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In this study, the impacts of tap water immersion on the pore solution, phase assemblages, gel chemistry and
structure, and pore structure of alkali-activated slag (AAS) pastes were studied. AAS degrades under such con-
dition and the potential mechanisms can be concluded as lower reaction rates, gel decomposition and carbon-
ation. The leaching of Na* and OH ™ at early stages hinders the reaction of slag, which leads to a slower formation
of reaction products. Long-term leaching can result in gel decomposition after 90 d. Coarsened gel pores and

capillary pores are both identified in water-immersed samples. Additionally, the leached Ca?" can react with the
dissolved CO; in tap water to form calcium carbonate. A calcium carbonate layer is observed surrounding the
paste while the inner matrix is free of carbonation. The insights provided by this paper contribute to under-
standing the behaviors and durability of AAS in underwater conditions.

1. Introduction

Alkali-activated materials (AAMs) have gained significant academic
and industrial interest in the last decades due to their promising po-
tential as low-carbon binders compared to ordinary Portland cement
[1-3]. Since AAMs have comparable or even superior properties to
conventional Portland cementitious materials [4-6], AAMs have been
increasingly implemented all over the world. Meanwhile, some
manufacturing technology and quality assessments that are effectively
used in the original Portland cement system are largely transplanted to
AAM systems [1,2]. However, due to the distinction of chemistry
involved in cement hydration and alkali activation, some techniques are
not applicable in AAMs, such as the curing method. Curing primarily
aims to maintain moisture in the cementitious materials by preventing
the loss of water from the material during cement hydration. In general,
water curing (including ponding, sprinkling and wet coverings) can be
the most efficient compared to sealed and ambient curings, because
water curing can provide further hydration of cement with external
moisture and avoid drying problems [7-9]. However, in an AAM system,
it is still controversial whether water curing is appropriate due to the
existence of alkalis in pore solution and the consequent alkali loss
[10-12].

Several studies have explored the influence of water curing on the

properties of AAMs. Yao et al. [13] found that the water immersion
could mitigate the linear shrinkage of alkali-activated slag-fly ash-based
pastes, but undermined the compressive strength and pore structure.
The XRD results showed that there was no evident difference in phase
assemblage between the water-cured and sealed samples. It was
assumed that the drop in compressive strength was caused by the
excessive alkalis leaching from pastes. Huang et al. [11] examined the
influence of different curing conditions (natural, sealed, fog and soak
curings) on the compressive strength of alkali-activated bottom ash
mortars. Fog curing led to the leaching of free cations and alkali ions,
which significantly hindered the strength development. In addition,
soak curing could further aggravate this adverse effect. Some studies
proposed that intermittent water curing was the most effective curing
regime for AAS concretes, where a reduction in porosity and sorptivity,
and an increase in modulus of elasticity, and compressive strength were
achieved [14,15]. Although there were some debates on the influence of
water curing on the properties of AAMs, one consensus of the afore-
mentioned literature was that leaching must occur when an AAM was in
a humid or water condition.

Some works were carried out to investigate the impact of leaching on
the property of AAMs. Zhu et al. [16] investigated the alkali leaching
behavior and phase evolution of a 3-year-old alkali-activated-fly ash--
slag-silica fume material. They found that about 30-40% of sodium in
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AAM subjected to water immersion could mobile freely and the alkali
loss slightly coarsened the nano-sized pores in the binder. Besides, re-
action products after 7 days of leaching were found to be stable and no
notable pore coarsening or phase change was detected. Park et al. [17]
studied the leaching behavior of alkali-activated slag and fly ash binders
under an electrically accelerated condition. The paste containing more
fly ash showed a higher extent of the dissolution of the binder. The
C-A-S-H gel was more stable in comparison with the N-A-S-H gel, indi-
cating that the stability of AAS in water was better than that of
alkali-activated fly ash. Jia et al. [18] applied an in-situ observation
technique to compare the leaching behavior of Portland cement (PC)
and AAS pastes in NH4Cl solution (used for accelerating the dissolution
of Ca(OH),; and C-S-H). Calcium in the gels of AAS paste was found
more susceptible to leaching than that in PC due to the lack of por-
tlandite with buffering capability in acid condition. In short, limited
studies were conducted to understand the leaching issue of AAMs in an
ambient water condition, and the previous works reported that AAMs
after a short-term water immersion had no severe deterioration potential
other than alkali leaching.

Despite many studies that have been done in terms of the leaching of
AAMs, the degradation mechanism behind is still not clear. On one hand,
there was a lack of theoretical statements to reveal how the alkali loss
influenced the phase assemblages during the reaction of precursors and
then how the phase assemblage led to a poor microstructure and
consequently reduced properties of a water-immersed AAM. On the
other hand, the stability of reaction products in long-term water im-
mersion remained not completely understood. In addition, the previous
works based on leaching mainly focused on slag-fly ash hybrid systems.
Few studies could be found based on a sole slag-based system.

The purpose of this study, therefore, is to investigate the impact of
external water on the property of AAS pastes and to clarify the mecha-
nisms behind. To achieve this, AAS pastes derived from slag and NaOH
or/and NaySiOs3 solutions are cured for 1 d and then cured in sealed and
tap water conditions. The ion concentration of leachate and pore solu-
tion, reaction degree of slag, phase assemblages, gel chemistry, pore
structure, and compressive strength of AAS pastes under these two
conditions are compared. The degradation mechanisms of AAS paste due
to water immersion are then discussed. The results are valuable for both
curing regimes optimization and service life prediction in water condi-
tions of AAS materials.

2. Materials and methods
2.1. Raw materials

The slag used in this work was supplied by ORCEM in the
Netherlands. The chemical composition of slag, measured by a Pan-
alytical Axios Max WD-XRF spectrometer, was shown in Table 1. A laser
diffraction analyzer was used to test the particle size distribution of slag.
The size of slag was in the range from 0.1 to 50 pm with a d 50 of 17.88
pm.

Sodium hydroxide (NaOH) pellets and water glass (NaySiO3) were
used for activator preparation. Per 100 g commercial water glass solu-
tion consisted of 8.25 g Nay0, 27.5 g SiO», and 64.25 g water. The NaOH
activator was prepared by dissolving NaOH pellets in deionized water,
and the NaySiOs3 activator was prepared by mixing water glass, NaOH
pellets, and deionized water. The activators were prepared one day
before casting.
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2.2. Mixture design

The mixture design is presented in Table 2. NaOH-based (NH) and
NaySiOs-based (NS) AAS pastes were synthesized at a constant NayO/
slag ratio of 5% by mass. A Hobart mixer was employed for mixing. The
activator was added to slag at low-speed mixing for 1 min and then
another 1 min at high speed.

The outline of the experiments is presented in Fig. 1. The aim of this
work is to simulate the most severe condition that an AAS paste can be
suffered from. To this end, the samples used for micro-characterization
were all sealed in a plastic tube for 1 day, then crushed into small pieces
(2 mm-4 mm) before immersion to provide a fast-leaching condition.
Mixtures for compressive strength were sealed and stored in a climate
chamber at 20 °C. After 24 h, half of the hardened specimens were
demoulded and then immersed in water, while others were continually
cured in sealed condition. The samples were cured in a sealed or water
immersion condition for up to 90 days. The distilled water was only used
for tests regarding ion concentrations of leachate and pore solution (in
section 2.3.1), inter alia, weekly refreshed tap water was applied for the
other experiments.

2.3. Experimental methods

2.3.1. ICP-OES

The ion concentration of the pore solution of hardened AAS samples
was extracted by the steel-die method [19]. Pressure of up to 350 MPa
was used to press the samples (about ¢ 25 mm x 40 mm, as shown in
Fig. 1) cured in sealed and water-immersed conditions. The extracted
pore solution was then filtered through Whatman 41 filter paper (20 pm)
and the filtrate was diluted using nitric acid (0.2 vol %) for the mea-
surement of Na, K, Ca, Al and Si by PerkinElmer Optima 5300DV
ICP-OES spectrometer. The concentration of OH™ was measured by
titration against hydrochloride acid (0.1 mol/L) and phenolphthalein
was used as the indicator. For the ion concentration of leachate, 10 g
small piece samples (2-4 mm) were added into 100 g distilled water
with a well-sealed plastic bottle as shown in Fig. 1. The bottles were
shaken at a temperature of 20 °C. The leachate was collected after 7, 28,
60 and 90 days. The ion concentrations and the pH of the supernatant of
the leachate were measured by ICP-OES instrument and titration,
respectively.

2.3.2. Selective dissolution

Basically, the degree of reaction of slag in a paste can be determined
by the SEM image analysis and the selective dissolution test [20]. Given
that a homogeneous material is required in the former method, the AAS
samples after water immersion are not desirable to be measured in this
way, as leaching is a depth-dependent problem and the degree of reac-
tion of slag is thereby affected by this. As such, we employ a selective
dissolution method to obtain a general reaction degree of slag in AAS
pastes. The selective dissolution method for determining the reaction

Table 2
Mixture proportions of AAS pastes.

AAS Slag (g) SiO, (mol) NayO (mol) Water (g) w/b Ms
NH-based 1000 0 0.8 430 0.43 0
NS-based 1000 0.8 0.8 430 0.43 1.0

w/b = water/binder ratio, Ms = SiO,/Na,0.

Table 1
Chemical composition of slag determined by XRF (%).
CaO Al,O3 SiOy MgO Fe,03 SO3 K;0 TiOy other LOI
Slag 38.28 13.9 32.19 9.52 1.52 0.51 1.27 1.17 1.33

LOL loss of ignition.
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Fig. 1. Outline of the experiments. The characterization methods involved in this work include inductively coupled plasma-optical emission spectrometry (ICP-OES),
X-ray diffraction (XRD) analysis, thermogravimetric analysis (TGA), Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopic (SEM) and

energy-dispersive X-ray spectroscopy (EDS).

degree of slag in cementitious materials has been implemented in pre-
vious studies [21-23]. Its principle was based on a preferential chemical
extraction of the reaction products and unhydrated cement leaving the
unreacted slag. A modified and widely-used method, so-called “salicylic
acid-methanol” (SAM) extraction, was employed in this work [24]. The
well-ground and hydration-arrested powder of samples (0.3 g) was
added to a solution containing 30 mL methanol and 2 g salicylic acid.
The sample was stirred for 1 h and followed by filtration. The insoluble
residue was washed with deionized water and methanol several times
until it reach a neutral pH. After that, the residue was dried at 105 °C
until the mass was constant. At last, weighing the mass loss of the
samples and calculating the reaction degrees of slag. It is noted that the
calcium carbonate and hydrotalcite in the AAS cannot be dissolved by
SAM method (see appendix in Fig. A1). The final reaction degree of slag
was determined by TGA quantitatively. Four replicates were conducted
for each mixture.

2.3.3. XRD, TGA, and FTIR

XRD and TGA were employed to identify the solid in the leachate as
well as the phase assemblage of AAS in different curing conditions. FTIR
was utilized to study the gel chemistry of AAS pastes. The fine powder
samples are applied in these three measurements and the hydration
stoppage of AAS pastes was via the solvent exchange method [25]. The
piece samples were grounded in a mortar with isopropanol to avoid
carbonation. After grounding for half an hour, the fine powder with
isopropanol was stood for 15 min to have a full solvent exchange. Then,
we filtered the samples with filter paper and a vacuum pump. During the
filtering process, we used absolute alcohol to wash the samples several
times and used diethyl ether at the last time washing for rapid drying. At
this moment, the powder has almost dried in appearance. Finally, we
collected the fine powder into a Petri dish and stored them in a drying
oven at 40 °C for 10 min. After that, we stored the samples in a vacuum

dryer before testing. After these pretreatments, all the free water can be
removed from the sample and only the chemical-bound water would be
left. XRD was performed using a Bruker D8 Advance diffractometer
applying CuKa (1.54 A) radiation. The hydration-arrested powder
samples were scanned between 5° and 70°, with a step size of 0.02° and
a dwell time of 5 s per step. TGA was conducted by NETZCH
TG-449-F3-Jupiter. The powder samples were weighted and heated
from 40 °C to 1000 °C with a heating rate of 10 °C/min in an argon
atmosphere. FTIR was conducted using a Spectrum TM 100 Optical
ATR-FTIR spectrometer with the wavelength of the spectrum ranging

between 600 and 4000 cm™! with a resolution of 4 cm™".

2.3.4. SEM and EDS

SEM and EDS were performed to characterize the morphology and
gel chemistry of AAS pastes. Morphology and elemental ratios of pastes
and gels in different curing conditions were observed and determined by
a Philips-XL30-ESEM microscope. The vacuum-dried samples were
impregnated using a low-viscosity epoxy resin and then polished down
to 0.25 pm. To enhance the conductivity of samples, carbon was used as
raw material to coat the samples. The samples were tested under
backscattering electron (BSE) mode at an acceleration voltage of 20 kV
under a low vacuum. Point analysis of pastes was applied and 60 points
were selected for each sample.

2.3.5. Pore structure characterization

Since the ultra-fine nanopores especially in the NS-based AAS pastes
are beyond the detection limits of mercury intrusion porosimetry (MIP),
the pore structure (from 0.3 to 300 nm) of the samples was measured by
the nitrogen absorption (NA) test. The 2-4 mm hydration-arrested piece
samples were used in this measurement. It was conducted on a Micro-
metrics Gemini VII 2390 V1.03 with a relative pressure ranging from
0.05 to 0.998.
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2.3.6. Compressive strength

The compressive strength of AAS pastes was tested with a loading
speed of 2.4 kN/s, according to NEN-196-1 [26]. Six replicates were
tested for one mixture to obtain an average value.

3. Results and discussion
3.1. Ions concentration

3.1.1. Leachate

Fig. 1 shows the elemental concentration of leachate. Generally, the
concentrations of all the detected ions increase with time, which is
attributed to the gradient of ion concentration between the pore solution
and leachate. The contents of most ions become steady until 60 d. In
addition, the pH of the leachate of NH-based pastes is much higher than
that of NS-based one, and the trends of Na, K and Al are consistent with
pH as well. This may be due to a denser microstructure of NS-based
paste. In a NS-based system, considerable soluble silicon ions like [SiO
(OH)3]™ and [SiOz(OH)z]Z’ are already present and evenly distributed in
the activator, viz. initial pore solution. The C-N-A-S-H gels can be
formed immediately when Ca and/or Al are released from slag [27].
However, in a NH-based system, due to the lack of soluble Si in the
activator, Si in the C-N-A-S-H gels can be provided by slag only. As a
result, more gels can be formed in a NS-based paste compared with a
NH-based one regardless of other factors, as reported intensively in Refs.
[28,29]. On one hand, more gels need more Na to balance the charge of
the interlayers of gels [30]. On the other hand, more gels benefit a
denser microstructure (as shown in section 3.5), which can limit the
migration of ions. Besides, due to the same dosage of Na,O in both of the
activators, the initial pH of NH activator is much higher than NS acti-
vator. This is also a reason why the leachate of NH-based paste has a
higher pH.

The concentration of Si in the leachate of NS group is higher than
that in NH group, which is mainly attributed to the soluble silicate
initially introduced by NS solution. However, compared with other ions,
the concentrations of Si and Ca ions fluctuated within 90 days.
Furthermore, their trends are almost the same. This phenomenon can be
explained by the “dissolution-reprecipitation mechanism” proposed by
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Katrina et al. [31]. The increase of Si and Ca concentrations is due to the
gradient of ion concentrations between the leachate and pore solution.
The decrease of Si and Ca concentrations is probably attributable to
Ca/Si reincorporation on the dissolving surface and the potential reac-
tion products participated on the paste in an alkali condition. The
“dissolution-reprecipitation” that occurs in the leachate is a kind of
dynamic equilibrium process, which leads to the concentrations of Ca
and Si fluctuating within a certain range. In brief, owing to the gradient
of ion concentrations between internal AAS samples and external water,
ions can simultaneously leach out with the extension of leaching time.
Notably, it should be mentioned that the ion concentration in a real
surrounding environment would be affected by the flowability of lig-
uid/water and the frequency of exchanging water. Since the deionized
water applied in this work was stagnant and not updated, more ions
could leach out if the pastes are exposed to a flowing aqueous condition.

3.1.2. Pore solution

Fig. 3 presents the elemental concentrations in the pore solution of
AAS cured in sealed and water conditions. Regardless of the curing
conditions, the pore solution composition is dominated by Na, while
much lower concentrations of K, Si, Al and Ca are observed. Despite the
tiny amount of K detected in slag as shown in XRF result (Table 1), K
seems readily to leach out and is the only element whose concentration
increases with time. This is because K is hard to be uptaken by the C-A-S-
H gels in the Na-based activator system [32-34]. Moreover, the con-
centrations of Na and K in soaked pastes are only half of those in the
sealed ones, and NH-based water-immersed pastes can show a larger
reduction compared to sealed ones. This is because the looser pore
structure of NH-based pastes (as shown in section 3.5) provides more
and wider ion transportation paths for the ions.

The content of Al is much higher in NS than NH system, which agrees
with the results found by Zuo et al. [35]. The concentration of Si in the
pore solution of NS sealed paste is much higher than that in the NH
sealed paste with the same dosage of NayO due to the incorporation of
soluble Si in the NS activator. Meanwhile, a significantly lower con-
centration of Si is identified in the NS water-immersed sample in
contrast to the sealed one, indicating that large amounts of Si are free in
the pore solution and can leach out at a very early age. In addition, the
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Fig. 3. Elemental concentrations and pH of the pore solution of AAS under sealed (s) and water immersion (w) conditions.

fluctuated trends of Ca and Si is again identified in both pastes which can
be assigned to the dynamic equilibrium between the dissolution
behavior of slag and the precipitation of gels to some extent [31,39].
Despite this, it is noted that the concentrations of all the detected ele-
ments (Mg is not measured since it is below the detected limit) in the
pore solution of water-cured pastes, as well as the pH, are considerably
lower than those in sealed pastes. Given the change of ion concentration
due to leaching, the reaction environment of slag will change subse-
quently, which can influence the reaction degree of slag.

3.2. Reaction degree of slag

Fig. 4 shows the reaction degree of slag in AAS pastes cured in the
sealed and water immersion conditions, respectively. In the sealed
condition, the reaction degrees of slag in both pastes gradually increase
with time and are over 50% up to 90 days. The reaction degree of slag in
NH-based paste at 7 d is slightly higher than that of NS-based paste since

B (%4 [+2]
o o o
1 1

Reaction degrees of slag (%)

30
20 -
10 -NH_s -O-NH_w
] #-NS_s -O-NS_w
0 T T T T T T T T T
0 20 40 60 80 100
Age (d)

Fig. 4. Reaction degrees of slag of AAS pastes under sealed (s) and water im-
mersion (w) conditions.

a higher pH benefits the reaction of slag. However, the long-term reac-
tion degree of slag in NH-based paste is lower, which is in agreement
with [30]. This is because the initial fast gelation in a NH-based system
leads to the formation of a dense layer covering the unreacted slag,
which will slightly hinder the further reaction. Fortunately, the 90
d reaction degree of slag in the NH-based AAS is close to the NS-based
one, suggesting that the so-called “rims” can not strongly influence the
long-term reaction of slag.

As shown in Fig. 4, the reaction degrees of slag in both two groups in
water-cured condition are lower than that in sealed condition. As the
leaching of ions and intrusion of water in the paste, the pH of pore so-
lution becomes lower and lower with time (Fig. 3 (A)). Since a higher pH
is beneficial for the disintegration of glassy phases in slag, AAS pastes
cured in water have a lower reaction degree of slag. Notably, the gap
between sealed and water-cured pastes in NH group is much larger than
that in NS group, probably because a more porous microstructure of NH-
based paste is more vulnerable to water ingress (as shown in section
3.5). Fortunately, although the piece AAS samples are immersed in
water after 1 d, the chemical reaction of slag still maintains but with a
relatively low rate.

3.3. Phase assemblage

3.3.1. XRD analysis

At the earliest hours of water immersion, some flocculent solids were
found on the bottom of the container with AAS samples. Fig. 5 shows the
morphology and XRD pattern of the precipitated solids. The XRD result
shows that the solid is actually calcium carbonate. Due to the leaching of
alkali ions, the pH of the leachate increases gradually and the leachate
can be considered an alkaline solution. Given the employment of tap
water in this leaching test, the CO, dissolved in the leachate will spon-
taneously hydrolyze to bicarbonate ions (HCO3) or carbonate ions
(CO%’) via a multi-step reaction sequence (CO, + 20H™ — HCO3 +
OH - CO%’ + H,0) [37,38]. Afterward, carbonate ions will react with
leached Ca ions from AAS pastes to precipitate calcium carbonate in the
leachate. Note that the carbonation process here is different from what
has been usually used to describe the reaction of paste/concrete with the
CO5, in the air.
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20 40 60 80 100
2 theta (°)

Fig. 5. Morphology and XRD of flocculent solid in the leachate.

Fig. 6 shows the XRD patterns of AAS pastes in different curing
conditions. It is observed that calcium carbonate is present only in a
water-immersed AAS paste and the density of which increases with
leaching time. This is because the surface of piece samples is rough,
which can provide considerable nucleation sites for the growth of cal-
cium carbonates [39]. A calcium carbonate layer is identified in Fig. 11.
According to the literature [40], 100 g of pastes are capable of bounding
around 40-50 g of CO; in a Portland cement system. Ca(OH); is a sig-
nificant hydrate that can largely prevent the gels from being carbonated
because it can decompose to calcium carbonate when exposed to COy
[41]. Nevertheless, due to the lack of Ca(OH); in an AAS system, the
intruded CO, will first react with Ca ions in the pore solution and sub-
sequently the gels [42]. The reaction between CO, and gels will give rise
to gel decalcification and even gel decomposition [43]. Therefore, the
carbonation of AAS materials due to dissolved CO, in water should be
noticed.

The intensity of the characteristic peaks of gels and hydrotalcite in
both NH and NS-based sealed pastes increases with time. Furthermore,
as a result of the more crystalized reaction products formed in NH sys-
tem, the characteristic peaks of reaction products are more evident in
NH-based pastes [30,44]. In the water-immersed AAS pastes, the signal
of gels and hydrotalcite is substantially weaker in contrast to the sealed
pastes at the same ages. On one hand, since a lower reaction degree of
slag in water-cured AAS pastes, less amount of reaction products will be
formed. On the other hand, as mentioned in section 3.1.2 (Fig. 3), the
alkali loss and water ingress have significantly changed the alkaline
environment of reaction products. The existing products are not stable
and can be decomposed as an extension of time. Further evidence of the
decomposition of reaction products is provided in the next section.

 Gels
O Hydrotalcite
O CaCo,

%o

X © "o 4 oom
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3.3.2. TGA

Fig. 7 shows the TG and DTG curves of AAS pastes under different
curing conditions. According to Refs. [30,45-47], the reaction products
in AAS systems can be distinguished by the weight loss among different
ranges of temperatures: C-N-A-S-H gels (40-200 °C), hydrotalcite-like
phases (200 and 400 °C) and calcium carbonate (600-800 °C) as
shown in Fig. 8. In addition, the content of bound water obtained by
measuring the weight loss up to 650 °C can be used as an indication of
the total reaction products [48].

Generally, the gels, hydrotalcite and total bound water in sealed AAS
pastes are significantly higher than that of water-immersed ones, which
indicates that the content of reaction products is higher in sealed pastes.
Notably, the gels, hydrotalcite and total bound water in sealed pastes
constantly increase from 7 d to 90 d while that in water-immersed pastes
first increase (from 7d to 60d) and then decrease at 90 d as shown in
Fig. 8 (A)(B)(C). This evident drop is a reflection of the decomposition of
reaction products. The alkali leaching leads to a decreased pH of the
pore solution (Fig. 3), which could break the dynamic equilibrium be-
tween gels and pore solution. The ions that are initially uptaken by gels
incline to escape from the structure due to the osmotic pressure caused
by concentration gradients [49]. As the deceleration of gel formation at
the later stage (Fig. 4), the gel decomposition becomes more dominant,
which eventually leads to a decrease of bound water of gels at 90 d. In
addition to gels, a slight reduction of hydrotalcite is identified in both
two water-immersed AAS pastes as well. Such a decrease in hydrotalcite
could be tentatively owing to carbonation [43]. Moreover, as shown in
Fig. 8 (D), the amount of calcium carbonate monotonically increases
with time. This is ascribed that the constant leaching can provide Ca ions
that will subsequently react with aqueous CO3~ to the formation of
calcium carbonate on the surface of the paste.

3.4. Gel chemistry

3.4.1. FTIR

The FTIR spectra of all the AAS pastes are presented in Fig. 9. Ac-
cording to the literature [50,51], the main bands centered at around
940-970 cm ! represent the asymmetrical stretching vibration of Si-O-T
(T = Si, Al) and/or Si-O-M (M = alkali metal elements), which is the
characteristic structure of Q? units. The small shoulder around 1050
em ™! is assigned to the asymmetrical stretching of Si-O-T (T = Si or Al)
bonds and/or Si—-O-M bonds as well, but with a lower substitution of Al
[52]. Another representative band of Si-O-Al or Si-O-Si regarding
deformation vibration locates at around 900 cm!. The bands at
800-825 cm ™! represent the Si-O stretching vibrations of the Q! unit
[53].

As shown in Fig. 9 (A) and (B), the signals of Q1 and Q2 in sealed AAS
pastes are visible while their intensity and location have no obvious
variation with time in both NH and NS pastes. The intensity of Q® in NH-
based sealed paste is slightly stronger than that in NS-based one and the

e Y¢ Gels
N S O Hydrotalcite
O CaCo,
* ug L
o K 4P O m

2 theta (°)

Fig. 6. XRD patterns of AAS pastes in sealed (s) and water immersion (w) conditions.
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respectively [30,45-48].

peak around 894 cm ™! of NH-based sealed pastes is more evident than
that of water-cured ones. This is an indicator that the bond of Si-O-Si
and/or Si-O-Al in AAS pastes decreases after water immersion.
Furthermore, since a large amount of soluble Si ions introduced by NS
activator lead to a high concentration of Si in the pore solution (Fig. 3
(E)), C-N-A-S-H gels in NS-based paste will have a lower Ca/Si ratio (see
section 3.4.2) than that of NH-based paste. As reported in Ref. [54], the
content of Q! unit is increased with the increment of Ca/Si ratio. Hence,
the NH-based AAS gets a higher intensity of Q.

The peaks regarding the bending (v?) of CO35™ [55] at around 875
em™! are also detected in the water-immersed samples due to the
presence of calcium carbonate. In addition, it is observed that the in-
tensity of Q! and Q? units in water-immersed pastes is considerably
weaker than that in sealed pastes. To better distinguish the differences in
gels between sealed and water-immersed conditions, the bands at
930-970 cm™! (Q2 unit) are amplified, as shown in Fig. 9(C) and (D).

Generally, both the width and wavenumber of the Q? characteristic peak
of NS-based sealed AAS are larger than that of NH-based sealed AAS.
This is because the NS-based paste has a lower crystalized but higher
cross-linked gel structure. As reported in Refs. [56,57], the width of the
peak is dependent on the crystalization degree of gels (the sharper the
peak, the higher the crystalization degree of the gel), while the wave-
number is assigned to the polymerization degree of gels (the higher the
wavenumber is, the higher polymerization degree the structure obtains).
Despite that FTIR results show little discrepancy among sealed AAS
pastes at different ages, the wavenumbers regarding Q2 in
water-immersed samples are significantly higher than that in sealed
condition regardless of curing ages. As reported in Refs. [53,54], the
wavenumber of the peak (930-970 cm ™) moves to a higher one as a
decreased incorporation of Ca in C-N-A-S-H gels. Two possible reasons
are available to explain this result. First, according to previous work
[58], the Ca/Si ratio of C-S-H gels is decreased as an extension of
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Fig. 9. FTIR spectra of AAS pastes under sealed (s) and water-immersed (w) conditions.

soaking time in the portland cement system. Second, intensive works
claim that gel decalcification is a predominant feature when an AAS
paste is carbonated [41,59,60]. Therefore, the constantly increased
wavenumbers of Q2 units are attributed to gels decalcification caused by
immersion and carbonation.

3.4.2. SEM and EDS

Fig. 10 shows the morphology of NS-based AAS pastes at 28 d under
different curing conditions. It is shown that the surface of a sealed piece
of paste is smooth (Fig. 10 (A)) and the unreacted slag particles are
closely surrounded by gels. In contrast, the surface of a water-immersed
paste is rough (Fig. 10 (B)), which is covered by solid particles. The solid
is actually calcium carbonate identified by EDS (as shown in Fig. 11),
and the size of which ranges from nanoscales to microscales.

The cross-section of the surface part of the NS-based paste in sealed

and water-immersed conditions is shown in Fig. 11. The most evident
distinction between the two pastes is that there is a visible outer layer
covering the internal matrix in the water-immersed paste. The bonding
between the outer layer and matrix is not strong, and large cracks are
formed near the dividing line. Based on the EDS results (see appendix
Fig. A2 and Table A1), the outer layer is determined as calcium car-
bonate. Meanwhile, the result shows that calcium carbonate can be only
detected at the outer layer, and intermixed reaction products of gel and
calcium carbonate are rarely found in the inner part of the paste. This
means that carbonation due to CO2 dissolved in water only occurs on the
surface of AAS pastes, which is significantly distinct from the carbon-
ation of pastes in the air or accelerated carbonation condition [41,42,60,
61].

Fig. 12 shows the atomic Na/Si ratio verse Ca/Si ratio of AAS pastes
measured by EDS. The internal part of a well-polished AAS sample was

Fig. 10. Morphology of the surface of NS-based AAS pastes under sealed (s) and water immersion (w) conditions.
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Fig. 11. Cross-section of the surface of the NS-based AAS paste after 90 d water immersion.

chosen for point analysis and 60 points were analyzed in each sample. As
a large amount of soluble Si ions are in the initial NS activator, the Ca/Si
ratio of NS-based sealed paste is generally lower than that of NH-based
sealed paste. It is noticed that the Na/Si ratio of NS-based sealed paste
significantly decreases from 7 d to 90 d whereas little variation of Na/Si
is found in NH-based sealed paste between 7 d and 90 d. In the NS
system, due to a large amount of soluble Si ions in pore solution,
considerable gels can be formed in the system at 7 d but Na ions
contribute more to balancing the charge between the interlayers of C-N-
A-S-H gels at early ages due to the lack of Ca ions. With the extension of
time, Ca ions are continually dissolved from slag and Na is gradually
substituted by Ca in C-N-A-S-H gels [62]. In the NH system, as no soluble
Si ions are available in the alkaline solution initially, Si ions can only
stem from slag. Since the dissolution of Ca from slag is much easier than
Si, Ca ions are always abundant when forming the C-N-A-S-H gels.

NH s
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Therefore, the Ca/Si ratio in NH-based AAS paste is relatively steady
from 7 d to 90 d.

It is necessary to emphasize that the Na/Si ratio of AAS pastes after
90-day water immersion is almost zero in both two groups, which means
Na can completely leach out at long-term water immersion. The des-
odiumization of gels verifies the hypothesis proposed by previous work
[63]. Similarly, the slight drop in Ca/Si ratio is also identified as the
extension of water-immersion time. This result is consistent with the
decalcification of C-N-A-S-H gels found in FTIR (Fig. 9) and again in-
dicates that Ca ions in gels are unstable after long-term leaching.

Fig. 13 shows the positive linear correlation between the Mg/Si and
Al/Si ratios in AAS paste. As described by previous work [30,64-66], a
linear correlation of Mg/Si with Al/Si suggests the existence of
hydrotalcite-like phases, while the positive X-axis intercept presents the
level of incorporation of Al in the C-S-H gels. The result shows that the
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Fig. 12. Atomic Na/Si ratio versus Ca/Si ratio of AAS pastes under sealed (s) and water immersion (w) conditions.
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average Al/Si ratio of gels in NH-based paste (about 0.24, Fig. 13 (A) and
(B)) is slightly higher than that of NS-based paste (about 0.20, Fig. 13
(C) and (D)), which is in agreement with other work [65]. However, no
evident difference in Al/Si ratio is identified between sealed and
water-immersed pastes. This is probably because Si and Al are the
structural elements of the gels, and both of them are hard to dissolve
before the gel decomposes. In addition, the slopes of the trendlines,
referring to the Mg/Al ratio, are well within the range from 1.92 to 4.35
representing hydrotalcite formed in an AAS paste [67,68]. The first
aspect is that the Mg/Al ratio of the two pastes increases with time, and
Mg/Al ratio is slightly higher in NH-based paste than the NS-based one.
The second aspect is that the trendlines of Mg/Al ratio in sealed and
water-immersed pastes overlap considerably, which suggests that the
elemental component of hydrotalcite is steady after leaching. By the
way, the drop of hydrotalcite in water-immersed AAS pastes from 60 d to
90 d determined by TGA (Fig. 8 (B)) can be also attributed to the same
proportion of dissolution of hydrotalcite.

3.5. Pore structure

Given the employment of 1 d samples for water immersion, the water
cannot migrate too much into the matrix, since the initial piece pastes
have relatively high water content. Due to the gradient of ion concen-
tration between the external water and pore solution, ion exchange can
happen via the communicated capillary pores in the matrix. Therefore,
the tortuosity and volume of the pore structure are expected to be un-
derstood. Fig. 14 (A) and (B) show the pore volume and pore size dis-
tribution of NH-based AAS pastes, respectively. As reported in Ref. [69],
the pore ranging from 0 to 100 nm in an AAS paste can be classified as
gel pores (0-10 nm) and capillary pores (10-100 nm). The pore volume
of NH-based pastes (Fig. 14 (A)) in sealed condition is decreased as a

10

function of time while that of water-immersed pastes is increased with
time generally. Due to the limited detecting range (1 nm-300nm) of
pore structure by NA test, the volume of pores larger than 300 nm in
NH-based pastes is not included. The reason why the water-immersed
paste at 90 d has low pore volume than that at 60 d is probably that
90-day-immersed paste has a high volume of big capillary pores which is
beyond the measurement range. Anyhow, as shown in the pore distri-
bution (Fig. 14 (B)), both the gel pore and capillary pore in the
water-immersed paste are increased with time. The pore structure of
NH-based AAS is significantly coarsened after water immersion.

Fig. 14 (C) shows the pore volume of NS-based AAS pastes. Similarly,
almost zero pore volume is detected in the sample that is sealed curing
for 90 d, and the pore volume of the water-immersed paste is much
higher than that of the sealed one. However, compared with NH-based
pastes, NS-based AAS is likely to show less influence, as the pore
structure of the water-immersed sample can still be densified within 60
days, which is in agreement with the result of gel content in Fig. 8.
Furthermore, the pore volume of water-immersed paste at 90 d is even
higher than that at 7 d. The degradation of microstructure is owing to
the decomposition of reaction products in long-term water immersion,
as interpreted in section 3.3.

Fig. 14 (D) shows the pore size distribution of NS-based AAS pastes.
Water-immersed pastes show higher content of gel pores compared with
sealed pastes. Similar results can be found in others’ work as well [13,
16]. Since the content of gels formed in a water-immersed paste is less
than a sealed one as shown in the above sections, the packing of gels will
be much looser in water-immersed condition and thus more nano-sized
pores are detected. The gel decomposition in NS-based paste is well
reflected by the increment of gel pores at 90 d, which is in agreement
with the trend of gel content as shown in Fig. 8. In addition, gel
decomposition will also cause the increment of capillary pores. As
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Fig. 14. Pore volume and pore size distribution of AAS pastes under sealed (s) and water immersion (w) conditions.

shown in Fig. 14 (D), the 10 nm-100 nm capillary pores are considerably
increased with time, especially at 60 d and 90 d.

3.6. Compressive strength

Fig. 15 shows the compressive strength of AAS pastes as a function of
time. The compressive strength of NS-based pastes is higher than that of
NH-based pastes, which is assigned to a finer pore structure of NS-based
AAS pastes. In addition, the compressive strength of water-immersed
pastes is lower than sealed pastes at the same ages. More specifically,
the compressive strength of NH and NS-based water-immersed pastes
are lower than sealed pastes by 15% and 12%, respectively. Therefore, it
can be concluded that water-immersed condition is detrimental to the
compressive strength of an AAS paste. Admittedly, it should be
mentioned that a higher moisture content in the sample itself can mean a
lower compressive strength due to the effects of higher capillary pres-
sure or lower interparticle bonds [Ref added: Neville, A.M. and Brooks,
J.J., Concrete Technology, Pearson Education Limited, 2010]. It is not
clear yet how much reduction was contributed by difference in curing
condition and how much was caused by different moisture contents.

In addition, it is worth noting that the deviations of compressive
strength of water-immersed paste are much larger than sealed one,
especially for NS-based pastes. A similar result is also found in Ref. [13].
This phenomenon is attributable to the gradient of stress formed in the
samples [70]. a NS-based AAS paste is commonly subjected to the
shrinkage problem and cracking potential due to the self-desiccation
[71-74]. To fully relieve this stress, ingressed water is expected to
diffuse from the surface to the interior at a certain rate to compensate
the autogenous shrinkage. This process is highly dependent on the
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permeability and size of the sample. A dense microstructure of NS-based
paste gives rise to the insufficiently rapid migration of water from
outside to inside. Thus, a stress gradient developed. The sample in such a
state is inclined to have more likelihood of cracking potential than the
homogeneous stress distribution of the sample in sealed condition.
Therefore, NS-based water-immersed pastes have much larger de-
viations and even the retraction of compressive strength at 90d.

4. Summary and perspective

Based on the above results, the outcomes of an immature AAS paste
in the water-immersed condition can be summarized in Fig. 16, in which
three main degradation mechanisms can be abstracted.

4.1. Low reaction rate

When an immature hardened AAS paste (e.g. cured for 1 day in this
work) is immersed into water, large amounts of alkali ions (Na*t, K¥,
Ca2+) and hydroxide ions are liable to leach out (Fig. 2). The concen-
trations of different ions in the leachate generally increase with time due
to the gradient of ion concentrations. Meanwhile, the ion concentration
as well as pH of the pore solution is decreased as a function of water-
immersed time, which is significantly lower than that in a sealed AAS
paste at the same ages (Fig. 3). Due to a lower pH of water-immersed
pastes, slag in such condition is much more difficult to be decomposed
and thus has a lower reaction degree as shown in Fig. 4. A lower reaction
degree of slag will then lead to a lower formation rate of reaction
products as identified by XRD and TGA (Figs. 6 and 8). As a result, AAS
pastes soaked in water have both larger gel pores and capillary pores
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compared with sealed pastes (Fig. 14).

4.2. Gel decomposition

During long-term water immersion, the chemical property of gels is
gradually changed with time. The FTIR results show that the polymer-
ization degree of gels is increased as a function of leaching time (Fig. 9
(C) and (D)), which is probably attributed to the gel decalcification.
Meanwhile, EDS results also collect some useful information in terms of
gel decalcification and desodiumization. As shown in Fig. 12, compared
with sealed AAS pastes, water-immersed pastes have lower Ca/Si and
Na/Si ratios of gels and even Na ions can completely leach out after 90
day of water immersion. These results all reach a consensus that long-
term water immersion will cause the change/reorganization of C-N-A-
S-H gels. The constant change/reorganization of gels may further trigger
the gel decomposition as the extension of immersion time. The drop in
the contents of gels and hydrotalcite from 60 d to 90 d is double
confirmed by XRD and TGA tests (Figs. 6 and 8). Furthermore, the
increment of gel pore in NS-based water-immersed pastes from 60 d to
90 d again verify the gel decomposition (Fig. 14). These results indicate
that leaching is really an issue to be concerned in long term, especially in
view of gel decomposition.

4.3. Carbonation

As the leaching of alkali and hydroxide ions of AAS pastes, the pH of
leachate is increased over 13 with time (Fig. 2). The external CO in the
air is much easier to dissolve into an alkaline solution. The soluble CO,
in the leachate will hydrolyze to CO3™ ion and then the CO3™ ion can
react with Ca®' ions released from AAS pastes to form the calcium
carbonate (Fig. 5). Meanwhile, the layer of calcium carbonate is also
detected on the surface of AAS pastes (Fig. 11). XRD and TGA results

Carbonation

‘Cau

Cement and Concrete Composites 142 (2023) 105157

show that the content of calcium carbonate in the water-immersed AAS
paste increase with time (Figs. 6 and 8). Although gel carbonation will
aggravate gel decalcification and gel decomposition of an AAS paste,
fortunately, calcium carbonate can be rarely found in the internal part of
the paste.

In summary, this work highlights three mechanisms behind the
degradation of piece AAS pastes subject to tap water immersion. Based
on the understanding of these results, the insights into the behaviors of
AAS subjected to water contribute to a further understanding of the
durability of AAS such as freeze-thaw [75,76], chloride penetration
[77], sulfate corrosion [78-80], and efflorescence [13,81-84], where
external water and leaching are always involved. Even though this study
used a small, representative sample, the detailed trends for each con-
dition require further investigation. For example, employing a 1 d cured
2-4 mm piece AAS sample for the leaching test is to simulate the most
severe conditions and then reveal all the potential degradation mecha-
nisms. The moisture in water curing in practice would not move away
like water immersion in this work (weekly refreshed tap water). In
addition, AAS concretes in practice commonly contain a large volume of
sand and gravel. These aggregates are able to largely enhance the tor-
tuosity of the ionic migration path, and thus the concrete structure can
not be thoroughly penetrated as in the case of small-scale samples,
which is beneficial for mitigating the adverse effect caused by leaching.
As aresult, the degradation of real AAS concretes may not be as sharp as
presented in this study. Further investigations are expected to focus on
larger scales.

5. Conclusions

In this study, the degradation of AAS pastes under water-immersed
condition was investigated. The mechanisms behind were revealed.
Based on the results and discussion, the following conclusions can be
drawn:

1. An amount of alkali and hydroxide ions in AAS pastes are liable to
leach out under water-immersed condition. The drop in pH of the
pore solution is identified as a function of immersion time, which
subsequently hinders the dissolution of slag. A low reaction degree of
slag in water-immersed paste is detrimental to the formation of re-
action products and microstructure development.

2. C-N-A-S-H gels of AAS paste in water-immersed condition are
gradually changed as a function of time. In terms of the FTIR results,
the AAS paste after water immersion has a more cross-linked gel
structure. In addition, both Ca/Si and Na/Si ratios of gels are
decreased as prolong the immersion time, and Na can completely
escape from gels after 90 days of immersion. Moreover, constant gel
decalcification and desodiumization can lead to gel decomposition.
The drop of gel content in water-immersed samples from 60 d to 90
d is detected, which indicates that C-N-A-S-H gels formed in AAS
system are unstable after long-term water immersion.

3. The hydroxide ions released from AAS pastes increase the pH of the
leachate, which contributes to capturing external CO,. The soluble
CO, will then react with Ca ions leached from AAS pastes to
constantly form calcium carbonate in the leachate and on the surface
of the paste. Although the content of calcium carbonate in water-

. . . Na* . .
Water immersion — lons leaching — = Low reaction rate — Less reaction products

ISi and Al species

Long-term immersion

Gel decomposition

Deteriorated microstructure

Fig. 16. Flowchart of degradation mechanisms of AAS pastes subject to water immersion.
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immersed paste increases with time, a trace of carbonation in the
internal matrix is rarely found.

4. With a low reaction degree of slag, gel decomposition and carbon-
ation, a deteriorated pore structure of a water-immersed AAS paste is
determined. Generally, the insights shown by this work indicate that
water has significant impacts on the surface area of an AAS paste.
Further studies in terms of leaching problems are expected to be
carried out on a much bigger scale.
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Table Al
Elemental composition of AAS pastes (atom %)
C (0] F Na Mg Al Si S K Ca Ti Mo
ptl 11.046 53.111 0.181 35.663
pt2 9.182 47.160 0.213 43.316 0.130
pt3 11.611 50.807 0.163 37.419
pt4 9.778 50.969 0.266 38.987
pt5 10.806 56.080 33.113
pté6 10.302 58.936 0.184 30.578
pt7 10.901 59.615 0.043 0.089 29.352
pt8 10.922 58.091 0.337 30.649
pt9 12.233 53.816 1.098 9.040 5.982 13.875 0.454 0.130 3.100 0.273
pt10 15.336 43.664 8.721 6.391 17.201 0.702 7.650 0.336
pti1 19.093 49.222 0.085 0.181 5.705 5.016 16.035 0.226 0.152 4.022 0.264
pti2 18.008 52.539 0.000 5.824 4.873 14.191 0.257 0.140 3.980 0.188
pt13 13.184 55.720 7.494 5.460 13.698 0.378 0.139 3.659 0.267
pti4 14.536 41.175 0.517 7.486 6.076 21.657 0.428 0.189 7.525 0.411
ptl5 5.396 54.029 0.307 5.006 7.213 15.850 0.603 0.252 10.674 0.670
ptl6 11.582 49.477 0.000 0.134 10.410 7.480 15.880 0.667 4.017 0.352
pt17 8.631 48.433 10.420 7.601 17.088 0.765 0.160 6.395 0.507
pti8 11.435 55.853 0.000 4.548 4.577 17.216 0.212 0.176 5.715 0.269
pt19 6.557 57.871 3.828 4.658 17.877 0.289 0.129 8.476 0.314
pt20 21.948 45.299 8.482 6.011 13.814 0.484 0.153 3.595 0.213
pt21 40.510 27.777 0.459 2.175 3.367 16.570 0.394 8.479 0.270
pt22 16.249 59.013 8.349 5.027 8.989 0.401 1.857 0.114
pt23 16.785 57.120 0.000 3.633 3.882 15.351 0.222 2.837 0.168
pt24 6.797 56.114 7.377 8.905 15.270 0.226 4.444 0.866
pt25 10.128 53.839 0.000 10.511 7.777 12.335 0.720 3.733 0.956
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