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Abstract: With the rapid development of alkali-activated concrete (AAC) as a promising sustainable
concrete, it is vital to thoroughly understand the microstructural characteristics and micromechanical
properties, which determine the macroscopic mechanical properties and structural performance of
AAC. This paper presents a critical review on the multiscale microstructure and micromechanical
properties of AAC with both single and blend precursor systems, including alkali-activated fly ash
(AAF), alkali-activated metakaolin (AAMK), alkali-activated slag (AAS), and alkali-activated fly
ash-slag (AAFS). These types of AAC are systematically studied from nano-scale to macro-scale,
covering solid gel particles (N-A-S-H, C-A-S-H and N-C-A-S-H), gel matrix (solid gel particles +
gel pores), paste (unreacted particles + reaction products + pores), mortar and concrete (paste +
interfacial transition zone + aggregates). The recent advances in microstructure and micromechanical
properties of AAC are discussed, with special focus on microstructure-mechanical property
relationships. The remaining challenges and opportunities for future research are also provided.
Keywords: Alkali-activated materials; Geopolymer; Reaction mechanisms; Phase assemblage;
Interfacial transition zone; Nanoindentation
1. Introduction
As a promising alternative material to Portland cement (PC) concrete, alkali-activated concrete (AAC)
has been demonstrated to achieve excellent mechanical properties and durability with environmental
benefits [1-4]. In particular, the use of AAC can significantly contribute to reduction of CO2 emissions
while improving pollution levels and energy consumption compared to PC concrete [5-8]. The most
commonly used precursors in AAC include fly ash, slag, metakaolin and their blends, which produce
different types of AAC using alkaline solutions like sodium hydroxide (SH) and sodium silicate (SS)
[9-12]. Alkali-activated fly ash (AAF) and alkali-activated metakaolin (AAMK) are considered as
low-calcium AAC [12-15]. After dissolution of precursors and condensation reaction, alkaline
aluminosilicate hydrates in a network structure are formed with the main reaction product of N-A-S-
H gels [16, 17]. Alkali-activated slag (AAS) is regarded as high-calcium AAC, which undergoes the
activation process with substitution of aluminium by silicate to form C-A-S-H gels [18, 19]. At
ambient temperature, AAS exhibits excellent early-age mechanical performance, while AAF requires

heat curing at around 60-90 <C for 24 h to achieve acceptable early-age comparative strength [20, 21].
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However, AAF shows more superior fresh properties and suffers much less from strength reduction
than AAS after exposure to elevated temperatures of up to 800 <T [3, 22-24]. Herein, the blended
alkali-activated fly ash-slag (AAFS) has been introduced, which contains reaction products of N-A-
S-H, C-A-S-H and N-C-A-S-H gels, to achieve desirable fresh and mechanical properties at ambient
curing temperature [25].

To promote the engineering applications of different types of AAC, the mechanical properties and
structural performance of AAC have been extensively examined over the last two decades. Based on
recent advances, the engineering properties (e.g., fresh and mechanical properties) of AAC are
systematically reviewed in several studies, mainly focusing on the factors that affect the mechanical
properties of AAC such as precursor type, activator nature, curing conditions, additives and fibre
content [6, 26-28]. Besides, a few attempts have been made to review microstructural characteristics
of AAC, providing some information on chemical compositions, reaction Kinetics, phase assemblage,
morphology and pore structure of AAC under different curing conditions [29-31]. These
microstructural characteristics are closely related to the macroscopic mechanical properties of AAC,
while the relationships between them have been rarely discussed [32]. The mechanical performance
is significantly associated with the contribution of micromechanical properties of different individual
phases in AAC, such as elastic modulus that relates to stiffness, and hardness which represents
mechanical strength of matrix [25, 33-35]. Regarding reaction products in AAC, the elastics moduli
of different gels follow an order of N-A-S-H gels (11-20 GPa [33, 36-39]) < N-C-A-S-H gels (19-23
GPa [25]) < C-A-S-H gels (35-47 GPa [35, 40]). Up to now, the existing reviews mainly concentrate
on either microstructural features or micromechanical properties of AAC, while a systematic review
of the relationships between them from a multiscale point of view is still lacking.

This paper presents a critical review on the multiscale microstructural and micromechanical
properties of different types of AAC. As per the continuum micromechanics, the complex
heterogeneous structure of AAC can be classified into four different levels with multiple length scales
[41-43], including Level O: solid gel particle (1-10 nm), Level I: gel matrix (10 nm - 1 pm), Level II:
paste (1 pm - 100 pm), and Level 111 mortar and concrete (> 100 pm). The outline of this review is
presented in Fig. 1. The reaction mechanisms of different types of AAC are firstly introduced,
followed by a comprehensive discussion on microstructure evolution and micromechanical properties
development of AAC, from N-A-S-H, C-A-S-H and N-C-A-S-H solid gel particles at Level 0 to
interfacial transition zone (ITZ), mortar and concrete at Level Ill. Afterwards, the relationships

between microstructure and mechanical properties in AAC are analysed and discussed in depth.
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Fig. 1. Outline of this review.

2. Reaction mechanisms of AAC

2.1. Single precursor system

The identification of reaction products in AAC and relevant reaction mechanisms are mainly
dependent on the calcium content in the system, which can determine the dominant types of gels
within the matrix. The main reaction product in AAF and AAMK (low-calcium system) is an
aluminosilicate-type gel, whereas calcium (alumino) silicate hydrate-type gel dominates the structure
of AAS (high-calcium system) [2, 44]. The conceptual scheme for alkaline activation in the single
precursor system is illustrated in Fig. 2. In general, the reaction process in both AAF and AAS can
be divided into four steps: (a) dissolution, (b) rearrangement, (c) gel nucleation, and (d) solidification,
hardening and strength development [2]. The reaction starts with the generation of a colloidal solution
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of fine particles by the activation of alkaline solutions, followed by a combination into a continuous
solid gel phase. Firstly, the dissolution of alumina and silica in precursors takes place under an
alkaline environment composed of sodium/potassium hydroxides and silicates. The activation process
disrupts the integrity of Si-O-Si and Al-O-Al bonds in fly ash, as well as Ca-O and Si-O-Si bonds in
slag [43]. In consequence, different types of dissolved species are formed.

Afterwards, the formation of silica and alumino-silica dimers takes place, followed by trimers,
tetramers and so on [43, 45, 46]. As the dissolution progresses, the rearrangement and exchange
among dissolved species occur inside the structure, where the reaction of aluminium is more rapid
than silicon at early stage of reaction due to a weaker bond in Al-O compared to Si-O [47]. Then, gel
nucleation starts to take place with two main reaction products precipitated, consisting of cross-linked
and disordered structures. In the low-calcium system with AAF, the sodium-alumina-silicate-hydrate
(N-A-S-H) gels are formed, which tend to be Al-rich during early reaction process with an increase
in the silicon concentration as time goes by. With the substitution of sodium by potassium, the
potassium-alumina-silicate-hydrate (K-A-S-H) is also a common phase that forms in the low-calcium
AAC. Due to the variations in the solvated ionic radius and hydration enthalpy between K and Na,
discrepancies in affinities for negatively charged surfaces can be found in these gels [48-50]. As for
the high-calcium system with AAS, the calcium-alumina-silicate-hydrate (C-A-S-H) gels are the
main reaction products [2, 43].

2.2. Blend precursor system

In terms of blend precursor system with AAFS, many studies have reported the possibility of chemical
interactions within the precursors as the reaction goes on [43]. This indicates that the development of
N-A-S-H and C-A-S-H gels is not independent with structural and compositional changes during the
reaction process [51, 52]. Within AAFS, a proportion of Ca?* are released during the dissolution of
slag particles, which can potentially substitute Na* or incorporate into N-A-S-H gels to form N-C-A-
S-H gels, as shown in Fig. 2. The local co-existences and phase transformation among N-A-S-H, C-
A-S-H and N-C-A-S-H gels were suggested in AAFS, owing to a heterogeneous chemical distribution
in the matrix [43, 53].

The interaction mechanisms between the activation of different precursors have been proposed in
different aspects. Firstly, the microstructural characteristics of reaction products can be modified after
the inclusion of blend precursors. Compared with plain AAS, a change in lattice parameters of C-A-
S-H gels is noticed after only a slight addition of fly ash [53]. On the other hand, the deceleration or
acceleration on certain crystalline phases is revealed. The increase of slag addition can either depress
or trigger the precipitation of zeolite-type phases, since the local formation of N-C-A-S-H from N-
A-S-H gels enhances the degree of heterogeneity in amorphous phases that impedes zeolite

crystallisation [53]. A further inclusion of calcium from slag can lead to phase transformation from
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N-C-A-S-H to C-A-S-H gels, which possibly replace alkali by its superior affinity to silicon [52, 54].

Furthermore, the spatial heterogeneity can be a crucial factor, depending on the binder ratio,

dissolution kinetics of unreacted particles and local aqueous environments [53]. Besides N-C-A-S-H,

it is worth noting that the incorporation of Fe-rich precursors can modify the original layered C-A-S-
H gels to form the C-F-A-S-H gel by the interaction between Fe®* and Ca?* and Si** species in AAC
[55-57]. Depending on different Fe/Si and Ca/Si ratios, the gel structural of C-F-A-S-H can vary
among hydroandradite (Fe/Si < 0.2), disordered gel (Fe/Si > 0.2) and layered C-(F)-A-S-H (Ca/Si >

1) [57].
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Fig. 2. Schematic diagram of the alkaline activation of low-calcium, high-calcium and blend
precursors (Adapted from Refs. [2, 47, 58-60]).

3. Level 0: Solid gel particle
Level O delineates the nanoscale level, referring to the fundamental solid gel particle that serves as
elementary component within the binder gel matrix [43, 53, 61]. The nanoscopic characterisation of
three main types of solid gel particles (N-A-S-H, C-A-S-H and N-C-A-S-H) will be reviewed in this
section with respect to microstructure and micromechanical properties.
3.1. N-A-S-H solid gel particle
3.1.1. Nanostructure
As the dominant reaction products in AAF and AAMK, N-A-S-H gels have highly cross-linked
structures with SiO4 and AlO4 tetrahedra connected by shared O atoms, as illustrated in Fig. 3(a) [44].
The cross-links among chains provide sufficient cavities for the accommodation of alkali cations
(Na"), mitigating the charge deficiency resulting from the substitution of silica (Si**) with aluminium
(APY). N-A-S-H gels consist of a significant amount of Q*(mAl) sites that are present in 3D networks
with a silicon tetrahedron connecting to three other tetrahedrons. At the start of activation process,
the formation of N-A-S-H gels is initiated by an Al-rich phase, where Si tetrahedra becomes
coordinated with Al tetrahedra to form structures like Q*(4Al) [43]. This preference for cross-linking
Al atoms over Si atoms predominates at this moment. As the curing time increases, the structure
would change from Al-rich N-A-S-H with Si/Al ratio of around 1 to Si-rich N-A-S-H with a roughly
doubled Si/Al ratio [62, 63]. The generation of Si-rich N-A-S-H gels is triggered by the condensation
reactions between Si-OH groups, stabilising the nanostructure with high cross-linking of Q*(3Al) and
Q*(2Al) sites. Fig. 3(b) displays the N-A-S-H models (Si/Al ratio ~ 1.5) with rising degree of disorder
from crystalline to defective and amorphous structures [64]. Regarding the internal bond angle of O-
Si-O, the tetrahedra in N-A-S-H gels shows limited distortion compared to the crystalline structure
[65]. The external bond angle of T-O-T can vary between 120°and 180<in polymerised SiO; and
AlO; [64, 66, 67].

The gel development can be described by the change in degree of reaction over curing time.
Consequently, the volumetric model for alkaline activation can be built to track the change of volume
fractions of solid gel particles. Fig. 4(a) demonstrates the volume changes of solid gel particles in
AAF and AAMK [34]. Compared with AAF, AAMK exhibits a faster reaction, leading to a more
rapid formation of solid gel particles by approximately 32.3%, while it contains a 26.6% higher open
porosity based on the proposed model [34, 68]. The N-A-S-H gel matrix and gel pores will be further

discussed at the next level in the following section.
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amorphous N-A-S-H with Si/Al = 1.5 (Adapted from Refs. [64, 69]).
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Fig. 4. Comparison of nanostructures in terms of (a) volumetric model of alkaline activation in
AAF and AAMK [34], (b) SEM and TEM images of N-A-S-H gels in AAF [70-73], and (c) SEM
and TEM images of N-A-S-H gels in AAMK [74].

3.1.2. Micromechanical properties
For the solid gel particles at nanoscale, it is very challenging to directly characterise the mechanical
properties [44, 75]. Herein, the investigation has primarily relied on simulation studies. It was found
that the level of structural disorder can significantly influence the mechanical properties of solid gel
particles, as illustrated in Fig. 3(b). Crystalline structure (order structure) is generally considered to
exhibit better mechanical performance compared to amorphous structure (disorder structure) [64, 76].
As a sol-gel system, N-A-S-H contains solid particles dispersed in a liquid, which is
heterogeneous with local aggregation into clusters [68]. With the increasing appearance of solid
particles, the connections among clusters would lead to a percolation threshold indicated by a
noticeable change of properties [34]. N-A-S-H has the nature of a true gel, referring to inconsistent
gel porosity, excessive shrinkage, and strong sample disintegration (under sealed conditions) [77, 78].
Thus, the micromechanical responses have been suggested to be obtained at the level of solid gel
particles downscaling from the gel matrix at Level 1 [34]. Using the Mori-Tanaka method, the elastic
modulus of solid gel particles in AAF and AAMK was determined as 48.2 and 25.5 GPa, respectively
[34]. This implies the possible difference among the existence of solid gel particles in different single
precursor systems. The gel synthesised from AAMK was revealed to be richer in solid gel particles
and twice as compliant as those found in the gel derived from AAF, while slightly different chemical
compositions were also noticed in the previous experimental studies [34, 79, 80].
3.2. C-A-S-H solid gel particle
3.2.1. Nanostructure
The nanostructure of C-A-S-H has been described by analogy according to the structure of
aluminium-containing minerals resembling disordered tobermorite-like [81-85]. This structure is
formed of silicate chains inter-linked by layers of CaO. Fig. 5(a) introduces the nanostructure of C-
A-S-H, which contains CaO layers, interlayer region and a so-called dreierketten arrangement with
SiO4 tetrahedra chains. The schematic illustration of Q" in an interconnected silica structure is given
in Fig. 5(b). In the interlayer region, both alkali cations (Ca* and Na*) and chemically-bonded H20
are enclosed within the gel structure [43]. Here, alkali cations play a crucial role in neutralising the
overall negative charge deduced by the substitution of Si** by AI** within the tetrahedral chain sites.
Additionally, the nanostructure of C-A-S-H can be highly dependent on the Ca/Si ratio [81]. For low
Ca/Si ratios, aluminium substitutions are prone to be tetrahedrally coordinated by silica sites, owing
to tetrahedral replacement in the silica chains of C-S-H gel [86, 87]. Whereas, high Ca/Si ratios can
result in random distribution of aluminium due to the substitution in the interlayer region, on the
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particle surfaces or other reaction products [81, 88, 89]. Aluminium substitutions would therefore
occur in octahedrally coordinated sites alongside hints of pentahedral coordination (with a ratio of
octahedral/pentahedral coordination of around 3.5) [90, 91].

Different substitution positions of aluminium atoms have been proposed in C-A-S-H system,
including bridging, pairing and ending sites, as depicted in Fig. 5(c). In the context of chemical
stability, the substitution of Si** by AI** significantly reduces the Gibbs free energy, leaving around
8 eV difference from the embedding energy of Si** [81]. Hence, there is a pronounced preference for
aluminium occupancy in the bridging sites, attributing to energy disparities between distinct
polymorphs and thermal energy [81, 92, 93]. The incorporation of AI** into the bridging SiOa4
tetrahedra leads to alterations in the Si-Al skeleton and the interlayer H.O within the C-A-S-H gel
[44]. This process enhances the crystalline arrangement and cross-linking degree by transitioning the
layered C-S-H structure into a cross-linked C-A-S-H structure [43, 76, 94, 95].
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Fig. 5. Nanostructure of C-A-S-H: (a) overall tobermorite-like structure, (b) schematic illustration

of Q" in a silica chain and possible substitution positions for aluminium atom, and (c) structure of
tobermorites in C-S-H and C-A-S-H with aluminium atom in the bridging, pairing and ending sites

of a silica chain. (Adapted from Refs. [2, 81])

3.2.2. Micromechanical properties
Micromechanical properties of C-A-S-H can be associated with the nanostructure in terms of degree
of cross-linking and chemical compositions. The increase of cross-linking level tends to enhance its

mechanical responses [43, 76]. Specifically, the increase of Al/Si ratio in C-A-S-H solid gel has been
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suggested to enhance its crystalline order and cross-linking degree, and therefore the mechanical
responses [43]. The inclusion of Al branch structures serves to impede tensile loading and strengthen
the soft interlayer region within the C-A-S-H solid gel [43, 44]. This, in turn, augments both the
interlayer cohesive strength and stiffness [76, 94]. On the other hand, the alumino-silicate tetrahedral
chains were reported to be less stiff than plain silica chains, suggesting the possibility of weakening
the mechanical performance by increasing the Al content [81]. The overall mechanical properties can
be determined by a combination of different factors, such as geometrical transformation, structure
changes, Ca/Si ratio and charge neutraliser (Ca?* or Na*).

In terms of the aforementioned Al substitution positions, the mechanical properties of atomistic
models with respect to tobermorite 14A, tobermorite 11A and anomalous tobermorite (Fig. 5(c)) were
calculated. When the Al substitutions are located in silica chain pairing sites, the elastic modulus of
solid gel ranges from 67.8 to 109.6 GPa. The elastic modulus of all models varies between 49.8 and
109.6 GPa at the bridging position. The anomalous tobermorite model exhibits the highest mechanical
properties compared with others [81]. This reveals a noticeable dependence of mechanical
performance on the configuration of aluminium atoms in C-A-S-H. Moreover, with the occurrence
of calcium-aluminium replacement and decrease of Ca/(Al+Si) ratio, the main chain length seems to
increase (more Q?, Q3 Q*and less Q° and Q* sites), thereby leading to the growth of elastic modulus
[40, 81, 96, 97]. This implies that potential cross-links between layers, specifically Q2 sites leading
to the formation of a 3D nanostructure, which might positively affect the loading path between
adjacent layers [81].

3.3. N-C-A-S-H solid gel particle

3.3.1. Nanostructure

With the incorporation of fly ash and slag, their different dissolutions and reaction mechanisms can
trigger the interactions between different precursors in blend precursor system [46]. Especially, free
Ca?" can modify N-A-S-H gels during the reaction process by partially replacing Na*, attributing to
the strong polarising power of the aqueous Ca?* relative to Na* [43, 46, 52]. This results in the
formation of N-C-A-S-H gel, as illustrated in Fig. 6(a). Owing to the strong binding of Ca within the
structure of C-A-S-H, the influence of Na+ on the formation of N-C-A-S-H is relatively insignificant
[52]. It may be difficult to distort Ca?* by the presence of Na* due to the difference in polarising
power between the two [98, 99].

Following this rearrangement process, the N-C-A-S-H gel exhibits mineral characteristics that
bridge the gap between N-A-S-H and C-A-S-H gels. This means that it can maintain the inherent 3D
aluminosilicate framework structure while tending to possess a composition more akin to that of C-
A-S-H gel. However, the reorganisation and formation of N-C-A-S-H can strongly depend on
different factors such as calcium content and pH conditions within the gel structure. Fig. 6(c)
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demonstrates the transmission electron microscope (TEM) images of the gel morphologies under
high-, medium-, and low-calcium environments. With high calcium content (CaO/SiO»=3.2;
Si02/Al,03=2), amore lime-rich cluster can be observed, which indicates a combination of crystalline
and amorphous phases. Under the medium-calcium condition (CaO/SiO.=1.7; SiO2/Al,03=3.8), the
morphology of the gel is characterised by foil-like shapes with the appearance of single grains [100].
As for the low-calcium environment (CaO/Si0O2=0.24; SiO2/Al,03=3), N-C-A-S-H gel can be
identified with more globular-like morphology and relatively smaller angularity compared to C-A-S-
H gel [25, 52].

In terms of pH conditions, a pseudo phase diagram has been reported to illustrate the stability and
compatibility of N-A-S-H gel structure in terms of pH values, as displayed in Fig. 6(b). The critical
pH value of 12 is corresponding to the transition point between C-A-S-H and N-C-A-S-H pH
measurements [52, 101]. When the pH condition is below 12, N-A-S-H would be either stable or
accepting the ion exchange by Ca to form N-C-A-S-H. A full exchange might also appear to form C-
A-S-H, whereas the gel would be remained in a 3D aluminosilicate structure instead of 2D [102].
When the pH value is around 12, the gel would degrade to C-A-S-H with the presence of free Ca [52].
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Fig. 6. Nanostructure of N-C-A-S-H: (a) overall 3D structure, (b) schematic illustration of the
stability and degradation of N-A-S-H with pH, and (c) morphology of C-A-S-H and N-C-A-S-H
gels under different calcium conditions detected using TEM [52, 100].
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3.3.2. Micromechanical properties

The N-C-A-S-H can promote the enhancement of spatial heterogeneity of composition within the
microstructure [53]. In the blend precursor system, the formation kinetics of N-C-A-S-H have been
increasingly investigated, while the micromechanical properties are barely studied especially on the
scale of solid gel particles. A few studies attempted to conduct qualitative and quantitatively analysis
on the micromechanical responses of N-C-A-S-H gels based on nanoindentation tests [25, 103]. It
was reported that the elastic modulus of N-C-A-S-H (around 15-23 GPa) fell between that of N-A-S-
H and C-A-S-H, being higher than the former (4-20 GPa) and lower than the latter (up to 70 GPa)
[25, 35, 37, 38]. The mechanical performance of N-C-A-S-H can possibly be corresponding to the
aforementioned reorganisation in N-A-S-H by free Ca?* to form N-C-A-S-H, leading to a retained N-
A-S-H-like aluminosilicate framework and similar composition with C-A-S-H [25, 52]. To explore
the micromechanical properties of N-C-A-S-H and thoroughly understand the structure-property
relationship of such hybrid gels, molecular dynamics simulations can be employed to reveal the link
between nanostructure and micromechanical features of N-C-A-S-H solid gel particles [104, 105].
4. Level I: Gel matrix

At Level |, the gel matrix is agglomerated by the solid gel particles and gel pores. The agglomeration
process of N-A-S-H and C-A-S-H solid gel particles is commonly described by simplifying
agglomeration model of C-S-H gel particles, which is recognised as the colloidal model [43, 100, 106,
107]. The tobermorite-like solid phases mentioned at Level 0 are assumed as the fundamental units,
which are also identified as the basic building blocks [43]. The globules are then formed by packing
of these blocks [102]. After further clustering of the globules, gel matrix is formed, as illustrated in
Fig. 7. Herein, the inherent properties of ‘globules’ (i.e. solid gel particles) and gel pores (associated
with the packing density of ‘globules’) will be discussed in depth based on the characterisation of
nanostructure and micromechanical properties of different gel matrix.
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N Gel p@s ’ .
—
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Fig. 7. Agglomeration of gel matrix [106].
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4.1. N-A-S-H gel matrix

4.1.1. Nanostructure

The N-A-S-H gel matrix consists of primary globular polymeric entities with diameters of 0.8-2.0
nm, which are packed in a dense structure based on hydrolysis-polycondensation process [107-109].
A 3D network of aluminosilicates can be formed during the process, comprising Si-O-Si and Si-O-
Al bonds in a highly cross-linked structure [109-112]. These bond formations coincide with the
release of water into larger pores, facilitating the agglomeration of monomeric species into polymeric
clusters, which subsequently develop into particles and consequently form gels [43]. It was mentioned
that N-A-S-H gels are contingent upon the degree of reversibility [4]. When the polycondensation
process approaches near irreversibility, it results in the formation of a space-filling gel, which
eventually undergoes interconnection to create a continuous gel structure [68]. If the
polycondensation rate exceeds the rate of bond breaking, the gels can develop with the inclusion of
new monomers [113]. As such, reorganisation takes place in the N-A-S-H gel, which can restructure
the gel into a more stable state. The morphology of the gel can be observed in Fig. 4(b) and (c).

The nature of N-A-S-H gel nanostructure can be dependent on different factors, including curing
time, temperature, and alkaline activator type [62, 102, 114, 115]. Fig. 8 demonstrates the change of
N-A-S-H gel nanostructure based on various curing conditions and activators. In general, longer
curing time can benefit the formation of silica-rich products, favouring the strength development in
geopolymer matrix. At the curing time of 3 h in Fig. 8(a), the peaks ranging from around -92.1 to -
112.3 ppm correspond to the presence of Q*(nAl) sites, which are recognised as the N-A-S-H gels
with a 3D structure containing Si in a variety of environments [102]. The dominance of Q* sites at 3
h indicates the formation of various Si-O-Al connections in aluminosilicate prepolymer structures,
which can be attributed to the dissolution of active aluminate ions together with silicate heel ions
[116]. With the increase of curing time, the spectral peak of 2°Si nuclear magnetic resonance (NMR)
tends to shift positively with a focus on Q* sites. The presence of Q' and Q? at approximately -78 and
-83 ppm can be ascribed to the gradual replacement of Si-O by Al-O during the polycondensation
when increasing the curing time [98, 116]. As the reaction progresses to 24 h, the N-A-S-H gel
becomes Si-richer, in which the determined volume fractions of Q*(4Al), Q*3Al), Q*(2Al) and
Q*(1Al) are 14.3%, 18.3%, 18.9% and 13.9%, respectively (Fig. 8(b)). This indicates that the
extension of curing time can lead to the dissolution of active silicate and give rise to the silicate
content, which promotes the strength development in matrix [116-118].

Fig. 8(c) shows the 2°Si NMR patterns of AAF cured at 40, 60 and 80 <T. When the curing
temperature increases from 40 to 80 <C, there is a shift of the major spectral peak associated with
Q*(3Al) from -92.1 to -91.4 ppm. The heat curing was found to favour the dissociation of the -O-Si-
O- and -O-Si-O-Al-O- bonds in fly ash and thus promote the pozzolanic reaction [116]. The presence
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of peaks at around -103 to -108 ppm was found after 80 <C curing. These peaks are corresponded to
the Q*(2Al) and Q*(1Al) sites, which are identified as Si-rich N-A-S-H gels in comparison with the
Q*(3Al) site (Al-rich N-A-S-H gels) [25, 119]. This suggests the formation and transformation of
short-chain N-A-S-H gels from Al-rich to Si-rich, triggered by the curing at elevated temperatures up
to 80 T [116].
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Fig. 8. 2°Si NMR spectra of AAF against (a) curing time with (b) the deconvolution, and (c) curing
temperature [116, 120].

4.1.2. Micromechanical properties
To characterise the micromechanical features, different attempts have been made to explore the local
elastic modulus and hardness of N-A-S-H gels in AAF and AAMK [121-128]. To identify the N-A-
S-H phase from the nanoindentation results, statistical deconvolution can be performed, the first peak
of which in the frequency distribution plot of elastic modulus corresponds to the N-A-S-H gel phase
with the lowest elastic modulus [122]. The following peaks are associated with partially and unreacted

precursors as these particles possess a higher elastic modulus compared to the gel phase [121]. After
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the identification of N-A-S-H gel phase, the micromechanical properties of N-A-S-H gels can be
determined, which are affected by different factors such as alkaline concentration and Si/Al ratio.

With the rise of Na>O-to-fly ash weight ratio from 6% to 10%, the elastic modulus and hardness
of N-A-S-H gels in AAF vary in the ranges of 12.7-15.5 GPa and 0.59-0.73 GPa, respectively [121].
A higher alkaline concentration can boost the activation of unreacted fly ash, leading to the
enhancement of micromechanical properties in AAF. As for the Si/Al ratios, the elastic modulus of
N-A-S-H gels tends to grow with the increase of Si/Al ratios, which is resulted from a greater density
of binder gels induced by the rising Si content [123, 129]. Moreover, the Si-O bonds were found to
exhibit a higher bond strength than Al-O bonds, indicating that a higher elastic modulus can be
achieved in N-A-S-H gels if increasing the Si-O bonds with a higher Si/Al ratio [130]. On the other
hand, to consider the micromechanical performance of pure N-A-S-H gels, it would be very
challenging to separate them from other reaction products like the unevenly distributed crystal phase
due to heterogeneity of AAC [121]. The future focuses can be attached to the development of other
characterisation techniques to determine the micromechanical properties of pure N-A-S-H gels.
4.2. C-A-S-H gel matrix
4.2.1. Nanostructure
Compared with the C-S-H gel formed in PC pastes, the C-A-S-H gel was found to maintain a lower
Ca/Si ratio of around 0.9 to 1.2 [102]. The nanostructure of C-A-S-H can be dependent on the Al/Si
ratio within the gel. Fig. 9 depicts the effect of incorporating aluminium on the structure of C-A-S-H
based on the NMR results and TEM images. In the C-S-H gel, the 2°Si NMR pattern is deconvolved
with respect to Q*, Q% and Q% (Fig. 9(a)), which respectively refers to the terminal silicate tetrahedra
and Q? with the pairing and bridging positions, as mentioned previously [131-133]. Obviously, Q*
dominates the structure when Al/Si ratio is 0, which takes up 75.6% of the gel. With the increase of
Al/Si ratio to form C-A-S-H gels, as shown in Fig. 9(b) and (c), the deconvolution of them reveals
the existence of Q?p(Al 1V), corresponding to the pairing silicate tetrahedron with the bridging Al (1V)
[134-136]. This can be ascribed to the incorporation of aluminium, which occupies bridging sites and
transfer the initial Q! into new QZy(Al V) sites [88, 131]. As a result, the silicate chain can be
elongated with the increased fraction of Q? by 33.4% and the reduction of Q* to down to 42.4% when
the Al/Si ratio reaches 0.20 [131, 135]. Moreover, the rise of Al/Si ratio from 0.05 to 0.20 can result
in the increasing amount of Q%,(Al IV) by 24.1%, implying that the aluminium is mainly occurred as
IV-fold coordinated. Different structures in the alumino-silicate chains within C-A-S-H gels are
illustrated in Fig. 9(d).

Other than the 1VV-fold coordinated aluminium (Al(1V)), there are also V-fold (Al(V)) and VI-fold
(AI(V1)) coordinated signals, which can be associated with the dissolved aluminium in C-A-S-H

interlayers and the third aluminate hydrate (i.e., an Al-rich phase precipitated on the surface of C-A-
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S-H gel), respectively [91, 133, 137]. The spatial impression of Al(IV), Al(V) and AI(VI) is
schematically illustrated together with the 2’ Al NMR spectra of C-A-S-H at Al/Si ratios of 0.05 and
0.20 shown in Fig. 9(e). At both Al/Si ratios, the predominant peak represents Al(I1V), which may be
charge-balanced by Ca?*(presented as Al(IV)-a in Fig. 9(d)) and Al(V) and/or AI(V1) (denoted as
Al(1V).) [138]. As for the nanomorphology, the gel transitions from grains and blade-like structures
(within 1-2.5 h after the reaction) towards foil-like structures (over 24 h) [100, 139]. Fig. 9(f) presents
the change of C-A-S-H gels with the increase of Si/Al ratio. A foil-like shape can be observed in all
specimens, which tends to become darker, denser and more compact when rising Al/Si ratio [100,
131, 133, 140, 141]. This indicates that the substitution of Si by Al can potentially modify the charge
distribution in globules and give rise to more significant attraction between them [100, 131].
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Two types of packing referring to low-density and high-density were proposed to describe C-A-
S-H gels [40, 43, 106, 143]. The low-density packing configuration bears resemblance to the random
close packing, while the high-density packing configuration aligns closely with the face-centred cubic
lattice packing arrangement [43, 144]. The packing density of low-density and high-density C-A-S-
H gels is in the ranges of 0.63-0.71 and 0.68-0.79, respectively. Thus, the porosity values of low-
density and high-density C-A-S-H gels are characterised as 29-37% and 21-32%, respectively.
Therefore, C-A-S-H gels exhibit diverse ranges of packing density, spanning from 0.63 to 0.79, and
gel porosity ranging from 21% to 37% [40, 43]. These characteristics are influenced by the spatial
availability for C-A-S-H gel packing, with denser packing approached to the precursor particles and
looser packing in regions further from them [40, 145, 146]. As for the aforementioned nature of
activator, the activator type can modify the structure of C-A-S-H gels. In particular, C-A-S-H gels
with SH exhibit a comparatively higher gel porosity ranging from 21% to 37%, whereas those

activated by SS demonstrate a lower value from 21% to 29% [40].

4.2.2. Micromechanical properties

Considering the micromechanical properties, it is summarised that the elastic modulus of individual
phases in AAS follows an ascending order of pore < reaction products < unreacted slag [37, 147-150].
The reaction products in AAS can be divided into two different groups based on their
micromechanical performance, including outer reaction product consisting of C-A-S-H gels and inner
reaction product composed by the combination of C-A-S-H gels and layered double hydroxides [151-
153]. With different types of alkaline activators, the volume fraction of C-A-S-H gels can be affected.
The C-A-S-H gels were found to take up 68.0% and 47.3% of the reaction products when activated
by SH and SS, respectively [151]. Since the microstructure features are generated faster in SH-
activated slag (within a few hours) than SS-activated slag, the corresponding strength development
tends to be slower in the later one [35, 154-156]. The alkaline concentration (molarity) and silica
modulus were found to have limited influences on the elastic modulus of C-A-S-H gels [35]. It was
reported that the elastic modulus of C-A-S-H gels and inner reaction product in AAS were stabilised
at around 26 GPa and 35 GPa, respectively, no matter which activator was used [151, 157]. Thus, the
micromechanical responses of C-A-S-H gels can be dependent on the distance to unreacted particles,
degree of reaction and chemical compositions modified by alkaline activators.

4.3. N-C-A-S-H gel matrix

4.3.1. Nanostructure

As the formation of N-C-A-S-H gels follows the aforementioned process, the agglomeration of N-C-
A-S-H gel particles should be similar to N-A-S-H [46, 52, 107]. However, the polarising effect of
Ca?* can induce the rearrangement of the aluminosilicate structure by distorting the Si-O-Al bonds,
resulting in the formation of Si-O-Ca bonds [54]. This structural modification leads to less
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polymerised structures in N-C-A-S-H gel matrix with a decreasing degree of cross-linking, which can
finally result in a comparable structure to C-A-S-H gels [52]. Fig. 10 presents the evolution of
nanostructure in AAFS from 1 to 28 d. A negative shift of the broad peak from -84.2 to -85.7 ppm
together with the change of the broad band centre from -107.2 to -105.9 ppm denotes the further
polymerisation with a higher degree of cross-linking of gels over time [25]. As N-C-A-S-H gels are
associated with Q3(LAl) and Q*(4Al) sites located at around -88 ppm, the increase of curing ages can
lead to a higher composition of N-C-A-S-H gels from around 11.1% at 1 d to 14.6% at 28 d [46, 119].
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Fig. 10. (a) °Si NMR spectra of AAFS at different curing ages from 1 to 28 d with (b) the

deconvolution results on 28 d [25].

4.3.2. Micromechanical properties

The micromechanical properties of N-C-A-S-H gels are mostly studied via nanoindentation tests on
blended AAC with calcium-rich precursors like AAFS [43, 103]. In terms of the level of cross-linking,
the order was proposed as: N-A-S-H < N-C-A-S-H < C-A-S-H gels [43]. Correspondingly, the elastic
modulus of N-C-A-S-H gels tends to lie between that of N-A-S-H and C-A-S-H gels based on their
different microstructural features. Comparing the N-(C)-A-S-H and C-(N)-A-S-H gels, the former
exhibits the Si/Al ratio of around 6, whereas the later has a Si/Al ratio of around 3 [158]. Accordingly,
the elastic moduli of N-(C)-A-S-H and C-(N)-A-S-H gels were detected, which were around 15.5
GPaand 17.8 GPa, respectively [158]. It was proposed that a relatively higher Si/Al ratio of up to 4.3
in the gel showed lower level of dissolution and thus lower elastic modulus compared to the gel with
a lower Si/Al ratio at around 2.4 [158]. This indicates that the variation of elastic modulus in N-C-A-
S-H gels is associated with the degree of dissolution from the precursors, which is significantly
affected by the alkalinity of different alkaline activators [125, 158]. The elastic modulus of N-C-A-
S-H gels was found to go up continuously from around 19.0 GPa to 22.7 GPa with the curing time
from 1 to 28 d [43].

18



5. Level 11: Paste

Level Il refers to the paste level, which is composed of unreacted precursors, reaction products (i.e.,
gel matrix in Level 1) and pores. At this level, the unreacted precursors including fly ash and slag are
reviewed and discussed in terms of the dissolution and reaction mechanisms. The evolution of pore
structures and reaction products is also summarised at paste level.

5.1. Unreacted particles

5.1.1. Microstructure

It is recognised that the reaction of precursor that leads to the formation of reaction products is
essential to the determination of multiscale properties of AAC [46, 51, 159]. The morphology and
chemical compositions of precursors such as fly ash and slag have been extensively investigated
through SEM and EDS tests [53, 155, 160, 161]. The distribution and microstructural evolution of
these particles can be heterogeneous and highly dependent on their particle sizes, precursor systems
(single or blend system), activator types, curing ages and local alkaline environment [43, 111, 162-
164]. Moreover, the microstructural evolution of unreacted particles was also in-situ monitored using
non-destructive XCT, enabling the detection of internal 3D structure of AAC at microscale [165-167].
In particular, the reaction process of unreacted particles can be observed and reconstructed to
characterise the consumption of unreacted particles and the formation of subsequent binder gels. Fig.
11 demonstrates the particle dissolution and reaction of fly ash and slag particles in AAFS paste at
different curing ages by XCT, along with the corresponding SEM and BSEM images. The time-
dependent evolution of particle structure can be directly observed.

For both fly ash and slag particles, the reaction process includes the dissolution of particle and the
development of surrounding matrix [163]. In the unreacted fly ash particle, the dissolution occurs
with the rupture of Si-O-Si and Al-O-Al bonds, which exhibits inconsistent degree of reaction in
different directions with an increase of irregularity from a spherical to more angular shape as time
goes by. Due to the heterogeneity of fly ash particles, in which the distribution of inert crystal phases
and reactive amorphous phases can be random, the parts that contains more amorphous phases are
prone to react faster than the rest of particles [163, 168]. The formation and precipitation of reaction
products are localised in the dissolved area of fly ash particles, which can be identified as inner and
outer products based on the relative position to the initial particle boundary [43]. The initial formation
of inner products has been found to physically impede the diffusion of ions, which can be difficult to

penetrate from outside the particle into N-A-S-H gels as the reaction proceeds [107, 162, 163].
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Fig. 11. Dissolution of fly ash and slag and formation of reaction products in AAFS (Adapted from
Refs. [43, 163]).

As for the unreacted slag particle, it shows a less spherical shape compared to fly ash in Fig. 11.
The dissolution of slag particles occurs by breaking the Ca-O and Si-O-Si bonds. Similar to fly ash,
the dissolution of slag exhibits inhomogeneous characteristics with increasing irregularity of the
remnant particle from 1 to 28 d. The formation of C-A-S-H gels can be further observed with the
increase of curing ages, acting as a physical barrier that surrounds the remained core particles and

thereby slows down the further reaction process when approaching 28 d [43, 169]. It is worth noting
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that in a blend precursor system like AAFS, the interaction between fly ash and slag particles can also
be crucial to the microstructure evolution, since different ions are dissolved from these particles (i.e.,
Si and Al from fly ash; Ca, Si and Al ions from slag) [53, 161, 163]. The interaction mechanisms
between both particles were characterised in two stages: the early stage from 1 to 3 d and later stage
from 7 to 28 d. No apparent interaction between fly ash and slag particles was detected during the
early stage, whereas the diffusion of Ca?* had a pronounced effect on accelerating the formation of
C-A-S-H and N-A-S-H gels. It can also trigger the formation of hybrid gels as Si ions near fly ash
particles would prefer the reaction with Ca?* to form N-C-A-S-H gels [161, 163].

5.1.2. Micromechanical properties

The micromechanical properties of unreacted precursors in AAC have been experimentally explored
via nanoindentation tests. In AAF paste, the elastic modulus of unreacted fly ash particles is
dependent on their mineral features with an overall range from around 30 to 140 GPa [37-39]. Among
different chemical compositions of fly ash, the Fe-rich ones achieve the highest elastic modulus,
ranging from 71.0 to 137.7 GPa, whereas Ca-rich fly ash particles exist a relatively lower value, i.e.,
75.7-91.2 GPa [39]. The elastic modulus of Si-rich fly ash is around 82.9 GPa, while the worst
performance has been reported in Al-rich fly ash with an elastic modulus of 33.3-65.4 GPa [39]. As
for AAS paste, the elastic modulus of unreacted slag is in the range of 46-70 GPa, with the hardness
of approximately 6 GPa [35, 170]. In terms of blend AAFS paste, the combination of fly ash and slag
as a whole unreacted particle phase is tested with an overall elastic modulus of more than 65 GPa [43,
170]. Whereas, the individual particles are analysed in AAFS with an elastic modulus of around 71.6
and 48.5 GPa in fly ash and slag, respectively [43]. As the curing time increases from 1 to 7 d, the
elastic modulus of fly ash exhibits a reduction by up to 9.56%, while that of slag is stabilised at around
49 GPa. This can be attributed to the discrepancy between dissolution and reaction mechanisms of
both types of precursors as mentioned previously.

5.2. Reaction products

5.2.1. Microstructure

The microstructure of reaction products in AAC can be affected by different factors such as activator
type, curing time and slag content, which are generally characterised using SEM and EDS techniques.
The chemical compositions of reactions products can be analysed using the ternary CaO-SiO2-Al203
and SiO2-Al203-Na2O diagrams. Fig. 12 illustrates the effect of slag content and alkaline activator on
the chemical compositions of reaction products. The mixture of reaction products including C-A-S-
H, N-A-S-H and N-C-A-S-H gels with other minor phases can be detected. For N-A-S-H gels, the
Al/Si ratio of Si-rich N-A-S-H gels is close to 0.5, whereas Al-rich N-A-S-H gels may approach an
Al/Si ratio of more than 2 depending on the compositions [171]. The N-A-S-H-rich region is
commonly identified with the Al/Si ratio ranging from 0.08 to 0.5 and Ca/Si ratio of 0-0.3 [52, 53].
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In terms of C-A-S-H gels, they are characterised at the region with the Ca/Si ratio varying roughly
between 0.67 and 3, as shown in Fig. 12(a). Additionally, the hybrid N-C-A-S-H gel was segmented
into two different types, which includes low-calcium substituted N-(C)-A-S-H gel from the reaction
of fly ash and C-(N)-A-S-H gel with low sodium content formed by the activation of slag [171]. The
Ca/Si ratio of N-(C)-A-S-H gels was reported to locate within the range of around 0.14-0.33, while
C-(N)-A-S-H gels tend to have a higher Ca/Si ratio of approximately 0.45-10 [46, 52, 99, 172, 173].
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Fig. 12. Composition ternary diagram in (a-c) CaO-SiO2-Al203 and (d) SiO2-Al>03- NaO for
AAFS with various slag contents and alkaline activators, accompanied by the statistical distribution
of (e) Ca/Si and (f) Al/Si ratios based on the EDS analysis (Adapted from Refs. [43, 52, 53, 103, 174].

Fig. 12(b-d) presents the influence of alkaline activators on the compositional changes within the
paste [53]. Compared with AAFS activated by the combination of sodium hydroxide and sodium
silicate, the specimens activated by sodium hydroxide exhibit relatively higher Ca/Si and Al/Si ratios
with more inhomogeneous chemical distribution. This implies that increasing amount SiO> may
depress the precipitation of zeolite crystal and preferentially trigger the formation of N-C-A-S-H
instead of C-A-S-H [46, 53]. The statistical distribution of Ca/Si and Al/Si ratios based on the EDS
results is shown in Fig. 12(e-f), indicating a more pronounced effect of slag content on the chemical
compositions of binder gels in AAFS in comparison with the activators [53]. With the incorporation
of slag from 0 to 80%, the chemical composition of reaction products moves from low-calcium
towards high-calcium region, inferring the change of binder gel contribution from N-A-S-H-rich to
C-A-S-H-rich in the blend precursor system. As per the findings on different binder gel matrix at
Level I, the phase transformation at paste level can be quantified in terms of change of volume
fractions in binder gels.

Fig. 13 illustrates the microstructure and phase assemblage of reaction products and unreacted
particles in AAFS characterised using NMR. From 1 to 28 d, C-A-S-H denotes a gel structure with
more links in the chain, which takes up 34.9% of the paste at 28 d [25]. The volume fraction of N-C-
A-S-H stabilises at around 14.6% after 28 d, suggesting an enhancement in the cross-linking of gel
structure as the curing time increases. Furthermore, a higher degree of polymerisation can be found
in N-A-S-H gels, occupying approximately 35.9% to 42.6% of AAFS paste at up to 28 d of curing
[25]. The understanding of reaction products and identification of individual phases can provide
microstructural basis for the characterisation of micromechanical properties and macroscopic
performance of AAC.

On the other hand, the reaction products in AAC can be influenced by the mixing approaches.
Given the caustic nature of alkaline activators, one-part AAC has been introduced, allowing for the
pre-mixing of aluminosilicate binders and solid alkaline activators. Consequently, only water needs
to be added to activate the mixture [175, 176]. For one-part AAC, the dissolution of both dry
precursors and solid alkaline activators occurs simultaneously, resulting in a reaction process that
includes four steps: pre-induction, induction, acceleration (i.e., formation of reaction products), and
deceleration [175, 177, 178]. The duration of each step can be affected by the silica solubility of
different alkaline activators. For instance, the sodium silicate particles exhibit a lower solubility than

that of potassium silicate particles, due to the smaller hydration sphere of potassium ions [49, 175,
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179]. Thus, the incorporation of potassium silicate powders in AAC can lead to a higher intensity of

dissolution and a faster induction period compared to the other activator.
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Fig. 13. Phase assemblage of AAFS paste at different curing ages [25, 53, 133, 180].
5.2.2. Micromechanical properties
In recent years, the micromechanical properties of reaction products are increasingly studied at paste
level in different types of AAC. In AAF, the elastic modulus of N-A-S-H is dependent on the
aforementioned curing conditions and choice of alkaline activators, which varies from 4 to 20 GPa
[37-39, 43]. C-A-S-H in AAS tends to exhibit a higher elastic modulus than N-A-S-H, ranging from
12 to 47 GPa with the hardness of 0.3-2.5 GPa, which is strongly associated with the mix design [35,
40, 43]. For the N-C-A-S-H gel in AAFS, the elastic modulus was found to go up from 15.6 to 23.9
GPa as the curing time reaches 28 d [25]. This implies that the transformation among different
reaction products can be crucial to the evolution of their micromechanical properties.
5.3 Pores
The multiscale pore structure of cementitious materials can be characterised in different ways. In PC
concrete system, the pores are distinguished as gel pores (0.5-10 nm), capillary pores (10 nm-10 pm),
and air voids (> 10 ) [43, 181]. However, the pore size distribution in AAC can differ from that in
PC system due to the discrepancy in chemical compositions and reaction Kinetics. The pore structure
in AAC can be categorised in three different types, corresponding to the length scale from Level 0 to
Level Il in this review [182]. Level 0 represents molecular pores (< 2 nm) existing in solid gel particle
networks. Level | is associated with nano pores (2-100 nm) from gel interstices in gel matrix. Level
Il stands for micro and meso pores (100 nm-10 pm), which can be composed by a combination of

cracks, hollow voids induced by partially reacted particles, defects and fillers in AAC paste [182].
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Pores with a size of greater than 10 m are referred to macro pores induced by air bubbles, which can
be recognised at AAC paste, mortar and concrete levels.

At paste level, the pore structure exhibits heterogenous characteristics, which can be significantly
influenced by the dispersion of unreacted particles. In low-calcium AAC system, the unreacted fly
ash particles can not only introduce interior pores with hollow structures but also trigger the
propagation and localisation of micro-cracks at the interfacial transition zone between remnant
particles and reaction products [31, 183-185]. Compared with AAMK, AAF shows a wider range and
less homogeneous pore size distribution [182, 186]. Due to the higher water-to-binder ratio required
for AAMK, AAF also exhibits a lower proportion of pores at the micro level [187]. The pore structure
can be altered by the calcium content in AAC. For the Ca-rich AAS paste, the mean pore size and
overall porosity tend to be lower in comparison with those of AAF, resulting from the mitigation of
large pores since slag can impede the merging of bubbles in matrix [182, 185, 188, 189]. Regarding
the blended system, the increase of slag content to no less than 50% in AAFS exhibits a noticeable
reduction in porosity with rising tortuosity. Higher slag content can lead to the dominance of the
space-filling C-A-S-H gels rather than N-A-S-H gels, which affects the formation of pore network
with reduced permeability in AAFS [43, 185]. Fig. 14 shows the SEM images of AAFS with
increasing slag content from 0 to 100%. When subjected to elevated temperatures from 20 to 800 <C,
the pore structure can experience a drastic change with increasing porosity by approximately 71%,
accounting for 24% of the total volume of AAFS paste [119]. The pore structure evolution in AAC
at high temperatures can be associated with the damage mechanisms including further
geopolymerisation, pore pressure accumulation, thermal gradient, phase decomposition,

recrystallisation and viscous sintering [24, 71, 190-192].
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Fig. 14. Microstructural features of AAF, AAS and AAFS with increasing slag content from 30% to

70% [193].
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5.4. Microstructure-mechanical property relationships in paste

The relationships between microstructural features and mechanical properties of AAM can be
summarised from gel matrix at Level | to paste at Level Il. At Level I, the factors that affect the
micromechanical performance of gel matrix are mainly associated with two aspects: solid gel particles
from Level 0 and gel pores [43]. Considering different types of AAM paste, the evolution of
compressive strength in AAF, AAS, AAMK and AAFS from 1 to 28 d is demonstrated in Fig. 15. As
seen in Fig. 15(a-c), the overall trend of compressive strength shows a continuous rise in single
precursor systems at up to 28 d. For low-calcium AAF and AAMK pastes, the 28 d compressive
strengths are in the ranges of around 8-54 and 30-66 MPa, respectively. AAS paste exhibits a higher
compressive strength of approximately 75-85 MPa at 28 d, while the compressive strength of AAFS
paste is highly dependent on the inclusion of slag, indicating a broad range from around 30 to 100
MPa at 28 d (Fig. 15(d)). This can be attributed to the effect of chemical compositions, internal
structure, phase transformation and gel porosity on the micromechanical properties of gel matrix and
compressive strength of paste in AAM.

Firstly, the chemical compositions were found to influence the elastic modulus of different binder
gels. For AAF paste, a higher Si/Al ratio can lead to the increase of elastic modulus of N-A-S-H gels,
as the bond strength of Si-O bonds are higher than that of Al-O bonds [121, 130]. With different types
of alkaline activators, the degree of dissolution can be modified in gel matrix that results in the change
of local elastic modulus in the heterogenous structure. In AAS paste, the volume fraction of C-A-S-
H gels was reported to increase from 47.3% to 68.0% when replacing SS by SH as the alkaline
activator, which indicates a faster reaction and formation of microstructure features with the use of
SH, resulting in a more rapid strength development within the gel structure [151] Secondly, the
internal structure referring to level of disorder can also influence the micromechanical properties of
different types of gel. Comparing with N-A-S-H gels, C-A-S-H gels were observed to contain hints
of crystalline phase with order structure. Correspondingly, they exhibit a lower level of disorder with
a higher elastic modulus (35-47 GPa) than N-A-S-H gels (11-20 GPa), since N-A-S-H gels possess
highly cross-linked amorphous structure with a more pronounced level of disorder [43, 148, 194].
For AAFS, N-C-A-S-H gels have a level of disorder in between C-A-S-H and N-A-S-H gels, which
corresponds to the elastic modulus of around 19-23 GPa [25]. Therefore, the phase transformation
between different binder gels within gel matrix can be crucial for the micromechanical performance
of AAFS [25]. This suggests that the N-C-A-S-H gels can be formed by the exchange of Ca and Na
from the original N-A-S-H gels, leading to the change of volume fractions of different reaction
products and thus the modification of micromechanical properties [52]. Finally, among the mentioned

three types of gel matrix, N-A-S-H gels exhibit the most porous structure, whereas C-A-S-H gels are

26



the most compact phase with the greatest gel density [37]. This implies that a lower gel porosity can
contribute to better micromechanical properties of gel matrix in AAM.

The mechanical properties can be associated with the dissolution of unreacted particles,
microstructural properties of different reaction products from Level | and overall pore structure.
Regarding unreacted particles, the discrepancy in mechanical properties between fly ash and slag is
induced by physical chemistry and degree of dissolution, with elastic modulus of around 72 and 49
GPa, respectively. For reaction products, the phase assemblage of binder gels can significantly
contribute to the mechanical properties, influenced by factors such as slag content (i.e., Ca-rich
precursors), alkalinity and type of alkaline activators and curing conditions. Regarding pore structure,
AAS has lower porosity compared to AAF as the merging of bubbles in paste tends to be impeded by
slag [206].
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Fig. 15. Compressive strength of different types of paste: (a) AAF [9, 71, 195-200], (b) AAS [198-
200], (c) AAMK [201-203], and (d) AAFS with various slag contents [197-200, 204, 205].
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6. Level 111: Mortar and concrete

The AAM mortar and concrete consists of paste (discussed in Level 11), aggregate and ITZ between
them. Herein, the microstructural characteristics and micromechanical properties of ITZ in AAC are
reviewed, along with a summary of macroscopic performance of AAM mortar (with fine aggregates)
and concrete (with both fine and coarse aggregates).

6.1. Interfacial transition zone (1TZ)

6.1.1. Microstructure

ITZ is defined as the interlayer between aggregate and bulk paste and considered as one of the most
essential phases that can be responsible for the development of micro-cracks in concrete subjected to
loading, affecting the macroscopic properties of cementitious materials [207-210]. In AAF, a well-
formed layer of ITZ with dense and uniform structure can be observed at high magnifications 20,000
which adheres to the surface of aggregate due to wall effect and bonding [210]. Fig. 16 displays the
evolution of ITZ in AAFS at different curing ages from 3 h to 28 d. The ITZ morphology exhibits the
occurrence of microcracks, which can be distinguished as bond cracks that develop in between
aggregates and bulk paste, and matrix cracks that propagate from aggregate edges towards paste [43,
211]. A major bond crack appears in ITZ after 3 h curing. The formation and propagation of bond
cracks within ITZ can be ascribed to the different deformation behaviour between aggregates and
paste. As the curing time increases, a tighter bonding between the two phases can be observed, while
the bond crack is gradually healed in ITZ by further formation of reaction products. At the curing
ages of 3 to 28 d, the formation of matrix cracks can be identified, owing to the different gel
compositions and shrinkage performance [212, 213].

Therefore, for reaction products, the EDS results provide the element distribution in ITZ, which
can distinctly identify the boundary between aggregates (dominated by calcium) and ITZ (distribution
of Na, Al and Si) [210]. The chemical composition in ITZ at up to 28 d is summarised in the ternary
diagram in Fig. 17(a) based on the element analysis results. A typical ITZ in AAC can consist of high
gel content by more than 65% with the layer thickness of 30 pm [210]. The ITZ in AAFS tends to be
associated with low-calcium C-(N)-A-S-H gels (Ca/Si ratio from around 0.2 to 0.4) instead of N-A-
S-H (Ca/Si ratio < 0.15) from 3 to 12 h, owing to the inclusion of Ca that impedes the formation of
N-A-S-H [52, 174]. With the further dissolution of fly ash and slag particles, the reaction products in
ITZ cluster more in high-calcium C-(N)-A-S-H and C-A-S-H regions. It is noteworthy that the
formation of ITZ may be affected by crystallisation in AAM, as the unreacted particles and their
crystals can be low in the vicinity of aggregates due to the wall effect [210, 212, 214, 215]. Fig. 17(b)
shows the overall porosity and porosity within ITZ and bulk paste, indicating a relatively higher

porosity of bulk paste than ITZ at 3 h to 28 d. There exists a significant discrepancy of approximately
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3.5% at 3 h, which drops rapidly until 1 d. This can be attributed to the formation of reaction products

in bulk paste that significantly refines the pore structure from 12 h to 1 d [25].
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Fig. 16. Morphology of ITZ in AAFS at different curing ages (Adapted from Ref. [43]).
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pm (Adapted from Refs. [25, 43]).

6.1.2. Micromechanical properties

The micromechanical properties of ITZ can be highly associated with the gel compositions, reaction
products, pore structure and other factors that modify aggregates and bulk paste in AAC. To enable
the comparison between ITZ and paste with respect to micromechanical properties, different
techniques such as nanoindentation and nanoscratch have been employed in the previous studies to
explore the mechanical responses and heterogeneity of ITZ in AAC [43, 212, 213, 215-221].
Nanoindentation is adopted to investigate the localised ITZ regions, whereas nanoscratch can provide
the overall information of ITZ surrounded by different aggregate surfaces [209, 212, 222]. Compared
with AAF bulk paste, the comparable mechanical properties obtained in ITZ can be associated with
the formation of N-A-S-H gels that provide a strong bond between aggregate and bulk paste [43, 217,
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223]. In AAF, the elastic modulus and hardness of ITZ typically range from 17.2-36.7 GPa and 0.76-
1.78 GPa, respectively, depending on the locations of ITZ referring to top, bottom and lateral
positions, as shown in Fig. 18(a) [212]. ITZ at the top surface of aggregate exhibits the highest elastic
modulus and hardness, while ITZ at the lateral surface of aggregate has the worst micromechanical
properties. the micromechanical properties of ITZ in AAS are dependent on the alkaline activators,
in which the mean hardness of ITZ is 76.8% of that of AAS paste [221, 224]. In particular, the use of
SS in AAS can introduce excess SiO2, which potentially boosts the formation of C-A-S-H gels and
refine the pore structure in ITZ [154, 220]. Thus, the ITZ in AAS activated by SS exhibits great
mechanical properties with low porosity [154, 225].

The micromechanical properties of AAFS are influenced by the evolution of reaction products
and microstructural characteristics against curing age [226]. Fig. 18(b) illustrates the comparisons of
elastic modulus between ITZ and AAFS paste with the evolution of reaction products over curing age
at up to 28 d. As the micromechanical properties are dependent on the nature of binder gels in terms
of packing density, structure disorder and gel porosity, the elastic modulus of C-A-S-H gels was
found to be the highest, followed by N-C-A-S-H and N-A-S-H gels [35, 37]. Hence, the increase of
N-C-A-S-H and C-A-S-H gels in ITZ can lead to a comparative growth of elastic modulus by 57% to
around 21.2 GPa after 12 h curing, as seen in Fig. 18(b). This can be attributed to the high reactivity
of slag that results in the more rapid dissolution of Ca and thus the formation of C-A-S-H gels [227-
230]. In addition, according to the aforementioned porosity in ITZ at various curing ages, the decrease
of porosity at up to 12 h curing can also contribute to the development of elastic modulus within I1TZ,
resulted from the refinement of initial microcracks and thus enhance the I1TZ structure to provide
better micromechanical response. After 28 d of curing, the elastic modulus of ITZ in AAFS can
eventually stabilise at approximately 13.2 GPa [226]. Compared with AAFS paste, ITZ exhibits a
more compact microstructure with higher elastic modulus at up to 28 d of curing, implying a stronger
interfacial bonding between aggregates and bulk paste in AAC compared to traditional PC concrete
[231-233]. Since the reaction products and microstructural morphology play crucial roles in the
determination of micromechanical properties, it is necessary to explore the modification of AAFS

matrix with different slag contents in the future.
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6.2. Microstructure-mechanical property relationships in mortar/concrete
With the inclusion of fine and coarse aggregates, the mechanical properties in terms of strength and
stiffness of AAC at Level Ill are closely associated with the paste and I1TZ, especially their
microstructural features including chemical compositions and phase assemblage among N-A-S-H, C-
A-S-H and N-C-A-S-H [206]. The macroscopic mechanical properties of AAM mortar and concrete
including compressive, splitting tensile and flexural strengths have been extensively investigated and
summarised in pervious reviews which indicate the importance of alkaline activators, type of
precursors, liquid/binder ratios, binder/sand ratios and curing regime [6, 95, 234-236]. Fig. 19
demonstrates the compressive strength of AAC. In general, all four types of AAC experience
continuous strength gain as the curing time increases from 1 to 28 d. At least 80% of compressive
strength can be achieved within 7 d of curing in almost all types of AAC, attributed to the fast reaction
process and early development of geopolymeric network. The progressive strength growth from 7 to
28 d in AAC is related to further reaction and rearrangement of gel structure towards a stable status
with the increasing curing age.
For AAF mortar and concrete, the compressive strength is mostly in the range of 5- 30 MPa at 28
d, depending on different factors. For instance, elevated curing at around 80-90 <C can shorten the

time to achieve the ultimate compressive strength by reaching 90% of the total strength within the
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first few hours of mixing [234]. Upon heating at higher temperatures of up to 400 <C, the compressive
strength of AAF can be enhanced by further geopolymerisation, which can reach up to around 160%
of the original strength at 20 <C [31, 249, 250]. AAS mortar and concrete exhibit better compressive
strength than AAF, which can reach up to about 80 and 52 MPa at ambient temperature, respectively
(Fig. 19(b)). However, they exhibit worse high-temperature resistance compared to AAF, due to the
decomposition of calcium carbonate at up to 600 <C [22, 23, 251]. The compressive strength of AAFS
is dependent on the slag content. As seen in Fig. 19(d), when the slag content rises from 10% to 30%
in AAFS concrete, the compressive strength can be enhanced from 28 MPa to around 60 MPa at 28
d of curing [3, 43]. Therefore, the compositions of unreacted particles, phase assemblage of reaction
products and propagation of cracks can be crucial to the development of compressive strength,
depending on the mix design of AAFS paste and selection of fine and coarse aggregates. The static
mechanical properties of AAC have been systematically studied, while the dynamic properties of
AAC linking to microstructural evolution and micromechanical properties have been rarely explored.
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7. Conclusions and perspectives

7.1. Conclusions

This paper provides a systematic summary of the microstructure and micromechanical properties of
AAC from nano-scale to macro-scale, with respect to Level 0 (N-A-S-H, C-A-S-H and N-C-A-S-H

solid gel particles), Level I (gel matrix), Level 11 (paste: unreacted particles, reaction products and

pores), and Level 111 (ITZ, mortar and concrete). Some main conclusions can be drawn as follows:

Regarding single precursor systems such as AAF, AAS and AAMK, the reaction process consists
of different steps, including dissolution of precursors, rearrangement, gelation and solidification
to form N-A-S-H gels in low-calcium AAF and C-A-S-H gels in high-calcium AAS. As for blend
precursor system, the hybrid N-C-A-S-H gels are formed in AAFS due to the local chemical
interactions between different precursors during alkaline activations, leading to the heterogeneity
of composition distribution in the microstructure.

N-A-S-H gels exhibit 3D networks with a silicon tetrahedron connecting to other three
tetrahedrons, which can be transferred from Al-rich to Si-rich with increasing curing time. C-A-
S-H gels are formed of silicate chains interlinked by layers of CaO. The formation of N-C-A-S-
H gels is induced by the partial replacement of Na* by free Ca?* in N-A-S-H gels. This hybrid gel
exhibits mineral characteristics that bridge the gap between the other two mentioned above, which
can both maintain the inherent 3D aluminosilicate framework like N-A-S-H and possess a
composition similar to that of C-A-S-H. The phase transformation between N-(C)-A-S-H and C-
A-S-H gels can be associated with a critical pH of 12.

The elastics modulus of different reaction products in AAC follows an order of N-A-S-H gels
(11-20 GPa) < N-C-A-S-H gels (19-23 GPa) < C-A-S-H gels (35-47 GPa), which strongly affects
the macroscopic mechanical strengths of AAF, AAS and AAFS. For unreacted precursors, the
dissolution of particles took place, followed by the formation of surrounding reaction products
with the rupture of Si-O-Si and Al-O-Al bonds in fly ash and Ca-O and Si-O-Si bonds in slag.
The elastic modulus of unreacted fly ash and slag particles vary between 30-140 GPa and 46-70
GPa, respectively.

The pore structure exhibits heterogenous characteristics at paste level, depending on the factors
like dispersion of unreacted particles and exposure temperatures. A rise in porosity by up to 71%
can be found in AAFS paste at 28 d when increasing the curing temperature from 20 to 800 <C.
The morphology of ITZ in AAC is dependent on curing time, since the observed bond crack in
AAFS after 3 h of mixing can be healed when the curing time reaches 3 d. The micromechanical
characteristics of ITZ in AAC are determined by the evolution of reaction products in ITZ as time

goes by, which can stabilise at around 13.2 GPa after 28 d of curing.
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e In general, the mechanical properties of AAC in both single and blend precursor systems are
closely related to the microstructural features. The increase of cross-linking level of binder gels
(N-A-S-H > N-C-A-S-H > C-A-S-H) in different reaction products corresponds to the 28 d
strength of different types of AAC (AAF < AAFS < AAS).

7.2. Perspectives
For future engineering applications of AAC and practical use in sustainable infrastructure design, the
following aspects need to be considered based on the existing research gaps: (1) The evolution of
phase compositions in AAF, AAMK and AAS with increasing curing time can be investigated to link
the mechanical properties with microstructural changes in different types of AAC. (2) The multiscale
microstructural characteristics and damage evolution in different types of AAC subjected to hazards
such as fire/high temperatures, freeze-thaw cycles and dynamic loading can be explored. (3) More
studies on the use of greener precursors, eco-friendly alkaline activators and recycled reinforcing
materials (e.g., recycled fibres) to develop sustainable high-performance AAC are required for
sustainable and resilient civil infrastructure.
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