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cement stone, This paper presents the results of studies on hydration and hardening
multicomponent binder, processes of multicomponent modified binders containing active
hydration, structure mineral and chemical additives. The aim of the research was to
formation, establish the patterns of cement stone structure formation and identify
superplasticizer, the factors contributing to the improvement of its strength and
metallurgical waste, durability. It is shown that the high strength of the modified binder is
portlandit due to the formation of stable low-basic calcium hydrosilicates

generated through the pozzolanic reaction between portlandite and
active amorphous silica included in the complex additives.
Mechanochemical activation of the components increases the number
of active centers, accelerates hydration and intensifies hardening. X-ray
diffraction and thermal analyses confirmed the presence of calcium
hydrocarbonaluminates, whose formation enhances sulfate resistance.
Electron microscopy revealed a denser microstructure of the cement
stone and close intergrowth of portlandite and C-S-H phases, which
contributes to the formation of a monolithic, low-porosity structure.
The results demonstrate that adjusting the binder composition and
curing conditions allows targeted regulation of hydrate morphology
and optimization of the phase composition. This ensures the
production of high-strength and chemically-resistant concretes under
reduced-temperature curing, expanding the application potential of
multicomponent binders in modern construction.
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Tyniugi cesaep:

TYUIHAEME

LIEMEHT Tac, KOII
KOMITIOHEHTTi TYTKBIp,
IMapaTanys, KYpPhLABIMHBIH
KaABIIITaCYBI,
cynepriaactudukaTop,
MeTaAAypIUs KaAABIKTaph,
MOPTAAHAUT

Kymrpicta "CuxamenT-FF-N" cymeprnaacTndukaTophiH >KoHe TYCTi
MeTaAAypIus KaAABIKTapbIH (MBIPBIII KOXKBI JKOHe II0AMMeTaAAd KeH-
AepiH OalbITy eHiMAepi) KOAJaHa OTHIPHII, MOPTJAaHAIIEMEHT KAVH-
KepiHe Heri3geAreH KOIl KOMIIOHEHTTI MoAudUKaIuslaHFaH TYTKBIP
KylleaepAal blAFaAJaHABIPY JKoHe KYpPBLABIMAQy IIpOLieCTepiH 3epTTey
HOTIDKeAepi KeaTipiareH. Xummaaslk moaudukatopasy 0,5-1,0% - ¢
6ipre 15-30% Meamepinge MuHepaAAbl KOCIIadapAbl €HIi3y KaAbLIVIL
CUAMKATTapBIHBIH TMApPaTalMACHIHBIH, KapPKBIHABLABIFBIH, IIOPTAaHAUT
KYPaMBIHBIH a3alOBIH >KoHe IIeMEeHT TacCBhIHBIH TBIFBI3 KYPBLABIMBIH
KAABIITaCTBIPY¥Fa BIKIAA €TeTiH TOeMeH Heri3Ai I'MApOCUAMKATTapAbIH
TY3iAyiH KaMTaMachl3 eTeTiHi KepceTiareH. PeHTreHorpausablK >kKoHe
tepmusiaslk 3eprreyaep CA(OH), mearepiuniy 23,6-aan 17,3 % aeriin
TOMeHJeTeHiH pacTaabl, 6¥A GC3S plaraagany gapexkeciniy 75-76 % aeiin
©CyiMeH >KoHe KbLAy-blAFaAABIABIK, 6HAEYAEeH KelliH TacThIH OepiKTiriHig
61-70 Mlla-ra JeitiH >KOrapplaaybiMeH Oipre >Kypeai. DAeKTPOHABI-
MUKPOCKONMSABIK ~ OaKbliayJap epTe Ke3eHAepde UHe Topisai
eciHgisepain keaeA Ty3idyiH >KoHe KYPBIABIMHBIH TBHIFBI3AaAybIH
aHbIKTaAbl. EpimMeliTin Kaabpuii rugpokapboaaloMMHaTTapBIHBIH TY3iayi
cyapdaTka Tesimaiaikri 0,95-1,00 aeitin apTThipassl. Kem KOMITOHEHTTi
KyileAepAiH MeXaHMKaAbIK-XMMUSABIK, aKTUBTeHyi OeaceHAl OpTaAbIK-
TapAblH ©CyiHe bIKIaA eTeTiHi, 1103304aHMKaAbIK peakUVsHbIH KYPYiH
JKejeAaeTeTiHi XoHe OipTeKTi cylipaMoAeKyaaablK KYpPBLABIMHBIH I1aiiga
00AybIH KaMTaMachl3 eTeTiHi aHbIKTaA/Abl. O3ipAeHIeH Kol KOMIIOHeHTTi
MoaupUKauysilaHFaH TYTKBIp OepiKTiKKe, TBHIFBI3ABIKKA SKOHE XMMILA-
ABIK TO3IMAiAiKKe KOMBIAATBIH KellleH i TadalTapabl KaHaraTTaHAbIpaAbl
JKoHe 9pTypai  (QYHKIMOHAAABIK MaKcaTTarbl >KOFaphl  carladbl
OeToHAapABl OHAIPY YIIiH I1alija4aHbLAYbl MYMKIH.

Karouesbie caoBa:

AHHOTAL VS

ILIEMEHTHBIV KaMeHb,
MHOTOKOMITIOHEHTHOE
BSDKYyIIIee,

rMAparanus,
CTPYKTypooOpasoBaHue,
cynepraactudukaTop,
OTXOABI MeTaAAypPTUH,
MOPTAAHAUT

B pabore mpeAcTaBAeHBI pPe3yAbTAaTBl MCCAEAOBAHUS IIPOLIECCOB
rMApaTaliuy ¥ CTPYKTYpooOpa3oBaHIsA MHOTOKOMIIOHEHTHBIX MOAUQU-
LMPOBAaHHBIX BSDKYIIUX CUCTEM Ha OCHOBE IIOPTJAaHAIIEMEHTHOTO
KAUHKepa ¢ IpuMeHeHneM cynepraactudukaTopa «CnxkamenT-FF-N» u
OTXOJOB IIBETHOV MeTaAAypruy (IJMHKOBOTO IIlAaKa U ITPOAYKTOB
oOorameHnst IIOAMMeTaAAndecknx pya). IlokasaHo, d4to BBeseHuUe
MUHepaAbHBIX 400aBOK B Koamdectse 15-30 % cosmectno c 0,5-1,0 %
XMMIYECKOTo MoAnduKaTopa obecriednBaeT MHTeHCUPUKAIIUIO THApa-
TallM! CUAMKATOB KaAbIVsl, YMEHBIIIeHNe coJep KaHUs MOpTAaHANUTA U
obpaszoBaHIe HM3KOOCHOBHBIX TIMAPOCHAMKATOB, CIIOCOOCTBYIOIIMX
¢popMUPOBaHMIO IAOTHOV CTPYKTYPHl LIEMEHTHOTO KaMHs. PeHTreHo-
rpadpuyeckue U TepMUYeCKHUe VCCAeJOBaHUS IOATBEPAVAU CHIVDKEHUe
koamdecrsa Ca(OH), ¢ 23,6 a0 17,3 %, 4TO COIPOBOXKAAETCS POCTOM
crentenu rugpatanun CsS 40 75-76 % u yBeArdeHMeM IIPOYHOCTY KaMHs
Ilocae TeIlA0BAa’KHOCTHOI obpabotku 4o 61-70 MIla. DaexrpoHHO-
MIKpPOCKOII9ecKre HabAI0AeHNs BBIABMAM YCKOpeHHOe OOpa3oBaHIe
MroABYaTHIX HOBOOOpa3OBaHMII B paHHUE CPOKM U 0oJee I110THOe
yILAOTHeHMe CTPyKTyphl. OOpasoBaHUe TPyAHOPACTBOPUMBIX IIApOKap-
60aAIOMIHATOB KaAbIUs IOBHIIIAET cyabdarocToiikocts g0 0,95-1,00.
YcraHOBAEHO, YTO MeXaHOXMMMYeCKasl aKTUBALVsI MHOTOKOMITOHEeHTHBIX
CIICTEM CIIOCOOCTBYeT POCTY aKTUBHEIX IIEHTPOB, YCKOpseT IpOoTeKaHue
IyIII0AaHNYeCKON peakluy U oOecliednBaeT II0AydeHNe OAHOPOAHOI
Ha/MO/AeKyASpPHOI CTPYKTypHl. PaspaboTaHHOe MHOTOKOMIIOHEHTHOE
MOAMPUITMPOBaHHOEBIKYIIIee  VA0BAETBOPsET KOMILAEKCHBIM Tpebo-
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BaHMAM K IIPOYHOCTY, IIAOTHOCTU U XUMUYIECKOW CTOMKOCTU U MOXKET
OBITh MCITI0Ab30BAaHO AAsl TIPOU3BOACTBAa BBICOKOKa4e€CTBEHHBIX OeTOHOB
pa3/u/[quro (pyHKHMOHaALHOI‘O Ha3HadyeHI:.

INTRODUCTION

Modern high-performance binders are developed using complex multicomponent
systems with active mineral and chemical additives. Their primary goal is to achieve improved
strength and operational characteristics of concrete with reduced energy consumption. An
important direction in this field is the utilization of industrial by-products, which can serve as
active pozzolanic additives and contribute to the optimal structure formation of cement stone.

The modern development of construction materials science is characterized by a growing
interest in multicomponent modified binders, driven by the need to improve the performance
characteristics of construction materials, reduce the carbon footprint of cement production, and
promote the efficient utilization of industrial by-products. In this context, particular importance
is attached to studies aimed at gaining a deeper understanding of the hydration and structure
formation processes that govern microstructure development and, consequently, the physical
and mechanical properties of binder systems (Marchon & Flatt, 2016).

Hydration of binders is a complex multistage physicochemical process involving the
dissolution of primary clinker minerals, nucleation and growth of hydration products, and the
formation of a spatial structure of cement stone. When multicomponent systems incorporating
mineral and chemical modifiers—such as slag, fly ash, reactive silica additives, micro- and
nano-fillers, and superplasticizers—are used, these processes become significantly more
complex. They are accompanied by changes in hydration kinetics, phase composition, and the
morphology of hydration products (Izotov & Ibragimov, 2015).

As demonstrated by Zhakipbekov et al. (2021), the incorporation of complex mineral
additives into low-clinker binders leads to an increased degree of hydration, the formation of
low-basic calcium silicate hydrates, and a densification of the cement stone microstructure.
Similar conclusions were drawn by Wilinska and Pacewska (2022), who reported that four-
component binders with a high content of supplementary cementitious materials exhibit
redistribution of hydration phases and a reduced portlandite content due to intensified
pozzolanic reactions.

Considerable attention in contemporary research is devoted to micro- and nanoscale
structure formation, as the characteristics of the C-S-H gel largely determine the durability and
mechanical performance of binder systems. Studies by Masoero et al. (2018) showed that the
density and nanostructure of the C-S-H gel have a decisive influence on self-desiccation
processes, sorption properties, and shrinkage deformations. The application of infrared
spectroscopy and electron microscopy enables detailed investigation of the evolution of
hydration products and the interaction mechanisms between organomineral admixtures and
the hydration phases (Zagorodnyuk & Sumskoy, 2019).

In recent years, increasing research efforts have focused on controlling hydration kinetics
and rheological properties of binder systems. Li et al. (2024) demonstrated that targeted
regulation of dissolution and crystallization processes of hydration phases using specialized
additives allows the design of binders with tailored properties. Furthermore, Varshney et al.
(2017) identified different structural aging mechanisms occurring during cement paste
hydration, which significantly affect both early-age and long-term strength development.

Thus, the analysis of existing literature indicates that hydration and structure formation
of multicomponent modified binders are governed by a combination of factors, including the
mineralogical and chemical composition of the system, component fineness, type and dosage of
modifying additives, and curing conditions. Despite the substantial body of experimental
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research accumulated to date, the interrelationships between hydration mechanisms,
microstructure evolution, and performance properties of binders remain insufficiently
systematized, highlighting the relevance and scientific significance of the present study.

MATERIALS AND METHODS

The research object was a multicomponent binder containing up to 45% non-ferrous
metallurgy waste. The mixture comprised Portland cement clinker (64-84.5%), carbonate-
containing tailings (5-15%), quartz-containing tailings (10-20%), and a modifier (0.5-1%).
Curing was carried out at 65 °C under a 2+4+1 h regime. Differential thermal analysis, X-ray
diffraction, and electron microscopy were used to study structural development.

In this study, cement clinker from «Standard-Cement LLP», as well as synthetically
produced clinker minerals CsS, p-C,S, C3A, and C4AF, Standard volsk sand, hydrated lime from
the Sas-Tyube lime works, residues from the Kentau processing plant (20 wt%), zinc slag from
the «Achpolymetall» combine (15 wt%), and the superplasticizer «Sikament-FF-N» in an
amount of 0.5-1.0 wt% based on the mass of CsS were used. The sand from the Nikolaevskoye
deposit (Almaty region) had a bulk density of 1467 kg/m?, a net density of 2650 kg/m?, a pore
volume of 43%, and a fineness modulus of 2.2-2.4. Its mineralogical composition (wt%) is
shown in Table 1.

Table 1. Mineralogical composition of sand, % by weight

quartz feldspar mica calcite clay impuritie
34.5-36.3 52.8-54.2 1-9-23 3.6-4.0 up to 4%
Note — compiled by the authors

Sand

Table 2. Chemical composition of technogenic products, % by weight

. ADLOs+ KO+ calcination
Waste name S5i02 | CaO | FexOs TiOs MgO Na:O BaO losses

Tailings of the

Kentau 11.7 | 2424 | 17 1.53 13.8 2.0 | 10.20 30.35
processing plant

zinc slag from the
«Achpolymetall» | 30.1 | 18.20 | 32.95 - 468 | 0.85 - 8.65
combine

Note — compiled by the authors

For the manufacture of heavy concrete, sulfate-resistant Portland cement CEM I 42.5H SS
GOST 22266-2013 Standard Cement LLP was used as a binder, the properties of which are
shown in Table 3.

Table 3. Characteristics of sulphate-resistant Portland cement
LLP "Standard-Cement" CEM I 42,5N SS

Name of indicators, unit of measurement The actual value
Fineness of grinding, %, (residue on the sieve) no more 0,3
Normal density of cement paste, % 28,7
Ww/C 0,38
cone spread 114
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end of table 3

Name of indicators, unit of measurement The actual value
Setting time, h:min:
— initial, not less than 3-20
— final, not more than 4-20
Compressive strength, MPa, at the age of:
-7 days 33,9
— 28 days 46,9
Soundness of cement withstood
Specific surface area, cm?/g 3250
SiO:2 content, % 22,93
ALOs content, % 4,22
Fe20s content, % 5,08
CaO content,% 64,47
MgO content, % 2,48
CsA content,% 2,77
Note — compiled by the authors

X-ray diffraction (XRD) analysis of the materials was performed using a URS-501 X-ray
diffractometer. Diffraction patterns were recorded from flat powdered specimens rotating in the
plane perpendicular to the goniometer axis at a rotational speed of 25 rpm. Data were collected
over a 20 angular range of 20°-61°.

The measurements were carried out using ScKa radiation with a nickel filter of 14 um
thickness. The X-ray tube was operated at an anode current of 11.5 mA. The counter slit
dimensions were 0.25 x 8 mm, while the primary beam was limited by a 1 x 5 mm slit. The
recording constant was set to R°-IV, with an intensity recording range of D = 1000 impulses/s.
The chart paper advance speed was 360 mm/h.

Differential thermal analysis was performed using a MOM-1000 derivatograph
(Germany). The measurements were carried out in an air atmosphere over a temperature range
of 25-1000 °C. The heating rate was maintained at 7.5 °C/min.

Thermal transformations were identified based on the thermogravimetric (TG),
differential thermogravimetric (DTG), and differential thermal analysis (DTA) curves, which
reflect mass loss, the rate of mass loss, and differential temperature changes, respectively.

Spectral analysis of the cement stone was performed using a two-channel Spekord
spectrophotometer. The microstructural characteristics of the cement stone, including crystal
morphology, size, spatial distribution, and crystal type, were investigated using REM-200
electron microscopes. In addition, three-dimensional images of the microstructure were
obtained, and the chemical composition of selected local regions of the cement stone was

RESULTS AND DISCUSSION

Experimental results have shown that the complex additives contribute to the
acceleration of hydration, an increase in the amount of chemically bound water, and the
formation of stable hydrate phases. At the age of three days of curing, the formation of calcium
hydrocarbonaluminates is observed, which ensures improved sulfate resistance. Microscopic
studies revealed densification of the cement stone structure and intergrowth of portlandite
blocks with the C-5-H phase.

The production of high-performance binders of a new generation is currently associated
with the use of complex component systems aimed at obtaining high-strength concretes for
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various functional applications with advanced structural and operational properties (Neville
A.M., Brooks ].J., 2010).

The study demonstrated that the hydration of CsS is accompanied by the intensive
formation of portlandite and calcium hydrosilicates. The incorporation of complex additives
altered the phase composition, reduced the Ca(OH), content, and promoted the formation of
additional calcium hydrosilicates and hydrocarbonaluminates.

After 28 days of curing, the degree of CsS hydration in the reference sample was 71,5 %,
whereas in compositions containing zinc slag and polymetallic ore beneficiation residues it
reached 75-76 %. The amount of portlandite decreased from 23,6 % (control) to 17,3 % when 20
% of mineral additives were introduced.

The compressive strength of the cement stone based on the multicomponent binder after
heat-moisture treatment reached 61-70 MPa, while the sulfate resistance coefficient was within
0,95-1,0.

Electron microscopy revealed accelerated formation of needle-like hydrates at early ages
and the development of a denser structure due to the interaction between portlandite and the
reactive silica contained in the additives.

The development of high-performance binders of a new generation currently relies on the
use of complex component compositions aimed at producing high-quality concrete for various
functional applications with improved physical and operational properties. The concept
underlying the creation of such binders is the principle of targeted technological control at all
stages— involving the selection of active components, optimization of mix compositions,
application of chemical modifiers, and other technological measures.

Following this approach, a multicomponent binder was developed containing up to 45 %
non-ferrous metallurgy waste (polymetallic ore beneficiation residues and zinc slag) and the
superplasticizer «Sikament-FF-N» [1, 16].

The influence of «Sikament-FF-N» on the hydration and hardening of calcium silicates
was investigated.

According to X-ray diffraction analysis Figure 1, the phase composition of C3S without
additives at the ages of 3 and 7 days mainly consists Ca(OH)2 (d =0,493; 0,310; 2,262; 0,192; 0,179;
0,148 nm), the C2S hydrate (d=0,304; 0,270; 0,247; 0,235; 0,189; 0,179; 0,165; 0,154 nm),
tobermorite-like calcium hydrosilicate CSH2 (d = 0,281; 0,183; 0,167 nm) and anhydrate CsS (d
=0,277; 0,267; 0,244; 0,198; 0,194; 0,177; 0,163; 0,149 nm).
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Figure 1. X-ray images of tailings from the Kentau concentrating plant (1),
Zinc slag from the Achpolymetal plant (Kentau) (2)
Note — compiled by the authors
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The presence of these hydration products was also confirmed by thermographic analysis.
At around 200°C, the thermogram shows an endothermic peak typical of CSHz. Endothermic
effects at 540 and 760°C correspond to the decomposition of Ca (OH): and a-hydrate of C25
respectively.

By the age of 28 days, the amount of unhydrated clinker phases significantly decreased,
which correlates with the increase in the degree of CsS hydration-50%, 62,3% and 71,5% after
3,7 and 28 days, respectively Table 4.

It is known that in the X-ray diffraction pattern of pure calcium hydroxide, the intensity
of the (0001) plane with d =0,490 nm is 70-80% of that of the (0011) plane with d =0,262 nm, due
to the preferential formation of large Ca(OH): crystals. However, in the diffraction pattern of
CsS, hydrated for 3 days, the intensity of the Ca(OH): line at d = 0,490 nm exceeds that of the
line at d = 0,262 nm.

Table 4. Effect of Active Mineral Additives on the Degree of Hydration
of C3S stone (author's materials)

Degree of hydration, % after days:
Additive, % g7 = o7 28 -
Without additive 50 62,3 71,5
Zinc slag from the «Achpolimetal plant» (Kentau), 15* 54 65,7 75,8
Tailings of the Kentau processing plant, 30* 52,4 61,4 74,0
Note — compiled by the authors

*containing 0,5% superplasticizer «Sikament-FF-N» by mass of CsS.

During further hydration of C3S the intensity of the diffraction line with d =0.262 nm
increases, and after 28 days of curing, the X-ray diffraction patterns show an equalization of the
intensity of these lines. This indicates the formation of finer and predominantly oriented
secondary crystals of portlandite.

The development of such binders is based on the principle of targeted control of
technology at all stages, including the use of active components, optimization of compositions,
application of chemical modifiers and other technological approaches (Le Chatelier H. and
other, 2002)..

Following this principle, a multicomponent binder containing up to 45% non-ferrous
metallurgy waste and chemical additives was developed. As shown in studies , the additives
used do not increase the normal consistency of the paste and, unlike traditional systems, do not
retard but rather accelerate the hydration rate of the binder. When combined with plasticizing
additives and optimal curing regimes, such binders can be applied in the production of concrete
and reinforced-concrete elements.

The binder composition includes the following mass percentages: Portland cement
clinker 64-84.5%, carbonate-containing tailings 5-15%, quartz-containing tailings 10-20%, and a
modifier 0.5-1.0%. The binder is produced by co-grinding the clinker and beneficiation tailings
to a specific surface area of 300-330 m?/kg.

Heat-moisture treatment of experimental samples was conducted under a 2 +4 + 1 h
regime at a maximum temperature of 65 °C. In this case, the maximum processing temperature
was reduced by 20 °C compared to conventional treatment, and the duration of the isothermal
holding stage was decreased by 3 hours.

Differential thermal analysis was carried out using Q-1000 and Q-1500 derivatographs (F.
Paulik, I. Paulik, L. Erdey system), and X-ray diffraction was performed on a DRON-UM1 unit.
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Electron microscopy (REM-200 and EVM-100 BR) was used to examine the morphology,
size, spatial arrangement, and appearance of crystals, obtain three-dimensional images, and
determine the composition of local areas of the cement stone. Quantitative evaluation of
micrononuniformity distribution (2-100 nm) in the submicroscopic structure of cement stone
was performed using small-angle scattering (SAS).

Table 5 presents the properties of the developed modified binder. The test results show

that the compressive strength after heat treatment ranges from 61 to 70 MPa, while the sulfate
resistance coefficient is 0.95-1.00.

Table 5. Properties of modified binders

Binder composition, mass % Compressive Sulfate
Portland Carbonate- Quartz - strength after resistance
cement containing containing Modifier steaming, MPa coefficient
clinker tailings tailings
84.5 5 10 0.5 61.5 0.95
74.2 10 15 0.8 63.0 0.98
64.0 15 20 1.0 70.0 1.0
Note — compiled by the authors based on their researches

The advantage of the multicomponent modified binder lies in the fact that during
hydration, calcium aluminates interact with calcium and magnesium carbonates contained in
the carbonate-bearing tailings to form sparingly soluble hydrocarbonaluminates. The formation
of these stable hydrates promotes the intensification of binder hardening and increases sulfate
resistance.

In the X-ray diffraction pattern of the hydrated binder at the age of three days, diffraction
lines with d-spacings of 0.380, 0.286, 0.249, and 0.166 nm appear, corresponding to calcium
hydrocarbonaluminate 3CaO-Al,O3-CaCO511H,0 formed in the contact zone.

Differential thermal analysis confirms the XRD observations. The DTG curves and the
results of moisture loss in the cement stone (Table 6) during heating demonstrate a strong
correlation between the heating temperature and the ability of hydrate phases to retain water.
The complex additives contribute to an increase in the amount of chemically bound water.

It can be assumed that these additives—beneficiation wastes—enhance the number of
crystallization centers and promote the growth of intra- and intercrystalline voids formed
during the development of a supramolecular layered structure. Such voids are capable of
retaining water molecules in a highly oriented state, where their rotational degrees of freedom
are inhibited and translational motion is partially restricted [10]. Within a monolayer, these
water molecules possess significant mobility, creating favorable conditions for the easy sliding
of the cement gel, which in turn facilitates the appearance of irreversible plastic deformations.

In the IR spectrum of the cement stone after one day, in the wavenumber range 700-1200
cm™, a broad absorption band appears, split into components characteristic of calcium silicates.
Absorption maxima at 930, 885, and 840 cm™ indicate the presence of unhydrated CsS.

Table 6. Mass Loss of Cement Stone from Modified Binder (MMB)

According to DTA Data
Tvpe of binder Mass loss in % in temperature ranges, °C Relative mass
b 20-200 20-600 20-1000 loss, %
PC M400 4.9 13.5 23 36
MMB 52 12.3 22 41

Note — compiled by the authors based on their researches
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At the age of three days, the absorption band at 940 cm™ observed in Portland cement
clinker shifts toward higher wavenumbers and is detected at 970 cm™ when complex additives
are introduced. This shift indicates the polycondensation of [SiO,] tetrahedra, which leads to a
decrease in the basicity of the hydrosilicates in the modified binder.

Electron microscopy was used to examine the morphology, size, spatial arrangement, and
appearance of crystals, obtain three-dimensional images, and determine the composition of
local areas within the cement stone. The processes of growth and interpenetration of CH and C-
S-H phases, as well as changes in hydrate morphology, were investigated. A quantitative
assessment of micrononuniformity distribution (from 2 to 100 nm) in the submicroscopic
structure of the cement stone was performed using the small-angle scattering method.

The complex additives significantly alter the rate of hydrate nucleation. As early as three
minutes after mixing the binder with water, the first needle-like formations appear, indicating
an intensified hydration process. At a magnification of 2000x, micropores measuring 2-3 pum are
observed. At the age of three days of curing, hexagonal prismatic portlandite crystals are
detected at the bottom of such pores, indicating a strong initial supersaturation of the liquid
phase with Ca?* ions. Further recrystallization and growth of hexagonal portlandite crystals
follow the laws of collective growth and occur metasomatically.

During the hardening process, portlandite reacts with the active silica contained in the
complex additive. As a result, the most typical form of C-S5-H (Type I) is formed, represented
by large but extremely thin sheets or foil whose thickness corresponds to that of the primary
structural layer. Unlike the control sample, in the cement stone modified with complex
additives, portlandite blocks tightly intergrow with the cement gel, forming a monolithic
structure of gel and CH phases or zones of their mutual penetration (Figure 2).

a — formation of amorphous portlandite (at 90 days of curing);

b — micropores of the cement stone are densified with thin C-S5-H (Type I) foil-like layers (at 180
days of curing);

¢ — intergrowth of portlandite blocks with gel-like C-S-H.

Figure 2. Microstructure of the modified binders, x2000
Note — compiled by the authors based on their researches

Changes in the supramolecular structure are reflected in the logarithmic SAS curves of
the cement stone under conditions of a dry hot climate. A slight increase in microporosity
results from continued hydration during curing. Improvements in the submicroscopic structure
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are observed with a minor increase in the effective micropore radius from 10.5 to 10.8 nm,
which may be associated with the filling of larger pores (over 100 nm) with calcium
hydrosilicates.

Analysis of the calculated maximum, minimum, and effective micropore radii as a
function of curing time and conditions showed that the smallest variation in pore radii (Rmax
— Rmin) occurs at 14 days of curing.

CONCLUSIONS

1. In the developed compositions of modified multicomponent binders, the fundamental
principles of producing low-water-demand binders have been implemented. Mechanochemical
activation leads to partial dispersion of binder grains along weak bonds and to mechanical
destruction of structural elements, significantly increasing the number of active centers per unit
volume.

2. The high strength of cement stone based on the modified multicomponent binder is
determined by the composition and structure of the hydrate formations, which are
predominantly represented by long-fibrous, low-basic calcium hydrosilicates formed on the
surfaces of existing crystals (epitaxial effect), along with the absence of visible structural defects.

3. To ensure the formation of a cement stone structure characterized by minimal porosity
and increased strength, it is necessary to stabilize the composition of hydrate formations,
prevent their phase transitions, regulate the hydration process, and achieve an optimal ratio of
crystalline and gel phases in the hydration products through the proper selection of mineral
additives and curing conditions.

4. An additional source of low-basic calcium hydrosilicates is the pozzolanic reaction,
during which portlandite released in the hydration of clinker minerals is absorbed by the
amorphous silica of the complex additive, thereby preventing ettringite crystallization at later
stages of hardening.

5. The results of the conducted research demonstrate the feasibility of controlled
regulation of hydration processes and strength development of cement stone, which can be
achieved by adjusting the mineralogical composition of cement and the types of mineral and
chemical additives.

It was established that the use of non-ferrous metallurgy wastes (zinc slag and
polymetallic ore beneficiation tailings) in multicomponent modified binder systems leads to an
intensification of clinker silicate phase hydration. When 15-30 wt.% of mineral additives are
introduced, the degree of CsS hydration increases from 71.5% (control composition) to 75-76%
after 28 days of curing.

2. X-ray diffraction and thermal analyses demonstrated that the incorporation of complex
mineral additives is accompanied by a significant reduction in portlandite content. Its amount
decreases from 23.6% in the control composition to 17.3% at the optimal additive dosage,
indicating the active development of pozzolanic reactions and the formation of secondary
hydrate phases.

3. Scanning electron microscopy revealed that the modified systems are characterized by
a more homogeneous and denser microstructure compared to the control cement stone. The
structure is dominated by fine-fibrous and needle-shaped low-basic calcium hydrosilicates (C-
S-H), which uniformly fill the intergranular space and ensure effective densification of the
cement stone.

4. Morphological analysis showed that zinc slag particles possess an irregular angular
shape, a highly developed surface, and a microporous structure. These features promote an
increase in the number of active crystallization centers and accelerate the nucleation of hydrate
formations at the early stages of hardening.
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5. It was established that the combined use of mineral additives and the superplasticizer
Sikament-FF-N produces a synergistic effect, manifested in accelerated hydration of calcium
silicates, suppression of coarse-crystalline portlandite formation, and the development of a
more stable gel structure of the cement stone.

6. The developed multicomponent modified binders exhibit high physical and
mechanical properties: the compressive strength of the cement stone after heat-and-moisture
treatment reaches 61-70 MPa, while the sulfate resistance coefficient ranges from 0.95 to 1.00,
confirming enhanced durability and service reliability of the material.

7. The obtained results confirm the possibility of targeted regulation of structure
formation processes and hydration kinetics through optimization of the mineral composition
and dosage of non-ferrous metallurgy wastes. This approach opens prospects for reducing
clinker content in cement and improving the environmental efficiency of construction materials.

Overall, the study demonstrates that the use of zinc slag and polymetallic ore
beneficiation tailings as components of multicomponent binders is scientifically substantiated
and technologically feasible. Their application ensures the formation of a dense, stable, and
durable cement stone structure and expands the potential for practical utilization of technogenic
wastes in the construction industry.
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