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Annotation. In this article, the author examines innovative trends in the development of effective
building materials and products for thermal insulation of buildings. During the research, a technology for
producing thermal insulation foam glass and products based on it was developed. The values and graphs of
the properties of the developed materials and products are presented. The author describes in detail the
research methods and techniques for producing multilayer building panels based on the developed products,
and identified the optimal method for bonding them to form a multilayer building panel. A conclusion is
drawn regarding the applicability of the developed technology. The unique properties of foam glass
technology allow for the production of a wide range of products: blocks, slabs, shaped products, crushed
stone, granules, etc. The gas formed during the decomposition of the pore forming agent forms a porous
structure during the softening of the glass mass.

Keywords: Energy efficiency, foam glass, thermal insulation, recycled materials, cullet, glass
powder.

Introduction. One of the main goals of housing construction is to stimulate the efficient
development of housing in the regions. The development of prefabricated construction technologies
can help address the shortage of affordable and comfortable housing. With increasingly stringent
requirements for the safety of building materials and the energy efficiency of buildings, the
development of non-combustible, durable thermal insulation materials for the construction of
structural elements for prefabricated buildings is becoming increasingly important [1-6].

Practically the only material that meets all these requirements is foam glass — a cellular glass
with a combination of insulating and performance properties (durability, resistance to
environmental influences and pests, complete fire safety, etc.). The main disadvantage of foam
glass is its relatively high price, due to the use of scarce cullet as the main raw material. One of the
most promising solutions to this problem is replacing cullet with recycled materials, which reduces
both the cost of the material and the environmental impact by reducing waste disposal volumes.
The unique properties of foam glass technology allow for the production of a wide range of
products: blocks, slabs, shaped products, crushed stone, granules, etc. Slabs and shaped products
are used to insulate walls and complex surfaces, while granules and crushed stone are used as
aggregate in road construction or for the production of lightweight concrete. Consequently, foam
glass products can be used to create both external load-bearing and internal insulating layers of
panels for prefabricated buildings. Therefore, research into the development of foam glass products
using recycled raw materials is relevant [7-9].

Research into the production of porous thermal insulation materials and products, as well as
their structure and performance properties, is being conducted by scientists in many countries [10-
13]. Research into the use of foam glass products based on recycled raw materials as the primary
materials for creating interior and exterior thermal insulation products has not previously been
conducted.

The objective of this study was to develop foam glass compositions and technologies using
recycled materials for the creation of interior and exterior thermal insulation products. The research
objectives included developing foam glass compositions and technologies using recycled materials
and studying their physical and mechanical properties.

Materials and methods of the study. The methodological basis is the theory of high-
temperature porization of plastic masses. When the charge is heated, solid-phase and liquid-phase
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sintering processes occur. The gas formed during the decomposition of the pore forming agent
forms a porous structure during the softening of the glass mass. The tasks of studying the processes
of softening and foaming of foam glass materials, phase composition, macro-, microstructure and
properties of the obtained materials were carried out using scanning electron microscopy and
physico-chemical testing methods in accordance with relevant building standards. Studies of the
structure and properties of foam glass products were performed according to standard methods in
accordance with current state standards, as well as using optical and electron microscopy [14, 15].
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Figure 1 — Temperature-time mode of foam glass synthesis:
1- heating; 2 — foaming; 3 — abrupt cooling (fixation of the structure);
4 — cooling (annealing)

Results and Discussion. The optimal ratio of the components of the pore—forming mixture
«liquid glass - glycerin — water» was selected. For the study, the model composition, wt. %: BT-1
glassblower— 90; pore—forming mixture - 10. At the first stage, formulations were developed in
which the ratio «liquid glass — glycerin» varied. The molded samples were subjected to heat
treatment according to Figure 1 at foaming temperatures of 800, 825, 850 °C. The charge
compositions are shown in Table 1, and the density of synthesized samples is shown in Figure 2.

Table 1 — Mixture compositions of foam glass with different ratios of «liquid glass — glycerin»

Content of components, wt.%, in the composition, Ne
11 ] 12 | 13 [ 14 ] 15 | 16 | 17 [ 18 |19
IBT-1 Glass Cullet 90
Liquid Glass 9 8 7 6 5 4 3 2 1
Glycerin 1 2 3 4 5 6 7 8 9

It was found that with a shift in the ratio of «liquid glass: glycerin» towards glycerin, the
formation of large defective pores and a change in the color of the material from uniformly dark to
light with dark pores are observed. This is explained by the role of the charge components in the
foaming process. The glass powder is in a highly viscous state at the foaming temperature, and
individual glass particles fuse to form a silicate frame responsible for the strength characteristics of
the material.
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Figure 2 — Dependence of foam glass density on the ratio «liquid glass — glycerin»

Glycerin acts as a blowing agent; its decomposition creates excess pressure, causing
foaming. Liquid glass preserves the blowing agent, promotes more complete contact between the
glass powder particles, and accelerates the formation of the silicate framework due to their similar
chemical composition.

Composition 1.4, with a liquid glass: glycerin ratio of 6:4, was chosen as the optimal
blowing agent. Liquid glass and glycerin are viscous liquids, which complicates the process steps
of batch homogenization. To reduce viscosity, batch compositions were developed in which the
blowing agent of Composition 1.4 was partially replaced with water, with a mixture: water ratio
ranging from 9:1 for Composition 2.1 to 1:9 for Composition 2.5. The change in foam glass density
depending on the amount of water is shown in Figure 3, and the change in foam glass structure is
shown in Figure 4.
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Figure 3 — Dependence of foam glass density on the water content in the mixture
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- without water - with water
Figure 4 — Dependence of the foam glass structure on the water content in the mixture

Studies have shown that even small amounts of water significantly improve the
homogeneity of the porous structure, primarily due to a decrease in the viscosity of the mixture and
its improved distribution within the batch. Composition 2.2, corresponding to a mixture: water ratio
of 7:3, was selected as optimal. As a result, the optimal model composition of the foam glass batch
was determined: BT-1 cullet — 90%; liquid glass — 4%; glycerin — 3%; water — 3%.

The influence of synthesis parameters (foaming temperature and time, batch fractional
composition) on the structure and properties of foam glass was studied.

To study the effect of foaming temperature, samples were fired at temperatures of 655-
880°C in 15°C increments without holding. The dependence of sample density on foaming
temperature is shown in Figure 5.

Samples were loaded into the furnace at a temperature of 600°C. Consequently, all low-
temperature processes (decomposition of glycerin (= 260 °C), evaporation of water (100 °C)) begin
to occur simultaneously, and at the same time sintering of the charge begins.
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Figure 5 — The dependence of sample density on foaming temperature is shown

Therefore, at temperatures up to 730°C, a gradual increase in density is observed, indicating
particle convergence during sintering. As the sample is further heated above 730°C, the density
begins to decrease due to an increase in the number of gas pores. At temperatures above 850°C, the
sample structure becomes less ordered, the pores deform, and defects appear. The optimal
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temperature range for the formation of the porous structure of the developed material was chosen to
be 800-850°C.

To study the effect of foaming time, the samples were heat-treated at a foaming temperature
of 825°C for foaming times of 5, 10, 15, 20, 30, and 60 minutes. The dependence of sample
structure on foaming time is shown in Figure 6.

10 minutes 30 minutes 60 minutes

Figure 6 — Microstructure of samples at different foaming times

It was found that foaming for 5 minutes does not ensure uniform porosity. The structure of
samples foamed for longer than 10 minutes is also uneven, with pores becoming irregularly shaped
and defects such as isolated channel-like pores appearing. After a 60-minute holding time, the
sample noticeably settles, indicating that the gases responsible for the foam glass's volume have
largely evaporated from the sample. A 10-minute holding time allows for the average pore size to
be averaged and stabilized without causing excessive pore coarsening, making a 10-minute foaming
time optimal. To study the effect of the batch fractional composition, the samples were heat-treated
at a foaming temperature of 825°C for 10 minutes. The dependence of sample density on the batch
fractional composition is shown in Figure 6.

Table 2 — Dependence of foam glass density on fractional composition

Composition Ne 3,1 3,2 3,3 34 3,5 3,6

Particle size, mm 0,71- 0,50- 0,32- 0,16- 0,10- less than
0,90 0,71 0,50 0,32 0,16 0.10,1

Density, kg/m3 506,91 487,70 435,97 34431 176,15 178,28

The table shows that decreasing batch particle size significantly reduces foam glass density,
which is due to better batch homogenization and faster melting of fine particles. A fraction of 0.1-
0.16 mm or smaller was selected as optimal. To expand the raw material base for foam glass
production and to recycle ungraded glass waste, the feasibility of using various types of cullet was
investigated. The most common types of cullet were selected for the study: green container glass
cullet grade ZT-1, sheet glass cullet M4, and colorless container glass cullet grade BT-1. Using
these types of cullet, the batch compositions presented in Table 3 were developed.

The molded samples were then heat-treated at foaming temperatures of 800, 825, and 850°C
for 10 minutes. The density was then determined, and the porous structure of the synthesized
samples was examined. It was found that composition 4.1, based on BT-1 cullet, had the lowest
density (150-230 kg/m3), while composition 4.3, based on ZT-1 cullet, had the highest density
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(300-410 kg/m3). Composition 4.2, based on M4 cullet, was similar in density to that of the BT-1
cullet (280-150 kg/m3). Compositions based on a mixture of different types of cullet demonstrated
a direct increase in density with the addition of cullet, with denser samples obtained.

Table 3 — Compositions of batches based on different types of cullet

Component Content of components, wt.%
BT-1 Container Glass Cullet 4,1 4.2 43 4.4 4.5 4,6
M4 Sheet Glass Cullet 90 0 0 45 0 45
ZT-1 Container Glass Cullet 0 90 0 0 45 45
Rock-Forming Mixture Composition 2.2 10

A mixture of BT-1 and M4 glass was selected as optimal for use as a thermal insulation
material. To replace cullet with a less scarce raw material, the use of slag waste from thermal power
plants was investigated. The compositions were developed by replacing cullet in the optimal foam
glass composition with slag waste in amounts ranging from 5% (composition 5.1) to 30%
(composition 5.6) by weight. Sintering was performed using the powder method at foaming
temperatures of 800, 825, and 850°C with a hold time of 10 minutes. The change in foam glass
density depending on the amount of slag waste is shown in Figure 7, and the change in foam glass
structure is shown in Figure 8.

It was found that with the introduction of up to 25 wt.% slag waste, there is a slight increase
in the density of the samples (200-300 kg/m3), however, virtually no changes in the structure of the
material are observed. An increase in the synthesis temperature naturally leads to a decrease in
density. For compositions with a slag waste content of 30 wt.%, a sharp increase in density and a
decrease in the uniformity of the porous structure are observed; the density of the obtained samples
exceeds 400 kg/m3. Composition 5.5, containing 25 wt.% slag waste from thermal power plants,
was selected as optimal, forming a uniform porous structure with a density of 285 kg/m3 at a
temperature of 825°C. Next, using the experimental design method, the composition of the foam
glass was optimized, in wt.%: slag waste from TES-22; cullet BT-1 - 34; cullet M4 - 34; Foaming
mixture — 10. The resulting composition has a density of 195-220 kg/m3 in the temperature range
of 800-850°C. Optimum synthesis conditions: foaming temperature of 840°C, foaming time of 10
minutes.
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Figure 7 — Dependence of foam glass density on the content of slag waste
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Composition 5.3 (15 wt.%) slag waste Composition 5.5 (25 wt.%) slag waste

Figure 8 — Dependence of the foam glass structure on the content of slag waste

Conclusion. The following are the results of the study:

1. The optimal composition of the foaming mixture was determined, and the effect of the
synthesis process parameters on the structure and properties of foam glass was examined. The
optimal composition of the foaming mixture, in wt.%, was: liquid glass — 4; glycerin — 3; water — 3.
A foaming duration of 10 minutes allows for averaging and stabilizing the average pore size,
thereby achieving optimal results. The optimal temperature range for the formation of a porous
structure was 800-850°C. It was found that with a decrease in the fractional composition of the
batch, the density of the foam glass significantly decreases and the volume increases due to better
homogenization and greater heating intensity of the fine particles, which intensifies the melting and
foaming processes of the samples. A fraction of 0.16 mm or less was selected as optimal.

2. The influence of various types of secondary materials on the structure and properties of
the synthesized foam glass was studied in detail and systematized. It was found that when using
glass waste, the composition based on BT-1 container cullet has the lowest density (230-150
kg/m3), and the composition based on ZT-1 container cullet has the highest density (410-300
kg/m3). A mixture of BT-1 container cullet and M4 sheet glass cullet was selected as optimal for
use as thermal insulation material. It was found that when using slag waste from thermal power
plants (TPPs) in amounts of up to 20 wt. %, virtually no changes in the structure and properties of
the material are observed. When the slag waste content is higher than 30 wt. %, a decrease in the
uniformity of the porous structure is observed. 3. Using the methods of mathematical experimental
design, the optimal composition of foam glass was established, in wt. %: slag waste from TPPs -
22; BT-1 cullet - 34; M4 cullet - 34; Foaming mixture — 10. Optimum synthesis conditions:
foaming temperature 840°C, foaming time 10 minutes. The resulting composition has a density of
210 kg/m3.
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KANUTAJIAMA IIUKIZATTBI KOJIJAHA OTHIPBII KOBIK IIBIHBI MATEPHAJIIAP )KOHE
OJIAPJIBIH HET'T3IHJAE ’KACAJIFAH BYUBIMJIAP

Monnka Kyaum, PhD, nouient
Jlobnun mexnonoeusanvlx ynusepcumemi, Jlooaun, Ionvwa

Anaarna. byn Makanajga aBTOp FUMaparTapibl JKbUTy OKIIAyJiayFa apHaJFaH THIMII KYPBUIBIC
MaTepuaniapbl MeH OyHBIMIaphlH o3ipiieyAeri HMHHOBAIMAJBIK YPIICTEpAl KapacThIpalbl. 3epTTey
OapbICBIHAa OKBUTY OKIIAYJarbllll KOOIKTI IIBIHBI KOHE OHBIH HEri3iHAeri OYWBIMIapIsl eHAIPY
TEXHOJIOTHSICHI d3iplieHi. O3ipJeHreH Marepuanfap MeH OyHbIMIapAblH KacHeTTEepiHiH MOHIEpi MEH
rpaduKTepi YCBIHBUIFAH. ABTOpP 93IpJICHTEH OHIMIEp HeETi3iHAe Keml KabaTThl KYPBUIBIC ITaHEIbIACPIiH
OHIIPYIIH 3epTTey oIicTepi MEH OiCTEepiH erKeH-TerKeisli CHUMaTTalapl JKOHE ONapabl Kemn KadaTThl
KYpBUIBIC TAHENiH KaJbIITACTBIPYy YIIiH OKeNiMICYIiH OHTAIbl ONICIH aHBIKTaAbl. ©O3ipJIeHreH
TEXHOJIOTHSIHBIH KOJIaHBUTYBI TYPabl KOPBITHIH B JKacalabl.

Tipek ce3nep: DHeprus THIMALUIITI, KOOIKTI IIBIHBI, KBUTYy OKIIayjay, KaTalama MaTepuaiap,
UIBIHBI CHIHBIKTAPbI, IIBIHBI YHTAFBI.

IHEHOCTEKOJIBHBIE MATEPHUAJIBI C IPUMEHEHUEM
BTOPUYHOI'O CbIPBA N U3AEJINA HA UX OCHOBE

Monnka Kyaum, PhD, monent
Jliobnunckul mexnonoauueckuil ynugepcumem, Jlrooaun, Honvwa

AHHOTauus. B naHHO! cTathe aBTOPOM paccMOTPEHbl MHHOBALIMOHHBIE TEHACHLIMHM B 00JacTH
noy4eHus: 3PEeKTUBHBIX CTPOUTEIHHBIX MAaTEPHAIOB U U3ACIHA I TEIUTOM30JSIUY 3/1aHuii. B mpouecce
uccienoBanns Oblila pa3padoTaHa TEXHOIOTHS MOIYYEeHUs TEIION30JISIIMOHHOTO IEHOCTEKIA U U3IETIH Ha
ero ocHose. lIpenocraBiieHbl 3Ha4eHUS! U IpaUKU 3aBUCUMOCTH CBOMCTB pa3pa0OTaHHBIX MaTEpPHAIOB U
M3IETNA. ABTOPOM NOAPOOHO MPHUBEAEHBI METOJBI MCCICAOBAHMUSA U CIIOCOOBI MOMYyYEHHST MHOTOCIOMHBIX
CTPOMTENILHBIX TIaHENEeH Ha OCHOBE pa3paOOTaHHBIX W3JENNi, BBISBICH ONTUMAIBHBIA CHOCOO UX
CKpEIUICHUs] C IOJIy4eHHUEM MHOTOCIIONHON CTpOHTENbHON maHenu. ChenaH BBIBOA O NPUMEHHUMOCTH
pa3paboTaHHON TEXHOJIOTHH.

KiroueBbie cioBa: 3HeprodpGeKTHBHOCTD, MIEHOCTEKIIO, TETJION3OJSAIHS, BTOPUYHBIE MaTepPHANbI,
CTEKJI000M, CTEKJIOTIOPOIIOK.
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