HGM filler. The
modulus of elasticity of LPC with HCM as a filler is 20-30 % higher than that of LPC with HGM. This could be
explained by a difference in the fractional composition and the chemical interaction between the binder and
the filler surface. Apparently, chemical reaction occurred between the surface functional groups of HCM and
the reactive groups of OHSMS [24]. Moreover, in comparison with traditional silicone resins (polyphenyl and
polymethylphenyl siloxane), the compressive strength value increased by almost two times and the modulus
of elasticity increased by almost an order of magnitude. The properties of the developed concrete expand
possibilities of using the material under exposure of significant external static loads.

4. Conclusions

Novel type of light heat-resistant polymer concrete was developed on the basis of
oligooxyhydridesilmethylenesiloxysilan with hollow glass and ceramic microspheres. Organic-silicon binder
provided thermal resistance and high strength characteristics of the composite material. Adding hollow glass
and ceramic microspheres being waste products from the thermal power plants operating on solid fuels
allowed to develop reasonably priced materials and to reduce potential environmental pollution.

The minimum molding pressure of light polymer concrete depends on the type of microspheres: 0.4 MPa
for compositions with hollow ceramic microspheres and 0.25 MPa for compositions with hollow glass
microspheres. The difference is explained by a more significant deviation of the shape of ceramic microspheres
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from a spherical one, which makes it difficult to achieve maximum packing density of the filler. A further increase
in pressure is impractical due to the possibility of destruction of the microspheres shells.

For lightweight polymer concrete with oligooxyhydridesiimethylenesiloxysilan content of 10 vol.% and
filled with hollow glass microspheres, the optimum curing mode monitored by the toughness function was
achieved at a temperature of 480 K and a cure time of 4.25 hours. When using ceramic microspheres with an
organosilicon polymer, the optimum temperature and the cure time were increased by about 5 %. This is
apparently due to the difference in the concentration of silanol groups on the surface of glass and ceramic
microspheres and the difference in heat-conducting characteristics. At the same time, with an increase in the
binder content to 20 vol.%, no significant changes in the behavior of the composites were observed.

The compressive strength and elastic modulus of the developed composites significantly exceeds the
strength of the materials with traditional organosilicon binders, in particular polymethylphenylsiloxane. This is
due to a number of factors, such as the spatial ladder structure of the polymer, the presence of a significant
number of reactive groups in the binder, and their interaction with hydroxyl groups on the surface of the filler
with the formation of physical and chemical bonds.

The use of hollow ceramic microspheres as a filler led to a significant increase in compressive strength
compared to materials with hollow glass microspheres. The elastic modulus of lightweight polymer concrete
with ceramic microspheres was 20-30 % higher than that of materials with glass microspheres, which is due
to both higher strength characteristics of the filler shells and the difference in the interaction between the binder
and the filler surface.

To sum up the obtained results, it could be concluded that using oligooxyhydridesilmethylenesiloxysilan
as a binding agent provides the possibility to obtain construction materials, which can be used in various
industries, particularly in ferrous and nonferrous-metals industries, conventional and nuclear power industries.
Increased physical- mechanical properties, high thermal resistance and resistant to aggressive technogenic
and natural factors expand possibilities of using these materials under exposure of significant external static
loads.
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AHHOTaums. HoBebin ™n nerkmx nonmmepbeToHOB Obin paspaboTaH Ha OCHOBe
ONUrooKCUrMapUaCUIMETUNEHCUITOKCUCHaHa c nonbiMun CTEKMNAHHBIMU nnu KepaMmnyeckumm
Mukpocdepamn. [JobaBneHne nosnbiX CTEKNSAHHLIX U KEepaMUYeckux Mukpocdep, SBNSALWMXCS oTXogamu
TENNOBbIX 3NEKTPOCTAHLMIA, MO3BOSIUITO YMEHbLLNTL CEHECTOMMOCTL MaTeprarnoB 1 CHU3UTb NOTEHUMArbHOE
3arps3HeHune okpyXatoLen cpebl. [Ing onTumMm3sauumn TEXHONOrMM NPON3BOACTBA U3Yy4eHbl TEXHOMOrMYeckue
YCIoBWsi OTBEPXAEHNSA U (DOPMOBaHUS MaTepmanoB. B cCOOTBETCTBMM C UBMEHEHUAMN YOAPHOW BA3KOCTY Bbin
YCTaHOBMEH ONTUManbHbIA PexXum oTBepxaeHusa ana komno3utoB npu 480-515 K B TeueHune 4,25-4,5 yaca
B 3aBMCUMOCTM OT TUMNa HaNOMHUTENS N COAEPXaHUs CBA3YOLLEro. bbino ycTaHOBNEHO, YTO MCNONb30BaHHOE
KpeMHUopraHuyeckoe cBasylolee obecnednBaeT TEPMUYECKYIO YCTOMUYMBOCTb U BbICOKME MPOYHOCTHbIE
XapakTepPUCTUKM KOMMO3ULMOHHOrO MaTepuana. 1o cpaBHEHUIO C TPaAMLMOHHBIMU KPEMHUNOPraHNYeCKUMN
cmonamu, npegen NpoYHOCTM NPU CxaTun pas3paboTaHHbIX MaTepuanoB yBENMYUIICS NOYTKM B ABa pasa, a
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