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Abstract

Industrial high-calcium fly ashes obtained by burning Kansk-Achinsk
coal at a thermal power plant and selected from different fields of
electrostatic precipitators of an ash collecting plant were studied as
the basis for composite binders (CB). The main factors influencing the
properties of such CBs are the particle size, the concentration of su-
perplasticizer at a water:binder (w/b) ratio of 0.25, and the propor-
tion of HCFA in the mixture with cement. In particular, for cementless
CBs at w/b 0.4, it was found that a change in the particle size dgo
from 30 pm to 10 pm leads to an increase in compressive strength by
more than 2 times - from 5.5-14 MPa to 11-36 MPa, accordingly, with
a curing age of 3-300 days. The 0.12% additive of Melflux 5581F su-
perplasticizer at w/b 0.25 increases the compressive strength - up to
14-32 MPa and up to 24-78 MPa, accordingly. The HCFA-cement
blends were investigated in the range of 60-90% HCFA and the max-
imum compressive strength 77 MPa at 28 days of hardening was found
at 80% HCFA. On the basis of 80% HCFA blend with the 0.3% addi-
tion of Melflux 5581F and 5% silica fume, the specimens of ultra-high
strength (108 MPa at 28 days of hardening) were obtained.
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1. Introduction

Fly ash from coal burning is considered as a technogenic
resource of mineral raw materials in various technologies
of their processing into valuable products [1-3]. For ex-
ample, because of the environmental and economic bene-
fits, fly ashes (FAs) are used as supplementary cementi-
tious materials (SCMs) in the production of modern con-
struction composite materials [4-6]. The effect of fly ash-
es on the properties of composite materials can vary
strongly depending on the fly ash composition. In the
compositions with cement, all FAs exhibit a pozzolanic
activity in the reaction between Ca(OH)2, which is formed
during hydration of the silicate phases of cement, and
aluminosilicate glass (a component of the FA) to yield cal-
cium silicate hydrates (C-S-H), calcium aluminosilicate
hydrates (C-A-S-H),
(C-A-H) [7].
(20-40%) contain calcium-bearing phases that

and calcium aluminate hydrates
Fly ashes with high calcium content
inde-
pendently exhibit binding properties: lime CaO, anhydrite
CaSO0y,, calcium aluminate CazAl-Os, calcium aluminoferrite

Ca4Al2Fe2010, and dicalcium silicate B-Ca.SiO4 [8-10].
These ashes were also found to contain such crystalline
phases as calcite CaCOs, quartz a-SiO., periclase MgO,
hematite a-Fe»03, ferrospinel, and various calcium alumino-
silicates [11-13]. The phase composition of HCFAs varies
greatly for different sources and primarily in terms of glass
content: from 23 to 82% [8, 11, 12].

Moreover, the phase composition varies greatly for fly
ashes sampled from different fields of electrostatic precip-
itators (EP).

According to the data [14], the content of the glass
phase increases by 2.2 times in the series of high-calcium
fly ashes from the 1% to the 4™ field of the EP, but the con-
tent of free CaO decreases by a factor of 5.6. Even more
radical differences are observed in the particle size, for
example, the maximum size distribution shifts from ~25 to
~3 pum for HCFA of 1%t and 4™ fields, respectively [8].

When the content of fine cementitious components in-
creases in the binder, it becomes more important to use
water-reducing admixtures. Already the third generation of
water-reducing admixtures is used to reduce water demand
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— polycarboxylate ether superplasticizers (PCE). These
agents allow controlling the water-to-cement ratio and
properties of fresh concrete mortar, as well as affect the
hardening rate and strength of the product with high effi-
ciency. The mechanism of action of PCE is based on the
fact that carboxyl groups (-COOH) in the polymer back-
bone ensure adsorption on the surface of cement grains,
while side polyester chains cause steric hindrance, thus
preventing the coalescence of fine particles [15]. Different
components of the mineralogical composition of cement
are known to vary in terms of their adsorption character-
istics with respect to superplasticizers. Namely, calcium
silicates Ca3SiOs and Ca.SiO4 have a negative (-potential
(-5 mV), while calcium aluminate CazAl-Os¢ and calcium
aluminoferrite CasAlzFe2010 are characterized by a positive
C-potential (~+10 and +5 mV, respectively) [16]. Once the
superplasticizer is adsorbed, the surface of Ca3Al.Os¢ and
CaysAl.Fe>010 becomes negatively charged, thus contrib-
uting to mutual repulsion of cement particles and causing
high dispersibility of cement. There are few data on the
behavior of dispersed mineral components with respect to
superplasticizers in the available literature. So, for exam-
ple, the study focused on cements with admixtures of alu-
minosilicate FA, ground limestone powder, and blast-
furnace slag with C-potentials of +13 mV, +2.5 mV, and
-2.7 mV, respectively, showed that the greatest amount of
polycarboxylate ether superplasticizer was adsorbed in the
case of limestone powder, while this amount was the low-
est in the case of slag [17]. Therefore, in order to achieve
identical rheological parameters, the highest superplasti-
cizer concentration was used in the case of limestone
powder, and the lowest superplasticizer concentration, in
the case of slag admixture.

Although the scope of practical application of coal ash-
es is currently expanding, there is still no clear under-
standing of the regularities of the influence of the compo-
sition, the particle size, as well as the type and concentra-
tion of a superplasticizer, on the structure and properties
of cementitious materials based on fly ash, in particular,
on high-calcium fly ash. This study aimed to investigate
the influence of the particle size, the composition of HCFA
and HCFA-PC blends, as well as the content of a super-
plasticizer admixture on the strength properties of ce-
ment-free and highly filled (60-90% HCFA) composite
cements materials.

2. Experimental

2.1. Objects

High-calcium fly ashes produced during pulverized com-
bustion of grade B2 low-ash (11%) brown coal mined from
the Kansk-Achinsk coal basin were used as the starting
material for the composite specimens. The coal was
burned at a temperature of 1400-1500 °C in the furnaces
of the BKZ-420 boiler with liquid slag removal at the
Krasnoyarsk Thermal Power Plant 2. The fly ashes were
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sampled from fields 3 and 4 of electrostatic precipitators
(fractions 3 and 4, respectively) on a setup characterized
by a particle capture efficiency of 298%. Portland cement
PC 42.5 N manufactured at Krasnoyarsk Cement Plant was
also used in this study. Melflux 5581F polycarboxylate
ether (BASF Construction Solutions,
Trostberg, Germany) and silica fume MKU-95 (Stromex

0JSC, Moscow, Russia) were used as admixtures.

superplasticizer

2.2. Methods

Particle size distribution was measured on an Analysette
22 MicroTec laser diffraction particle size analyzer
(Fritsch, Germany) using a dry cell. The macrocomponent
composition (SiO, Al.O3, Fe>03, CaO, MgO, SO3, Na:0, K0,
and TiOz) and loss on ignition (LOI) were determined by
chemical analysis in compliance with a State standard
GOST 5382-91.

Quantitative XRD analysis was performed using the full-
profile Rietveld method [18]. The XRD patterns were rec-
orded in reflection geometry using Co Ka radiation on a
PANalytical X'Pert PRO diffractometer equipped with a
PIXcel detector and a graphite monochromator. The XRD
pattern were recorded in the range of diffraction angles
20=7-100°. The mass percentages of the crystalline and
amorphous components were determined by the external
standard method (using corundum). The absorption coeffi-
cients of the samples were calculated from the total ele-
mental composition according to the chemical analysis data.
This method has been successfully used for quantification of
the phase composition of HCFA [8, 10]. The specific surface
area (SSA) was determined using a NOVA 3200e sorption
analyzer (Quantachrome Instruments, USA) in the low-
temperature nitrogen adsorption/desorption mode at -
195.8 °C (77.35 K) in the range of relative pressures
P/Po=0.01-0.995.

The 20x20x20 mm hardened cube-shaped composite
specimens were produced from 100% HCFA (fraction 3 or
4) at a water-binder ratio w/b = 0.4 without the super-
plasticizer (specimens FA-3 and FA-4, respectively) or at a
water-binder ratio w/b =0.25 with an admixture of
0.12 wt.% Melflux 5581F superplasticizer (specimens
100fa-3 and 100fa-4, respectively). Superplasticizer con-
centration was chosen according to the results of the
flowability test [10]. The reference specimens were pro-
duced from cement PC 42.5 N at a w/b ratio = 0.4 without
a superplasticizer (specimen PC_04) and w/b = 0.25 with
the admixture of 0.12 wt.% Melflux 5581F superplasticizer
(specimen PC_o025). All the specimens were stored in a
moist atmosphere for 1-300 days. The specimens of the
composite materials with composition HCFA-PC were pre-
pared (where HCFA is fraction 4, its content in the blend
being 60, 70, 80 and 90%) at w/b = 0.25 and concentra-
tion of the Melflux 5581F superplasticizer being 0.12%
(specimens 60fa, 70fa, 8ofa, and 9ofa, respectively). The
composition containing 80% HCFA was used to produce
the specimen 8ofa-SF at w/b ratio = 0.25 with an admix-
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ture of 0.3% Melflux 5581F superplasticizer and 5% of
silica fume to the blend. The strength tests of the speci-
mens were conducted on a 3360 Series dual column tab-
letop universal testing system (Instron, USA) at a frame
speed of 5 mm/min. Compressive strength was measured
for four cubes for each curing age, and calculated as the
average of three nearest strength values.

3. Results and discussion

3.1. Characteristics of initial fractions of HCFA
and Portland cement

The particle size distribution data (Table 1) show that
HCFA fraction 4 has a much smaller particle size com-
pared to that of fraction 3. In particular, dgo is ~10 and
30 um, while dso is 4 and 9 pm for fractions 4 and 3, re-
spectively. Meanwhile, both these fractions are much
smaller than PC particles. For PC 42.5 N, the particle size
distribution is shifted towards coarser particles: dgo and
dso are 55 and 20 um, respectively. The total specific sur-
face area (SSA) of powder materials is primarily deter-
mined by the particle size, but it is also influenced by oth-
er factors such as particle density and porosity.

The studied HCFA fractions consist of microspheres of
different sizes and morphologies [14]. The microspheres
are formed from authigenic minerals (being responsible
for their composition) contained in coal in the porous
structure of the carbon matrix regulating their size [19].

The analyzed fractions 3 and 4 sampled from fields 3
and 4 of the electrostatic precipitators of the ash collec-
tion facility have similar chemical compositions, as can be
seen from the content of the five main components of the
composition (Figure 1). The predominant component is
CaO (40 and 39.69 wt.%); the content of SiO- is apprecia-
bly high (24.26 and 24.60 wt.%), while the content of oth-
er macrocomponents is significantly lower (Al2Os3,
6.71wt.% and 7.30wt.%; Fe.03, 13.45wt.% and
14.29 wt.%; MgO, 9.10 wt.% and 8.24 wt.%, respectively).
Unlike Portland cement PC 42.5 N, these fractions are
characterized by a lower (1.6-fold) content of CaO, but
higher contents of the SiO», Al.O3, Fe>03, MgO components.
Both fractions are characterized by a significantly higher
content of total CaO compared to most Class C fly ashes
from pulverized coal combustion [1, 20-22], which causes
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Fraction 4 is characterized by lower contents of the
Ca3Al.06 and CaO phases, while the contents of Ca-FexAlyOs,
CaCOs, Ca(OH)2 and the amorphous phase are increased.

In comparison with the fly ash fractions, PC 42.5 N
cement has a qualitatively different phase composition
[14]. It contains tricalcium silicate Ca3SiO4 as the predom-
inant component (64.5 wt.%), and clinker phases typical
of cement are also present: dicalcium silicate Ca.SiOy,
aluminoferrite Ca.FexAlyOs, aluminate Cas3Al.0s, as well as
calcium sulfate hydrates CaSO4-0.5H.0 and CaSO,4-2H-0,
which are commonly added during grinding.

3.2. The effect of particle size of HCFA fractions
on strength of composite materials without
and with superplasticizer admixture

A detailed description of the prepared composite speci-
mens is given in Table 2.

Measuring compressive strength (ccomp) of the speci-
mens based on 100% HCFA of each fraction 3 and 4 at a
water-binder ratio w/b = 0.4 without a superplasticizer
(Figure 2, specimens FA-3 and FA-4) demonstrated that
Gcomp iS 2- to 2.6-fold higher for FA-4 compared to FA-3
and is equal to 11-36 MPa and 5.5-14 MPa, respectively, at
the curing age of 3-300 days.

45

Ca0O
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§ 20
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&
MgO
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Figure 1 The content of the main components in the chemical
composition of fractions 3 and 4.

Table 2 Mixture proportion (wt. %) of composite materials (SF -
silica fume; W/B - water/binder ratio; SP - superplasticizer).

HCFA

. ) . L. Specimen ————————— PC SF W/B SP
a higher contribution of Ca-containing phases. Fr.3 Fr. 4
Fractions 3 and 4 contain the same phases, but there FA-3 100 - - - 0.4 -
are some differences in their contents. The amorphous A4 - 160 - - 0-4 -
phase (32.6 and 42.1 wt.%) is the predominant component ~_"-%4 - - 100 - 04 -
of both fractions 3 and 4 [14]. PC_o025 - - 100 - 025 0.2
100fa-3 100 - - - 0.25 0.12
Table 1 Dispersity characteristics of HCFA fractions 3 and 4 and 100fa-4 - 100 - - 0.25 0.12
Portland cement PC 42.5 N. 60fa - 60 40 - 0.25 0.12
Sample dgo, pm dso, pm SSA, g/cm3 70fa - 70 30 - 0.25 0.12
Fraction 3 30 9 1.52 8ofa - 80 20 - 0.25 0.12
Fraction 4 10 4 2.36 gofa - 90 10 - 0.25 0.12
PC 42.5 N 55 20 0.30 8ofa-SF - 80 20 5 0.25 0.3
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While the fractions’ compositions differ only slightly,
the higher fineness of fraction 4 is the key factor being
responsible for the higher strength of the FA-4 specimens
compared to those of the FA-3 specimens. The most active
phases of these HCFA are Ca.FexAlyOs, CaSO,, CaO and
glass [10] more actively involved in the hydration process
with an increase in the dispersion of the ash material,
forming more hydrate products that increase strength.

The effect of fraction fineness on the strength of com-
posite materials is quite expected when using the Melflux
5581 F superplasticizer, which provides better dispersibil-
ity of micron and submicron particles in the liquid phase.
Melflux 5581F is a polycarboxylate ether superplasticizer
consisting of the poly(methacrylic acid) backbone and
methoxypolyethylene glycol side chains [23]. The mecha-
nism of dispersion ensured by Melflux 5581F superplasti-
cizer is considered to be related to electrostatic repulsive
forces generated by carboxyl groups (-COO~) of the back-
bone on the surface of cement grains and to the steric ef-
fect of repulsion induced by the hydrophobic side chains of
methoxypolyethylene glycol [24]. The effect of superplas-
ticizer admixture was studied for the specimens based on
100% HCFA of each fraction (3 and 4) at Melflux 5581F
concentration of 0.12% and w/b ratio = 0.25 (Figure 3,
specimens 100fa-3 and 100fa-4, respectively).

70
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Figure 2 Compressive strength of specimens FA-3 and FA-4 and
Portland cement PC_04 at a w/b ratio = 0.4 without superplasti-
cizer added.

¢ 100fa-4

Wr—————

80 +

70
PC_04
60

50 |

40} .
100fa-3

30 ¢

20 |

Compressive strength (MPa)

10 +

0 50 100 150 200 250 300 350
Age (days)
Figure 3 Compressive strength of specimens 100fa-3 and 100fa-4

at a w/b ratio = 0.25 with an admixture of 0.12% Melflux 5581F
and PC_o04 at a w/b ratio = 0.4 in the absence of superplasticizer.
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The findings indicate that strength of 100fa-4 speci-
mens increased more than two-fold: up to 24-78 MPa af-
ter the curing age of 3-300 days. A similar effect was also
observed for 100fa-3 specimens, whose strength increased
to 14-32 MPa after the same curing age. The Gcomp value of
100fa-4 specimens was similar to that of the reference
specimens based on Portland cement PC 42.5 N at w/b
ratio = 0.4 without the superplasticizer (PC_04) during
the early curing age, while being higher than that of the
reference specimen by ~10 MPa during the late curing age
(Figure 3). More detailed studies were conducted for the
specimens based on fraction 4.

3.3. The effect of cement admixtures on strength
of composite materials

The effect of cement admixtures on activity of the fly ash
fraction 4 was studied for the specimens of composite ma-
terials based on mixture HCFA-PC (Table 2), where the PC
content is 10, 20, 30, and 40% and the HCFA is fraction 4
with its content in the blend of 9o, 80, 70, and 60 wt.%
(specimens 9ofa; 8ofa; 7o0fa, and 60fa, respectively).
Strength values of the specimens containing an admixture
of 40 wt.% cement (specimen 60fa) and the without ce-
ment admixture (specimen 100fa-4) at the curing age of
28 days are comparable to those of specimen PC_04 based
on 100 wt.% cement at w/b ratio = 0.4 in the absence of
superplasticizer (Figure 4). If the content of cement ad-
mixture is 10-30 wt.% (HCFA content is 70-90 wt.%), the
compressive strength rises and passes through the maxi-
mum at PC content of 20 wt.% (specimen 8ofa in Fig-
ure 4), where ccomp is 77 and 125 MPa at the curing age 28
and 100 days, respectively.

With an increase in curing age to 100 days, the
strength of specimens with a high fly ash content (speci-
mens 70fa, 80fa, 9ofa, and 100fa4) increases to a greater
extent (1.3-1.6 times) compared to specimens with a high
cement content (PC_o4, 60fa, PC_o025), for which the
strength increases by 1.1-1.16 times (Figure 4). The ob-
served rise in strength is the significant advantage of using
fine HCFA as a basis for cementitious composite materials.

160 7

B 28 days
I 100 days

= 1407

MP:

~ 1207

]

ngth

100 7

80

1

=3

Compression stre
£
)

PC 04

60fa 70fa 80fa 90fal00fa-4 PC 025 80fa-SFk
Specimen

Figure 4 Compressive strength of the composite specimens based

on PC 42.5 N (PC_o4 and PC_025), on fraction 4 (100fa-4), on

HCFA-PC blends (60fa, 70fa, 80fa, and 9ofa), and sample 8ofa-SF

containing 0.3% Melflux 5581F and 5% of silica fume added to

the blend.
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Figure 5 Optlcal microscope images of the cured specimens at
100 days: Portland cement (a); 80% fr4 - 20% PC (b).

A similar effect was observed by the authors of [4]
when 18% of PC was replaced with Class C fly ash (CaO
36.56 wt.%) in self-consolidating concretes containing a
polycarboxylate ether superplasticizer HRWR (admixture
content, 1.28 wt.%). The specimens were obtained with a
compressive strength close to that of specimens based
100 wt.% PC at curing age of 7 days and exceeding it by
3-6 MPa at the curing age of 28-90 days. As the ash con-
tent increased to 36%, the strength increased even more.
Unlike high-calcium fly ash, admixtures of fly ash with
aluminosilicate composition (Class F) usually reduce early
strength of cement-based composite materials [4, 25]. For
example, the addition of Class F fly ash of 10-40% leads to
a decrease in strength by 1.5-3 times at the curing age of
3-7 days and, with an increase to 70% FA, the strength
decreased by 6-13 times. Thus, the factors for improving
the strength of cement compositions in the early stages
are the higher CaO content in fly ash, the decrease in the
size of ash particles, and the addition of a superplasticizer,
which facilitates their dispersion.

It was previously established [14] that the main newly
formed phases for the binder based 100% HCFA are
ettringite 3Ca0-Al.03-3CaS04-32H20, calcium carboalumi-
CasAl>(0OH)13(C03)0.5:4H-0,
CasAl(OH):2C0O3:5H20 and cryptocrystalline calcium hy-

nate hydrates

drosilicates. Since calcium aluminoferrite Ca:FexAlyOs was
actively involved in their formation, the ettringite and
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calcium carboaluminate phases are solid solutions due to
the isomorphous replacement of Al3* with Fe3*. The main
source of silicates is the amorphous phase (glass). The
contribution of glass transformation yielding cryptocrys-
talline calcium hydrosilicates increases with curing time.

The microstructure of the hardened sample obtained
with the addition of HCFA fraction 4 (Figure 5) becomes
thinner compared to the hardened Portland cement sam-
ple and, consequently, finely mixed hydrate phases are
formed, providing a higher strength of the composite
material.

Based on a blend of 80% HCFA - 20% PC at
w/b = 0.25, the ultra-high strength specimens (8ofa-SF)
were obtained by increasing the concentration of Melflux
5581F to 0.3% and adding silica fume (SF) in an amount of
5%. Compressive strength of 8ofa-SF specimens is 108
and 150 MPa at curing age 28 and 100 days, respectively
(Figure 4). Adding the silica fume can improve properties
of composite materials due to denser packing of particles
and the pozzolanic reaction with Ca(OH). yielding addi-
tional calcium hydrosilicates [15].

4. Conclusions

The factors of improving the strength of the composite
materials based on high-calcium fly ash were investigated
in this study.

The effect of particle fineness on strength of the ce-
mentless composite materials based on microspherical
fractions of high-calcium fly ashes (HCFA) with total CaO
content of ~40 wt.% was studied. It was found that for fly
ash fractions having similar chemical and phase composi-
tions, a decrease in the particle size from dgo 30 pm (frac-
tion 3) to 10 pum (fraction 4) increases compressive
strength more than twofold: from 5.5-14 MPa to
11-36 MPa at curing age of 3-300 days.

The effect of adding a superplasticizer was studied and
it was found that the addition of 0.12% Melflux 5581F
made it possible to reduce the w/b ratio to 0.25 and in-
crease the strength by 2.3-2.5 times for the specimens
based on fraction 3 - up to 14-32 MPa and by 2.2 times for
the specimens based on fraction 4 - up to 24-78 MPa at
the curing age of 3-300 days.

The influence of adding PC 42.5 N on the enhance-
ment of strength of the composite materials based on
HCFA fraction 4 of in the presence of 0.12% Melflux
5581F at w/b ratio = 0.25 was studied in the range of
10-40% PC. It was found that the value of compressive
strength has a maximum at 20% PC (80% HCFA), which
is 77 and 125 MPa with the curing age of 28 and
100 days, respectively.

On the basis of the composition 80%HCFA-20%PC, the
ultra-high strength specimens were obtained with the ad-
dition of 0.3% Melflux 5581F and 5% silica fume, which
have a compressive strength of 108 and 150 MPa at the
curing age of 28 and 100 days, respectively.
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