N

N

Relation between activator ratio, hydration products
and mechanical properties of alkali-activated slag
Ugo de Filippis, Elodie Prud’Homme, Sylvain Meille

» To cite this version:

Ugo de Filippis, Elodie Prud’Homme, Sylvain Meille. Relation between activator ratio, hydration
products and mechanical properties of alkali-activated slag. Construction and Building Materials,
2021, 266, pp.120940. 10.1016/j.conbuildmat.2020.120940 . hal-03378765

HAL Id: hal-03378765
https://hal.science/hal-03378765

Submitted on 14 Oct 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03378765
https://hal.archives-ouvertes.fr

Relation between Activator Ratio, Hydration Products

and Mechanical Properties of Alkali-activated Slag

Ugo De Filippis?, Elodie Prud’homme?®*, Sylvain Meille?

& Univ Lyon, INSA Lyon, MATEIS UMR 5510, 7 avenue Jean Capelle, 69100 Villeurbanne, France

*Corresponding author: elodie.prudhomme@insa-lyon.fr

The use of cement substitute, such as alkali-activated slag, is of great interest in the field of
earth-based construction materials to preserve their environmental benefit. Nonetheless, the
cationic activity of clayey particles of earth-based materials induces new issues by affecting the
alkaline conditions in which slag is activated. This work aims to present how alkaline conditions
modify the nature and the amount of hydrates formed, the kinetics for reaction and the resulting
mechanical properties. A minimum of 5 wt.% of activator with respect to the slag was needed
to trigger consolidation of the samples within the first 24 hours, while an activator content of
15% led to an excess of sodium, especially remarkable at early age. Besides, hydration kinetics
were followed in situ during the first 3 days by infrared spectroscopy. The formation of
portlandite and hydrotalcite-like hydrates were only observable from 10% of activator and the
presence of hydrotalcite is correlated with an increase in mechanical properties. Finally, these
results are of interest for the formulation of earth-based materials by predicting hydrated phases

formed during slag activation depending on alkaline conditions.
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1. Introduction

Grounded Blast Furnace Slag (GBFS) is a steel industry by-product commonly used as
Ordinary Portland Cement (OPC) substitute because of its lower environmental footprint.
Reducing OPC consumption, whose production is responsible for 5 to 7% of worldwide carbon
dioxide emissions [1,2], is a critical issue and the use of alternative cementitious binder is an
attractive option. Blast furnace slag presents a latent hydraulicity, meaning that under specific
activation conditions it can dissolve and lead to the formation and growth of hydrates similar
to those observed during OPC hydration [3]. This opens the way for applications as building
materials, soil stabilization, and reinforcement of earth-based concrete or bricks [4,5].

Soil stabilization with binder adjunction, as OPC or activated slag, consists in the addition of a
hydraulic binder to a soil to obtain a hydrated composite material. Interactions between binder’s
hydrates and soil’s particles are of two kinds: physicochemical interactions between hydrated
gel and clays particles surface, and pozzolanic reactions between calcium hydroxide potentially
released during hydration and clay minerals [4,6]. To better understand these interactions a
detailed knowledge of the binder hydration, of the microstructure formed and of the
composition of hydrated phases are needed.

Slag hydration has been largely studied in literature [3,7-25,28,30-32,35-39]. As for OPC, it
starts with the dissolution of the anhydrous grains into dissolved silicate, aluminate and cationic
(sodic or calcic) species. Once these species reach a sufficient concentration in the interstitial
solution, they start to precipitate into hydrated phases. This precipitation, lowering the
concentration of dissolved species, favors further dissolution of anhydrous grains. However,
unlike OPC, slag dissolves very slowly into pure water [7], so that its hydration kinetic is very
slow [8], compromising its use as hydraulic binder. To accelerate the initial dissolution an
alkaline activator is needed. This activation can be calcic, sodic or sulfatic and usually involves
a pH value above 12.5 [9,26]. The cationic species of the activator act as network modifiers and
induce a faster dissolution of silicate and aluminate species that compose the glassy structure
of anhydrous slag [27]. Cationic species could also prevent the precipitation of calcium
aluminate hydrate gel on the grain surface that could hinder further dissolution or ionic diffusion
[27]. Previous studies showed that slag’s hydration largely depends on its chemical
composition, on its particle size distribution, and on the nature of the activation mix [3,9,28—
30,10-16,26]. A detailed study of the activation of one particular slag should then be made in

order to characterize the hydrated products formed depending on activation conditions.



Currently, the most commonly used mixtures for slag activation are composed of sodium
hydroxide and/or sodium silicate, mainly because they lead to the highest properties after
activation, such as compressive strength [31,32]. Sodium silicate usually leads to the highest
mechanical properties [17], but its production process negatively impacts the environmental
footprint of alkali-activated binders [18,33,34]. The influence of the activator concentration in
the initial mix has also been investigated. It seems that no consensus has been reached since
some authors describe the optimum range of sodium hydroxide content between 3 to 5% of slag
mass [19,20,35] while others have shown an increase of hydrated slag’s mechanical
performance with sodium hydroxide concentration until more than 6 to 10% of slag mass
[36,37]. Besides, identification of hydrated phases has been mainly studied in a small range of
activator ratio, typically between 2 and 6 wt.%. Sodium hydroxide activation mainly favors the
precipitation of hydrated phases such as calcium silicate hydrates and calcium-aluminum
silicate hydrates - C-S-H and C-A-S-H respectively - [21,26,29,38], calcium aluminum hydrate
gel (CAH) [22,39] and hydrotalcite (MgwAIxCO3(OH)y-z(H20)) [13,23] with GBFS containing
high amount of MgO (> 5% wt.) [11,24]. In the objective of soil stabilization, cationic activity
of clayed materials allow cationic exchange between clay sheets and interstitial pore solution
[40]. This changes the activator concentration and alkaline conditions in which slag is activated.
A precise knowledge of the impact of alkaline conditions on slag hydration is therefore needed
to understand how cationic activity of clays could disturb slag activation.

The aim of this study is to characterize slag hydration under different alkaline conditions, at
early age and in the long term, to understand the impact of initial activator content on the
formation and evolution of hydrated phases formed. To take into account these activator’s
variations, sodium hydroxide is used as activator, considering a large range of NaO to slag
mass ratios, from 1.25 to 15% of slag mass. These activation rates were chosen because of the
end application for earth building materials, which will result in cation exchange with clays.
The microstructural characterization, as a function of curing time until 90 days, will then be

related to compressive strength measurements.

2. Material and Methods



2.1. Materials

The slag used in this study is a GBFS supplied by ECOCEM France whose composition is
given in Table 1. Its specific surface area (Blaine) is 4450 cm?/g and its median diameter (dso)
is 11 um. Basicity of this slag, characterized by (CaO + MgO)/SiO2 molar ratio, is of 1.19, an
indicator of its good reactivity since this ratio is larger than 1 [25].

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

Elements CaO SiO2 Al203 MgO SOs Others
Rate (%) 42.0 35.3 10.9 75 2.3 2.0

Activating solutions were prepared by dissolving different amounts of sodium hydroxide pellets
(purity 99.9%, Fisher Scientific) in distilled water, as shown in Table 2. Solutions were used
after that complete dissolution and cooling to room temperature (25 + 2°C) was achieved.

2.2. Specimen preparation

Samples were prepared mixing anhydrous slag and activating solutions with a constant water
to slag ratio (W/S) equal to 0.4 for each formulation. Pastes were formulated to achieve four
different Na2O to slag weight ratios (A/S): 1.25, 5, 10, and 15%, corresponding to 1, 4, 8, and
12 M NaOH activating solution respectively (Table 2). After a constant hand mixing time
(1 min), fresh pastes are poured into cylindrical molds of 2 cm diameter and 4 cm height. Molds
are kept closed to stay under endogenous conditions and avoid water evaporation or drying
gradient. Samples are demolded after 24 hours, immediately and individually sealed in tightly
closed plastic film to stay under endogenous conditions before testing and kept at room
temperature. Three samples of each formulation were prepared and tested at 24 hours, 7, 28 and
90 days respectively. All characterization methods were performed at the mentioned curing

times and averaged on three samples.



Table 2: Activating solution characteristics used for each initial activator ratio

Activator Na.O
Activator / Slag (wt.%0) 1.25 5 10 15
Water / Slag (wt.%) 0.4 0.4 0.4 0.4
[Na*] (M) 1.01 4.03 8.06 12.1
pH value 13.2 13.6 13.8 13.9

2.3. Characterization Methods

Mechanical properties were determined by uniaxial compressive tests using a Zwick device

equipped with a 100 kN load cell (class 0.5). The crosshead speed was set to 0.3 mm/min.

Fourier Transform Infrared spectroscopy (FTIR) were performed on a TermoFisher Scientific
IS50 device using Attenuated Total Reflection (ATR) mode from 4000 to 450 cm™, with a
spectral resolution of 0.5 cm™ and averaged on 32 scans. Data were acquired with Omnic Series
software with the same parameters for both the tests on hydrated samples and for the in situ
experiments. 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"
1.

For the characterization of hydrated paste at each curing time, sample pieces were used without
prior grinding. In situ infrared experiments were conducted using a plastic mold fixed on ATR
tool’s plate and centered on the crystal (Figure 1). It allows pouring slag paste onto analysis
area just after mixing (1’ mixing + 45°” pouring). A piston inserted into the mold maintained a
constant pressure on the sample and ensured a good contact with ATR crystal. Water
evaporation was limited using a water tank around the mold and the whole system was covered
with a plastic film. Scans were obtained using the same parameters as described hereinabove
with a time step of 1 minute during 3 days. The first (after 1min) and the last (after 3 days)
spectra obtained with this technique are available for all formulations in the supplementary

material.
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Figure 1: Scheme of infrared (ATR) setup for in situ follow-up of hydration

Thermogravimetric (TGA) and differential thermal analysis (DTA) were performed on a
Setaram Setsys Evolution device (Caluire, France) up to 1050°C with a heating rate of
10°C/min and under dry air with a fixed flow of 20 mL/min. A 50.0 + 0.5 mg mass is placed in
a closed alumina crucible. Measurements data are analyzed with Setsoft software. Baseline

corrections are 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° (28) between 5° and
65° (20), and a dwell time of 1.3 s. The analysis is carried out on a plane surface of the sample
that has been polished beforehand. Data analyses were performed using EVA software with
background and Koy corrections, as well as scale normalization for comparison between the
samples. 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 and coupled to energy dispersive X-Ray
spectroscopy (EDX). Observations were made on gold coated samples. Images acquisition was
performed in back scattering electron (BSE) mode, with an acceleration voltage of 5 kV. EDX
acquisitions were performed with an acceleration voltage of 15 kV and using an Oxford

Instruments INCA x-act. Data analyses were performed using Aztec One software series.



FTIR, TG-DTA, XRD and SEM tests were performed on grinded sample’s pieces without using
any hydration stop process to avoid chemical or microstructural damages. All tests were then

performed after the exact curing time delay.

3. Results

3.1. Mechanical Properties
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Figure 2: Evolution of compressive strength (a) for each A/S with time, and (b) for different curing time as a function of
activator ratio

Evolution of compressive strength with time is displayed in Figure 2.a for different A/S ratios.
After 1 day of curing, strength development is very low for 1.25% of activator and samples are
almost impossible to demold properly because cohesion is not sufficiently achieved. For
samples with an A/S ratio superior to 1.25%, cohesion is achieved and all samples present a
compressive strength close to 10 MPa. Above this threshold, the ratio doesn’t seem to
noteworthy impact strength development after 24 hours [41]. This observation is made more
obvious when compressive strength is plotted against sodium to slag ratio for each curing time
(Figure 2.b) since for 1 day of curing strength development does not appear to be linked to
activator content above 1.25%. From 7 days, compressive strength increases for each
formulation, this increase being proportional to the sodium concentration. Between 1 and 7
days, compressive strength increases by a factor of 1.3, 1.8 and 3.0 for 5, 10 and 15%
respectively. As it can be seen in Figure 2.b, compressive strength varies linearly with initial
AJS at 7 and 28 days. This linear trend is still noted at 90 days except for 1.25% sample, since

compressive strength doesn’t evolve anymore after 28 days for this formulation (Figure 2.a).



Strength development above 1 day of curing strongly depends on A/S in the case of sodium

hydroxide activation, especially regarding long term performances.

3.2. Early Age Hydration

Figure 3 shows FTIR spectra collected from anhydrous slag and from all hydrated samples after
24h of curing. Considering the spectrum of anhydrous slag, the broad band noted between 1550
- 1400 cm™ and centered on 1475 cm™ (Figure 3.b) is attributed to COs? vibrations in different
configurations [42—-46], revealing the presence of carbonated species. The broad dome visible
between 1050 and 750 cm™ (Figure 3.a) is mainly attributed to silico-aluminate groups which
form the main structure of anhydrous slag. Finally, the presence of a band at 875 cm, attributed

to COs? vibrations in calcium carbonates [42,44—46], confirm the presence of CaCO3 phases.
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Figure 3: (a) FTIR spectra of anhydrous slag and hydrated samples for each A/S after 24 hours of curing, between 500 -
3750 cmL, (b) zoom between 1200 - 1800 cm and (c) zoom between 3600 — 3680 cm*!

Spectra of activated samples show a broad band between 3650 - 2600 cm™ typical of O-H
stretching vibration of hydroxyl groups from hydrated phases and from free water, the latter



being also visible at 1640 cm™. The broad OH-band clearly tends to shift to lower frequencies
while activator content increases. This shift is due to the dissolution of sodium hydroxide in the
activating solution. It is related to Na — OH vibrations [47] and a reduction of the OH — O bound
length [48] due to the structuration of water involved by the presence of soda. The specific band
of portlandite (Ca(OH).) at 3640 cm™, attributed to Ca — OH vibrations [46], is clearly visible
for samples with activator content above 10% (Figure 3.c) and its absorbance increases with
sodium content. This result is consistent with those reported in the literature with an A/S of 8%
[49]. Considering carbonates vibrations region (Figure 3.b), the specific bands of anhydrous
state centered on 1475 cm™ are visible for 1.25% of activator, so that anhydrous carbonated
species have not been dissolved. However, for an activator content superior to 1.25%, bands at
1385 and 710 cm™ differ from those of anhydrous slag, revealing a change in carbonates
configuration [50]. These bands are close to those observed for dissolved carbonate anions
COs? [43]. This is attributed to an attack of calcium carbonate phases which can leads to its
partial or total dissolution. For the 15% sample, a band at 1435 cm™ is attributed to the presence
of hydrated sodium carbonates, Na2COs-x(H20) [32,42]. The formation of calcium silicate
hydrates potentially containing high amount of aluminum, C-A-S-H [51], is revealed in the low-
frequency region (500 — 1200 cm™) by the bands at 932, 812 and 650 cm™ [46,51-58] (Figure
3.a). The relatively low main wavenumber associated to asymmetric stretching vibration of Si-
O-T (T=Si or Al) bonds at 932 cm™ could be associated to relatively depolymerized C-A-S-H,
mainly composed of Q* or Q? tetrahedral units, either due to high calcium to silicon (C/S) ratio
[46], sodium uptake [59] or to high amount of aluminum incorporation [46,51,52,60]. It can be
noted that the bands associated to C-A-S-H gel do not shift with increasing activator content.
The band at 890 cm™ is not visible for 5% sample, slightly present for 10%, and well defined
for 15%, indicating significant differences in the hydrated phases formed. This band is
attributed to the formation of a hydrotalcite-like phase noted at early age only when A/Sis above
10%.
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Figure 4: Evolution of normalized absorbance at 932 cm* during the first three days of curing for each A/S, obtained by
FTIR in situ measurements. A(0) is the absorbance value at time t =0 min

The continuous in situ acquisition of infrared spectra during the first 3 days of hydration
allowed to measure the evolution with time of the absorbance of the 932 cm™ band, related to
C-A-S-H (Figure 4). The absorbance is normalized by its value at the beginning of the
experiment. When slag is mix with free water (Na.O = 0%), no evolution of the absorbance of
the band at 932 cm™ is observed. No C-A-S-H hydrates are detected during the first 3 days,
which is consistent with the fact that slag hydration in water is very slow [3]. For an A/S ratio
of 1.25%, first hydrates precipitation is detected around 1500 min (25 h). This result is
consistent with individual measurements (Figure 3.a) and with the poor cohesion noted at 1 day
(Figure 2.a). The absorbance increases then rapidly until 2500 min (42 h) before slowing down
until being almost constant at a relatively low level regarding to others formulations. One can
note that during the first 24 hours, in situ spectra of 1.25% sample and of free water present a
similar shape, with no possible identification of any characteristic band of anhydrous or
hydrated slag (available in the supplementary material). Since the depth of penetration of the
evanescent infrared wave used in ATR mode is estimated to approx. 5 um for those materials,

it may only penetrates a thin water layer formed between slag grains and ATR crystal. The



formation of this water layer indicates a poor solubility of slag grains in water and limited
chemical interactions between slag and pure water. That could explain the low dissolution rate
of slag in these conditions. This phenomenon is not observed with higher amount of activator.
For an activator content above 5%, hydrate formation starts in the very first minutes after
mixing and can be separated into two main phases. At first, hydrate formation accelerates and
quickly increases until 490 min (= 8 h) for 5 and 10% of activator and 550 min (= 9 h) for 15%.
Then in a second phase, the absorbance increase is smaller but still noted. Above 1.25%, the
absorbance evolution is quite the same whatever the A/S, showing that the hydrate formation
is not related to it. Nonetheless the IR signal associated to hydrates formation increases slightly
with activator ratio, especially above 10%. It could be noted that these results are comparable

with those obtained with in situ calorimetry with similar mix compositions [17,49].

3.3. Extent of Reaction
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Figure 5: DTA curves of anhydrous slag and hydrated samples for each A/S after 90 days of curing between 700°C and
1100°C



Extent of reaction of hydraulic materials such as OPC or slag can be qualitatively evaluated
thanks to differential thermal analysis [28,61]. Indeed, as illustrated in Figure 5, anhydrous slag
starts to crystallize above 700°C into a metastable phase, Merwinite (CazMg(SiOa).), and then
to a more stable crystalline phase, Melilite (Cax(Mg,Al[(AI,Si)SiO7]) [28]. These
crystallizations are clearly noted on the DTA curve of anhydrous slag by two exothermic peaks
at 850°C and 930°C respectively [3]. Besides, the endothermic zone between 700°C and 830°C
corresponds to the germination of slag before its crystallization [28]. Figure 5 also presents the
DTA curves obtained for hydrated samples with different activator ratio after 90 days of curing.
For the 1.25% sample, the slag germination phenomenon is still noted and the two
crystallization’s exothermic peaks are identifiable. Nonetheless, dissolution of slag grains is
observable by the modification of both the germination endothermic zone and the shape of
exothermic peaks, the latter being spread out on a larger range of temperature. This is related
to a chemical and structural modification of amorphous phases. However, the presence of these
exothermic peaks indicates that amorphous phases are still present in the sample, so that
hydration is not fully achieved after 90 days. The shape of exothermic peaks are even more
modified when the activator ratio increases to 5%, even if the first transition peak is slightly
visible at 800°C. The extent of reaction can thus be considered as more advanced. When
activator ratio excesses 10%, no identifiable exothermic phenomena are identifiable, so that no
more initial amorphous phases, specific of anhydrous slag, are present in the sample. The

dissolution of initial grains can be considered as complete.

These interpretations are confirmed by FTIR results after 90 days of curing time (Figure 6). For
both anhydrous slag and sample activated with 1.25% of sodium, carbonate phases specific of
anhydrous state are identifiable between 1550 and 1400 cm™ (Figure 6.b) and also at 875 cm™.
Besides, for this activated sample, characteristic bands of hydrated phases such as C-A-S-H at
932, 812 and 650 cm™ are very weak (Figure 6.a). These observations confirm that, even after
90 days, hydration of the 1.25% sample is very low and dissolution of anhydrous phases are far
from complete. For samples with activator content above 5%, a change in the chemical
environment of carbonates is observable as it is the case after 24 hours of curing (Figure 3),
since the main band of carbonates is shifted from 1475 to 1385 cm™, attributed to hydrated
sodium carbonates. This evolution is also illustrated with the increase of the C-O band at 710
cmL. The main bands at 932, 812 and 650 cm™, corresponding to Si-O-T (T= Si or T=Al) bonds
and mainly attributed to C-A-S-H phase, are also clearly visible. After 90 days, the differences

between spectra are less obvious, meaning that the extent of reaction are closer whatever the



content of activator is, especially for 10% and 15%. Nonetheless, development of hydrotalcite-
like phase at 890 cm™ is only noted for an activator content above 10%, and is more obvious
when activator amount increases. It could be also indicated by the presence of the absorbance
bands at 605 cm™, attributed to Al-OH or Mg-OH translation frequencies [50], and at 710 cm’
! attributed to carbonated species. Besides, it is worth noting that portlandite is only detectable
at 3640 cm* for samples with 10 and 15% of activator ratio (Figure 6.c).

(b) (a)

1640 Anhydrous Slag 932
- 1.25% 90d
5% 90d 890
——10%_90d 710 - 650 - 605
——15% 90d
‘ : ‘ ‘ 812
1800 1600 1400 1200
(c) 875
3680 3660 3640 3620 3600 i
--_Il T T T T NAT --__I___ T T
3500 3000 2500 1500 1000 500

Wavenumber (cm™)

Figure 6: (a) FTIR spectra of anhydrous slag and hydrated samples for each A/S after 90 days of curing between 500 - 3800
cm?, (b) zoom between 1200 - 1800 cm* and (c) zoom between 3600 — 3680 cm™*

3.4. Phase identification

Figure 7 presents XRD patterns obtained for anhydrous slag and each samples at 90 days. XRD
data for anhydrous slag confirms its amorphous state, as noted by the broad dome between 25°
and 37.5°. The presence of vaterite, a calcium carbonate crystalline phase, is clearly visible at
27° and confirm FTIR results previously presented (Figure 3). The sample with 1.25% of
activator presents a broad dome that can be attributed to either the formation of a poor

crystalline hydrates gel or the remaining of non-dissolved anhydrous slag. The latter hypothesis



is preferred since it is consistent with DTA (Figure 5) or FTIR (Figure 6) results. C-A-S-H
formation is noted with peaks at 29°, 32°, 44° and 50° [38,51,57,62—64]. The C-A-S-H peak at
32° is less clearly visible for 1.25% of activator than for other formulations. It could be specific
of less crystallized C-A-S-H or it could be an indication of a larger amount of Al uptake. In
fact, C-A-S-H diffractograms may evolve with Al content integrated into C-A-S-H phase [65].
It has been shown that increasing Al content can slightly modify basal distances of C-A-S-H,
especially above an Al/Si ratio of 0.2, as noted on XRD diffractograms by a reduction in
intensity of the 32° peak [51,66]. Al uptake seems thus favored for low activator content, that
Is to say when aluminum is not precipitated into more stable phases such as aluminate hydrate
or hydrotalcite-like phases [11]. Indeed, hydrotalcite amount is very low for this formulation
and almost undetectable. Vaterite is no longer clearly visible, assuming it has been at least

partially dissolved during slag hydration.
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Figure 7: XRD patterns (Intensity (a.u.) versus 2 Theta (°)) of anhydrous slag and hydrated samples for each A/S after 90
days of curing

The diffractogram obtained for the 5% sample presents the main peaks at 29°, 32° and 50°,

confirming formation of C-A-S-H hydrates. The main difference with the 1.25% sample is the



presence of calcium hemicarboaluminate hydrate (CHc — [CasAl2(OH)12][(CO3)o5(OH)-nH20]
[67], with a structure close to AFm-like phases: Ca>Al(OH)s- X-nH20, where X can be a single
or half a double charged anion [68]). The formation of this phase is correlated with the chemical
change observed in the carbonates region of the FTIR spectra for 5% (Figure 6). The formation
of hydrtoalcite-like phase is poorly observable at this stage. With an increase of A/S up to 10%,
the peak of C-A-S-H is more pronounced and hydrotalcite-like becomes predominant over CHc.
The formation of portlandite is clearly visible at 18° and 34°. This observation confirms the
FTIR results previously presented (Figure 6). For the sample with 15% of activator, the main
phase is still C-A-S-H. The widening of a small dome between 30 and 32° can be related to the
formation of a poorly crystalline gel whose structure and chemical composition are slightly
different from the main C-A-S-H phase and could be attributed to C-N-ASH phase.
Hydrotalcite-like phase and Portlandite are more visible and well-defined than for the other
formulations, meaning that the increase in sodium content favors the formation and the

crystallinity of these phases.
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Figure 8: XRD patterns (Intensity (a.u.) versus 2 Theta (°)) of the hydrated samples with 15% of activator for different curing
time



Evolution of phase formation with time is illustrated by comparing XRD patterns for a given
sample at each curing time, as shown in Figure 8 for the 15% sample. After 24 hours of curing,
the amorphous dome of anhydrous slag is no longer visible, assuming that dissolution of initial
grains is complete. The main phase detected is thermonatrite (Na2(CO3)-H20), a hydrated
sodium carbonate. Formation of sodium carbonates reveals the presence of a large amount of
free sodium available to react with carbon dioxide present in the ambient air that could be
formed during sample grinding or during XRD acquisition. This phase has not been detected in
other formulations, meaning that this excess of sodium at early age is noted when sodium
hydroxide is used above 10% of slag mass. In these conditions sodium ions in excess may
participate to slag dissolution but they are not integrated into stable phases, allowing their
reaction with carbon dioxide of ambient air through the precipitation of sodium carbonates. The
characteristic peak of C-A-S-H is obviously present at 29°. A small amount of hydrotalcite-like
phase and portlandite are also detectable at this age. After 7 days of curing, sodium carbonates
are no longer detected, assuming that all initial excess of sodium takes part into hydrated phase
formation, so that they are no more available to precipitate into carbonated phases. Portlandite
and hydrotalcite-like phase formation increase. XRD patterns for 28 and 90 days are similar
and no notable evolution is detectable after 28 days. The hydrated phases formed are then
mainly C-A-S-H, portlandite and hydrotalcite-like phase.

Phase identification can be completed and confirmed by thermogravimetric analysis (TGA).
Derivative weight loss (dTG) for anhydrous slag and hydrated samples after 90 days (Figure
9.a) present several characteristic peaks in the range of 50°C — 1100°C. The main one is
attributed to the loss of bound water of C-A-S-H phase [31,69-71], its temperature increases
with initial activator content as follow: 142, 155, 157 and 170°C for 1.25, 5, 10, and 15% of

activator respectively.
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Figure 9: (a) Derivative weight loss (dTG) and (b) weight loss of anhydrous slag and hydrated samples at 90 days for each
A/S

This temperature shift is related to the enthalpy of evaporation of water in the main hydrated
phases, so that the more the temperature increases, the more the water molecules are bound into
the structure. A stronger bound water can be related either to a more compact structure, or to
an increase in alkali uptake into the structure that can bind more strongly a larger number of
water molecules. The shoulder observed for 1.25% sample at 250°C can be related to the
formation of better crystallized calcium aluminosilicate hydrates containing a large amount of
aluminum, in accordance with XRD measurements (Figure 7). It should be noticed that this
reorganization of the C-S-H appears between 28 and 90 days. The shoulder at 200°C and the
peak at 385°C for the 15% sample, are attributed to water loss and dehydroxylation of
hydrotalcite-like phase respectively [30,31,38,69,71,72]. Weight loss between 450 and 650°C
is related to dehydroxylation of portlandite [69] and is only observed for 10 and 15% sample,
supporting that this phase is only formed for high activator ratios. The weight loss observable
at 680°C for anhydrous slag is attributed to the loss of CO from the vaterite phase. This loss is
no more observable after 90 days of curing whatever the initial activator content is. This
supports that vaterite has been at least partially dissolved at this curing time, as noted with XRD
results (Figure 7). A slight weight loss at 850°C noted for initial activator content superior to
10% is attributed to the loss of CO, from the hydrotalcite-like phase [14] (Figure 9.b).

Figure 10 shows SEM images of fracture surfaces of 1.25 and 15% samples after 24 hours, 7
and 28 days of curing respectively. After 24 hours, slag grains are clearly visible for both

formulation but present different surface morphologies. For 1.25% sample, grains are angular,



present smooth surfaces and are individually dispersed. They show a morphology very close to
those of anhydrous grains [58]. This observation is coherent with the fact that hydration has not
already occurred after 24 hours with 1.25% of activator. Conversely, for the 15% sample,
grain’s surfaces show large pits, assumed to be centered on points of favored attack and
dissolution. Besides, hydrates precipitation, such as C-A-S-H phases, are visible on the
surfaces. Hydrates growth allow connections between grains which start to form a continuous

structure so that macroscopic cohesion is achieved.
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Figure 10: SEM backscattered electron images of fracture surfaces of samples with 1.25 (left) and 15% (right) of activator
after 24 hours (top line), 7 days (middle line) and 28 days (bottom line) of curing time

After 7 days of curing, slag grains are still visible for 1.25% of activator but they present signs
of activation with a less angular morphology and with precipitated hydrates on their surface.



First signs of activation are noted but in a relatively limited amount. With 15% of activator,
slag grains are no more identifiable and the sample shows a relatively dense gel of honeycomb-
like type Il C-A-S-H phase, with hydrotalcite-like or portlandite platelets [73]. These
observations are in agreement with a well hydrated paste containing the hydrates identified
previously. After 28 days, hydration of slag grains is not complete for 1.25% of activator, since
grains are still identifiable. Nonetheless, their surface present a larger amount of hydrates,
related to a better extent of reaction. Alkaline attack seems to be preferential on smaller grains
and angular edges. These topologies presenting smaller radius of curvature that favors
dissolution/precipitation phenomena [74,75]. On the other hand, the 15% sample presents a
dense and packed structure formed by C-A-S-H phases coated by a dense gel.

EDX analyses were performed on the sample with 15% of activator and after 90 days of curing
(Figure 11). The gel is composed of two main phases nested one into the other (Figure 11.a).
The shape of the core phase allows to consider it as the section of a fully hydrated slag grain
surrounded by a second hydrated phase. A line analysis was performed to compare the atomic
distribution between the core and the shell phases (Figure 11.b). The local concentrations are
different inside and outside the volume of the initial grain, leading to the formation of inner
products (Ip) and outer products (Op), as already mentioned by Richardson [16,76]. Inner
products show a higher concentration in calcium and silicon and a lower concentration of
sodium with Ca/Na atomic ratio of 13.67 + 4.38, and Ca/Si ratio of 1.10 + 0.24 as compared to
outer products which values are 2.08 + 0.87 and 1.24 + 0.41 respectively. The measured Ca/Si
ratios are consistent with those reported in literature [14,49]. The concentration gradient clearly
observed here has also been suggested in previous studies [27]. The atomic ratios between Op
and Ip phases are presented in Table 3. They are significantly inferior to 1 for calcium,
aluminum and silicon. These species, initially present in the slag grain, are more present in Ip
than in Op, suggesting a low rate of diffusion outside of the grain. Conversely, sodium ratio is
largely superior to 1, supporting that a large proportion of sodium has not diffused into the
grain. This analysis underlines the weak diffusion of sodium into the initial slag grains, already
pointed out in other studies [17,77]. Therefore, with a high initial activator content, sodium is
mainly integrated into an outer hydrated gel, which is commonly described as C-N-ASH gel
[13,23,57,78]. It could be noted that Ca/Si atomic ratio of anhydrous slag is closed to that of
the Op phase (1.27 - Table 1) which is consistent with a relatively congruent dissolution of

calcium and silicon in the vicinity of the grain.
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Figure 11: (a) SEM image and elemental maps - red circles refer to grain’s shape and yellow line to the line analysis
performed - and (b) EDX elemental line analysis, for sample with 15% of activator after 90 days of curing

The kinetic of hydration can be considered fast for the 15% sample, since hydrates formation
begins during the first few minutes after mixing (Figure 4). Under these conditions, hardening
of the paste is too fast to allow a good diffusion of dissolved species between the slag grain and
the interstitial solution, leading to different compositions for Ip and Op. Besides, locally
different compositions have been pointed out by some authors in relation to the kinetic of the
reaction, the slower the reaction of hydration, the higher the level of diffusion throughout the
gel [31].



Table 3: Atomic ratio (from EDX analysis) between inner (Ip) and outer (Op) products for the sample with 15% of activator
after 90 days (see Figure 10)

Ca Si Al Na

Op/lp

. : 0.65+0.14 058+0.19 049+0.17 433+1.39
(atomic ratio)

4. Discussion

Thanks to the use of complementary characterization techniques, it is possible to give a
quantitative estimation of hydrates fraction with time for slag formulations at different A/S
ratios (see Figure 12). The phases considered are those identified by XRD, FTIR, and TGA
analyses. Their amount are evaluated thanks to thermogravimetric measurements according to
temperature range assignation described in section 3.4 (the curves of weight loss are available
in the supplementary material). Figure 12 presents the proportion of the total weight loss
assigned to each hydrated phase, including physisorbed water. This representation synthesizes

the results previously presented (Figure 9)
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Figure 12: Evolution with time of the weight loss proportion assigned to hydrated phases for each A/S

With only 1.25% of initial activator content, experimental data show that the dissolution is not
completely achieved even after 90 days. The presence of initial glass structure and vaterite, both
specific of the anhydrous state of the grains, is still noted by DTA (Figure 5) and FTIR (Figure
6) respectively. Kinetic of hydration is slow, considering the important amount of free water
and the low content of hydrates such as calcium aluminum silicate hydrates (C-A-S-H) after 24
hours. Absence of significant amount of calcium hemicarbonate (CHc) or hydrotalcite-like
phase is also an indicator of the low level of reaction. Mechanical properties are then very low
and reach a maximum at 28 days with little evolution afterwards (Figure 2.a). An A/S ratio of
1.25% (equivalent to a 1 M activating solution) is therefore not sufficient for a good hydration
of the tested GBFS. Considering that the activating solution for this material has an initial pH
value superior to 13 and close to other formulations (Table 2), this underlines the importance
of cationic content for slag’s activation, so that a high initial pH value is not sufficient to ensure
a good activation, especially at early age. Besides, it is worth noting that increasing sodium
concentration in the activating solution increases its ionic strength, which enables a better

deflocculation of anhydrous slag grains. A good dispersion of slag grains is critical to achieve




a better dissolution and a better extent of hydration. This deflocculating effect is easily
observable by the increase of fluidity during mixing when activator content increases, even
though water content is kept constant.

Above 5% of activator, no more anhydrous calcium carbonates are detected regardless of the
curing time. Hydration starts quickly, with compressive strength above 10 MPa at 24 hours
(Figure 2 and Figure 4). This activator content leads to the formation of C-A-S-H and CHc in
different proportions regarding curing time. Increase of CHc amount can be related to a better
dissolution of carbonate phases with time and to an increase of calcium and carbonates ions
available, and also to a favored precipitation of aluminum in CHc than in C-A-S-H phases with
ageing. The better dissolution of anhydrous slag, observable by DTA (Figure 5), leads to better
mechanical properties (see Figure 2.a) thanks to a more complete hydration process as
compared to 1.25%.

For 10 and 15% of activator, in addition to the main C-A-S-H phase, portlandite and
hydrotalcite-like are formed since the first day of hydration. The precipitation of portlandite for
high activator content is mainly due to the common ion effect of NaOH which drastically
reduces its solubility by several order of magnitude [79]. Incorporation of sodium into a C-N-
ASH phase, partially instead of calcium interlayer counter ions, can also yields to higher amount
of portlandite precipitation [59,80]. Conversely precipitation of portlandite consumes calcium
released by slag dissolution and enhances alkali substitution by reducing calcium content
integrated in C-A-S-H [59]. Alkali uptake in C-N-ASH phase instead of calcium can also favor
precipitation of calcium-aluminum hydrates such as hydrotalcite-like or CHc. Nonetheless,
when sodium hydroxide content is sufficient, hydrotalcite-like phases seem to be preferentially
formed than CHc whose content decreases with time when activator content is superior to 10%.
The higher the initial sodium content, the higher the alkali substitution and the formation of C-
N-ASH phase [57,59,78,81,82] occurs. The precipitation of portlandite is also associated to a
pH value of the interstitial solution above 12.5, corresponding to the dissolution equilibrium
pH of this phase. For an activator content superior to 10%, the pH value superior to 12.5 over
time is partially responsible for the better extent of hydration observed on these samples.
Besides, increasing sodium hydroxide content increases ionic strength and conductivity of the
activating solution, which enhances slag grains dispersion and dissolution and allows a faster
hydration.

Finally, with 15% of activator, the initial excess of free sodium is illustrated by the presence of
hydrated sodium carbonate, such as thermonatrite, whose amount decreases rapidly with time

after the first 24 hours. Then, sodium uptake into stable phases is mainly achieved after 7 days



of curing. The higher sodium content leads also to a better stability of portlandite and C-A-S-
H, and to a higher fraction of hydrotalcite-like phase. These observations and the large amount
of hydrotalcite-like phase formed, are signs of a better hydration of slag grains and an increase
in long-term mechanical performances.

At early age (in the first 24 h) hydrated phases compositions are comparable for all A/S ratios
superior or equal to 5%, the amount of hydrotalcite-like phases is low and the kinetics of
formation of C-A-S-H are similar (Figure 4). At this curing time, it is assumed that the amount
of hydrotalcite-like phase is not sufficient to have an impact on mechanical results. Besides, the
formation of portlandite does not result in an increase of the mechanical properties. Finally,
presence of sodium carbonates in the 15% sample could be detrimental for mechanical
performances. It results in equivalent mechanical properties for all A/S ratios superior or equal
to 5% (Figure 2), so that above 5% the initial activator content has a little influence on slag’s
hydration at early age.

However, at later ages (after 28 days), hydrated phase compositions depend on the initial
activator content. Especially, the amount and kinetic of hydrotalcite-like phase formed are
correlated to an increase in mechanical performances. Therefore, initial activator content has a

great influence on slag’s hydration at later ages.

5. Conclusion

This work enabled to identify the hydrated phases formed with a large range of sodium
hydroxide activating solution and highlighted influence of the activator content. The extent of
reaction, the nature of hydrates formed, their kinetics of formation and their stability with time
are affected by the initial activator to slag ratio, more than by the initial pH value of the
activating solution when this one is superior to 13. These observations can be explained by an
increase of the ionic strength of the solution and an increase of the cationic network modifiers
amount, sodium in this case. The higher amount of sodium allows to maintain a high pH value
(> 12.5) for longer period of time, which is critical for slag’s dissolution. Hence, the highest
amount of activator leads to the highest mechanical properties after 90 days. Although 1.25%
of slag weight (i.e., 1 M activating solution) are largely used and studied for slag activation, it
turned out to be insufficient for a complete hydration of slag grains, especially at early age.
However, for an activator content superior to 10% (i.e., 8 M solution), portlandite and
hydrotalcite-like formation are favored and the latter is correlated to higher long-term



mechanical performances. Portlandite precipitation, mainly attributed to the common ion effect
due to high concentrations of sodium hydroxide, underlines the fact that initial activator content
both plays a role in slag's dissolution and in hydrates’ precipitation and composition. When the
activator content reaches 15% of slag weight (i.e., 12 M solution), sodium is considered in
excess at early age but is incorporated into a C-N-ASH phase over time. Nonetheless, it should
be kept in mind all the other parameters influencing slag hydration such as: slag chemistry and
granulometry, nature of activator used, mixing and curing protocols and especially water
content. Besides the durability of these materials should be further investigated and, among
others, the stability of sodium which could be release during aging, especially when large
amount of sodium hydroxide are used for activation. Finally, these results are of interest for the
formulation of earth-based materials using alkali-activated slag binders by predicting hydrated

phases formed during slag activation depending on the effective alkaline conditions.
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