N
N

N

HAL

open science

Sodium hydroxide substitution in slag activating mixes:
A potential pathway to more sustainable slag-based
binders

Ugo de Filippis, Elodie Prud’Homme, Sylvain Meille

» To cite this version:

Ugo de Filippis, Elodie Prud’Homme, Sylvain Meille. Sodium hydroxide substitution in slag activat-
ing mixes: A potential pathway to more sustainable slag-based binders. Construction and Building

Materials, 2021, 300, pp.124183. 10.1016/j.conbuildmat.2021.124183 . hal-03378758

HAL Id: hal-03378758
https://hal.science/hal-03378758

Submitted on 14 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03378758
https://hal.archives-ouvertes.fr

Sodium hydroxide substitution in slag activating mixes: a
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Alkali-activated slag is commonly used as a cement substitute to reduce the environmental footprint of
construction materials. Nonetheless, the use of significant amount of alkaline activators, such as sodium
silicate or sodium hydroxide, can be detrimental in terms of global warming potential impact. The aim
of this work is to use complementary activators as partial replacement of sodium hydroxide, and
therefore reduce the environmental footprint of the activated slag binder. Calcium hydroxide, calcium
carbonate, calcium sulfate and magnesium oxide are used as complementary activators in binary or
ternary activating mixes. The compressive strength at 28 days are higher (up to 18%) for the calcium
carbonate and calcium sulfate-activated samples as compared to the reference activated with sodium
hydroxide only. The characterization of the microstructure shows that the proportion of activated slag
and the nature of hydrates formed depend on the nature of complementary activators. Calcium
aluminum silicate hydrates and hydrotalcite are favored by the presence of calcium carbonate and
magnesium oxide, and a sodium calcium aluminum sulfate hydrate is formed in the presence of calcium
sulfate. The life cycle impact assessment (LCIA) performed on the different formulations shows that a
partial substitution of sodium hydroxide is a potential option to develop more sustainable slag-based

binders.

Keywords: Activator Mix, Slag hydration, Hydrates assemblage, Microstructure characterization, Life

cycle assessment (LCA)



1. Introduction

In the search for the production of more sustainable construction materials, alkali-activated slag is
widely studied for its potential as an alternative to Portland cement. The main benefit of this
substitution is the reduction of the environmental footprint of the produced materials, mainly in terms
of global warming potential (as COz.eq emissions) [1-4]. However, the mechanical and chemical
properties [3,5-11] and the environmental impact [1,4] of cements produced from alkali-activated
materials largely depend on several factors including the nature and amount of the activator used [12].
Nowadays, the mainly used activators are sodium hydroxide and sodium silicate [11,13] which notably
affect the environmental impact of alkali-activated slag [2,14-17]. This negative impact is mainly due
to their production process. Sodium hydroxide production consumes high amount of electricity for
electrolysis process and the production of sodium silicate involves heating a silica source (mainly silica
sand) with soda ash or sodium hydroxide at high temperature [18]. Finally, the use of highly alkaline
solution involves handling and usage issues as well as possible leaching to take into consideration. The
search for alternatives in the activating mix is then of great interest to further enhance the interest of
using these materials. In this respect, the use of alternative activators, such as sodium carbonate [6-
8,19-22], calcium carbonate [23] or sulfates [24-26], has been studied. Nonetheless the modification of
the activating mixture strongly impacts the hydration process, the microstructure and the final

properties of the hydrated slag.

Likewise Portland cement, the hydration of slag consists of three stages: surface dissolution of initial
anhydrous grains, increase of the concentration of dissolved species in the vicinity of the grains and
precipitation of hydrated phases once the concentration reaches the solubility limit. The precipitation
of new phases consumes the dissolved species, reducing their concentration, allowing further
dissolution of the grains [17,23,27-30]. The main difference between the hydration of slag and Portland
cement is that the latter is easily dissolved in pure water whereas the former is not [23,31]. Thus, the
rate of reactivity of slag in pure water is very low [23]. This is the reason why an activator is needed to
enhance the initial dissolution of slag grains. Alkali metals are particularly effective to initiate slag
dissolution because of their ability to break the initial glassy structure of slag by weakening the Si-O-T
(T standing for Si or Al) bounds thanks to their high polarizing power and high affinity for the bridging
oxygens [32]. Besides, they provide basic activating solution with high pH values, which favors
hydrolysis of the initial glassy network [17,28]. The higher the pH value, the higher and faster the
dissolution of acidic silicate and aluminate species [13,31,33,34]. However, cationic species present in
the solution also impact the precipitation of hydrates and take part in their microstructure [35].

Especially, sodium or potassium can be integrated into the main hydration products that are calcium



silicate hydrates (C-S-H) [10,13,36-38]. This substitution of calcium by alkali decreases the silicate
mean chain length, but does not seem to have a significant microstructural impact on the C-S-H [36,39].
Monovalent cations also do not allow for the formation of stable and cohesive hydrates unlike divalent
cation such as calcium [40-42]. This substitution could then be detrimental for the global cohesion of
the cementitious matrix if the amount of alkali substitution or the alkali concentration in the solution
are too high [38,43-45]. So, in order to enhance the precipitation of stable hydrates, the activating
solution should present a high concentration of network modifiers cationic species with high
polarization power to enhance slag dissolution while taking into account their integration into the

microstructure of precipitated phases.

In a previous study, the authors showed that the amount of sodium hydroxide strongly impacts the
extent and kinetics of slag hydration as well as the microstructure formed [46]. The more advanced
extent of hydration and the highest mechanical properties (between 30 and 45 MPa at 28 days) being
achieved with an activator content strictly superior to 5% and up to 15% of slag mass. In these conditions,
the microstructure was mainly composed of calcium aluminum silicate hydrates
(CayAlwSixOp(OH)y-z(H20), C-A-S-H) and hydrotalcite (MgwAlx(CO3),(OH)y-z(H20)) with a lower amount
of calcium hemicarboaluminates (CayAlw(CO3),(OH)y-z(H20)) and portlandite (Ca(OH)y).

The main objective of this study is therefore to use alternative user-friendly activators in substitution

of a part of the optimal amount of sodium hydroxide (>5 wt%) while achieving equivalent performance.

The total Na;O content is kept constant to 5% of slag mass, which is considered to be below the optimum
amount of sodium, estimated to lies between 10 and 15 wt.% of slag mass [46]. Three calcium-based
activators (calcium hydroxide, calcium carbonate and calcium sulfate) and one magnesium-based
activators (magnesium oxide) are used as divalent complementary activators. Calcium-based activators
are chosen to enhance the ionic strength and the calcium amount of the activating solution. These
parameters tend to favor the dissolution of slag [34,47] and the precipitation of cohesive hydrates
[33,42-44]. Besides, increasing calcium hydroxide amount enables to maintain a pH value superior to
12.5, which enhances alkali-activation of the slag. Most of the previously cited studies about slag
activation focus on mixes of sodium-based activators such as sodium silicate and sodium hydroxide.
Studies with combination of calcic and sodic activators in binary or ternary activating mixes are rarer
in the literature. Regarding the potential microstructure modifications, calcium sulfate is used to favor
precipitation of ettringite [24,25] and calcium carbonate is used to favor precipitation of hydrotalcite
[48]. Finally, magnesium oxide is used to increase the magnesium amount and to act as nucleation point
to favor the precipitation of hydrotalcite [19,49-51]. Each additional activator is used individually in

addition to sodium hydroxide in binary activating mixtures and in addition to sodium hydroxide and
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magnesium oxide in ternary activating mixtures. The influence of complementary activators on slag
activation is studied by varying the type and amount of complementary activators used whether it is in
binary or ternary mixtures. The water content is also investigated. The compressive strength of the
samples is measured after 28 days of hydration to assess the benefit or drawback of such activator
addition. In order to understand the mechanical properties variations among the formulations and the
impact of each activator addition on the hydration of slag, the microstructure and the hydrates
assemblage is also studied through infrared spectroscopy, X-ray diffraction measurements,

thermogravimetric and differential thermal analyses.

2. Material and Methods
2.1. Materials

The grounded blast furnace slag (GBFS) used in this study is supplied by ECOCEM France. Its composition
is given in Table 1. The specific surface area (Blaine) is 4450 cm2/g and the median diameter (dso) is
11 pm. The good reactivity of this slag is pointed out by its basicity index, (CaO + Mg0)/SiO, molar ratio,
which is here superior to 1 (1.19) [52]. The physico-chemical structure of the slag has been presented
in details in a previous work [46]. It is mainly composed of an amorphous silico-aluminate phase
presenting an amorphous dome between 25° and 37.5° (26) in X-ray diffraction pattern and a large
infrared absorption band between 1050 and 750 cm™' associated to Si-O and Al-O vibrations. A calcium
carbonate phase is also detected by the presence of specific infrared absorption bands between 1550
and 1400 cm™ and at 875 cm™.

Table 1: Chemical composition (oxides weight%) of the slag.

Elements Cao Si0; Al;0s; MgO SOs Others
Fraction 42.0 353 10.9 7.5 2.3 2.0
(wt.%)

The different activators used are presented in Table 2. Sodium hydroxide is used in a liquid form. Pure
pellets (purity 99.9%, Fisher Scientific) are dissolved in distilled water to prepare an alkaline activating
solution. The concentration of the sodium hydroxide solution is kept constant to 4 M and the pH value
is equal to 13.6. The total amount of sodium hydroxide solution used is calculated to keep a constant
amount of NayO to 5 wt.% of slag mass. In the case of pure sodium hydroxide activation (formulation
labelled as NH in Table 3), these conditions correspond to a free water to solid mass ratio (W/S) of 0.4.
All other activators are used in the form of dry powder and directly mix with anhydrous slag prior to

the addition of the sodium hydroxide solution. The additional activators are not incorporated into the



sodium activating solution to avoid any interference with the sodium hydroxide dissolution due to

common ion effects [53].

Table 2: List of activators and the associated global warming potential (GWP 100a) obtained from the life cycle
assessment (see section 2.2, * GWP 100a value of NaOH powder).

Used GWP 100a
Activator Label - Ecoinvent 3
form (kg COzeq [ kg)
Sodium hydroxide Sodium hydroxide, without water, in 50%
Solution ) 1.31*
(NaOH) solution state {GLO} | market for |
Calcium hydroxide )
Powder Lime, hydrated, packed {RER} |market for | 8.78-101
(Ca(OH)2)
Magnesium oxide ) )
Powder Magnesium oxide {GLO} |market for | 1.16
(MgO)
Calcium sulfate
Powder Anhydrite {GLO} |[market for | 5.63-1072
(CaS0s)
Calcium carbonate )
(CaC0s) Powder | Limestone, crushed, washed {CH} |[market for | 4.97-1073
al U3

The total free water to dry mass ratio (W/S) was kept constant to 0.4 by adding additional water
corresponding to the additional dry mass of activators used as powder. This water addition is
introduced in the final mixture after the addition of the sodium hydroxide solution. The addition of
water is required to avoid workability issues linked to the increase of water demand due to the use of
complementary activators in a dry state. The effective concentration of sodium in the final mixture
considers all the water additions (Table 3). The impact of an increase in water content is studied for
two specific formulations, for which W/S ratio is increased to 0.5. The formulations of all the tested
samples are listed in Table 3. The final sodium concentration is superior to 3 M for each formulation,

the pH value of the interstitial solution is then considered to be superior to 13 for each sample [46].



Table 3: Formulations tested: binary and ternary mixes.

Activator [ Slag (wt.%)
Free water
Na,0 MgO Ca(OH); | CaSO4 | CaCoOs ] [Na*]
Nomenclature | Solid
: . : : : (M)
(wt.)
(NH) | (Mg) (CH) (CS) (Cc)
NH 5 - - - - 4.0
NH_10 10 - - - - 8.0
NH+Mg_2.5 5 2.5 - - - 3.9
NH+Mg 5 5 - - - 3.8
NH+Cc 5 - - - 5 3.8
NH+Cs 5 - - 5 - 0.4 3.8
NH+CH 5 - 5 - - 3.8
NH+Mg+Cc_5_5 5 5 - - 5 3.7
NH+Mg+Cs_5_5 5 5 - 5 - 3.7
NH+Mg+CH_2.5_2.5 5 2.5 2.5 - - 3.8
NH+Mg+CH_5_5 5 5 5 - - 3.7
NHjo:s 5 - - - - 3.2
0.5
NH+Mg_5/05 5 5 - - - 3.1

The samples were cast in cylindrical molds (diameter: 2 cm; height: 4 cm) after 1 min of manual mixing.
The molds were kept closed to avoid water evaporation or drying. The samples were demolded after 24
hours at ambient conditions (20-25°C | 30-40% RH) and individually sealed for endogenous curing. All

testing methods were performed after 28 days of curing.

2.2. Characterization methods

The uniaxial compressive strength of the samples was tested using a Zwick universal testing machine
equipped with a 100 kN load cell (class 0.5). The crosshead speed was set to 0.3 mm/min. Three different
samples are tested at 28 days for each formulation.

Infrared spectroscopy measurements (FTIR) were performed using a TermoFisher Scientific IS50 device
in the Attenuated Total Reflection (ATR) mode. The spectra were acquired from 4000 to 400 cm™!, with
a spectral resolution of 4 (digital step of 0.5 cm™') and averaged on 32 scans. Data were analyzed using
Omnic Series software with a baseline correction treatment. All spectra were normalized with respect

to the water absorbance band at 1640 cm™!.



Thermogravimetric (TGA) and differential thermal analysis (DTA) were performed on a Labsys Evo
device (Setaram, France) up to 1100°C with a heating rate of 10°C/min and under dry air with a fixed
flow of 20 mL/min. Alumina crucible were used with a constant sample mass of 50.0 + 0.5 mg. Baseline

corrections were operated with a blank measurement realized on an empty alumina crucible.

X-ray diffraction patterns were acquired with a D8 Advance diffractometer (Brucker, Germany) using
CuKa radiation (AKa = 0.154186 nm), an acquisition step of 0.02° (26) between 5° and 65° (26), and a
dwell time of 2.5 s. Data were analyzed using EVA software with background and Ka, corrections.
Identification of crystalline phases was made by comparison with PDF standards (Powder Diffraction

Files) from ICDD (International Centre for Diffraction Data).

Scanning electron microscopy (SEM) observations were performed on a Vega 3 SEM (Tescan, Czech
Republic) equipped with a tungsten filament. Observations were made on gold coated samples in back

scattering electron (BSE) mode, with an acceleration voltage of 5 kV and a working distance of 5 mm.

The environmental impact of the activator mixes are evaluated through a cradle-to-gate assessment
[54]. For comparison purpose, only the impact of activators needed for the activation of 1 kg of slag
were considered and the environmental impact of slag or water content were not taken into account.
The life cycle inventory (LCI) datasets are obtained from the Ecoinvent 3 database [55] (Table 2). The
environmental impacts of the activators mainly depend on the industrial processes from which they
are produced [12] and on the energy mix of the country of production [56]. This is especially true for
sodium hydroxide production which mainly requires electricity. No specific further transportation
distance was considered, since this approach is only relevant for projects with a specific location. The
life cycle impact assessment (LCIA) method used was the CML-IA baseline method (version 3.06) [57],
which indicators are given in Table 4. The total impact of each formulation, for each indicator i, is then

given by (1):

n
Total Impact; = Z m; - Imp; (1)
=1

Where mj is the weight content of activator j and Imp; is the impact factor for 1 kg of activator j
produced.

The analyses were conducted on SimaPro v9.1.1 software.



Table 4: Environmental indicators and units for the CML-IA baseline (v3.06) method.

Environmental indicators Unit
Abiotic Depletion kg Sb eq
Abiotic Depletion (fossil fuels) M]
Global Warming Potential (GWP 100a) kg CO2 eq
Ozone Layer Depletion kg CFC-11 eq
Human Toxicity kg 1,4-DB eq
Fresh Water Aquatic Ecotoxicity kg 1,4-DB eq
Marine Aquatic Ecotoxicity kg 1,4-DB eq
Terrestrial Ecotoxicity kg 1,4-DB eq
Photochemical Oxidation kg CoHa eq
Acidification kg SO, eq
Eutrophication kg (PO4)* eq
3. Results

3.1. Binary mixtures

The compressive strength along with the total sodium concentration obtained for all binary mixtures
are presented in Fig. 1. A compressive strength of 26.4 MPa with 5 wt.% of Na20 is considered as a
reference value (dashed line). The addition of 2.5 wt.% of MgO shows no significant modification of the
compressive strength (+ 3%), while a further addition up to 5 wt.% is detrimental (- 9%). The addition of
water is detrimental for compressive strength in any cases: - 31% and - 41% for NaOH and NaOH-MgO
activated slag respectively. The latter combines the detrimental effects of a too important addition of
MgO and of addition of water. The negative effect of water addition is well documented for hydrated
materials such as cements [58]. In the case of alkali-activated materials an increase in water content
also implies a decrease of activators concentration (Fig. 1), which has an important impact both on

hydration reaction and on compressive strength [46].
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Fig. 1. Compressive strength at 28 days and effective sodium concentration (square symbols) of samples
activated with pure sodium hydroxide and with binary mixtures. Samples activated with a water ratio of 0.5 are
white filled. Straight hatching is for samples activated with pure sodium hydroxide solution and diagonal
hatching is for samples activated with NaOH and MgO. The dashed lines refer to the compressive strength of the
NH and NH_10 samples (26.4 and 34.2 MPa respectively).

Samples activated with a complementary calcic activator (Cc, Cs or CH) show a different mechanical
behavior, although the total sodium concentration is kept constant. Hence, the addition of 5 wt.% of
calcium carbonate leads to a significant increase (+ 16%) and presents the highest compressive strength
of all formulations tested with binary mixtures (30.7 MPa), while the use of 5 wt.% of calcium sulfate
presents an increase of 4% and the use of 5 wt.% of calcium hydroxide shows an important decrease of

23% as compared to the mechanical properties of NH sample.

The influence of the activator mix on hydrated microstructures after 28 days of hydration has been
studied. Fig. 2 presents the infrared spectra obtained for the samples activated with binary mixtures
and the NH formulation. The microstructure obtained with the NH_10 formulation has been discussed
and compared to the one obtained with NH formulation in a previous work [46]. All the samples present

a spectrum with a main band at 932 cm-! completed by bands at 812 and 650 cm™! (Fig. 2) which are all
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associated to Si-O and Al-O vibrations in C-A-S-H [38,59-61]. A slight shoulder at 890 cm!, more or less
well defined depending on the samples, is associated to the formation of hydrotalcite [46] and especially
to Al-O bonds [61]. Finally, the bands at 710 and 1385 cm' are associated to hydrated carbonates [62-
64], showing a significant dissolution and hydration of initial anhydrous slag [46]. Then, no substantial
chemical modification of the microstructure formed whatever the complementary activator used is
noted. The band at 1640 cm!, associated to free water, and the broad band between 2800 and 3800 cm-

1 associated to —OH vibrations are present in all spectra.

890
932;

NH+CH

3700 3640 NH+Cs

NH+Cc
NH+Mgjo5

NH+Mg

NH+Mg_2.5

NHo5

NH

/ :
[ T T y T 7/~ T T T y |
4000 3500 3000 1500 1000 500

Wavenumber (cm™)

Fig. 2. FTIR spectra between 500 and 4000 cm™! of samples activated with pure sodium hydroxide and with
binary mixtures after 28 days of curing.

The samples prepared with an addition of MgO present another band at 3700 cm™! (Fig. 2) associated
to Mg-OH bond stretching vibrations [65-67], thus indicating MgO dissolution and/or its integration in
hydrated phases. The intensity of this band increases with MgO content and is maximal for the sample
containing 5 wt.% of MgO and additional water (NH+Mgjos). The hydrated carbonate band at 1385 cm!

is also slightly increased for this sample, indicating a more pronounced carbonatation. The bands
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associated to carbonates group are maximal for the sample containing an additional amount of calcium
carbonate (NH+Cc). No band shifts are observed for the hydrated carbonate bands, indicating the
formation of similar carbonated groups than in the other formulations. With the use of Cs, the
carbonatation is especially low. Supplementary bands are observed for this particular sample at 592
and 1093 cm, associated to out-of-plane bending vibrations (v4) and asymmetric stretching vibrations
(v3) of SO4% groups respectively [60,68,69]. The microstructure and the nature of the precipitated
hydrates are then different than in the other formulations. Finally, a small band at 3640 cm is
associated to the stretching vibrations of OH groups in portlandite (Ca(OH),) [38,65,66,70]. The band
associated to portlandite is even more visible in the sample activated with calcium hydroxide CH,
suggesting that a non-negligible amount of this activator has not reacted with the slag. As for the
sulfate-activated sample, the carbonate band at 1385 cm! is less noticeable than for the other

formulations.

X-ray diffraction patterns of binary formulations are presented in Fig. 3. No peaks associated to the
initial calcium sulfate nor to magnesium oxide are detected, suggesting a total dissolution of these
anhydrous activators. The main hydrated phase formed by all the activator mixtures is a C-A-S-H gel.
The microstructure is completed by various amounts of hydrotalcite (Ht) and calcium
hemicarboaluminates (CHc) depending on the activating mix. In particular, the addition of water in
pure sodium-activated sample does not modify the nature of the crystalline phases formed. When
comparing the magnesium-activated samples with pure sodium-activated ones, it appears that
magnesium addition broadly favors hydrotalcite over hemicarboaluminate precipitation.

This tendency seems to depend more on the magnesium concentration than on the total magnesium
amount in the system. Indeed, the X-ray pattern of the sample with 5 wt.% of MgO and W/S of 0.5, and
thus with a lower magnesium concentration, is closer to the one with 2.5 wt.% MgO and W/S of 0.4 than
the one with 5 wt.% of MgO and W/S of 0.4. Especially, the highest magnesium concentration in the
sample NH+Mg promotes hydrotalcite and calcite (C) formation while it hinders CHc precipitation.
Brucite (Mg(OH),) is not observable, suggesting that the Mg-OH bounds observed in infrared spectra

(Fig. 2) are related to magnesium groups well-integrated in hydrated structures such as hydrotalcite.
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Fig. 3. X-ray diffraction patterns of the samples activated with binary mixtures and of the pure sodium-activated
sample at 28 days. C-A-S-H: PDF #00-034-0002, CHc: calcium hemicarboaluminate - PDF#00-041-0221, Ht:
hydrotalcite - PDF#00-014-0191, P: portlandite - PDF#00-044-1481, NS: sodium calcium aluminum sulfate

hydrate - PDF#00-044-0272 and C: calcite - PDF#01-081-2027.

In the sample activated with an addition of calcium carbonate, a larger amount of calcite is observable
but the diffractogram is very similar than the one of pure sodium-activated samples. The presence of
calcium sulfate leads to the precipitation of a sodium calcium aluminum sulfate hydrate (NS) and
portlandite (P), confirming the observations from infrared spectroscopy (Fig. 2). The precipitation of
hydrotalcite, but above all of hemicarboaluminate, is hindered while a slight amount of calcite is
observable. Finally, the presence of calcium hydroxide in the activating mixture promotes

hemicarboaluminate precipitation over hydrotalcite and the excess is present in the form of portlandite.
The relative mass fractions of hydrated and carbonated phases have been evaluated through

thermogravimetric analyses. The temperature ranges associated to each phase are presented in Table
5.
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Table 5: Temperature ranges of the mass losses associated to each identified phase (from XRD analysis). CHc:
calcium hemicarboaluminate, Ht: hydrotalcite, P: portlandite, NS: sodium calcium aluminum sulfate hydrate and
C: calcite.

Free
Phase C-A-S-H CHc NS Ht P Carbonates
Water
Temperature
0-100 100-170 170 - 280 180 - 300 280-415 415-500 650 -900
Range (°C)

[11,24,50,7 [61,71,73,
References [71,72] [11,24,72-74] [26,75] [75] [25,72,81]
1,73,76-78] 79,80]

The mass loss associated to each hydrated phase (Table 6) and the corresponding relative mass fraction
(mass loss | total mass loss) labelled in Fig. 4 correspond to the mass loss measured in the ranges
mentioned in Table 5. It should be noted that the relative mass fractions are only semi-quantitative and
should be used for comparison purposes between the different samples and not for a precise
quantification of the phases fractions, and this for two reasons. The first one is that the effective mass
losses of different phases overlap in a broad range of temperatures, especially between 100 and around
180°C. In this range, water molecules from different phases, more or less bounded into hydrated
structures, can be extracted. It could lead to an overestimation of C-A-S-H and CHc contents and to an
underestimation of the content of other hydrated phases. The second reason is that for an accurate
quantitative estimation of one phase, the exact chemical formula and especially the water
stoichiometry should be precisely known to link the water mass loss to the corresponding mass of
hydrates. This is not the case in complexes systems such as alkali-activated slag binders. Nevertheless,
the calculation presented are consistent with the previous observations made from the other

characterization techniques.
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Table 6: Total mass loss up to 900°C and mass loss associated to each identified hydrated phase for samples
activated with pure sodium hydroxide and with binary mixtures after 28 days of curing.

Total Mass loss related to each phase (%)
Formulation mass loss
(%) Free water C-A-S-H CHc Ns Ht P Carbonates

NH 22.84 4.57 12.21 3.60 - 1.84 0.40 0.22
NHjo5 25.92 5.28 15.47 3.08 - 1.63 0.40 0.06
NH+Mg_2.5 25.93 4.75 14.41 3.87 - 2.28 0.42 0.20
NH+Mg 23.97 6.03 11.97 3.04 - 2.47 0.38 0.08
NH+Mgjo5 27.36 6.42 14.40 3.39 - 2.48 0.42 0.25
NH+Cc 21.66 4.24 11.05 3.20 - 1.60 0.31 1.26
NH+Cs 22.12 535 11.60 - 2.84 1.39 0.85 0.09
NH+CH 23.64 6.02 10.86 3.69 - 1.73 1.26 0.08

14



" |Free Water [ CASH | JcHc N\NNINs 22 He [[[[[[ll» I Carbonates

a0 30
NH+Mg ;5

Mass Loss (¥)
Mass Loss (¥)

Formulation

Fig. 4: Semi-quantitative phase distribution of the total mass loss of samples activated with pure sodium
hydroxide solution and with binary mixtures at 28 days. The labelled numbers correspond to the percentage of
the total mass loss associated to the main phases. CHc: calcium hemicarboaluminate, Ht: hydrotalcite, P:
portlandite, NS: sodium calcium aluminum sulfate hydrate and C: calcite.

The samples presenting the most important proportion of free water are those with an addition of
calcium hydroxide, calcium sulfate and high amount of magnesium oxide (5 wt.%). The addition of water
does not significantly increase the amount of free water for both formulations tested (Table 6). The
total mass loss and the proportion of CASH are increased and the proportion of CHc and hydrotalcite
are decreased as compared to the corresponding formulation with a water ratio of 0.4 (Fig. 4). The
thermogravimetric analyses confirm the fact that CHc precipitation is also hindered by an addition of
magnesium oxide, especially at high magnesium content, and by an addition of calcium sulfate. Besides,
the addition of 5 wt.% of magnesium oxide slightly increases the precipitation of hydrotalcite.
Conversely, in the case of a calcium hydroxide addition, the precipitation of CHc is favored over
hydrotalcite one. The amount of portlandite formed is increased with an addition of calcium sulfate and

is the highest with an addition of calcium hydroxide.
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Fig. 5 shows the SEM observations of samples activated with sodium hydroxide and binary mixtures.
The sample activated with sodium hydroxide presents a dense structure of C-A-S-H gel with a
honeycomb-like morphology. The sample containing 2.5 wt.% of MgO presents a similar structure with
a clearly visible proportion of CHc hydrates incorporated in the C-A-S-H matrix. However, when the
MgO content is increased up to 5 wt.%, large and poorly hydrated slag grains are observable. The
anhydrous or poorly hydrated slag grains are easily identifiable by their smooth and angular surfaces.
These grains are surrounded by a matrix of C-A-S-H and hydrotalcite gel. Slag grains are also observable
with the sample activated by calcium hydroxide (NH+CH). This latter presents large platelets of
portlandite included in the C-A-S-H and hydrotalcite matrix. The calcium carbonate and calcium sulfate
samples present a dense C-A-S-H gel structure containing respectively CHc and NS hydrates. It is worth

noting that the NS hydrates seem to have precipitated in very specific sites which could correspond to

the presence of initially anhydrous calcium sulfate particles. These observations confirm the nature of
hydrated phases as identified by FTIR (Fig. 2) and XRD (Fig. 3) analyses.

5 pm NH+Mg

NH+Cc

—Sm NH+Cs || T 5um NH+CH

Fig. 5: SEM images at 28 days of samples activated with pure sodium hydroxide and with binary mixtures (see
label on the bottom right of each image). CHc: calcium hemicarboaluminate, Ht: hydrotalcite, P: portlandite and
NS: sodium calcium aluminum sulfate hydrate.

Concerning the samples activated with an addition of water (Fig. 6), the observed C-A-S-H gel structure

are less dense than for the other samples. It is mainly due to the presence of large anhydrous slag grains
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