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Creation of new varieties of standard (common) cements and special cements is one of the main directions of
modern developments in the technology of production of cementing agents. In the group of special cements a special
place is occupied by alumina ones, sulfoaluminate ones etc. The main research work during the development of such
cements is carried out in the direction of creating new compositions providing replacement of scarce components.
Providing such a material composition, the cost of compositions with properties of alumina cements is slightly higher
than that of ordinary ones, but their use improves performance characteristics of products. When summarizing the
accumulated experience, we note that new effective compositions based on alumina cement, gypsum and production
waste are quite effective in economic and technical terms. Purpose of the article is to determine the dependence of
formation of hydrated compounds during hydration of aluminate and sulfoaluminate cements on the surface energy
AG = f{AMU) and the ratio AG = f(mCaO/nAl;03) in the minerals of the system on the average Gibbs energy and to
increase stability of the ettringite phase of the CaO-Al,03-SOs-H,O system. The article considers possibilities of
managing hydration processes by means of creating composites and the introduction of additives affecting the value
of the Gibbs surface energy of the CaO-Al,03-SO3-H,0 system. As a result, the number of crystallization centers and
the speed of chemical processes increase. A theoretically substantiated hypothesis of the effect caused by the ratio
G=f(mCaO/MAI;03) in the minerals of the CaO-Al;03-H,O system on the Gibbs surface energy: CA, =0.27 -
AG =24.70, CA=0.54-51.86, C1247 =0.8-141.00, C34 = 1.63-145. The theoretical position of influence of AG
during hydration of aluminate cements in the presence of gypsum received further development - the system of chemical
reactions Ca0O-Al,03-SO3-H,0 can be divided into two systems (parts): a) CaO-Al,Os- H,0; b) Ca0-Al,03-SO3-H,0,
as a result C3AHs, CAH10, C2AHs, C4AH13, Caz(OH): is formed in the first one, and calcium trisulfoaluminate hydrate
(CMSAH) and calcium monosulfoaluminate hydrate (CMSAH) are formed in the second one. According to the first
part and second part, there is a process of AI(OH)3; formation. The optimal content of calcium sulfate (within 30-40 %
of the composition mass) with a positive effect on the amount of ettringite formation has been theoretically determined
and experimentally confirmed.

Keywords: composite binder, modification, ettringite, ettringite phase stabilization, aluminate cements,
sulfoaluminate cements

INTRODUCTION of these types are not produced in Ukraine,
despite a rather significant need for binders of this
class.

The main reason consists in the lack of natural
raw materials - bauxites. Although there is a fairly
significant amount of secondary production
products which can serve as a raw material base
for the production of aluminates and
sulfoaluminates [2, 4-6].

The use of imported raw materials is limited
by the high cost and certain disadvantages
occurring during exploitation including rapid
hardening, significant heat generation, which is
associated ~ with  instability = of  some

Sulfoaluminate cements belong to the group of
special cements with phase composition
represented by calcium sulfoaluminate minerals
3Ca0-Al,03:SO3 (C3AS). Positive properties:
firing temperature: 1250-1350 °C, reduced
amount of CO; release, high hydraulic activity,
rapid gain of strength, no volume changes during
hardening [1-3].

However, for the  production of
sulfoaluminate cements with CsAS being their
main material, it is necessary to use scarce
materials: bauxite ores, aluminate slags. Cements
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sulfoaluminates. At the same time, it is possible
to highlight the following problems in the
direction of expanding possibilities of using
special cements of this type: stabilization over
time and operating conditions of the hydrosulfate
phase based on alumina cement, as well as
modification of the compositions of mineral
binders based on calcium sulfate dihydrate
(CaS0O4-2H0) and development of binders of this
class based on secondary production products. In
this regard, an urgent problem is the development
of a technology for stabilizing sulfoaluminate
phases under the influence of various factors.

Modification of calcium sulfates will make it
possible to purposefully regulate the rate of their
hydration and coordinate the structure formation
of pastematrix in time. Therefore, research aimed
at increasing the stability of the high-sulfate
ettringite phase is relevant.

METHODS OF RESEARCH

The cement matrix plays the main role in
forming the main properties of composites.
Alumina cement AC 400 and gypsum G-5-11 were
used as a binder.

Research on the physical and mechanical
properties of alumina cements, gypsum and
composite materials was carried out in
accordance  with DSTU B.V. 2.7-185:2009,
DSTU B.V. 2.7-187:2009, DSTU EN 196-1:2007
and DSTUB.V.2.7-188:2009. Terms of
hardening, normal density of the water-cement
paste, as well as the compressive and bending
strength limits were also determined. For
conducting experiments on composite binders,
experimental samples with dimensions of
4x4x16 cm were made.

A methodology for investigating influence of
the Gibbs surface on formation of minerals of the
composite sulfoaluminate binder system is
proposed. The essence consists in determining the
influence of y =1f(C/A). For this purpose, the
method of determining changes in mineral
composition over time using differential thermal
and X-ray structural analysis on an X-ray
diffractometer under CuK, radiation was used.

PURPOSE OF THE STUDY

To determine the dependence of formation of
hydrated compounds during hydration of
aluminate and sulfoaluminate cements on the
surface energy AG =f(AMU) and the ratio
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AG = f(CaO/Al;0s3) in the minerals of the system
on the average Gibbs energy and to increase
stability of the ettringite phase of the
Ca0-Al;03-S03-H,0 system.

THEORY

A+CA raw materials, compositions and
hydration processes are marked by similarities:
Aluminate cements (a) and sulfoaluminate
cements (b) have the following chemical
composition [6]:

a) Al,0; — 35-50; CaO — 35-45; SiO; — 5-15;
TiO2, MgO, SO, K0 from 0 to 2.5;

b) Al,Os — not less than 20-25; CaO — 55; SiO; —
10; SO3-3; Fe,03-5-10; MgO-2 and
depending on the technology, chemical
composition can be very diverse, but the main
condition consists in the presence of at least 20 %
of Al,Os, whereas SiO, is an undesirable
component.

Mineralogical composition of cements:

a) Aluminate cement: CA, CA2, C3A, CsAs,
CrA7;

b) Sulfatoaluminate cement: CA, C.S, C4AF,
C3A, C3A3CaS0, (C4A3S), CaS0..

The main factor is that during hydration of
sulfoaluminates and aluminates in the presence of
gypsum (CaS04-2H>0), a hydrosulfoaluminate
phase is formed, which makes it possible to obtain
a hardened cement paste structure with special
properties.

When considering hydration processes of
aluminate cements, we can distinguish the
tendency of phase formation with CzAHs [2, 6]:
CA i CaOA1203~ IOHZO i 2CaOA1203'8H20 +

Al,O; — 3Ca0Al,03-6H,0 + Al,O3-nH,0.

In the case of CA,, CsAHjs is also formed, but
the reaction proceeds slowly.

C12A7 + HO — 3Ca0-A1,03-6H,0 +
2Ca0-Al,03-8H,0 + Ca(OH)z —
3Ca0-Al,03-6H,0 + Al,O3-nH-0.

In the presence of gypsum or anhydrite
CsAHg form ettringite:

3Ca0-Al,03-6H,0 + 3CaS0O4 + 25H,0 =

= 3Ca0-Al,03-3CaS0, -31H-0.
- ettringite (3Ca0-Al,03-3CaS0, -31H20);
- ettringite (3Ca0-Al,03-3CaS0;, - 12H20);
- tetracalcium aluminate  nineteen-hydrate
(4CaO 'Ales' 19H20).

During hydration of SA cement the first
reaction is decomposition of sulfominerals. First,
sulfoaluminates and sulfosilicates pass into
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intermediate  hydrates of the following
composition;
3(CA)'C&SO4'HH20 and Z(CQS)'HHzo
(1>n>0.5).

Then monocalcium aluminate sulfate hydrate
(hydrated calcium sulfoaluminate) turns into
sulfoaluminate hydrate of the low-sulfate form
C3A-CaSO. 12H,0 with the release of gibbsite
Al;03-:3H20. Also, ettringite C3A-CaSO4-nH20

and 2(C>S)-nH0 is formed and hydrated calcium
silicate CSH(B) can be formed [7-9].

A common feature for hydration processes of
sulfate cements in the presence of gypsum is
formation of the 3CA-CSHs, phase, i.e., a
neoplasm that plays the main role in the
modification of calcium sulfate dihydrate, or the
partial replacement of alumina cement with the
CaS04-2H,0 additive.

Table 1. Approximate options for system hydration: Al,O3-H,0; Al;03-H,0-CaSO4

System hydration processes: (Al203-H20)

System hydration processes: (Al203-H20-C2S04)

1. CA — C3AH;s

CA,— CsAHgslow reaction

C12A7 — C3AH6, A|203'I1H20

C3A — CsAH13, C2AHs

1. Alumina cement (CA»)

IV. Alumina cement and gypsum C3AHg

2. CA — C3ACSH12; Al,03-3H,0
CA,—3Ca0-Al;03-:3CaS04-31H0
C12A7—>3Ca0 'A1203'3CaSO4~3 1H20
C3A—53Ca0 'A1203'3CaSO4~3 1H20
C3ACSH12; A|203'3Hgo
AC+Gypsum—>C3ACSH12; Al>03-3H,0

Consideration of research examples of system
hydration processes: Al,03-H,0; Al,O3-H,0-
Ca0-S0Os, shows that formation of ettringite can
be divided into two stages. At the first stage,
intermediate compounds are formed and then they
interact with sulfates. Direct formation of
ettringite is a reaction of CsA aluminates and

sulfates. Hydration processes, formation of
hydrosulfoaluminates (hydrated sulfoaluminates)
of highly sulfated form based on intermediate
compounds create problems of internal stresses.
And when the system has gained certain strength,
it leads to destruction of the structure. And this is
confirmed by the research results (Fig. 1) [10].

Fig. 1. Photos demonstrating structure of hydrosulfoaluminates of the highly sulfated form [10]

The idea of studying the sequence of
formation of sulfoaluminates on the basis of
intermediate compounds makes it possible to
obtain a structure of high strength.

Surface energy (Gibbs energy) is the main
factor affecting the sequence of the hydration
reaction. Calcium sulfate CaSO4 — it decomposes
in a salty and slightly alkaline environment, and it
is a source of sulfur and calcium [11-14].
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Gibbs energy [11-14]:
AG=AH-TAS (1)

where AG — Gibbs free energy; T — absolute
temperature; AS — entropy change; AH — enthalpy
change.

AGfZEAGprod. react—ZAGimput-output substances (2)
Surface energy levels: AG =0; AG<0; AG>0
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In works [14-16] on the hydration process of Al;(OH);, CAHio, C.AHs, CsAHs, CsAHis,
aluminate and sulfoaluminate cements, the issue C3ACS3Hz;, CsACSHy,, Cay(OH),.
of formulation of hydrated compounds is
considered:

Table 2.  Probability of reactions as dependent on the components of Gibbs energy [2, 11-13]

AH AS AG Direction
- + - independently
+ - + does not interact
interacts at low
- - +
temperatures
+ + N interacts at high
temperatures
On the basis of existing studies, we will The reaction with AG > 0 and at high and low
consider the reactions of minerals CA, CA,, C3A, temperatures was not considered.
C12A7, determine the probability of forming direct Based on the considered Table 3, we can
and intermediate compounds which are formed build dependence graphs: AG=f(AMU) i
during hydration of these minerals and the AG = f(CaO/Al;O3), where: AG - Gibbs free
influence of Gibbs energy. energy; f(AMU) atomic mass unit; CaO/Al,0; —

AMU correlation.

Table 3. The probability of the formation of direct and intermediate compounds which are formed during the
hydration of minerals and influence of Gibbs energy [2, 11-13]

Gibbs surface energy (AG),

Minerals kJ/mol
1) CA+10H,0— CAH1o —92.00
4CA+22H,0— C4AH10+6AI(OH)3 )
2) 2CA»+17H,0— CzAH8+6A|(OH)3 —4.48
4CA,+34H,0— C4AH13+14A|(OH)3 —45.7
3) C12A7+33H,0— 12Ca(OH),+14Al(OH); ~100.9
1/3C12A7+17H,0— C4AH13+8/3A|(OH)3 -182.0
4) C3A+6H,0— 3Ca(OH),+2AI(OH)3 _78.7
4/3C3A+14H,0— C4AH13+2/3A|(OH)3 —254.0

Table 4. Gibbs surface energy of alumina cement minerals [2]

Surface energy AG),
Minerals k\]/moigy Molecular mass
__ : (AMU)
minimal maximal average
CaO-2Al1,03 -11.73 -92.0 24.74 260
Ca0O-AlOs -4.48 -45.0 51.86 158
12Ca0-7A1,03 -100.9 -182.0 141.00 1286
3Ca0-Al,O3 -74.7 -254 145.00 270.20
Analysis of dependences (Fig.2) [17] especially noted (Fig. 3) [17]. The hypothesis is
AG = f(AMU)  demonstrates influence of proposed: AG = f(CaO/Al;03); f(n/CaO/mAl1,0s)
molecular masses on the value of Gibbs free —the Gibbs surface energy depends on the ratio of
energy. Influence of CaO/Al;O3 ratio should be aluminum and calcium oxides.
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The rate of hydration of aluminate cement
minerals depends on the C/A ratio (Figs. 2, 3).

0}
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o e
C g\
—Al
a) Cs3A

AG =-254 kd/mol
Fig. 4. Structural formulas: (a) CsA; (b) CA
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Influence of the CaO/Al,O; ratio in minerals on the average Gibbs energy [17]

This factor can be explained by comparing the
structural formulas (Fig. 4). At the same time, the
difference in atomic mass units (AMU) is quite
insignificant and amounts to 37 AMU. Whereas
the Gibbs free energy is 2.7 times higher in C3A
[2, 14-16].

Let’s consider crystal and structural models
and their characteristics.

0——Al—0

S
Ca
‘\\o————AJ:::O
b) CA
AG =-92 kd/mol
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Sequence of hydration.

CA—->CsA(17:7;1:1).

CA has monoclinic or rhombic syngony, and
CsA has cubic syngony. This is probably the very
thing that affects the rate of hydration.

When considering formation and stability of
hydroaluminates at the beginning of the reaction
in the presence of (1-3), we determine the main
hydroxides CAHlo, C4AH10, CzAHg, C4AH13,
Al(OH); and Ca(OH),. Their structures are
presented in works [1-3].

CAHao — free spatial structure. Crystals have
the form of needles or plates.

CsAHyo — crystallizes in the form of precise
hexagonal particles. Formation CzACaO-CO3sHzs1
is possible.

C2AHsg — crystallization in the form of plates.

CsAH33 — metastable under normal conditions
hydration in the C-A-H system.

C3AHg -stable hydrated phase in the
Ca0-Al(OH)3-H20 system.

Over time, unstable hexagonal hydrates
change, resulting in formation of stable cubic
hydrates CsAHg and gibbsite AH3[2]:

3 CAH1 — C3AH6 +2 AH3 + 18 H;

3 C,AHg > 2 C3AHg + AHz; + 9 H.

Al(OH)3— at the beginning of hydration, it is
released in the form of a gel, and then it
crystallizes with the formation of belite and
hydrorgillite crystals.

Ca(OH), — is anisotropic grains that increase
to monocrystals (single-crystals).

Ca0-AlLO3- 10H,0 + H,O — 2Ca0-Al,O5-8H,0
+ AI(OH)s, at elevated temperatures - more than
30 °C.

Ca0O-Al,03-10H,O and 2Ca0-Al,03-8H,0 —
change to 3Ca0O-Al,03-6H,0 + Al(OH)3 + H,0.

In the presence of gypsum:

(a) 3Ca0-Al,03-6H,0 + 3CaS0O4 + 25H,0 =
3Ca0-Al;03-:3CaS04-31H;0.

Analysis of literary sources on the formation of
ettringite  during hydration of aluminosilicate
cements in the presence of calcium sulfate dihydrate
(CaSO4-2H,O) or anhydrite (CaSQ,) is an
intermediate product of CzAHs, which forms
ettringite.

In the presence of CsA, ettringite calcium
trisulfoaluminate hydrate (CTSAH) is formed by
direct interaction with CaSO4-2H,0:
3Ca0-Al,03 + 3CaS0,4-H,O0+25 H,0 =
= 3Ca0-Al;03:3CaS04-31H:0.
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During hydration of the C3A mixture to obtain
calcium monosulfoaluminate hydrate (CMSAH)

3Ca0-Al,03 + 3CaS04-2H,0+10H,0 =
= 3Ca0-Al;03:CaS04-12H20.

Including calcium trisulfoaluminate hydrate
(CMSAH) and calcium monosulfoaluminate
hydrate (CMSAH), C1,A; during hydration in the
presence of gypsum, calcium trisulfoaluminate
hydrate (CMSAH) and calcium monosulfo-
aluminate hydrate (CMSAH) are also formed.

3Ca0O-ALO;s + 3C8804'0,5H20+30.5 H,O =
=3Ca0-Al;03:3CaS0O4-31H.0.

3Ca0-Al,03+3CaS04-2H,0+25H,0 =
= 3Ca0-Al;03:3CaS04-31H0.

During hydration of the C3A mixture to obtain
calcium monosulfoaluminate hydrate (CMSAH):

3Ca0-Al,03+CaS04:-2H,0+10H,0 =
= 3Ca0-Al;03:CaS04-12H20.

In this way calcium trisulfoaluminate hydrate
(CMSAH) and calcium monosulfoaluminate
hydrate (CMSAH) are formed.

C12A7 during hydration in the presence of
gypsum calcium trisulfoaluminate hydrate
(CMSAH) and calcium monosulfoaluminate
hydrate (CMSAH) are also formed [14-16]:
CpA7+ 12CSH; + 109H,0 = 4C3ACS3H3; + 6AH3
CppA7+4CSH; + 49H,0 =4C3ACSHq, + 6A|(OH)3

CA i CA;also form calcium trisulfoaluminate
hydrate (CMSAH) and calcium
monosulfoaluminate hydrate (CMSAH) [14-16]:
3CA +CaS042H;0 + 14.5H,0 = 3C3ASH1, + 3AI(OH);
CA>—3CsACS3Ha1
3CA; + 3CaS04-2H,0 + 25H,0 = C3ACSsH1, +
+ 10AI(OH)3 -13.7 kJ/mol
3CA,+ 3CaS04-2H,0 + 40H,0 = C3ASzH3; +
+ 10Al(OH)3-30.2 kJ/mol
3CA + 3CaS04-2H,0 + 16H,0 = C3ACS3H12 +
+ 4AI(OH)3-67 kd/mol
3CA + 3CaS0,4-2H,0 + 31H,0 = C3ACS3H3: +
+ 4AI(OH)3-83.8 kd/mol
1/4C1,A7+ CaS04-2H,0 + 10H,0 =
= CsACSH12-116 kJ/mol
1/4C1,A7 + 3CaS04-2H,0 + 109/4H,0 =
= C3ACS3Ha1 + 3/2AI1(0OH)3-132 kJ/mol
CsA + CaS04-2H20 + 10H.0 =
= C3ACSH12-169.69 kJ/mol
CsA + 3CaS04-2H,0 + 25H,0 =
= CsACS;3Hs1-186.46 kd/mol

In the process of hydration of minerals of the
Ca0-Al,03-H,0 system, hydroaluminates and gel
CAHlo, C4AH10, CgAHg, C4AH13, A|(OH)3 and
Ca(OH); are formed, in the CaO-Al;03-SO3-H,0
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system the hydration process is more
complicated.

First, the simultaneous formation of
hydroaluminates and hydrosulfoaluminates of
calcium trisulfoaluminate hydrate (CMSAH) and
calcium monosulfoaluminate hydrate (CMSAH),
CAHgs, i.e., this is formation of the primary
structure.

Secondly, part of the hydroaluminates reacts
with  calcium sulfates, forming calcium
trisulfoaluminate hydrate (CMSAH) and calcium
monosulfoaluminate  hydrate (CMSAH) -
secondary minerals, and this process affects the
formation of the structure, which determines such
properties as strength, internal stresses,
expansion, and so on. The complexity of the task
consists in establishing the surface of formation

Table 5.  Gibbs surface energy of alumina cement minerals

and the ratio of formation at the first stage of
CnhAmHx and calcium trisulfoaluminate hydrate
(CMSAH) and calcium monosulfoaluminate
hydrate (CMSAH). This makes it possible to
determine the flow of physical and chemical
processes of the system in time.

The average Gibbs surface energy of
reactions of hydroaluminates based on CA-51.5
minerals; CA2,=25.9; CipA7=-914; CA -
166.3 kd/mol; sulfoaluminates based on these
minerals  [13-15]: CA — C3ACS3Hs; -75.4;
CA; — 31.9; CpA7 — 124.6; C3A — 178.07.

Comparing the surface energy of system
formation:

CaO-A|203- H,O and CaO-AI203-803-HzO
(Figs. 5, 6).

Mineral Gibbs energy, kJ/mol
CsA -178.07
C2A7 -124.6
CA -715.4
CA» -21.9

Hydroaluminates

Sulfoaluminates

1000

500

90 180 days

Fig. 5. Graphs of the dependence AG = f(c/a) of the system: 1) CaO-Al,03-CaSO4-H,0

AG-:T:N

150

100

50

15 2 CaO

Al203

Fig. 6. Graphs of the dependence AG = f(c/a) of the system: 1) CaO-Al,03-H,0; 2) CaO-Al,03-CaSO4-H,0
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The process of hydration of aluminate cements in
the presence of gypsum, the system of chemical
reactions CaO-Al,03-CaS04-H-0 can be divided
into two parts: a) CaO-Al,0;-H,0; b) CaO-
Al;03-H,0-CaSO0s (Figs. 6).

As a result, calcium trisulfoaluminate hydrate
(CMSAH) and calcium monosulfoaluminate
hydrate (CMSAH) are formed in the second part,
and in the first CaAHe, CAHlo, CzAHB, C4AH13,
Cay(OH); are formed. According to the first and
second part, there is a process of Al(OH)s
formation.

At the second stage, especially after
hardening, the transition of hydroaluminates
(except for C,AHs) to hydrosulfoaluminates is
observed, which leads to an effect on the amount
of change in the volume of the system.

Due to the low rate of calcium
monosulfoaluminate hydrate (CMSAH)
hydration C2A reacts with it, so forming C4AHjs.
CsACS;Hp, + C:A + H + 9H,0 — CsAHys +
4Al(OH)3 + CaSO4-H,0.

And there is also a partial transition of
calcium trisulfoaluminate hydrate (CMSAH) to
calcium monosulfoaluminate hydrate (CMSAH)
and, respectively, a reaction with C,A.

TG

DTG

DTA

Fig. 7. G-5-11a) DTA; b) X-ray [18]

Aluminous cement AC-500 was also used for
conducting research in the amount of 30+70 %,
(DTA and X-ray of it are shown in Fig. 8).

Hydrated alumina cement without additives is
shown in Fig. 9 [18].
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As aresult, by solving the problem of primary
ettringite stability, it is possible to achieve a
significant improvement of composite binders
(alumina cement + gypsum), as well as
sulfoaluminate binders.

RESULTS AND DISCUSSION

The stability of ettringite is necessary when
using portland cement, sulfoaluminate cement,
composite binders based on alumina cement +
Gypsum, as well as when modifying gypsum
binders with alumina cement.

The last option is a rather under-researched
direction in connection with high energy costs for
production and imparting special properties due
to the formation of ettringite.

The research methodology consisted in
modifying semi-aqueous gypsum with alumina
cement. At the same time, the optimal amount of
the modifier was determined to increase physical
and mechanical properties, as well as influence of
the modified binder mineralogical composition.

The research was performed with the use of
Gypsum G-5-1T in quantity of 30+70 %, with
semi-aqueous gypsum being the main mineral of
it (Fig. 7) [18].
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The results of studies of the composite
composition of alumina cement AC-500 in the
amount of 30+70 % are shown in Figs. 10-12.
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Fig. 8. Alumina cement (AC-500) a) DTA; b) X-ray [18]
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Fig. 9. Hydrated AC-500 (without additives): a) DTA; b) X-ray
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Fig. 11. 50 % AC-500+50 % Gypsum: a) DTA, b) X-ray
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Fig. 12. 30 % AC-500+70 % Gypsum: a) DTA; b) X-ray

In the process of hydration, the following
interactions occur in the presence of gypsum
(these interactions are associated with formation
of ettringite).

X-ray phase analysis and data processing of
alumina cement revealed the presence of the
following hydration products. After 1 day of
hardening the diffractogram of hardened AC-500
alumina cement shows the main lines of hydrated
phases of hydroaluminate (d/n=0.820; 0.231;
0.217; 0.348; 0.199; 0.186; 0.178; 0.176; 0.162;

0.154 nm), cubic aluminate  hexahydrate
(dn=0.315; 0.168; 0.160;  0.154 nm);
tetracalcium aluminate nineteen-hydrate e
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(d/n=0.217; 0.207; 0.197; 0.170; 0.162 nm)
(Fig. 9).

With the addition of G-5 gypsum to alumina
cement AC-400, after 3 days of hardening, the
main interplanar distances and intensities of
hydrated phases of ettringite (d/n = 0.484; 0.327;
0.324; 0.286; 0.2616; 0.189; 0.180; 0.157; 0.150;
0.145; 0.139; 0.134; 0.131nm) appear
(Fig. 10-12). Observed are lines of tetracalcium
aluminate thirteen-hydrate (d/n=0.423; 0.266;
0.246; 0.238; 0.212; 0.168 nm), tetracalcium
aluminate nineteen-hydrate (d/n =0.331; 0.238;
0.151 nm), hydroaluminate (d/n =0.463; 0.255;
0.176; 0.151nm), tetracalcium aluminate
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nineteen-hydrate (d/n = 0.331; 0.238; 0.151 nm)
(Figs. 10-12).

In the process of setting and hardening, after
3 days, the intensity of the ettringite and calcium
hydroxide lines increases which confirms the
intensification of the hydration process
(Figs. 10-12).

CONCLUSIONS

A theoretically substantiated hypothesis of
the effect caused by the ratio G = f(CaO/Al>03) in
the minerals of the CaO-Al,03-H,0 system on the
Gibbs surface energy: CA2 = 0.27 — AG = 24.70,
CA =0.54-51.86, C12A7 = 0.8-141.00,
C3A =1.63-145.

Dependence of the order of formation of
hydrate compounds of the CaO-Al,03-H,0:
CzAHs, C4AH13, C4AH10, CAHlo, AI(OH)3 system
during hydration of minerals of aluminate
cements with Gibbs surface energy: CA, — 24.70,

found theoretically and confirmed
experimentally.

The theoretical position of influence of AG
during hydration of aluminate cements in the
presence of gypsum received further development
— the system of chemical reactions
Ca0-Al;03-SO3-H,O can be divided into two
systems (parts): a) CaO-Al,03-H,O; b) CaO-
A|203-503-H20, as a result C3sAHs, CAHyy,
C2AHg, C4AH;i3, Caz(OH), is formed in the first
one, and calcium trisulfoaluminate hydrate
(CMSAH) and calcium monosulfoaluminate
hydrate (CMSAH) are formed in the second one.
According to the first part and second part, there
is a process of Al(OH); formation.

The optimal content of calcium sulfate
(within 30-40 % of the composition mass) with a
positive effect on the amount of ettringite
formation has been theoretically determined and
experimentally confirmed.

CA -51.86, C2A7-141.00, C3A-145 was

TeopeTnuHe Ta eKcniepuMeHTAJIbHE 00IPYHTYBAHHS NPUHIUIIB Moaupikamii
komno3uuii cucrem CaO-Al>03-SO3-H.0

B.M. JlepeB’sinko, I'.M. I'pumixko, €.1. 3asus, T.M. /IyGoB

Vrpainucokuii 0Oeporcasnuii ynigepcumem nayku i mexuonozii
Haesuanvno-nayxosuii incmumym «lIpuoninposcvka doepoicasna axademis 6y0iGHUYMEa ma apxXimexmypuy
eyn. Apximexmopa Oneea Ilemposa, 24a, Jninpo, 49005, Yxpaina, hryshko.hanna@pdaba.edu.ua
JIninposbkuil depaicasHuil azpapHO-eKOHOMIMHULL YHIGepCUmem
eyn. Cepeisn E¢ppemosa, 25, [ninpo, 49600, Yrpaina, dubov.t.m@dsau.dp.ua

Cmeopenna HOBUX DIZHOBUOI6 CMAHOAPMHUX (DOZWUPEHUX) | CReYianbHUX YeMeHMi8 € OOHUM i3 OCHOBHUX
HANPAMIB CYH4ACHUX PO3POOOK y MEXHON02I BUPOOHUYMEA YeMeHMHUX pevosuH. Y epyni cneyianrbHux yemenmis
ocobnuee micye nocioaroms enuHo3emHi, cyavgoantominamui ma in. OCHO8HI HAYKOB0-00CIOHT pobomu npu po3pooyi
MAKUX YeMeHmie 6edymbCsa 6 HANPAMKY CMBOPEHHS HOBUX KOMRO3UYIL, wjo 3abesneuyroms 3aminy OediyumHux
Komnonenmig. Ilpu maxomy ckiadi mamepiany apmicms KOMRO3UYIU 3 BIACMUBOCHIAMU 2TIUHOZEMUCTHUX YEeMEHMIE
0ewo 8uwa, HIdXC 38UYALHUX, ane IXHE BUKOPUCIAMHA NOKPAWYE eKCHAYAMAayilini Xapakxmepucmuxu eupoois.
ITiocymosyiouu Hakonuyenuii 00Csio, 3a3HAYUMO, WO HO8I eheKMUSHI CKIadu Ha OCHOBI 2IUHO3EMUCTNO20 YeMeHmy,
2incy ma 8i0xo0i8 eupoOHUYMEA 00CUMb eQeKMUBHI 6 eKOHOMIYHOMY Ma MEXHIYHOMY 6i0HOweHHI. Mema cmammi —
BUSHAYUUMU 3ANE)CHICMb YMEOPEHHS 2IOPAMHUX CHOJYK Npu 2iopamayii amoMiHAmHUX ma Cynb@oamoMiHamHux
yemenmie 6i0 nogepxmnesoi enepeii I'iboca AG = f(a.o.m) ma cnissionowenns AG = f(mCaO/nAl,O3) y mineparax
cucmemu Ha cepedHio eHepeito 1i0bca ma nidguwenHs cmadbiibHOCMI empuneimosoi gasu cucmemu
Ca0-Alx03-SO3-H20. ¥V ecmammi poseasnymo modcnueocmi ynpagiinua npoyecamu 2iopamayii Wiasixom CmeopeHHs
KOMno3umie i 66edeHHsi 000a60K, WO 6NIUGAIOMb HA 3HAYEHHS nosepXHesoi enepeii libbca cucmemu
Ca0-Al;03-SO3-H20. B pesynbmami 36inbuyemobcs Kinbkicmb yeHmpie Kpucmanizayii i weuokicme XiMiuHux
npoyecig. Teopemuuno obrpynmosana cinomesa npo enaug cniggionowenns G = f(mCaO/mnAlLOs) 6 minepanax
cucmemu  CaO-Al,O3-H,O  na nosepxnesy emepeito Tiboca: CA; =027 - AG=24.70, CA=0.54-51.86,
C1247 = 0.8-141.00, C3A =1.63-145. Teopemuuni nonoxcennsi npo enause AG npu 2iopamayii aroMiHAMHUX
YeMeHmia y npUCYmHoOCHi 2incy ompumanu Rooatbuuti po3eumok — cucmemy ximiunux peaxyiti CaO-Al,03-SO3-H,0
ModicHa noodinumu Ha 06i cucmemu (wacmunu): a) CaO-Al,03-H20; 6) CaO-Al,03-SO3-H20, snacniook uozo 6
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nepuiomy eunaoky ymeopioemocsi CsAHgs, CAN1vo, CoAHs, C4AH13, Cax(OH)2, a 6 npucymnocmi 2incy — mpucyisgpamua
Gopma 2iopocynvpoamominamy xanvyito (TI'CAK) i monocyrwgpamna gopma 2iopocynvpoaniominamy Kanvyiio
(MI'CAK). Bionogiono ons nepwioi ma opyeoi wacmun 6iobysacmocs npoyec ymeopenns Al(OH)s. Teopemuuno
BUSHAYEHO MA eKCNEPUMEHMATLHO NIOMBEPON’CEHO ONMUMATbHUL emicm cyabgpamy kanvyiro (6 mexcax 30—40 % 6io
Macu KomMno3uyii), wo nO3UMUEHO BNIUBAE HA KLIbKICIb eMPUHSIMOYMEOPEHHS.

Knrouosi cnoea: rxomnoszuyitine 8’axcyue, mooudixayis, empunzim, ¢paszosa cmabinizayis empuHeimy,

ANIOMIHAMHI YemeHmu, Cy1boanoMiHamHi yemeHmu
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