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ARTICLE INFO ABSTRACT

Keywords:
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Reaction products

To better understand early stiffening of AAS pastes, distinctive microstructural features by varying the silicate
modulus (Ms) have been visualized with in-situ microscopy. In addition, the activation reaction was monitored
with multiple approaches, while solid and liquid phases in hydrating AAS were characterized separately. In
silicate-activated AAS, it was found fine granules of reaction products are intensively dispersed in the activator
solution, leading to a less flocculated system. Compared to hydroxide-activated AAS, the development of
interparticle connections was limited at early ages, whereas reaction products were detected with much smaller
grain size, less crystalline phase, and higher Al incorporation. Results indicate that the stiffening of hydroxide-
activated AAS is attributed to the formation of a well-percolated network through solid reaction products.
Instead, massive fine granules of reaction products dispersed in the pore solution continuously develop, which
may intensify the interparticle interactions and macroscopically results in the stiffening of a silicate-activated

AAS.

1. Introduction

In view of the heavy emission and energy consumption, global
climate change associated with the vast Portland cement (PC) produc-
tion has become a major concern worldwide. Alternative binders have
been widely discussed and studied in recent years, aiming to reduce the
carbon footprint of construction materials [1,2].

By making use of various industrial waste and by-products as pre-
cursors, alkali-activated material (AAM) is developed as a green binder,
which saves CO, emissions from the calcination of cement clinkers [3].
However, the application of highly concentrated alkaline activators
might on the other hand rise the environmental impact, especially the
sodium silicate, which is produced from high energy-consuming pro-
cesses [4]. It has been suggested that the application of AAMs reduces
9-80 % CO; compared to PC binders [5]. The activation reaction takes
place in alkaline media, where the aluminosilicate precursors are dis-
solved and reassembled into ordered crosslinking structures through
polymerization reactions [3,6,7]. It has been reported that AAMs may
provide equivalent mechanical properties and superior chemical
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resistance compared to PC materials [8-10].

Nevertheless, a critical issue appears as the rapid workability loss of
alkali-activated slag (AAS) mixtures, in particular with the presence of
silicate in activators [11]. Limited setting time and uncontrolled stift-
ening process have been frequently reported in silicate-activated AAS
[12-14], leading to great challenges in the mixing, delivery, pumping,
casting, and consolidation of fresh mixtures. Previous studies have
illustrated the significant influence of silicate modulus (Ms) on the
mineralogical and chemical properties of reaction products in AAS
[15,16]. It has been suggested that the rapid setting is attributed to the
accumulation of primary C-(A)-S-H gels [11,17,18]. However, the
characterization is challenging due to complex reactions and the
amorphous nature of reaction products, whereas a clear description of
such primary reaction products is still absent to date. Moreover, previ-
ous investigations have separated the pore solution and solid particles
for characterization. It remains uncertain how they would contribute to
the stiffening of AAS mixtures from the spatial configuration point of
view. As a consequence, microstructural features of liquid and solid
phases in fresh mixtures are not properly considered, which should have
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played a significant role to affect the fresh properties. A few recent
literature have reported distinctive rheological behaviors in mixtures
prepared with sodium silicate activators compared to PC materials
[19-21]. It is indicated the solid-liquid interactions become rather
complex due to the inclusion of alkaline substances in the activator so-
lution. It appears that the current knowledge of PC materials is insuffi-
cient to explain the structural build-up and rheology evolution in AAS.

A previous paper has illustrated the effect of activators on the
microstructural configuration in fresh AAS pastes by using the cryo-SEM
technique [16]. In the current study, a comprehensive investigation was
conducted to further explore the microstructure evolution along the
early stiffening process in AAS. In-situ microscopy was first conducted to
assess the evolution of microstructural features in different alkaline
media. Vicat needle penetration, calorimetry, ultrasonic pulse velocity
(UPV), and small amplitude oscillation shear (SAOS) tests were per-
formed to interpret the physical parameter variations along the early
stiffening process. Meanwhile, pore solution and solid reaction products
were characterized as a function of time to evaluate the phase evolution
in hydrating AAS. Finally, separate models have been proposed, which
schematically illustrate the early stiffening process of hydroxide- and
silicate-activated AAS pastes.

2. Experimental method
2.1. Materials

In this study, ground granulated blast furnace slag (BFS) was used as
the precursor to prepare AAS mixtures, which was provided by Ecocem
Benelux B.V. Chemical compositions detected by X-ray fluorescence
(XRF) spectroscopy and physical properties are summarized in Table 1.
The particle size distribution of BFS measured by laser diffraction is
presented in Fig. 1(a) (dso=8.28 pm). The morphology of angular BFS
particles with irregular shapes was observed by scanning electron mi-
croscope (SEM) as shown in Fig. 1(b).

Two kinds of alkaline compounds: sodium hydroxide and sodium
silicate were used in this study to prepare the alkaline activator.
Reagent-grade sodium hydroxide anhydrous pearls (>99 %) were pro-
vided by Brenntag N.V., and the sodium silicate solution (15 % Naz0, 30
% SiO4, and 55 % water) was provided by PQ Corporation.

2.2. Mixture proportions

Details of mix designs are listed in Table 2. The water to binder (w/b)
ratio was kept at 0.4 among all mixtures to ensure adequate consistency,
while the NayO concentration was fixed at 4 % in AAS pastes. It has been
reported that the silicate modulus (Ms, indicating the molar ratio be-
tween SiO5 and Nay0) of the activator plays a decisive role in reaction
kinetics of AAS [15]. By varying the Ms between 0 and 1, M1 to M4 were
designed to evaluate the influence of silicate species in activators. So-
dium hydroxide was used as the sole alkaline compound in M1, which
represents the limiting case that no silicate was involved in the activator
(Ms0). A relatively low Ms of 0.05 was applied in M2 to investigate the
rapid growth in early-age ultrasonic pulse velocity (UPV) evolution
when sodium silicate presents in the activator. M3 and M4 were
designed with higher Ms of 0.5 and 1.0, respectively. The mixture pro-
portions used in this study are expressed as per 100 g of precursor.
Activators were prepared by dissolving sodium hydroxide and sodium
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silicate solution in tap water 24 h before mixing.

2.3. Testing program

2.3.1. In-situ microscopy on diluted systems

In-situ microscopy was first conducted with a Leica DMC 4500 op-
tical microscope to assess the microstructure evolution of individual BFS
particles along the activation process. Sodium hydroxide (3 mol/L) and
sodium silicate (Ms = 1.0) solutions were prepared with an identical
sodium concentration to simulate the alkaline condition in AAS mixtures
for activation reactions. BFS was passed through a series of sieves and
the fraction with a particle size between 40 and 63 pm was used for
microscopy. It should be noticed that the current test is performed on
diluted systems, where the liquid to solid ratio is significantly higher
than concentrated AAS pastes to speed up the initial dissolution and
subsequent reactions. However, the results should be representative of
an ideal condition in the fresh mixture after mixing that each slag par-
ticle is surface saturated by the activator solution. The results are not in
the same timeline as real AAS pastes. The features of microstructure
evolution around individual slag particles will be further discussed to
better understand the early-stiffening process in AAS.

For each test, as presented in Fig. 2, BFS particles were uniformly
sprinkled on a glass slide [22]. A drop of activator was then added to
initiate the activation reaction. Eventually, a coverslip was applied on
the top of the glass slide to seal the liquid and solid particles for visu-
alization. The microstructure evolution of BFS particles in different
alkaline media was continuously recorded for 24 h under 200 x mag-
nifications. The analysis was repeated on 10 individual BFS particles and
the most representative is presented in this study.

2.3.2. Preparation of AAS pastes

The fresh AAS pastes used in this study were prepared with a Hobart
planetary mixer by blending 500 g slag and corresponding activators
shown in Table 2. The solid precursor was first dry-blended in the mixer
for 60 s. Activator solutions were then gradually added into the mixer in
10 s. Each AAS paste was first mixed at low speed (140 + 5 rpm) for 90 s,
followed by a high-speed mixing at 285 + 5 rpm for another 90 s. The
mixing procedure takes 180 s since the wetting of precursors, and fresh
AAS pastes obtained were used for subsequent tests described below.

2.3.3. Monitoring on the early-stage reaction process

In this study, the early stiffening process of AAS pastes was moni-
tored by the following approaches.

The setting process of different mixtures was measured with an
automatic Vicat needle apparatus according to EN 196-3. Fresh AAS
pastes were loaded into a conical Vicat mold for the needle penetration
test, which was conducted with an ambient condition at 20 & 1 °C under
65 % relative humidity. The penetration depth of each measurement was
recorded as a function of time until mixtures developed complete
resistance against the needle penetration.

The exothermic behavior along the early-stage reactions was detec-
ted by a TAMAIR isothermal calorimeter. About 14 + 0.01 g of the fresh
paste after mixing was immediately loaded into a glass ampoule, which
was subsequently sealed and transferred into isothermal channels of the
calorimeter. Quartz sand with a specific heat flow of 0.71 J/(g-K) was
applied as an inert reference. The heat flow was recorded as the differ-
ence between the sample and reference [23] at 20 & 0.5 °C for 24 h. The

Table 1
Chemical composition (by mass percentage) and physical properties of BFS.
CaO Si0, Al,O3 MgO SO3 TiOy K0 Fe,03 LoI* Blaine area (mz/kg) Specific gravity
(%)
BFS 40.9 31.1 13.7 9.16 231 1.26 0.69 0.40 0.10 428 2.89

 Loss on Ignition (LOI) measured by TG analysis at 950 °C.
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Fig. 1. Physical properties of BFS (a) particle size distribution; (b) morphology by SEM.

Table 2

Mixture proportions of AAS pastes.
Mix BFS (g)" Activator solution w/b®

Sodium hydroxide (g) Sodium silicate (g) Extra water (g) Nay0” Ms* pH!

M1 100 5.16 0.00 42.06 4% 0 13.78 0.4
M2 100 5.03 0.67 41.77 4% 0.05 13.76 0.4
M3 100 3.87 6.67 39.08 4% 0.5 13.64 0.4
M4 100 2.58 13.33 36.10 4 % 1 13.47 0.4

@ The mass of precursor was fixed at 100 g for each mixture in this study.
b Represented as the mass percentage of BFS.

¢ Defined as the molar ratio between SiO, and Na,O in activators.

4 Determined by Extech PH150 pH-meter at 20 + 0.5 °C.

¢ Defined as water content in both aqueous activator and water added separately from the activator divided by the sum of precursor and solid activators.

A drop of

=T Slipcover
== \

alkaline solution —

—)

Glass slide

Slide ready for visualization

Fig. 2. Scheme for in-situ microscopy visualization.

results present in this study are normalized into 1 g of slag. Due to the
thermal disturbance while inserting the glass ampoule, the heat recor-
ded at the first 30 min was not compared among different samples.
Ultrasonic pulse velocity (UPV) of AAS paste was detected by the
FreshCon system [24] for 24 h, and the test was conducted in an ambient
chamber at 20 £+ 1 °C and 65 % relative humidity. For each measure-
ment, approximately 400 mL of AAS paste was loaded into a U-shaped
container. A plastic foil was applied on the top of the container to pre-
vent moisture evaporation during the measurement. The propagation
speed of ultrasonic waves was recorded by the FreshCon system every
30 s to monitor the structural connectivity of the stiffening AAS paste.
In addition, the early-age structural build-up was also assessed by
small amplitude oscillation shear (SAOS) tests with an Anton Paar MCR
102 rheometer (fitted with a 6-blade vane, 22 mm in diameter, and 16
mm in height), in both continuous and intermittent patterns [25]. The
fresh AAS paste was loaded into a cylindrical cup (27.6 mm inner
diameter and 75 mm depth), and the temperature was controlled at 20
+ 0.5 °C with a water-bath system. Before each measurement, the paste
was subjected to a 30-s pre-shear at 100 s~! to reach a reference state
[20,21], and then left at rest to release the residual stress [26]. To ensure

the structure of AAS paste is not destructed by the continuous excitation
during SAOS tests, a strain sweep from 0.0001 % to 10 % was first
conducted with a fixed frequency of 1 Hz to determine the linear
viscoelastic domain (LVED) [20,25]. Subsequently, a time sweep was
conducted at 1 Hz with a constant strain amplitude of 0.005 % (within
the LVED) until 90 min. The intermittent SAOS test was parallelly per-
formed on AAS paste to explore the evolution of stress-strain responses
and structural build-up in each 10 min timeframe. In specific, a strain
sweep (from 0.0001 % to 10 %, 1 Hz) was first conducted for 60 s at the
beginning of each testing section, followed by a 9-min time sweep
(0.005 %, 1 Hz). Such sequence was repeated every 10 min. Both the
continuous and intermittent SAOS tests were started 10 min after the
wetting of precursors until 90 min or the capacity of the rheometer was
reached. The SAOS test was performed on 3 replicate samples to ensure
repeatability, and the curve most close to the average is presented.

2.3.4. Characterization of hydrating AAS pastes

The pore solution and solid components in hydrating AAS pastes
were characterized separately along the reaction process.

Chemical analysis was performed on the pore solution of AAS paste
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every 10 min after the wetting of precursors until 90 min, and the ‘0-
min’ result denotes the composition of activator solutions. Fresh AAS
pastes were loaded into plastic tubes and centrifuged at 3500 rpm for 6
min to separate the liquid phase [27]. Afterwards, the liquid phase on
the top layer after centrifugation was extracted with a syringe to pass
through a 45 pm polyethersulfone membrane filter. The chemistry of
pore solutions was analyzed by Inductively Coupled Plasma - Optical
Emission Spectrometry (ICP-OES) 720 ES Varian/Agilent to determine
the concentration of Ca, Na, Al, Si, and Mg ions as a function of time
(Note: Na and Si were diluted with pure water at 1:4000, while the rest
elements were diluted at 1:20 for analysis).

Moreover, the bulk solid fraction including the unreacted precursor
and reaction products in AAS pastes were characterized at different ages.
Three target ages were defined as 30, 60, and 90 min, respectively. A
solvent replacement treatment with water and isopropanol, as proposed
by Palacios et al. [11], was applied to arrest the activation reaction.
Solid residues collected from filtration with a 45 pm membrane were
vacuum dried and further ground to pass a 63 pm sieve. The solid
powder obtained was characterized by thermogravimetric analysis
(TGA), X-ray diffraction (XRD), and Fourier transform infrared (FTIR)
spectroscopy tests as follows:

o TGA was performed with a TG-449-F3-Jupiter instrument to assess
the reaction products. Around 50 mg of solid powder was incinerated
in an aluminum oxide crucible from 40 to 900 °C at 10 °C/min in
argon atmospheres, and the mass evolution as a function of tem-
perature was recorded.

XRD tests were conducted using a Bruker D8 Advance diffractometer
with Cu-Ka radiation (A = 1.54 A). XRD patterns were recorded at the
range between 5° and 70° with a step size of 0.02°.

FTIR spectra were detected with a Spectrum TM 100 Optical ATR-
FTIR1 spectrometer from 600 to 1300 cm ™' with a resolution of 1
cm

3. Results and discussion
3.1. In-situ microscopy on diluted systems

The microstructure evolution of BFS particles in sodium hydroxide
and sodium silicate solutions are presented in Figs. 3 and 4, respectively
(more details can be found in Video 1 in Supplementary data). In both
cases, the visual field has been focused on an individual BFS grain with a
particle size of about 50 pm. An angular-shaped BFS particle was
observed at 0 h, where a clear boundary could be identified on the grain

By g
—
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surface. Besides, some fine BFS particles were found to attach to the big
grain.

In hydroxide media, as shown in Fig. 3, nucleation of solid reaction
products has been observed after 1 h. It can be seen that the majority of
small solid particles were closely attached to the slag surface, whereas a
few of them were distributed adjacent to the big slag grain. As the re-
action proceeded, the particle size of the big slag grain gradually
declined between 1 and 4 h. Meanwhile, growth in the particle size of
solid reaction products has been observed along with the dissolution of
BFS. Up to 6 h, the slag surface has been almost fully covered with a
thick layer of reaction products. Ben Haha et al. [28] reported the fast
precipitation of relatively dense hydrates around the slag particles by
using NaOH activators, whereas further hydrates seldom developed in
the empty interparticle pore space. Similarly, as shown in Fig. 3, it ap-
pears that further reactions were obstructed by the outer layer and the
microstructural features did not significantly evolve in later ages.

On the other hand, a distinctive microstructure evolution process has
been observed in the sodium silicate solution (Fig. 4). A continuous
dissolution of slag particles has been detected that they nearly dis-
appeared after 24 h. Compared to Fig. 3, the slag surface remained
smooth at early ages. No obvious nucleation of solid reaction products
has been observed on the slag surface up to 4 h. Instead, the liquid phase
around the slag particle turned less transparent after 6 h. At 8 h, it can be
observed that numerous fine granules have been nucleated, which were
intensively dispersed in the liquid phase. Subsequently, the particle size
of fine granules gradually increased as the reaction progressed. How-
ever, the solid reaction products formed in silicate media are much
smaller than those formed in the sodium hydroxide solution. It is note-
worthy that the solid grains dispersed in the liquid phase remained
relatively separated from each other, and no apparent coagulation or
flocculation has been observed in the system.

The structural build-up in PC materials is a combined result of
physical interactions and chemical hydration [29]. After mixing, cement
particles dispersed in the suspension become flocculated in a few sec-
onds to form a soft percolated network of colloidal interactions, which is
able to resist stress with an elastic response [30,31]. As time elapses,
nucleation of hydration products takes place at contact points between
flocculated cement grains on particle surfaces, which turns the local soft
colloidal interaction into rigid connections through hydration products
[32]. Eventually, the macroscopic stiffening of cementitious mixtures is
ascribed to the increase in size and number of rigid interparticle
connections.

Regarding AAS mixtures, solid reaction products were found to
accumulate on the slag surface in hydroxide media (Fig. 3), which would

sh
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Fig. 3. Microstructure evolution of BFS in sodium hydroxide solution.
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Fig. 4. Microstructure evolution of BFS in sodium silicate solution.

contribute to rigid interparticle connections between flocculated slag
particles [16]. However, in the case of mixtures prepared with sodium
silicate solutions, negligible colloidal interactions between solid parti-
cles at early ages have been reported due to the viscous effect of silicate
activators [19,20], which may disperse solid particles to hinder floccu-
lation [16,20]. This is further confirmed by the microstructure evolution
observed in Fig. 4, where numerous solid reaction products are nucle-
ated and intensively dispersed in the activator solution. It appears that
the microstructure of silicate-activated AAS is incompatible with the
flocculated system in PC materials. Thereby, further tests were con-
ducted to interpret the early stiffening process in AAS paste from both
physical and chemical perspectives.

3.2. Monitoring on the early-stage reaction process

The well-known Vicat needle penetration and calorimetry test results
are presented in Appendix A, and they will be further discussed to
interpret the early-stiffening process in Section 3.4.

3.2.1. Ultrasonic pulse velocity (UPV)

Results of UPV evolution are presented in Fig. 5, where two major
increments in the velocity could be identified among different AAS
mixtures. With the presence of silicate in the activator, very steep
growth in the velocity has been observed in the first couple of minutes.
Unlike PC materials, where the first UPV growth is attributed to the
development of a percolating network through solid hydration products

3000 r T T |
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ettt
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2000¢

nic pulse velocity (m/s)

——e— M1 (Ms0) 1000¢

M2 (Ms0.05)
——— M3 (Ms0.5) 0
+—— M4 (Ms1.0) 0 025 05 075 1
0 : n |
0 6 12 18 24
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Fig. 5. UPV evolution as a function of time in AAS pastes.

[33], the high initial UPV values detected in silicate-activated AAS
pastes might be ascribed to the presence of a well-percolated silicate gel
network at early ages [16], which provides an adequate path for ultra-
sonic waves to propagate at higher speeds. Afterwards, the reactions
between cations dissolved from slag particles and silicate species origi-
nated from the activators reached an equilibrium [34]. Thereby the UPV
evolution reached a plateau and maintained a dormant period for
several hours. As presented in Fig. 5 (enlarged view), the initial UPV
growth was drastically accelerated with an increase in Ms., and thus the
dormant period was advanced. Meanwhile, high Ms on the other hand
extended the dormant period. This can be attributed to the limited ion
diffusion rate induced by the reaction rim [6,17,35] and primary reac-
tion products [11,34] on the slag surface. Moreover, the initial reactivity
might be slowed down as the pH of sodium silicate solutions decreases
with higher Ms (as indicated in Table 2), leading to a longer dormant
(induction) period. The secondary growth in UPV occurred by the end of
the dormant period, which indicates that the silicate species dissolved
from slag particles are incorporated to form the reaction products
[11,34,36]. Subsequently, the chemical reaction and dissolution
reached another equilibrium state, and the UPV development was
gradually decelerated to achieve a stable level.

Previous studies suggested that a few conventional monitoring
techniques may predict the setting of PC materials, which is revealed by
the transition of physical features detected along the hydration process.
For instance, Zhang et al. [37] proposed that the initial setting of cement
paste typically occurs at the beginning of the acceleration period. Trtnik
et al. [38] suggested that the initial setting time of cement paste can be
accurately estimated by either the ‘first inflection point’ or the time
when UPV reaches the speed in the water. Similar attempts have been
made in this study. Unfortunately, however, no clear relationship has
been found. It is indicated that the early-age stiffening of AAS pastes
might be following different reaction mechanisms, accompanied by
distinctive chemical and physical features.

3.2.2. Structural build-up by SAOS test

The storage modulus (G) evolution of AAS mixtures is presented in
Fig. 6. A rapid structural build-up has been detected in both low and
high Ms mixtures, which is consistent with Vicat needle test results. It is
noteworthy that M4 exhibited a steeper structural build-up process than
M1 and M2 after the initial slow development.

Meanwhile, a distinct structuration history has been observed in
intermittent tests, as shown in Fig. 7. The G’ evolution was started with a
minimum value in each intermittent time sweep. Due to the earlier
strain sweep, the agglomerated particles were dispersed from each other
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Fig. 6. Evolution of storage modulus as a function of time in AAS pastes
(continuous time-sweep).

by the large strain amplitude applied, resulting in a low G’ value
[39,40]. Later on, the strain amplitude was switched down within the
LVED in the subsequent time sweep. It is indicated that raptured struc-
tures were recovered due to the progressive dissolution and activation
reaction, leading to the G’ increase with time. A cyclic growth in G’ has
been observed in all mixtures, and each strain cycle ended up with a
maximum G’ (G'pax)-

In M1 and M2 (MsO and Ms0.05), as indicated by the black curves,
G’ max continuously increased along with activation time, while in the
case of M3 and M4 (Ms0.5 and Ms1.0), a maximum G’ first occurred
at early ages, but then declined into lower values as the reaction pro-
gressed. Results reveal that the structuration in a silicate-activated AAS
system can be partially recovered given a strong enough external shear
(e.g., the maximum strain amplitude of 10 % applied in this study),
which is in agreement with previous studies that the setting time of a
high Ms AAS mixture can be extended by using a longer mixing time
[41].

The oscillation stress evolution curves derived from intermittent
strain sweep tests are presented in Fig. 8. For each strain sweep, a peak
oscillation stress could be identified beyond the initial low strain region.
This is followed by a slight reduction in stress values while further
increasing the strain amplitude, and finally ended with a secondary
stress growth at higher strain levels.

Previous studies have proposed two critical values along with the
strain amplitude in PC materials [19,20,32], which originated from the
breakage of C-S-H percolating between cement grains and the collapse of
colloidal interaction networks, respectively. Similar results have been
reported in AAS mixtures [16,20], indicating the first peak observed in
Fig. 8 is correlated to C-S-H phases between slag particles. The higher
strain amplitude gradually approaches the deforming capacity of
colloidal interactions, thereby leading to the secondary increase of stress
levels. The strain amplitude at which the first peak stress occurred was
defined as ¢; in this study, and the corresponding oscillation stress was
denoted as o;. Moreover, previous studies also reported a negligible
colloidal interaction, while the viscous effect originated from the
interstitial gels is predominant at early ages with a high silicate dosage
in both high calcium and low calcium systems [19,20,42]. This can be
analogized to the stress-strain curves obtained in M4 at 10 min, where
the stress level was much lower with a less prominent peak as compared
to later ages.

Cement and Concrete Research 167 (2023) 107118

By varying the Ms in activators, AAS mixtures exhibited different
trends in € and o7 evolution over time, as presented in Fig. 9. The initial
€1 and o1 levels achieved in AAS mixtures could be attributed to the early
dissolution process, while the further growth in M1 and M2 after 30 min
was ascribed to their acceleration stage reactions (Fig. 14(a) and (b)). It
is noteworthy that extremely high €; and o; values occurred in M4 be-
tween 20 and 30 min. Similarly, Palacios et al. [11] reported an obvious
peak of apparent viscosity in a silicate-activated AAS paste under
continuous shear conditions. Such observations indicate a rather
vigorous reaction associated with the initial dissolution process. Given
that, the external shear applied was no longer strong enough to imme-
diately break down the real-time structural build-up, and thus resulted
in steep increases in rheological parameters. However, they were later
dropped into lower values as the induction period began, and the
accumulated structuration was gradually erased by subsequent shear
steps.

Regarding M1 and M2, progressive increases in €1 and 67 have been
detected as time elapsed (Fig. 9). Meanwhile, the oscillation stress at 10
% strain amplitude also increased with time (Fig. 8(a) and (b)). As
indicated in Fig. 3, the precipitation of reaction products takes place
around individual slag particles in hydroxide media. Results obtained
here further illustrate that interparticle connections were progressively
reinforced due to the local accumulation of reaction products on the slag
surface, leading to temporal growth in ¢; and o;.

However, AAS mixtures with a higher Ms (M3 and M4) showed
different stress-strain evolution over time. In the case of M4, a signifi-
cant global increase in stress levels occurred between 10 and 20 min,
which can be attributed to the extensive structuration due to the rapid
dissolution at this stage. Subsequently, €; gradually declined, accom-
panied with a reduction in o, at later ages. A possible explanation here
would be the majority of early reaction products from the dissolution
stage are floating in the pore solution and less contributing to the
interconnection between slag particles, as presented in Fig. 4. At this
stage, the development of interparticle connections was limited due to
the low reaction rate within the induction period, while the existing
interparticle interactions were progressively broken down due to the
intermittent strain sweep applied, and thereby a declined &; was
detected over time. Considering the transparency and fine particles
observed in Fig. 4, here the early reaction products could be predomi-
nant by oligomeric aluminosilicate species [43,44], which were later
synthesized into polymers with higher structural orders through
condensation reactions [28,45,46]. This can be supported by the 29g;
and 2’Al NMR results reported by Puertas et al. [36], that a drastic drop
in Q'/5°Q? ratio (Q! indicates that the silicate groups are mostly in
dimeric units, and ZQZ represents silicate groups with higher structure
orders [36,47]) in a silicate-activated AAS occurred after 24 h, indi-
cating the formation of longer tetrahedral silicate chains. However,
numerous negatively charged oligomers may lead to a significant delay
in the polymerization process due to their interparticle repulsions [48],
referring to the long induction period observed in high Ms mixtures
([49,50] and M4 in this study shown in Fig. 17). On the other hand, the
oscillation stress in the high-strain region (around 10 %) kept increasing
over time. It has been illustrated in Fig. 4 that numerous fine granules
are nucleated in the pore solution. As a consequence, the volume frac-
tion and surface area in the AAS system are significantly increased. At
early ages, the majority of reaction products are dispersed and uniformly
distributed in the pore solution, as presented in Fig. 4. However,
nucleation fronts continuously develop to approach each other as the
reaction proceeds, leading to strong interparticle interactions between
fine reaction products. This can be further reflected by the thickening of
interstitial gels over time in a silicate-activated AAS [16]. Eventually,
rigid connections are developed due to the growth and accumulation of
reaction products, which results in macroscopic stiffening of AAS pastes.
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3.3. Characterization of hydrating AAS pastes

Characterization of hydrating AAS pastes has been conducted to
better understand the reaction mechanism behind the early stiffening
process. The pore solution and solid components separated with a 45 pm
filtration were collected and analyzed through the methods described in
Section 2.3.

3.3.1. Pore solution chemistry

Element concentrations in the pore solution of AAS mixtures are
shown in Fig. 10. Due to the nature of activators, Na was detected as the
most predominant ion among all mixtures, accompanied with the vari-
ation of Si concentrations depending on the Ms applied. The Si con-
centration in M1 continuously increased since no silicate was pre-
dissolved in the activator. It was found that the structural build-up in
AAS paste is primarily associated with the reduction of calcium con-
centration in the pore solution. Ca and Mg divalent cations, as modifiers
in aluminosilicate tetrahedral structures [6], have exhibited very similar
trends of evolution in different mixtures along the reaction process. A
steep increase in their concentrations was observed in the first 10 min,
due to the initial dissolution of BFS. The highest content of Ca and Mg in
the pore solution was detected in M4 within the dissolution period. It is

noticed that the higher the Ms the more Ca and Mg ions are dissolved at
this stage, and the maximum Ca concentration of M4 was approximately
180 times higher than that in M1. Results indicate that silicate species in
the activator significantly facilitated the dissolution of alkali-earth
metals. Eventually, the dissolution and consumption of Ca in AAS mix-
tures reached an equilibrium, that the concentration was kept nearly
constant at later ages. In M4, the reduction of multiple ion concentra-
tions at around 30 min indicates the formation of numerous C-S-H
phases, which are present as the intermediate reaction product between
the Si originated from the activator and Ca dissolved from slag particles
[11], associated with Na and Al incorporations. Regarding the Al con-
tent, results show that the Al concentration progressively increased in
M1, M2, and M3 over time, while it slightly reduced in M4 after about
30 min, suggesting that the early reaction products in M4 tend to
incorporate more Al compared to other mixtures with a lower Ms.
Moreover, the pH values in the pore solutions remained at a relatively
stable high level until 90 min, with the highest alkalinity being detected
in M1.

3.3.2. Solid reaction products
The mass evolution curves of the solid fraction in AAS pastes along
the heating process are shown in Fig. 11. The contribution from
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physically bound water is negligible through solvent exchange and
vacuum preparations [51]. Two major peaks were detected in differ-
ential thermogravimetry (DTG) curves. The most significant mass loss
below 200 °C is attributed to the calcium silicate hydrates (C-S-H pha-
ses) [28,52,53], which is also denoted as C-(A)-S-H [54,55] and C-(N)-A-
S-H [11,51] gels in AAS systems depending on the incorporation of Al
and Na in Si tetrahedrons. Apart from that, the dehydration of
hydrotalcite-like (Ht) phases was detected at higher temperatures, rep-
resented by the shoulder and sub-peaks observed at around 200 and
400 °C, respectively [56,57]. Further, the mass loss above 500 is
ascribed to the decomposition of carbonated phases [58].

As indicated in Fig. 11, early-age hydrates in AAS mixtures are
characterized by mass variation up to 500 °C [11]. In M1 and M2, the

amount of reaction products progressively increased over time. By
contrast, the increase nearly becomes stagnant in M3 and M4 between
60 and 90 min, ascribed to the onset of induction stage reactions.
Looking into 30-min DTG curves, M1 was detected with the lowest peak
below 200 °C, whereas the mass loss up to 500 °C was intensified with an
increase in Ms. Results indicate that higher silicate content resulted in
more accumulation of early reaction products, especially C-S-H phases,
during the dissolution stage. However, it is noteworthy that M3 with
more reaction products exhibited less structural build-up compared to
M2 up to 30 min (Fig. 6). This might be attributed to the microstructural
configuration that the early reaction products with a smaller grain size
are intensively dispersed in high Ms mixtures (Fig. 4), thereby leading to
less interparticle connections and flocculation in the system. In addition,
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previous studies further suggested that C-S-H phases formed in
hydroxide-activated AAS are more crystallized with less water content
[28].

Moreover, obvious Ht peaks have been detected in M1 and M2,
whereas Ht phases were significantly reduced with higher Ms. Relevant
peaks almost vanished in M4 as presented in Fig. 11(d). Results above
indicate that the stiffening of hydroxide-activated AAS mixtures is
associated with the development of both C-S-H and Ht phases. With a
distinct distribution of reaction products, the accumulation of C-S-H
phases is more predominant behind the stiffening of high-Ms AAS
mixtures.

As presented in Fig. 12, the development of crystalline phases is very
limited in early AAS mixtures. C-S-H and Ht phases, as the typical re-
action products in an AAS system [28,34,52-54], were identified with
time in XRD patterns. Some minor variations in crystalline phases were
observed, which reveals the phase transition along early activation
reactions.

C-S-H phases have been detected in all mixtures. A major C-S-H peak
could be found at around 29° [28,34], which was progressively devel-
oped along with activation reactions. Besides, more crystalline and
sodium-rich C-S-H phases (C-S-H (I)) [28] were observed in the
hydroxide-activated mixture M1 while comparing with the other AAS
mixtures. In M1, it is evident that Ht phases were formed at very early
ages (30 min). However, the reflections associated with Ht phases were
attenuated with increases in Ms. It appears that diffraction lines asso-
ciated to Ht phases are not present in M4 samples. The result is consis-
tent with TG analysis, indicating the formation of Ht phases can be
inhibited due to the significant lower reaction rate in silicate activators
compared to hydroxide activators [34]. Similar results have been re-
ported in previous studies [28,59], and Ht phases were detected in
silicate-activated AAS at much later ages. Furthermore, it is noteworthy
that XRD patterns of M4 were nearly identical to the anhydrous BFS,
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which implies a rather limited degree of crystallization in M4
throughout the early stiffening process. This is further confirmed by the
fine granules visualized in Fig. 4.

The FTIR spectra of AAS pastes are presented in Fig. 13. As is known,
the stretching vibration of T-O (T=Si or Al) bonds are IR active in the
range between 800 and 1200 cm ! [60], whereas the broad band
observed in this region is attributed to overlaps of amorphous alumi-
nosilicate phases in both precursor and reaction products [61]. The main
band located at approximately 950 cm ! is ascribed to the asymmetrical
stretching vibration of Si-O-T and Si-O-M (M is alkali/alkali earth
metals) bonds, which is recognized as characteristic tetrahedral struc-
tures containing C-S-H phases with Al substitutions [62]. In addition, the
bands located at lower wavenumbers are assigned to bending vibrations
of Si-O-T [54], whereas small peaks at around 1130 and 1160 could be
correlated to Si-O-T stretching vibrations [58].

As shown in Fig. 13, the main asymmetric stretching vibration band
shifted towards higher wavenumbers as the reaction progressed. Similar
results have been reported in AAS at early ages [11,34], which is
attributed to the increase in Si/Al ratio in reaction products [63]. In M1
and M2, an explicit peak was detected at around 950 cm ™! after 90 min,
whereas only a shoulder could be identified in M3 and M4 in the same
region. Instead, another peak with lower wavenumbers (at around 900
em 1) was detected in M3 and M4, suggesting more Al incorporations in
reaction products [58]. Walkley et al. [64] proposed that a higher
content of soluble silicate in the activator could promote the Al incor-
poration into aluminosilicate chains. This is in line with the ICP result
that Al species are more concentrated in the pore solution of M3 and M4
as compared to M1 and M2 at the same stage. At later ages, Si dissolved
from the slag will be incorporated into the gel network, forming Si-rich
phases with a higher degree of structural order [36,65]. Further, the
band at 688 cm ™! in anhydrous slag is associated with the vibration of
Al-O bonds [36], and it moved towards lower wavenumbers in AAS
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Fig. 12. XRD patterns of the solid fraction in hydrating AAS pastes (a) M1 (Ms0); (b) M2 (Ms0.05); (c) M3 (Ms0.5); (d) M4 (Ms1.0).
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pastes. The small band located at 855 cm™! originates from symmetric
stretching vibrations of Si-O in BFS [62], which became less intensive
with time elapsed due to the continuous dissolution.

3.4. Interpretation of the early stiffening process

Monitoring results of early-age (0-1.5 h) AAS pastes are summarized
in Fig. 14. It is indicated that there is a competition between different
mechanisms behind the stiffening of AAS mixtures, depending on the
silicate modulus in the activator. It is interesting to notice that the G'pax
evolution is in good correlation with the exothermic behaviors (Fig. 14).
The G'max development can be further divided into two stages, corre-
sponding to explicit exothermic processes (i.e. the dissolution peak and
acceleration peak, as shown in the enlarged view in Fig. 17). To be
specific, in M3 and M4, the maximum G’ occurred at around 30 and
60 min, which is in parallel with the end of their dissolution peaks,
respectively. In the meantime, a broader dissolution peak accompanied
with a higher G'pax was detected in M4, where more silicate content
(Ms1.0) was applied. It can be inferred that massive cations were dis-
solved from the slag particles at this stage (as shown in Fig. 10) to
interact with the silicate species present in the activator solution
[11,12], and thus contributed to the initial growth in G'pax. Afterwards,
the reaction came into the induction period, associated with a lower heat
flow. At this stage, the structuration in AAS maintained limited and
thereby can be recovered by external shear, as indicated by the reduc-
tion in G'pax in Fig. 7(c) and (d). Regarding M1 and M2 (MsO and
Ms0.05), similar G’y evolution due to the early dissolution could be
expected in the first couple of minutes. In both M1 and M2, the reaction
progressed very fast and no obvious induction period was identified. The
continuous G'pax increase at later ages observed in M1 and M2 is
correlated to their early acceleration stage reactions. It was found that
M2 with a more intensive heat flow from 30 to 60 min achieved higher
G’ max values as compared to M1 during the same period. Therefore, it is
indicated that the early structural build-up in AAS mixtures can be
correlated to the dissolution and acceleration stage reactions.

In high-Ms conditions, the early structuration was found in parallel
with the dissolution peak detected by calorimetry. Afterwards, the in-
duction period occurred, associated with a relatively low reaction rate
and decrease in G'n,x measured with intermittent SAOS test. C-S-H
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phases were detected as the primary reaction product, with more Al
incorporations in the network. Meanwhile, a gradual reduction in &; was
observed, indicating the development of interparticle connections was
limited at this stage, which was gradually broken down by subsequent
shear steps. This is consistent with the microstructural features that
numerous fine granules have been observed to nucleate, which were less
connected to each other and intensively dispersed in the activator
solution.

However, low-Ms mixtures exhibited a continuous growth in G'pay,
even though intermittent strain sweeps were applied. This is ascribed to
the early onset of acceleration stage reactions. Both C-S-H and Ht were
identified as the major reaction products at early ages, leading to the
formation of more crystalline phases. Moreover, the increase in €; over
time also reveals the progressive strengthening of interparticle connec-
tions through reaction products. This is supported by the microscopy
that the reaction products are closely attached to the slag surface to form
a flocculated system.

Results reveal that the stiffening of AAS mixtures can be attributed to
different mechanisms. In a sodium hydroxide-activated AAS, the stiff-
ening process is similar to PC materials. Reaction products are accu-
mulated on the slag surface at contact points (Fig. 15(a)), leading to
stronger interparticle connections and the stiffening of AAS mixtures.
With the increase of Ms., the viscous effect of activators becomes pre-
dominant in the system. Since the silicate content is present as inter-
stitial gels to disperse solid grains [16], colloidal interactions between
precursor particles become negligible [20], which is incompatible with
the flocculated system in a hydrating PC material. On the other hand,
numerous fine granules of early reaction products are nucleated in
activator solutions. Accordingly, the solid fraction and surface area in
the system are significantly increased. As the reaction proceeds,
dispersed reaction product particles continuously develop to approach
each other (Fig. 15(b)), which might intensify the interparticle in-
teractions and macroscopically results in the stiffening of AAS. Massive
nucleation sites distributed in the pore solution also result in a more
rapid global structural development, thereby M4 showed a steeper
structuration than M1 and M2 (Fig. 6), where the reaction products
preferably precipitate at contact points on the slag surface. It is indicated
that the early structural build-up of silicate-activated AAS mixtures
could be attributed to the accumulation of intermediate reaction

Fig. 15. Schematic sketch on the stiffening process of AAS pastes (a) hydroxide-activated AAS paste; (b) silicate-activated AAS paste (reaction products are rep-
resented with grey dots, the variation in grain sizes referring to the microstructure observed in Figs. 3 and 4).
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products and thickening of interstitial gels [11,16]. Given a high silicate
dosage, the initial setting might have fallen into the dissolution stage.
However, the elasticity developed in high-Ms AAS mixtures upon setting
seldom contributes to the hardening and strength development like PC
materials, which is associated with acceleration stage reactions. High-
Ms AAS mixtures in turn may exhibit very limited first-day strength
development [15,17], affecting subsequent operations in practical ap-
plications (e.g. demolding, upper formwork installation, etc.). Early
reaction products in high-Ms AAS are interconnected at later ages
through poly-condensation reactions [28,36], which indicates that the
real strength development begins only if the long induction stage is
terminated. Finally, the present results suggest that a moderate silicate
dosage (as per the Ms0.5 mixture in this study) ensures both a good
initial flow and a mild dissolution process. In that case, the fluidity of
AAS can be maintained until the end of the induction stage.

4. Conclusions

In this research, a comprehensive investigation has been conducted
to assess the early stiffening process of alkali-activated slag (AAS) pastes
with various silicate modulus (Ms). Multiple approaches were employed
to monitor the activation reaction. Besides, separate models were pro-
posed to interpret the early stiffening process. The following conclusions
could be drawn based on the results present:

o It was found that the incorporation of silicate content in the activator
has resulted in significant impacts on the evolution of microstruc-
tural features and reaction products in AAS. A good correlation was
observed between the structural build-up and exothermic reactions
in AAS.

In hydroxide-activated AAS, the precipitation of reaction products
was found to take place around individual slag grains, where
hydrotalcite and C-S-H phases were characterized as major reaction
products at early ages.

Results of the time-sweep test indicate that the interparticle con-
nections were progressively strengthened along the reaction process.
The stiffening of hydroxide-activated AAS is similar to that in PC
materials, which is attributed to the formation of a well-percolated
network through solid reaction products.

With the increase of Ms., nucleation sites become available in the
pore solution. Early reaction products with much smaller particle
sizes have been observed, which were intensively dispersed in the
activator solution, leading to a less flocculated system.

Appendix A
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e Compared to hydroxide-activated AAS, the development of inter-
particle connections in silicate-activated AAS mixtures was limited at
early ages. In addition, early reaction products were detected with
less crystalline phases and higher Al incorporations.

The stiffening of high-Ms AAS mixtures could be ascribed to the
accumulation of early reaction products and the thickening of
interstitial gels. As the reaction progresses, the volume fraction and
surface area are significantly improved in the system. Fine particles
of reaction products continuously develop to approach each other,
which may intensify the interparticle interactions and result in the
macroscope stiffening of silicate-activated AAS.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cemconres.2023.107118.
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