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APPLICATION OF NANOMODIFIED
COMPOSITE SULFOALUMINATE CEMENTS
WITH ENHANCED FUNCTIONAL PROPERTIES

Introduction. lonizing radiation induces defects in the crystalline lattice of calcium hydroxide, leading to radia-
tion-induced shrinkage. Due to shape anisotropy and aggregate deformation, these effects propagate non-uniform
stresses throughout the concrete matrix, compromising its structural integrity.

Problem Statement. In the context of addressing scientific and technical challenges, the potential to enhance
the physical and mechanical properties of CaO—Al,O;—SO0; binder systems has been investigated. Given the
limited availability of raw materials for alumina cement production and the high cost of imported specialty ce-
ments (25-35 thousand UAH/t), both theoretical and experimental studies on the development of advanced
composite binders are of current importance.

Purpose. This study aims to develop theoretical foundations for improving the performance of mortars based
on nanomodified composite binders within the CaO—Al,O;—S05 system, focusing on stabilization of the ettrin-
gite phase and optimization of nanoadditive integration technologies.

Materials and Methods. The experimental phase employed modern analytical techniques, including X-ray
diffraction (XRD), scanning electron microscopy (SEM), and low-temperature dilatometry, to assess the struc-
tural and phase transformations in cementitious systems.

Results. The theoretical framework for designing construction-grade mortars with ion-protective properties has
been further developed. These mortars are based on composite mineral systems of the CaO—Al,O0;—S0;—H,0
type, which incorporate up to 42% chemically bound water due to ettringite content. Carbon nanotubes have been
successfully used to modify sulfate and sulfoaluminate phases, resulting in improved microstructural stability.

Conclusions. For the first time, a theoretical model has been established, and experimentally validated, for
stabilizing the ettringite phase in specialty cements through the introduction of functionalized carbon nanotubes
(5—25 nm in diameter). The stabilization mechanism involves nanoscale alloying and reinforcement of the ettrin-
gite crystal structure, thereby enhancing its durability under operational conditions.
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Cements with special properties are widely emp-
loyed in the construction industry for manufactu-
ring structural products, advanced building ma-
terials, and specialized mortars. Aluminate and
sulfoaluminate cements represent key categories
within this group. Among them, alumina cement —
classified as an aluminate cement — is of particu-
lar significance. However, domestic production
of alumina cement is currently absent, resulting
in reliance on imported materials from countries
such as Turkey and Poland.

The current market price for alumina cement
ranges between UAH 25,000 and 30,000 per met-
ric ton, which highlights the importance of develo-
ping cost-effective alternatives. One such appro-
ach involves the partial replacement of alumina
cement with gypsum, along with the modification
of gypsum binders using alumina cement to en-
hance their performance.

Despite their advantages, these cements exhi-
bit certain limitations, particularly in the recrys-
tallization behavior of hydrosulfoaluminate pha-
ses during service life. This issue is not unique to
aluminate systems; the stability of ettringite —
a key hydration product — is also a known concern
in Portland cement-based composites.

Contemporary research on these specialized ce-
ments primarily focuses on developing alternative
formulations that reduce or eliminate the need for
scarce raw materials. While the production cost of
such composite materials may exceed that of con-
ventional binders, the enhanced performance cha-
racteristics — such as improved durability, che-
mical resistance, and dimensional stability — jus-
tify their use. Cumulative research findings confirm
the technical and economic feasibility of advan-
ced cementitious compositions that integrate alu-
mina cement, gypsum, and industrial by-products.

From both theoretical and practical standpoints,
the development and study of binder systems wi-
thin the CaO—Al,0,—SO, composition — parti-
cularly those derived from industrial waste stre-
ams — are of continued relevance. Investigating
the impact of various chemical additives on the
hydration kinetics and microstructural evolution
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of the CaO—AL0,—SO,—H,O system offers the
potential to regulate internal stresses and improve
the functional properties of the hardened matrix.

The hardening of gypsum—cement—slag—poz-
zolanic and other composite gypsum binders re-
sults from complex physicochemical transforma-
tions. These processes lead to the formation of new
hydrated phases — distinct from those in conven-
tional gypsum binders — which ultimately enhan-
ce performance and align these materials more
closely with Portland cement in terms of strength
and durability [1—6].

In particular, the hardening of gypsum—cement—
pozzolanic and gypsum—cement—slag—pozzolanic
binders relies on the chemical transformation of
highly basic calcium hydroaluminates (and fer-
rites) present in the initial mixture. Through the
introduction of reactive acidic mineral additives —
such as pozzolans or hydraulic components — the-
se phases are converted into lower-basicity com-
pounds. Furthermore, favorable conditions are es-
tablished for the transformation of ettringite into
its low-sulfate, more stable forms.

Upon interaction with water, the semi-aqueous
gypsum binder undergoes hydration and hardening,
This process leads to the formation of dihydrate
gypsum crystals, which create the primary struc-
tural framework. Simultaneously, hydration of the
cement clinker minerals is initiated, accompanied
by the release of free calcium hydroxide [7—S8].

An essential component of these binders is an
active mineral additive, such as trepel or opoka,
which plays a regulatory role in maintaining the
alkalinity of the system. These additives react with
calcium hydroxide, reducing its concentration in
the liquid phase to levels at which highly basic
calcium hydroaluminates become unstable. This
creates favorable conditions for their transforma-
tion into more stable, low-basicity forms. As a re-
sult, aluminum oxide (Al,O,) is rapidly bound into
a low-crystallinity, calcium hydrosulfoaluminate
phase of the trisulfate type — ettringite — during
the early stages of hardening. Over time, ettringi-
te may partially or completely convert into the mo-
nosulfate form (3Ca0O-Al,O,-CaSO,-12H,0).
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In parallel, other hydration products such as di-
hydrate gypsum, hydrogelenite (2CaO-Al,O,x
xSi0,-8H,0), hydrogarnets (3CaO - Al,O,-xSiO, x
x(6—2x)H,0), hydrosilicoaluminates (3CaO x
x AL O,-CaSiO,-12H,0), and their solid solutions
may also form. These phases can pose long-term
risks to the structural stability of the hardened
binder matrix [2—4].

Cementitious calcium silicates, namely alite and
belite, are partially hydrolyzed during hydration
and produce gel-like calcium hydrosilicates with
a general composition of CaO-SiO,-nH,0O. Simi-
lar hydrosilicate phases are also formed from the
interaction of calcium hydroxide with the active
mineral additives. These newly formed gel phases
act as a cementing medium that binds the larger
dihydrate gypsum crystals developed in the early
stages of setting, effectively shielding them from
subsequent dissolution in water. This mechanism
significantly enhances the water resistance of gyp-
sum—cement—pozzolanic and gypsum—cement—
slag—pozzolanic binders, in contrast to conventio-
nal gypsum binders [8§—12].

Returning to the problem of developing fast-
hardening special cements, it should be noted that
the direction of their creation based on alumina-
tes and sulfates is quite promising. Such composi-
te binders are presented in the sphere of modern
construction in the form of special cements (ex-
panding, non-shrinking).

It should be noted that hydrophobization of
calcium sulfates with Portland cement or alumi-
na cement provokes the problem of ettringite for-
mation (especially secondary one). This process
is present both when modified with Portland ce-
ment and when modified with alumina cement.
The influence of operational factors leads to the
recrystallization of the highly sulfated form of
ettringite into the low sulfate form and vice ver-
sa. As a result of these processes, there arises the
problem of stabilizing the structure of the highly
sulfated form of ettringite [7].

Purpose of the article is to develop theoretical
provisions for improving the special properties of
mortars based on nanomodified composite binders
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of the CaO—Al,0,—SO, system, stabilization of the
ettringite phase 3CaO - Al,O,-3CaSO,-nH,0
(calcium trisulphato aluminate hydrate — CtSAH)
and 3CaO - ALO,- CaSO,- 12H,0 (calcium mo-
nosulphato aluminate hydrate — CmSAH), and
the technology of introduction of nanoadditives.

The solution preparation technology includes:

a) production of composite binders, according
to which pre-dosed components of the solution
are mixed in the given proportions of the optimal
composition of the X-ray protective coating solu-
tion: —1 : 2.5 : 1.6 for AC-40 : G5 : BC-3 (barite
concentrate) and 0.8% by mass of binder for Sika
plasticizer; b) production of concentrated CNT
nanoadditives: the technology of introducing na-
noparticles was developed by the authors and in-
volves dispersing a nanoadditive in a water—plas-
ticizer medium for 4.5—6.0 minutes with the sub-
sequent introduction of the grouting fluid during
mortar or concrete preparation; ¢) preparation of
the solution according to the developed composi-
tions (Table 1); d) industrial production of sulfate-
based products.

In accordance with the technological scheme, the
pre-dosed components — alumina cement (AC),
gypsum (G5), and barium sulfate (BaSO,) — are
delivered from waste hoppers equipped with dis-
pensers to the mixer drum via a skip elevator. The
mixing duration in the mortar mixer is 2 min.

Nanoadditives and water are introduced into
the mixer and then transferred to an ultrasonic
treatment unit for homogenization, which lasts
4.5—6.0 min. Afterward, the remaining components
are added to the concentrated suspension, and the
working mortar is prepared.

Table 1. Physical and Mechanical Properties
of Radiation Protective Coatings

Properties
Composition of mortars o | Roenr .
MPa | MPa |Poke/m
AC-40: G5(70:30) : BC-3 3.58 | 2.16 2450
AC-40: G5(50:50) : BC-3 3.26 | 193 2250
AC-40:G5(70:30) : BC-3:CNT | 2.66 | 1.53 2310
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Fig. 1. Technological scheme of production: @ — composite binders of the CaO—AL0,—SO, system; b — concentrated
nanoadditives CNT; ¢ — preparation of the mortar; d — industrial production of sulfate products

The yield coefficient of the concrete mortar is 0.8.
A mortar mixer with a 325 L capacity produces
33 batches/h. Assuming the mixer operates in two
shifts over 300 working days/year, and applying
the mortar output ratio of 0.8, the annual produc-
tion capacity of the mortar mixer is 18,000 m® /year.
The calculation of annual capacity also takes into
account a time utilization factor of 70% for the
mortar mixer.

The compositions and properties of the solu-
tions are given in Tables 1.

The physical and mechanical properties of the
facing radiation protective coating are presented
in Table 1. Molecular weight 233.4 g/mol, p =
= 4500 kg/m?. The mobility index of the solution,
determined by the immersion depth of the cone,
for the coating is 7 cm.

Approbation of protective properties of coa-
tings against ionizing radiation has shown its ef-
fectiveness.

Materials containing chemically bound water
are effective materials for biological protection
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against ionizing radiation, especially against neu-
tron radiation. Such materials include concrete
and mortars based on aluminate binders of the
CaO—ALO,—SO, system.

Alumina cement, the main minerals of which are
CA, C,A., C,A and others, are particularly effec-
tive radiation protection materials for absorbing
and weakening neutrons. Thus, the linear attenua-
tion coeflicient y — of protons, cm™! (the energy
of 0.3—1 MeV is equal to 0.096—0.319). When
interacting with water, a dicalcium hydroalumi-
nate crystal hydrate is formed, in which the num-
ber of water molecules reaches the level of eight
molecules. The total amount of chemically bound
water is within 25—35%.

Due to the difficulty of determining the linear
attenuation coefficient in the work, its calcula-
tion was carried out by comparing the mortars
according to the content of chemically bound wa-
ter in them. At E > 1.0 MeV for plastering mor-
tars PC+BaSO, with a composition ratio of 1:3,
the coefficient p = 0.324 cm™!, the amount of wa-
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ter of hydrated binder Portland cement is appro-
ximately equal to 100 1. The arithmetic mean cont-
ribution of chemically bound moisture to the li-
near attenuation coeflicient of ionizing radiation
ispu=0.09cm.

As a result of industrial tests, it was confirmed
that the modification of the CNT mortar due to
the high specific surface area (80—120 m?/g) of
the additive leads to a decrease in the coefficient
of linear expansion and an increase in the absorp-
tion properties of particles with high energy. That
is, the use of nano-sized materials leads to an up
to 1.5-time increase in the absorption coefficient
of neutrons as well as to an increase in the scat-
tering coeflicient of gamma rays by 30—40%.

Modification of the compositions of radiation
protective solutions made it possible to reduce the
coefficient of linear expansion to 0.8% while increa-
sing the strength by an average of 8—12%.

Mortar based on AC + G5 + BaSO, + CNT has
a content of chemically bound water that is 10—
15% higher than formulations based on Portland
cement due to the formation of the ettringite
component.

At the same time, the average arithmetic com-
position of chemically bound moisture of the lin-
ear attenuation coeflicient of ionizing radiation
increases by 0.0088—0.009 cm~!. And then the
total coeflicient can reach 0.354 cm™! and more,
which makes it possible to reduce the equivalent
(14.6 cm™) thickness of the radiation protective
layer by 1—1.5 mm.

The results of the approval of special solutions
have been also obtained (Table 2).

In the process of testing, it was confirmed that
the maximum content of ettringite has the follo-
wing composition of the solution: 17.1% alumi-
na cement, 7.32% gypsum, 0.4% plasticizer and
0.18% nanotubes and 75% sand, providing a sys-
tem strength of 39.5 MPa. The mobility of the
mortar is 8 cm.

For samples with white carbon (its optimal con-
tentis 1%) the strength of the system of 38.6 Mpa
includes 16.52% of alumina cement, 8.48% gyp-
sum, 0.4% plasticizer and 75% sand.
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From the economic point of view, depending on
the customer’s requirements, it is possible to regula-
te the consumption of alumina cement and gypsum
binder according to developed recomendations.

As a result of the conducted research, a model
of a solidified system was obtained, with a cer-
tain structure and with characteristic properties
of the developed composition of composite bin-
der materials through the use of nanosystems,
which ensure reduction in energy consumption
of production.

Research and industrial production and tech-
nical and economic indicators of the production
of special solutions with taurite and nanotubes.

For the implementation of the research, it is plan-
ned to purchase materials, namely cement, brand
M400, alumina cement, M400, gypsum G-5 H II,
tricalcium aluminate powder, granite crushed sto-
ne, fraction 0—40 mm, river sand, graphite nano-
tubes, 10—20 nm, plasticizer Sika BV 3M.

The cost of materials, equipment, and inven-
tory is calculated based on the prices existing in
Ukraine at that time. The price of materials in-
cludes the cost of delivery and unloading to the
storage place.

When analyzing production of individual parts
and products in different areas, it can be conclu-

Table 2. Experimental Compositions and Test Results
of Cements Based on CNT (1) and Taurite (2)

Ratio of components, in wt.%
Compositions of binders and indicators of properties
and their properties
1 2
Alumina cement 171 16.7
Gypsum 7.32 715
Plasticizer 0.4 0.4
Nanotubes 0.18 —
Taurite — 0.75
Sand 75 75
Water-solid ratio 0.25 0.25
Compression strength, MPa 16.7
3 days 39.5 30.5
28 days 46.8 421
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ded that stabilization of the ettringite phase is
promising, which allows controlling the expan-
sion of cement stone, which is associated with
formation of this ettringite phase.

Solving the problems of providing the popula-
tion with housing, restoring social objects is pos-
sible through the development and use of new
technologies, one of which is presented as 3D prin-
ting technology, through creation of concrete, mor-
tars, and composite materials that would meet regu-
latory requirements in the sphere of construction.

Therefore, it is promising to develop a binding
material from production waste based on the
CaO—AL0,—Fe,0,—SO, system.

To develop composition of the binder, the fol-
lowing materials are used: slag, red mud, and semi-
aqueous gypsum.

Raw samples with a loose structure have a comp-
ressive strength of 1.6 MPa, withagap — 8.2 MPa.

The developed CaO—ALO,—Fe,0,—SO, bin-
der system has been tested with the following
composition: 55% slag, 17.6% red mud, and 27.4%
gypsum (G-5). The system has demonstrated a
dense fine-pore structure and high early compres-
sive strength of 55 MPa, with an average density
of 1,750 kg/m*.

The optimal firing temperature and duration
have been set at 1150 °C and 60 min, respectively.
An increase in the average density of samples fired
at 1150 °C for 60 min, ground, and mixed with wa-
ter has been observed — 500 kg/m? higher compa-
red to samples fired at 950 °C for the same duration.

Based on full-factor experimental design me-
thods and conducted experimental studies, a series
of experimental-statistical models has been deve-
loped. Multiple optimal mortar compositions have
been identified based on components of alumina
and gypsum binders containing a maximum ett-
ringite phase. One such composition includes
17.1% alumina cement, 7.32% gypsum, 0.4% plas-
ticizer, 0.18% carbon nanotubes (CNTs), 75%
sand, and achieves a compressive strength of
40.2 MPa. Another optimized composition, which
provides 37.8 MPa, consists of 16.7% alumina ce-
ment, 7.15% gypsum, 0.4% plasticizer, 0.75% tau-
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rite, and 75% sand. A further variant with 1% sili-
con dioxide yields the highest strength of 42.8 M Pa
and comprises 16.52% alumina cement, 8.48% gyp-
sum, 0.4% plasticizer, 1% taurite, and 75% sand.

Special X-ray protective mortars have been de-
veloped based on binders of the CaO—Al,O3—
SO3;—H,0 system for use as cladding coatings in
rooms exposed to ionizing radiation. Due to their
ettringite content and the modification of sulfate
and sulfoaluminate phases with CNTs (Fp = 80—
120 m?/g), these compositions contain up to 42%
chemically bound water. This characteristic en-
ables a reduction of the radiation shielding layer’s
equivalent thickness (14.6 mm) by 1—1.5 mm,
achieved by lowering the linear expansion coeffi-
cient and increasing the gamma-ray scattering
coeflicient by 30—40%, as well as raising the lin-
ear attenuation coeflicient of ionizing radiation
by 0.008—0.009 cm* to 0.364 cm .

An optimal X-ray protective mortar composi-
tion has been determined as: AC-40 : G5 : barite
concentrate (KB-3) = 1:2.5: 1.6, with Sika plas-
ticizer at 0.8% by binder mass. The mineral com-
position and fundamental properties of this mix
have been established. Notably, a binder ratio of
AC-40: G5 =50 : 50% results in an expansion co-
efficient of 2%, which leads to sample degrada-
tion under normal conditions. It has been shown
that modification with CNTs effectively reduces
the linear expansion coeflicient and enhances the
gamma-ray scattering coeflicient by 30—40%,
owing to the additive’s high specific surface area
(80—120 m?*/g).

Mortars based on AC + G5 + BaSO, + CNTs de-
monstrate a 10—15% increase in chemically bound
water compared to Portland cement-based sys-
tems, attributed to the enhanced formation of the
ettringite phase. As a result, the average linear at-
tenuation coefficient of ionizing radiation increa-
ses by 0.008—0.009 cm™', potentially reaching a
total coefficient of 0.354 cm~! or higher, allowing
for a reduction of the protective layer thickness
by 1—1.5 mm.

A novel method for improving the dispersion
and stability of mortars using CNTs has been deve-
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loped. This is achieved by reducing particle sett-
ling with Sika plasticizer and treating the mix-
tures with ultrasound (15—20 kHz), followed by
additional mixing with water to form stable sus-
pensions. This innovation opens new prospects for
incorporating nanomodification technologies in
construction mortars.

Theoretical principles have been developed and
experimentally validated for the mechanism of ett-
ringite phase stabilization through the introduction
of functional CNTs (5—25 nm in diameter). This
mechanism includes alloying and nanoreinforce-
ment of the ettringite structure, ensuring stability
during the operational life cycle of the products.
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YkpaincbKuil lep;kaBHUI yHIBEpCUTET HAyKU 1 TeXHOJIOTIH,
HaBuanbHO-HAYKOBUH IHCTUTYT

«[TpunHinpoBchKa AepskaBHa akajeMist OyIiBHUIITBA Ta apXiTEKTy P>
By, Apxitextopa Ouera ITetpoBa, 24a, /{ninpo, 49005, Ykpaina,
+380 56 756 3493, postmaster@pdaba.edu.ua

ITPAKTMKA BUKOPUCTAHHA HAHOMO/IMDIKOBAHUX
KOMITO3UIINHUX CYJIb®OATIOMIHATHUX [TEMEHTIB
3 ITIOKPAITEHNMUM OYHKIIOHAJIbHVMU BJJTACTUBOCTAMU

Beryn. Ipu zii i0Hi3yI040T0 BUMPOMIHIOBAHHS BiIOYBAETHCST YTBOPEHHS Ae(EKTIB y PENTTII KPUCTAIB TiAPOOKCH/LY Kalb-
11i10, TII0 CTPUYMHSIE palialliiHy ycaaKy. Y pe3yJibrati aHizorporii popmu i gedpopmartiii 3armoBHIOBaviB HepiBHOMIPHI edop-
Mallii IepeialoThes Ha cKesiet OeToHY.

IIpoGaemaTura. Y Mekax PO3B’I3aHHsI HAyKOBO-TEXHIUHUX IIPOOJIEM [IPOBE/IEHO aHAII3 TIOTEHIIHIX pe3epBiB (HisnKo-Me-
xaniunux Bractusocreil B'smxyunx cucrem CaO—AlLO,—SO,. BpaxoByioun BiiCyTHICTb CHPOBMHM /I BUPOOHUITBA IIMHO3e-
MHUCTOTO [[EMEHTY Ta BapTiCTh IMIIOPTHUX IIEMEHTIB CIIEI[iaIbHOTO IPU3HaUYeHHsT (25—35 THC. TPH/T) BUKOHAHHS TEOPETUY-
HUX 1 eKCTIEPUMEHTAIBHUX JIOCJI/IKEHD 010 PO3POOKH TEOPETHYHUX TTOJIOKEHD | KOMITO3UIIIITHUX B'SKYUNX € AKTYAJIbHUM.

Mera. Po3po6ka TeOpeTHYHKX T10JI0KEHb MOKPAIIEHH CIIeliaJlbHUX BAACTHBOCTE PO3UMHIB Ha OCHOBI HAaHOMOIM(IKO-
BaHMX KOMIO3UIiiHuBX B'skyunx pedosun cucremu CaO—Al,0,—SO,, crabinisaii erpunritosoi dasu Ta rexmoJorii BBe-
JIEHHST HOHOI0GABOK.

Marepiaiu it Meroau. /Lyt peasizaniii ekcriepuMeHTaIbHOT YacTUHY OYJI0 3aCTOCOBAHO CyYacHUi Habip METOMK, 30KpeMa
PEeHTreHiBChbKY MU(MPAKTOMETPIIO, PACTPOBY €JIEKTPOHHY MiKPOCKOIIiI0, HU3bKOTEMIIEPATYPHY JIMJIATOMETPIIO.

Pesyasratu. OTprMajv MOAaJIbIII PO3BUTOK TEOPETHYHI TTOJIOKEHHS PO3POOKN OyAiBebHIX (CIEIiaJbHIX ) PO3UNHIB
J17151 {OHO3aXMCHNX OKPUTTIB HA OCHOBI MiHepaibHNX KoMno3uiiiinux pedosun cuctemn CaO—Al0,—SO,—H,O, siki mic-
TATh Y CBOEMY CKJIAJI MiBUIIEHY KilTbKiCTh XiMidHO-3B’s13aH0i BOAH (110 42 %) 32 PaXyHOK BMICTY €TPHHTITY Ta MIJISIXOM
Moaudikaiii cynbbarHux i cyabhoanoMiHaTHUX (a3 ByrJeleBUME HAHOTPYOKaMHu.

BucnoBku. Buiepiie po3po6ieHo TeopeTudHi MOI0KEHH S 1 MATBEPIKEHO eKCIIEPUMEHTAIbHIUMU TOCIIKEHHIMU MeXa-
Hi3M crabimizanii erpuHriTOBOI (hasu 1EeMEeHTIB CIEIiaJbHOTO IPU3HAYEHHS 32 PaXyHOK BBeAeHHsT (PYHKI[IOHAIBHUX HAHO-
TpyboK miamerpoM 5—25 M. Mexanism mepenbavae JeryBaHHs Ta HaHOAPMYBAHHsI CTPYKTYPH eTPUHTITOBOI (hasu i 3a6e3-
neuye ii cTabisbHICTD Y Ipoleci ekciutyaraitii Bupo0is.

Kmouosi crosa: kommosutiiiiHe B'sKyde, pO34nH, HAHOLO0ABKA, €TPUHTIT, cTabiisallis eTpuHriToBOiI (hasu, aFOMIHATHI 11e-
MEHTH, CYJIb(oaTIOMiHATHI IIEMEHTH.
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