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Abstract: Recycling aluminosilicate-based solid wastes is imperative to realize the sustainable devel-
opment of constructions. By using alkali activation technology, aluminosilicate-based solid wastes,
such as furnace slag, fly ash, red mud, and most of the bio-ashes, can be turned into alternative binder
materials to Portland cement to reduce the carbon footprint of the construction and maintenance
activities of concrete structures. In this paper, the chemistry involved in the formation of alkali-
activated materials (AAMs) and the influential factors of their properties are briefly reviewed. The
commonly used methods, including X-ray diffraction (XRD), scanning electron microscopy (SEM),
thermogravimetric analysis (TG), nuclear magnetic resonance spectroscopy (NMR), and X-ray pair
distribution function technology, to characterize the microstructure of AAMs are introduced. Typical
characterization results of AAMs are shown and the limitations of each method are discussed. The
main challenges, such as shrinkage, creep, efflorescence, carbonation, alkali±silica reaction, and
chloride ingress, to conquer for a wider application of AAMs are reviewed. It is shown that several
performances of AAMs under certain circumstances seem to be less satisfactory than traditional
portland cement systems. Existing strategies to improve these performances are reviewed, and
recommendations for future studies are given.

Keywords: slag; fly ash; alkali-activation; microstructure; performance; challenges

1. Introduction

Since Kuhl first obtained a new type of cementitious material by mixing ground slag
powder and caustic potash in 1950, alkali-activated materials have been considered a
promising candidate to replace portland cement (PC), which contributes significant carbon
emission, as the binder material in concrete structures [1]. In the alkali-activated system, the
main binder phase originates from the silicate or aluminosilicate components by reacting
with alkaline elements to form a Me2O±Me2O3±SiO2±H2O system.

Alkali-activated materials (AAMs) have distinctive merits compared with Portland
cement. First, from the environmental perspective, the carbon emission from manufac-
turing alkali-activated materials, especially using aluminosilicate solid wastes as the raw
materials, is far lower than from the production of portland cement [2,3]. More impor-
tantly, the reuse of aluminosilicate solid waste can significantly reduce the environmental
problems resulting from landfill [3,4], air and underwater contamination [4,5], and natural
resource consumption [5,6]. It was reported that the CO2 emission can be reduced by
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at least 43% compared with portland cement Gomes, 2019 [7]. Second, from the prop-
erty viewpoint, alkali-activated materials have outstanding early-age strength [6,8] and
high-temperature resistance [8,9].

In the solid waste categories, aluminosilicate is one of the main branches from the
chemical composition perspective. Although using alkali-activated aluminosilicate solid
waste as binder materials has evident benefits, palpable challenges remain. For example,
drying shrinkage can lead to cracking when coupled with carbonation [10]. The efflores-
cence problem, which originates from the carbonation of the alkali leachates, is another
common phenomenon that limits the application of the alkali-activated system [11]. Most
importantly, the chemical contents of the solid wastes vary from time to time depending on
the providers and the resources of the raw materials. The contents of calcium, magnesium,
aluminum, iron, and silicate could be in a range of 5±35%, 10±30%, 10±40%, 20±60%, and
1±40%, respectively. Furthermore, although these composing elements are similar to port-
land cement, the non-active nature of the solid waste cannot guarantee the final properties
of the materials.

In the past few decades, although it has been well recognized that the alkali-activation
technology is a promising method to activate the inert components of aluminosilicates
and although the potential activation and hydration mechanisms have shed some light
on developing the new innocuous treatment of various solid wastes, many challenges
from the perspectives of technology, environment, and policies still exist. First, due to the
significant fluctuation and instability of the chemical composition of the raw materials, the
pretreatment cost remains at a relatively high level if the final quality of the cementitious
materials needs to be well controlled. As a consequence, the leverage between the property
and the cost of solid waste-based cementitious materials needs to be further improved.
Additionally, despite the scale effect advantage, the durability research of solid waste-based
cementitious materials is still in its infancy stage, especially with exposure to an aggressive
environment. Furthermore, although the solid waste-based special type of cement has been
applied in some places, the problem of late-age strength reduction is still unacceptable.
Second, until now, the long-term environmental impact of using recycled solid wastes as
cementitious materials is still unclear. The leaching of hazardous elements, which originate
from the waste, is a long-standing problem. The durability problem resulting from the
mobilization of alkali elements remains challenging. The assessment of air, underground
water, vegetation, and eco-systems around the solid waste-based infrastructures needs to
be systematically investigated via collaboration with multi-disciplinary teams. Third, the
investigation of synergistic utilization of solid wastes remains very limited. The chemi-
cal compositional variation and low activity of solid wastes significantly confined their
recycling efficiency. Therefore, finding the balance between diverse industrial solid wastes
through mixture design is an essential factor in obtaining a stable building material.

To solve the above-mentioned problems, it is imperative to understand the back-
ground and knowledge gap of the chemical reaction and performances of these systems, to
build a bridge to connect chemical engineering, materials science, and civil engineering
and thus expand the practical applications of these systems. This review article tries to
provide a summary of the knowledge gaps in the chemical background, manufacturing
process, microstructure characterization, and existing challenges of using alkali-activated
aluminosilicate wastes as the building binder materials. The main contents of this review
article will not only shed light on future research trends from an academic perspective but
also provide practical supporting information in construction fields.

2. Chemistry of Alkali-Activated Materials

The alkali-activation of aluminosilicate can be divided into two categories, namely the
alkali element activation and the alkaline earth element activation. As demonstrated in Table 1,
the most commonly used caustic alkali element activators are NaOH and KOH [12,13], and
the alkaline earth elements are Ca(OH)2 and Mg(OH)2, which might be obtained from the
active CaO or MgO from the furnace slag [14,15], and other solid wastes, such as acetylene
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sludge (mainly composed of Ca(OH)2) [16]. Apart from these base chemicals, a few weak
acid salts, including Na2CO3 [17], K2CO3 [18], Na3PO4 [19], K3PO4, Na±COOH, K±COOH,
Na±COOH±CH2, and K±COOH±CH2, can also be used as activators due to their innate
basic hydrolysis reaction. In addition, water glass (Na2O•xSiO2•yH2O) is another widely
used activator for aluminosilicate solid waste binder materials [20]. In most cases, it was
combined with Na2CO3 and NaOH to obtain high-performance products [21].

Table 1. A summary of activators currently used in the related literature.

Type of Aluminosilicate Solid Waste Activators Reference

Rice husk ash, metakaolin NaOH and KOH [12,13]

Blast furnace slag Mg(OH)2 (from the active MgO) [14]

Oil fuel ash and ground blast furnace slag NaOH and Na2SiO3 [15] [15]

Acetylene sludge, fly ash Ca(OH)2 [16]

Slag Na2CO3 [17]

Blast furnace slag K2CO3, coffee husk ash [18]

Blast furnace Slag Na3PO4 [19]

Blast furnace slag Water glass; water glass was combined with Na2CO3 and NaOH [20]

Blast furnace slag NaOH and Na2CO3 [21]

The chemical reaction between the alkali and the aluminosilicate, which governs the
microstructure evolution and the final properties of the products, significantly depends on
several factors, including the chemical composition of the raw materials [22], the curing tem-
perature [23], the curing humidity [24], the curing method [25], and chemical additives [26].
It was claimed that the chemical reaction between the alkaline activators and the aluminosil-
icates can be divided into two types, namely the high-calcium/magnesium systems and the
low-calcium/magnesium systems (as shown in Figure 1). In a high-calcium/magnesium
system, the hydration product has been widely written as C(M)-A-S-H which represents the
calcium/magnesium aluminosilicate hydrates, typically as a Q2 layered structure, while in
a low-calcium/magnesium system, the aluminum and silicon sites are coordinated and
form a tetrahedral structure, i.e., mainly Q3 or Q4. In the Q4 structure, the negatively
charged tetrahedral aluminum silicon coordination will be balanced by the positively
charged alkaline ions to form a 3D gel structure. The specific amounts of Q1, Q2, Q3, and
Q4 structures depend on the Si/Al ratio [27] and the reaction environment.

 

Figure 1. Process and reaction products of alkaline activation of a solid aluminosilicate precursor [28].
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Figure 2 gives the tobermorite-like structure of the C-A-S-H gel. It can be seen that
the C-A-S-H has a sandwich structure of two CaO layers with a tetrahedral silicate layer
in the middle. Although it can be found that part of the silicon position can be replaced
by aluminum to form a bridge site that connects the whole chain of the C-A-S-H gel,
the substitution of the silicon site by aluminum is a key element of the C-A-S-H chain
structure and the replacement rate is lower than 20% depending on the cross-linking degree.
Similarly, the calcium sites replaced by magnesium are also limited because the ionic radius
of Mg2+ is at a mismatch with the tobermorite structure [29].

 
Figure 2. The tobermorite-like C-A-S-H gel structure, (a) tobermorite 9 Å, (b) tobermorite 11 Å, and
(c) tobermorite 14 Å (color legend: hydrogen H (white); calcium Ca (green); oxygen O (red); silica Si
(yellow polyhedra) [29].
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3. Precursor Compositions, Activators, and Curing

Typical aluminosilicate solid wastes are mainly the by-products of industrial or agricul-
tural production, such as blast furnace slag, steel slag (Figure 3), fly ash, red mud (Figure 4),
various types of sludge, waste glass powder, and agricultural biomass ashes. As solid
wastes, these aluminosilicates are neither stable in chemical composition nor consistent
in pozzolanic activity [10,11]. As a result, it is impossible to control the properties of the
final products using a universal or fixed manufacturing method. In most cases, different
solid wastes need specific mix designs, curing conditions, and activators to achieve the
desired properties.

−

tt

− tt

tt

Figure 3. Steel slag is a by-product of iron ore.

−

tt

− tt

tt

Figure 4. The process of preparing aluminum oxide from bauxite.

3.1. Chemical Compositions of Precursors

One of the determinant factors for alkali-activated solid waste cementitious materials
is the chemical composition of the raw materials. In this system, the ratio between the
Si/Al/alkali elements/water determines the microstructure and properties of the final
products (Figure 5) [30,31]. In a red mud system, it was found that the compressive strength
of the samples presented an inverted V shape with an increasing ratio of Ca/(Si + Al). The
highest compressive strength of the samples can reach about 25 MPa when the ratio of
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Ca/(Si + Al) is about 1.0. The frost resistance testing results indicated that the minimum
mass loss of these samples after 25 freeze/thaw cycles is 1.72% which is lower than the
requirement of less than 5%. The microstructure analysis demonstrated that the Na+ acts
as a charge balance of the [AlO4]−, and the main reaction products include amorphous
ettringite. The enhancement of the compressive strength and durability originated from
the densification of the hydration products. With the decreasing ratio of Ca/(Si + Al), the
[AlO4]− structure, relative bridge oxygen (RBO) numbers, and the amount of the ettringite
in the gel networks fluctuated accordingly. The influence of amorphous gel phases on the
final properties is greater than that of the ettringite [32].

 

ff

ffl

−

tt

ff

Figure 5. Aluminosilicate chains in aluminosilicate oligomers with various Si/Al rates [30].

Although the above-mentioned study gave an example of how the ratio between
Ca and Si/Al affects the microstructure and properties of the samples, the impact of the
Si/Al ratio on the alkali-activated aluminosilicate solid wastes was not discussed. To
further demonstrate the impact of the Si/Al ratio on the microstructure evolution and
the mechanical properties, the authors explored a fly ash system with various ratios of
Si/Al. Similar to previous studies, it was reported that the mechanical properties and
the efflorescence of the activated materials fluctuated with an increasing Si/Al ratio. The
highest performance of the samples was obtained with a Si/Al ratio of 1.5. Under this
condition, the average pore volume and pore size can reach 0.017 cm3/g and 6.21 nm,
respectively, and the [AlO4]− structure content reaches the highest amount [33].

3.2. Activators

Blast furnace slag is the earliest one that has been used as a potential cementitious
material. Blast furnace slag can be activated slowly by water due to the high content of
active CaO and MgO. The main chemical composition of blast furnace slag can be written as
xCaO/MgO-yAl2O3-zSiO2. A few impurity elements, such as titanium, manganese, sulfur,
or phosphorus are also included in minor proportions, depending on the location of the iron
ore mining. The chemical composition, mainly represented by the Ca(Na)/Al/Si ratio, is the
critical factor that governs the final properties of the alkali-activated furnace slags [10,15,17,19].
It was reported that the compressive and flexural strength were considerably enhanced
with increasing SiO2/Al2O3 and Na2O/SiO2. The optimized ratios were SiO2/Al2O3 = 2.75,
Na2O/SiO2 = 0.25, and H2O/Al2O3 = 13 [34].

In all conditions that determine the properties of the alkali-activated furnace slag,
the types and modules of the activator are the decisive factors. In most cases, NaOH
and water glass (Na2O•xSiO2•yH2O) can act as suitable activators to manufacture the
alkali-activated furnace slag. It was found that by using potassium hydroxide-silicate
(with a modulus of 1.25) as the activator, the slag system can be successfully activated
as cementitious material. It was claimed that the calcium in slag considerably governs
the early- and late-age properties, and the free calcium ions enhance the formation of the
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geopolymer gel. It was argued that the hardening process is derived from the C-A-S-H
precipitation and the accelerated geopolymerization [35].

Apart from water glass and alkali hydroxides, a few weak acid salts, such as Na2CO3,
are feasible to act as supplementary activators by combining them with water glass and
NaOH. In addition, industrial glass waste was also considered an activator that can be
used to manufacture alkali-activated slag. Although the authors stated that industrial
glass waste is an effective activator for the slag system, the enhancement of the mechanical
properties originated from the dissolution of the Si in the waste glass by treating it with
NaOH/Na2CO3. Microstructure analysis revealed that the mechanical properties and the
nanostructure were governed by the Si/Na ratio [36].

Disagreeing with Puertas’ point of view about the NaOH/Na2CO3 activation system,
Jeon’s study claimed that the benefits of the Na2CO3 in the NaOH system are very limited.
Instead of NaOH, it was stated that the Na2CO3 has a noticeable activation effect on the
Ca(OH)2-activated fly ash system. The strength of the Ca(OH)2±fly ash system can be im-
proved over 4±5 times with the addition of a small amount of Na2CO3. The microstructure
analysis demonstrated that the main reaction product is C-S-H instead of a geopolymer
gel. 27Al NMR results indicated that the addition of Na2CO3 is beneficial to the substantial
release of Al from the fly ash. In addition, the SEM results demonstrated that the addition
of Na2CO3 resulted in a dense hardened matrix and left fewer unreacted fly ash particles.
Although the potential mechanism of the porosity change was not provided, the authors
tested the pore size and porosity and pointed out that the pore size and porosity can be
significantly reduced by combining the fly ash with Na2CO3 [37].

Different from alkali/alkaline earth hydroxides or water glass, both CaO and MgO can
also serve as activators. Compared with Ca(OH)2, CaO shows a more effective activation
capability in the furnace slag system. The 28 days compressive strengths of the CaO- and
Ca(OH)2-activated pastes are 42 MPa and 23 MPa, respectively. Microstructure analysis
demonstrates that more C-S-H phases are be formed by using CaO than by using Ca(OH)2,
and the carbonation effect is far lower in the CaO system [38]. Another study demonstrated
that a mixture of MgO and NaOH with a proportion of 1:1 can activate the furnace slag
effectively. With a mass ratio of 4, 6, and 8% of the slag, the highest 90-day compressive
strength can reach 54 MPa cured at 20 ◦C. The microstructure analysis of the paste, including
backscattering SEM and solid-state 27Al and 29Si MAS NMR spectroscopy, shows that dense
C-A-S-H is the main binder phase, and that hydrotalcite-like phases and third aluminate
calcium hydrate can be detected [39].

In addition to specifically manufactured alkali hydroxides, water glass, or Ca/Mg ox-
ides, synergistically using strong alkali solid wastes as activators is a promising eco-friendly
method to manufacture low-carbon alkali-activated green cementitious materials [40±42].
A recent study gave an example that using soda sludge as an activator to manufacture
alkali-activated cementitious material with blast furnace slag. Since the soda sludge con-
tained a high amount of Ca(OH)2, the dissolution of Ca(OH)2 increased the pH values of
the pastes and promoted the dissolution of the slag. The mixtures could be further opti-
mized by introducing industrial gypsum to tailor the reaction products with more ettringite
formation [40]. Wastes containing soluble alkali salts or soluble silicates as part of a hybrid
activator can be another option. One of the cases is the use of air pollution control (APC)
residues rich in NaCl and Na2SO4 reported as activators when combined with sodium
silicates for slag and waste glass powder activation. Secondary reaction products such as et-
tringite and Friedel’s salt could be formed that contribute to the strength development [41].
Waste-derived sodium silicates from rice husk ash and NaOH pellets were reported as the
activators that could achieve a comparable structural build-up, but the residuals of rice
husk ash could negatively affect the mechanical properties of the geopolymer [42].

3.3. Curing Conditions

In addition to activators, the curing condition is another critical factor that determines
the properties of the alkali-activated aluminosilicates. Except for traditional heat and
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humidity curing, microwave curing has been considered an effective method to mitigate the
thermal gradient problem during the curing process. Compared with traditional heat and
humidity curing, the alkali-activated fly ash mortar after microwave curing demonstrates
a faster property development (Figure 6). It was claimed that the compressive strength
of the samples after 120 min microwave curing at an average incident power of 240 W
has comparable values to samples cured for 48 h at 75 ◦C. Especially for the samples
activated by 10 M NaOH, the compressive strength of microwave curing can reach about
60 MPa which is over 30% higher compared with the traditional curing of samples. It
was also stated that the microstructure of the hydration products is denser than that of
traditionally cured ones and this results in a higher compressive strength. Furthermore,
it was found that the compressive strength is proportional to the energy absorption from
microwave radiation [43].

ff

ff

tt

 

ff

ff

ff tt

Figure 6. Process from fly ash to fly ash-based alkaline-activated cementitious materials [30].

The pore solution and carbonation resistance of alkali-activated fly ash/slag paste
with sealed or unsealed curing conditions were compared. For unsealed samples, they
were cured in a fog environment at room temperature with a humidity of 99% for 28 days.
The atmosphere was normal air with 400 ppm CO2, and the sealed samples were not
removed from the curing jar until day 28. The unsealed curing samples have a few counter-
activated mechanisms. First, it was claimed that the unsealed curing samples have an
inward movement of the ions from the surface to the interior of the samples due to the
humidity difference between the environment and the samples. Second, the condensation
of the water on the surface of the samples leads to an outward movement of the ions due to
the difference in the ion concentrations. In that study, it was reported that the ions moving
outwards is the main mechanism that accounts for the alkali leaching phenomenon. In
addition, the leaching resulted in the carbonation process, and the replacement of the fly
ash by the furnace slag has a considerable benefit for the carbonization resistance. It was
found that the sealed curing samples showed a better long-term performance in light of the
carbonization resistance and the late-age gel formation perspective [44].

It was found that thermal activation could be beneficial for the strength development
of AAMs since it can accelerate the geopolymerization process; however, temperatures
above certain degrees could bring side effects, as reported by Ana Balaguer Pascual who
showed that geopolymers prepared with waste glass and metakaolin showed a strength
loss when the temperature was at 80 ◦C. Meanwhile, it is essential to consider this from
both the properties of geopolymer as well as from the economic point of view as the thermal
curing process is highly energy demanding [45].
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4. Microstructure Characterization Methods

4.1. X-ray Diffraction (XRD)

XRD is a commonly used characterization method in cementitious materials. Since
minerals have distinct diffraction patterns, XRD could be applied to determine the min-
eralogical changes in precursors and possibly hydrated minerals before and after alkali-
activation. For aluminosilicate-based industrial wastes, there are not only glass phases
but also a variety of mineral phases. The reactions between mineral phases and activa-
tors can be told according to the phase change detected using XRD. Examples such as
feldspar minerals dissolving in an alkaline solution to form geopolymer gels are reported
by [46]. Meanwhile, crystalline hydration products such as hydrotalcite in alkali-activated
slag and zeolite in metakaolin/fly ash-based geopolymers can also be verified from the
XRD patterns [47,48].

In addition to the qualitative determination of the minerals, the Rietveld refinement
of XRD results can be further applied to conduct quantitative analyses. In AAMs, the
primary reaction products are N-A-S-H gels and C-(A)-S-H gels, as well as the coexistence
of different gels [49,50]. Due to the semi-crystalline nature of these gels, in most cases, there
will only be a broad hump ranging from 20 to 30 degrees of 2 thetas that can be observed
in the XRD patterns. For this reason, it is difficult to distinguish the exact type of gels
using XRD results alone. An example is illustrated in Figure 7. Moreover, the intensity of
peaks can also be affected by the glass phases from the aluminosilicates’ amorphous phases
that may have the same broad diffraction hump. Coupling this with partial or no known
crystal structure (PONKCS) methods, it is possible to quantify the number of amorphous
phases in the AAMs and determine the reaction degree of the precursors in the form of the
amorphous phases [51,52].

tt
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tt ffi
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tt
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ff

Figure 7. XRD patterns of alkali-activated slag (AAS) and alkali-activated metakaolin (AAMK), as
typical examples of high- and low-calcium AAM systems, respectively. K, M, Q, and S represent
kaolinite, mullite, quartz, and sodium carbonate, respectively. The dashed line indicates the main
band of C-(A)-S-H gel. The data for AAS and AAMK are from [53] and [47], respectively, and were
collected by the same author; thus, are comparable.

While XRD is known to be sensitive to crystalline phases, a prerequisite is that the size
of the lattice phase is large enough. Nano-crystals, e.g., those in a length scale of around
5 nm, are detectable using electron diffraction experiments but not using XRD [54].
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4.2. SEM/EDS

Scanning electron microscopy (SEM) is an important tool to study the microstructure
of materials. SEM makes it possible to visualize the morphology of the materials at the
microscale. Due to the low conductivity of the AAM samples, the materials usually need to
be coated with carbon or gold first to avoid charging samples and to obtain a better view of
the images.

Secondary electrons (SE) are normally used to observe the fracture surface of the
AAM samples, as they can give information on the surface topography morphology of the
materials. The morphology of the precursors as well as the reaction products can be viewed.
With the implement of SE analysis, a general view of how microstructure gets developed
and how the gels and unreacted particles are bonded can be observed. An example of
AAMs made from different industrial wastes is shown in Figure 8 [55].

 

ff

tt

ff
tt
ff

Figure 8. SEM images of different types of waste-derived AAMs (waste marble powder (MP), waste
brick powder (BP), ceramic waste powder (CW), waste glass powder (GP), and rice husk ash (RHA));
75CW1,6 (a), 25BP1,3 (b), 50RHA1,6 (c), 25MP1,2 (d), 50GP1,2 (e), and 100RC1,1 (f) [56].

Backscattered electrons (BSEs) are another type of electrons used in SEM. An example
is shown in Figure 9. One of the most interesting characteristics of BSEs is that the brightness
of the image is dependent on the average atomic numbers. A brighter spot indicates a
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lager average atomic number. Therefore, this technique can be used to separate different
phases in the AAMs after reactions. To better distinguish the phases, samples should
be well-polished. Based on the brightness of different phases, it is possible to study the
hydration degree of the precursors, and even determine the pore size distribution of the
AAM matrix, see Figure 10 [57].

ff
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ff

 

Figure 9. BSE images of alkali-activated blended binders after 28 days of curing (A) 75 wt.%
slag/25 wt.% fly ash, (B) 50 wt.% slag/50 wt.% fly ash and (C) 25 wt.% slag/75 wt.% fly ash [58].

Apart from the image analysis, with the coupling of energy-dispersive spectroscopy
(EDS), further analysis can be focused not only on morphology but elemental compositions.
The chemical compositions of the reaction products, especially the gel compositions in
AAMs, can be determined from this point. Research on this perspective has been intensively
investigated and the gels’ compositions were associated with the mechanical properties
and durability of the AAMs [59]. A general summary of the gel compositions in AAMs is
shown in Figure 11 with the Al-Si-Ca element ratio presented in the ternary diagram.
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Figure 10. Images after different segmentation steps. (a) Original image; (b) invert image; (c) binary
image of unreacted fly ash; (d) binary image of pores [57].
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Figure 11. Pseudo-ternary plot of alkali-activated binder gel compositions, measured using SEM±EDX
after 28 d of curing. Binders are synthesized by sodium metasilicate activation of fly ash (FA), slag
(BFS), and a 1:1 mixture of these two precursors [60].

While it seems that all AAMs can be observed using SEM under different modes,
attention needs to be paid when using the function of EDS. During the work of electron
microscopy, the electrons released by the instrument experience a series of elastic and
inelastic collisions with atoms of the material on the surface. The volume in which these
collisions occur is considered the ‘interaction volume’. The higher the accelerating voltage,
the larger the interaction volume [61]. When analyzing the elemental compositions of
phases with a small size, e.g., the rim around unhydrated slag grain, a high accelerating
voltage can contribute to the formation of a large interaction volume including interference
of surrounding phases, leading to the generation of inaccurate information [56].

4.3. TG-DTG

Thermogravimetric analysis (TGA) is a method for measuring the weight loss of sam-
ples at elevated temperatures. During the heating process, the mineral phases and reaction
products in AAMs undergo thermal decompositions, resulting in weight loss due to the loss
of water or carbonates from the products (Figure 12). It is possible to quantify the amount
of bound water in AAMs and, to a certain extent, the reaction degree of precursors. In the
meantime, the various mineral phases and gels have distinct decomposition temperature
ranges, making it easy to compare the quantities of the various phases. To accomplish this,
differential thermogravimetric analysis (DTG) is frequently used, as it can provide more ac-
curate decomposition ranges for the individual phases. In AAMs, the weight loss is mainly
located in temperatures ranging from 100 to 120 ◦C, as the consequence of dehydration of
the geopolymer gels. The minerals such as hydrotalcite show the decomposition with the
doublet peak within the temperature ranges of 200±400 ◦C.
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Figure 12. TG−DTG curves of alkali-activated slag. NH, KH, Nc, Kc, and Ns represent the activator
type of NaOH, KOH, Na2CO3, K2CO3, and Na2SO4, respectively [62].

Compared with XRD measurements, TG is sensitive towards X-ray amorphous ma-
terials, e.g., the C-A-S-H gel phase. However, one should keep in mind that the TG-DTG
results depend heavily on many factors, such as the heating rate, properties of the vessel,
sample weight, particle size of the sample, etc. Therefore, it is suggested to stick as much as
possible to the same procedure for all measurements [63]. Additionally, in AAM systems,
the decomposition peaks of hydrates often overlap with each other. For example, the C-A-
S-H gel phase, the main product of slag-based AAMs, actually shows weight loss over a
broad temperature range, up to ~600 ◦C [49]. In this range, most other hydrates decompose,
including carbonate phases. Thus, the quantification of different phases in AAMs using
TG-DTG alone is difficult, and the combination with other techniques mentioned in this
section should be a good option.

4.4. Nuclear Magnetic Resonance (NMR)

NMR is a powerful tool that has been used for cementitious materials for about
40 years [64]. The chemical environment and connectivity of certain elements such as Si,
Al, Na, and H in raw materials as well as reaction products can be elaborated with this
method in detail. In terms of studies on AAMs, this technique also achieves great success
in understanding precursors, the kinetics of polymerization, and degradation mechanisms.

The typical 29Si MAS NMR spectra of slag, fly ash, and metakaolin, the three main
precursors widely used in AAMs, are shown in Figure 13. Q0 and Q1 are the main two
chemical coordination states of Si in slag which is a calcium silicate-based material, while
Q3 and Q4 are the main two states of Si in fly ash and metakaolin which are aluminosilicate-
based materials. The NMR results indicate that the polymerization degree of fly ash and
metakaolin is higher than that of slag. Normally, the reactivity of calcium aluminosilicate
glasses is strongly dependent on the connectivity of the network and thus the chemical
composition. Si and Al are normally the network formers while Ca and Na are charge
compensators as well as network modifiers in the precursor. The presence of alkaline and
alkaline earth ions like (Na, K, Ca, and Mg) can enhance the reactivity of materials [65].
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Figure 13. Deconvoluted 29Si MAS NMR spectrum of (A) slag [66], (B) fly ash [37], and
(C) metakaolin [47].

Figure 14 shows the 29Si MAS NMR and 27Al MAS NMR spectra of sodium silicate-
based alkali-activated slag-based pastes. It can be seen that the chemical state of Si is
dominated by Q1, Q2, and Q2(1Al) at about −80 ppm, −83 ppm, and −86 ppm, respectively.
In the meantime, a tiny amount of peak located at −91 ppm is detected as well, which is
assigned to the Q3(1Al) in the C-(N)-A-S-H gels. In AAS paste (right one of Figure 14),
Al(IV) (50±80 ppm) and Al(VI) (0±20 ppm) are detected. The formation of the main peak
of Al(IV) and a small shoulder on the high-frequency part are related to the dissolution
of slag and the formation of gels. Al(VI) represents the Al in hydrotalcite and part of the
Al octahedron near the interlayer of the gels [67]. With the reaction of time, there is no
evident change in the chemical environment of Si and Al. However, a decreasing trend of
the mean chain length of the gel, which can be calculated from the fraction of different Si
sites, is found.

− − −
−
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ffl

Figure 14. 29Si MAS NMR (left) and 27Al MAS NMR spectra (right) of sodium silicate-based slag
paste cured for 180 days [66].

NMR is also applied to investigate the various degradation mechanisms in AAMs
including carbonation [50], acid resistance [68], sulfate resistance [69], leaching, and ef-
florescence [70]. The limitations of this technique are also evident. For example, 43Ca is
a moderately sensitivity nucleus but with an extremely low natural abundance, limiting
the intensity of the signal in NMR measurement. Additionally, magnetic materials are
not allowed to be tested, which limits the utilization of this technique in AAMs based on
iron-containing ashes.

4.5. PDF

The X-ray pair distribution function (PDF) is a promising technique to characterize
the amorphous binder phases in cementitious materials. Although this characterization
technique significantly depends on the testing equipment, it is still a promising approach
to understanding the atomic structure of the amorphous materials on the nanoscale. The
PDF method combines the X-rays from synchrotron sources and advanced detectors to give
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a high real-space resolution of long-range disordered materials. By collecting the scattered
X-ray data after correction, including background and detector geometry, the X-ray pair
distribution function, G(r), can be generated by a Fourier transformation process. It gives
the probability of any two atoms as a function of interatomic distance [71±73].

The phase formation of the NaOH-activated GGBS pastes has been investigated
through the PDF analysis. Unlike the reciprocal space analysis, in which the microstructure
of the secondary reaction products is similar, the PDF analysis indicates a distinctive
difference in the main calcium±sodium aluminosilicate hydrate (C-(N)-A-S-H) gel phase
in a short-range atomic order. The results reveal that calcium is critical in the silicate-
rich phases to form various chemical compositions on a nanoscale, determining the final
properties of the activated GGBS [71]. By using the PDF analysis, White [72] stated that
after 90-day curing, the initially formed gel structure is transformed to a more stable
and more ordered state through the accruement of cross-linking in the geopolymer gel.
It was also claimed that the activator types are critical factors corresponding to various
aluminosilicate precursors. Metakaolin with a layered structure is different from fly ash
with a spherical structure [73].

5. Challenges and Future Trends

It has been known that AAMs can show superior properties to PC systems in some
aspects. Slag-based AAMs, for example, usually show high mechanical properties [74],
while low-calcium AAMs like fly ash or metakaolin-based geopolymers have good thermal
resistance and can immobilize metal cations such as Pb2+, Cd2+, and Cs [75±77]. AAMs
also attracted special attention due to their capacity to encapsulate nuclear waste [78,79].
However, challenges also exist to further expand the application of these sustainable
materials, especially in structural engineering. In the literature, various properties have
been considered, some of which appear more problematic than for PC systems.

5.1. Shrinkage

AAMs, especially those based on slag, have been intensively reported to show large
shrinkage in either sealed conditions, i.e., autogenous shrinkage [53], or drying conditions,
i.e., drying shrinkage [80]. The shrinkage magnitude can be several times higher than that
of PC systems [81].

A high content of slag in the precursor, e.g., >30%, a silicate modulus of the activator
around 1.5, and a liquid-to-binder ratio lower than 0.4 can all lead to high autogenous
shrinkage [82±84]. The main reason behind this lies in the denser microstructure of the
matrix, which means higher internal capillary tension when self-desiccation happens,
a similar mechanism as identified in PC systems. However, AAMs do hold particular
mechanisms of autogenous shrinkage due to the presence of large amounts of ions in the
pore solution. The sodium ions and surrounding water molecules, for example, provide
repulsive steric hydration forces between the solid particles which compensate the attractive
forces like the van der Waals force. During the reaction, ions are consumed and the steric
hydration force decreases, thus leading to the shrinkage of the matrix [53]. Moreover,
the condensation reaction between silicates was also reported to cause shrinkage of the
products without the need for moisture loss or temperature change [85]. These mechanisms
are not detected in PC systems. For low-calcium AAMs, like alkali-activated fly ash
(AAFA), the self-desiccation is not severe since the water molecules are not consumed
by polymerization forming an aluminosilicate structure [86]. Therefore, the autogenous
shrinkage of these materials is usually not significant [87]. However, the consumption of
ions still occurs [88] and the syneresis process has been hypothesized to cause autogenous
shrinkage of the system [89].

Given the different mechanisms of autogenous shrinkage of AAMs, various mitigating
strategies ought to be explored for different systems. Traditional shrinkage-reducing agents
(SRA) may not work for AAMs [90±93]. For high-calcium AAMs, internal curing has been
found effective in mitigating autogenous shrinkage, especially after the first days [94].
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Superabsorbent polymers, lightweight aggregates, and zeolites can all provide internal
curing after pre-absorption [95±97]. Other admixtures that can alter the reaction kinetics and
microstructure of AAMs can also modify their shrinkage behaviors, but the development
of strength can be compromised if the reaction is delayed [47,98].

When AAMs are exposed to drying, a higher shrinkage than autogenous shrinkage is
always observed because the shrinkage is driven by the combination of external and internal
attractive forces. The effect of moisture loss on the capillary force is similar to that identified
in self-desiccation [99], but the magnitude of shrinkage is not evenly distributed in the
concrete. The surface concrete shows larger shrinkage than the interior part under drying
and the shrinkage gradient will cause self-restraint of the concrete [100]. Tensile stress (or
so-called eigenstress) will then be generated and can induce microcracking which develops
from the surface. Slag-based AAMs are very vulnerable to drying [101], partially because of
the pronounced viscoelasticity of the CNASH gel [102]. Compared to C-S-H, C-(N)-A-S-H
tends to show larger deformation even under the same magnitude of driving forces [53].
The local creep deformation of the gel can cause relaxation in one place, but new stress
concentration in other areas, which will facilitate the propagation of microcracking [103].
The presence of microcracks is harmful to several properties of the concrete, e.g., the elastic
modulus [104], although the compressive strength may not be directly affected. The cracks
also act as paths for the attack of external chemicals, e.g., CO2. It has not been clarified yet
whether drying shrinkage and carbonation of AAMs can enhance each other. If so, it will
be a difficult issue to tackle, especially considering the possible existence of carbonation
shrinkage. Elevating the curing temperature could help to reduce the shrinkage, but does
not seem to be a practical solution in engineering [105].

Plastic shrinkage of AAMs has not been intensively studied, but the huge early-age
drying shrinkage of slag-based AAMs already indicates the susceptibility of these materials
to moisture loss. Considering also the low elastic modulus of AAS just after setting [53,85],
there is no reason to doubt that the plastic shrinkage and early-age cracking of these mate-
rials can be less severe than for PC systems. Future studies should be conducted to identify
effective mitigating strategies for different types of shrinkage of AAS-based systems.

5.2. Creep

The creep deformations of AAS and AAFA differ due to the different reaction products
of these systems [106,107]. The AAS system seems to show larger creep due to probably the
same reason for its large shrinkage, i.e., the pronounced viscoelasticity of the C-(N)-A-S-H
gel. By contrast, the NASH gel with a 3D structure appears much more stable under
load [108]. A deeper understanding of the creep mechanisms of AAMs has not yet been
reached so far; unfortunately, no microstructure-based model has been proposed yet. One
challenge of this topic lies in the interaction between creep and drying shrinkage of the
concrete, especially the effect of microcracking on the development of creep. Effort on this
issue has been made for PC-based concrete [109] but not yet for AAM systems. On the
other hand, however, creep also brings benefits to structural concrete, like stress relaxation
in highly stressed regions in concrete [100]. Future studies should figure out the coupled
effect of creep and relaxation on alkali-activated concrete.

5.3. Efflorescence

Efflorescence is the ªwhite depositº forming on the surface of AAMs as a result of the
chemical interaction between leached Na ions and atmospheric CO2. Many researchers
have observed this phenomenon and investigated the influential factors of efflorescence.

Škvára et al. [110] found that Na is weakly bonded in the N-A-S-H gels and can easily
leach out without significantly compromising the compressive strength. In addition, the
leaching of Na is considerably mitigated if the samples are heat-treated above 600 ◦C.
Zhang et al. [111] studied the efflorescence of fly ash-based geopolymers and reported that
the extent of efflorescence is significantly dependent on the type of activators. At the same
alkali dosage and curing temperature, NaOH-activated geopolymers exhibited less and
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slower efflorescence than those activated by Na2SiO3. The addition of soluble silicate and
slag reduced the efflorescence rate but had a negligible effect on the efflorescence potential.

Efflorescence is not just an aesthetic issue but also a potential structural problem.
Zhang et al. [112] investigated the influence of efflorescence on the microstructure and
mechanical properties of fly ash-based geopolymers. Despite the efflorescence products
not affecting the phase assemblage of the surface of samples, the mechanical properties
are impaired resulting from the alkali loss and sub-florescence. The sub-florescence can be
regarded as an extended efflorescence that happens beneath the surface of samples. It is
detrimental to the samples since the formation of crystalline carbonates generates tensile
stress in the matrix and can potentially lead to microcracking.

Given the impacts of efflorescence and sub-florescence, intensive studies were con-
ducted to develop mitigation strategies. Elevating the curing temperature is an energy-
consuming but effective solution for inhibiting efflorescence, which has been confirmed in
many studies [111,113]. From the chemistry of raw materials’ or reaction products’ point
of view, the inclusion of aluminates can lead to efflorescence reduction [113], which is
attributed to the formation of more aluminate-incorporating gels that can fix more sodium
ions. Additionally, by decreasing the Na2O/Al2O3 molar ratio in the mixture, efflorescence
in geopolymers derived from metakaolin, biomass ash, and stone-cutting waste can be
hindered [114]. Several hydrophobic additives such as calcite [115], silane crème [116,117],
and calcium stearate [118] have also been proven beneficial in efflorescence mitigation.

However, some issues still need to be further understood. For instance, visual observa-
tion is the most regular approach so far, but it cannot provide a quantitative determination
of the amount of efflorescence [33]. Moreover, the samples used to accelerate the efflo-
rescence process are normally bottom-contacted with water, whereas it is insufficient to
simulate the specimens serving in a real condition. Some recent works [115] indicate
that assessing efflorescence in a climate chamber with wet±dry cycles might be closer to
the practice.

5.4. Carbonation

Carbonation of cementitious materials by atmospheric CO2 leads to a reduction in
alkalinity in the pore solution and can further increase the vulnerability to corrosion of
steel in concretes [119,120]. Due to the different chemistry involved, the carbonation
mechanisms between portland cement materials and AAMs have some discrepancies. In
a cement system, the atmospheric CO2 enters the pore solution and then immediately
interacts with portlandite to the formation of CaCO3 [121]. Mild carbonation even enables
to decrease in the porosity owing to the expansion of CaCO3 formation. In an AAM
system, by contrast, the concentration of Ca in the pore solution is quite low and there
is no portlandite existing as a buffer [122]. The carbonation takes place first in the pore
solution and then in the C-N-A-S-H gels in an AAS system [122], leaving siliceous gels
in addition to calcium carbonate. The siliceous gels can hardly contribute to the strength
of the matrix. Hence, it appears that the AAM is more susceptible to carbonation than
portland cement materials.

NedeljkoviÂc [123] investigated the carbonation mechanism of alkali-activated slag and
fly ash pastes and found that the carbonation was enhanced with the increased dosage
of slag, independent of the curing conditions. Moreover, the unsealed samples during
curing showed poorer carbonation resistance than those cured under sealed conditions.
Bernal et al. [122] studied the effect of metakaolin of AAS pastes on the resistance to
carbonation. They found a 40±50% decrease in the compressive strength of samples upon
full carbonation. A reduction in strength, a higher carbonation rate, and a larger capillary
sorptivity of the binder were detected with the increase in metakaolin dosage. Shi et al. [124]
explored the effect of alkali dosage and silicate modulus of AAS mortars under accelerated
carbonation. The carbonation resistance of AAS mortars was found to increase with the
increase in both the alkali dosage and silicate modulus. This is not only due to the higher
alkalinity of the pore solution and higher reaction degree of slag, but also a reduced pore
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size and porosity. Additionally, they assume that the carbonation of katoite enables an
increase in the compressive strength of NaOH-based mortars.

Regarding the approach to enhance the carbonation resistance, Susan et al. [125] stud-
ied the effect of MgO content on the phase evolution and structural changes of AAS under
accelerated carbonation. The gels and gismondine are the main reaction products formed in
the AAS with a lower MgO, whereas in slags with a higher MgO content (5%) hydrotalcite
was detected as the main secondary product to gels. Additionally, the AAS binder with
a higher content of hydrotalcite was seemingly less sensitive to carbonation exposure,
since hydrotalcite can act as an internal CO2 sorbent in the matrix [125]. Future studies
are recommended to further explore mitigating strategies of carbonation. In addition, the
mechanism behind the reduced mechanical properties upon carbonation also requires
more research, because it is still unclear whether the strength loss is because of the decal-
cification of the gels that happens on a microscale, or the development of microcracking
due to drying/carbonation shrinkage that happens in meso scale (as we mentioned also
in Section 5.1).

5.5. Alkali±Silica Reaction

AAMs commonly involve a high concentration of alkalis in their mixture design, thus
it is spontaneously suspected that AAMs may suffer from alkali±silica reaction (ASR).
The ASR occurs between hydroxyl ions in the pore solution and active Si in aggregates,
including a series of progressive chemical reactions: (1) dissolution of active Si, (2) formation
and gelation of nano-colloidal silica sol, (3) swelling of gels [126]. The formation of ASR
products can result in the expansion or even cracking of the structure, to which significant
attention should be paid. Earlier publications [127±130] indicate that ASR is not typically
a severe problem for AAS materials which shows even better performance than portland
cement system under accelerated ASR measurement. Despite this, some research assumed
that AAS concrete is more vulnerable to alkali±aggregate reactions [131]. Therefore, there
seems no consensus yet on whether ASR is a serious risk for the application of AAS concrete.

In recent years, some researchers devoted their efforts to exploring the influential
factors of ASR in AAMs. For example, Chen et al. [132] studied the effect of the type of
activators on the ASR expansion of AAS mortars. The rank of expansion is as follows:
sodium silicate > sodium carbonate > sodium sulfate > sodium hydroxide. Shi et al. [133]
investigated the influence of alkali dosage in sodium hydroxide-activated slag mortars
on the resistance to ASR. The expansion induced by ASR decreases with the increase in
alkali dosage as well as the pore solution alkalinity. A related work focused on the effect
of silicate modulus on the ASR of AAS mortars was also carried out [134]. At the same
high level of silicate modulus (1.5 and 2.0), the expansion of ASR tends to increase with the
increase in alkali dosage, while it decreases with the increase in alkali dosage at a relatively
lower silicate modulus (0 and 0.5).

Mitigation of ASR in AAMs is crucial for the sustainability of constructions. It is
well known that supplementary cementitious materials with a high aluminum content,
such as fly ash and metakaolin, can reduce ASR in the portland cement system [126,135].
A plausible reason is that a higher Al concentration in the pore solution can hinder the
dissolution of active Si from aggregates. The addition of fly ash and metakaolin is confirmed
to be also effective in AAS mortars. A 30% substitution of slag with fly ash has been proven
to be an optimum amount to control ASR expansion [126]. Meanwhile, an increased dosage
of metakaolin is conducive to suppressing ASR expansion in AAS, which can be completely
inhibited when 70% of slag is replaced.

5.6. Chloride Ingress

The results showed that the chloride ion resistance of AAS systems is better than
that of the cement mortar [136]. The improved ASTM C1202 method [137] is considered
more suitable for the evaluation of chloride ion permeability of AAS mortar since it could
effectively solve the problem of long immersion times. The critical content of chloride ions
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in the AAS-based mortar (0.5 wt%) that causes the steel to passivate is significantly higher
than that of PC mortar (0.3 wt%). AAS mortar exhibited a stronger ability to protect steel
bars from corrosion than cement mortar due to its density and resistance to ion penetration.
Monticelli [138] studied the corrosion protection afforded to the embedded rebar by AAFA
mortar and found that AAFA provided lower corrosion protection to the rebar than PC
mortar, probably due to the fast carbonation of AAFA so that de-passivation of the rebar
occurred concurrently, despite a limited total chloride content inside the mortar. Through
electrochemical experiments, Babaee found that the conventional classifications that are
commonly used to assess the severity of corrosion in portland cement-based systems might
need some recalibration to be used for low-calcium fly ash-based corroding systems [139].
Compared with rapid testing methods, chloride diffusion tests can better reflect the real
chloride resistance of AAMs according to [140]. This review [140] also shows that the
properties of precursors and activators all have effects on the chloride transport in AAMs.
However, in general, the chloride resistance of AAMs is comparable to that of PC.

Different strategies are proposed to improve the chloride resistance of AAMs. Some
admixtures like silica fume and nanoparticles can refine the pore structure of AAMs thus
mitigating the chloride transport [141,142]. From the chemical absorption point of view, the
addition of MgO, LDHs, and CLDHs is beneficial since they can absorb Cl−, thus hindering
the chloride ingress to the steel [143,144].

5.7. Other Issues

The resistance of AAMs to sulfate [145] and phosphoric acid [146] seems to be su-
perior compared to PC. However, the information on the freeze and thaw resistance of
AAMs seems controversial. Some studies identified very low freeze±thaw damage of
AAS concrete [147], while other studies reported the opposite [148]. While the reasons
behind this have not been confirmed yet, it is clear that in addition to the parameters of
the raw materials, the curing and experimental conditions all significantly affect the test
outcomes [149]. The experimental results obtained from different labs are hard to interpret
or compare before a consistent protocol is used. Moreover, the effect of pre-conditioning,
which is normally in drying conditions that can cause microcracking [101], on the freeze
and thaw resistance of samples requires further research attention.

6. Concluding Remarks

In this paper, a current state-of-the-art review of AAMs is provided. Influential factors
of the properties of AAMs are discussed. Commonly used characterization methods for
AAMs are summarized. Challenges and future trends in the research field of AAMs are
discussed. The following conclusions are obtained:

The properties of AAMs are influenced by various parameters including the chemical
composition and particle size of the raw materials, composition of the activator, and curing
conditions, among which the calcium content in the raw materials and the silicate content
in the activator seem to govern the type and properties of the reaction products.

Many techniques that have shown their functions for portland cement can be applied
in AAMs, but with individual limitations, such as the incapability of XRD in detecting nano-
sized crystals and the difficulty in distinguishing C-A-S-H gels and carbonate phases using
TG. In a combination of different techniques, they can counterbalance the disadvantages of
each other.

Some properties of AAMs are superior to PC-based materials, while some are not.
The shrinkage of AAMs under either sealed or exposed conditions is usually larger than
that of PC, and drying-induced cracking may be aggravated by the co-occurrence of other
effects like carbonation and efflorescence. Future research to decouple different degradation
mechanisms is required to enhance the durability of AAMs.
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