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RESUMO

Para estudar os processos de interacdo e formacdo da composicao de fases em ligantes de escoria
alcalinos a base de cinzas volantes, a solugdo de ingrediente alcalino foi proporcionada apds 28 dias de
envelhecimento e apds tratamento térmico, cura a vapor ou assentamento em condigdes naturais. Os produtos
de interagdo de escoérias e mistura de sulfato de sédio com aditivos altamente basicos foram estudados. Sua
composicao de fases foi determinada pelo tipo de escoria, aditivos e condigcbes de ajuste. O aumento na
densidade da solu¢do de ingrediente alcalino de 1.100 para 1.300 kg/cm?3 resultou em uma resisténcia a
compressao 1.7-2 vezes maior do aglomerante, que é de 30.7, 47.1 e 45.9 MPa, dependendo do modulo de
vidro liquido. Quando a mistura de sulfato de sédio foi introduzida na féormula, a resisténcia & compressao das
amostras curadas por vapor foi 7-22% maior do que a das amostras expostas ao tratamento térmico seco. A
forca dos ligantes de escéria alcalina baseados em cinzas volantes dependiam da finura das cinzas volantes.
As férmulas de ligagdo desenvolvidas podem ser usadas para a preparagéo de concretos de alta resisténcia e
materiais de construcao.

Palavras-chave: ligantes de escéria alcalina, aditivos, escéria de fésforo, vidro liquido, resisténcia a
compressao, atividade de ligagdo, cinzas volantes.

ABSTRACT

To study the processes of interaction and formation of the phase composition in slag-alkali binders
based on fly ash, the alkaline ingredient solution was proportioned after 28 days of aging and after heat
treatment, steam curing or setting in natural conditions. The products of interaction of slags and soda-sulfate
mixture with highly basic additives were studied. Their phase composition was determined by the type of slag,
additives, and setting conditions. The increase in density of alkaline ingredient solution from 1,100 to 1,300
kg/cm? resulted in a 1.7-2 times higher compressive strength of set binder, which is 30.7, 47.1 and 45.9 MPa,
depending on the liquid glass module. When the soda-sulfate mixture was introduced into the formula, the
compressive strength of the steam-cured samples was 7-22% higher than that of the samples exposed to dry
heat treatment. The strength of slag-alkali binders based on fly ash depended on the fineness of fly ash. The
developed binding formulas can be used for the preparation of high-strength concretes and building materials.

Keywords: slag-alkali binder, additives, phosphorous slag, liquid glass, compressive strength, binding activity,
fly ash.

AHHOTALIUA

[Ina nccnegosaHns NpoLIECCOB B3aMMOAENCTBUS U 06pa3oBaHMs (pa3oBOro COCTaBa LUMaKOLLENOYHbIX
BSDKYLLIMX KOMMO3MLMIA Ha OCHOBE 30Mbl-yHoca Obin nposedeH noabop cocTaBa pacTBoOpa  LIENOYHOro
KOMMOHeHTa B 28-CYTOMHOM BO3pacTe Mocfie TEMnrnoBoW W TEMMoBMaXHOCTHOM 06paboTku, a Takke nocrne
TBEPOEHMs1 B €CTECTBEHHbIX YCMOBUSX. M3ydeHne NpoayKTOB B3aMMOAEVCTBUA LUMAKOB UM COAOCYMbgaTHOM
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CMeCH B COMETaAHUMN C BbICOKOOCHOBHbIMM Ao6aBkamMu Nokasarno, YTo ux pa3oBbIi COCTaB OnpeaenseTcss BUaom
Wwnaka, JobaBkM 1 yCNoBMAMU TBEpAEeHUs. YBeNMYeHne nnoTHOCTM pacTeopa LenovHoro komnoHeHTta ¢ 1100
0o 1300 kr/cM® NpuBOAMT K NOBLILLEHMIO NPegernia NPOYHOCTM NPU CXaTUKN KaMHs, Bsxxyllero B 1,7—2 pasa, 4To B
3aBMCUMOCTM OT Moaynsa ctekna coctaenset 30,7, 47,1, 45,9 MIlla. PesynbTtaTtbl MNokasanu, 41O npwu
TENMOBNaXXHOCTHOM 00paboTke, Korga B COCTaB KOMMOHEHTa BBOAMMM COAOCYNbgaTHYH CMeCb, npegen
NMPOYHOCTN 0BpasLoB NpU CxaTunm Ha 7—22% Bbile, YeM y 00pasLoB, NMOABEPrHYTLIX TENoBOW 0b6paboTke.
YCTaHOBMNEHO, YTO MPOYHOCTL LUMAKOLLENOYHbIX BSKYLLMX Ha OCHOBE 30J51bl-yHOCA, 3aBUCUT OT OUCMEPCHOCTU
30mnbl-yHoca. Pa3paboTaHHbIX  LWMAKOWENOYHbIX  BSXKYLUMX  KOMMO3WMTOB MOXHO  MCMNOSb30BaTb A4S
NPUroTOBNEHUS BbICOKONPOYHbLIX BETOHHbLIX PaCTBOPOB 1 MaTepuanoB Ansi CTPOUTENbHOINO NPON3BOACTBA.

KnioueBble cnoBa: LllnakouwienoyHble eskyuwue, 00basku, 351eKmpomepmMoghoCehOpHbIl  WinaK, Xudkoe

CMEKIT0, MPOYHOCMb MPU CXamuu, aKmUeHOCMb 8SXKYUUX, 30/1a-yYHOC.

1. INTRODUCTION

Given the rapid development of the
construction industry and the expansion of new
industrial and civil construction in Kazakhstan,
the demand for building materials is increasing.
Research and engineering of constructional and
heat-insulating  materials using secondary
resources is especially relevant. Kazakhstan has
immense raw material resources in the form of
wastes from the metallurgical, petrochemical,
mining, fuel and power-generation industries, and
their utilization in the composition of building
materials is a priority of the national economy.

Light-weight concrete, having low density
and rather high strength, has found a wide range
of applications due to its useful qualities; small
consumption of raw materials being one of them.
This is one of the lightest building materials, with
low thermal conductivity and good soundproofing
properties. However, the increased quality
requirements for lightweight concrete set the task
to further improve its constructional, operational,
technological, and strength properties. The use of
industrial wastes as slag-alkali binders, having
high activity and generating structure-forming
elements, can improve strength, stress-related
performance, and durability of lightweight
concrete. The aim of this study is to obtain high-
strength slag-alkali binders with various additives,
having increased adhesiveness to organic
aggregates in lightweight concrete.

Slag-alkali binders are hydraulic binding
agents, obtained by fine grinding of granulated
slags and various mineral additives. When mixed
with solutions of alkali metal compounds, such
binder enters into an alkaline reaction hardens in
air and water. It has been experimentally proven
that the properties of hydraulic binders, along
with compounds of alkali-earth metals, are
inherent to alkali metal compounds (Bisenov et
al., 2005; Bazhenov 2003; Bazhenov et al., 2006;
Bazarbaeva 2010; Vysotsky and Tsarik, 1993;

Volzhensky and Chistov, 1991; Glukhovsky et al.,
1981; Goncharov et al., 2000, 2002; Goncharov,
1999; Dvorkin, 1993; Danilovich and Skanavi,
1988; Kapustin et al,, 2000). These conclusions
can be well confirmed by the behavior of
systems, in which sodium hydroxide and sodium
silicate and non-silicate salts that give an alkaline
reaction were used as the alkaline ingredient. As
a result, alkaline binders fundamentally changed
the idea of the role of alkaline oxides in the
synthesis of artificial stone. They have defined
modern ways of creating new, highly efficient
binding systems and improving the properties of
regular cements. That is why the attempts to use
alkali metal compounds in combination, for
example, with slags or Portland cement, were
limited to using them in small quantities as
activating additives, not to disturb the hydraulic
ability of the calcium binder system. In particular,
liquid glass and alkaline carbonates were
introduced into Portland cement as anti-frost and
plasticizing agents in an amount less than 0.5—
2.5% by weight of Portland cement. As the slag-
alkali binder hardens, calcium oxide in the slag
and alkaline ingredients enter into a cation
exchange reaction, releasing free alkali, which
contributes to the predominant occurrence of low-
base hydrated calcium silicates. Simultaneously

with them, non-stoichiometric sodium
hydrogarnates and sodium-calcium
hydroaluminosilicates are formed. These

compounds are similar to natural minerals, and
this gives the binder good physical and
mechanical  properties and favors the
development of effective composite materials on
their basis.

The studies of the relationship between the
formation of slag-alkali binder structure and the
ability to control the properties of such binders
showed that to obtain slag-alkali binders with
predominantly identical properties, regardless of
the composition, it is necessary to adjust the
basicity of the binder system to the optimum level
(Bisenov et al., 2005, Glukhovsky et al., 1981;
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Goncharov, 1999; Dvorkin, 1993; Danilovich and
Skanavi, 1988; Kapustin et al., 2000; Korneyev et
al., 1999, 2002; Kasimov et al., 1989; Rybyev,
2007; Suleimenov, 1996; Isakulov, 2009, 2011;
Akulova et al., 2013a, 2013b, 2014a, 2014b;
Sokolova et al.,, 2017; Isakulov and Zhiv, 2014;
Issakulov et al., 2010). To do this, one can add
Portland cement clinker. It was established
(Bisenov et al., 2005) that the greatest amounts
of added quickly hydratable cementing minerals,
free from gypsum, serve as mineralizers, which
can control structure formation in slag-alkali
binders. Portland cement clinker in the amount of
1-5% by weight of slag made it possible to
equalize the strength of set binder, based on
blast-furnace slags. One of the most convenient
properties of slag-alkali binders is that they can
be used for the production of concrete containing
an increased amount of clay and dust particles in
the aggregates, which eliminates the need to
concentrate  the aggregates. Importantly,
substandard raw materials of various mineral
composition of both artificial and natural origin
can be used in materials based on these binders.
That is why developing new slag-alkali binders,
based on industrial waste, and studying their
properties and interaction  with  organic
aggregates are relevant today. This paper reports
the development of slag-alkali binder, containing
fly ash, with increased adhesion to the organic
constituents in concrete.

2. MATERIALS AND METHODS

Phosphorous slag of the Shymkent
Production Association (Shymkent, Kazakhstan)
and electric arc furnace slag of the Aktobe
Metallurgical Plant (Aktobe, Kazakhstan) were
used for experimental research. Slags were
ground to powders with a specific surface of 320—
330 m?kg. Sodium silicate and a soda-sulfate
mixture (waste products from caprolactam
production) were used as alkaline ingredients.
The active mineral additive was fly ash from the
Actobe CHP (Aktobe, Kazakhstan), which meets
the requirements of national standard GOST
10181-2000. Fly ash from Aktobe CHP had the
following properties: specific surface — 2,550
cm?/g; absorption activity — 32 mg/g; true density
— 2,000 kg/m?; bulk density — 955 kg/m3. The
chemical composition of fly ash is given in Table
1.

In order to control the structure formation in
the binder, alkaline ingredients were prepared in
the form of aqueous solutions. The composition
of alkaline ingredients by volume is given in Table

2.

The Portland cements were tested in
accordance with national standard GOST 25820-
2000. The compressive (bending) strength was
determined on cube-shaped samples, having 100
mm on edge, in accordance with GOST 7473-
2010. The mobility of paste was determined using
a Suttard viscometer. The normal density and the
setting time were determined according to
national standard GOST 31108-2003. The
thermal conductivity of slag-alkali samples was
studied using the ITP-MG-4 device in accordance
with GOST 7076-99. The ultimate strength in
bending and tensile strength was determined on
40x40x160 mm bar-shaped samples using the
IP-2710 device. The phase composition of the
alkali binder was determined by X-ray phase
analysis. The radiographic survey was performed
with the DRON-3 diffractometer. The test
samples were prepared in the form of fine
powders of optimal mass applied in a thin layer
on the surface of frosted glass. The interval of
diffraction angles was from 2 to 32°. The obtained
X-ray patterns were interpreted with reference to
the standard X-ray patterns of mineral
ingredients.

To study the processes of interaction and
formation of the phase composition of slag-alkali
binders based on fly ash, we proportioned the
composition of the alkaline ingredient solution.
The slag-alkali binder was prepared by mixing
ground slag with alkaline ingredient solutions.
The alkaline ingredient was introduced together
with the gauging water in the form of a solution
with a density of 1,100—1,300 kg/m3. The binder
strength was determined according to national
standard GOST  7473-94. The normal
consistency and the setting time were determined
according to GOST 25820-2000. The samples
were condensed for 3 minutes on the BC-1
vibrating plate. The tests were performed on
samples after steaming and hardening in natural
conditions.

Also, we made an attempt to create a slag-
alkali binder with the active mineral additive—
high-calcium fly ash from the Aktobe CHP. The
main physicochemical processes of interaction
between the ingredients and the phase
composition of the products, formed during these
processes, were examined. When studying the
composition based on fly ash, phosphorous slag,
soda-sulfate mixture and the active additive, the
samples aged for 28 days after heat treatment,
steam curing, and hardening in natural
conditions. To determine the setting time and the
strength gain, the slag-alkali binder samples of

Periédico Tché Quimica. ISSN 2179-0302. (2019); vol.16 (n°32)
Downloaded from www.periodico.tchequimica.com

377



different age were exposed to steam curing in a
special drying chamber. The steam curing was
carried out at 60—100 °C at atmospheric pressure
for 12—14 hours.

We examined the composition of slag-alkali
binders with active mineral additive high-calcium
fly ash, based on phosphorous slag and soda-
sulfate mixture, that solidified in normal
conditions and after heat treatment and steam
curing (Table 3).

Table 3. Composition of slag-alkali binders

Ingredient wt %
1 | Phosphorous slag 45-67
Soda-sulfate mixture 8
Active mineral additive 25-50
high-calcium fly ash

To compare the results, we examined the
composition of slag-alkali binders with other
mineral active additives high-calcium fly ash and
sodium disilicate, which solidified in normal
conditions and after heat treatment (Table 4).

Table 4. Composition of slag-alkali binders

Ingredient wt %
1 | Phosphorous slag 45-67
Sodium disilicate 8
Active mineral additive | 25-50
high-calcium fly ash

To study the effect of the alkaline ingredient
density on the strength of the set binder, liquid
glass with different silicate modules (Ms) was
used. According to (Bisenov et al., 2005;
Bazhenov 2003; Bazhenov et al, 2006;
Bazarbaeva 2010; Vysotsky and Tsarik, 1993;
Volzhensky and Chistov, 1991; Glukhovsky et al.,
1981; Goncharov et al., 2000, 2002; Goncharov,
1999; Dvorkin, 1993; Danilovich and Skanavi,
1988; Kapustin et al, 2000; Korneyev et al.,
1999, 2002; Kasimov et al., 1989; Rybyev, 2007;
Suleimenov, 1996; Isakulov, 2009, 2011; Akulova
et al.,, 2013a, 2014a) binding compositions based
on fly ash and such alkaline ingredients as
Na>SOs and Na>COs do not harden in normal
conditions and when steamed. The compositions
of slag-alkali binders, consisting of such active
mineral additives as high-calcium fly ash (50 wt

%) + phosphorous slag (42 wt %) + liquid glass (8
wt %), with different silicate modules, were
investigated at solution densities from 1,100 to
1,300 kg/cm3.

It is known (Bisenov et al., 2005; Bazhenov
2003; Bazhenov et al., 2006; Bazarbaeva 2010;
Vysotsky and Tsarik, 1993; Volzhensky and
Chistov, 1991; Glukhovsky et al, 1981;
Goncharov et al., 2000, 2002; Goncharov, 1999;
Dvorkin, 1993; Danilovich and Skanavi, 1988;
Kapustin et al., 2000, Korneyev et al., 1999,
2002; Kasimov et al, 1989; Rybyev, 2007;
Suleimenov, 1996; Isakulov, 2009, 2011; Akulova
et al., 2013a, 2013b, 2014a, 2014b; Sokolova et
al., 2017; Isakulov and Zhiv, 2014; Issakulov et
al., 2010) that it is possible to control the process
of structure formation in slag-alkali binder
systems by selecting an alkaline ingredient with
controllable dissociation. The dissociation rate on
the ingredient’s nature, temperature conditions,
alkaline medium (pH), and dispersed medium.
Researchers (Bisenov et al., 2005; Bazhenov,
2006; Glukhovsky et al., 1981; Goncharov et al.,
2000, 2002; Goncharov, 1999; Dvorkin, 1993;
Danilovich and Skanavi, 1988; Kapustin et al.,
2000; Korneyev et al,, 1999, 2002; Kasimov et
al., 1989; Rybyev, 2007; Suleimenov, 1996;
Isakulov, 2009, 2011; Akulova et al., 2013a,
2014a) also showed that the introduction of low-
module liquid glass and salts Na:SO., NaCl to
slag-alkali binder systems, based on slags with
1< T[, = 1, increases the rate of strength
development at the early stages of hardening and
in final activity.

To study the effect of the content of
complex alkaline ingredients on the strength and
the setting time of the slag-alkali binder, a soda-
sulfate mixture was used in the form of an
aqueous solution with a density of 1,200 kg/cm?,
which was added to the liquid glass with silicate
module Ms-3. To compare the results, we also
tested binders on the basis of fly ash with
phosphorous slag without soda-sulfate mixture,
with liquid glass only. The effect of the soda-
sulfate mixture on the compressive strength of
set binder was also considered for the binder
based on phosphorous slag. The research also
included the investigation of binder compositions
based on phosphorous slag when gauging fly ash
with an alkaline ingredient consisting of liquid
glass and an aqueous solution of the soda-sulfate
mixture at the ratio 50:50. Two types of heat
treatment were used: heat treatment at a
temperature of up to 80 °C for 12—-14 hours
(heating of samples without steam) and steam
curing in standard mode at 60-100 °C at
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atmospheric pressure. In order to avoid intensive
evaporation of moisture, the molds with samples
were tightly sealed.

It is known (Bisenov et al., 2005; Bazhenov
2003; Bazhenov et al.,, 2006; Bazarbaeva 2010;
Vysotsky and Tsarik, 1993; Volzhensky and
Chistov, 1991; Glukhovsky et al, 1981;
Goncharov et al., 2000, 2002; Goncharov, 1999;
Dvorkin, 1993; Danilovich and Skanavi, 1988;
Kapustin et al., 2000; Korneyev et al., 1999,
2002; Kasimov et al, 1989; Rybyev, 2007;
Suleimenov, 1996; Isakulov, 2009) that it is
possible to control the process of structure
formation in alkaline binders by adjusting the
glass composition or mixing slags of different
basicity and structure, as well as by
microcalculating a part of the dispersed phase by
creating an organic or mineral composition on
their surface. When developing the binder,
phosphorus slag was ground into a powder with a
specific surface of 50-56 um. Soluble sodium
silicate and soda-sulfate mixture (waste products
from caprolactam production) were used as
alkaline ingredients. Fly ash with a specific
surface of 2,550 cm?/g from Aktobe CHP was
used as an active mineral additive. The slag-
alkali binder was prepared as follows: dry fly ash
was thoroughly mixed with dry ground
phosphorous slag, then gauged with an alkaline
ingredient solution (soda-sulfate mixture + liquid
glass). For the study, we developed the following
composition of the slag-alkali binder: active
mineral additive high-calcium fly ash (50 wt %) +
phosphorous slag (42 wt %) + alkaline ingredient
consisting of the co-sulfate mixture and liquid
glass at the ratio 50:50 (8 wt %). The effect of the
active mineral additive (fly ash) on the
compressive strength of set binder was studied. It
was revealed that there is a dependence of the
binder strength on the fineness of fly ash. It is
known (Bisenov et al., 2005; Bazhenov 2003;
Bazhenov et al, 2006; Bazarbaeva 2010;
Vysotsky and Tsarik, 1993; Volzhensky and
Chistov, 1991; Glukhovsky et al., 1981) that the
principal amount of the vitreous phase is
concentrated in the smallest (less than 56 um)
fraction, i.e., in quartz of 56—105 microns. The
finer the fraction of ash, the more melted particles
it contains and the higher the strength properties
of the set binder. The characteristics of raw
materials show that the residue of fly ash on
sieve 008 is 21 %. Taking into account the results
of the above tests, we conducted experiments in
parallel to study the effect of coarse fractions (>
800) on the binder strength. For this, ash of the
following specific surface was used:

1) initial fly ash (Ssp — 300 m2/kg);
2) fly ash (Ssp — 360 m?/kg);
3) fly ash (Ssp — 410 m2/kg).

The specific surface of fly ash was modified
by adding coarse fractions to ash, sieved through
sieve 008. To study the effect of phosphorus slag
content on the strength characteristics of set
slag-alkali binder, active mineral additive (fly ash)
and phosphorus slag, gauged with an alkaline
ingredient solution, were used (Tables 5 and 6).

For a better understanding of the influence
of the content of slags and aluminosilicate
ingredients in the slag-alkali binder, the binder
composition was optimized. In the result, it was
observed that the silicate module of the alkaline
ingredient, the density of the alkaline ingredient,
the solvent-solid ratio and the content of
phosphorous slag in the slag-alkali ingredient
have the greatest influence on the properties of
the slag-alkali binder. By reducing and increasing
the content of the alkaline ingredient and
reducing the silicate module of the alkaline
solution, the slag content in the aluminosilicate
ingredient can be reduced, which is a criterion for
obtaining optimal slag-alkali solutions.

The density and the silicate modulus of the
alkaline ingredient have the greatest effect on the
binder strength. At the same time, their joint
influence can be expressed by the pairing effect.
When the content of phosphorous slag in the
aluminosilicate ingredient is 50 %, the solution-
slag ratio is 0.32, the density of the alkaline
ingredient is 1,300 kg/m3, and the silicate module
of the alkaline ingredient is 3.0, one can obtain
binders with the M500 grade activity. In order to
obtain M500 grade binders at the same slag
content, one needs an alkaline ingredient with the
silicate module of 2.0, the density of 1,300 kg/m3
and the solution-slag ratio of 0.36. The obtained
results confirm the previous findings that with
increased content of phosphorous slag in the
aluminosilicate ingredient, the strength increases.
Therefore, it was decided to choose the
maximum content of phosphorous slag in the
aluminosilicate ingredient of 50%, i.e., 50% fly
ash + 50% phosphorous slag.

The most important characteristics of
binders, which determine the basic properties of
concrete based on them, include the setting time
and strength variation kinetics. These properties,
in turn, depend mainly on the type of
aluminosilicate ingredient, as well as on the type
and density of the gauging liquid. These
characteristics were  examined on the
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compositions of studied binders, taking into
account their optimality in terms of strength. The
setting time of binders based on fly ash and
phosphorous slag was studied using the gauging
silicate solutions with various densities.

3. RESULTS AND DISCUSSION

The X-ray analysis of the products of the
interaction of the binder, consisting of fly ash and
phosphorous slag, gauged with the alkaline
ingredient, consisting of an aqueous solution of
sodium liquid glass and soda-sulfate mixture,
showed that these products were calcite and low-
basic calcium hydrosilicates, such as gyrolite.

The IR spectroscopic study of samples,
based on high calcium fly ash, showed (Figure 1,
Curve 1) that the aqueous solution of sodium liquid
glass and the soda-sulfate mixture was alkaline; the
position and the shape of the main band of
stretching vibrations of silica-oxygen bonds
changed (Figure 1, Curve 2). This indicates the
almost complete interaction of the alkaline solution
with fly ash, as a result of which boron, along with
silicon, belongs to the fourth coordination of anionic
groupings.

The integrated study of physicochemical
interaction of binders based on high-calcium fly ash
showed that the phase composition of binders was
determined by the type of alkaline ingredient and
additive. It was established that formulas, based on
fly ash, had binding properties and the phase
composition of the set product determined the
nature of these properties.

As the density of the alkaline ingredient
solution increased, its concentration increased as
well. This increased the strength of the set slag-
alkali binder. When the density of the alkaline
ingredient solution was 1,100 kg/cm?3, the
strength of the set binder was 16.3, 26.5 and 22.9
MPa, respectively, for sodium silicate solutions
with Ms 3, 2 and 1. If the density of the alkaline
ingredient solution was increased from 1,100 to
1,300 kg/cm3, the compressive strength of the set
binder improved by 1.7-2 times, which was 30.7,
47.1 and 45.9 MPa, depending on the module. If
the silicate module of liquid glass was reduced to
2, the strength improved by up to 1.5 times as
compared to the tests with a similar density of the
solution. However, if Ms was decreased to 1, no
strength gain was observed as compared with the
formulas with sodium disilicate.

The introduction of the soda-sulfate mixture
as an additive significantly intensified the slag
glass hydration, apparently, due to its chemical

composition.  Soda-sulphate  mixture  also
contributed to the formation of fibrous calcium
hydrosulfoaluminates, which serve as additional
reinforcement and compact the stone structure.
The results showed that during the steam curing,
when the soda-sulfate mixture was introduced
into the formula, the tensile strength of the
samples under compression was 7—-22% higher
than that of the samples exposed to heat
treatment. The increase in the soda-sulfate
mixture content in the alkaline ingredient up to
75% by volume improved the strength of the set
binder. Thus, the compressive strength of the set
binder, based on liquid glass, was 31.1 and 38.3
MPa, respectively, for samples exposed to steam
curing and heat treatment. The strength of the
samples, based on 75% soda-sulfate mixture,
was 45.1 and 47.7 MPa, respectively. At the
optimum ratio of the soda-sulfate mixture to the
liquid glass (75:25), the setting time became
nearly 7 times longer as compared with the
control sample.

The samples prepared on fly ash (Ssp =
360—-410 m2/kg) had a compressive strength of
60-100% higher than the samples prepared on
initial fly ash. It was found that the strength of
unburned alkali binders based on fly ash, like
other mineral binders, depends on the fineness of
fly ash (Table 5).

As the tests showed, with a higher content
of phosphorous slag, the compressive strength of
slag-alkali binders increases and reach 47.7 MPa
(Table 6).

The obtained optimal formulas of slag-alkali
binders, with different densities and silicate
modules of the alkaline ingredient, and their
properties are given in Table 7. Therefore, the
use of fly ash to obtain a binder with the strength
of 4664 MPa appears to be efficient. It was
confirmed that it is possible to adjust the
properties of ash-based and ash-slag-alkali-
based binders. At the same time, binders of the
same grade can be obtained by adjusting the
formula of the binder by changing some ratios.

The binder grade can be adjusted within a
wide range to obtain slag-alkali wood concretes.

It was established that as the solution
density increases, the binder setting time
becomes longer. When the density of liquid glass
was 1,300 kg/m3, the binder would set
instantaneously, i.e., it is hard to examine it. By
reducing the density of liquid glass to 1,100
kg/mé3, the initial setting lasted 3 minutes, and the
final setting, 5 minutes. When the density of liquid
glass was 1,300 kg/m? with silicate module Ms 1,
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the initial setting lasted 7 minutes, and the final
setting, 10 minutes. The experiments showed
that the ash-alkali binders were quick-setting with
all gauging liquids. At that, the initial setting
occurred after 1 hour 45 minutes, and the final
setting, after 6 hours (Table 8). According to the
results of the above studies and experiments, it
can be argued that slag-alkali binder, based on
fly ash, are quick-setting. It is known that
reducing substances of organic aggregates
greatly increase the setting time of binders;
therefore, slag-alkali  binders  can be
recommended in the production of lightweight
concrete. The kinetics of changing the strength of
the developed binder formulas compositions
depends on their composition, processing
conditions, and the setting mode. The change in
the strength of the set slag-alkali binder samples,
which hardened in natural conditions or were
exposed to heat treatment, was investigated on
dry-cured samples that aged for 28-360 days.
The results of the tests with binder formulas,
which included fly ash and sodium disilicate and
hardened in natural conditions (Table 9),
indicated that these binders had the compressive
strength of 43.0 MPa after 28 days and 45.3 MPa
after 360 days.

The same formula, after 28 days of aging
and heat treatment, had the compressive
strength of 43.8 MPa, which indicates that heat
treatment improves the binder strength (see
Table 9).

By day 360, the compressive strength of
wood-concrete reached 48.5 MPa. The binder,
consisting of fly ash and phosphorous slag in
proportion 1:1 by weight, had strength 57.0 MPa
after heat treatment and 63.9 MPa after 360 days
of aging. The same formula, set in natural
conditions, had strength 50.0 MPa after 28 days
of aging, and 61.2 MPa after 360 days (Table 9).

At that, the strength of 360-day old slag-
alkali binders increased by 1.2-1.5 times in
comparison with the initial strength, which
indicates long-lasting structure formation. The
strength gain in these binders can be explained
by their formula and setting conditions.

Previous studies have proven (Bisenov et
al., 2005; Bazhenov 2003; Bazhenov et al., 2006;
Bazarbaeva 2010; Vysotsky and Tsarik, 1993;
Volzhensky and Chistov, 1991; Glukhovsky et al.,
1981; Goncharov et al., 2002; Goncharov, 1999;
Kapustin et al., 2000) that the properties of
hydraulic binders, along with compounds of alkali
earth metals, are inherent in compounds of alkali
metals.

These conclusions can also be supported
by our experimental data. We used sodium
hydroxide and sodium silicate and non-silicate
salts, which give an alkaline reaction, as the
alkaline ingredient. The aluminosilicate system
includes clay minerals, which, by the chemical
and mineralogical composition and the
articulation of main structural elements,
sufficiently comprise all types of clay (the most
widely used raw material), and which can be
used both in formulas of hydraulic alkali binders
and substandard aggregates.

Studies  (Glukhovsky et al, 1981;
Goncharov et al., 2002; Goncharov, 1999) have
shown that the compound on the basis of
kaolinite is formed at low-temperature treatment
(373-573 °K) if non-silicate salts of alkali metals,
such as sodium carbonate, are added as the
alkaline ingredient.

Our experiments also confirm the fact that
with slag-alkali binders new compounds can be
obtained, similar to natural sodalites of the
carbonate-sodalite  type, which  resemble
nepheline hydrate. The presence of the source
raw materials (for example, hydromica), an
excess of silica, or its introduction with kaolinite
and montmorillonite, and the heat treatment and
steam curing intensify the processes of
physicochemical interaction. Based on the
established regularities, we developed slag-alkali
binders based on alkali metal compounds,
engineered the production technology, and
described their physicomechanical properties.

Binders based on alkali aluminosilicates are
obtained by grinding glasses, sintered masses or
calcinates of natural and synthetic substances, in
which the ratio between basic oxides must be
1:1, and by gauging alkali metal compounds with
solutions that give an alkaline reaction (Bisenov
et al., 2005; Bazhenov 2003; Bazhenov et al.,
2006; Bazarbaeva 2010; Vysotsky and Tsarik,
1993; Volzhensky and Chistov, 1991; Glukhovsky
etal., 1981).

Our data is also consistent with the above
studies. We obtained binding formulas based on
highly active additives that set in natural
conditions, and after heat treatment and steam
curing. Their activity depends on the basicity of
the silicate ingredient, the type of alkaline
ingredient, and the setting conditions. Thus, the
theoretical foundations of the setting of hydraulic
alkali binders are fundamentally different from
those of ordinary hydraulic binders, since they
contain neither lime nor cement clinkers. The
strength gain during setting occurs due to the
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formation of alkali aluminosilicate structures,
which by mineral composition imitate natural
minerals such as micas and zeolites, and their
water resistance and durability are determined by
analogy with the latter. In this system, the ratio
between new (alkali) and traditional (alkali-earth)
binding substances may vary greatly. Such
binders are fundamentally different from known
calcium binders, which are not considered as an
independent ingredient of hydraulic binders due
to their very high solubility as compared to alkali-
earth binders. When slag-alkali binder sets, there
occurs a cation exchange between calcium oxide
in the slag and alkaline ingredients. It results in
the formation of free alkali, which contributes to
the predominant formation of low-base calcium
silicates. Simultaneously with them, there appear
sodium hydrogarnates of variable composition
and  sodium-calcium  hydroaluminosilicates.
These compounds are similar to natural minerals,
which gives the binder good physical and
mechanical properties. It should be noted that the
above binder formulas are quick-setting.
However, if Ms is reduced to 1, the setting time is
somewhat longer. Most likely, this is caused by
good stability of liquid glass with a lower silicate
module, which has a higher charge on the
surface of the particles against the coagulating
effect of ash ions Ca*2>. When studying the
composition of fly ash, it was determined that
unburned particles of coal are concentrated in
large fractions of ash. Equally metamorphosed
unburned fuel particles are present in the ashes
of all solid fuels. If the combustion process is
proper, their number is small; in other cases, their
content may reach 20% or more. The organic
matter, transformed in the furnace, differs from its
initial state and converges in the form of coke and
semi-coke with a very low hygroscopicity, yielding
volatile substances. It can be assumed that the
coarse fractions and the unburned part of fuel,
remaining in fly ash, impair the quality of the
latter.

It was found that the binder systems based
on phosphorus slag have great strength. This can
be explained by the fact that granulated
phosphorus slag, as a more active ingredient of
the system, produces enough hydrates to give
strength to slag-alkali binders. One can also
make a tentative conclusion that alkali systems
based on silicate alkali salts should be preferred
because they have higher potential as compared
to non-silicate alkali salts, such as Na;SO4 and
Na2COs. It was also established that soda-sulfate
mixture in slag-alkali binders based on
phosphorus slag increases the strength of up to
45%. In addition, the introduction of the soda-

sulfate mixture in the binder formula significantly
reduces the binder cost as compared to that
based on industrial liquid glass.

4. CONCLUSION

The physicochemical processes in binders
with active mineral additives based on high-
calcium fly ash were studied. The phase
composition of the binder formulas is determined
by the type of alkaline ingredient and additive. As
the developed binders set, low-basic tobermorite
hydrosilicates and alkali new growths appear. Fly
ash-based formulas have binding properties, and
the phase composition after setting determines
the nature of these properties, and the strength of
unburned alkali binders with added fly ash
depends on the fineness of fly ash and the
particle size distribution. The density and the
silicate module of the alkaline ingredient have the
greatest effect on the strength of the slag-alkali
binder, and the optimal slag content is equal to
the content of phosphorous slag in the
aluminosilicate ingredient, i.e., 50% fly ash + 50%
phosphorous slag. The binders with active
mineral additives, such as high calcium fly ash
and phosphorous slag, at the ratio 1:1 by weight
have compressive strength from 57.0 to 63.9
MPa after heat treatment, which indicates that the
heat treatment improves the binder strength gain.

The study set forth scientifically based
solutions for the production of high-strength
composite slag-alkali binders, which can be used
in lightweight concrete. Importantly, the findings
agree with other studies that addressed the
structure formation of modified composite
concretes based on slag-alkali binders. The
proposed technology allows using composite
slag-alkali binders in the production of lightweight
concrete, to intensify the setting processes in
binders, and to increase their strength by 50—
70% with moderate cement consumption, thus
supporting to waste-free production.
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Table 1. Chemical composition of fly ash

Loss on ignition, % wt

Oxides content, % wt

SiO; Al;O3+TiO2 | FexO3 CaO MQO NaO; SO,
7.33 48.3 23.92 5.94 9.0 1.9 0.18 0.52
Table 2. Composition of alkaline components by volume
Content of Density of Content of Density of
Alkaline alkaline alkaline alkaline alkaline
ingredient ingredient ingredients ingredient ingredients
solution (l) (kg/m3) solution (l) (kg/m3)
Soluble sodium
silicate, 1o=2.6 0.5 1,300 0.75 1,300
Soda-sulphate
mixture (I) 0.5 1,200 0.25 1,200

Table 5. Effect of fly ash fineness on compressive strength of set binder

Specific surface of

Compressive strength

fly ash (m2/kg) Gauge (MPa)
300 Liquid glass 45.2
350 Liquid glass 451
400 Liquid glass 41.5
410 Liquid glass 40.3
300 Soda-sulfate mixture + Liquid glass 47.7
350 Soda-sulfate mixture + Liquid glass 45.5
400 Soda-sulfate mixture + Liquid glass 42.0
410 Soda-sulfate mixture + Liquid glass 40.6

Table 6. Effect of phosphorus slag content on compressive strength of set binder

Aluminosilicate ingredient Alkaline ingredient Solution- | Compressive
Flyash (%) | PROSPIONS S0 | Gauge | S e | C(MPg)
- 100 1,3 0.28 40.2
25 75 1,3 0.30 471
50 50 Liquid glass 1,3 0.34 47.7
75 25 1,3 0.35 32.1
100 - 1,3 0.38 31.0
- 100 1,25 0.28 45.0
25 75 _ 1,25 0.31 46.1
Sodium

50 50 disilicate 1,25 0.36 40.7
75 25 1,25 0.38 36.4
100 - 1,25 0.40 32.6
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Table 7. Optimal formulas and strength properties of slag-alkali binders, depending on the density
and silicate module of the alkaline ingredient

i . Silicate Phosphoro | Flyash | Compressi
Formula si?ilc;“::ttio I(Jlf r;rs':?)/ module us slag content | ve strength
9 (Ms) content (%) (%) (MPa)
1 0.32 1,100 1.0 50 50 46
2 0.34 1,200 2.0 50 50 49
3 0.36 1,300 3.0 50 50 55
4 0.32 1,300 3.0 50 50 64
5 0.34 1,200 2.0 50 50 61
6 0.36 1,100 3.0 50 50 57
7 0.32 1,100 1.0 50 50 59
8 0.34 1,300 3.0 50 50 48
9 0.36 1,300 3.0 50 50 61
Table 8. Setting time of slag-alkali binders
Gauge Setting time (min)
Slag-alkali ingredient . Density . .
Ingredient (kg/m?) Initial Final
1 Fly ash Liquid glass 1,1 3 min 5 min
2 Fly ash Liquid glass 1,2 7 min 10 min
3 Fly ash Liquid glass 1,3 instant | instant
4 Fly ash Soda-sulfate mixture + Liquid 11 15min | 23 min
glass
Fly ash 50% + Soda-sulfate mixture + Liquid . .
5 Phosphorous slag 50% glass 1.2 22 min | 34 min
6 Phosphorcc;:s slag 50 Soda—sulfatzlr;\gg[ure + Liquid 13 o4 min | 35 min

* Normal density is 28—38%.

Table 9. Compressive strength of slag-alkali binders depending on their composition, treatment, and

aging
Compressive strength (MPa)
Formula | Setting condition Slag-alkali ingredient 28 days 360 days
1 In natural conditions | Fly ash + Sodium disicate 43.0 45.3
2 After heat treatment | Fly ash + Sodium disicate 43.8 48.5
3 In natural conditions | Fly ash + phosphorous slag 50.0 61.2
4 After heat treatment | Fly ash + phosphorous slag 57.0 63.9
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Figure 1. IR spectroscopic study of samples, based on high calcium fly ash: Curve 1 — aqueous
solution of sodium liquid glass; Curve 2 — same with soda-sulfate mixture added

Periédico Tché Quimica. ISSN 2179-0302. (2019); vol.16 (n°32)
Downloaded from www.periodico.tchequimica.com
387

The Periédico Tché Quimica (ISSN: 1806-0374; 2179-0302) is an open-access journal since 2004. Journal DOI: 10.52571/PTQ. http://www.tchequimica.com.

This text was introduced in this file in 2021 for compliance reasons.

© The Author(s)

OPEN ACCESS. This article is licensed under a Creative Commons Attribution 4.0 (CC BY 4.0) International License, which permits use, sharing, adaptation, distribution, and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third-party material in this article are included in the
article 's Creative Commons license unless indicated otherwise in a credit line to the material . If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.



	36_ISAKULOV_pgs_375_387



