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ABSTRACT

Introduction. The extension of the range of binders, aggregates, and fillers as well as functional additives and structural modifiers
for concrete and composite materials currently allows for the production of innovative materials with enhanced mechanical, physi-
cal, and physico-chemical properties. Lightweight structural and functional materials derived from binders of different natures with
fillers derived from vegetable raw materials, such as sawdust concrete, arbolite, fibrolite, or xylolite, are of particular interest. The
aim of this research was to develop and investigate the properties of a wood-mineral cement-free composite material with a porous
structure that has been stabilized using a finely dispersed aluminosilicate additive. Materials and methods of research. A cement-
free slag-based silicate binder was utilized in the study, comprising ground blast furnace slag and a curing agent - a solution of
sodium silicate (sodium liquid glass). A synthetic foam-forming agent with a finely dispersed additive (bentonite) was employed
to create the porous structure of the material. Crushed softwood was used as an aggregate. A range of samples were produced,
varying the composition within the following parameters: slag 330-440 kg/m?, crushed wood 120-160 kg/m?, and solution-to-slag
ratio 0.5-0.7. Several samples were subjected to thermal treatment by heating in a temperature-controlled environment at 80-90 °C
and at humidity of at least 90% for 6-12 hours. Samples were examined using mechanical testing methods, thermogravimetric
analysis, X-ray diffractometry, porometry, and thermal conductivity measurements. Results and Discussion. A cement-free po-
rous wood-mineral composite material (an analogue of arbolite) was obtained. It is shown that the introduction of ground blast
furnace slag (330-440 kg/m®) and crushed softwood (125-160 kg/m?) into the mixture at optimal ratios of liquid glass/slag 0.7 and
foaming mixture/slag 0.0035 (3.5% foaming agent + 4% bentonite) makes it possible to obtain a composite material with a density
of 550-680 kg/m?, compressive strength of 1.35-3.65 MPa, an open porosity of 45-50%, and an average thermal conductivity of
0.08 W/(m-K). The heat and humidity treatment of the composite at 80-90 °C contributes to the achievement of ultimate strength
within 10-12 h. The presence of a finely gel-forming additive (bentonite) with particle sizes of 1-5 um in the foaming mixture helps
to stabilize the homogeneous porous structure of the composite material (spherical pore sizes less than 1 mm).

Conclusion. The porous wood-mineral composite material obtained in the work can be used for the production of lightweight
non-load-bearing structural elements, as a noise and thermal insulation material.

KEYWORDS: wood-mineral porous composite, slag-silicate binder, finely dispersed structure stabilizer, heat and moisture treatment,
strength, water absorption, thermal conductivity
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AHHOTALUMA

BBepgeHue. PaclumpeHme nepeyHs BsXKyLUMX, 3aNOIHATENEN U HanoNTHWUTENeN, GYHKLMOHaNbHbIX J06aBOK 1 MOANPUKATOPOB CTPYKTY-
pbl 6ETOHOB 1 KOMMO3UTOB MO3BOJIAIET B HACTOsILLIEE BPEMSA MOJyYaTb MHHOBALMOHHbIE MaTepuaJibl C yyYLleHHbIMY MEXaHUYECKMY,
bdursnyecknMm 1 GU3NKO-XMMMUYECKNMM XapaKTepucTrkamu. MpencTaBnaoT MHTEpeC NNerkne KOHCTPYKLMOHHbIE 1 GYHKLMOHabHbIe
MaTepuasibl Ha OCHOBE BSXKYLUMX PA3IMYHON NPUPOAbI C 3aMONHUTENAMI U3 PACTUTENBHOTO Cbipba (ONUNKob6eToH, apbonuT, dpu-
6ponuT, Kcnnonut 1 ap.). Llenbio paboTbl ABNSANOCH NONyUYeHre 1 UccefoBaHe CBONCTB 6eCLieMeHTHOro ApeBeCHO-MUHEPaNbHOTo
KOMMO3MLMOHHOIO MaTepuasna ¢ NOpUCTON CTPYKTYPOI, CTabrnr3npoBaHHO C UCMOJIb30BaHNEM BbICOKOAVCTNEPCHOM antomMocu-
NMKaTHo Jo6aBKK. MaTepuanbl u MeToAbl. B paboTe rcnonb3oBanu 6ecLeMeHTHOE LWNAKOCUMKATHOE BXYLLEee, BKIoYaloLlee
MOJOTbIV JOMEHHBI LWNAK 1 aKTUBaTOP TBEPAEHNA — PacTBOP CUSIMKaTa HaTpuA (HaTpUeBOoe Xuakoe cTekno). Ana opmmnpoBaHua
NMOPYCTON CTPYKTYPbl MaTepuasna NPUMeHsIN CUHTETUYECKMIA NeHOObpa3oBaTeslb C BbICOKOAMNCNEPCHON A06aBKOM (6eHTOHMT).
B kauecTBe 3anonHNUTeNA UCNONb30Baan APO6NeHKY XBOWHbIX MOpoa. bbina nonyuyeHa cepus 06pasLioB, B KOTOPbIX BapbMPOBany
KOMMOHEHTbI B ClleAyioLmx nHTepBanax: wiak 330-440 kr/m?, apeBecHasa apobneHka 120-160 Kr/m?, oTHOLEHMe 3aTBOpUTENb/
wnak 0,5-0,7. YacTb 06pa3uoB nogsepranu TepMmyeckoin obpaboTke nyTem HarpeBa B TepmocTaTe npu Temnepatypax 80-90 °C
1 OTHOCUTENBbHON BIAXKHOCTY BO3AyXa He MeHee 90% B TeueHue 6-12 u. O6pa3Lbl M3yyanu C UCNOJb30BAaHNEM METOLIOB MEXaHU-
YeCcKmx MCMbITaHWii, TepmorpasmmeTpum, POA, onpenensanu nopucTocTb, TEMIONPOBOAHOCTb. Pesynbratbl. B paboTte nonyueH
6ecLUeMeHTHbI MOPUCTbI APEBECHO-MUHEPasTbHbIV KOMMO3MLMOHHbBIN MaTepuan (aHanor ap6onuta). lNokasaHo, 4To BBefeHne
B CMeCb MOJIOTOTO JIOMEHHOTO wWnaka (330-440 kr/m3) n gpeBecuHbl (125-160 Kr/m?) Npyu ONTUManbHbIX COOTHOLLEHUSX XKULKOe
cTekno/wnak 0,7 1 neHoobpasytolasa cmecb/wnak 0,0035 (3,5% neHoobpazoBaTens + 4% 6eHTOHUTa) MO3BOMAET NOAYUYNTb KOM-
NO3ULMOHHbIV MaTepran NIoTHOCTbIO 550-680 Kr/m?, NpoUYHOCTbIO Npu cKatun 1,35-3,65 MIa, OTKpbITON NOpUCTOCTbIO 45-50%,
cpepHeit TennonpoBogHocTbio 0,08 BT/(m-K). TennoBnaxHocTHasi 06paboTka komno3smTta npu 80-90 °C cnocobCTBYET AOCTUKEHMIO
MapOYHOI MPOYHOCTY B TeueHUe 10-12 u. MpurcyTcTBre B NeHOO6pasytoLLeil cMecu yNbTPaanCnepcHoi reneobpasyioLeii 4o6aBKu
(6eHTOHMT) ¢ pa3mepamm yacTuy 1-5 MKM cnoco6cTByeT CTabunrsaumny ogHOPOAHON NMOPUCTON CTPYKTYPbl KOMMO3ULVIOHHOTO
MaTepuana (pa3mepbl chepounaHbix Mop MeHee T Mm). 3akntoueHue. [onyueHHbI B paboTe NOPUCTbIN PEBECHO-MUHEPANbHBbIN
KOMMO3ULIMOHHBIA MaTepuan MOXeT ObITb UCMONb30BaH AJ1A MPOU3BOACTBA NETKMX HEHECYLNX KOHCTPYKLMOHHBIX 3/IEMEHTOB,
B KauecTBe LUYMO- 1 TeMNSIOM30MALMOHHOrO MaTepurana.

KNIO4YEBBIE CJIOBA: fpeBecHO-MUHEPasbHbI MOPUCTbIV KOMMO3WT, LUNAKOCUIMKATHOE BAXKYLLEe, BbICOKOANCTNEPCHbIN cTabunu-
3aTOP CTPYKTYpPbI, TEMIOBNAXHOCTHasi 06paboTKa, MPOYHOCTb, BOAOMOITIOLLEHNE, TEMIONPOBOAHOCTb

BNATOAAPHOCTMW: PaboTa duHaHcupoBanacb MMHUCTEPCTBOM HayKM 1 Bbicluero obpasosaHus PO, npoekT N2 FSWG-2026-0003.
ana uMTUPOBAHUA:

CamyueHko C.B., KopluyHos A.B. CTpyKTypa 1 CBOMCTBa NOPUCTOro ApeBeCHO-M1HEPasIbHOro KOMMO31Ta Ha OCHOBE LINAKOCUIMKAT-

HOrO BSXKYLLEro C BbICOKOAUCMEPCHON antoMoCcUnmKaTHom aobaBkon. HaHomexHonozuu 8 cmpoumesnscmae. 2026;18(2):137-148.
https://doi.org/10.15828/2075-8545-2026-18-2-137-148. - EDN: XOSGDC.

INTRODUCTION

Concrete is a versatile building material with a wide range
of compositions, structures, and practical uses. The in-
creasing number of binders, aggregates, additives, and
structural modifiers allows for the creation of innova-
tive materials with improved mechanical, physical, and
physico-chemical properties [1, 2]. A current trend in the
construction industry is the reduction of energy and re-
source consumption at all stages of the production process

through complex raw material processing, the use of waste
materials, the widespread adoption of additive technolo-
gies, and the development of green technologies for ma-
terial production and disposal [1]. In this context, light-
weight concrete based on various binders and aggregates
derived from plant materials (such as sawdust concrete,
arbolite, fibrolite, and xylolite) is of particular interest
[2]. Wood-mineral composites combine the properties
of materials based on mineral binders (strength, thermal
resistance, fire resistance) and vegetable raw materials
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(low specific gravity, porosity, low thermal conductivity,
corrosion resistance) [2, 3]. Despite the long history of
obtaining and using these materials, there is still a large
number of ongoing studies aimed at improving their per-
formance by varying the binder composition (cement-
based and cement-free), the content and composition
of organic aggregates (wood chips, shavings, sawdust),
and the introduction of additives such as mineralizers,
pore-forming agents, and hydrophobizing agents [4—15].
In this regard, the investigation of the mechanisms that
govern the formation of wood-mineral composite struc-
tures and their properties has significant scientific and
practical importance.

There are few studies on the production of wood-
mineral composite materials based on alkali-activated
slag-containing binders, despite the fact that these ma-
terials have great potential for implementation in terms
of resource conservation and environmental protection
during their production [2, 4]. The binding agents in these
materials are aluminosilicate compounds, both natural
(clay) and man-made (fly ash and metallurgical slag), and
the activators for the setting and hardening processes are
alkaline reagents such as caustic alkalis and liquid glass
[4]. The highly alkaline nature of these binders promotes
better adhesion between the wood aggregate and the min-
eral matrix, as the solution penetrates the cell walls of the
wood and leads to mineralization and hardening at the
interface between the binder and wood [16, 17].

In most of the studies on the properties of composites
based on alkali-activated binders, fine wood waste was
used as an aggregate [16—18]. For example, a high pro-
portion of 2.36 mm wood fibers (10-50 wt.%) mixed with
a binder based on fly ash and a mixed Na,SiO,+NaOH
activator (2.5:1) leads to a decrease in density (1720—
1300 kg/m?®), an increase in porosity and water absorp-
tion (0.5—-3.5%), a decrease in compressive strength
(33—5 MPa) for composite material obtained under
heat treatment conditions (60 °C, 24 h) [18]. Pressing
of alkali-activated mixtures containing fly ash, meth-
akaolin (20 wt.%) and lignocellulose waste (20 wt.%) in
the presence of Na,SiO,+NaOH activator followed by
heat treatment (60—100 °C) makes it possible to obtain
lightweight composite boards (1.1 kg/m?), the charac-
teristics of which allow us to consider such materials as
replacements for chipboard and fiberboard based on
organic binders [19]. It has been demonstrated in [20]
that the addition of sawdust up to 6.3% to a slag-alkaline
mixture (ground slag, sodium hydroxide activator 4.9—
7.1%) results in a two-fold increase in flexural strength
and a reduction in compressive strength compared to
the control sample. This increase in strength can be
attributed to the formation of an optimized reinforced
microstructure in the material, which manifests itself
in a reduction of cracking. An increase in the amount
of sawdust used in the composite up to 10% leads to a

reduction in the strength and density of the samples
(from 1.836 to 1.027 kg/m?) and an increase in their
apparent porosity by more than two times. Features of
the composite’s structure formation include the forma-
tion of C—S—H and C—A—S—H hydrate phases with
a fibrous, needle-like, or lamellar morphology. One of
the factors that contributes to the composite material’s
enhanced resistance to cracking is the improved adhe-
sion of sawdust particles to the cement matrix, which is
achieved by filling micropores within the sawdust using
a binder. This leads to a significant reduction in thermal
conductivity (from 0.553 to 0.203 W/m-K) when the
sawdust content in the material increases to 10 wt.%.

It was shown in [21] that the introduction of 10 wt.%
of wood aggregate (sawdust, fiber, flour) in a slag-alkali
binder (70% fly ash + 30% methakaolin, alkaline acti-
vator NaOH+Na,SiO,) helps to reduce the compres-
sive strength of the composite by 2—3 times compared
with the control sample. At the same time, an increase
in the dispersion of the filler has a positive effect on the
strength of the composite material. Adding a sufficiently
large proportion of pine sawdust to calcined clay (mass
ratio 3:1) using sodium liquid glass as an activator under
heat treatment conditions (75 °C, 24—38 h) makes it pos-
sible to obtain a lightweight composite material (den-
sity 610—760 kg/m?®) with high flexural and compressive
strength and modulus of elasticity [22]. This material is
characterized by more than 3 times lower thermal con-
ductivity compared to the control material. The possibil-
ity of manufacturing shaped products for masonry from
mixtures containing fly ash, ground metallurgical slag,
alkaline activator NaOH+Na,SiO, and wood chips (up
to 68 vol.%) is shown [23].

An analysis of the available literature has revealed
that there is a lack of systematic studies on the properties
of cement-free, porous wood-based mineral composite
materials. In this regard, the aim of this study was to de-
velop and investigate the properties of composite materials
based on a silicate binder derived from slag, with a porous
structure that has been stabilized using a finely dispersed
aluminosilicate additive.

MATERIALS AND METHODS

To obtain the composite material, a slag-silicate bind-
er was used, which included ground blast furnace slag and
a hardening activator (sodium silicate solution, sodium
liquid glass). Ground granular blast furnace slag (‘Mechel
Materials’ LLC, Chelyabinsk, Russia) had a specific sur-
face area of 550 m?/kg and a bulk density of 1.5 g/cm’.
The composition of the slag was determined in accor-
dance with GOST 3476-2019, the results of determining
the chemical composition are shown in Table 1. Based
on the chemical composition, the slag quality coefficient
is 1.57.
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Table 1. Chemical composition of slag

Nanobm

Content of oxides (wt. %)

sio, ALO, Fe,O, Cao Mgo K,0 Na,0 so, TiO,
34.1 11.7 0.6 36.5 10.8 0.7 0.8 2.6 2.2
Table 2. Characteristics of the foaming agents used in the work
Foaming agent Density, g/cm? pH
PB-Lux (JSC'RHZ Nordiks; Voskresensk, Russia) 1050-1100 8-10
Etalon (‘Aist’ LLC, Chelyabinsk, Russia) 1120 6.5-8

A solution of sodium silicate (sodium liquid glass
Na,OxnSiO,, p = 1.5 g/cm?) of the SNZHI brand
(‘PromKeramika’ LLC, Shchekino, Russia) according
to GOST 13078-2021 was used for curing the composite
material, it composed of 29 wt.% SiO, and of 10.4 wt.%
Na,O with silicate modulus n = 2.8.

Synthetic anionactive (‘PB-Lux’) and protein
(‘Etalon’) foaming agents were used to form the porous
structure of the material, the characteristics of which are
given in Table 2.

The foam was prepared using a portable pneumatic
foam generator IK FOAM Pro2+ from solutions with
a different ratio of water and foaming agent. For the
resulting foam, the multiplicity was determined by the
ratio of the volume of foam and the initial solution and
the stability index for liquid separation when holding the
foam for 30 min. Preliminary tests have shown that the
optimal foaming agent content for obtaining foam with a
sufficient multiplicity is 3.5%. To increase the stability of
the foam in the slag-alkali mixture, a finely dispersed gel-
forming aluminosilicate additive (bentonite clay powder
P1T1 according to GOST 28177-89, ‘Bentholding’ LLC,
Moscow, Russia) with a particle size of 1—5 microns and
with a content of the main clay mineral montmorillonite
of at least 70 wt.% was used.

Crushed softwood according to GOST 19222-2019
(‘Smolenskiy Les’, Dorogobuzh, Russia) with needle-
shaped or flat particles measuring 2—20 mm, with bulk
density 120—140 kg/m? and humidity 10—15% was used as
aggregate in the production of wood-mineral composite
material.

To determine the characteristics of the material stud-
ied in the work, samples were formed in the shape of
40%x40%160 mm? prisms and of 10x10X10 cm? cubes.
The concrete mix was prepared using a CONTROLS
65-1L.0006/AM laboratory mixer by sequentially loading
crushed wood, ground slag, a finely dispersed additive,
a sodium silicate solution and foam from a foam generator
into a bowl while stirring. To determine the optimal ratio
of binder and aggregate components, which can produce
a composite material that meets the requirements for self-

supporting structural and thermal insulation blocks (dry
density grade D600, compressive strength class B1.5),
a series of samples was obtained in which the compo-
nents varied in the following ranges: slag 330—440 kg/m?,
crushed wood 120—160 kg/m?, the aggregate/slag ratio
0.5—0.7. The total mixing time of the concrete mixture
from the moment of loading of all components was 5 min.
The samples were formed by layering and final compac-
tion of the mixtures in molds on a vibrating pad. The
samples were kept in molds at a temperature of 20+2 °C
and at relative humidity of at least 90% for 1 day, then
removed from the molds and stored under normal labora-
tory conditions. Some of the samples were subjected to
heat treatment by heating in a thermostat at temperatures
of 80—90 °C and at relative humidity of at least 90% for
6—12 hours.

The strength characteristics of the obtained samples
(compressive and flexural strength) were determined after
28 days of storage using a universal testing machine UPB
86/200 Form + Test (Germany). The tests of samples
of the same composition were repeated six times, and
the average strength values were calculated based on the
results obtained. The determination of water absorption
(by weight and volume) of a porous composite was carried
out in accordance with GOST 12730.3-2020 by weigh-
ing samples in a water-saturated state. Thermal analysis
(DTA + TG) of the materials was performed using an
SDT Q600 (USA) thermal analyzer, the samples were
heated to 1000 °C with a heating rate of 10 K/min, the air
purge rate through the analyzer furnace was 100 ml/min.
Heat release during binder hydration was measured us-
ing isothermal calorimetry (TAM Air 3116-2, TA Instru-
ments, USA). The phase composition of the materials was
determined by X-ray phase analysis, X-ray diffractograms
were recorded using a SHIMADZU XRD 6000 (Japan)
diffractometer with a copper anode (A, , = 1.54056 A:
tube voltage 40 kV, current 40 mA) in the angle range
20 = 5-70° with a scanning step of 0.02°. The specific
surface area of the materials was determined using the
Brunauer-Emmett-Teller method using the Quanta-
chrome NOVA 2200e (USA) device by low-temperature
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nitrogen adsorption-desorption at 77 K. The thermal con-
ductivity of the samples was measured using an ITP-MG4
(Russia) type meter in accordance with GOST 7076-99.
A multifunctional scanning electron microscope JEOL
JCM-6000 Plus (Japan) was used to study the morpho-
logy and structure of the samples.

RESULTS AND DISCUSSION

For the formation of a porous structure in a wood-
mineral composite material, it is essential to produce foam
with a controllable multiplicity. The stability of this foam
must be maintained in order to ensure high dispersion
and uniform distribution of air bubbles throughout the
volume of the initial mixture prior to the setting of the
binder. Preliminary experiments with various foam agents
(Table 2) revealed that a protein-based foam agent in
an alkaline sodium silicate environment produces a less
stable foam with lower multiplicity than a synthetic foam
agent. Therefore, further optimization of the component
ratios for foam generation was performed using a synthetic
foam agent. Figure 1 illustrates the results of determin-
ing the foam multiplicity and amount of separated liquid
based on the composition of the initial foam mixture.

It can be seen from the data presented (Fig. 1) that
the inclusion of sodium silicate and bentonite into the
foaming mixture has various effects on the properties of
the resulting foam. While the foam multiplicity appears
to be largely unaffected by the presence of either additive
at concentrations up to 4% (Fig. 1a), the water separa-
tion during foam stratification is significantly reduced
in the presence of bentonite over an extended period of
time (Fig. 1b). This stabilizing effect is attributed to the

sorption of bentonite particles at the air-liquid interface,
which hinders the coalescence of individual bubbles and
prolongs the duration of the foam's stable state. Increasing
the bentonite concentration (above 4%) further enhances
foam stabilization, although it also leads to a decrease in
foam multiplicity (Fig. 1a). Therefore, the addition of
bentonite at a concentration of 4% to the liquid phase
is sufficient to produce a foam with the highest degree
of multiplicity and stability during the formation of the
porous structure of the composite material.

Important factors determining the technological
characteristics of a concrete mix are workability, density,
delamination, and the start and end time of setting of
the binder. For the slag-silicate binder used in the work,
the parameters were determined to achieve the required
strength class of the stone to obtain a composite material
(Table 3).

Rather short setting times combined with high strength
are characteristic of cement-free slag-alkali binders [2],
which is explained by the intense interaction of the alka-
line activator with amorphous (glass phase) slag compo-
nents to form a dense polymerized aluminosilicate ma-
trix (the so-called ‘geopolymer concrete’). To determine
the effect of foam injection on the interaction between
the binder components, the Kinetics of heat release in
a slag-alkali mixture of a given composition was studied
(Table 3) in the presence of foaming agent and benton-
ite using isothermal calorimetry. According to the tem-
perature measurements of the control mixture (without
foaming agent) and a mixture containing 0.35% of the
foaming solution based on the mass of slag, the depen-
dences of the heat flux on the reaction time (up to 240 h)
are shown in Fig. 2.

a b
13
g
8
= 11
o
2
)
= ..
'S 9 | = Liquid glass
§ —@- Bentonite
=@=Control
7 1 1 1
1 2 3 4 5
Mass fraction of the additive in the
foaming mixture, %

Water separation in 30 minutes, %
B
S

0
o

(=)
[

—de— Liquid glass

20 :
-0 Bentonite
0 =@ Control
1 2 3 4 5

Mass fraction of the additive in the foaming
mixture, %

Fig. 1. The effect of the presence of liquid glass and bentonite in a foaming solution (PB-Lux foaming agent) on (a)

the multiplicity and (b) the stability of the foam
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Table 3. Composition and characteristics of the slag-silicate binder

Heat flow, mW/g

02

L . Setting time, min .
Liquid glass/slag ratio Normal density, % Strength grade
Start End
0.7 30 50 46 M300
a 2. b 02
- Cﬂ‘)ntrol _ — Control
1 — With foaming agent o8 —With foaming agent

Heat flow, mW/g

=2
IS

2
=
@

°
g

0 24 48 72 % 120 144 168 192 216 240
Time, h

Fig. 2. The dependences of the heat flow on the exposure time of the slag-silicate mixture in the presence and
absence of a foaming agent at (a) the initial and (b) the final stage of the formation of the structure of the slag-

silicate stone

It follows from the calorimetry results (Fig. 2) that
several periods of heat release are observed for the control
sample of the mixture and the sample with the foaming
agent. The initial period with a maximum at a time of
~10 min is typical for both samples, the magnitude of the
heat flux practically does not depend on their composi-
tion. The second period with a maximum heat release
after about 2 h is characterized by a lower thermal effect
for the sample with a foaming agent, which can be ex-
plained by the sorption of surfactants on the surface of slag
particles and the associated slowdown in the formation
of products in the hardened material (Fig. 2a). With an
increase in the duration of interaction in the slag-silicate
system, a shift in the maximum heat release in the case
of a porous sample (by ~18 h) and its narrowing on the
time scale compared with the control sample is observed
(Fig. 2b). This effect is also explained by the inhibition of
the processes of structure formation in a solid material,
which are diffusive in nature. Nevertheless, the sum of the
heat fluxes in the entire studied range of structure forma-
tion for both samples practically coincides and amounts
to about 105 J/g. Consequently, foaming of the slag sili-
cate mixture does not significantly change the intensity
of hydration processes, especially in the early stages of
hardening.

It is known that slag-alkali binders quickly set and gain
brand strength during heat treatment [2, 20]. To deter-
mine the effect of temperature on the phase composition
of the products formed during the curing of the binder,

two series of experiments were performed when samples
were heated at 80 and 90 °C and at relative humidity of at
least 90% for 6—12 h. The obtained X-ray diffraction data
were compared with those for samples that hardened un-
der normal conditions for 1 and 28 days. A typical X-ray
diffraction pattern of a slag stone is shown in Fig. 3.

From XRD results (Fig. 3), the main crystalline phases
formed during hardening, both under normal conditions
and upon heating, are okermanite (calcium-magnesium
silicate) and calcite, the total content of which does not
exceed 10 wt.%. The predominant component (up to
90%) in slag silicate stone is an amorphous phase. Cal-
cite is formed due to carbonation of an alkali-containing
material, calcium-magnesium silicate is formed due to
the interaction of liquid glass with slag components. Obvi-
ously, the temperature conditions of the hardening of the
material are insufficient for the crystallization of silicates
prone to amorphization in the system. Thus, heat treat-
ment of slag silicate stone does not lead to a significant
change in the composition of crystalline products and an
increase in their proportion in the material.

Due to the predominantly X-ray amorphous structure
of the interaction products in the slag-liquid glass system,
the composition of the products formed when wood was
introduced into the system was evaluated using thermal
analysis. The sample for analysis had the following initial
composition: slag 385 kg/m?, crushed wood 138 kg/m?,
liquid glass solution 270 kg/m?, foaming agent 1.35 kg/m?,
bentonite 1.54 kg/m?. Average weight loss when heated

http://nanobuild.ru

142

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2026; 18 (2):
137-148

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

ISSN 2075-8545 (online)

Nanobm

CONSTRUCTION MATERIALS SCIENCE

600
550
500 ‘.
450
400 !

350 \

300 H |

Intensity
— -
i‘&n.;:ﬁ_A
g
=
g
=

I
250 '\k.

ey T e wr——

Original
— Active Trace
— Akermanite
— Calcite
— Quartz

. ud-f‘nw,xw k«‘h"‘aﬁ%" (!“fd'\tf\i H"

\ljwbﬂf,'_»t'}'.-"‘\‘ﬂl\"##l %W,g\f“}“t ﬂ.‘ﬂhf\‘{'\wwl,[ﬂ,w "

10 12 14 16

28 30 32 34 36 38 40 42 44 46 48 50
“Two-Theta

52 54 56 58 60 62 64 66 68 70

Fig. 3. XRD pattern of a sample of slag-silicate stone (liquid glass/slag ratio 0.7) subjected to heat treatment at 90 °C

for 10 h.

to 1000 °C for samples obtained under normal hardening
conditions is 15%, after heat treatment — 10%. Typical
TG-DTG curves of linear heating of samples are shown
in Fig. 4.

The TG curves of the material are characterized by
four main stages of weight loss and their corresponding
endothermic effects in the temperature ranges 75—150,
225-375, 450—650 and 720—830 °C. In the tempera-
ture range of 75—150 °C, weakly bound water (capillary,
sorption, interlayer) is removed from sodium hydrosili-
cates Na,O-SiO,'nH 0. When the temperature rises to
225-—375 °C, a decrease in the mass of the samples occurs
due to the dehydration of calcium hydrosilicates such as
tobermorite. A weakly expressed broad endothermic effect
in a wide temperature range of 450—650 °C reflects the
thermal decomposition (charring) of wood in the mate-
rial. In parallel, complete dehydration of tobermorite and
gyrolite, as well as decomposition of residual portlandite,
occurs at these temperatures. The effects caused by the
presence of these phases are more pronounced on the
thermograms of samples with long periods of hardening.
An increase in temperature to 720—830 °C is accompanied
by the decomposition of calcite CaCO,, the presence of
which in the samples is confirmed by XRD data (Fig. 3),
as well as calcium and sodium hydroaluminosilicates.
The presence of calcite is explained by carbonization of
lime and calcium hydrosilicates. Thus, the thermal analy-
sis data show a high degree of transformation during the

interaction of the binder components, since the greatest
mass loss occurs at T > 150 °C due to the decomposition
of complex hydrate phases. The increase in decomposition
temperatures of the wood aggregate is due to the mineral-
izing effect of the alkali-silicate components of the binder.
The features of the pores and the structure of the con-
tact zone between the aggregate particles and the mineral
matrix were studied using electron microscopy (Fig. 5).
Microscopy data shows that the material is charac-
terized by closed-type pores, which are predominantly
spherical in shape and have dimensions of the order of
1 mm or less (Fig. 5a). The pore walls are solid and have
a thickness of the order of tens of micrometers (Fig. 5b).
The products of the interaction of the binder components
differ in morphology; the bulk particles of lamellar and
prismatic shapes are calcium hydrosilicates with colloidal
bentonite particles deposited on their surface (Fig. 5¢).
A special feature of the contact zone at the boundary of
wood particles and the mineral matrix is its dense and
relatively homogeneous structure (Fig. 5d). The surface
of the wood particles due to the mineralizing effect of the
sealer is also covered with the products of the interaction
of the binder components, which are also observed in the
mineral matrix of the material. The mineralizing effect
of liquid glass has a positive effect on the stabilization of
the properties of wood aggregate and its thermal stability,
which is consistent with the results of thermal analysis
(Fig. 4). In addition, the hydrolytic effect of the alkaline
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Fig. 4. TG (green) and DTG (blue) curves obtained by linear heating of a porous wood-mineral composite sample
after 28 days of its hardening under normal laboratory conditions

binder medium on the wood components contributes to
the formation of a more dense contact with the mineral
matrix (Fig. 5d).

From the point of view of practical application, the
most important characteristics for a porous wood-mineral
composite material are strength, porosity, water absorp-
tion and thermal conductivity. To determine the nature
of the effect of the ratio of the initial components on the
compressive strength of the material, a series of samples
was obtained under normal hardening conditions. The
weights of the raw materials and the strength values are
given in Table 4.

The research results have shown that the compressive
strength and density of the composite are more correlated
with the proportion of slag in the initial mixture. The
dependence of strength characteristics on the content
of crushed wood in the material is less pronounced. For
example, the proportion of wood in sample No. 3 is the
largest (wood/slag ratio 0.43) among all the presented
variants, while compressive strength takes an intermediate
value (Table 4). Samples No. 4 and 6 with high strength
contain average amounts of wood, sample No. 7 with
a low proportion of wood (wood/slag ratio 0.3) has the
lowest strength. The amount of hardening agent can vary
within narrow limits: with a liquid glass/slag ratio of 0.5
or less, the mixture is characterized by low workability

and the resulting material has a heterogeneous structure;
with a ratio greater than 0.7, separation of the liquid and
stratification of the sample are observed. The most repro-
ducible characteristics of material samples with uniform
porosity are obtained with an optimal liquid glass/slag
ratio of 0.7.

Heat treatment of the composite material leads to
a regular increase in its strength. Figure 6 shows the re-
sults of measuring the compressive strength of samples of
composition No. 3 with the largest proportion of wood
(Table 4) after their isothermal heating at 80 and 90 °C
with different durations.

An increase in the strength of the material during
heat treatment (Fig. 6) occurs due to an increase in the
depth of interaction of the components of the slag silicate
binder, to an increase in the binding strength of wood
particles with the mineral matrix, and to the reinforcing
function of the aggregate. A comparison of the data in
Fig. 6 and Table 4 shows that during heat treatment, an
increase in the strength of the material can be achieved
by 15—20% compared with the samples obtained under
normal hardening conditions. Heat treatment at 90 °C
during 8—10 h is sufficient to achieve the highest strength,
an increase in the heating time is impractical (Fig. 6).
The use of lower temperatures reduces the efficiency of
the material production process by increasing the heating
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Fig. 5. Micrographs of cross-section of a porous wood-mineral composite based on a slag silicate binder aged
28 days during hardening under normal conditions: (a) pores of various diameters; (b) distribution of pores and
wood in the volume of the material; (c) hydroaluminosilicate distributed among slag particles; (d) the contact zone

of wood with mineral the matrix

time, temperatures above 90 °C lead to increased removal
of water, contribute to the destruction and softening of
the material.

The water absorption of a wood-mineral composite is
directly related to its porosity and can significantly reduce
the strength of the material, primarily due to the swell-
ing of wood particles and the associated softening of the
material. To assess water absorption, samples with aver-
age binder and aggregate contents were weighed (sample
No. 9, Table 4) in the initial mixture, and then were hard-
ened under normal conditions for 28 days. Based on the
results of determining the compressive strength of samples
in a water-saturated state, the softening coefficient of the

material was calculated as the ratio of the strengths of
wet and dry samples. The results of the water absorption
determination are shown in Table 5.

It follows from the characteristics of water absorption
that the resulting composite material has low water resis-
tance, and in a humid environment, the strength and frost
resistance of such a material will decrease significantly.
In addition to penetrating into the open pores, water is
absorbed by wood particles, which, due to swelling, will
also cause softening of the material. In fact, the observed
trend is typical for all porous and wood-containing ma-
terials, therefore, such materials are recommended to be
used in conditions of low humidity or to protect them
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Table 4. The content of raw materials for obtaining a porous composite material and its characteristics at the age
of 28 days (hardening under normal conditions, liquid glass/slag ratio 0.7)

Fig. 6. Dependence of compressive strength (R_ ) of
wood-mineral composite samples (composition No. 3,
Table 4) on the duration of their isothermal heating
at different temperatures (relative humidity of at least

90%)

Table 5. Water absorption of porous wood-mineral
composite material

Indicator Value
Water absorption by weight W _, % 74
Water absorption by volume W , % 45
Softening coefficient K 0.63

from moisture (surface hydrophobization, impregnation
with special compounds).

Measurements of thermal conductivity of porous com-
posite material samples with average values of density
and strength (compositions Nos. 3, 8 ,9; Table 4) showed

Sample Slag, ka/m? Crushed wood, | Foaming agent, Bentonite, Dry density, Compressive
P 9, k9 kg/m? kg/m? kg/m? kg/m3 strengthR_, MPa
1 347 124 1.21 1.38 552 1.38
2 424 124 1.48 1.69 640 2.78
3 347 152 1.21 1.38 575 2.38
4 424 152 1.48 1.69 668 333
5 331 138 1.16 1.32 546 1.40
6 439 138 1.54 1.75 680 3.65
7 385 118 1.35 1.54 593 1.34
8 385 158 1.35 1.54 627 1.75
9 385 138 1.35 1.54 607 1.50
4 r that the average value of thermal conductivity is about
0.08 W/(m-K). The obtained values of thermal conductiv-
90°C ity are close to those for arbolite based on Portland ce-
3 F @ @ ¢ : ment, and they are significantly lower than those for foam
- @ vk and aerated concrete, which confirms the good thermal
Ay o st insulation properties of the material.
= 5 L 80°C
o CONCLUSION
I r 1. The possibility of producing a porous composite
wood-mineral material, analogous to arbolite, based on
0 ) . ) ) a slag-silicate binder, wood aggregate, synthetic foaming
agent, and fine aluminosilicate foam stabilizer (bentonite),
5 7 9 11 13 has been experimentally confirmed. By varying the content
Time, h of raw materials, consisting of 330—440 kg/m? blast furnace
slag and 125—160 kg/m? wood, at optimal ratios of liquid

glass to slag 0.7 and foaming agent mixture to slag 0.0035
(composed of 3.5% foaming agent and 4% bentonite), it
is possible to produce a composite material with follow-
ing characteristics: density 550—680 kg/m?3, compressive
strength 1.35—3.65 MPa, an open porosity 45—50%, and
an average thermal conductivity 0.08 W/(m-K). It is shown
that the heat and humidity treatment of the composite at
80—90 °C for 10—12 h helps to gain strength, which, with
normal hardening, is achieved within 28 days.

2. Stabilization of the homogeneous porous structure
of the resulting composite material (spherical pore sizes
less than 1 mm) is achieved by introducing a fine gel-
forming additive (bentonite) with particle sizes of 1—5 um
into the foaming mixture. Bentonite particles are dis-
tributed in the walls of foam bubbles, reduce their ability
to coalesce and strengthen the pore walls in the mineral
binder matrix during setting due to gelation.

3. During setting and hardening of the slag-silicate
binder, mainly amorphous products (hydrosilicates
and hydroaluminosilicates of calcium and sodium) are
formed, the proportion of crystalline products (calcite,
okermanite) does not exceed 10%. The hydrolytic effect
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of the alkaline binder medium on the wood components
contributes to the formation of a more dense contact with
the mineral matrix. The contact zone of the slag-silicate
matrix with wood particles has a dense homogeneous
structure, it contains calcium hydroaluminosilicate par-
ticles in the form of petals, which are formed in areas

of accumulation of colloidal bentonite particles at the
interface of the contacting phases.

4. The porous wood-mineral composite material ob-
tained in the work can be used for the production of light-
weight non-load-bearing structural elements, as a noise
and thermal insulation material.
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