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The hydration and microstructural evolution of three alkali activated slags (AAS) with Al2O3 contents be-
tween 7 and 17%wt.% have been investigated. The slags were hydrated in the presence of two different alka-
line activators, NaOH and Na2SiO3·5H2O. The formation of C(\A)–S–H and hydrotalcite was observed in all
samples by X-ray diffraction, thermal analysis and scanning electron microscopy. Higher Al2O3 content of the
slag decreased the Mg/Al ratio of hydrotalcite, increased the Al incorporation in the C(\A)-S-H and led to the
formation of strätlingite. Increasing Al2O3 content of the slag slowed down the early hydration and a lower
compressive strength during the first days was observed. At 28 days and longer, no significant effects of
slag Al2O3 content on the degree of hydration, the volume of the hydrates, the coarse porosity or on the com-
pressive strengths were observed.
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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 process-
es. They often exhibit a rapid setting, fast strength development and
high resistance to chemical attack [1–3]. Alkalis are used to stimulate
the dissolution of the slag and thus the formation of hydration prod-
ucts, mainly calcium silicate hydrates incorporating significant
amounts of aluminium, C(\A)-S-H, a hydrotalcite-like phase and
strätlingite [4–9]. The reactivity of the slag depends mainly on the
mineralogical composition, the fineness of the slag and on the type
and concentration of the alkaline activator used.

A fundamental understanding of physical and chemical effects of the
chemical compositions of the slags and of the effect of different activators
on the hydrationmechanisms can give a deeper insight into the relation-
ship between composition and mechanical properties. A better under-
standing of the slag chemistry may lead to the development of more
durable concretes and could indicate ways to use less reactive slags
efficiently.

In a previous study it has been found that increasingMgO contents
in alkali activated blast furnace slag slow down the early hydration
but lead in the long-term to higher compressive strengths [10] as
the formation of additional hydrotalcite leads to an increased volume
of the solid and thus to a lower coarse porosity. The present study
aims to investigate the effect of different Al2O3 contents in the slag
on the kinetics of slag reaction and on compressive strength.

Experimental studies on the effect of Al2O3 on alkali activated slags are
rare. Sakulich et al. [11] reported a delay of the hydration reaction in
NaOH/waterglass activated slags which were mixed with high quantities
of separately added Al2O3. They observed that the addition of a low
amount of Al2O3 (2 wt.%) increased the 7 and 28 days compressive
strength, whilst the addition of 15 wt.% or more did not further improve
the mechanical properties.

A recent study on supersulphated slags activated by 15 wt.% CaSO4

and 0.5 wt.%KOH showed that the slags containingmoreAl2O3 exhibited
a higher reactivity during the first week and a corresponding higher
strength [2]. After longer reaction times, the degree of hydration was
found to be similar, but for the high Al2O3 slag a higher compressive
strength was observed. Gruskovnjak ea. [2] related the higher compres-
sive strength of the Al2O3 rich slag to the higher amount of voluminous
ettringite formed and thus to a higher degree of space filling.

The present study aims to investigate the effect of Al2O3 in the slag on
the hydration properties of alkali activated slag over 1 year, using three
slagswith different Al2O3 contentswhilst the contents of the other oxides
are nearly the same. The slags were activated by sodium metasilicate
pentahydrate (waterglass: WG) and sodium hydroxide. The effect of
the Al2O3 on strength, rate of hydration, and the nature of the different
hydrates are investigated using calorimetry, thermogravimetry, X-ray
diffraction, scanning electron microscopy and thermodynamic
modelling.

http://dx.doi.org/10.1016/j.cemconres.2011.08.005
mailto:barbara.lothenbach@empa.ch
http://dx.doi.org/10.1016/j.cemconres.2011.08.005
http://www.sciencedirect.com/science/journal/00088846
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2. Materials and methods

2.1. Slags

The three granulated blastfurnace slags were ground in a laboratory
ball mill to a specific surface of 5000+/−100 cm2/g (Table 1).

2.2. Binder and paste formulation

Two alkaline activators, NaOH (3.77 g/100 g slag) and sodiumwater
glass Na2SiO3·5H2O (WG) (10.0 g/100 g slag) were used, resulting in
the sameNa2O content in both cases and in thepresence of an additional
2.8 SiO2/100 g slag in the WG-activated systems. The alkaline activators
were dissolved in thewater prior themixing. Thewater was added tak-
ing into account the crystal water ofWG to insure awater to binder ratio
of 0.40.

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 (Table 1). Their particle size
distributionwas determinedwith a laser granulometerMalvernMaster-
sizer X.

X-ray powder diffraction XRDwas 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 amount of
amorphous [12].

The 29Si ΜΑS NMR spectra were recorded on a Bruker Avance 400
NMR spectrometer (field strength of 9.4 T) at 79.49 MHz applying
4.5 kHz spinning rates on a 7 mm CP MAS probe using ZrO2 rotors.
Single-pulse experiments were carried out by applying 90° pulses of
8.8 μs with 1H decoupling of 31.3 kHz (TPPM15) and recycle delays of
4 s in order to respect the relaxation time T1 of the species present in
the samples (a T1 of less than 1 swas determined for the slag by a T1 sat-
uration recovery experiment). The 29Si chemical shift was referenced
externally relative to tetramethylsilane at 0.0 ppm. The observed 29Si
resonances were analysed using the Qn(mAl) classification, where a Si
tetrahedron is connected to n Si tetrahedra with n varying from 0 to 4;
m is the number of neighbouring AlO4 tetrahedra.

The 27Al MAS NMR spectra were obtained at 104.26 MHz on a
2.5 mm CP MAS probe using the above mentioned NMR system. Single
pulse experiments were carried out at 20 kHz spinning rates by
Table 1
Chemical composition (g/100g) and granular properties of the slags used in the study.

A7 A14 A17

SiO2 41.6 38.2 37.2
Al2O3 7.0 14.1 16.7
Fe2O3

a 1.3 1.4 1.4
CaO 39.1 36.0 35.0
MgO 7.2 6.6 6.4
SO3 1.3 1.2 1.0
K2O 0.6 0.6 0.5
Na2O 0.5 0.5 0.5
TiO2 0.3 0.3 0.2
Mn2O3 1.1 1.0 1.0
Molar Ca/Si 1.01 1.01 1.01
Molar Mg/Al 1.29 0.60 0.49
Density (g/cm3) 2.90 2.88 2.87
Blaine (cm2/g) 5021 4963 4985
% R63 μm 0.2 0.4 0.1
% R18 μm 21.6 22.4 22.4
% R3 μm 74.9 76.5 75.6

a Including iron form the laboratory milling.
applying single pulse (π/12) excitation pulses of 0.5 μs and 0.5 s relaxa-
tion delays. The 27Al chemical shifts were referenced relative to a 1.0 M
AlCl3·6H2O solution at 0.0 ppm.

2.3.2. Hydrated samples
About 5 gof paste (water/binder=0.40)weremixed externally,filled

in a glass vial and loaded in a TAM Air isothermal calorimeter in order to
determine the rate of heat liberation during the first week of hydration at
20 °C. The heat flow was measured on duplicate samples, the difference
between the two measurements was negligible. Prior to mixing, the
unhydrated slag, the water and the activator were equilibrated to the
measurement temperature for at least 16 h. In a separate experiment,
about 2.5 g of paste were mixed internally using the admix ampoule in
order to follow the early hydration of the slags.

All paste samples were cured in sealed plastic container at 20 °C.
The compressive strengths were determined on duplicate pastes
samples using two cubes 25×25×25 mm per testing age. The pastes
were demolded and cut into cubes prior to testing.

For XRD and TGAmeasurements, the hydration of the paste samples
was stopped by solvent exchangewith isopropanol. Before analyses, the
samples were grinded by hand below 63 μm. TGA was performed be-
tween 30 and 980 °C at a heat rate of 20 K/min in a Mettler Toledo
TGA/SDTA851. The amount of bound water was determined from the
weight loss between 30 and 650 °C. Triplicate measurements of several
samples indicated that the measurement inaccuracy for total bound
water was ±0.2 g/100 g. XRD was performed as described above, but
without CaF2 standard, on one sample for each measurement time.

Slices of hydrated samples were cut, immediately immersed in iso-
propanol and subsequently dried at 40 °C for 24 h for the microscopical
investigations. Theywere then impregnated using a low viscosity epoxy
resin and polished down to ¼ μm. The samples were further coated
with carbon and examined using a Philips ESEM FEG XL 30 scanning
electron microscope (SEM). Backscattered electron images (BSE) were
analysed quantitatively to determine the coarse porosity and the degree
of reaction at different hydration times using image analysis (IA) [13–
15]. The volume of coarser pores as determined by SEM-IA includes,
depending on the magnification (2500×) used, pore sizes in the range
of 0.05 to 5 μm and is referred to as “coarse porosity” in this paper. To
be statistically representative, over 80 imageswere taken for each stud-
ied sample at amagnification of 2500. Energy dispersive X-ray spectros-
copy (EDX) was applied to determine the elemental compositions of
the hydrate assemblage and the different element ratio of the different
hydrates. The analyses were carried out using an accelerating voltage of
15 kV to ensure a good compromise between spatial resolution and ad-
equate excitation of the FeKα peak.

2.3.3. Thermodynamic modelling
Thermodynamic calculations using the geochemical modelling code

GEMS [16] were carried out using a consistent set of cement specific
thermodynamic data, cemdata2007 [17,18], which had been originally
compiled and verified for Portland cement systems. The cemdata2007
dataset includes thermodynamic data of common cement minerals
such as C–S–H, different AFt and AFm phases, hydrotalcite and hydro-
garnets [18]. No restrictions on the kind of hydrates calculatedwere im-
posed, with the exception of siliceous hydrogarnet (C3AS0.8H4.4), whose
formation was suppressed as its formation seems to be kinetically hin-
dered at ambient temperatures [18]. The uptake of alkalis by C–S–Hwas
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. [19]. The aluminium uptake in the C(\A)–S–
H was taken into account based on the EDX measurements. It was as-
sumed that the incorporation of aluminium, which occurs mainly at
bridging sites [20,21], does not influence the molar volume of the C–
S–H, as the incorporation of Al seems to stabilise the 14-Å tobermorite
[22]. The kind and volume of solids precipitated were calculated using
the density of the phases present in the sample. The initial composition
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based on the XRF data (cf. Table 1) and the composition of the activator
were used as input.

3. Analysis of the unhydrated slags

Varying Al2O3 contents may cause differences in the chemical and
physical characteristics of the slags. Thus a detailed analysis of the
three anhydrous slags is performed.

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. The Al2O3 contents of the slags are 7.0 wt.% (slag A7),
14.1 wt.% (slag A14) and 16.7 wt.-% (slag A17). The contents of the
other oxides are comparable amongst the slags.

3.2. XRD

Rietveld analysis of the X-ray patterns of the slags shows only a
minor contents of crystalline phases (Table 2). Akermanite occurs in
the A7 slag and traces of anhydrite in all slags. The elemental iron
has been introduced by the iron ball mill used in the grinding process.

Although the disorder of the amorphous phase in the different
slags is certainly different, we observe a similar diffuse X-ray scatter-
ing present as a hump located around 0.3 nm (2θ=30°) for all slags
(Fig. 1).

3.3. 29Si and 27Al NMR

29Si and 27Al NMR have been performed to observe the effect of
higher Al2O3 content on the structure of the glasses (Fig. 2). The 29Si
NMR spectra reveal a broad signal centred around −74 ppm with a full
width at halfmaximumof approximately 19 ppm. Similar chemical shifts
are observed for akermanite and gehlenite (−73.7 and −72.5 ppm re-
spectively [23]) which are the main constituents of crystalline phases
that occur when the amorphous slag liquid is slowly quenched [24] or
during devitrification [25]. By comparison with the crystalline phases,
Shimoda et al. [24] conclude that the polymerisation structure around
Si in the slag is on average close to chain-like linkage fashion, Q2(1Al)
and Q2(2Al). The linewidth indicates the coexistence of Q0 to Q3 species
with varying numbers of neighbouring AlO4 tetrahedra. The 27Al NMR
spectra confirm that the aluminium is in fourfold coordination in slag as
previously observed for blast furnace slags [24,25]. We observe little or
no influence on the NMR spectra when the weight fraction of Al2O3 in-
creases from 7 to 17 wt.% showing that the incorporation of Al3+ does
not influence the distribution of Qn species in the slag. However, as sug-
gested by Shimoda et al. [26], it may influence the coordination number
of Mg and Ca.

4. Results and discussion

4.1. Compressive strength

Activating the slags using NaOH results in relatively high early
strength, whilst only a modest increase in compressive strength is ob-
served for hydration times longer than 28 days. For a given age, no
Table 2
Phase composition of the slags by XRD (Rietveld analysis) in g/100 g.

A7 A14 A17

Akermanite 3.1 0.0 0.0
Anhydrite 0.3 0.4 0.3
Amorphous 96.0 99.0 99.0
Iron 0.6 0.6 0.6
significant difference in the compressive strength of the NaOH activated
slag pastes containing different amounts of Al2O3 is observed (Table 3).
The observation that the strength of NaOH activated pastes is not signif-
icantly affected by the chemical composition of the slag agrees with a
previous study investigating the influence of MgO content [10].

Using the WG as activator, the hydration proceeds much slower
than if NaOH is used but the compressive strengths of the paste samples
continue to increase beyond 7 days; the samples gain 25 to 40% in com-
pressive strength between 7 and 180 days. Increasing the Al2O3 content
of the slags results in a slightly slower strength development at early
ages, but similar compressive strengths are reached at late (28 days
and longer) hydration times. The Al2O3 content of the slag is found to
have no significant impact on the late compressive strength of the WG
activated slags, in contrast to the MgO content which increased the
compressive strength as reported previously [10].

The lower compressive strength after 7 days and longer of the NaOH
activated systems compared to theWG activated slags agrees well with
(ppm)-90-80-70-60-50-40 (ppm)04080120

A7

A17

Fig. 2. (a) 29Si and (b) 27Al NMR spectra of the A7 and A17 slags.



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

NaOH WG

A7 A14 A17 A7 A14 A17

1 day 6.3 8.5 8.2 n.m. n.m. n.m.
7 days 12.3 13.7 14.3 36.7 31.5 32.9
28 days 19.1 21.3 23.3 39.5 37.7 37.5
90 days 23.2 24.7 27.5 44.2 43.5 43.2
180 days 25.2 25.7 26.3 46.2 45.2 45.1

n.m.: not measured due to poor strength.

0

0.2

0.4

0.6

0.8

1

0 24 48 72 96 120

time (h)

H
ea

t f
lo

w
 (

m
W

/g
)

A7-WG

A14-WG

A17-WG

(d) (c)

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

0 1 2 3 4

time (h)

H
ea

t f
lo

w
(m

W
/g

)

0

0.2

0.4

0.6

0.8

1

0 24 48 72 96 120

time (h)

H
ea

t f
lo

w
 (

m
W

/g
)

A7-NaOH

A14-NaOH

A17-NaOH

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 0.1 0.2 0.3 0.4

time (h)

H
ea

t f
lo

w
 (

m
W

/g
)

(b) (a)

Fig. 3. Influence of the Al2O3 content of the slag on the hydration kinetics using NaOH
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findings reported in other studies [8,10,27–32]. TheWG activated slags
contain slightly more solids (2.8 g SiO2/100 g slag) than the NaOH acti-
vated systems. This corresponds to 10 wt.% of the amount of slag
reacted after 7 days and to 7 wt.% after 1 year (Table 4) and is thus
expected to have a minor influence on the compressive strengths.

4.2. Hydration kinetics

4.2.1. Heat of hydration
The heat of hydration of alkali activated slags as a function of time is

presented in Fig. 3 and the cumulative heat in Fig. 4. The general trends
are in agreement with previous studies [10,33]. The hydration of the
NaOH activated slag results in an initial peak during the first minutes
(Fig. 3a, [33]) and a main peak between 1 and 24 h (Fig. 3b, [10,33]).
The WG activated slags exhibit a relatively long dormant period of more
than 60 h and the main reaction peak is observed only after 3 days
(Fig. 3d). For the WG activated slags an initial peak in the first minutes
is observed (Fig. 3c) and, in addition, a second early peak after 0.1 to
4 h as previously reported by Shi et al. [33]. They assigned the initial
peak to the wetting and dissolution of the slag whereas the second
early peak observed in theWG activated slag was assigned to the forma-
tion of “primary C–S–H”.

In theNaOHactivated slag, higher Al2O3 content of the slag accelerates
themain peakbetween1 and24 h (Fig. 3b), as alsomirrored in the cumu-
lative heat reported in Fig. 4a during the first 2 days. However, aftermore
than 2 days the slag A7 shows the highest and A17 the lowest cumulative
heat as the reaction of A7 produces more heat after 1 day.

The slags activated by WG show a slight acceleration of the two
initial peaks for A14 and A17 (Fig. 3c), but a clear delay of the main
reaction peak with higher Al2O3 content (Fig. 3d). After 5 days, the
cumulative heat is still slightly lower for A17 than for the A7 slag
(Fig. 4b).

4.2.2. Slag dissolution
SEM image analysis is used to determine the degree of hydration by

comparing the quantity of anhydrous slag left with the original volume
of the slag in the paste or mortar [10,28,34]. The amount of slag reacted
by SEM image analysis has been observed to give comparable results as
by 29Si NMR [35].

The initial reaction of NaOH activated slag is fast, whilst for the
slags activated by WG only a hydration degree of 2–3% is reached
after 1 day compared to 25% after 7 days (Table 4). This agrees with
Table 4
Degree of slag reaction measured by SEM-IA (weight percent ±3).

Activator NaOH WG

Slag A7 A14 A17 A7 A14 A17

1 day 18.1 17.4 16.9 n.m. n.m. n.m.
7 days 27.7 25.6 23.3 27.0 25.5 24.9
28 days 32.2 31.7 29.8 31.9 31.2 30.2
90 days 39.1 38.8 39.0 37.3 36.8 36.5
180 days 41.8 41.9 41.7 41.1 40.8 40.2
360 days 43.2 42.7 43.9 42.7 43.2 42.2

n.m.: not measured.
the delay in the main hydration peak for the WG slags during the
first 2 days and the absence of measurable compressive strength
after 1 day. After 28 days and longer, however, the observed reaction
degrees are similar in all systems which is consistent with previous
observations [10,28].

An increase of theAl2O3 content of the slag lowers slightly thedegree
of slag reaction for both NaOH and WG activated slags, most distinctly
during the first 7 days (Table 4), which is consistent with calorimetry
data (Figs. 3 and 4) where less total heat is observed after 5 days in
the presence of more Al2O3. At later ages no significant differences are
observed. The slightly lower degree of the early slag reaction is in con-
trast to the strength development (Table 3), where slightly higher
early strengths are observed at higher Al2O3 contents. The differences,
however, are relatively small and within the standard deviation of the
strength measurements.

Two different effects could be responsible for the somewhat
slower hydration during the first week for the higher Al2O3 content:

(i) The presence of more Al2O3 in the slag might influence its reac-
tivity. It has been reported that a higher aluminium fraction in
the silicate network of different minerals accelerated their disso-
lution strongly in acidic solutions [36,37]. This effect is strong at
pH 3, but negligible at pH 6 [37]. No data are available at high

http://dx.doi.org/10.1111/j.15512011.04828.x
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Fig. 4. Influence of the Al2O3 content of the slag on the cumulative heat of (a) NaOH
and (b) WG activated slags during hydration (external mixing).

Table 5
Weight loss (±1 wt.%) between 30 °C and 650 °C determined by TGA of the hydrated
samples (weight percent relative to the hydrated slag).

Activator NaOH WG

Slag A7 A14 A17 A7 A14 A17

1 day 7.9 9.2 9.6 7.3 7.0 6.2
7 days 11.2 10.3 9.6 11.7 13.1 12.2
28 days 10.5 11.0 11.0 14.1 13.4 12.5
90 days 11.2 11.0 10.8 14.5 13.3 12.5
180 days 11.9 11.0 10.8 14.9 13.4 12.4
360 days 12.2 11.5 11.1 15.2 13.2 12.4
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pH values whichwould be relevant for alkali activated slags, thus
it is unclear whether the aluminium fraction in the solid has any
influence on the reaction rate at high pH values. In addition, the
NMR results in Fig. 2 show that the polymerisation of the silicates
in the glass is not significantly influenced by the amount of Al2O3.

(ii) Also the dissolved aluminium concentrations could play an im-
portant role. It has been reported that the presence of dissolved
aluminium (in millimolar concentrations) decreased drastically
the dissolution rate of amorphous silica [38], basaltic glass
[36,39] and quartz [40]. In the SiO2 rich slags similar effects
might be expected. The presence of more aluminium in the slag
leads to more dissolved aluminium in the pore solution [41] as
also mirrored in the higher aluminium content of the C–S–H
(see Section 4.3.1 Hydrates below ). Thus the observed delay of
the hydration in alkali activated slags where Al2O3 has been
added externally [11] and in the present study where the addi-
tional Al2O3 constitutes a part of the slag could be related to in-
creased aluminium concentrations.

4.2.3. Bound water content
The bound water content as derived from the TGA analyses has been

used as ameasure of the hydration degree of a slag [30,34]. It has been ob-
served, however, that the hydration products formeduponWGactivation
incorporate much more water than the NaOH activated slags [10,28,30],
which makes the comparison between the two activators difficult.

The weight loss measurements in Table 5 show that the WG acti-
vates the slag more slowly than NaOH in agreement with calorimetric
and image analysis results. For both activators, little additional water
is bound in the hydrates after 28 days even though the slags continue
to react slowly as observed by image analysis (Table 4) and as mirrored
in the increase in compressive strength (Table 3). After 90 days and lon-
ger, the WG activated slags containing less Al2O3 show more bound
water than A14 and A17. The difference is smaller for the NaOH activat-
ed slags. As at longer hydration times the same degree of slag dissolu-
tion is observed by image analysis (Table 4), this indicates the
presence of hydrates which contain more water in the A7 than in the
slags with higher Al2O3 content.

4.3. Hydrates

4.3.1. Solid phases
XRD shows the presence of C–S–H and a hydrotalcite like phase as

already observed in other studies on hydrated alkali activated slags
[3,4,6,9,10,17,28]. XRD analyses indicate also the presence of strätlingite
for the A17 NaOH activated slag (Fig. 1). The hydration pattern is more
complex for the NaOH than for the WG activated pastes. In addition to
hydrotalcite and C–S–H, peaks corresponding to a second type of C–S–
H, C–S–H (I), are detected (Fig. 1) as reported previously [10,28]. We
can notice that the reflections of C–S–H (I) and hydrotalcite become
broaderwithmoreAl2O3. The basal reflection of C–S–H (I) at 7° 2θ shifts
toward a higher d spacing and is strongly broadened as the amount of
aluminium increases from 7 wt.% to 14 wt.%. As proposed by Renaudin
et al. [42], this may be explained by the insertion of aluminium in the
C–S–H structure that leads to a decrease in the coherent domain.

The presence of C–S–H (main weight loss 50–200 °C) and of a
hydrotalcite-like phase (weight loss at around 200 °C and 400 °C)
[43,44] are confirmed by the TGA data (see Fig. 5). The weight losses
indicate that much less hydrotalcite is formed than C–S–H.

EDX measurements indicate the presence of C–S–H containing alu-
minium and hydrotalcite. The Si, Mg, and Al contents were used to
plot the Mg/Si vs. Al/Si ratios (Figs. 7 and 8) as described by Taylor et
al. [3]. The good correlation of Mg/Si with Al/Si indicates the presence
of a hydrotalcite-like phase, whilst the presence of a positive x-axis in-
tercept reveals the level of Al incorporation in the C–S–H. Only a few
points at 7 days indicate towards the possible presence of strätlingite
in the A17 slag. The formation of AFm-type phases such as strätlingite
has been reported in other studies [6,45].

Less C–S–H (or C–S–H with less water) is formed in the slags with
high Al2O3 content as indicated by the derivative TGA data in Fig. 5 be-
tween 30 and 180 °C. It is not possible to quantify the amount of C–S–H
as the weight loss of C–S–H, strätlingite and hydrotalcite overlap in this
temperature range (Fig. 6, [34]). The average Ca/Si ratio of the C–S–H
determined by SEM-EDX is approx. 0.8 in the case of WG activator
and 0.9 for NaOH (Table 7). The slightly lower Ca/Si ratio in theWG ac-
tivated slag is due to the presence of additional SiO2 (2.8 g SiO2/100 g
slag) from the WG activator (Na2SiO3·5H2O). The Ca/Si ratios are

http://dx.doi.org/10.1680/adcr.2011.23.1.1
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influenced neither by the hydration time nor by the Al2O3 content of the
slag (Table 7), as also reported in previous studies [10,28].

The C–S–H formed from slag hydration is generally richer in alumin-
ium [46,47] than that formed in OPC or blended OPC systems. Higher
Al2O3 contents in the slag increase the Al incorporation in the C–S–H
(Table 7), as also visible in the increase of the abscissa on the Al/Si axis
in Fig. 7 from 0.11 for A7 to 0.27 for A17. The highest observed value is
near to the theoretically the maximum Al incorporation in the C–S–H
of 0.33 [48], if all the bridging position of the dreierkette structure of
the C–S–H are occupied by aluminium. However, possibly some Al can
be also be inserted in the interlayer part of the C–S–H, resulting in
even higher maximum Al incorporation as suggested by Renaudin
et al. [42].

Also the composition of the hydrotalcite-like phase is affected by the
different Al2O3 contents of the slag. The hydrotalcite-like phases formed
during the first days have a Mg/Al ratio of approximately 2, which
strongly decreases with time to a value as low as 1.3 for the slags A14
and A17 as shown in Figs. 7 and 8. A Mg/Al ratio of approximately 2 in
the hydrotalcite-like phase is consistent with previous investigations
[6,10,28,49] in alkali activated systems, where slags with Mg/Al from
0.8 to 1.5 in the unhydrated slag had been used. The lower Mg/Al ratio
in the hydrotalcite observed for A14 and A17 (Table 7, Fig. 7) seems to
be related to the very low Mg/Al ratio in the unhydrated slags (0.6 and
0.5, respectively, see Table 1). Synthetic hydrotalcite with Mg/Al ratios
down to 0.5 have been reported [50]. For the higher Al2O3 content
slags, a less well defined XRD peak (Fig. 1) but a similar “shoulder” of
hydrotalcite in the TGA diagrams (Fig. 5) is observed at longer hydration
times. This could be related to the formation of a hydrotalcite poorer in
MgO at higher Al2O3 content, to a hydrotalcite-like solid with a poorer
crystallinity or just to the slightly less MgO present in A14 and A17
(Table 1) resulting in the formation of less hydrotalcite.

Thus, the increase of Al2O3 content in slag results in an increased Al
uptake in C–S–H, in the long-term in the formation of an Al-richer
hydrotalcite-like phase and also in the presence of strätlingite.

4.3.2. Microstructure
During the first day of hydration the formation of hydrates around

unhydrated slag particles is observed for the NaOH activated slags
(Fig. 9). In contrast, no or little precipitation of hydrates is observed
for the WG activated samples at that time. In the NaOH activated
samples the formation of hydrotalcite platelets can be observed at
early ages directly in the pore space (Fig. 9).

The samples activated by NaOH form rather narrow and dense hy-
dration rims at the place of the reacted slag grains (Fig. 10). The dense
hydrates,whichdevelop very early in theNaOHactivated slags, probably
have a lower water content than the hydrates of WG-activated slag (see
bound water contents in Table 5) as reported also previously [10,28].
These narrow hydration rims result in a coarse microstructure and rela-
tively high coarse porosity as reported in Table 8. In the case of the WG
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activated slags, the space is well filled by hydrates and almost no coarse
pores are observed at longer hydration times (Fig. 10). A thin rim is
found at the original boundary of the unhydrated slag grain.

No influence of the Al2O3 content on the microstructure is visible. All
slags show comparable porosity and a comparable amount of anhydrous
slag particles left up to 360 days (Table 4).

4.4. Thermodynamic modelling

The thermodynamic calculations predict the presence of C–S–H (Ca/
Si ~1), hydrotalcite and ~1 wt.% of FeS. At higher Al2O3 contents also the
formation of strätlingite (2CaO·Al2O3·SiO2·8H2O) is predicted as shown
in Fig. 11 (the compositions of the main hydrates and their density are
complied in Table 6). The thermodynamic calculations indicate that
more than 90% of the alkalis present are taken up by the C–S–H phase.
The calculated pH value of 13.6 agrees well with reported pH values in
the range of 13.4 to 13.7 for comparable alkali activated slag systems
[4,51,52]. The calculations indicate that approx. 30 g H2O/100 g slag
would be consumed for the complete reaction of slag with a small in-
crease of bound water (±2 H2O/100 g slag) with increasing Al2O3 con-
tent, whilst the TGA measurements indicated a slight decrease of the
amount of bound water with higher Al2O3 content (Table 5). The calcu-
lation of bound water in these systems is associated with a considerable
A17-NaOH-1d
10 µm 

unreacted 

slag

hydrotalcite

Fig. 9. SEM micrograph of NaOH activated A17 slag after 1 day showing the rim of hy-
drates around the slag particles and the presence of hydrotalcite platelets.
error as no quantitative information is available on the influence of alka-
lis and aluminiumon thewater content of C–S–H. However, the calculat-
ed water uptake of 30 g H2O/100 g slag in the NaOH activated slag is
compatible with the measured water loss of about 12 g/100 g at a reac-
tion degree of the slag of 43% after 1 year (Table 5).

With increasing Al2O3 content in the slag, the total amount of C–
S–H and hydrotalcite decreases, as the presence of more Al2O3 lowers
the concentrations of CaO, SiO2, MgO and other oxides present in the
slag. The Al uptake by C–S–H and the Mg/Al ratio of the hydrotalcite
have been considered based on the EDX measurements given in
Table 7 and are indicated by the dotted lines in Fig. 11. The predicted
phase assemblage is in good agreement with the experimental results
where C–S–H, hydrotalcite-like phases as well as strätlingite for high
Al2O3 content slags have been observed.

For both activators the same hydrate assemblage is calculated,
with the only difference that a slightly lower Ca/Si ratio (Ca/
Si=0.9) in the C–S–H and 5% more C–S–H is calculated in the pres-
ence of WG compared to NaOH activated systems (Ca/Si=1.0). This
agrees well with the EDX measurements which indicate a lower Ca/
Si ratio in the WG-activated slags. The calculations confirm the obser-
vation that the alkaline activator type has a minor influence on the
composition of the hydrate assemblage.

At high Al2O3 content, the formation of strätlingite is predicted,
which has been observed experimentally only for the A17 NaOH acti-
vated slags. The strätlingite is difficult to detect due to its poor crystal-
linity. At higher Al2O3 contents (N9%), where the formation of
strätlingite is calculated, less C–S–H is calculated to be present, which
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Table 7
Atomic ratios in the hydrate phases obtained by EDX analyses (±0.05).

Activator NaOH WG

Slag Age (days) Ca/Si Al/Si Mg/Al Ca/Si Al/Si Mg/Al

A7 7 0.89 0.11 2.06 0.74 0.10 1.97
90 0.87 0.12 2.04 0.79 0.10 1.94
180 0.88 0.12 2.02 0.79 0.11 2.02
360 0.87 0.11 2.05 0.82 0.12 2.05

A14 7 0.91 0.23 2.02 0.82 0.22 1.92
90 0.88 0.23 1.87 0.83 0.22 1.62
180 0.89 0.24 1.58 0.77 0.21 1.38
360 0.91 0.22 1.52 0.81 0.22 1.42

A17 7 0.91 0.33 1.76 0.78 0.34 1.80
90 0.88 0.32 1.34 0.81 0.29 1.54
180 0.89 0.30 1.27 0.80 0.27 1.24
360 0.89 0.33 1.28 0.79 0.29 1.29

81M. Ben Haha et al. / Cement and Concrete Research 42 (2012) 74–83
is consistent with the TGA data in Fig. 5. No relevant effect of the Al2O3

on the volume of the hydrates is predicted (Fig. 11) and thus no signif-
icant changes in the coarse porosity at the same degree of hydration are
expected. The strätlingite (density 1.94 g/cm3 [3,53]) formed at high
Al2O3 content replaces partially hydrotalcite (2.03 g/cm3 [54]), which
results in little volume changes, and partially the denser tobermorite
like C–S–H (2.23 g/cm3 [55]), which should increase the total volume.
However, at high Al2O3 content also more Al is incorporated in the
bridging tetrahedra of the C–S–H, leading to less strätlingite and thus
less volume. The effects compensate each other so that no significant
volume changes are predicted. Whilst the amount of Al2O3 seems to
have no significant influence on the volume of the hydrated alkali acti-
vated slags, the presence of additionalMgOhas been calculated to result
in a clear increase of the volume of the hydrates and accordingly also in
a higher compressive strength [10]. The presence of additional MgO led
to less Al incorporation in C–S–H and to the formation of more volumi-
nous hydrotalcite and thus to an increase in the degree of space filling.
5. Conclusions

The activation of slags using NaOH leads to a faster initial reaction
and higher early compressive strength than observed for the water
glass activated slags as reported also previously [10,28,32,56]. The fast
reaction rate in the presence of NaOH leads to the formation of dense
hydrate rims at the early stages of hydration, to a larger coarse porosity
and thus a lower compressive strength at later ages compared withWG
activated samples although comparable degrees of slag reaction are
Table 6
Theoretical and measured water content of C–S–H, strätlingite and hydrotalcite.

Phase Formula Theoretical
water content
(wt.%)

Measured weight
loss (wt.%)
(30–650 °C)

Density
(g/cm3)

Jennite like
C–S–H,
Ca/Si=1.67

Ca1.67SiO3.67

2.1H2O
19.8 – 2.44

[58]

Tobermorite-like
C–S–H, Ca/
Si=0.83

Ca0.83SiO2.83

1.3H2O
18.4 19.8±1 2.23

[55]

Strätlingite Ca2Al2SiO7

8H2O
34.4 33.0±1 1.94

[3,53]
Hydrotalcite Mg4Al2

(OH)14
3H2O

40.6 44.1±1 2.03
[54]
observed (Fig. 12a) at later ages as already discussed in detail previously
[10,28].

The present paper focuses on the influence of the Al2O3 content on
alkali activated blast furnace slags:

i) Higher Al2O3 content slows down slightly the rate of hydration
during the first days for both NaOH and WG activated slags as
indicated by the lower measured cumulative heat and the
lower degree of slag reaction after 7 days. After 28 days and
longer, a similar degree of reaction for both activators and all
three slags was observed.

ii) The coarse porosity of the WG activated slags at 28 days and
longer is very small and independent of the amount of Al2O3

present in the slag. In the slags activated by NaOH a much
higher porosity at the same degree of reaction is observed in
all slags, again independent of the amount of Al2O3.

iii) In the hydrated slags the presence of C–S–H (Ca/Si 0.8–0.9)
and hydrotalcite is observed experimentally and also predicted
by thermodynamic modelling. At high Al2O3 contents also the
formation of strätlingite is observed.

iv) Higher Al2O3 content in the slag increases the Al incorporation
in C–S–H in the hydrated pastes. Measured Al/Si ratios range
from 0.11 (7% Al2O3) to 0.3 in the case of the slag with 17%
Al2O3 content. A higher Al2O3 content in the slag increases
also the quantity of Al2O3 in the hydrotalcite resulting in
lower Mg/Al ratios of the hydrotalcite. Initially a hydrotalcite-
like solid with Mg/Al of ~2 is formed, whilst at later ages
lower Mg/Al ratios (1.3 for the 17% Al2O3 slag after 1 year)
are observed indicating recrystallisation.

v) Thermodynamic calculations indicate that the Al2O3 content of the
slag is not expected to have a significant influence on the volume
of the hydrated samples, as the formation of strätlingite at high
Al2O3 is compensated by the decrease of hydrotalcite, C–S–H and
the increased Al-uptake in C–S–H (Fig. 11). The constant volume
predicted by thermodynamic calculations agrees with the experi-
mental observation that at longer hydration times the coarse po-
rosity and the compressive strength of the paste samples are
independent of the Al2O3 content (Table 3, Table 8, and Fig. 12).

In the present paper, the Al2O3 content of the alkali activated slags
has found to change the composition of the hydrate assemblage but to
not significantly influence the hydrate volume and the compressive
strength. The presence of additional MgO, however, has been reported
to decrease the porosity and to increase the compressive strength [10]
as the presence of additional MgO leads to the formation of more hydro-
talcitewhich has a lower density and thus a higher degree of space filling
than C–S–H.

It should be noted that the effect of different Al2O3 orMgO content can
depend strongly on the cementitious system studied. In supersulfated
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slags [2] or Portland cement — slag blends [57], other hydrates are
formed, and the presence of additional Al2O3 is observed to increase com-
pressive strength [2,57], probably due to the formation ofmore ettringite.
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Table 8
Coarse porosity (0.05–5 μm) measured by SEM-IA (volume percent ±1%).

Activator NaOH WG

Slag A7 A14 A17 A7 A14 A17

1 day 22.2 22.4 23.2 n.m. n.m. n.m.
7 days 17.7 18.2 17.8 12.0 12.5 13.9
28 days 16.5 17.2 15.1 7.9 6.2 6.1
90 days 16.2 15.2 16.4 5.4 5.1 5.5
180 days 15.8 15.1 15.4 3.7 3.5 4.1
360 days 15.5 15.3 15.2 3.4 3.6 3.9

n.m.: not measured due to low degree of hydration.
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