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The hydration of two slags with different Al,03 contents activated with sodium hydroxide and hydrous
sodium metasilicate (commonly named water glass) is studied using a multi-method approach. In all systems,
C-S-H incorporating aluminium and a hydrotalcite-like phase with Mg/Al ratio ~2 are the main hydration
products. The C-S-H gels present in NaOH activated pastes are more crystalline and contain less water; a
calcium silicate hydrate (C-S-H) and a sodium rich C-N-S-H with a similar Ca content are observed at longer
hydration times. The activation using NaOH results in high early strength, but strength at 7 days and longer is
lower than for the sodium metasilicate systems. The drastic difference in C-S-H structure leads to a coarser
capillary porosity and to lower compressive strength for the NaOH activated than for the sodium metasilicate
activated slags at the same degree of slag reaction.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In order to reduce the CO,-emissions related to cement manufac-
turing, the application of industrial by-products rich in aluminium
and silicon oxide in alkaline activated binders is a promising option
[1,2]. Materials generally used are blastfurnace slag, fly ash or
metakaolin, which are activated by the addition of alkalis like alkali
silicates or hydroxides [3-6].

Alkali activated slags (AAS) can have high strength development
and using the adequate activators can lead to rapid setting, good
durability and high resistance to chemical attack [2-8]. The main
hydration products found in AAS are C-S-H with a low Ca/Si ratio
related mainly to the composition of the slag and the nature of
activators used, hydrotalcite intimately intermixed with the C-S-H in
the MgO containing slag and in some cases also an AFm phase, most
probably stratlingite [9-13]. The C-S-H produced by alkali activated
systems may incorporate a higher content of Al,03 based on the initial
composition of the slag [12,14,15]. Many variables influence the
reaction of alkali activated slags such as fineness, chemical compo-
sition, water/binder (w/b) ratio, temperature or the pH [16-23]. A
better understanding of the effects of alkaline activators such as NaOH
and hydrous sodium metasilicate (Na,SiO5-5H,0) on the hydration
mechanisms of alkali activated slag could indicate ways to optimise
the use of alkaline activators.

An important factor that influences the porosity and thus the
compressive strength is the kinetics of the hydration. In Portland
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cement systems it has been observed that a fast initial reaction as e.g.
caused by elevated temperatures or accelerators, results in the
formation of a dense hydration product and less reduction of the
initial porosity that affects adversely the mechanical properties at
later ages [24,25].

This paper investigated the major hydration products formed in
alkali activated slags and their composition, morphology and spatial
distribution. The study was carried out using two slags with different
Al,03 content to investigate the influence of the slag composition on
the types of hydrates formed. An image analysis method was adopted
to quantify the degree of hydration and the amount of coarse porosity
directly from the backscattered electron (BSE) image of polished slag
pastes samples. By studying the coarse porosity and degree of
hydration using different alkaline activators, the relationship between
microstructural properties and compressive strength was established.

2. Materials and experiments

Two ground granulated blast furnace slags (GGBFS) with different
Al;,03 contents were studied: GGBFS LA exhibits a low Al,O5 content
of 7.1 wt%, and GGBFS HA a higher content of 12.0 wt.% Al,05
(Table 1) with a similar particle size distribution. Two types of
activators were used: NaOH and hydrous sodium metasilicate
Na,SiO3-5H,0 (labeled here as NSHs and commonly referred to as
water glass). The dosage of both activators and the amount of water
were selected to obtain the same Na,O content and water content in
the two systems. The activators were dissolved in the water prior to
the mixing in order to have a homogeneous distribution. The
compositions of the pastes are presented in Table 2. All pastes were
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Table 1
Chemical composition (oxides in wt.%) of the GGBFS.
GGBFS HA GGBFS LA

Si0, 374 41.2
Al,04 12.0 71
Fe,05 0.58 1.0
Ca0 36.5 394
MgO 8.0 74
SO; 24 1.6
K,0 12 0.7
Na,0 0.40 0.57
TiO, 0.50 0.26
Mn,05 1.6 1.1
P,05 0.03 <0.01
CS 0.98 0.96
Loi —041 —0.98
Ca/Si (atomic) 1.05 1.03
Mg/Al (atomic) 1.7 2.7

Loi: loss on ignition.

hydrated at 20 °C in closed plastic vessels to avoid the loss of water
and ingress of CO,.

Compressive strength measurements were undertaken in dupli-
cate pastes samples with the dimension 25 mm x 25 mm x 25 mm cut
from the samples hydrated in the sealed plastic vessels.

Crushed paste samples were used to perform thermogravimetric
analysis (TGA) and X-ray diffraction (XRD). The hydration was
stopped using solvent exchange with isopropanol.

A Mettler-Toledo simultaneous thermal analysis apparatus (TGA/
SDTA 851) was used for TGA. The samples were heated from 30 °C to
980 °C in aluminium oxide crucibles with a heating rate of 20 K/min
under N».

XRD data were collected using a PANalytical X'Pert Pro MPD
diffractometer in a 6-26 configuration using incident beam mono-
chromator with CuKa radiation (N=1.54A). The samples were
scanned between 5° and 70° 26 with the X'celerator detector. The
Rietveld analysis of amorphous slag has been done using X'Pert High
Score Plus program from PANalytical (version 2.1). The amount of
amorphous material in anhydrous slags was deduced by using the
spiking method with 10 wt.% of CaF, as internal standard [26].

Slices of the hydrated samples were also examined by scanning
electron microscopy (Philips ESEM FEG XL 30) using backscattered
electron images (BSE) and energy-dispersive X-ray spectroscopy micro-
analysis (EDX) to determine the ratios of the different elements in the
matrix on polished samples (more than 100 points are taken for each
measurement). For the BSE study, the samples were cut into 1-2 mm
thick slices. The hydration was stopped using solvent exchange by
immersing the slices in isopropanol. The slices were further impregnated
with epoxy resin, polished to 1/4 pm and coated with carbon.

Scanning electron microscopy image analysis (SEM-IA) was used
to determine the degree of hydration of slag as well as the amount of
coarse porosity of the hydrated slag pastes. The technique uses the
grey level histogram segmentation to determine the different species
observed in a BSE image [27-31]. The sensitivity of BSE to the
chemical composition of the analyzed materials leads to the phase
contrast in the grey level histogram observed in BSE images. The
higher the average atomic number of a phase, the higher the number
of generated BSE, and consequently the brighter the phase will appear
in the image. Therefore, the different phases can be distinguished due

Table 2
Mix composition of the slag pastes (weight ratios relative to 100 g slag).
Formulation Binder Water
Slag Activator
NaOH 100 3.9 41.6
NSH5 100 111 39.7

Table 3

Compressive strengths (MPa) of the paste samples.
Age HA LA
(day) NaOH NSHs NaOH NSHs
1 83 na 6.2 na
7 15.9 25.7 19.3 204
28 242 444 22.1 36.5
90 274 52.1 25.2 442
180 30.9 61.1 28.2 56.2

n.a: not analyzed.

to the intensity of BSE emitted, which results in a difference in their
grey level on the acquired images. The densest phases are the
brightest (mainly unreacted slag) whereas less dense phases are the
darkest in the image (corresponding mainly to porosity). The reaction
of the anhydrous slag is measured by comparing the volume of
anhydrous slag in the hydrated pastes with the slag content in the
unhydrated pastes prior to the mixing. The measurement uncertainty
is based on the threshold and edge detection as well as the effect of
presence of initial porosity within the mixes is around 2-3%. The
volume of coarser pores as determined by SEM-IA includes, depend-
ing on the magnification (2500x) used, pore sizes in the range of 0.1
to 5um and is referred to as “coarse porosity” in this paper. The
uncertainty in the case of porosity is lower since it includes only the
threshold uncertainties and is within 0.5 to 1%.

The development of compressive strength is linked to the degree
of reaction, the microstructure, the kind and amount of solids present
and the coarse porosity. The degree of reaction can be determined: (i)
indirectly by TGA by measuring the amount of hydrates formed; and
(ii) directly by measuring the disappearance of the anhydrous slag by
SEM image analysis technique (SEM-IA).

3. Results and discussions
3.1. Strength development

Depending on the activators used, the development of the
compressive strengths differs (Table 3). NaOH as activator gives a
high compressive strength already after 1 day. In contrast, the NSH5
activated pastes have no measurable compressive strength after
1 day, but the compressive strength after 7 days is higher than for the
NaOH activated slags. After 180 days, the compressive strength of the
NSHs activated slags is twice as high as the strength of the NaOH
activated slags. The samples activated with NSH5 gain approximately
70-80% in compressive strength between 7 days and 28 days and
more than double after 180 days with respect to 7 day samples for
both slags. The activation with NaOH leads at later ages to little further
development of the compressive strength (see Fig. 1).
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Fig. 1. Compressive strength development in the different alkali activated systems.



M. Ben Haha et al. / Cement and Concrete Research 41 (2011) 301-310 303

a
100 0.08
95 \ HA-NSH5-28d | |
—  HA-NaOH - 28d
—+ 0.04
= 90
S c
] o
(%2} S
S 85- +o0 <=
c O]
S =
g 5
= 80
hydrotalcite —+ -0.04
75 A
C-S-H
70 : : : : -0.08
0 200 400 600 800 1000
Temperature (°C)
b 100 \ 0.08
95 LA-NSH5-28d |
— LA-NaOH - 28d
- 0.04
~ 90 4
€ <
0 &
2 S
2 g5 To0 =
kS O]
S B
(3]
= s04 LA
hydrotalcite =+ -0.04
75 -
C-S-H
70 : : : : -0.08
0 200 400 600 800 1000

Temperature (°C)

Fig. 2. Thermogravimetric analyses (TGA and DTG) of alkali activated systems of both
slags at 28 days (a) HA slag, and (b) LA slag.

Both activated high aluminium HA slags show a slightly higher
compressive strength at almost all ages than the LA slags. The difference
in compressive strength is significant for the NSHs activated slags
(~20%) while the effect is small for the NaOH activated slags (~10%).

3.2. Thermogravimetric analysis (TGA)

The TGA data as given in Fig. 2 indicate the presence of C-S-H
(main weight loss 50-200 °C) and hydrotalcite-like phases. The
hydrotalcite-like compound has a layered structure and is also
designated as layered double hydroxides (LDHs). The formula is
represented by Mg?" AP (OH) ™ 2(x 1 yy(CO3)? > mH,0. Structur-
ally, the hydrotalcite-like compound consists of two dimensional
brucite-like layers with positive charge, where the cations are located
in the center of an octahedron surrounded by six hydroxyl groups, and
anions together with water molecules are arranged in the interlayer to
form neutral materials. This compound will be named here hydro-
talcite and labeled in the text Ht (weight loss at around 200 °C and
400 °C) [32,33]. Both, C-S-H and hydrotalcite phase are generally
observed in hydrated AAS [8,10,12,34,35]. The weight losses at 200
and 400 °C associated with hydrotalcite are more distinct for HA than
for LA.

The total loss of weight up to 600 °C is a relative measure of the
degree of hydration in systems with a similar phase assemblage
[36,37].

Table 5 summarises the different weight losses from 30 to 600 °C.
The use of NaOH as activator results in a fast hydration during the first
day. In the NSHs activated slag systems, the early hydration proceeds
more slowly than in the NaOH activated systems. However, after
28 days and longer, the weight losses of NSHs activated slags are
higher. Also the bound water content (Table 5) and the volume of the
hydration products are lower for the NaOH activated slags than for the
NSH;5 activated slags. This is consistent with the finding of a previous
study [36], where less water in the reaction products of NaOH was
observed than of NSHs activated slags.

Activated with NaOH, the HA slag shows a higher content of bound
water than LA at 28 days and beyond, whereas up to 7 days the
opposite is the case. With NSHs, both slags show roughly the same
content of bound water, independent from the sample age.

3.3. Hydrates assemblage

3.3.1. X-ray diffraction

The X-ray diffractogramm of the raw LA slag (Fig. 3) present a
hump around 29° due to the presence of amorphous phase. We can
also observe the presence of akermanite Cay(Mg, Al)(Si, Al),0; and
hatrurite (CasSiOs) inclusions. The amount of amorphous in both slags
deduced by XRD is around 95 wt.%.

The hydrated samples show besides the background hump related
to the unhydrated slag additional reflections at 29° and 49.5°, which
can be attributed to C-S-H [8]. In the NaOH activated system, an
additionally basal reflection at 7° 26 is observed and also a less broad

Table 4

Atomic ratios observed in the hydration products by EDX-analyses.
Activators NaOH NSHs5
Hydrates C-S-H I (bright zone) Ht C-N-S-H (dark zone) Ht C-S-H Ht
Ratio Ca/Si Na/Si Al/Si Mg/Al Ca/Si Na/Si Al/Si Mg/Al Ca/Si Na/Si Al/Si Mg/Al
HA
1 day 0.89 0.12 0.23 2.15 - - - - - - -
7 days 0.90 0.12 0.23 212 - - - 0.79 0.12 0.22 2.09
28 days 0.88 0.12 0.23 2.09 - - - - 0.79 0.12 0.22 2.05
180 days 0.91 0.12 0.23 2.14 0.89 0.61 0.23 2.12 0.82 0.13 0.21 2.09
LA
1 day 0.88 0.13 0.14 2.11 - - - - - - -
7 days 0.92 0.12 0.14 2.10 - - - 0.77 0.13 0.13 2.01
28 days 091 0.12 0.14 2.09 - - - - 0.78 0.13 0.14 2.10
180 days 0.91 0.12 0.14 2.07 0.92 0.64 0.15 2.01 0.81 0.12 0.13 2.07
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Table 5 reflection at 29° 26 (Fig. 3) that match with the powder diffraction file
Weight loss from TGA (30-600 °C) in wt.% of the hydrated alkali activated slags. of C-S-H (I) (PDF 034_0002) with a similar Ca/Si ratio around 1
Age HA LA (referred later as C-N-S-H). The basal reflection (7° 26) and narrow
(day) NaOH NSH: NaOH NSH: peak indicate a .C—S—H with a more pronounced nanometric size of the
coherent domain. The basal reflection represents the layer thickness

; g'g ‘71; ](7)'? ;Z of a 3D structural ordering in the C-S-H. However, the link of the
28 131 131 117 128 observed features with the composition of the C-S-H is not
90 15.2 16.2 1222 15.2 straightforward as this basal peak can be observed in C-S-H with
180 15.7 17.3 133 17.2 Ca/Si from 0.2 to 1.7 [38,39] as well in alkali silicate gels [40] and thus

cannot be linked with a particular Ca/Si ratio. The two different peaks
ataround 29° 28 represent the b unit cell parameter (within the layer) of
the C-S-H. The difference in the unit cell parameters of these two C-S-H,

* b
LA NaOH 180 d
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Fig. 3. XRD patterns of HA and LA unreacted slag and LA slag at different ages with NaOH and hydroussodium metasilicate (NSHs) (a). The upper figure (b) shows detailed view
between 27 and 32°.
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present in the paste activated with NaOH, reveals two C-S-H with
possibly different densities.

In the pastes activated with NaOH, reflections corresponding to
hydrotalcite are present after one day, whereas even after 6 months
such reflections cannot be clearly identified in the NSHs activated
pastes (this is in agreement with an earlier study [12]). We can also
notice some trace of vaterite in the LA Na(OH) sample probably due
to some carbonation.

The observed diffraction patterns of the HA slag do not differ
significantly from the LA slag, thus only LA slag is shown in Fig. 3.

3.3.2. EDX microanalyses

In the SEM observations (see Figs. 4-6) combined with EDX
microanalyses, three types of hydrate phases could be identified: C-S-
H, a C-S-H with high Na content (C-N-S-H) only occurring in the NaOH
activated slags as well as hydrotalcite. Table 4 presents the main
elemental ratios of these phases as derived from EDS point analyses.

The C-S-H formed in the presence of NaOH or NSH5 has a Ca/Si
ratio from 0.6 to 1.4 (Table 4) with a mean Ca/Si ratio of 0.9 (NaOH)
and 0.8 (NSHs). This corresponds to previously reported values for
similar systems [8,11,12,14,36,41]. The Ca/Si ratios observed in the
NSH5 activated slags show a lower Ca/Si level, possibly due to the
presence of additional Si from the NSH;5 activator. The Al/Si ratio of the
C-S-H is similar for both activators.

In the NaOH activated slags two different C-S-H phases can be
observed after longer hydration times, a brighter outer zone that is
formed during the first days of hydration and an inner darker zone
that forms at later hydration times (Fig. 5). The Al/Si and Ca/Si ratios of
the C-S-H in the dark zone are similar to those in the bright zone but

HA — NaOH- 1d

Fig. 4. Microstructure of NaOH activated slag after 1 day showing C-S-H layer around
the slag particles as well as platelets of hydrotalcite. (a) LA slag with NaOH after 1 day,
and (b) HA slag with NaOH after 1 day.

HA — NaOH- 180d

Fig. 5. Microstructure of NaOH activated HA slag after 180 days showing the presence of
2 types of C-S-H, a dark one with high Na content and a bright one with relatively low
Na content.

higher sodium content is observed. The increase in alkali content of
the C-N-S-H may be also related to a more porous C-S-H with similar
composition; rich in NaOH-filled pores where the alkalis have
precipitated (as NaOH or as a carbonate phase) when the samples
were dried prior to analysis. However, the solvent exchange applied
to stop the hydration and the high porosity exhibited by the samples
activated using NaOH makes this suggestion less plausible than an
incorporation of the Na in the C-S-H phases. It seems that the presence
of Na in the C-N-S-H does not modify the aluminium uptake or the Ca/
Si ratio. The formation of a second type of C-S-H (C-N-S-H) in the
NaOH activated slags is consistent with the presence of two types of C-
S-H observed in these samples by XRD (Fig. 3). The continuous
increase of the basal peak on the XRD analysis is consistent with the
continuous growth of the inner dark C-N-S-H layer observed in SEM
images. This suggests that the basal peak observed in this study may
be related to the inner C-N-S-H observed and is confirmed by the
NSHs results where nor basal peak was observed neither inner C-N-S-
H layer in the SEM images.

The Si, Mg, and Al contents were used to plot the Mg/Si vs. Al/Si
ratios (Fig. 8) as described by Taylor et al. [8]. The good correlation of
Mg/Si with Al/Si indicates the presence of a hydrotalcite like phase,
while the presence of a positive x-axis intercept reveals the level of
incorporation of Al in the C-S-H. The Mg/Al molar ratio is almost
constant in all samples with a mean value of 2.1. This Mg/Al ratio is
well within the range reported 1.92 to 4.35 for hydrotalcite formed in
hydrated slag pastes [15,42].

The higher amount of Al,O5 in the HA slag leads to a higher amount
of Al taken up by C-S-H (Al/Si=0.23) than observed for the LA slag
(Al/Si=0.13), but does not change the composition of the
hydrotalcite.

3.4. Microstructural changes

3.4.1. Microstructural development

Fig. 6 shows backscattered SEM images of the microstructure of
the two slags after 28 days activated by NaOH and NSHs. The reacting
slag grains are surrounded by C-S-H rims. The C-S-H developed in the
NaOH activated slags exhibits a brighter grey level than the C-S-H in
the NSH;s activated systems. As a constant chemical composition of
the C-S-H with a Ca/Si from 0.8 to 0.9 was observed, the increased
brightness indicates a higher density and/or a reduced amount of
chemical bound water in the C-S-H of the NaOH activated slag.

The thickness of the C-S-H layers seems to be much lower for the
samples activated using NaOH, and more pores are visible in the
matrix. This may be due to the faster reaction of the slag in the case of
NaOH activator that leads to a fast precipitation of relatively dense
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Fig. 6. Microstructure after 28 days for the different slags using the different activators. (a) LA slag with NSHs after 28 days, (b) HA slag with NSH; after 28 days, (c) LA slag with

NaOH after 28 days, and (d) HA slag with NaOH after 28 days.

hydrates during the first day around the slag particles as shown in
Fig. 4. Further hydrates develop almost entirely in the place of the
original slag particles (analogous to inner C-S-H in cement
hydration), with very little formation in the empty pore space. The
microstructure remains coarser and the hydration products are less
homogeneously distributed in the matrix even after 180 days
(Fig. 5). Two types of C-S-H phases seem to have formed in the
NaOH system: a dense C-S-H at early age of hydration and a less
dense C-N-S-H at later ages (darker inner area in Fig. 5), containing
more Na.

The BSE image of the NaOH activated slag systems after 1 day of
hydration shows a C-S-H layer precipitating around the slag particles

50
g
8 /
S 30 -
% / -4 HA - NaOH
< -# HA - NSH5
o I
= 20 LA - NaOH
-; ~ LA - NSH5

0 - T T y
1 10 100 1000
age (d)

Fig. 7. Evolution of the hydration degree in % of the alkali activated slags as measured by
SEM-IA (measurement uncertainty 2-3%).

with some platelets of the hydrotalcite phase (see Fig. 4) in the matrix
as shown by the EDX points analysis (Fig. 8). In case of the HA slag,
more and larger platelets seem to be present after 1 day compared to
LA slag. These platelets observed at an early age appear to be
interlocked, and the space between those has been filled with C-S-H.
In the case of the NSH5 activator, almost no hydration products are
observed after one day. At later ages, hydrotalcite formation has been
observed mainly around the slag grains.

3.4.2. Degree of reaction measured by SEM-IA

Up to 7 days, a much faster reaction of the slag in the NaOH
activated system than in the NSHs activated system is observed
(Table 6 and Fig. 7). However, after 28 days, no significant differences
between the two activators occur. In all pastes, around 50% of the slag
has hydrated after 180 days. Thus, the initial fast reaction of the NaOH
activated slags and the rapid formation of a hydration layer seem not
to prevent further hydration of the slag grains. Indeed, SEM-IA as well
as microstructure observations showed clearly continuous consump-
tion of the slag particles and the continuous formation and increase of
the inner C-S-H layer. This is comparable to what is observed with
temperature effect on OPC hydration where a fast reaction is leading
to the formation of a thick hydration layer around the OPC. However,
this layer does not prevent the late reaction of OPC.

Comparison of the SEM-IA results with the thermogravimetry data
(see Fig. 9) indicates a higher amount of bound water after 90 and
180 days of the NSHs than of the NaOH activated samples, while the
degree of reaction by SEM-IA of the anhydrous slag is similar. This
discrepancy indicates the presence of different hydrates or hydrates
with a different water content in the NSHs and NaOH activated slags.
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This is also in agreement with the XRD data which seem to show some
differences as well.

HA slag appears to show slightly faster reaction kinetics than LA
slag, especially for NSHs at sample ages up to 28 days. Although, the
chemical bound water of LA and HA were very similar.

3.4.3. Coarse porosity

The main reduction in coarse porosity as determined by SEM-IA
(Table 7) of the NaOH activated slags takes place within the first day,
from about 55 vol.% (space occupied by water and air during the

Table 6
Degree of reaction in % of the alkali activated slags as measured by SEM-IA.
Measurement uncertainty 2-3%.
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Fig. 9. Comparison between degree of hydration and weight loss for all activated
systems.

mixing process) to about 19 vol.%. After the first day, the reduction in
the coarse porosity proceeds very slow in NaOH activated slags. The
diameter of pores with NaOH activator can reach up to 5 pm and even
after 180 days, these pores do not seem to be filled with hydrates.

Because of the slow initial rate of reaction, samples activated with
NSH;s have a higher coarse porosity at a very early age. After 7 days
and longer, the porosity becomes lower for these samples, and the
pore space is gradually filled. For NSHs activated slags, the coarse
pores become finer with time, as the contacts and bonds between
hydration products develop (see Fig. 6).

With NaOH as activator, both slags show almost no significant
difference in the development of coarse porosity with hydration time.
With NSHs, the coarse porosity decreases faster in the HA system,
which is consistent with the faster hydration kinetics (see Table 6).

3.5. Discussions

3.5.1. Microstructure

The Al,O5 content influences both the morphology of C-S-H and
the microstructure at 1 day of hydration in NaOH activated systems
(Fig. 4). At an early age, the C-S-H of the LA slag appears to be more
fibrous and the hydrotalcite platelets are smaller. The C-S-H particles
of HA are more closely packed. However, at later ages the
microstructure of both systems collapses towards a denser and
more stable configuration with fewer large gel pores. The micro-
structural development showed in both cases the rims of C-S-H
surrounding the larger slag particles. The C-S-H typically has a two-
tone appearance and the layer formed later is darker than the layer
formed earlier. The difference is attributed to different nanoporosities
and therefore to different densities and backscattered electron
coefficients. The main differences observed between the two different
slags containing 7 and 12% of Al,0s at later ages are the increased Al-

Table 7
Coarse porosity in vol.% of the alkali activated slags as measured by SEM-IA.

Age HA LA Age HA LA

da

(day) NaOH NSHs NaOH NSHs (day) NaOH NSHs; NaOH NSH;
1 27 - 24 - 1 20 - 19 -
7 33 22 32 17 7 15 13 15 15
28 38 37 36 32 28 15 6 14 9
90 44 43 ) 37 ) 14 3 13 4
180 47 47 46 45 180 13 1 13 2
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content of the C-S-H for the HA and the faster reaction HA compared
to LA slag at an early age.

It was suggested previously [14,42,44] that the C-S-H gels present
in commercial blast-furnace slag activated by KOH are related by both
composition and morphology to the C-S-H gels present in slag-OPC
pastes but are more crystalline. The same observations concerning the
inner product C-S-H were made. It was shown its intermix on a fine
scale with a Mg,Al-rich phase with similar Mg/Al ratio as observed
here. The current work based on the results of NaOH activated slag
gives further support. The data produced by both SEM and XRD
indicated a structure based on a tobermorite-like phase as suggested
by Taylor [45] with higher incorporation of alkali in the C-S-H.
However, a study on KOH activated slags [14] indicated that more
alkali (K™) were binding in the silicate chains in the outer product
than the inner product, while in the present NaOH activated systems,
more Na™ was bound in the inner product than the outer.

3.5.2. Hydration mechanisms

For both activators and slags, the hydration reactions are
comparable: they both react to form C-S-H and hydrotalcite like
phase. There are however several important differences: In compar-
ison to the NSHs system, the NaOH activated system exhibits

(i) afaster decrease of coarse porosity and reaction kinetics during

the first days of hydration,

(ii) a more crystalline type of C-S-H is observed by XRD,

(iii) the hydrotalcite forms larger crystals although its chemical
composition is similar in both systems,

(iv) a higher coarse porosity for similar hydration degree

(v) a lower volume of hydration products and amount of bound
water,

(vi) a lower compressive strength for similar hydration degree.

The fast initial reaction of the NaOH activated slag seems to result
in the formation of a denser C-S-H with less chemically bound water
and thus an increased coarse porosity at later ages (Figs. 5 and 6)
resulting in a lower compressive strength as shown in Fig. 11. The
high initial rate of reaction does not allow time for diffusion and
therefore a high concentration of hydration products is built up in the
zone immediately surrounding the hydrating slag grains. As slag
dissolution continues, further hydrates are formed mainly in the place
of the original slag particle but not in the empty coarse pores. Thus,
the initial fast reaction seems to be responsible for the resulting coarse
porosity and the low compressive strength at longer hydration times.
The mechanism seems to be similar to the coarsening of the
microstructure that is observed for OPC hydrated at elevated
temperatures [24,25]. As for OPC systems at higher temperatures, a
fast initial reaction seems to result in a dense hydrate layer, in a less
well developed microstructure, in higher coarse porosity and thus in
lower mechanical properties at later ages. A similar coarsening is also
observed in alkali-activated fly ash and metakaolin binders, which has
been attributed to differences in gel crosslinking and density [43].

3.5.3. Effect of microstructure on compressive strength

With both activators, compressive strength increases uniformly
with the degree of hydration as shown in Fig. 10. However, at the
same degree of hydration, the compressive strength is lower for NaOH
activated systems compared to those activated by NSHs. Both slags
show, when activated with the same activator, the same correlation
between compressive strength and hydration degree.

NaOH activated systems exhibited a microstructure comprising
clustered dense particulates with large interconnected pores ob-
served by SEM while the samples hydrated using NSHs appear
homogeneous with porosity distributed in small pores largely below
the observation limits in SEM micrographs. The fast reaction in the
NaOH activated slag may allow an extensive gel organization and
densification as observed in the temperature studies as well as for
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Fig. 10. Compressive strength vs. degree of hydration measured by SEM-IA.

geopolymers [43,46], and thus results in a microstructure comprising
dense gel particles and large interconnecting pores. In contrast,
reduced reaction rates promote a decreased localized gel density and
a well distributed porosity.

The increase in gel volume allows supporting the compressive
strength of NSH; activated slag. Therefore, an increase in strength is
mainly a product of increased homogeneity of the microstructure. The
slow increase in long term compressive strength of NaOH activated
systems is not related to more unreacted material left since the same
hydration degree is observed at later ages for both systems.

A comparison of the compressive strength with the measured
coarse porosity (Fig. 11) shows a clear negative correlation with no
significant differences between the two types of activators or the slag
used. The differences in the correlation of the compressive strength
with the degree of reaction and the coarse porosity imply that
products formed in the NaOH activated samples have different space
filling properties.

Since the C-S-H formed using NaOH at early ages is denser and less
porous, the space in the matrix is poorly filled by the outer hydration
products which consequently leads to lower compressive strength at
the same degree of slag reaction compared to the NSHs activated
samples. Therefore, to achieve a cementitious binder with high
strength, an intrinsically more voluminous porous gel microstructure
is required as suggested by investigations on geopolymers [43].
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Fig. 11. Compressive strength vs. coarse porosity measured by SEM-IA.
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3.5.4. Degree of hydration

In this study, the degree of reaction of alkali activated slags is
measured using SEM image analysis [29], by comparing the volume of
anhydrous slag with the original slag content in slag pastes. During
the first days, a faster hydration was observed for NaOH activated
samples, while at later ages the degree of hydration is similar
regardless of the activator used. This observation agrees with other
findings on alkali activated slag [36], where it was observed using
selective dissolution techniques that more slag reacts in the presence
of NaOH than of NSHs, but the content of non evaporable water does
not show a difference. This discrepancy was attributed to the fact that
NSHs activated slag formed a water-bearing gel which was not
observed by the techniques used in that study.

Within the studied alkaline solutions, it is shown that the ultimate
degree of reaction of slags is not limited by fast early age reaction
(NaOH activated systems). The content of the chemically bound water
(or non-evaporable water) to measure the degree of hydration was
adopted previously in different cementitious composites by compar-
ing the quantity at different ages to the ultimate bound water (or non-
evaporable water) at 100% degree of hydration. However it appears
that this method cannot provide the real degree of hydration
when the kinetics of reaction are different. The chemically bound
water in C-S-H appears to decrease as reaction rate increases.
Therefore, the ultimate chemically bound water should be much
less. The degree of hydration calculated from constant chemically
bound water cannot reflect real values, it is in fact, much lower than
real degree of hydration (Fig. 9).

Fast reaction may increase the density of C-S-H leading to a
decrease in the gel porosity. The diffusion of water continues, which
consequently leads to the continuous formation of larger quantity of
inner C-S-H instead of outer C-S-H. This can be concluded from the
continuous increase in inner C-S-H thickness and almost no filling in
capillary porosity for the NaOH activated systems after 7 days.

The density of C-S-H under saturated conditions is related to the
gel porosity and composition. The results from EDS analysis show that
the Ca/(Al+Si) is constant regardless of the activator. Thus, the
density of C-S-H is related only to the chemically bound water and gel
porosity.

It is known that the bound water in C-S-H is present as both H,0
molecule and OH. Fast reaction may increase the polymerization of
silicate chains and therefore part of water in the form of OH is lost due
to a condensation reaction. However, this cannot influence a lot the
density of C-S-H because most of the water exists in the form of
interlayer water as shown for high temperature studies [47]. Thus,
when fast kinetics occurs in the systems, less water may exist in the
interlayer leading to a lower interlayer space and therefore a higher
density.

It is concluded that the measurement of the amount of bound
water is an inadequate method to compare indirectly the reaction
degree of the slag in the presence of different alkaline activators. In
the present study, image analysis is used to determine the degree of
slag reaction. As we found as well a discrepancy between bound water
content and direct measurement of slag hydration degree by SEM-IA,
one can conclude that the C-S-H resulting from NaOH activated slag
seems to incorporate less water than the one resulting from NSHs
activated systems.

4. Conclusions

The investigated alkaline activators NaOH and sodium metasilicate
pentahydrate (NSHs) have a strong impact on microstructure and
compressive strength of slag based binders by influencing the
hydration kinetics, porosity and hydration products. Two slags with
different Al,03 contents (7 wt.% and 12 wt.%) are used in this study. In
all systems, a C-S-H incorporating aluminium and a hydrotalcite phase
are the main hydration products.

Clear differences are observed between the NaOH and the NSHs
activator. The initial rate of reaction is higher using NaOH. During the
fast initial hydration reaction a dense C-S-H with, compared to the
NSHs activated system, less chemically bound water is formed, the
microstructure is coarser, and the hydration products appear not well
distributed throughout the matrix. During the late hydration of the
NaOH activated slags, despite the continuous reaction, the increase in
compressive strength and the decrease of coarse porosity is limited.
The late C-S-H formed has a higher alkali incorporation and is easily
distinguishable from the C-S-H formed earlier by scanning electron
microscopy.

In the NSHs activated system, the slag hydrates slowly and there is
ample time for the hydration products to diffuse and precipitate
relatively uniformly throughout the interstitial space between the
slag grains. This results in a lower porosity and much higher
compressive strength at the same degree of slag reaction compared
to the NaOH activated system.

The slag with higher Al,Os content (12 wt.%) shows a slightly
faster reaction kinetic than the slag with lower Al,O3 content (7 wt.%),
but in both slags a C-S-H incorporating Al and a hydrotalcite phase are
the main hydration products. In the case of the slag with higher Al,03
content a higher Al uptake by the C-S-H is observed.

It appears that the chemical composition of the slag, in this case
the Al content, has much less influence on hydration kinetics, nature
of hydration products and strength development than a change of the
alkaline activator.
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