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The hydration and the microstructure of three alkali activated slags (AAS) with MgO contents between 8 and
13 wt.% are investigated. The slags were hydrated in the presence of two different alkaline activators, NaOH
and Na2SiO3·5H2O (WG). Higher MgO content of the slag resulted in a faster reaction and higher compressive
strengths during the first days. The formation of C(−A)–S–H and of a hydrotalcite-like phase was observed in
all samples by X-ray diffraction (XRD), thermal analysis (TGA) and scanning electron microscopy (SEM)
techniques. Increasing the MgO content of the slag from 8 to 13% increased the amount of hydrotalcite and
lowered the Al uptake by C–S–H resulting in 9% higher volume of the hydrates and a 50 to 80% increase of the
compressive strength after 28 days and longer for WG activated slag pastes. For NaOH activated slags only a
slight increase of the compressive strength was measured.
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1. Introduction

Alkali-activated binders based on ground granulated blast-furnace
slag represent a viable and sustainable alternative to Portland cement
since they use by-products of other industrial manufacturing
processes. If one ton of slag replaces one ton of clinker, about
800 kg of CO2 emissions can be “saved” [1,2]. Thus, the use of slag has
important economical and environmental implications. Although a
large proportion of global slag is used by the building industry, there is
still a proportion remaining which is not yet used due to insufficient
reactivity. The easiness of activation and the hydration of the slags
depend mainly upon the mineralogical composition and fineness of
the slag and on the type of the alkaline activator used. The addition of
alkalis stimulates the dissolution of the slag and thus the formation of
hydration products, mainly calcium silicate hydrates incorporating
significant amounts of aluminium (C(−A)–S–H), hydrotalcite-like
phase and strätlingite [3–5]. Activated slag systems often exhibit a
rapid strength development, and using the adequate activators can
lead to rapid setting, good durability and high resistance to chemical
attack [6–8].

Many aspects of the chemistry of slag hydration activated by alkali
still need to be explored, impeding the solution of the remaining
practical problems and obstructing a wider application of this kind of
binder. Probably most studies on AAS are focussed on the activator
and not on slag chemistry. Knowing that “good slags” (=easily
activated in a cementitious environment) are already largely used, a
better understanding of the effects of the chemical composition of the
slag could indicate ways to use less reactive slags efficiently.
Understanding the hydration and development of the microstructure
is the key to understand the performance of slags. Questions
regarding the influence of different components such as mineral
additions or slag composition on the hydration process and
mechanical strength are of great interest as they have a major impact
on the applicability of any construction material. The present study
aims to investigate the effect of the MgO content in the slag on the
kinetics of slag reaction and on compressive strength.

Experimental studieson theeffect ofMgOonslagsare rare. In the iron-
making process, the slag–iron interfacial tension was found to slightly
increase with increasingMgO content in the slag [9]. It was reported that
the MgO content of slag has a beneficial effect on the soundness of the
autoclaved Portland cement–slag blends if the MgO was bound in non
reactive phases such as merwinite, but was harmful for autoclaved
cements when MgO was present as more reactive periclase [10].

An investigation, where 30% Portland cement was blended with
5.4% of anhydrite plus gypsum and 65% of different granulated
blastfurnace slags, observed that the highest compressive strength of
the mortars was measured at high Al2O3 and low MgO/Al2O3, i.e.
where a high quantity of ettringite formed and little hydrotalcite [11].
In alkali activated slag systems, it has been reported that a small
amount of crystalline phases in the slags and/or more MgO increased
the compressive strength, whilst the presence of more Al2O3 had a
negative effect [12].

The present study aims to investigate the effect of MgO on the
hydration properties of alkali activated slag over 1 year, using three
slags with different MgO contents whilst the contents of the other
oxides are nearly constant. Sodium silicate and sodium hydroxide are
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Fig. 1. XRD patterns of the M8 and M13 slags.
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used as activators. A multi-method approach involving strength
measurements, calorimetry, X-ray diffraction, thermogravimetry,
scanning electron microscopy and thermodynamic modelling is
used to study the hydration mechanisms.

2. Materials and methods

2.1. Slags

Three technical slags with different MgO contents of 7.7 wt.%
(M8), 10.5 wt.% (M11) and 13.2 wt.% (M13) were used. The slags
were ground in a laboratory ball mill to a specific surface of 5000 ±
100 cm2/g (Table 1).

2.2. Binder formulations

Two alkaline activators, NaOH (3.77 g/100 g slag) and sodium
water glass Na2SiO3∙5H2O (WG) (10.0 g/100 g slag) were used,
resulting in the same Na2O content in both cases. A water to binder
ratio of 0.40 was applied.

2.3. Methods

2.3.1. Anhydrous slags
The chemical composition of the anhydrous slags was analysed by

XRF using a Philips PW 2400 instrument. The particle size distribution
wasdeterminedwitha laser granulometerMalvernMastersizerX.X-ray
powder diffraction (XRD) was carried out with an incident beam
monochromator and CuKα radiation (λ=1.54 Å) on a PANalytical
X'Pert Pro MPD diffractometer in θ–2θ configuration with an angular
scan 5–65° 2θ and an X'Celerator detector. An internal standard (CaF2)
was added to the anhydrous slag in order to deduce the amorphous
content of the material and to follow the position of the hump around
0.3 nm (~30° 2θ; Fig. 1) that characterises the amorphous slag [13,14].
The 29Si NMR spectra were recorded on a Bruker ASX 400 spectrometer
(9.39 T magnetic field) at 79.5 MHz and at 4.5 kHz spinning rate in
7 mmZrO2 rotor. The 29Si chemical shift of thepeakswas analysedusing
the Qn classification, where the Si tetrahedron is connected to n Si
tetrahedra with n varying from 0 to 4. The 29Si chemical shift was
referenced relative to tetramethylsilane Si(CH3)4 (TMS) at 0 ppm.

2.3.2. Hydration
To study hydration, pastes with water to binder ratio of 0.40 were

prepared. The initial water content of WG was taken into account in
Table 1
Chemical composition and granular properties of the slags used in the study.

M8 M11 M13

Loi −0.8 −0.86 −0.4
SiO2 38.2 37.1 36.4
Al2O3 12.0 11.5 11.3
Fe2O3 1.6 1.8 1.4
CaO 35.8 34.6 33.4
MgO 7.7 10.5 13.2
SO3 1.4 1.2 0.36
K2O 1.2 1.1 1.0
Na2O 0.41 0.40 0.52
TiO2 0.50 0.48 0.47
Mn2O3 1.5 1.5 1.4
P2O5 0.03 0.03 0.02
Ca/Si molar 1.00 1.00 0.98
Mg/Al molar 0.81 1.16 1.48
Density (g/cm3) 2.92 2.93 2.94
Blaine (g/cm2) 4990 5070 5010
% R90 μm 0 0 0
% R18 μm 23.0 18.7 21.8
% R 3 μm 76.9 74.7 76.9
order to have same water content for the hydration. The activators
were dissolved prior to the mixing in the water to ensure a good
repartition in the paste.

About 5 g of paste were filled in a glass vial, sealed and loaded into
a TAM Air isothermal calorimeter in order to determine the rate of
heat of hydration during the first week at 20 °C.

The compressive strengths were determined on duplicate paste
cubes (25×25×25 mm) for each testing age. They were cured in
sealed plastic vessels at 20 °C, demolded at each testing ages and cut
into the required size. The compressive strength was also determined
on duplicate mortar prisms (40×40×160 mm) for different testing
age up to 28 days according to EN 196–1. The mortar was prepared
with a water/binder ratio of 0.45, a binder/aggregate ratio of 1/3 using
standardised aggregate according to EN 196-1 (b2.5 mm) and the
same quantity of alkali activator as in the pastes. The samples were
cured under saturated conditions at 20 °C.

For thermogravimetric analysis (TGA) and X-ray diffraction
analysis (XRD), the hydration was stopped by solvent exchange
with isopropanol. Prior to measurement the samples were ground
below 63 μm. Samples of about 20 mg were weighed into aluminium
oxide crucibles. TGA measurements were performed between 30 and
980 °C at a heat rate of 20 K/min in a Mettler Toledo TGA/SDTA851.
The standard deviation on three independent measurements at
different tested ages is not larger than 0.2 g/100 g for total bound
water. XRD was performed as described above, but without CaF2
standard.

For the microscopical investigations slices of hydrated samples
were cut. They were immediately immersed in isopropanol and
subsequently dried at 40 °C for 24 h. They were then impregnated
using a low viscosity epoxy resin and polished down to ¼μm. The
samples were further coated with carbon and examined using a
Philips ESEM FEG XL 30 scanning electron microscopy (SEM).
Backscattered electron images (BSE) were analysed quantitatively to
determine the capillary porosity and the degree of reaction at
-100 (ppm)-90-80-70-60-50-40

29Si NMR
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Fig. 2. NMR spectra of the M8 and M13 slags.
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Fig. 3. Influence of the MgO content of the slag on the hydration kinetics.
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Fig. 4. Influence of theMgO content of the slag on the cumulative heat during hydration.
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different hydration times using image analysis (IA) [15–17]. Over 80
images were taken on a large polished section of 20 mm diameter per
sample at a magnification of 2500. The minimum pore radius
measured corresponds to 0.05 μm. Energy dispersive X-ray spectros-
copy (EDX) was applied to determine the elemental compositions of
the hydrate assemblage. The analyses were carried out using an
accelerating voltage of 15 kV to ensure a good compromise between
spatial resolution and adequate excitation of the FeKα peak. Over 60
points (EDX spots) per sample at each studied age were analysed (see
Fig. 7).
2.3.3. Thermodynamic modelling
Thermodynamic calculations were carried out using a consistent

set of thermodynamic data [3,18,19], which had been originally
compiled and verified for Portland cement systems. A geochemical
modelling programme, GEMS [20], was used to calculate the kind and
amount of solids precipitated. Based on the molar volume [cm3/mol]
of the phases [18,19] present in the sample, the volume of each
individual hydrate as well as the total volume of the hydrating slag
was calculated. The measured composition of the slag (XRF data, cf.
Table 1) and the activator was used as input. The uptake of alkalis by
C–S–H was approached by using an ideal solid solution model
between jennite, tobermorite, [(KOH)2.5·SiO2·H2O]0.2 and
[(NaOH)2.5·SiO2·H2O]0.2 as proposed by Kulik et al.[21]. The alumin-
ium uptake in the C(−A)–S–H was taken into account based on the
EDX measurement. It was assumed that the incorporation of
aluminium, which occurs mainly at bridging sites [22,23], does not
influence the molar volume of the tobermorite-like C–S–H, as the
incorporation of Al has been reported to stabilise the 14-Å
tobermorite [24].
3. Analysis of the unhydrated slags

The difference in MgO content may cause differences in the
chemical and physical characteristics of the unhydrated slags. Thus a
detailed analysis is performed, and the results of the different studied
slags are compared.

3.1. Chemical composition

The chemical compositions determined by X-ray fluorescence (XRF)
and the granular properties of the three slags are given in Table 1. A
small amount of additional metallic ironwas observedwhich originates
from the laboratory ball mill.

3.2. XRD

The results of the quantitative phase analysis of the three studied
slags are given in Table 2. The different slags exhibit high amorphous
contents (N98.5%) and only very minor contents of crystalline phases
(melilite and merwinite) (Table 2; Fig. 1).

3.3. 29Si NMR

29Si NMR has been performed to observe the effect of MgO content
on the structure of the glassy phase. Themethod allows distinguishing
different chemical neighbourhoods (i.e. coordination) for the nucleus
under investigation (in this case 29Si) and to quantify its occurrence in
the different coordination states. As Mg2+ is a small and highly
charged cation, it tends to act as a networkmodifier andmight induce
modification of the glass structure with the amount of Mg2+.

The obtained spectra present a broad peak between −40 and
−100 ppm (Fig. 2) covering the 29Si chemical shift ranges of Q0 to Q3

units. The strong overlapping does not permit any deconvolution of
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the signal. There is no change of the NMR signal with the increase of
Mg2+meaning that the silicate network composed of Q0 to Q3 species
is not strongly affected by the amount of Mg2+ in the structure. No
significant depolymerisation of the silicate network is observed.
10 20 30 40 50 60

Na(OH), 28d
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Fig. 6. Comparison of the XRD patterns of the different MgO content NaOH activated
slag at 28 days.
4. Hydration

4.1. Compressive strength

The use of NaOH activator results in a 1 day compressive strength
of the pastes of about 8–10 MPa higher than for theWG activated slag
(Table 3). After 7 days of hydration, NaOH activated samples show
only a moderate strength gain reaching values between 25 and
28 MPa after 1 year. The WG activated slags perform poorly after
1 day, but reveal high compressive strengths between 69 and
105 MPa after 1 year of hydration. These observations agree with
other studies [25–30].

With increasing MgO content of the slags a more rapid strength
development is obtained for both activators and a higher compressive
strength is reached both at early (days) and late (1 year) hydration
times. Significantly higher compressive strength is observed for the
M11 and M13 compared to the M8 slags, whilst almost no differences
between M11 and M13 are observed especially at later ages. The
impact of MgO content of the slag is much more pronounced for WG
than for NaOH activated slags.

Complementary strength testing was performed on standard
mortar prisms. The results show a slight increase with the MgO
increase for the WG activated slag but less distinct than observed for
the pastes (Table 4).

4.2. Hydration kinetics

4.2.1. Heat of hydration
The comparison of heat evolution and cumulative heat between

the different slags using NaOH and water glass as activators is shown
in Fig. 3 and Fig. 4. The reaction of slag activated using NaOH is
characterised by one main peak after 3 h, which is not significantly
influenced by the MgO content of the slag (Fig. 3). Only M8 exhibits a
considerable heat development during the first hours but shows a
lower cumulative heat after more than 1 day and longer (Fig. 4).

The hydration of the slags activated usingWG is characterised by a
first peak after 2–4 h and a large second peak corresponding to the
Table 2
Phase composition of the slags by XRD (Rietveld analysis).

M8 M11 M13

amorphous 99.8% 98.9% 98.5%
melilite 0.2% 0.7% 0.2%
merwinite n.d 0.5% 1.3%

n. d.: not detectable.



Table 3
Compressive strengths of the slag pastes in MPa (± 2).

M8 M11 M13

age (days) NaOH WG NaOH WG NaOH WG

1 8.3 n.m. 9.3 3.1 9.5 3.3
7 13.9 21.5 17.8 32.4 17.3 40.4
28 24.2 44.4 25.4 70.9 27.2 78.7
180 24.9 65.1 28.1 93.9 29.9 108.3
360 25.3 69.1 27.1 94.7 28.4 104.7

n.m.: not measured.

Table 5
Degree of hydration measured by SEM-IA (weight percent ±3%).

M8 M11 M13

age (days) NaOH WG NaOH WG NaOH WG

1 30 n.m. 31 n.m. 31 n.m.
7 33 13 37 27 36 32
28 38 38 39 39 39 42
180 44 46 47 46 46 48
360 54 53 56 58 58 57

n.m.: not measured.
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main reaction after 2 days of activation in the case of M13 and M11
slags and after more than 6 days for M8. The second exothermal peak
is earlier, narrower and more intense for M13 than for M11. The
cumulative heat is significantly higher for the M13 and M11 than for
M8 up to 6 days. After 6 days the total heat released is highest for the
slag with the highest MgO content.

With increasing MgO content of the slags the hydration kinetics
during early ages increases. This effect is much more significant
between M8 and M11 than between M11 and M13.

4.2.2. Slag dissolution
SEM image analysis gives a reliable estimate of the real degree of

reaction of the slag [15,25,31]. The comparison of the quantity of
anhydrous slag after different hydration times with the original slag
content allows calculating the fraction of slag reacted. An increase of
MgO content of the slag increases the hydration degrees (Table 5),
which is consistent with calorimetry data (Fig. 3 and Fig. 4) and the
strength development (Table 3).

For the slags activated by WG, the initial reaction rate is slow,
especially at lowMgO content. Only 13% of theM8 slag is reacted after
7 days compared 27 and 32% of the M11 and M13 (Table 5). This is
consistent with the calorimetric data, where within the first 6 days no
second hydration peak is observed for M8. After 28 days and longer,
the observed reaction degrees aremore comparable although the high
MgO content slags generally showed slightly more slag reaction than
M8.

For the NaOH activated slags the initial reaction is much faster and
thus the differences in the degree of hydration are smaller, even at 1
and 7 days. However, in all cases a slightly higher degree of reaction of
the slags containing more MgO was observed.

At 28 days and longer, a similar degree of reaction is observed for
the NaOH and the WG activated slags, consistent with previous
observations [25].

4.2.3. Bound water
The bound water content obtained by measuring the weight loss up

to650 °Cusing TGA canbeused as ameasure of thehydration kinetics of
a slag [32,33]. The comparison between different slags or different
activators, however, is problematic as different hydrates with differing
water contents also influence the bound water content [25,32].
According to the weight losses given in Table 6, the WG activates the
slagmuchmore slowly than the NaOH activator. After longer hydration
times, however, the water loss is always higher in the case of WG
Table 4
Compressive strengths of the mortars samples in MPa (± 2).

M8 M11 M13

age (days) NaOH WG NaOH WG NaOH WG

1 6 n.m. 5.8 n.m 5.8 n.m
2 8.3 n.m. 7.3 n.m 7.5 n.m
7 13.9 21.5 11.8 30.4 12.1 30.4
28 18.2 41.4 17.0 42.9 17.4 50.7

n.m.: not measured.
activator, due to higher binding of water in C–S–H occurring in theWG
activated samples (see [25]),whilst the degree of hydration is similar for
both activators after 28 days and longer (see above).

The water loss after 1 and 7 days is for M8 considerably lower than
for M11 and M13. The differences get smaller with increasing
hydration time, and after 28 days bound water contents are similar.
However, even after 1 year slightly more water is bound in the slags
containing more MgO. This is consistent with the slightly higher
degree of slag reaction described above. In addition, the higher
amount of hydrotalcite-like phase present (see below), increases the
bound water content of the high MgO slags as the hydrotalcite-like
phase (Mg4Al2O7·10H2O) contains relatively more water than C–S–H.

The general hydration trends of the water loss agree with the
degree of reaction determined by SEM-IA. However, as discussed
previously [25], not only the degree of reaction determines the water
loss but also the composition of the binder and the kind of activator.

4.3. Hydrates

4.3.1. Solid phases
The TGA data as given in Fig. 5 indicate the presence of C–S–H

(main weight loss 50–200 °C) and of a hydrotalcite-like solid (weight
loss at around 200 °C and 400 °C) [33–35]. Both, C–S–H and
hydrotalcite are generally observed in hydrated alkali activated
slags [3,5,8,25,36,37]. As discussed above, after long hydration times
a lowerweight loss is observed for the NaOH activated slags compared
to the WG activated slags. In a previous study [25] we found that
during the fast early reaction of the NaOH activated slags a dense C–S–
H forms, which contains less water compared to the C–S–H in WG
activated slags.

XRD reveals the presence of tobermorite like C–S–H phase and of a
hydrotalcite-like phase for the WG activated slag. No strätlingite or
any other crystalline hydrate could be identified. The hydration
pattern becomes more complex for NaOH activated pastes as in
addition to the hydrotalcite-like phase and the C–S–H also a more
crystalline, sodium rich C(−N)–S–H (labelled as C–S–H (I) in Fig. 6)
with a similar Ca/Si is observed, as already previously reported [25].
The C–S–H gels present in NaOH activated pastes are more crystalline
and contain less water [25].

The Ca/Si ratio of the C–S–H as given in Table 7 is influenced
neither by hydration time nor by the presence of additional MgO. For
NaOH activation, Ca/Si is around 0.9, in agreement with the initial
Table 6
Weight loss between 30 °C and 650 °C determined by TGA of the hydrated samples
(weight percent relative to the hydrated slag).

M8 M11 M13

age (days) NaOH WG NaOH WG NaOH WG

1 9.1 2.4 11.2 9.0 12.5 9.0
7 10.9 2.4 11.9 12.7 12.7 13.8
28 11.4 12.4 13.5 15.7 14.5 17.8
180 12.9 15.6 15.9 17.8 17.5 18.7
360 16.9 19.2 19.2 20.1 19.9 21.7



Table 7
Atomic ratio obtained by EDX analyses (±0.05).

Slag NaOH WG

age (days) Ca/Si Al/Si Mg/Al Ca/Si Al/Si Mg/Al

M8 1 0.89 0.23 2.15 n.m. n.m. n.m.
7 0.90 0.23 2.12 0.79 0.22 2.09

28 0.87 0.23 2.14 0.82 0.22 2.05
180 0.88 0.21 2.10 0.80 0.23 2.04
360 0.88 0.23 2.09 0.81 0.22 2.01

M11 1 0.91 0.18 2.14 0.82 0.17 2.09
7 0.88 0.18 2.11 0.83 0.17 2.05

28 0.87 0.17 2.04 0.81 0.16 2.07
180 0.89 0.17 2.02 0.82 0.16 2.02
360 0.92 0.18 2.10 0.77 0.17 2.01

M13 1 0.91 0.15 2.09 0.78 0.16 2.10
7 0.91 0.15 2.07 0.81 0.14 2.07

28 0.89 0.15 2.08 0.80 0.14 2.05
180 0.87 0.15 2.06 0.81 0.15 2.04
360 0.89 0.15 2.02 0.80 0.14 2.05

n.m.: not measured.

M13 – NaOH – 1d                           5μmM13 – NaOH – 1d                           5μm

Fig. 8. SEMmicrograph of NaOH activated M13 slag after 1 day showing the presence of
hydrotalcite platelets (see circles).
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Ca/Si molar ratio of the unhydrated slag of 1.0 (see in Table 1). For WG
activation a slightly lower Ca/Si of around 0.8 is observed, caused by the
additional SiO2 from the WG activator (Na2SiO3∙5H2O).

The presence of a positive abscissa in the Mg/Si versus Al/Si ratios
in Fig. 7 indicates the presence of Al in the C-S-H and the formation of
a hydrotalcite-like phase with an Mg/Al ratio of~2.1 (Table 7). The Al
incorporation in C–S–H does not depend on the sample age or on the
type of activator. However, the Al incorporation in C–S–H decreases
with increasing MgO content from Al/Si=0.23 for M8 to 0.17 for M11
and 0.15 for M13, as shown in Table 7. Even at high MgO contents, no
magnesium substitution in place of Ca in the C–S–H was observed by
EDX analysis.

The shoulders in TGA at 200 and 400 °C associated with the
hydrotalcite-like phase are more distinct with higher MgO content
(Fig. 5) Also the XRD data indicate that the amount of hydrotalcite
increases with the MgO content (Fig. 6). The Mg/Al molar ratio derived
fromEDXfigure (Fig. 7) is constant at a valueof 2.0 to 2.1 independent of
the activator, MgO content or hydration time (Table 7). This indicates
that in all cases hydrotalcite-like phases with a similar composition are
formed. This Mg/Al ratio is well within the range reported for
hydrotalcite-like phases (1.92 to 4.35) observed in hydrated slag pastes
[38,39].

4.3.2. Microstructure
During the first day of hydration, hydrates precipitate around the

slag particles in the case of NaOH activator (Fig. 8), whilst none or very
little hydrates could be observed for the WG activated samples. In the
matrix of high MgO content slags hydrotalcite platelets can be
observed at early ages (see Fig. 8).

After28 days and longer the reacting slaggrainsof all the studied slags
activated by NaOH are surrounded by C–S–H rims (Fig. 9 and Fig. 10). In
the case of theWG, no clear rims are found. TheC–S–Hdeveloped early in
the NaOH activated slags exhibits a brighter grey level than the C–S–H in
the WG activated systems (Fig. 10) due to the higher density and low
water content of the hydrates as reported in a previous study [25]. The
samples activated using NaOH have a denser C–S–H, andmore pores are
visible in thematrix at later ages (Fig. 9 and Fig. 10). Even after one year, a
coarser microstructure is observed for the NaOH activated slags, and the
hydration products are less homogeneously distributed than in the
matrix of the WG activated samples.

The influence of MgO content on the hydration kinetics is also
visible in the microstructure. The high MgO content slags have less
porosity and less anhydrous slag particles than the low MgO slags up
to 28 days (see Fig. 9, Table 5), at later ages the differences become
smaller. With higher MgO content less small slag particles are present
and the matrix is well developed.
The slags activated with NaOH show a coarse porosity around
18 vol.-% after one day, which decreases to a value of about 12 vol.-%
after one year (Table 8). No influence of the slag composition is
observed. In the case of slags activated with water glass, the porosity
after 1 day could not be measured as the samples were not hardened
enough to prepare polished sections. After 7 days the porosity
decreases with increasing MgO content in accordance with the faster
hydration of the M11 and M13 samples. After 28 days and beyond,
porosity of the WG activated pastes is very low (max. 3 vol.-%) for all
MgO contents.

4.4. Thermodynamic modelling

The thermodynamic calculations indicate that the amount of
hydrotalcite-like phase increases with the increasing MgO content as
shown in Fig. 11 so that at high MgO content a higher fraction of the
available aluminium is bound by the hydrotalcite-like phase (Mg4Al2O7

(H2O)10). The remaining aluminium is incorporated in C–S–H. The Al
uptake by C–S–H is observed to decrease with increasing MgO content
(see Table 7), which is considered in the calculations according to the
EDX measurements. At high MgO content, the formation of traces of
brucite is predicted, which has not been observed in any of our slags
experimentally. This difference could be due to overestimating the Al
uptake in C–S–H or due to the slightly higher Mg/Al ratio of approx. 2.1
in the experimentally observed hydrotalcite-like phase, whilst in the
calculations a slightly lower Mg/Al of 2.0 was used due to absence of
solubility products of hydrotalcite containing more MgO, e.g. Mg6Al2O9

(H2O)12 in the thermodynamic database used [18,19]. From the
literature it is known that a large range of hydrotalcite compositions is
stable, from 1.95 to 4.95 [4,35,40]. At very lowMgO contents (b7%), the
formation of strätlingite is predicted. At higher MgO contents more
hydrotalcite-like phase is calculated to form and less C–S–H. Due to the
lower density of the hydrotalcite-like phase (2.0 g/cm3) [19,41]
compared to the density of 2.23 g/cm3 of a tobermorite like C–S–H
((CaO)0.83 SiO2·(H2O)1.3, [42]), a higher hydrate volume is predicted
and thus a lower porosity. Calculations indicate a 9% higher volume of
thehydrates forM13compared toM8 (Fig. 11). The effect is increased as
at higher MgO contents less Al is incorporated in the C–S–H but forms
hydrotalcite.

Generally the predicted phase assemblage is in all systems in good
agreement with the experimental results where C–S–H as well as
hydrotalcite-like phases have been found. For all investigated slags
the same hydrate assemblage was calculated. The main difference
calculated was the formation of a C–S–Hwith a lower Ca/Si ratio in the
presence of WG and 5% more C–S–H when compared to NaOH



M8 – NaOH – 28d                           20μmM8 – NaOH – 28d                           20μm M8 – WG – 28d                               20μmM8 – WG – 28d                               20μm

M13 – NaOH – 28d                         20μmM13 – NaOH – 28d                         20μm M13 – WG – 28d                             20μmM13 – WG – 28d                             20μm

Fig. 9. Microstructure of alkali activated slags M8 and M13 after 28 days of hydration.
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activated systems. The calculated Ca/Si ratio in the slag C–S–H is 1.05
for the NaOH activated slags and 0.94 for the system activated with
water glass (due to the introduction of SiO2 with the activator)
regardless of the MgO content. The trends agree well with
experimental observations in which we observed the same hydration
products but a lower Ca/Si ratio in WG-activated slags. The alkaline
activator type influences mainly the rate of hydration and the amount
of water in the C–S–H, but the same kind of hydrates is formed.

5. Discussions and conclusions

For all slags investigated, the activation by NaOH led to a faster
initial reaction and higher early compressive strength than observed
for the water glass activated slags. At later ages, however, a similar
degree of reaction is observed for both activators. Dense hydrate rims
are formed during the fast early reaction of the NaOH activated slags
resulting in a larger coarse porosity and a lower compressive strength
at later ages compared with WG activated samples, although
comparable degrees of slag reaction are observed (Fig. 12), as already
discussed in detail in a previous paper [25].

The changes in the MgO content of a blast furnace slag influence
the kinetics of the alkali activated systems and change the amount of
hydrates formed:

i) The samples with the lowest MgO content activated with WG
show a very low hydration heat flow at early ages. This is
consistent with the lower compressive strengths and the slow
reaction of the slag observed. The slags containingmoreMgO show
higher cumulative heat up to 6 days, a higher degree of reaction
and more strength up to 7 days. The NaOH activated slags show
faster kinetics and less differences between the different MgO
contents, but at later ages a much lower compressive strength
compared to the WG activated slags.
ii) Experimental observations as well as thermodynamic model-
ling predict the same phase assemblage with the main hydration
products C–S–H and hydrotalcite-like phase, in the case of the low
MgO slag also possibly traces of strätlingite. HigherMgO content in
the slag increased the quantity of hydrotalcite-like phase in the
hydrate assemblage and decreased the Al uptake by the C–S–H.
iii) The MgO content of the slag is found to influence at longer
hydration times mainly the amount of the hydrotalcite-like phase
formed. At higher MgO contents more voluminous hydrotalcite is
calculated to precipitate and less C–S–H and thus a higher volume
of the hydrates and a lower porosity (Fig. 11).

- In the NaOH activated system, the higher MgO content leads to a
slightly higher degree of reaction and thus to a slightly higher
(approx. 3 MPa) compressive strength at all ages. The increase of the
amount of hydrotalcite-like phase and thus the higher calculated
volume (+9%, Fig. 11) at higher MgO contents has no significant
effect on the compressive strength of the NaOH activated slags as



M13 – NaOH – 1y                             5μm

M13 – WG – 1y                                  5μmM13 – WG – 1y                                  5μm

Fig. 10. SEM-micrograph of NaOH and WG activated slag containing 13% of MgO after
1 year.
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shown inFig. 12a.Also themeasuredcoarseporosity is not decreased
in the presence of more hydrotalcite-like phase.
- In the case of WG activated slags, the high MgO slags show a
much higher compressive strength than the slag M8 at the same
degree of hydration (Fig. 12a). The compressive strengths are
clearly related to the coarse porosity and no differences between
the different MgO contents are observed (Fig. 12b). This indicates
that the 9% higher volumes of hydrates formed for M13 compared
to M8 and the resulting lower porosity is responsible for the 50 to
80% increase of the compressive strength in the paste samples
after 28 days and longer. In the mortar prisms, the increase was
lower probably due to the reduction of the pastes volume to 40% of
the total volume of the mortar samples.
le 8
rse capillary porosity measured by SEM-IA (volume percent ±1%).

M8 M11 M13

e (days) NaOH WG NaOH WG NaOH WG

17.5 n.m. 17.5 n.m. 16.9 n.m.
15.3 17.7 14.3 5.9 14.1 2.2

8 13.2 2.8 12.6 1.0 11.5 0.6
80 12.7 2.6 12.5 0.9 12.2 0.5
60 12.6 2.6 12.5 0.8 12.1 0.4

.: not measured.
- What causes the strongly different behaviour of the NaOH
activated slag is not clear. Possibly the fast early reaction in these
systems and the formation of the dense hydrate layer at early ages
masks the higher volume of the hydrates of the high MgO slags.

The increase of hydrate volume and the corresponding higher
compressive strength with higher MgO content is relevant for alkali
activated slags only. In supersulfated slags or in Portland cement–slag
0
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Fig. 12. Compressive strength of the pastes vs. (a) degree of hydration and (b) coarse
porosity of the different slags. The lines are intended as eye guides only.
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blends, other hydrates are formed and the presence of additional
MgO might decrease compressive strength as reported for Portland
cement–slag blended mortars [11].
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