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ABSTRACT

Introduction. The use of aluminosilicate microspheres makes it possible to produce lightweight, high-strength fired materials. The
use of liquid glass as a binder allows products at a firing temperature of 400 °C, significantly reducing energy consumption compared
to ceramic materials. The aim of the research presented in the article was to develop and test a method for assessing the properties
of fired products based on liquid glass and silicate microspheres, as well as to select optimal formulation and process parameters.
Methods and materials. Liquid glass with a density of 1400 kg/m® is used as a binder, and aluminosilicate microspheres are used
as a lightweight filler. The properties of the products were studied according to standard methods. The experiment was conducted
using statistical and numerical methods. Results. A method for predicting the properties of fired products has been devel-oped,
and formulation and process problems have been solved based on its application. It has been established that for a product with
the highest compressive strength, the most suitable composition would be one containing 34% liquid glass, and the molding pres-
sure should be 4.6 MPa. In this case, the compressive strength will be 16.2 + 0.6 MPa; the average density is 711 + 38 kg/m? and the
thermal conductivity is 0.0114 £ 0.0006 W/(m°C). The decrease in compressive strength after 75 freeze-thaw cycles (compared to
the strength of dry samples) is 8-11%, and after 100 cycles — 11-14%. Discussion. The formation of the properties and structure of
the material is based on the processes of uniform distribution of the binder over the surface of the gra-nules with the pressing of
the system and crystallization of the binder during the firing process with the formation of strong contact between the granules.
Conclusion. Firing materials based on microspheres have a more developed sur-face of a single pore space, which affects their
water absorption, and, consequent-ly, strength, thermal conductivity and operational durability.
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AHHOTALUMA

BBepeHue. MNpriMeHeHne antoMoCcuIMKaTHbIX MUKpocdep AenaeT BO3MOXKHbIM MOfyYeHne Nerkux 06XK1rosbix MaTepuasnos NoBbl-
LeHHoN NpoyHocTU. Micnonb3oBaHWe B KayecTBe CBA3YIOLLEro XNAKOro cTeksa No3BosAeT NonyyaTb U3[enua npu temnepartype
06xura 400 °C, 4To 3HaUUTENIbHO CHIXKAET SHepPro3aTpaThbl Mo CPABHEHWIO C Kepammniyecknmmn Matepranamu. Lienb nccneposannia,
W3MIOXEHHBIX B CTaTbe, 3aK/ioyanach B pa3paboTke 1 anpobaLyy METOANKIN OLLeHKM CBONCTB 0OXKMIOBbIX U3LeNNii Ha OCHOBE XIA-
KOro CTeKIa 1 CUNMKaTHbIX MUKpocdep, a TakxKe BbI6Gopa ONTMMasbHbIX PeLLeNTYPHbIX U TEXHONOrMYecknx napametpos. Metogbi
1 MaTepumanbl. B KauecTBe CBA3yIOLLEro MCMONb3YETCA XKUAKOE CTEKNO MAOTHOCTbIO 1400 Kr/M?, a B KauecTBe JIerkoro 3anosiHUTens —
anomocunmKaTHble MuKpocoepbl. iccnegoBaHve CBOMCTB M34eNUIA OCYLLECTBAANOCh NO HOPMATUBHbBIM MeToArKaM. [poBeaeHne
3KCMeprIMeHTa OCYLLEeCTBIANOCH C MCMONb30BaHNEM CTaTUCTUYECKMX U LndpoBbix MeTofoB. Pe3ynbratbl. Pa3paboTtaHa MeToarKa
NPOrHO3MPOBaHMA CBONCTB OOXMIOBbIX M3AENNIA, U HA OCHOBAHWM ee NPUMEHEHNA peLleHbl peLEenTypHbIe U TEXHONornyeckme
3aflaun. YCTaHOBNIEHO, YTO eC/iN HYXKHO MONYUnTb U3fenune C HanbonbLuel NPOYHOCTbIO MPU CXKaTuK, TO Hanbonee NpremnembiMm
6yneT cocTaB, copepaLumin 34% XnaKoro CTekna, a faneHre GopMoBaHWA AOMMKHO cocTaBnATb 4,6 MIMa. B 3Tom cnyyae npoyHocTb
Ha ckaTtue cocTaBuT 16,2 + 0,6 MIMa; cpefHAa NnoTHOCTb 711 + 38 Kr/m® n TennonpoeogHocTb 0,0114 + 0,0006 B1/(m°C). CHUXeHne
NPOYHOCTUN Ha CXKaTue Npu 75 LUKax 3amopakMBaHUA 1 OTTamBaHUA (MO CPaBHEHUIO C MPOYHOCTBIO CyXmX 06pasLioB) cocTaBnAeT
8-11%, a npu 100 ynknax — 11-14%. O6cy»aeHue. B ocHoBe popMUPOBaHMA CBONCTB 1 CTPYKTYPbl MaTeprana iexat npoLecchbl:
pPaBHOMEPHOro pacnpefeneHuns, BAXKYLLEro no NOBEPXHOCTY rpaHys C NOAMPECCOBKON CUCTEMbI U KPUCTaNM3aLmna BAXyLero
B npovecce o6xura ¢ GopMmpoBaHMEM NMPOUHbIX KOHTAKTOB MeXKAy rpaHynamu. 3aknioueHune. O6xXmMrosble matepuanbl Ha OCHOBe
MUKpocoep nmetoT 6onee pasBUTYIO NOBEPXHOCTb eANHOIO MOPOBOrO MPOCTPAHCTBA, YTO OKa3blBaeT BAVAHME HA X BOLOMOIIIO-
LieHne, a CnefoBaTeNlbHO, Ha NPOYHOCTb, TEMNNONPOBOAHOCTb M SKCNYaTaLNOHHYIO CTOMKOCTb.

KJTIOYEBDIE CJZIOBA: XnaKoe CTEKNO, antoMOCUIMKATHblE MUKpPOCcdepbl, POPMOBaHME C NPECCOBAHMEM, OOXKUT, CTAaTUCTUYECKOE
nnaHMpoBaHue, sHepreTnyeckan 3GPpeKTMBHOCTb

NCTOYHUKU ®UHAHCUPOBAHUA HAYYHOW PABOTbI, PE3YJIBTATOM KOTOPOW CTAJIA NYBIMKALIUA: Viccnegosanus
BbINOJIHEHbI B pamkax peanu3zaummn HAP OHU MuHctposa PO «Pa3Butre TeOpPeTUYECKMX OCHOB MOJTyYeHUA 0CO60 Nerkrx Heopra-
HUYECKNX CTPOUTESNIbHbIX MaTepranoB 1 UCCNeJOBaHNE BAVAHUA MOPUCTON CTPYKTYpPbI Ha UX TeNopu3nyeckmne 1 akyctmyeckme
XapaKTepUCTMKW», a TakKe B pamkax peanusauuu Mporpammel passutuna HAY MICY «MPUOPUTET 2030». MNMpoekT 3.1 «HayuHbin
NPOpPbIB B CTPOUTENIbHON OTPAC/IN — HOBblE TEXHOMOI M, HOBble MaTepuasbl, HOBble METOAbI».

Aana uMTUPOBAHUA:

BbeccoHos W.B., Kykos A.[l., Mensepnes A.A., Manosa 3.A., foBpsakos /.C. OnTrMm3anma cocTaBa 1 CBONCTB NErKUX MaTepuanos
Ha OCHOBE MJKOro cTekna. HaHomexHosmoz2uu 8 cmpoumesnscmae. 2026;18(4):447-456. https://doi.org/10.15828/2075-8545-2026-
18-4-447-456. - EDN: OEHSKW.

INTRODUCTION and compressive strength from 2.0 to 8 MPa. Products of

this group can be manufactured on various mineral bind-

In enclosing structures, including self-supporting or load-
bearing structures of buildings, a wide segment is occu-
pied by lightweight materials such as cellular concrete,
concrete on lightweight and extra-lightweight aggregates,
hollow ceramic bricks and their analogues [1—3]. Prod-
ucts belong to the group of heat-insulating and structural
ones having an average density from 400 to 1000 kg/m?

ers (modified gypsum, clay, Portland cement and its ana-
logues, etc.). Stabilization of the structure of these materi-
als can occur under conditions of natural hardening, heat
or heat-moisture treatment, firing [4—6]. The materials of
this group have relatively low thermal conductivity, which
makes it possible to manufacture structures in moderate
climate regions with minimal additional insulation, and in
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regions with a warm climate — without additional insula-
tion while maintaining a sufficient level of comfort in the
premises [7—9]. Ceramic building products (including
lightweight or light-weight ones) belong to the group of
fired materials, in which the production of ceramic shards
occurs at temperatures from 950—1100 °C (depending on
the properties of the raw materials used and the type of
modifying additives) [10—12]. This predetermines the
high energy intensity of technological processes, which
affects the energy efficiency of structures. Taking into
account the current state of the economy, the main cri-
teria for energy efficiency are the durability of structures,
determined by the operational resistance of materials and
the correctness of design solutions; ensuring comfortable
conditions in the premises, that is, an optimal temperature
and humidity regime; reducing the negative impact on
the environment and fire safety, as well as reducing the
energy costs of manufacturing products [13—15]. One of
the ways to reduce these costs is to produce products with
a lower firing temperature.

It should also be noted that the use of lightweight po-
rous materials related to thermal insulation and structural
materials allows the creation of single-layer structures
possessing both sufficient strength characteristics and sat-
isfactory thermal resistance [16—18]. The use of particu-
larly lightweight fillers is promising: lightweight expanded
clay, foam glass, mineral capsules and microspheres.

Microspheres are made from various materials; some of
them are waste products of other industries. Aluminosili-
cate microspheres are hollow particles with a predominant
diameter of 100—200 um and a wall thickness of up to 10%
of the diameter. The spheres are in close interaction with
the substance of the mineral matrix and act as either a fine
filler or a filler, as well as a structuring element [19—21].
From the point of view of the possibility of obtaining light-
weight materials with reduced energy intensity of manu-
facture, the use of liquid glass as a substance forming the
matrix is promising [22—24]. The formation of porosity of
the matrix can be achieved by gas or foam formation, as
well as by introducing silicate microspheres selected ac-
cording to fractional composition [25, 26].

A preliminary analysis of the data revealed that achiev-
ing optimal energy efficiency indicators is largely deter-
mined by manufacturing costs, as well as the material
and labor intensity of producing structures with standard
thermal resistance. Based on this analysis, the goal of the
study was formulated: to develop and test a methodology
for evaluating the properties of fired products based on
liquid glass and silicate microspheres, as well as to select
optimal formulation and process parameters.

METHODS AND MATERIALS

Liquid glass with a density of 1400 kg/m? was used
as a binder. Aluminosilicate microspheres were used as

a filler. The chemical composition of the microspheres is
represented mainly by oxides of silicon, aluminum and
iron: SiO, — 55-65%; ALO, — 25-33%; Fe,0, — 1-6%.
The bulk density of the microspheres is 360 kg/m?; com-
pressive strength at 50% destruction level is 15.0 MPa, and
thermal conductivity is 0.08—0.1 W/(m-°C); water absorp-
tion is low; sorption moisture is up to 0.3% by weight.

The technology for producing a building material
based on liquid glass and microspheres includes the fol-
lowing operations: preparation of a homogeneous mixture
of liquid glass with microspheres; molding under pressure;
stripping, and firing. Laboratory samples are produced
using molding with pressing. The pressure value is op-
timized during the experiment. The products are dried
to a moisture content of no more than 2% and fired in
a laboratory furnace according to the following regime:
temperature increase to 100 °C for 15 min, holding at
100 °C for 10 min, temperature increase to 420 °C for
30 min, holding at 420 °C for 60 min. Furnace cooling is
normal. The structure of the materials was studied using
an electron microscope.

A preliminary calculation of the composition of the
material based on liquid glass binder and aluminosilicate
microspheres was performed using geometric analogies
and the assumed packing of the spherical component.
The maximum packing of the microspheres, considering
their polydispersity and predominant size of 100—200 um,
was assumed to be 0.73—0.8. The ratio of void volume to
microsphere volume was determined:

Tvouss _ 227 . 02 _ 0372025 (1)

Vinicro. ®.73 0.8

Two possible structure formation options were con-
sidered. In the first option (volumetric monolithization),
the interspherical voids were filled entirely with liquid
glass. The ratio of the liquid glass content to the mass of
the microspheres was assumed to be 0.27. In the second
option (contact monolithization), this ratio was assumed
to be 0.20. Considering dependence (1) and the average
density of the components (600 kg/m? for microspheres
and 1400 kg/m? for liquid glass), the ratio between the
masses of liquid glass and microspheres was determined
as follows:

-"'f{.g. Cl!.g.'F’!.g.

Mmicro. Cmicro- Pmicro. @

The development of a methodology for determining
the rational composition of a material based on a liquid
glass binder, as well as the prediction of its properties, was
carried out using statistical planning methods and digital
methods for processing experimental results [27—29]. The
“binder-microspheres” system is two-component; the
content of these components gives 100%; therefore, these
factors are interdependent, and from the point of view of
statistical planning, the following factors were adopted:
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Table 1. Conditions of the two-factor experiment

Symbol Average Variation Factor values at levels
Name of the factor 4 X value of the interval,
i factor, X, AX, -1 +1
Liquid glass content, % by weight X, 30 6 24 36
Forming pressure, MPa X, 34 1.8 1.6 52

X1 — the liquid glass content, % by weight, and X2 — the
pressing pressure. The average density (U1) and compres-
sive strength (U2) were adopted as response functions.

The experimental conditions are presented in Table 1.
A full quadratic matrix D-optimal design was adopted for
the experiment. Each row of the design was repeated five
times (n = 5). To reduce the likelihood of interference and
unaccounted factors, a randomization method was used
to randomize the sequence of experiments.

RESULTS AND DISCUSSION

Regression equations were obtained by processing
experimental data using the Statistika program. The sig-
nificance of the polynomial coefficients was established
by comparison with confidence intervals: for compressive
strength (Ab,) — 0.2 MPa, for average density (Ab)) —
3 kg/m?. The following regression equations were ob-
tained, valid within the ranges of variation (domains) of
the variable factors (Table 1):

— for medium density

Y, =610 + 36X, + 68X, + 22X X, — 12X % 3)
— for compressive strength
V,=1L8 + 22X, +2,8X, + 0,8X X, - 0,4X?>.  (4)

It was established that, within the range of variable
factors under consideration, the average thermal conduc-
tivity values of the material are a nearly linear function of
the average density. However, deviations from the average
values must be taken into account. It was assumed that
the distribution of values is close to a unimodal Gaussian
distribution, and the significant experimental error does
not exceed 10%.

Graphical interpretation of the obtained dependencies
consists of constructing, based on algebraic polynomials
(3) and (4), graphs of the functions Y, = f, (X, X,) X, = f,
(X,, Y,) and combining them into a nomogram (Fig. 2).
The nomogram consists of three sectors: in the first (I)
sector, an assessment is made based on average density;
in the second (II) — on compressive strength; in the third
(III) — on thermal conductivity.

The direct problem of digital modeling is to predict
the properties of products depending on the formula-

tion and process parameters; the inverse problem is to
determine the values of the formulation and process
parameters depending on the specified product char-
acteristics. An example of solving the direct problem is
shown in Fig. 1 with blue lines. We set the liquid glass
consumption to 31% and the molding pressure to 3.0
MPa. In sector I, we mark the point 31% on the or-
dinate axis and draw a straight line through sectors I
and II parallel to the abscissa axis. In sector I, at the
intersection with the pressure line (P = 3.0 MPa), we
obtain point “a”, from which we draw a straight line
parallel to the ordinate axis in sectors I and III. At the
intersection with the thermal conductivity graph, we
obtain point “b”, from which we drop a perpendicular
to the thermal conductivity axis and obtain a thermal
conductivity value of 0.095 W/(m°C). We extend the
straight line to the average density axis and obtain the
average density value equal to 554 £ 28 kg/m?. In sec-
tor II, from point P = 3.0 MPa, we draw a straight line
parallel to the ordinate axis until it intersects with the
line (ac) and obtain the compressive strength value equal
to 10.0 = 0.5 MPa. We obtain that with a liquid glass
content of 31% by weight and a molding pressure of 3.0
MPa, the compressive strength of the product will be
10.0 = 0.5 MPa, the average density is 600 £ 20 kg/m?,
and the thermal conductivity is 0.095 £ 0.005 W/(m°C).

The inverse problem of digital modeling is solved by
verifying the obtained results in control series of the ex-
periment (Table 2). The average density of the product
is used as the evaluation parameter. The experimental
conditions are presented in columns 2 and 3. The results
of determining and calculating the average density of the
samples are presented in columns 4—6; the results of de-
termining and calculating the compressive strength of the
samples are presented in columns 7 and 8.

The average experimental error for the average density
was 2.6%, which is less than that found using statisti-
cal methods (5%). The calculated strength values can
be determined either from the nomogram (Fig. 1) or us-
ing the algebraic polynomial (4); the calculated thermal
conductivity value is determined from the third sector of
the nomogram.

If it is necessary to obtain a product with the highest
compressive strength, then composition No. 1 will be the
most acceptable. In this case, the compressive strength
will be 16.2 £ 0.6 MPa; the average density will be 711 +
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Table 2. Results of the control experiment
Experimental conditions Average density, kg/m? Compressive strength, MPa
No. Liquid glass Forming Error A, %
content, pressure, Calculated | Experimental Calculated | Experimental
% by weight MPa
1 2 3 4 5 6 7 8
1 34 4.6 711 729 2.5 16.6 16.2
2 30 4.6 665 651 2.1 144 14.1
3 26 4.6 611 625 2.2 114 1.4
4 34 34 642 622 3.1 13.6 13.9
5 30 34 610 622 1.9 11.8 11.2
6 26 34 569 583 24 9.8 10.7
7 34 2.2 541 561 3.6 104 10.9
8 30 2.2 539 557 3.2 9.0 9.9
9 26 2.2 525 538 24 7.6 8.6
Average A, % 2.6

38 kg/m? and the thermal conductivity will be 0.0114 +
0.0006 W/(m°C). If it is necessary to obtain a product
with the lowest thermal conductivity, then composi-
tion No. 9 will be chosen. In this case, the compressive
strength will be 8.6 = 0.2 MPa; the average density will
be 538 + 26 kg/m? and the thermal conductivity will be

0.0086 = 0.0003 W/(m°C). The ratio of the masses of the
components (formula 2) for composition No. 1 will be
1.37; and for composition No. 2 — 0.94.

Firing materials based on a liquid glass binder and
aluminosilicate microspheres exceed ceramic products
with comparable density by more than 2.5 times, while
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Fig. 2. Compressive strength as a function of binder content at molding pressure: 1 - 3.2 MPa; 2 - 5.0 MPa

the firing temperature decreases from 1050 °C (for wall
ceramics) to 400 °C. The change in strength upon wetting,
as well as the frost resistance characteristics of these mate-
rials, are important for thermal insulation and structural
materials. The compressive strength of dry specimens is
determined using nomogram data and control series of
experiments; the compressive strength of water-saturated
specimens decreases by 4—8%. The reduction in com-
pressive strength after 75 freeze-thaw cycles (compared
to the strength of dry specimens) is 8—11%, and after
100 cycles, it is 11—14%. The results are quite satisfactory,
and a reduction in the loss of strength can be achieved by
optimizing the firing conditions of the material.

Depending on the component ratio and molding con-
ditions, the characteristics of products based on liquid
glass and aluminosilicate microspheres can vary signifi-
cantly. The impact of these varying factors on the re-
sults can be assessed by analyzing regression equations
(3and 4).

Increasing the liquid glass content of the material and
increasing the pressure during sample formation under
constant firing conditions predictably contribute to an
increase in the strength of the products and an increase
in their average density, as confirmed by the coefficients
for X1 and X2. The influence of factor X2 is more pro-
nounced at pressing pressures below average values. As
pressing pressures increase above average values, the
increase in strength begins to manifest itself to a lesser
extent. This is due to changes in the structural characteris-

tics of the molded mixture and the presence of pore space
forming between the cells. At low binder consumption
rates, molding with pre-pressing compacts the mixture
structure and minimizes the free (air-filled) volume of
interspherical porosity. As the pressure increases, sur-
face collapse of the microspheres begins, and it can be
assumed that at pressures greater than the established
variation range, microsphere destruction and a decrease
in material strength may occur.

The significant coefficient for X X, indicates a positive
influence of pairwise interaction, suggesting a synergistic
effect from the combined effect of liquid glass flow rate
and pressing pressure. This effect may be due to adhesion
conditions at the granule-mineral matrix contact surfaces.

A relationship was established between the binder con-
tent and molding pressure (Fig. 2). At a molding pressure
of 5 MPa, a clearly defined plateau is observed. Increas-
ing the binder content above 31% does not increase the
compressive strength of the samples. At lower molding
pressures, the strength does not stabilize with an increase
in the liquid glass dosage, but its increase becomes more
gradual. While in the binder content ranges from 24 to
31%, the strength increase rate is 5.4—5.5 MPa/%, then in
the range from 31 to 35%, it is 0.4—0.5 MPa/%. Reducing
the binder content to less than 31% leads to a decrease
in strength. The obtained results correlate well with the
results of the statistical analysis and indicate that optimal
stability of the “cured liquid glass-aluminosilicate micro-
spheres” system has been achieved.
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The structure of the fired product is characterized by
a number of features manifested at both the macro- and
micro-levels. At the macro-level, the material density in
the considered area of factor determination is independent
of the amount of binder. This is due to the absence of
microfiller grain separation, which can be assessed at the
micro-level (Fig. 3). The thickness of the newly formed
layers between the aluminosilicate microspheres (mi-
crofiller particles) is minimal. This thickness does not
impede the formation of a contact structure of micro-
filler bonding, meaning contact monolithic bonding of
the microspheres occurs. Controlling intergranular voids
helps optimize the material’s structure and, consequently,
its properties. This control is achieved both by varying

&7 53 { 5
Det: SE | | | MIRA3 TESCAN

View field: 3.47 mm 1 mm

SEM HV:
SEM MAG: 80 x
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SEM MAG: 1000 x

Det: SE
View field: 277 ym

50 pm
BITY nm. B.I. LWyxoBa
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the binder content and by the pressure generated during
molding. Initially, the binder is distributed in thin films
across the surface of the microspheres, filling the surface
relief of these particles. This can lead to a slight increase
in mixture density due to contraction, which is driven
by capillary forces. Subsequently, increasing the binder
content fills the intercellular voids. Applying external pres-
sure promotes the convergence of the microfiller particles
and reduces porosity. The limiting factor for increasing
the compaction value is the strength of the microsphere
surface layer and the strength of the microspheres them-
selves, whose destruction is undesirable. The structure
of the cured “cured binder-microspheres” system is the
basis for the properties of the products. The strength of

4
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Fig. 3. Microstructure of materials based on microspheres and liquid glass at magnification from 80x to 3000x:

a - 80x; b — 500x; c — 1000x; d — 3000x
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the products is determined by the strength of the system’s
components and the strength of the adhesive bond. The
newly formed particles from the cured binder are well
crystallized and concentrated in the area of contact be-
tween the filler particles. Due to the high adhesion, the
microsphere shell becomes the weak point in the system,
where failure occurs.

The density, thermal conductivity, water absorption,
and frost resistance of the material are determined by
the structure of its pore space. The pore structure of
the material consists of intergranular voids and pore
volume hermetically sealed within the microspheres. The
porosity of the matrix (hardened by firing liquid glass)
is insignificant, and its value does not exceed the sta-
tistical error. These factors determine the relatively low
density and thermal conductivity of the material. The
water absorption of the material is due to the presence
of open cells in the interpore space. It is worth noting
that moisture penetration into the material increases its
thermal conductivity.

The frost resistance of the products is quite high, due
to the material’s damping properties during freezing.
Moisture does not penetrate the microspheres, which are
unaffected by frost, but partially fills the macropores. The
volume of microspheres in the material is approximately
70—80%, and frost damage occurs only in the binder and
the contact surfaces between the binder and the micro-
spheres. Consequently, the overall loss of strength due to
frost is insignificant.

Fired products based on liquid glass and alumino-
silicate microspheres can be used as structural thermal
insulation materials for walls. In regions with moderate
and warm climates, additional thermal insulation may not
be required, as may multilayer structures. This will allow
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