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The paper considers influence of various factors on the stability of the
ettringite structure of two forms of formation: a—on the base of pure
minerals C4A + CSH,, b—a mixture of alumina cement (AC-400) and gyp-
sum plaster (Gb); besides, a model of hydration process using the example
of calcium sulphate hemihydrate is presented. Factors affecting stability
of ettringite depending on changes in humidity and pH of the environ-
ment, temperature, and operating conditions are established. It is con-
firmed the hypothesis of the effect caused by the ratio G = f(CaO/Al,0,) in
the minerals of the CaO—-Al,0,—H,0 system on the Gibbs surface energy:
for CA,=0.27, AG=24.70; for CA=0.54, AG=51.86; for C;,4,=0.8,
AG =141.00, for C;A=1.63, AG=145. It is also determined the depend-
ence of the order of formation of hydrate compounds during hydration of
aluminate and sulphoaluminate cements on the Gibbs surface energy
AG = f(Da) and the ratio AG = f(CaO/Al,0;) for the minerals of the system
by means of the average Gibbs energy (for CA,, 24.70; for CA, 51.86; for
Ci24;, 141.00; for C;A, 145) of the system CaO-Al,0,—H,0: C,AH,,
c.AH,,;, C,AH,,, CAH,,, AI(OH);. Change in the heat of hydration of pure
clinker minerals over time and change in their degree of hydration depend
on the value of the coefficients. For example, the coefficient K
(mCaO/nAl,O; ratio) is the largest for C;A4 mineral, i.e., 1.63, and the heat
of hydration is correspondingly the highest for C;A mineral and is of 873
J/g on the 28™ day; therefore, accordingly, C;A mineral will enter the hy-
dration reaction as the fastest. An increase in temperature is detected for
artificially formed ettringite in the CsA+CSH, system followed by
CA + CSH, and CA, + CSH, that confirms the main idea of the experiments.
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Stabilization of the ettringite phase is carried out by means of the nano-
modification with carbon nanotubes (CNTs), taurite, and silicon dioxide.
Results of investigations performed confirm a 4-5-fold increase in
strength indicators, a change in the softening factor depending on the
type of nanomodifier and systems with different plasticizers and nano-
tubes.

B po6oTi posrasSHYTO BOJIMB Pi3HMX UYMHHHUKIB Ha CTabiJbHICTH CTPYKTYpHU
eTTPUHTITYy JABOX (OpM YTBOPEHHA: @) HA OCHOBL YHMCTHX MiHepaJiB
C,A + CSH,, 6) cymimi ramrosemucroro mementy (I'L[-400) i rimcy Oyxise-
apHOTo (I'5); TaKOMK IpeacTaBJIeHO MOJEJNb IpoIlecy TigpaTaiii Ha mpuKJaami
HamiBBoAsHOTO cyiabdary Kanbiito. BecramoBiaeHO UMHHUKHN BILJIMBY Ha CTa-
O0inbHiCTH eTTPUHTITY Bif 3minu Bosoroctu Ta pH cepenmoBuinia, Temmepary-
pu, ymMoB ekcmiyararii. IlinTBepaskeHO rimoresy BHJIUBY CIiBBiZHOIIIEHHSA
G = f(Ca0/Al,0,) B minepanax cucremu CaO—Al,O; ua Ii66coBy mOBepXHEBY
enepriro: CA,=0,27 — AG=24,70, CA=0,54 — AG=51,86, C;,A4,=0,8 —
AG =141,00, C;A=1,63 — AG =145; Bu3HAUEHO B3aJIeKHICTH MOPAAKY (o-
PMyBaHHSA TiApaTHUX CIOJYK 3a rigparailii ajdoMiHaTHUX i cyab(oaromi-
HATHUX IeMeHTiB Bix Ii66coBoi moBepxHeBoi emeprii AG = f(a.0.M.) i cmis-
BigHOmenHA AG = f(Ca0/Al,0,) nia MiHepasmiB cucTeMu 3a cepefHbOI0 Ii66-
coBoio eHepriero: CA, — 24,70, CA — 51,86, C,,A;, — 141,00, C;,A — 145
cucremun CaO-AlL,0,-H,0: C,AH;, C,AH,;, C,AH,,, CAH,,, Al(OH),. 3mina
TEIJIOTH Tigparaiiii YMcTUX KJIIHKepHMX MiHepaJiB y uaci Ta sMiHa IXHBOTO
CTyIIeHA Tigparairii sajeskaTh Bij BenuuuHHN Koedimienris. Hanpukiazm, xo-
edinient K (cuiBBigHomenua mCaO/nAl,0;) € HalbigpIuM AJMA MiHepasy
C;A — 1,63, a remynora rigparaiii, BigmoBigHo, HaliBuia y Minepany CsA i
craHoBuTh Ha 28 moby 873 I:x/r; Tomy, BimmoBimmo, mimepan C;A 6Gyne
HallImBuAIle BCTYNATH B peakIliio riaparamnii. BuasieHo HigBUINEHHA TeM-
meparypy AJs IITyYHO yTBOpeHoro errpuHrity B cucremi CzA + CSH,, maii
CA +CSH, i CA,+ CSH,, mo miaTBepaxye ocHOBHY izero mociizis. Ilpose-
IeHo crabimisarito eTTpuHriTOBOI hasu 3a paXyHOK HaHOMOAU(DIKyBaHHS
ByrJieneBuMu Hanorpyokamu (BHT), Taypurom, miokcumom Cuiirmito. Hase-
IeHi pes3yabTaTu AOCIiI:KeHb MiATBePIKYIOTH 30ijbIlieHHA B 4—5 pasiB Mi-
IMHICHUX MOKAa3HUKiB, 3MiHYy Koe(ilienTa posm’AKIIeHHS B 3aJI€KHOCTI Bif
BuUAy HaHoMonu@ikaTopa Ta CHCTEM 3 pisHMMM mjacTudikaTopamMu i HaHOT-
pyOoKamm.

Key words: nanomodifying, alumina cement, carbon nanotubes, hydration,
nanosystem, solidified structure.
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1. PROBLEM STATEMENT

The need for the production of the latest building materials for the
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repair and construction of high-quality buildings is constantly in-
creasing and requires a solution [1—4].

The rapid pace of construction of buildings and structures re-
quires rapid dismantling of monolithic structures, increasing the
reversibility of forms during the factory production of building
structures. In monolithic construction, such technologies are possi-
ble when using fast-hardening binders, which can gain up to 90—
100% strength after 1-3 days. This also applies to the emergence
of 3D-construction technologies.

In addition, during the war and post-war years, the restoration of
construction objects, thermal units of metallurgical plants as well
as production of building materials and reconstruction of existing
objects are possible only within short periods of time, and such pro-
cesses may include the use of composites based on alumina cement
and gypsum, which, in the early hardening periods, have high indi-
cators of strength properties.

In this regard, a particular attention should be paid to aluminate,
sulphate and sulphoaluminate binders [3—6].

One of the problems of their use consists in recrystallization of
sulphoaluminates during hardening and insufficient stabilization of
the ettringite phase during operation [3, 5].

Therefore, studies of the structure and durability of the ettring-
ite phase and its composition with calcium sulphates are relevant.

2. RESULTS AND DISCUSSION

Based on the analysis of literary sources of Ukrainian and foreign
scientists [1-3], it was concluded that there is a need to solve the
problem of developing compositions of composite binders based on
the CaO—-Al,0;—S0; system, surfactants with high structure density
and strength indicators by means of stabilizing the state of the
ettringite component. This will contribute to the intensification of
the construction period and to the formation of a durable concrete
strong structure.

After conducting an analysis of possible directions for formation
of the concrete structure, a hypothesis was proposed about the pos-
sibility of:

— stabilization of the ettringite phase by means of modification
with nanoadditives; in order to solve this problem, it is necessary to
determine the conditions under which the ettringite phase goes into
an unstable state;

— the technology of introducing nanoadditives and studying solu-
tions with the maximum amount of ettringite for the stability of
their structure and mineral composition of the CaO—-Al,0,—S0O;—H,0
system.
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Fig. 1. X-ray diffractograms of samples made of the composition C;A—CSH, on
the 8'¢ day of hardening (a) and on the 28" day of hardening (b); M—ettringite
3Ca0-Al,0,-3CaS0,-31H,0; [O—ettringite 3Ca0-Al,0;-3CaS0,-12H,0; * —
tetracalcium nineteen-hydroaluminate 3Ca0O-Al,0,-19H,0.

The cited results of research into the hydration processes of the
pure C;A-CSH, system showed that three periods of formation are
visible in the life cycle of ettringite: primary ettringite (hardening,
Fig. 1, a), secondary ettringite (Fig. 1, b), and recrystallization dur-
ing operation.

Thus, in the C;A-CSH, system (Fig. 1, a), after 3 days of harden-
ing, the main lines of hydrated ettringite phases appear
(d/n=0.892, 0.273, 0.260, 0.245, 0.241, 0.233, 0.197, 0.189, 0.180,
0.170, 0.166, 0.163, 0.150, 0.145 nm), 4Ca0-13H,0 (d/n =0.246,
0.220,0.183 nm) (Fig. 1).

After 28 days of hardening, there is an increase in the intensity
of the main interplanar distances and hydrated phases C;AC;Hj,
(d/n=0.475, 0.399, 0.327, 0.2773, 0.2680, 0.225, 0.2130, 0.189,
0.187, 0.180, 0.166, 0,162, 0.155 nm) (Fig. 6, b). 4Ca0-Al,0,-:13H,0
lines (d/n=0.475, 0.248, 0.207, 0.197, 0.164 nm) are observed (Fig.
1, b).

Further, to determine the factors and conditions of stability of
the ettringite phase for compositions based on aluminate and sul-
phate components and sulphoaluminate cements, studies of the sta-
bility of the ettringite phase with changes in humidity and pH of
the environment, temperature, and operating conditions were con-
ducted (Figs. 2—4).

The rate of heat release, total heat release, temperature and in-
tensity of reactions of the hydration process depend on the ratio
AG = f(CaO/Al,Q;) of CaO, Al,O; molecular weights. As is customary
in the work, this ratio is defined as the coefficient of dependence of
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the Gibbs surface energy on the molar mass ratio. The higher the
mineral coefficient and the Gibbs surface energy, the higher the ex-
othermic rate of hydration and the total heat release (Fig. 2) [18].

The composition with a C;A mineral content of 70%, 150-200
J/g C3A has the highest exothermic rate during C;A hydration in
the C;A—CSH, system with different CSH, content (Fig. 2, b). Be-
cause its surface energy is 2.8-times higher than that of CA and
5.8-times higher than that of CA,. Thermodynamic curves charac-
terize the rate of the hydration process and the influence caused by
the ettringite formation phase on the structure of the mixture and,
accordingly, on its properties.

In addition, the surface energy and specific surface area affect
the formation of ettringite crystals, which subsequently creates
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Fig. 2. Thermodynamic characteristics of the C,A + CSH, system: (a) exo-
thermic histograms (mW/h); (b) heat release (J/g) [18]; (¢) hydration tem-
perature of CA + CSH,, CA,+ CSH,, C,A + CSH, systems [18].
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prerequisites for recrystallization in the process of system harden-
ing (Fig. 3) [18].
The study of the influence of external factors was carried out,

Fig. 3. Photomicrographs of the C;A + CSH, structure depending on the heat
release of the system: a—C;4 + CSH, (70:30); b—AC + Gypsum (30:70) [18].
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Fig. 4. Graphs of dependence [18]: coefficient of softening K, (a) on the
medium with variable humidity of samples containing: I—C;AH, hydrate,
2—C,AC;H;, mineral, 3—AC:G; change in ettringite content over time: b—
C,A + CSH,, ¢c—AC + Gypsum [18].
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e.g., humidity for 3 days (Fig. 4, a). Change of the ettringite phase
over time of nanomodified samples under normal conditions (Fig. 4,
b, c).

Due to the high cost of pure minerals, it was decided to conduct
further studies of the ettringite phase formed on the basis of the
AC + G composition (intended to replace alumina cement 70:30 and
modify gypsum binders with the AC:G composition (30:70)).

Stability of ettringite crystals depends on the morphology of the
crystals formed under different conditions, for example, on the pH
value. The pH range of 11-12 provides a needle-like form of
ettringite [7-10]. As the pH value increases, the length and thick-
ness of needle fibres of ettringite decreases. At a pH greater than
13, ettringite has an x-ray amorphous gel-like structure (Fig. 5)
[18].

Study of the stability of the ettringite phase of the AC:G (70:30)
system. Stabilization was carried out with nanomodifiers—taurite,
silicon dioxide, nanotubes, SiC after determining the effect of sur-
factants. The following additives were used as plasticizers: Sika
Viscocrete G, MC Bauhemi 2695, and Stachema STP 156. The
smallest reduction in W/T and the best indicators of the main phys-
icomechanical and technological properties are achieved using the
Sika Viscocrete G additive: W /T for the AC:G composition (70:30)
is of 0.27 compared to 0.32 without plasticizer, compressive and
flexural strength is of 19 MPa and 14 MPa, respectively [1].

In the compositions after three days of hardening, in the composi-
tions of alumina cement AC-40 gypsum grade G-5, after 3 days of hard-
ening, the main interplanar distances and intensities of hydrated phas-
es C,AC;H,, (d/n=0.973, 0.561, 0.388, 0.348, 0.256 nm) appear

Fig. 5. The influence of the environment temperature on the structure and
morphology of samples made of the composition of AC:G (70:30) on the 8™
day of hardening under normal conditions in running water (a) and on the
38" day of hardening at an elevated temperature of 40—50°C (b) [18].
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Fig. 6. X-ray diffractograms of samples made of the composition AC:G (70:30)
on the 83 day of hardening (a) and on the 28" day of hardening (b); B—ettringite
3Ca0-Al,0,-3CaS0,-31H,0; [0—ettringite 3Ca0-Al,04:3CaS0O,12H,0; ® —hydro-
aluminate Ca,0-Al,(OH),,-6H,0; *—tetracalcium nineteen-hydroaluminate
4Ca0-AL,0419H,0; —tetracalcium thirteen-hydroaluminate 4Ca0O-Al,0,-13H,0.

(Fig. 10). The observed lines are as follow: 4Ca0-Al,0,13H,0
(d/n=0.423,0.266, 0.246, 0.238, 0.212, 0.168 nm), 4Ca0-Al,0,-19H,0
(d/n=0.331,0.238, 0.151 nm), Ca,Al,(OH),,-6H,0 (d/n = 0.463, 0.255,
0.176, 0.151 nm) (Fig. 6).

In the process of hardening, after 3 days, intensity of ettringite
and calcium hydroxide lines appears and increases, which confirms
the fact of the intensified hydration process (Fig. 6, b).

When modified with nanoadditives, the structure of samples with
increased surface energy of the solid phase is formed as a result of
an increase in the number of crystallization centres, and as a result,
the structure is formed more quickly.

During the hardening process, the structure will have the proper-
ty to deform [10-17]. At the same time, the tubes play a reinforc-
ing role between the blocks [6].

Nanotubes and nanoadditives are entered into the crystal struc-
ture and alloying it.

As a result of modification with nanoadditives, an increase in the
strength indicators of composite materials was achieved: for AC:G
(70:30)% + 0.18% nanotubes + 0.4% Sika, up to 70.2 MPa compared
to 14.67 MPa of the reference composition AC:G (70:30)%; for
AC:G (70:30)% + 0.75% taurite + 0.4% Sika, up to 66.40 MPa; for
AC:G (70:30)% + 1.0% silicon dioxide + 0.4% Sika, up to 60.73 MPa.
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The softening coefficients increase accordingly: when AC:G (70:30)%
is modified with nanotubes, up to 1.16; when it is modified with tau-
rite, up to 1.02; when it is modified with silicon dioxide, up to 1.07
(Fig. 7).

Research on the compressive strength limit of samples modified
with nanotubes over time showed that the composition with the op-
timal content of ettringite AC:G (70:30) at the age of three days has
a compressive strength of 70.2 MPa, while, for the base composi-
tion, it is 14.7 MPa (Fig. 8).

The issue of the proposed hypothesis of increasing the stability of
the ettringite phase due to modification with nanoadditives was
considered.

The developed model of the hydration processes of mineral bind-
ers (on the example of gypsum binders) is presented in the form of

K soft

“AC:G (70:30) = AC:G (70:30) + =AC:G (70:30) + s AC:G (70:30) +
0.4% Sika+  0.4% Sika + 0.4% Si ka +
0.18% CNT 1% silicon dioxide 075% of Taurite

Fig. 7. Dependence of the softening coefficient for the AC:G (70:30) + Sika
system on the type of nanomodifier.
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Fig. 8. Change in the compressive strength limit for the composition AC:G
(70:30)% + 0.4% Sika +0.18% CNT.
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Fig. 9. The amount of the formed ettringite phase for the composition
Cs;A + CSH, (a) (M—ettringite 28%, O—ettringite 11%, * —tetracalcium
nineteen-hydroaluminate 3Ca0-Al,0;-19H,0) and AC:G (70:30)% (b) (M—
ettringite 11%, O—ettringite 5% , ® —hydroaluminate Ca,0O-Al,(OH),,-6H,0
23%, *—tetracalcium nineteen-hydroaluminate 4Ca0O-Al,0,-19H,0, —
tetracalcium thirteen-hydroaluminate 4Ca0-Al,04-13H,0) for 3 days during
hardening under normal conditions.

a system that changes over time and passes through the stages of
the physical state of macro—micro—nano—micro—macro. The transi-
tion from macro-/micro- to nanosystem with formation of a dis-
persed medium is presented in the form of a surface (Fig. 10), con-
sisting of nanoparticles in a multidimensional phase space [3].

The model represents a three-phase medium binder — solution —
— stone and is separated with two surfaces. The surface is the in-

The first surface The second surface
Initinl components Water + surfactant + Hardened structure
(gypsum plaster) nanomodifier CNT-
COCH
m: CaS80:-0,5H.0 | m:+1,6H:0 CaS0.-2H:0 ms
m: CaS0:-0,5H:0 | m:+1,5H:0 CaS0.-2H:0 ms
fca: @i® > [ C
G Cu® Ca, ® HO @
: SO (Gyan Sika 8 %
O] : o e
ms SiC m
SO: m: S0: ?
M
CaCOs M CaCO; Mn
Fe:0: mn M:s Fe:0s Mis
Ma T Ma

Fig. 10. Model of the hydration process on the example of hemihydrate.
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terface between structural elements and the dispersed medium. The
second surface is the interface between the dispersed medium and
the solidified structure. At the interface, there is a partial transi-
tion of the macro- and microsystem into a nanosystem, as well as
topochemical reactions of the transition of hemihydrate of calcium
sulphate into calcium sulphate dihydrate.

The measure of the change in the characteristic function at con-
stant parameters and masses (concentrations) of all substances (ex-
cept for the mass (concentration) of the component with a changing
amount in the system) is presented as the chemical potential, which
allows creating a structure and framework of the highest strength
by adjusting the dimensions of the solid surface and the number of
crystallization centres. Creation of a frame with the highest
strength can be achieved by adjusting the size of the solid surface
and centres of crystallization, which affect the primary spatial
structure.

The idea is that a frame of the highest strength can be created by
adjusting the dimensions of the solid surface and the number of
crystallization centres that affect formation of the spatial struc-
ture. Internal stresses, which lead to the weakening of the not yet
formed structure, do not arise as a result of the fact that the join-
ing of blocks takes place in free space.

The entire transformation of the system is reduced to obtaining a
solidified structure with certain properties.

In the system of macro-/micro- and nanoevolution, each of its el-
ements passes from one permitted state to another.

Calculation of the state of the nanosystem consists in the calculation
of the external and internal components and means y(§,1)Z,(m, &) in-
troduction of the elementary density, which can be calculated by
solving the Schrodinger equation.

According to the proposed model at the starting point, the specif-
ic surface of solid components consists of particles in contact with
the solution:

ZMBM =m,+m,+m, + my,+m;+...;

m, CaS0,-0.5H,0 (mass of hemihydrate conversion to dihydrate due
to dissolution); m, CaS0,0.5H,O (topochemical reaction); m,, m,
mq;, mn—2 CaCO;, Fe,0;, and other, respectively.

Taking the structure of hardened binder or materials based on it
as the final criterion (initial factor), it is necessary to determine the
main parameters. Such parameters include the spatial framework,
shape of the blocks, and morphology of the crystals.

A decisive role for formation of these parameters belongs to solu-
tions of a certain concentration, presence of a solid surface of the
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site (crystallization of centres), (water), temperature, pressure, and
the mechanism of transition of calcium sulphate hemihydrate to
calcium sulphate dihydrate.

The sequence of changes in the concentration of the solution de-
termines the moving force of the interaction, which varies from 0
to 1. The maximum concentration of C,=0.008 g/1 contributes to
creation of crystallization centres, growth and formation of blocks,
as well as to filling of voids.

Therefore, by means of changing conditions for introduction of
various additives into the solution system, it is possible to influence
the shape, size, number of crystals, and, accordingly, formation of
a spatial structure for the purpose of obtaining a product with cer-
tain properties.

4. CONCLUSIONS

Studies of the structure and durability of the ettringite phase and
its composition with calcium sulphates were carried out. Raw mate-
rial compositions based on fast-hardening binder systems CaO-
Al,0;,—S0;—H,0 AC:G (70:30) for obtaining concrete grades 300—400
were developed, which makes it possible to obtain fast-hardening
binders in monolithic construction that are capable to gain up to
90-100% of their strength within 1-3 days and increase the revers-
ibility of forms in case of factory production of building structures.

The influence of the Gibbs surface energy on the order of for-
mation of hydrated compounds during the hydration of minerals of
alumina cements was established theoretically and confirmed exper-
imentally: for CA,, 24.70; for CA, 51.86; for C,,A4,;, 141.00; for C;A,
145 of the system CaO-Al,0,-H,0: C,AH,;, C,AH,;, C,AH,,, CAH,,,
Al(OH);, which makes it possible to determine the list of stable hy-
drate compounds and structures, which affect recrystallization in
multicomponent systems.

The theoretical position of influence of AG during hydration of
aluminate cements in the presence of gypsum received further de-
velopment; the frequencies of chemical reactions CaO—Al,0;—SO;—
H,0 can be divided into two parts: a) CaO-Al,0,—H,0; b) CaO-
Al,0,—-S0,—H,0, and, as a result, C;AH,, CAH,,, C,AH;, C,AH,,,
Ca,(OH), are formed in the first one, and trisulphate C-A-S—H and
monosulphate C—A—S—H are formed in the second one. As a result,
it is possible to determine the tendency of hydrate compounds to
interact with other components and creates conditions for recrystal-
lization of hardened stone.

It was theoretically established and experimentally confirmed
that the optimal content of calcium sulphate in AC + G5 composi-
tions is, according to the calculation, in the range from 28% to
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38% of the mass of the aluminate binder and contributes to the in-
crease in the formation of ettringite and allows obtaining the struc-
ture of cement stone with special characteristics.

Formulations of special solutions for the production of pre-
stressed products (road, airfield slabs, expanding, waterproofing
concrete) were developed that makes it possible to satisfy the need
for the production of the latest building materials for the repair
and construction of high-quality structures.

For the first time, a theoretical model of the hydration process of
mineral binders using ultra- and nanoadditives, surfactants was
proposed. The developed model of the hydration process can be used
in various systems, including those presented earlier.
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