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Abstract
Understanding the mechanisms controlling the early (fresh) and long-term
(hardened) hydration of one-part alkali-activated slags (AAS) is key to extend
their use as low CO2 substitutes for ordinary Portland cement (OPC). Their
“just add water” use makes them easier and less hazardous to manipulate than
the more studied two-part ones. This is due to the absence of liquid alkaline
activators, which are environmentally and energy demanding. In this work,
numerous experimental techniques have been linked to obtain a comprehen-
sive physico-chemical characterization of a one-part AAS activated with Na2CO3

and Ca(OH)2 powders at several water to solid ratios (w/s). Calorimetry and
pH/conductivity measurements describe the functioning of the activators imme-
diately after contact with water. Early reactivity is characterized through in situ
X-ray powder diffraction (XRPD) and small amplitude oscillatory shear (SAOS)
rheology, which reveal a rapid precipitation of nanometric hydration products
(nano-C-A-S-H), which results in a continuous increase in the paste cohesiv-
ity until setting. Moreover, SAOS shows that rejuvenating the paste by means
of shearing (performed externally to the rheometer in this study) is enough to
restore the initial cohesion (i.e., workability) for long time spans until setting
occurs. The long-term hydration is characterized by ex situ XRPD on aged AAS
pastes, in parallel with mechanical testing on AAS mortar. A correlation can be
observed between the amount of nano-C-A-S-H and the increase in compressive
strength. Overall, this formulation shows satisfactory fresh and solid properties,
demonstrating suitability for low- and normal-strength applications.
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1 INTRODUCTION

One of the many challenges of our time is the develop-
ment of cementitious materials with low CO2 emissions
to reduce the enormous environmental impact related to
the construction industry. Several effective and practically
viable strategies have been developed to mitigate this
impact by partially or completely replacing ordinary
Portland cement (OPC) in the formulation of blended
cements or alternative binders. Worth mentioning is the
reduction in clinker content by substitution with calcined
clays and limestone materials, which is promising for
large-scale deployment.1 On a local scale, attractive strate-
gies include the formulation of OPC-free binders based on
the alkali activation of suitable calcium/aluminosilicate
precursors, mostly constituted of industrial by-products.
Within a circular economy perspective, the use of indus-
trial by-products in the formulation of alternative binders
represents a sustainable opportunity to close the loop of
the product lifecycle and promote an integrated zero-waste
industrial system.2,3 Alkali-activated binders, and more
specifically alkali-activated slags (AAS), are a possible
alternative to OPC, potentially important when their pre-
cursors are locally available4,5 and cost-effective in terms
of material supply chain and placement technology. It is
frequently estimated that blast furnace slag availability
will not increase in the western world in the next years.
However, other metallurgical slags with a composition
similar to blast furnace slag may be used where locally
available6 or their synthetic analog may be efficiently
produced from the widely available white ladle steel slag
which is mostly landfilled today.7 In AAS, the cement
clinker is totally substituted by a solid amorphous alumi-
nosilicate (precursor), activated by an alkaline solution
(two-part system) or by a dry alkaline powder or a salt with
alkaline hydrolysis (one-part system).8–10 One-part AAS
set and harden upon mixing with water, similar to OPC.
These systems are less studied in the literature due to their
often slow strength development compared to the two-part
ones.5 However, one-part AAS pose less safety issues for
workers and have a lower CO2 impact than two-part ones,
due to the absence of liquid (alkaline) solutions, which are
usually corrosive, and energetically and environmentally
demanding. Many AAS formulations have been proposed
in recent decades.11–14 The activation of ground granulated
blast furnace slag (GGBS) is classically done with sodium
hydroxide (NaOH), silicate (Na2SiO3, Na2Si2O5), sulfate
(Na2SO4), or carbonate (Na2CO3).15 The latter solid activa-
tor is used mainly in combination with other liquid ones
(i.e., sodium hydroxide or silicate),9,14,16–19 requiring the
handling of hazardous solutions and reducing its advan-
tages compared to the benefits mentioned above for the

one-part AAS. In few instances, only sodium carbonate
activation is associated with other solid components to
enhance hydration kinetics as well as fresh and hardened
properties.20–24 Most of these studies report results on the
formulation of one-part AAS, as a ready-to-use product, or
on theirmechanical strength development, while no inves-
tigation has been devoted to revealing the mechanism that
controls the workability and reactivity of early age pastes.
The chemistry of AAS is relatively well-understood13
and predicted by thermodynamic modeling.25–29 Calcium
aluminosilicate hydrate (C-A-S-H) is the main hydra-
tion product of AAS, with a chemical composition and
structure similar to that of C-S-H that forms in OPC but
characterized by aluminum uptake.11,13,29,30 More pre-
cisely, C-S-H and C-A-S-H are nanocrystalline materials
whose structures slightly differ in relation to the content
of aluminum ions, which preferably replace silicon ions
at the bridging sites of the silicate dreierketten chain.31,32
Similarly to OPC, the phase assemblages of hydrated AAS
can be predicted on the basis of thermodynamic modeling
starting from the chemical composition of the system, and
graphically represented in the subternary CaO–Al2O3–
SiO2 phase diagram.13,33 Such thermodynamic modeling
is also of great importance for predicting the long-term
behavior of AAS, overcoming the lack of durability
experiments.29,34 Parallel to thermodynamic modeling,
long-term experimental characterization of hydrating
AAS is generally carried out through X-ray diffraction
(XRD), X-ray fluorescence (XRF), nuclear magnetic reso-
nance (NMR) spectroscopy, scanning electron microscopy
(SEM), calorimetry, thermogravimetric analysis (TGA),
and compressive strength testing on solid prisms.22,35–39
As already mentioned, the early reactivity (i.e., first hours)
of AAS pastes has been investigated less. Few studies
deal with the characterization of the fresh properties of
mainly two-part AAS pastes,40–42 focusing on their poor
workability,43–45 whereas a recent study46 follows the early
reactivity of a slag paste activated with sodium silicate by
rheology.
In this study, we focus on the formulation of a one-part

AAS paste, based on GGBS as a precursor activated
with sodium carbonate, along with calcium hydroxide
(Ca(OH)2). The hydration process and the chemical equi-
libria between the solids and the interstitial solution in this
one-part system are markedly different from the two-part
AAS activated with sodium silicate, mainly due to the
different concentrations of silicate in solution. Despite the
performance of this sustainable and chemically harmless
formulation,47 less attention has been paid to it. In fact,
while this systemhas been industrially used in the past,12,48
it has only been recently and partially characterized.45,49
In particular, the roles of sodium carbonate and of the
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interstitial solution composition, specifically carbonate
ions, have been pointed out by Bernal et al.38 and by Ke
et al.39 Here, we provide a novel multiscale approach to
the characterization of the early and long-term hydration
of this one-part AAS paste, linking its rheological and
mechanical properties to structural and microstructural
features. This has been achieved by combining, for the
first time, several techniques that encompass different
research fields, through real-time and ex situ measure-
ments. A detailed characterization of hydration products
in AAS pastes was obtained using synchrotron X-ray
powder diffraction (S-XRPD) to identify minor and poorly
crystalline phases. In addition, the early and long-term
hydration products of the AAS paste (fresh and solid) were
measured by laboratory in situ and ex situ XRPD. The pH
and electrical conductivity of an AAS suspension were
monitored for the first hours after contact with water to
have an indirect measurement of the evolution of ionic
concentration. Hydration of anAAS paste was followed for
several hours with calorimetry and the Vicat apparatus.
Small amplitude oscillatory shear (SAOS) rheology was
used to measure the structural build-up of AAS pastes
at different concentrations over time, as it is increasingly
being done for OPC45,50–56 to monitor the chemical pro-
cesses during its hydration (e.g., dissolution–precipitation
mechanisms57). Finally, mortar AAS prismswere prepared
and tested at different curing times up to 28 days at several
water to solid ratios (w/s). The combination of these tech-
niques brings novelty to the understanding of this one-part
formulation, clarifying themechanisms responsible for the
early and long-term hydration, and providing an interpre-
tation of compelling performances in both initial reactivity
and cohesion, setting time and solid mechanical proper-
ties. This multi-technique approach aims at linking the
vast literature cited above on one-part AAS (mostly sodium
carbonate based)9,10,14,17,18,20–24,38,39 to (i) the formation of
hydrated phases and their structural and microstructural
characteristics, (ii) the dissolution–precipitation pro-
cesses (as determined by the pH and composition of the
interstitial solution), and (iii) the influence of all these phe-
nomena on the early macroscopic paste structuration and
increase in elastic properties. The techniques used span
from the well-established measurements of compressive
strength, hydration calorimetry, and mineralogical phase
identification and quantification by XRPD, to others that
are less frequently reported in literature. Among these we
may cite (i) SAOSmeasurements, which is gaining interest
recently,45,50–56 (ii) interstitial solution pH and conduc-
tivity measurements, techniques scarcely applied despite
being introduced in the 1980s,58–60 and (iii) S-XRPD,
which can be fruitfully applied to research activities once
the access to large-scale facilities is granted.61

2 MATERIALS ANDMETHODS

This section describes in detail the formulation of our
AAS and all the methodologies used to characterize its
hydration process from the microscale to the macroscale.
The same batch of AAS powder was used throughout the
study. The mixing process and w/s are optimized for each
specific test. More specifically, the paste needs to be fluid
enough to be loaded in the capillary for S-XRPD. Similarly,
the paste must be fluid and low absorbent for the Cu K𝛼1,2
radiation of the laboratory in situ XRPD. On the contrary,
SAOS rheological experiments have been performed at
various w/s to investigate the effect of the solid volume
fraction of the paste on the elastic characteristics. Various
w/s have also been used for the Vicat and compressive
strength measurements. Hydration calorimetry data
have been measured at fixed w/s = 0.4 to enhance the
heat release per unit mass of the paste. Finally, pH and
electrical conductivity tests have been performed on a
suspension with w/s = 3 to enable the reading of the mea-
suring electrodes. The mixing procedures have also been
adapted to each technique following standard procedures,
where existing, as detailed below for each specific one.

2.1 Alkali-activated slags

AAS consists of 91.5% ground and granulated blast-furnace
slag GGBS (Ecocem, 𝜌 ≃ 2.9 g/cm3), 5% sodium carbon-
ate Na2CO3 (VWR, 𝜌 = 2.5 g/cm3), and 3.5% calcium
hydroxide Ca(OH)2 (VWR, 𝜌 = 2.2 g/cm3).45 For this
one-part formulation (𝜌AAS ≃ 2.9 g/cm3), two solid acti-
vators (Na2CO3 and Ca(OH)2) were chosen to further
reduce the environmental impact of AAS compared to the
more energy-intensive and hazardous liquid ones (two-
part). The addition of Na2CO3 and Ca(OH)2 in equal
stoichiometric amounts optimizes both the early setting
and the long-term strength.12,49 Sodium carbonate is, in
fact, routinely used in AAS as a solid activator, while cal-
cium hydroxide plays the role of a setting and hardening
accelerator.38 Hydrate precipitation and AAS setting start
when all carbonate ions in solution, CO2−, are consumed
by reacting with calcium ions, Ca2+, and precipitate as
CaCO3. Calcium ions come from the dissolution of the slag
or from additional calcium-bearing soluble phases (i.e.,
Ca(OH)2).
The particle size distribution of our commercial GGBS

was measured with a dry particle size analyzer (Better-
sizer SD). Three measurements were made, resulting in
D10 = 1.464 ± 0.015 μm, D50 = 9.30 ± 0.15 μm, and
D90 = 30.79 ± 0.42 μm. The exact chemical composition
of our GGBS was determined by XRF and reported in
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5190 LIBERTO et al.

Figure S1. AAS suspensions or pastes are made by mixing
distilled water and the solid dry powder portion (91.5 wt%
GGBS, 5 wt% Na2CO3, 3.5 wt% Ca(OH)2) at several w/s,
depending on the technique used.

2.2 Synchrotron X-ray powder
diffraction

A synchrotron XRPD experiment was performed at the
X04SA-MSbeamline of the Swiss Light Source (Paul Scher-
rer Institut, Villigen, CH) to obtain accurate information
on the phases forming during the early hydration of AAS
paste, taking advantage of (i) the higher brilliance and col-
limation of the X-ray radiation with respect to laboratory
sources, providing high-quality data at high resolution,
and (ii) the tunable beam energy, enabling the selection
of the most suitable wavelength to explore the desired Q-
range in the scattering pattern (vide infra).62,63 The GGBS
was loaded in a 0.5 mm diameter glass capillary and mea-
sured as reference material before activation. The AAS
paste was prepared by mixing the powder with distilled
water at w/s = 0.5 and then loaded into a 0.5 mm diam-
eter glass capillary and measured at different times (0.4,
17, 33, 46, and 76 h) to evaluate the evolution of the system
in terms of phase assemblage. S-XRPD data were collected
in transmission mode in the 2𝜃 range of 2◦–120◦ using
a single-photon counting silicon microstrip MYTHEN II
detector. The beam energy was set at 22 keV, and the
operational wavelength 𝜆= 0.56456Å, determined bymea-
suring a silicon powder standard sample (NIST 640c).
Separate scattering measurements of the air and empty
capillary were also performed. The transmission coeffi-
cient of the samples was experimentally determined by
measuring direct and transmitted beams, whereas that of
the glass capillary was calculated from the certified com-
position and the wall thickness of the capillary. Raw data
were corrected for systematic errors and absorption effects;
the extra-sample contributions to the scattering pattern
(i.e., the scattering from the capillary and the sample envi-
ronment) were subtracted, thus obtaining the reduced
S-XRPD data constituted by the sole sample scattering
pattern.

2.3 Laboratory X-ray powder diffraction

The early hydration of AAS pastes was characterized
through in situ laboratory XRPD measurements in focus-
ing transmission geometry. The AAS suspension was
prepared by mixing the dry powder with distilled water
at w/s = 0.6, in order to obtain a paste with high fluidity.
After mixing for 30 seconds with an orbital shaker, approx-

imately 0.2 g of paste was inserted between two films of
low-density polyethylene andmounted on a 35mmdiame-
ter sample holder. Sample thickness is a critical parameter
for measurements in transmission geometry, and, to avoid
absorption-related issues, the specimen was prepared
using a small amount of material. The confinement of
the paste between two polyethylene films prevented car-
bonation or desiccation of the paste. The measurements
were carried out under isothermal conditions at 23◦C,
maintaining the sample spinning during data acquisition.
It is worth mentioning that when measuring pastes or
suspensions, the symmetrical transmission geometry has
definite advantages over the classical Bragg–Brentano
parafocusing reflection geometry. First, sealing a thin
paste layer between two polyethylene foils avoids any
sedimentation and inhomogeneity of the sample (which
is almost unavoidable in the thick horizontal samples in
the Bragg–Brentano geometry). Additionally, when the
measurement is in transmission, geometrical aberrations
related to sample displacement are minimized, the irra-
diated area is better defined (particularly in the crucial
low-angle region64), and less interfering peaks of polyethy-
lene film are detected. In situ diffraction measurements
were performed with a Panalytical X’Pert PRO MPD
diffractometer using a focusing transmission flat sample
geometry. The diffractometer was equipped with a Cu
X-ray tube (Cu K𝛼1,2 radiation), an elliptical focusing X-ray
mirror and the PIXcel detector (active detecting length
3.3◦ 2𝜃). This experimental setup enabled fast diffraction
measurements that covered a wide 2𝜃 range. Diffraction
patterns were continuously recorded in the 3◦−66◦ 2𝜃

range starting at 10 min up to 7.5 h of hydration time.
The measuring time of a single diffraction pattern was
20 min.
The phase composition of AAS pastes at curing times

of 1, 7, 14, and 150 days were characterized through ex
situ diffraction measurements. In this case, AAS paste was
prepared by mixing dry powder with distilled water using
w/s = 0.4, poured into polyethylene containers and cured
at 22◦C (±2◦C) and a relative humidity of 99%. At selected
curing times, a portion of the solid sample was ground,
hydration was stopped by immersion in ethanol, and the
dried powders obtained were prepared for diffractionmea-
surements. A known amount (10 wt%) of internal standard
zincite (BakerTM ZnO) was added to the powder samples,
as required for quantifying the amorphous content. Ex
situ measurements were performed with the diffractome-
ter in Bragg–Brentano reflection geometry, using a fixed
divergence slit (0.25◦ aperture) and acquiring diffraction
data in the 5◦−90◦ 2𝜃 range, step size 0.026◦ 2𝜃, equiva-
lent time per step of 117 s. Quantitative phase analysis of
AAS pastes was obtained using the Rietveld full-profile
fitting approach. Topas v 2.1 software65 was used for
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LIBERTO et al. 5191

Rietveld refinements, applying the fundamental parame-
ters approach to simulate the instrumental contribution
to line broadening. The PONKCS method66 was used to
quantify C-A-S-H in the hydrated pastes, whereas the
amorphous content, mainly related to the unreacted slag,
was calculated using the internal standard method.

2.4 pH/conductivity

The pH and conductivity of an AAS suspension, at w/s= 3,
were measured together through a pH/cond-meter (Sev-
enCompact pH/cond S213 Mettler Toledo) with electrodes
optimized for highly alkaline solutions. The pH electrode
was calibrated with buffer solutions at pH 7.00, 9.21, 10.00,
and 12.45. The electrical conductivity electrode was cali-
brated with a solution at 12.88 mS/cm, and the measuring
range was checked with a saturated NaCl solution. Both
probeswere inserted into the suspension immediately after
mixing the AAS powder with distilled water by hand. The
measurement was carried out for 4 h under continuous
magnetic stirring.

2.5 Calorimetry

Calorimetry tests were carried out on an AAS paste
at w/s = 0.4 in a custom-built semiadiabatic (isoperi-
bolic) multichannel calorimeter equipped with type
K (nickel–chromium/nickel–alumel) thermocouples
(OMEGA). Semiadiabatic (isoperibolic) calorimetry is a
well-established technique,67,68 routinely used to study
cement hydration.69,70 Moreover, it constitutes the basis
of the European Standard EN 196-9:2010. Performing the
measurements in the semiadiabatic mode approaches
the real-life cement hydration conditions more closely
compared to the isothermal mode. The 50 mL paste is
obtained by mixing distilled water with AAS powder
using an overhead stirrer (IKA) for three minutes at the
maximum speed (800 rpm). Immediately after mixing, the
paste was inserted into an isolated container and placed
inside an insulated chamber. Then, two thermocouples
were inserted to measure both the sample and chamber
temperatures.

2.6 Small oscillatory rheology

SAOS rheological measurements were performed on AAS
pastes at w/s = 0.4, 0.5, and 0.6 (Φ ≃ 0.46, 0.41, and 0.36,
respectively) using a torque-controlled rotational rheome-
ter (MCR 302, Anton Paar) equipped with a serrated
plate-plate geometry, with an upper diameter of 25 mm

(PP25/P2) and a lower one of 50 mm. The gap between
plates was optimized for each paste in a range between 1.50
and 2.55 mm to minimize the disruption of the paste upon
loading and to avoid wall slip.45,71 Homogeneous 10 mL
paste samples were obtained by dispersing AAS powder
in distilled water using an Ultra Turrax mixer (IKA) at
the maximum velocity (6000 rpm) for 3 min. This high
intensity mixing is necessary for a complete mechanical
destructuration (i.e., fluidization) of the paste, allowing
both the reproducibility and the correct interpretation of
the results. Immediately aftermixing, the paste was loaded
onto the rheometer, the final contact gap was reached, the
moisture chamber was placed (to avoid evaporation) and
the test started. This process took ca. 60–90 s.
To measure the structural buildup of the AAS pastes,

preserving the existing microscopic structure, a small
amplitude oscillatory deformation was imposed in the
linear-viscoelastic regime (LVE) of the paste, indepen-
dently measured at all concentrations explored in this
work, as specified in a previous publication.45 For all
concentrations, the pastes showed an attractive gel-like
behavior, where the storage modulus G′ was higher than
the loss one G″.71
Thus, an amplitude oscillatory deformation of

𝛾 = 0.0005% (within the LVE) at f = 1 Hz was imposed
for 1 h.45,71 The choice of 1 Hz frequency was arbitrarily
made, as the results obtained on cementitious pastes were
reported to be unaffected by frequency.45,50,51,53,54 The
temperature was kept constant at 20◦C. The evolution of
the normal force was monitored to confirm the contact
between the upper plate and the paste. This measurement
set the temporal limit of the test to one hour for the most
concentrated paste, showing at this time a discontinuity
due to the partial detachment of the upper plate, probably
related to early hydration shrinkage. To overcome this
limitation, multiple distinct samples (i.e., batches) were
prepared, for each concentration, at a similar initial time
(i.e., 15 min apart considering the unloading, cleaning
and loading process between different samples). All
samples were prepared exactly the same way with the
same volume. For each concentration, the samples were
then tested fresh and every hour since preparation. The
aging then occurred outside the rheometer, and all the
aged samples were remixed immediately before loading
for three minutes at the maximum velocity (as in the
preparation step). The duration of the test and therefore
the number of samples for each concentration was dic-
tated by their ability to exhibit a viscous fluid behavior
and was a function of Φ, as described below:

∙ at w/s= 0.4 (Φ≃ 0.46), three samples were tested: fresh,
after 1 h, and after 2 h from the preparation (i.e., overall
testing time 3 h);
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5192 LIBERTO et al.

∙ at w/s = 0.5 (Φ ≃ 0.41), four samples were tested: fresh,
after 1 h, after 2 h, and after 3 h from the preparation (i.e.,
overall testing time 4 h);

∙ at w/s = 0.6 (Φ ≃ 0.36), five samples were tested: fresh,
after 1 h, after 2 h, after 3 h, and after 4 h from the
preparation (i.e., overall testing time 5 h).

As expected, the higher the w/s (the lower the Φ), the
larger the testing time window on the rheometer. Each
concentration was tested until the paste showed a substan-
tial decrease inworkability (due to the hydration progress),
being too stiff to be tested by the rheometer (i.e., torque
limit). For each concentration, three sets of tests were
performed to assess the reproducibility of the results.

2.7 Vicat

The setting times of the two extreme concentrations of the
AAS paste, w/s = 0.4 and 0.6, were measured by the auto-
matic Vicat apparatus (Vicamatic, CONTROLS). Samples
with a volume of 250 mL were prepared by dispersing the
AAS powder in distilled water with the aid of an over-
head stirrer (IKA) for three minutes at maximum speed
(800 rpm). As specified in the norm EN 196-3, the paste
was placed in the mold immediately after the preparation
inside a container that was then filled with water until ca.
1 mm above the upper surface of the sample (to avoid dry-
ing). Vicat tests start with a needle penetration depth of
40 mm and stop after a certain number of drops (44) dic-
tated by the upper surface area of themold. Then, an initial
delay time and the time between the drops were set for
both concentrations to cover most of the setting window.
Two tests were repeated for each concentration to verify
the reproducibility of the results.

2.8 Mechanical testing

The mechanical compressive strength of the solid AAS
mortar was also measured with a Zwick Roell machine
(Z250). Prisms of 2 × 2 × 8 cm3 were prepared by mix-
ing AAS powder with 30% in volume of standard sand
(1–2 mm) and tap or distilled water at different w/s (i.e.,
0.35–0.50) and tested at different curing times (i.e., from 1
to 28 days). An overhead stirrer (IKA) was used with the
following mixing procedure: 1 min at low speed (200 rpm)
to homogenize sand, AAS powder, and water, then 1 min
at high speed (800 rpm), a short stop to remove the mate-
rial from thewall and finally anotherminute at high speed.
The AASmortar prisms were then placed in themolds and
stored in a climate chamber at 20◦C and 65% humidity.

3 RESULTS AND DISCUSSION

This section is organized into three parts: the first provides
a general description of the phase assemblage that devel-
ops during the hydration of the AAS, and the second and
third show and discuss the results obtained with the var-
ious techniques already presented and aim at describing
the initial hydrationmechanisms of the AAS paste and the
long-term evolution of the system, respectively.

3.1 Phase assemblage via S-XRPD

The S-XRPD pattern of GGBS (Figure S2) shows broad
humps characteristic of an amorphous material. The high-
resolution S-XRPD data enable the detection of minor
amounts of crystalline phases (i.e., calcite, aragonite, per-
iclase, β-C2S and vaterite), most of which are below the
detection limit of the laboratory XRPD analysis. These
phases do not participate in the early hydration stage of
the AAS paste, as their (weak) characteristic peaks are
also detectable in the S-XRPD measurements performed
on the AAS paste at different maturation times. S-XRPD
data are reported in the Q range, where Q = 4𝜋⋅sin(𝜃)/𝜆,
with 𝜃 being half of the scattering angle 2𝜃, 𝜆 = 0.56456
Å. As shown in Figure 1, the AAS paste measured just
after mixing (0.4 h) shows a scattering pattern dominated
by the signal of the GGBS together with the newly pre-
cipitated calcite (main peak at ca. 2.07 Å−1) and a minor
portlandite residue (the amount of which is reasonably
below the detection limit of laboratory XRPD).
At 33 h after mixing, a broad peak starts to be visi-

ble at ca. 0.82 Å−1 (corresponding to a d-spacing of 7.66
Å), and sharpens at higher maturation times, suggesting
the precipitation of a nanosized AFm phase. These AFm
phases have a layered structure composed of calcium alu-
minate layers stacking along one direction and, in the
interlayer space, different anions (OH−, SO4

2−, CO3
2−)

can be hosted, thus allowing for variability in chemical
composition. The detected peaks of AFm phases are pos-
sibly assigned to monocarboaluminate (CO3

2−-AFm) or
to a hydrotalcite-type phase, a layered structure composed
of magnesium aluminate layers.72 Given the structural
similarity among the AFm phases and the hydrotalcite-
type phases, it is not straightforward to distinguish the
two groups of phases by XRPD if only a few reflections
are observed. From now on, both the CO3

2−-AFm phase
and hydrotalcite-type phase are globally indicated as AFm
phases. The progressive broadening of the peak at 2.07 Q
(Å−1) (d-spacing of 3.04 Å) and the subsequent appear-
ance of a shoulder at lower Q with maturation time have
been attributed to the nucleation and growth of C-A-S-H
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LIBERTO et al. 5193

F IGURE 1 Details of the synchrotron X-ray powder diffraction (S-XRPD) patterns of the w/s = 0.5 alkali-activated slag (AAS) paste at
different maturation times (0.4, 17, 33, 46, and 76 h). S-XRPD patterns show (A) the progressive precipitation of nanosized AFm (□) with peak
position at ca. 0.82 Å−1; (B and C) the progressive nucleation and growth of nano-calcium aluminosilicate hydrate (C-A-S-H) (○) highlighted
by the broadening of the superimposed calcite (▿) peak at ca. 2.07 Å−1 and the increasing shoulder at 2.05 Å−1 and by the occurrence of the
peak at ca. 3.43 Å−1; (D) the increase in intensity in the low-Q region (plotted on a log–log scale) and the beginning of nano-C-A-S-H
structuration at 76 h.

nanoparticles, for which the main diffraction peak par-
tially overlaps that of calcite. The characteristic pattern
features of developing C-A-S-H (Figure S3) are also vis-
ible at ca. 3.43 Å−1 (d-spacing of 1.83 Å) (Figure 1C).73
The assemblage of hydration products detected here is
in agreement with that observed in similar one-part
AAS formulations.22 Notably, the S-XRPD experimental
setup allows one to record a low-Q scattering pattern,
from 0.19 to ca. 0.50 Å−1 (Figure 1D), corresponding
to the high-Q region of a small-angle X-ray scattering
(SAXS) pattern, namely the upper limit of the Porod
region.74
The scattering intensity in this low-Q range is dom-

inated by the typical SAXS signal generated by small
(nano-sized) scattering entities. The conventional SAXS
signal can be described by considering the different
scattering contrast of such entities with respect to the
surrounding media, their volume fraction, the form factor
P(q) describing the size and shape of the scattering object,
and the structure factor S(q) describing the interparticle
interaction. However, in this case, the limited SAXS
region accessible by this experimental setup prevents the
full characterization of such entities and the theoretical
modeling of a partial SAXS signal. Nevertheless, the
increasing scattering intensity at increasing maturation

time provides valuable (although qualitative) information
on the evolution of the system, suggesting the progressive
nucleation and growth of nanostructured phases, for
which both the volume fraction and size reasonably con-
tribute to the recorded signal. This low-Q signal may result
from the joint contribution of different nanostructured
phases, such as newly precipitated AFm and C-A-S-H.
Interestingly, the AAS paste at 76 h after mixing shows a
very broad hump at ca. 0.4 Å−1 (Figure 1D), which may be
more reasonably attributed to a Bragg peak rather than a
proper SAXS feature, corresponding to a d spacing of ca.
16 Å and compatible with an early-precipitated C-A-S-H
with a tobermorite-like structure. The characteristic
features of C-A-S-H, highlighted in the S-XRPD pattern
at higher Q and previously discussed, further support
this.

3.2 Early hydration properties (<1 day)

In situ XRPD, pH/conductivity, calorimetry, SAOS, and
Vicat techniques are used to complement the microstruc-
ture understanding provided by S-XRPD, and bridge
the scales between atomic interactions and macroscopic
behavior.
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5194 LIBERTO et al.

F IGURE 2 (A) pH/conductivity measurements over time for an alkali-activated slag (AAS) suspension at w/s = 3. (B) Heat flux and
cumulative heat of hydration of an AAS paste at w/s = 0.4, obtained from semiadiabatic calorimetry measurement over time. Here, only the
first 8 h are shown. The complete curve is reported in Figure S4.

3.2.1 Early CaCO3 precipitation

The pH and conductivity of an AAS suspension (w/s = 3)
were measured simultaneously over 4 h under continuous
magnetic stirring. As shown in Figure 2A, the evolution
of pH and conductivity with time shows similar trends,
with an initial increase followed by a decrease in time,
starting in the first hour. Calorimetry instead, allows us to
follow the heat of hydration developed from an AAS paste
at w/s = 0.4, as shown (for the first 8 h) in Figure 2B. The
rate of heat evolution and the cumulative heat of hydra-
tion were calculated based on the mass of the fresh sample
(w/s = 0.4). The curve shows an initial endothermic peak
(ca. 15 min, gray area). The main peak of hydration begins
in the first couple of hours of testing, reaching its maxi-
mum around 4 h, and plateauing after around 20 h (Figure
S4). As shown in Figure 2A, the maximum conductivity
is reached after about 15 min, corresponding to the max-
imum calcium carbonate (CaCO3) supersaturation and
precipitation rate, and is attributed to the dissolution of
the soluble activators. The subsequent decrease in con-
ductivity is linked to continuing precipitation of CaCO3
and possibly of the hydrated phases. The maximum pH is
reached after about 30 min suggesting that CaCO3 precip-
itation from the activators is completed within this time
frame, according to the reaction:

Ca(OH)2 + Na2CO3 → CaCO3 + 2NaOH.

The subsequent sharp decrease in pHvalues after 60min
denotes that hydroxylated solid phases precipitate quickly
(also monitored by low-angle scattering in Figure 3 and
Figure 4A), showing an accelerated increase after approx-
imately 60 min. The maxima of electrical conductivity and
pH do not coincide, although hydroxyls are the most sig-
nificant contributors to the pore solution conductivity.75

They are, in fact, related to different phenomena, the
maximum CaCO3 supersaturation and the completion of
CaCO3 precipitation, respectively. Additionally, the inter-
actions between ions, solventmolecules, and ion pairs that
occur in concentrated solutions affect the ionic mobility
and change the effective ionic radii, causing conductivity
to decrease while pH continues to increase.76
In the same time frame of the conductivity measure-

ments (i.e., 15 min), the heat flux in Figure 2B shows an
endothermic peak (gray area), probably associated with
the CaCO3 precipitation whose enthalpy is negative, and
is driven by its entropic contribution.77 This hypothesis
is supported by the heat value of 1.70 J/g calculated by
the integral underneath the negative area of the heat flux
(gray area, Figure 2B). This value is comparable to the
theoretical one (2.49 J/g of paste) for the precipitation of
CaCO3 from the activators. The trend of heat flux supports
the interpretation of the pH/conductivity curves, indicat-
ing that calcium carbonate precipitation from activators is
limited to the first 30 min of hydration. The main peak
related to the heat of hydration is a sum of the individ-
ual enthalpies of the reaction and takes into account both
the heat released by precipitation of hydration products
(nucleation) and their growth over time.78 Therefore, the
timing of the main peak cannot be directly related to the
other techniques described below.
Overall, a rapid dissolution of solid activators brings

an increase in pH and in the precipitation of CaCO3 (ca.
30 min). An early age hydration peak is then visible for
the AAS paste (ca. 250 min), linked to both nucleation and
growth of hydration products.

3.2.2 Early C-A-S-H formation and setting

In situ XRPD measurements were conducted to contin-
uously monitor the phase evolution of the AAS paste at
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LIBERTO et al. 5195

F IGURE 3 Selected in situ diffraction patterns of the alkali-activated slag (AAS) paste at w/s = 0.6 during the first 450 min of hydration.
Cc: calcite; *: peak related to polyethylene film used as sample holder.

F IGURE 4 (A) Scattering intensity in the 3◦−7◦ 2𝜃 range (i.e., low angle) as a function of the hydration time of an alkali-activated slag
(AAS) paste at w/s = 0.6. (B) Structuration (𝐺′(𝑡)) of AAS pastes at different w/s over time.

w/s= 0.6 during the very early stages of hydration. Figure 3
shows the diffraction patterns starting from 10 min up to
450 min after mixing with water. The wide hump cen-
tered at 30◦ 2𝜃, which is related to the slag contribution,
does not exhibit any perceptible decrease. The only crys-
talline phase detected is calcite, and no diffraction peaks
of calcium hydroxide (or portlandite, Ca(OH)2 or CH) and
sodium carbonate (or natrite, Na2CO3 or sc) are observed
indicating that these phases dissolved (or are below the
detection limit of the technique) during the early minutes
of mixing with water (as observed in the pH and calorime-
try measurements). The low-angle region between the 3◦
and 7◦ 2𝜃 interval (corresponding to a Q range of 0.21–0.49
Å−1 using the Cu K𝛼1 radiation) shows a marked increase
as a function of hydration time. The kinetics of the paste
evolution can be described by the increase in the low-angle
intensity as a function of time. The low-angle intensity was

quantified by fitting the data in the 3◦–7◦ 2𝜃 range using a
split Pearson-VII function and keeping it fixed at a mini-
mum value the full-width-half-maximum of the left side of
the peak (i.e., 3.05◦ 2𝜃). The refined peak areawas used as a
measure of the small-angle intensity, which is plotted with
its derivative versus time in Figure 4A.
As shown in Figure 4B, rheological testswere performed

for three w/s: 0.4, 0.5, and 0.6, a range for which the
paste shows a gel-like behavior (i.e., 𝐺′ > 𝐺″). As a quick
reminder, for each w/s, the AAS pastes were prepared
in several batches to gradually age outside the rheome-
ter (to overcome the maximal duration of the experiment
of 1 h). Each sample was remixed before being loaded
onto the rheometer. In Figure 4B the evolution of 𝐺′ over
time is plotted for each of these samples at different aging
times (i.e., every structuration hour represents a separate
experiment).
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5196 LIBERTO et al.

The choice of plotting the three w/s together over time
as a single experiment intends to give a general picture of
the evolution of the properties of the three concentrations
over time. Each w/s has a different maximum testing time,
which increases when the paste is diluted (as expected).
In particular, at w/s = 0.4 (Φ ≃ 0.46), three batches were
prepared and tested fresh, after 1 h, and after 2 h from
the preparation. The overall testing time was then 3 h. At
w/s= 0.5 (Φ≃ 0.41), one additional hourwas exploredwith
an overall testing time of 4 h. Then, at w/s= 0.6 (Φ ≃ 0.36)
another hour was gained, for a total experimental time of
5 h.
The low-angle scattering intensity (Figure 4A) shows

a limited increase over the first 60 min, followed by a
more pronounced increase until about 120 min, where the
derivative shows a maximum. The rate of increase then
reduces until 450 min, the end of the experiment. Con-
sidering a constant contribution from the extra-sample
scattering (e.g., sample holder, air) within the in situ exper-
iment, the increasing intensity in the low-angle region
indicates the development of nanostructured scattering
entities. This can be reasonably related to the incipient
formation of hydration products that are still lacking long-
range atomic ordering (i.e., nano-C-A-S-H, nano-AFm) at
this early stage of hydration. This is further supported by
the S-XRPD measurements performed just after mixing
and after 17 h, for which the increase in intensity in the
low-angle region is not paralleled by detectable Bragg fea-
tures of newly precipitated crystalline phases, whereas the
nano-C-A-S-H and AFm phases are clearly detectable at
a longer maturation time, when the structural order and
size of the nanocrystalline domains increase. This experi-
ment fills in the time gap before the S-XRPDmeasurement
at 17 h, showing the rapid development of nanostructured
phases. In general, the trend shown by XRPD reflects the
hydration kinetics and is consistent with the variation in
pH/conductivity and with the rheological values shown in
Figure 4B and discussed below.
For all three concentrations, the data describe the pro-

gressive increase in storage modulus G′ (stiffening) of the
pastes over time (at rest), which seems to be slower for
the first hour compared to the successive ones. In light
of the XRPD results, a qualitative interpretation of the
rheological data may be performed by looking at the nor-
malized (between 0 and 1) trends ofG′, calculated as [G′(t)
− G′(t0)]/[G′(𝑡max) − G′(𝑡0)], with G′(t0) being the storage
modulus at the beginning of the step and G′(tmax) being
the storage modulus at the end of the step, as reported in
Figure 5. This normalization enhances, for the three con-
centrations, the concavity of the first ∼30/60 min curves
versus the convexity of the successive ones. The initial
period can be understood through soft gel theory,79 which
attributes the growth of G′ to the reorganization of parti-
cles and not to the small amount of precipitated hydration

products (slow kinetics). When the curves begin to have a
convex trend, the growth of G′ cannot be explained along
the same lines and may be attributed to a large increase
in surface area related to the substantial precipitation
of nanostructured hydrated phases (i.e., nano-C-A-S-H)
and the progressive increase in contact between them80

(fast kinetics). This description can be validated for the
w/s = 0.6 with the results from in situ XRPD (Figure 4A).
Considering that the evolution of G′ is related to the rate
of nano-C-A-S-H precipitation, a parallel between the in
situ XRPD and the rheology can be made. Indeed, look-
ing at the derivative of the intensity of the low-angle signal
(diffraction data, Figure 4A), the maximum precipitation
rate of nano-C-A-S-H occurs between 1 and 3 h, which
also corresponds to the maximum G′ value. Looking at
Figure 4B, we can also observe that the storage mod-
ulus, for each of the three w/s after external remixing,
nearly returns to its initial value G′ of each fresh paste.
This suggests that the remixing brings the cohesion to the
same initial state for the entire testing period (different
for each w/s). After that period, the structuration is no
longer reversible, and the workability loss is significant
(i.e., rheometer testing is not possible).
To verify whether the time window obtained by SAOS

matches the setting time, Vicat tests were performed for
the two extreme concentrations, w/s = 0.4 and 0.6. Here,
the needle penetration depth was measured over time and
the results of two distinct tests (for each w/s) are shown
in Figure 6. For these tests, the initial setting time is arbi-
trarily takenwhen the slope of the curves changes, roughly
defined by a vertical dark pink line in Figure 6. This time is
similar to the one defined by the normEN 196-3 (i.e., pene-
tration depth of around 34± 3mm). In the same figure, the
overall rheological testing time is highlighted in pink for
both concentrations. In the AAS pastes the setting starts at
ca. 90 min for w/s = 0.4 and ca. 210 min for w/s = 0.6. The
rangewithinwhich rheologicalmeasurements are possible
is ca. 180 min for w/s = 0.4 and ca. 300 min for w/s = 0.6,
which corresponds to the time when the lower plateau of
the Vicat curves begins. The initial setting point for the
pastes (at both w/s) occurs at ca. 90 min before their loss
of workability (∼end of setting). When comparing rhe-
ology and Vicat, we should remember that the protocols
of the two techniques are different. In the Vicat test, the
paste is at rest during the whole time of the experiment
(420 min). In rheology, on the other hand, the paste is
remixed and loaded every hour. However, these results
suggest that rheology is capable of measuring AAS pastes
until the needle penetration depth is strongly reduced to
a penetration depth of less than 5 mm. The parallel made
between in situ XRPD and rheology for w/s = 0.6 can
also be validated by Vicat. After ca. 180 min, the pre-
cipitation rate of nano-C-A-S-H decreases as shown by
SAOS andXRPDmeasurements (Figure 4). This amount of
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LIBERTO et al. 5197

F IGURE 5 Normalized storage modulus 𝐺′ as a function of time for the three w/s (from left to right 0.6, 0.5, 0.4).

F IGURE 6 Vicat setting time for the two extreme water to solid ratios (w/s) of 0.4 (A) and 0.6 (B). The vertical dark pink line roughly
defines the start of the setting. The pink area corresponds to the overall rheology testing time for the two concentrations.

precipitated nano-C-A-S-Hdetermines a substantial loss of
workability toward the start of the setting.
In summary, all these techniques suggest the presence of

early hydration products (i.e., nano-C-A-S-H) whose pre-
cipitation rate increases ∼30/60 min after contact with
water (depending on the w/s), affecting the available
surface area and the contact between the nanostruc-
tured hydrated phase, and consequently the macroscopic
behavior of AAS pastes. These results show a rather fast
development of early reactivity of the AAS paste, never
measured before for systems activated by Na2CO3.38 Addi-
tionally, theworkability of our one-partAAS can span from
3 to 5 h depending on the w/s, showing a similar initial
cohesivity once remixed.

3.3 Long-term properties (>1 day)

In this section, the long-term properties of AAS are studied
via ex situ XRPD and mechanical testing. Ex situ labora-
tory XRPDmeasurements (supported by S-XRPD analysis)

were carried out on pulverized agedAAS pastes (w/s= 0.4)
to characterize their long-term hydration products. The
diffraction pattern of the startingAASdry powder is shown
inFigure 7A,while those of the pulverized agedAASpastes
after 1, 7, 14, and 150 days of curing time are shown in
Figure 7B. As already observed by S-XRPD, the pattern
of the initial AAS powder is dominated by a wide hump
related to the contribution of amorphous slag, whereas
the detected crystalline phases are a minor amount of cal-
cite (Cc) and intentionally added portlandite (CH) and
sodium carbonate (sc). In the patterns of the pulverized
aged AAS pastes instead, diffraction peaks are assigned to
AFm phases, calcite and nano-C-A-S-H. As already men-
tioned in the early hydration section, C-A-S-H is a poorly
crystalline nano-phase and its diffraction contribution
(detectable using a laboratory diffractometer) is limited to
large peaks at 7◦ 2𝜃 (d-spacing of 12.6 Å), at 29◦–30◦ 2𝜃

(d-spacing of 3.0 Å, overlapped to calcite 104 reflection),
and a weak peak at 50◦ 2𝜃 (d-spacing of 1.83 Å), as shown
in Figure 7B.81 The same diffraction features were also
observed in the S-XRPD pattern of a pure C-A-S-H sample
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5198 LIBERTO et al.

F IGURE 7 (A) Diffraction pattern of starting alkali-activated slag (AAS) dry powder. CH: portlandite; Cc: calcite; sc: sodium carbonate
(natrite). (B) Diffraction patterns of pulverized aged AAS pastes (w/s = 0.4) at 1, 7, 14, and 150 days (from bottom to top) of curing time. ZnO:
internal standard.

F IGURE 8 (A) Estimated weight fractions of nano-C-A-S-H, amorphous slag and crystalline phases in alkali-activated slag (AAS) pastes
(w/s = 0.4) at increasing curing time. Error bars are smaller than symbols. (B) Mechanical compressive tests over time for AAS mortar prisms
at different w/s.

(Figure S3). With respect to the early-hydration diffraction
patterns shown in Figure 3, the nano-C-A- S-H diffraction
features of Figure 7B are more evident due to the pro-
gressive structuration and growth of the nanocrystalline
domains. In particular, the peak at 7◦ 2𝜃 (corresponding
to the evolution of the large hump at 0.4 Å−1 observed
in the S-XRPD pattern after 76 h, Figure 1D) shows
the continuous structuration of nano-C-A-S-H along
the c-axis, namely the progressive stacking of calcium-
aluminosilicate layers of a tobermorite-like structure.
The sharp and intense peaks in Figure 7B are related

to the internal standard zincite (ZnO). The wide hump
around 30◦ 2𝜃 is the contribution of the amorphous slag.
The intensity of the nano-C-A-S-H peaks shows a signif-
icant increase as a function of the curing time, whereas
peaks of AFm and calcite preserve their intensity through-
out the investigated time interval. Quantitative phase
analysis with the Rietveld and PONKCS methods allowed
a direct quantification of nano-C-A-S-H in the paste at
different curing times. The estimated weight fractions of
nano-C-A-S-H (via Rietveld-PONKCS), amorphous slag

and crystalline phases (via internal standard ZnO) in
pulverized aged AAS pastes (w/s = 0.4) are shown in
Figure 8A. It should be noted that the weight fractions
are calculated on the basis of the total mass of solids,
which increases with the proceeding of hydration as free
water is incorporated into the structure of the hydration
products. The results of mechanical testing (i.e., compres-
sive strengths 𝜎) on the AAS mortar are also shown in
Figure 8B. For each w/s, eight prisms (2 × 2 × 8 cm3) were
tested at different curing times. All these samples are pre-
paredwith 30% (by volume) of standard sand (1–2mm) and
tap or distilled water.
The estimated weight fraction of nano-C-A-S-H in

Figure 8A is less than 10% after 1 day, increases to 30% at 14
days, and then continues to grow more slowly over time.
An inverse trend is observed for the amorphous content
with an estimated weight fraction of 85% after 1 day which
decreases to 60%at 14 days and 50%at 150 days. The content
of AFm phases and calcite remains constant over the 150
days. The amount of calcite detected is close to the amount
expected to precipitate from the reaction of the precursors,
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LIBERTO et al. 5199

with no further calcite formation. The amorphous fraction
ismainly related to the slag and its decreasing content, cou-
pled with the increase in nano-C-A-S-H, testifying to the
advancement of the hydration process and the consequent
increase in mechanical properties, as shown in Figure 8B
for different AAS mortar prisms. As hydration progresses,
the compressive strength 𝜎 of the mortar increases (for
each w/s). Results show that all the tested samples, includ-
ing the highw/s, achieve a compressive strength 𝜎 between
5 and 12 MPa after only 1 day. The best compressive
strength is obtained (as expected) for the lowest w/s,
reaching values suitable for low-bearing applications. The
difference in strength observed from prisms prepared with
distilled and tap water demonstrates a high sensitivity to
the composition of the solution, indicating a lower robust-
ness of AAS formulations compared to cement-based ones.
In Figure S5, a direct comparison is made between tap and
distilled water on the 28-day 𝜎 versus w/s.
Overall, the parallel between XRPD and mechanical

tests clearly shows that the strength developed by the
AAS mortar can be mainly attributed to the formation
(and structuration) of nano-C-A-S-H, whose content is
significant even after only 1 day.

4 CONCLUSION

In this article, we provide a comprehensive charac-
terization of a one-part AAS, activated with two solid
powders (Na2CO3 and Ca(OH)2) at both early (≈1 min)
and long-term (≈150 days) hydration times, focusing
on its physico-chemical, rheological, and mechanical
properties. Here, we devised a novel multiscale approach,
taking advantage of the complementarity of different
techniques, which were combined for the first time to
link the structural and microstructural features of the
paste to its rheological and mechanical behavior at the
macroscale. The initial dissolution of the two activators
and the precipitation of CaCO3 are detected by pH and
calorimetry. The fruitful combination of in situ XRPD and
SAOS explains themechanisms behind the early hydration
evolution of the paste in the first hours. Both techniques
show (for the same w/s = 0.6) an increase in reactivity in
the first hour of the AAS paste directly linked to a strong
increase in the early nano-C-A-S-H precipitation. SAOS
was demonstrated to be a powerful tool for defining the
initial reactivity of a complex paste and its workability
limit (i.e., setting), as confirmed by Vicat for two w/s. This
rapid early hydration was never observed, to the best of
our knowledge, in similar one-part AAS. The long-term
hydration properties are described by ex situ XRPD and
mechanical testing. The increase in compressive strength 𝜎

of AAS mortar can be directly correlated with the increase

in nano-C-A-S-H (in pulverized agedAAS pastes), which is
sufficient to develop adequate mechanical properties after
one day (i.e., easily demoldable). These results provide
practical information for the future use of less hazardous
and more sustainable one-part AAS characterized by
sufficient early reactivity (maintaining good workability
under remixing), appropriate setting time, and rapid
development of mechanical properties. Furthermore, here
we highlight the relevance of this approach to the study
of complex systems, such as AAS, that can be promptly
transferred to the characterization of other binder for-
mulations in terms of physico–chemical and mechanical
properties, enabling their effective deployment.
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SUPPORT ING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.
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