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Introduction

Slag-alkaline cements [1,2,3], alkali-activated gypsum-free cements [4], Pyrament-
type cements [5] or geopolymeric binders [6,7] have in common the alkaline activation of clinker
or of substances with latent hydraulic properties, such as blast-furnace slag or fly-ash. The ef-
fect of solutions of alkaline compounds such as NaOH, Na,COj; or Na,SiO3 on hydraulically
active substances is based on disintegration of Si-O-Si bonds, yielding hydrates of alkali-

calcium aluminosilicates similar to zeolites Mn[— (Si-0), —AI—O]n.wHZO, apart from C-S-H

phase hydrates, gehlenite hydrate and hydrogarnets. Alkali-activated binders provide the possi-
bility of utilising inorganic waste materials because the properties of mortars and concretes
based on activated binders are sometimes superior to those of standard Portland cements. The
presence of zeolite-type substances is responsible for advantageous changes in the alkali-
activated binders, for example a higher resistance to acids [9,11].

Most studies concerned with alkali-activated binders were devoted to slag-alkaline ce-
ments [1,2,3]. The literature presents comparatively little data on binders based on alkali-
activated fly-ash. The papers by Silverstrim et al. [8], Blaakmer and van Loo [9] and Palomo et
al. [12] indicate that alkaline activation can also be used in the case of fly-ash type materials, in
a way similar to that of blast-furnace slags.

The present article is devoted to the study of the effects of alkaline activators (NaOH
and Na,SiO3) on aqueous suspensions of fly ash, fly ash + ground granulated blast-furnace slag
[10], fly ash + blended Portland cement [11].

Experimental

The materials used in the study were power-station fly-ash Chvaletice and ground
granulated blast-furnace slag Vitkovice. The chemical compositions of the substances are given
in Table 1.

Table 1. Composition of slag Vitkovice, fly ash Chvaletice and blended Portland cement

wt.% S|02 A|203 F6203 CaO MgO SO3 Kzo Nazo T|02 P205

Slag [43.2| 7.51 05 4147 | 436 | 0.82 |0.63

Ash 524 | 26.7 8.6 3.1 116 | 0.87 |1.64| 037 | 2.1 | 0.15

Blend. PC [ 322 | 5.8 1.3 | 45.0 | 91 36 | 03 0.4
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In the experiments, use was made of non-ground fly-ash with a specific surface area of
210 m’/kg (Blaine) as well as of fly-ash samples ground in ball mill to a surface area of 450 -
600 m2/kg. The blast-furnace slag was ground in a vibration mill to a surface area of 350 and
520 m2/kg respectively. The blended cement (20% clinker+80% slag + gypsum) was ground in
ball mill to specific surface 290 mzlkg. The binder was prepared by blending the ash and the
slag (or blended PC) over a proportion range of 100 - 5 wt.% ash + 0 - 95 wt.% slag. The
SiO,/Na,0 ratio (the Ms modulus) in the alkaline activator was adjusted in the individual experi-
ments over the modulus range from Mg = 0.6 to 1.6 by additions of NaOH to the water glass,
which itself had a modulus of Mg = 1.68. The total concentration of the alkaline activator was
kept so that the Na,O content amounted to between 4 and 10% of the binder weight. The alka-
line activator was added in the form of solution to the dry mixture of ash and slag or blended
PC. The pastes were mostly prepared with a water ratio of 0.30, which provided acceptable
workability.

The pastes prepared were characterised by the time of early set (Vicat) and by deter-
mining their relative visual workability. The binder pastes were formed into specimens
20x20x20mm in size which were subject to two ways of curing: "moist curing" consisted of keep-
ing in moulds in 95 % r.h. for 24 hours, then unmoulding (if strong enough) and keeping in the
same environment until testing. The "hydrothermal curing" comprised 24 hours in moulds at
95% R.H., then heating up to 60°C during 1 hour and to 40 - 90°C during two hours. The speci-
mens were kept at the final temperature (in most cases 80°C) for 4 hours. After that the speci-
mens were stored "dry" at 20°C at 40 to 50% r.h. until the testing. Compressive strengths were
determined after 2, 7 and 28 days. The broken specimens were subjected to X-ray diffraction,
TA analyses, Fourier transform infrared spectroscopy (FTIR) and high pressure Hg-porosimetry.
The microstructure of fracture surfaces was studied by scanning electron microscopy, and se-
lected areas analysed by the ED spectrometer (ZAF correction, oxygen counted up to 100%).

The rheological properties of activated slag-ash mixture pastes depend on the Mg
modulus and on Na,O content. An improvement of workability and thus the possibility of reduc-
ing the water ratio results from increasing the proportion of ground slag in the ash-slag mixtures,
from reducing the Ms modulus of the alkaline activator, and from increasing the overall Na,O
concentration. The paste workability is impaired by grinding the ash and slag to a greater fine-
ness.

The time of early set of the mixture is reduced when the content of ground slag is in-
creased. This rule holds for all the Na,O concentrations studied and for all of the Mg module.
With respect to the time of early set, mixtures with a high ash content should use activators with
a Mg modulus ranging from 0.6 to 1.0, whereas activators with Ms module higher than 1.0 are
more suitable for mixtures richer in ground slag. The effect of particle size on the time of set is

slight, the latter becoming somewhat shorter as a result of grinding to higher fineness.
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The strengths of alkali-activated ash-slag mixtures depend on the ash/slag ratio and
ash/blended PC, on Mg modulus, on Na,O concentration and on curing conditions (Fig.1-4). For
systems with a high ash content the initial strengths (at 20°C) are very low and virtually inde-
pendent of Na,O concentration and the Mg modulus. The 28-day strengths of the systems cured
at 20°C are likewise relatively low. An increase in the slag content brings about distinct im-
provements in both short- and long-term strength development at 20°C.

Hydrothermal curing has a considerably strong effect on strength development of the
systems in question when both short- and long-term strengths increase with increasing tem-
perature and time of the hydrothermal treatment. However, prolonging of the hydrothermal cur-
ing beyond 6 to 8 hours has no significant effect.

At a high Mg modulus of 1.5 the initial reactivity of the mixture is very poor and the
strengths are virtually immeasurable. Somewhat higher strengths are only achieved at higher
contents of slag and with hydrothermal curing. A considerable increase in strength can be at-
tained with Mg modulus values of less than 1.0. A very rapid rise in strength was established for
mixtures containing 50-70% fly-ash and 50-30% slag. Still higher slag contents cause the
strength to fall a little. The results obtained indicate that a high content of alkaline activator (10%
Na,O) and a low Ms modulus would be required to achieve measurable strengths with systems
containing 100-95% fly-ash. Alkali-activated systems comprising fly-ash alone (free of ground
slag additions) exhibit poor strengths even under conditions of hydrothermal curing.

With mixtures containing 50% fly-ash and 50% slag, high strengths can be achieved at
low Mg moduli even at a lower Na,O concentration (7%). Lower Na,O concentrations can only
be used with systems containing prevailing proportions of slag. A comparison of 2-day and 28-
day strengths shows that the strength rise in the case of hydrothermal conditions is small com-
pared to humidity curing. The speeding up of hydration by hydrothermal conditions is consider-
able. Long-term strengths (over 360 days) of alkali-activated mixtures show further increase in
strength under the "dry curing" conditions.

The fly-ash particle size has an only limited effect on the strength achieved but this does
not apply to slag where the fineness of grinding is of great importance (Fig.4). With the system
containing 50% fly-ash and 50% slag, use of additionally ground slag, a Ms modulus of 0.6, a
content of 10% Na,O and hydrothermal curing resulted in 28-day strengths of up to 170 MPa.

Analogous results were obtained with mortars where strengths ranging from 100 to 140
MPa were obtained both after curing at 20°C and after hydrothermal treatment.

The experimental data on the properties of the systems in question show that the prin-
ciple of alkaline activation is also applicable to power-station fly-ash. However, the formation of
hydrates in mixtures comprising 100% fly-ash is much slower, even under hydrothermal condi-
tions, than in the case of slag. The higher content of Al,O; and CaO in slag as compared to fly-
ash obviously contributes to formation of bonding hydrates, in particular those similar to zeo-

lites. The data obtained indicate that high strengths can be obtained by optimising the composi-
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tion of the solid phase of the binder, namely the ash-to-slag ratio and the composition of the
alkaline activator. In contrast to slag-alkaline cements, the optimum composition of the alkaline
activator lies at lower values of Ms.

After curing at normal temperatures as well as after hydrothermal curing,
materials based on alkali-activated substances with latent hydraulic properties (ash-slag mix-
tures) attain high strengths which markedly exceed those achieved with standard Portland ce-

ments. The strengths attained are even comparable to strengths of new materials, as DSP
materials and MDF materials

The basic products of hydration in alkali-activated mixtures were identified in specimens
hydrated at 20°C and cured hydrothermally at 80°C, following further 28 days of "dry curing".
The basic material of the hydrates (regardless of the curing conditions) is of prevailingly amor-
phous character only seldom containing needle-shaped minority formations. The results of TA
(Fig.5) are likewise indicative of amorphous (gel-like) products characterised by the width of the
endothermic peaks. XRD patterns (Fig.6) show that the hydration products are prevailingly of X-
ray amorphous character where the only diffraction (apart from those of the original materials) is
that at d=0.304 nm, solely occurring in systems with a high content of slag. The line obviously
corresponds to the C-S-H phase formed. The FTIR spectra (Fig.7) of alkali activated fly ash
show differences when compared with the spectrum of the starting fly ash:

e The presence of added water increases intensity of bands at 3500 and 1650 cm™”

e The main band due to Si-O and Al-O vibrations which is at 1080-1090 cm™ in the fly ash,

moves towards lower frequencies (1039 and 980 cm™)

The results of porosity measurement are on Fig.8. The change in the concentration of Na,O
changed the pore size distribution. At same wi/c is the porosity and pore size distribution of alkali
activated fly ash lower than on Portland cement. The results of ED spectrometer analyses of
fracture surfaces (Fig.9) appear that most of the hydrates consist of amorphous matter com-
posed of sodium aluminosilicate hydrates. The Na,O content in the solid phase of the dominant
products virtually corresponds to Na,O concentration in the alkali activator, which means that
the sodium from the activator has been built into the crystalline lattice of the hydrates. The mi-
nority part of the hydrates is probably composed of polymerised water glass where Si was par-
tially substituted by Al.

The materials based on chemically activated substances with latent hydraulic properties
obviously belong among materials, which, due to their high strength and a prevailingly amor-
phous microstructure, represent a transition between classical inorganic binders and ceramics.
These alkali-activated materials can be ranked in the group called "chemically bonded ceram-
ics" together with materials like MDF or DSP. However, the materials based on chemically acti-
vated hydraulic substances are prepared by standard methods, show acceptable rheological
properties and a suitable setting point. In this respect one can see further application possibili-
ties for these binders.
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Conclusion

Alkaline activation (by the effect of NaOH and Na,SiO; solutions) is capable of signifi-
cantly promoting the reactivity of substances with latent chemical properties such as fly ash or
mixtures of fly-ash with ground slag.

Chemically activated mixtures of fly ash alone (without additions of ground slag) exhibit
poor strength even under conditions of hydrothermal curing.

Mixtures with a high fly-ash content activated by a low activator concentration (< 4%
Na,O) attain low 28-day strengths even when cured hydrothermally. A higher proportion of alka-
line activator (more than 7% NayO) with a low Mg modulus (Mg < 1) is necessary for activating
systems with a higher fly-ash content (of more than 70%).

Attainment of high strengths requires a certain minimum content of slag in the ash-slag
mixture (approx. 10 - 30%). The presence of slag brings about a marked increase in reactivity of
alkali-activated fly-ash mixtures at all of the activator concentrations studied, obviously due to
the CaO brought into the mixture by the slag. In this way, also calcium hydrosilicates and hy-
droaluminates can take part in producing the strengths. The optimum properties (compressive
strength 120 to 170 MPa) were achieved with systems composed of 70 - 50% fly-ash and 30 -
50% slag, activated by alkaline activator of 7% Na,O concentration and with modulus Mg = 0.6.

The hardened alkali-activated fly-ash or fly-ash/slag materials consist of amorphous
hydrates composed of sodium aluminosilicates and the C-S-H phases.

The new materials based on alkali-activated substances with latent hydraulic properties
obviously belong among materials which as a result of their high strengths and prevailingly
amorphous microstructure constitute a transition between classical inorganic binders and ce-

ramics, and can be ranked to the group called "chemically bonded ceramics".
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