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ABSTRACT

Alkali-activated slag concrete (AASC) is a new green building material. The amount of CO, produced by
AASC is 1/5th of that produced by ordinary Portland cement concrete (OPCC). In addition, AASC promotes
the reuse of slag and other wastes and saves resources. Furthermore, the scope of use of slag has been
expanded. The progress of the research on the hydration characteristics, microstructure, interfacial tran-
sition zone, and pore structure of AASC based on the relevant literatures was analyzed and summarized in
this study. The influences of the slag composition, the type and dosage of the alkali activator, and the cur-
ing conditions on the hydration characteristics and the microstructure of the AASC were discussed.
Relatively few research results on the microstructure of AASC are available, and the relevant conclusions
are not completely consistent. Moreover, there are many constraints on the development of AASC (e.g.,
complex composition of raw materials of slag, large shrinkage deformation, and low fluidity).
Therefore, further research is required.

© 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

At present, ordinary Portland cement concrete (OPCC) is the
most widely used building material. As the raw material of OPCC,
the demand for ordinary Portland cement is increasing annually
because of the continuous expansion of infrastructure construc-
tion. However, the production of ordinary Portland cement
requires enormous quantities of resources and releases a huge
amount of CO,. It has been established statistically that approxi-
mately one ton of CO, is released for each ton of cement produced.
The global cement industry emits approximately 1.35 Gt of CO,
annually, which accounts for 7% of the total anthropogenic emis-
sions [1-6]. Therefore, it is an urgent problem for the construction
industry to identify a green and environmentally friendly cement
substitute to reduce the environmental pollution caused by
cement production.

In recent years, the research on alkali-activated materials
(AAMs) based on cementitious materials has been a popular topic
in academic circles. AAMs can yield higher environmental benefits
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because their manufacture results in the production of fewer
greenhouse gases (particularly CO,). In addition, the raw materials
or precursors of AAMs are generally industrial byproducts or
industrial wastes, which are not only inexpensive but also benefi-
cial to waste reuse. Relevant studies have revealed that certain
industrial solid wastes become highly active with an alkali activa-
tor, which provides conditions for strength development [7-10].
Moreover, the mechanical properties, temperature resistance, and
corrosion resistance of AAMs are superior to those of ordinary Port-
land cement-based materials [11-15]. Therefore, AAMs have
attracted widespread attention since their origination and they
are currently the substitute for cement-based materials with the
most potential.

Slag is the main raw material of alkali-activated slag concrete
(AASC). It is an active mineral material with potential hydraulicity.
The annual global output of slag is nearly 320 Mt [16]. However,
only part of this output is used in the production of cement and
concrete and with good results. Therefore, slag is the preferred
material for achieving green energy saving, low-carbon emissions,
and environmental protection for the concrete industry. The cal-
cium content of slag is higher than those of the precursors of other
types of alkali-activated concrete (such as fly ash, metakaolin, and
silica fumes), which thereby accelerates the formation of early
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hydration products with the activation of the alkali activator.
Moreover, higher strength can be achieved due to the polyconden-
sation reaction of the silica and alumina precursor [17,18]. In addi-
tion, the content of MgO in slag is relatively high, which
contributes to the formation of hydrotalcite (MggAl,(OH);5CO53)
with activation by an alkali activator and which plays an important
role in the development of the early strength of AASC. Therefore,
the properties of AASC including the mechanical properties, tem-
perature resistance, and chemical corrosion resistance are better
than those of other alkali-activated concrete. Furthermore, AASC
has the advantages of high setting speed and high early strength,
which can advance the time of remolding, improve the production
speed of prefabricated components, speed up the project progress,
and reduce the project cost [19-22]. In addition, the hydration heat
of AASC is low, which is why AASC can be used extensively in mass
concrete engineering. Moreover, the particles of slag powder are
finer than cement particles and they can better fill in the pores
of hydration products, whereby AASC has a denser internal
structure.

AASC is a ceramic-like material with an amorphous to semi-
crystalline three-dimensional (3D) aluminosilicate structure. After
the raw materials that are rich in silicon and aluminum are acti-
vated by a mixed alkaline solution, the dissolved AlO4 and SiO4
tetrahedra combine to form monomers by sharing an oxygen atom.
The monomers then interact to form oligomers, which are subse-
quently polymerized to form a 3D network of aluminosilicate
structures, as shown in Fig. 1 [23]. The microstructure of AASC
has an important influence on its macroscopic properties such as
the mechanical properties, dimensional stability, and durability.
The formation mechanism of the macro properties of AASC can
be comprehended by studying its microstructure. Therefore, the
macroscopic properties of AASC can be adjusted by altering its
microstructure appropriately. This study summarizes the research
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results on the hydration characteristics and microstructure of AASC
that have been obtained in recent years to provide a theoretical
basis for regulating the macroscopic properties of AASC.

2. Fundamental components and preparation technology of
alkali-activated slag concrete

2.1. Fundamental composition

The raw materials of AASC include slag, fine aggregate, coarse
aggregate, water, alkali activator, and admixture. The most com-
mon slag is ground granulated blast furnace slag (GGBFS). Non-
ferrous metal slag, steel slag, and iron slag can also be used as
raw materials for AASC. GGBFS is waste slag produced during iron-
making, and it is ground after being quenched with water. It is the
main solid waste in the ferrous metallurgical industry, and it has a
special silicate structure [24,25]. The chemical composition of
GGBFS varies with the ironmaking method and the type of iron
ore. It can be represented by the Ca0-SiO,-Al,03-MgO quaternary
phase diagram [11]. The fine and coarse aggregates of AASC are
mostly sand and stone. However, in recent years, a few researchers
have used steel slag sand and electric arc furnace (EAF) slag as fine
and coarse aggregates, respectively, to prepare high-performance
AASC [26]. Glukhovsky et al. [27] divided alkali activators into six
categories according to their chemical composition: @ caustic
alkali: MOH, @ non-silicate weak acid salt: M,CO3;, M,SOs, and
so forth, @ silicate: M,0-nSiO,, @ aluminate: M,0-nAl,03, ® alu-
minosilicate: M,0-Al;03-(2-6)Si0,, and ® non-silicate strong acid
salt: M,SO4. However, most researchers use NaOH, Na,COs,
Na,SiOs, and Na,SO,4 as alkali activators because these are conve-
niently available. A few researchers mix NaOH and Na,SiOs in a
certain ratio to be used as an alkali activator to obtain better
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Fig. 1. Geopolymerization process for AASC [23].
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activated effects. However, in recent years, with consideration of
the fact that some alkali activators (such as NaOH and sodium sil-
icate) may cause high carbon emissions in the production process,
these can be replaced with some green alkali activators (such as
Na,CO0s3, NaySO4, Bayer solution, sodium aluminate, lime, and rice
husk ash) [28-35].

2.2. Preparation technology

The preparation of AASC is similar to that of OPCC. The main dif-
ferences are in terms of (D whether an alkali activator is added or
not and @ the method and time of adding the alkali activator. In
most studies, a liquid alkali activator was used as the catalyst
and added in the mixing process. Jin et al. [36] studied the influ-
ence of an alkali activator mixing method on the hydration of slag.
The study showed that the mixing sequences of the alkali activator
and water were divided into pre-mixing and post-mixing (pre-
mixing refers to the process in which the alkali activator and water
are mixed outside the ampoule before being lowered into the
calorimeter, and post-mixing is the process in which the alkali acti-
vator and water are lowered into the calorimeter separately and
mixed in the ampoule immediately before the measurement). A
negative heat flow was investigated when the post-mixed
sequence was applied, whereas it was not observed for the pre-
mixing sequence. This could be attributed to the recombination
of silicate.

Solid alkali activators can be used in addition to liquid alkali
activators. The research results of Shi et al. [11] showed that a solid
alkali activator could be added using three methods: (D The solid
alkali activators are dissolved in water, and then the ground slag
is mixed with the alkali activator solution, @ the alkali activators
are ground together with slag, and @ the alkali activators and slag
are ground separately and mixed together before being mixed with
water. Method (D is widely used because the alkali activator and
slag can be mixed together uniformly and certain active points
on the surface of the slag can adsorb certain alkali activators to
enhance the activity of the slag. However, certain alkali activators
may be hydrolyzed during grinding and storage. In this case, it is
more appropriate to use method @.

The preparation of AASC depends more on the curing condi-
tions. Similar to the curing conditions of OPCC, those of AASC gen-
erally include the curing time, curing temperature, humidity, and
steam pressure. Similar to OPCC, the hydration degree, density,
and strength of AASC increase with the increase in the curing time,
and the early growth is faster [37]. The curing temperature has a
substantial influence on the formation and morphology of the slag
hydration products. An appropriate increase in the curing temper-
ature can complete the activation of the hydraulic properties of the
cementitious material within a short curing time. Without an alkali
activator and only using thermal activation, slag powder can yield
a corresponding strength within a certain period of time, and the
morphology of the hydration products develops well [38]. There-
fore, the curing temperature is highly important to the develop-
ment of the hydration products and strength of AASC. With
regard to the curing humidity, Collins and Sanjayan [39] immersed
AASC in water, sealed it, and exposed it to air for curing. It was
found that the sample cured in water had high early strength,
and the strength continued to increase at 365 days. However, the
strength was low and stopped growing at 90 days when cured
under sealed conditions. The main reason for this was that the slag
inside the specimen does not have the moisture required for
hydration. Therefore, humidity is also an important factor that
affects the hydration and strength development of AASC. The
strength of AASC develops rapidly with autoclave curing, its hydra-
tion products have a relatively stable structure, and it has strong
high-temperature resistance.
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3. Hydration characteristics of AASC
3.1. Hydration process

The hydration process of slag can be divided into five stages:
preinduction period, induction period, acceleration period, deceler-
ation period, and stable period, as shown in Fig. 2. This process is
identical to that of ordinary Portland cement. However, slag is
regarded as a material with low heat of hydration, and the heat
of hydration of slag is lower than that of ordinary Portland cement
[27,40]. The hydration process of AASC can be summarized as fol-
lows: (D dissolution of vitreous body particles, @ nucleation and
growth of the initial solid phase, @ mechanical bonding and inter-
action of the new phase at the interface, and @ diffusion and
chemical equilibrium of the reaction products at the initial stage
of curing [41-43]. A large number of studies [30,44-51] have
demonstrated that the composition of slag, the type and dosage
of the alkali activator, and the curing conditions have substantial
influence on the hydration process of AASC.

3.1.1. Effect of slag composition on hydration process

The composition can directly affect the hydration process and
hydration products of slag. Although the chemical composition of
different slag is almost similar, the chemical components content
of slag is very different. Shi et al. [11] discovered that the contents
of SiO, and CaO in slags from different countries were similar,
whereas those of Al,0s, MgO, and TiO, varied substantially. The
composition of slag would affect its activity and thereby its hydra-
tion process. Relevant studies have shown that the mass ratio
Mcao+mgo/Msio,+al,0, €an be used as an effective indicator of the slag
reaction performance. Glass slag with a mc,o/msio, mass ratio of
0.5-2.0 and may,0,/msjo, mass ratio of 0.1-0.6 is considered to be
the most suitable precursor of AAMs [36,52].

Slag with a higher content of Al,O; would reduce the dissolu-
tion rate of SiO, and other components, which would result in a
lower heat of hydration in the early stage. However, the intensity
and the time of the second hydration peak also have certain rela-
tionships with the alkali activator. Haha et al. [51] studied the
effect of different Al,O3 contents (7.0%, 14.1%, and 16.7%) of slag
on the hydration process of slag, as shown in Fig. 3. Irrespective
of whether Na,SiO3 or NaOH was used as the alkali activator, the
slag with a higher content of Al,05 resulted in a lower cumulative
heat evolved for the slag. In addition, the second hydration reaction
peak was delayed when Na,SiO; was used as the alkali activator,
whereas the converse was true for NaOH. Tdnzer et al. [24] used
NaOH and K,SiO; separately as alkali activators to study the effect
of different Al,O3 contents of slag on the hydration process. It was
discovered that the slag with a high content of Al,O3 resulted in a
low cumulative heat evolved for slag. Gruskovnjak et al. [53] stud-
ied the hydration process of slag with Al,05 contents of 7.7% and
11.5%. They reported that the slag with the Al,Os; content of
11.5% had a short dormancy period and a strong second hydration
reaction peak. Sakulich et al. [54] found that a marginal dosage of
Al,05 in slag could accelerate the hydration process. However, slag
with an Al,03 content of 15% or higher delayed the hydration pro-
cess and reduced the heat of hydration.

In addition to the content of Al,O3, the contents of MgO and
TiO, in slag can affect the hydration process of slag. However,
the relevant research results are relatively few, and consensus
has not been attained. The slag with a higher MgO content has a
higher alkalinity. The cumulative heat evolved and the degree of
hydration increase when slag dissolves completely. However, a
higher TiO, content would reduce the slag dissolution rate, which
would have a negative impact on the hydration process. Haha et al.
[55] studied the effect of various MgO contents in slag (8%, 11%,
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Fig. 2. Hydration process of slag. H; is preinduction period, H; is induction period, Hs is acceleration period, H, is deceleration period, and Hs is stable period.

and 13%) on the hydration process of slag. It was observed that the
hydration degree of slag decreased with the increased content of
MgO in the first 24 h when NaOH was used as the alkali activator,
while the results were the opposite when Na,SiO3 was used as the
alkali activator or for other hydration periods when NaOH was
used as the alkali activator. Bernal et al. [56] indicated that reduc-
ing MgO content in slag accelerated the early hydration reaction
process of slag, but the overall hydration extent of slag decreased.
Ke et al. [57] studied the influence of the MgO content in slag on
the hydration process of slag. They found that a high MgO content
of slag could shorten the setting time and improve the hydration
reaction rate. Tdnzer et al. [24] studied the influence of various
TiO, contents in GGBFS (0.5% and 1.9%) on the hydration process
(Fig. 4). GGBFS with a higher TiO, content had a lower hydration
heat, and its second hydration peak was delayed when Na,SiO3
was used as the alkali activator. Nevertheless, the cumulative heat
that evolved was almost unaltered. When NaOH was used as the
alkali activator, the GGBFS with the high TiO, content evolved a
higher cumulative heat. This might be attributed to the fineness
of the GGBFS. Katya et al. [58] found that TiO, content of 2% inhib-
ited the hydration reaction rate of CsS. Thereby, the hydration reac-
tion rate of slag with a high TiO, content was slower, and the
cumulative heat that evolved was lower.

The influence of the slag composition on the hydration process
of slag can be summarized as follows. The slag dissolution
exotherm will accelerate the dissolution of slag in the early stage
of the hydration reaction when the Al,03 content in slag is low.
Alternatively, the production of ettringite (AFt) in super sulfate slag
and Portland cement slag can increase the intensity of the second
hydration reaction peak. However, an excessive Al,03; content
would reduce the dissolution of amorphous silica, quartz, and
other components, which would delay the hydration process
[59,60]. NaOH is a strong alkali. Therefore, Mg?* that decomposes
from slag can react with OH™ to produce Mg(OH), precipitation
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in the early stage of the hydration reaction when NaOH is used
as the alkali activator. The formation processes of hydrotalcite-
like, brucite, and other hydration products are limited. As the
hydration reaction progresses, a large amount of OH™ is consumed.
Mg(OH), is a weak electrolyte with an ionization balance. In conse-
quence, the content of Mg?* increases in the slag, which promotes
the formation of hydration products such as hydrotalcite-like and
brucite, and the degree of hydration improves. Hence, the hydra-
tion heat of slag with a high MgO content is lower in the first
24 h when NaOH is used as the alkali activator. However, the
cumulative heat evolved is higher at or after 24 h, and Na,SiO3
as a type of salt may occur only when the alkali equivalent is ade-
quately large. Ti exists in the form of six-coordination when the
content of TiO, is less than 4%, but Ti exists in the form of four-
coordination when the content of TiO, is more than 4%. Conse-
quently, Ti has no significant effect on the activity of slag when
the content of TiO, is less than 4%. The activity and dissolution rate
of slag with a higher TiO, content are lower. Therefore, the cumu-
lative heat evolved and the intensity of the second hydration reac-
tion peak of slag with a high TiO, content are lower. In addition,
Ti** and Ti>* can replace Si*" in the glass network, resulting in a
denser glass structure, which can also affect the excitation effect
of alkali activators (such as Na,SiO3 and NaOH).

3.1.2. Effect of alkali activator on hydration process

The type and dosage of the alkali activator can affect the hydra-
tion process of slag by affecting the pH value of the initial solution.
Furthermore, the alkali activator can provide different ions for the
hydration process and consequently affect the generation of speci-
fic hydration products and in turn, the hydration process. The
hydrations of slag are highly different from those of ordinary
Portland cement. Although the hydration exothermic curve of slag
is similar to that of ordinary Portland cement for certain types of
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Fig. 3. Hydration evolution of the slag with different contents of Al,O; using
(a) sodium hydroxide (SH) and (b) water glass (WG) as alkali activator. H is heat
flow, C is cumulative heat evolved, A is Al,03, number is the contents of Al,0s3, the
same below [51].

alkali activators, the peak time and the peak strength are signifi-
cantly different.

The pH value of the solution is higher when NaOH is used as the
alkali activator with an identical alkali equivalent, accordingly
which can dissolve slag faster, shorten the induction period, and
accelerate the early hydration process of slag. Cao et al. [61]
applied an ultrasonic monitoring system based on embedded
piezoelectric transducers and used NaOH and Na,SiOs; as alkali
activators to study the effect of alkali activators on the hydration
process of slag (Fig. 5). The preliminary hydration reaction process
of the slag using NaOH as the alkali activator was relatively
straightforward. Its hydration exotherm curve was divided into
three stages, and it had one hydration exothermic peak. This dif-
fered from the conclusion of many studies wherein there were
two peaks in the hydration exothermic curve of slag when NaOH
was used as the alkali activator [62-64]. Gijbels et al. [64] com-
pared the effects of NaOH and Na,SiOs; on the hydration process
of slag. They investigated the idea that the cumulative heat evolved
of the slag was higher when NaOH was used as the alkali activator
compared with Na,SiO3. The studies [7,41,46,55,65,66] also
obtained a similar conclusion, which was related to the higher
pH value of the initial solution when NaOH was used as the alkali
stimulator for an identical alkali equivalent.

The dissolution rate of slag is slow because an Na,SO,4 or Na,CO3
solution is nearly neutral, which delays the second hydration reac-
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Fig. 4. (a) Heat flow and (b) cumulative heat evolved of GGBFS with different TiO,
contents (T number, wt%) using SH and potassium silicate (KWG) as alkali activator
[24].

tion peak of the slag. However, the pH value of the subsequent pore
solution varies, which will cause the alteration of the slag hydra-
tion process in the subsequent stage. Tan et al. [67] performed a
comparative study of the effects of Na,SO4 and Na,COs on the
hydration process of slag. It was observed that for an identical
alkali equivalent, the second hydration reaction peak of the slag
was delayed significantly, the peak intensity was low, and the acti-
vation effect was poor when Na,SO,4 was used as the alkali activa-
tor (Fig. 6 [67]). The studies [68-72] indicated that the hydration
induction period of the slag was longer when Na,SO4 or Na,CO3
was used as the alkali activator compared with Na,SiO3 and NaOH.

The effects of alkali activators on the hydration process of slag
can be summarized as follows. For an identical alkali equivalent,
the pH value of an NaOH solution and the dissolution rate of slag
are higher. Therefore, the slag has a shorter induction period and
larger peak strength. The pH value, the intensity of the second
hydration peak, and the cumulative heat evolved for an Na,SiO3
solution are lower than those of an NaOH solution. Na,CO3; and
Na,SO, are nearly neutral salts that are not conducive to slag dis-
solution. This restricts the initial solid phase nucleation and
growth of the hydration products. Hence, the early peak strength
for slag is lower than that of the former two, and the second hydra-
tion peak is delayed when Na,COs or Na,SOy is used as the alkali
activator. Nevertheless, the subsequent peak strength is similar
to those of the former two. In addition, CO52~ that decomposes
from Na,CO; will combine with Ca?* to form CaCO; precipitation
before generating calcium alumina silicate hydrate (C-A-S-H)
when Na,COs is used as the alkali activator, which will conse-
quently delay the hydration process of the slag. With the consump-
tion of CO3%~ ions, the pH value of the pore solution increases, and
the hydration process accelerates in the subsequent stage. It is
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evident that the type and the dosage of alkali activator are compre-
hensively important factors that affect the hydration process of
slag.

The parameter n (the mass ratio of Na,O to slag) and Ms (the
mass ratio of SiO, to Na,0) can affect the dissolution of slag parti-
cles and the nucleation and growth of the initial phase when
Na,SiOs is used as the alkali activator. This, in turn, affects the
hydration process of slag. Ravikumar and Neithalath [73] studied
the influence of Na,SiO3 with different n and Ms on the slag hydra-
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tion process, as shown in Fig. 7. The use of Na,SiO3 with a higher n
or lower Ms would result in a higher peak value of the second
hydration reaction of slag. Studies [73-75] have investigated the
effect of Na,SiO3 with different n on the hydration process of slag.
It was discovered that a single peak appeared (i.e., the initial peak
coincided with the acceleration peak), and there was no apparent
induction period when n was significantly high. Cao et al. [61]
studied the effect of silicate with different Ms on the hydration pro-
cess of slag. It was observed that the silicate with a higher Ms
shortened the hydration induction period of slag when the alkali
equivalent was identical and thereby advanced the hydration
acceleration period, which could be attributed to the fact that sili-
cate with a higher Ms can provide more SiO4*~ ions to accelerate
the production of hydration products. However, the opposite con-
clusion was obtained in other studies [74,75]. The studies [47,75-
77] demonstrated that two accelerated exothermic peaks appeared
when the alkali equivalent was constant and the Ms was high. The
first accelerated exothermic peak appeared because the high alka-
linity of the alkali activator solution promoted the formation of
early products. The second accelerated exothermic peak appeared
because the formation of the early hydration products resulted in
a higher consumption of alkali, and in turn, the increase in the sil-
ica concentration. A higher silica concentration and lower pH value
promoted the decomposition of calcium.

The pH value of the alkali activator can control the dissolution
of the vitreous body slag and the subsequent condensation reac-
tion, which has a substantial influence on the efficiency of the
alkali activator [78,79]. Among the compounds containing sodium,
the pH value (and thereby, the activation efficiency) of an NaOH
solution is the highest when the alkali equivalent is constant. With
the increase in the alkali equivalent, the peak value of the second
hydration reaction and the cumulative heat evolved increase, and
the hydration degree of the slag improves significantly. Therefore,
the pH value should be at least 11.5 when NaOH is used as the
alkali activator [79]. Mobasher et al. [67] studied the effect of
Na,SO4 with different alkali equivalents on the hydration process
of slag. It was determined that with the increase of the alkali equiv-
alent, the hydration induction period shortened, the second hydra-
tion peak appeared earlier, and the peak strength increased. Tan
et al. [67] studied the effect of Na,SO4 and Na,CO3 with different
alkali equivalents on the hydration process of slag. It was observed
that with the increase in the alkali equivalent, the peak intensity of
the second hydration reaction peak of the slag and the cumulative
heat that evolved increased, and the appearance time was
advanced (Fig. 8 [67]).

In addition, the states of the alkali activator will also affect the
hydration process of AASC. Overall, liquid alkali activators are the
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activators that are used the most because a large amount of heat is
generated when the solution is prepared. However, some research-
ers will choose solid alkali activators. For solid sodium hydroxide,
the process of dissolution will release a large amount of heat. For
water glass, the dissolution of anhydrous glass with Ms less than
2 or water glass is an exothermic process, and anhydrous glass
with Ms more than 2 is an endothermic process. The larger the
Ms is, the less alkali content in the glass there is, and the glass is
more difficult to dissolve in water. The dissolution of anhydrous
sodium carbonate and sodium carbonate monohydrate is exother-
mic, while the dissolution of sodium carbonate heptahydrate and
sodium carbonate decahydrate is endothermic. The dissolution of
anhydrous sodium sulfate is an exothermic process, and the disso-
lution of sodium sulfate decahydrate is an endothermic process
[11]. The heat of dissolution will accelerate the dissolution of the
slag and the hydration reaction, as well as increase the heat release
at the initial stage of hydration when a solid activator is used.
The influence of the dosage of alkali activator on the hydration
process of slag can be summarized as follows: After the slag dis-
solves, an aluminosilicate shell is rapidly formed on the surface
of slag. The shell remains impermeable and the hydration reaction
cannot be conducted until the shell is broken or dissolved. How-
ever, the shell can be better dissolved in a highly alkaline environ-
ment. Therefore, the highly alkaline alkali activator aids the
production of hydration products. The second hydration reaction
peak appears earlier and the peak intensity increases [44,45,79-
83]. The peak intensity of the second hydration reaction peak is
proportional to n/Ms when Na,SiOs is used as the alkali activator.
A higher Ms can provide more SiO4*~ ions for the hydration reac-
tion when the alkali equivalent is constant, which increases the
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amount of hydration products, resulting in higher cumulative heat
being evolved and the formation of more hydration products.

3.1.3. Effect of curing technology on hydration process

Variations in the curing time, curing temperature, and curing
humidity would result in alterations of the slag hydration process.
An increase of the curing time improves the degree of hydration
reaction, and an increase of the curing temperature can promote
the hydration reaction of slag. However, the research on the influ-
ence of the curing humidity on the hydration process of slag is lim-
ited, and further research is required.

In general, the rate of the chemical reaction is doubled with
every 10 °C increase in temperature. Similarly, an increase of the
curing temperature can significantly accelerate the hydration pro-
cess and increase the hydration exothermic rate of slag. Gijbels
et al. [64] studied the effect of the curing temperature on the
hydration process of slag. They observed that an increase of the
curing temperature accelerated the hydration reaction process,
advanced the second hydration reaction peak, and caused the peak
to become higher and wider. This was consistent with the research
results of Ferniandez-Jiménez and Puertas [84]. Gebregziabiher
et al. [75] used NaOH and Na,SiO5 as alkali activators to study
the effect of the curing temperature on the hydration process of
slag. It was found that with a high curing temperature condition,
the second hydration reaction peak of slag was advanced, and
the peak intensity was improved, as shown in Fig. 9.
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3.2. Hydration products

Studies [46,61,68,78,85-90] have investigated and reported the
hydration products of slag. C-(A)-S-H was generally considered to
be the main hydration product of slag and it had a lower Ca/Si
ratio, longer chain length, and higher degree of polymerization
compared with the main hydration product of ordinary Portland
cement (calcium silicate hydrate (C-S-H)). Thereby, it had higher
strength. The higher alkalinity in the pore solution of AASC is con-
ducive to penetrating the aluminosilicate shell on the slag surface,
forming the secondary hydration products of C-S-H and C-A-S-H
with higher alkali content, and increasing the internal C-S-H layer.
However, the secondary hydration products of slag will vary with
the composition, the type of alkali activator, and the curing condi-
tions of slag.

3.2.1. Effect of slag composition on hydration products

The composition of slag, which is related to the iron and steel
smelting process and ore sources, can affect the composition of
hydration products and atomic ratio, replace the atoms in the
C-S-H bridging position, alter the chain length of the hydration
products, and affect the spatial structure of hydration products.
Haha et al. [51] studied the effect of the Al,03 content in slag on
the hydration products of slag. It was discovered that the slag with
a higher Al,03 content increased the substitution of Al in C-S-H
and formed C-A-S-H. However, the increase of the Al,O5; content
in slag slowed down the early hydration rate, and the formation of
hydration products was limited, which was consistent with the
research results of Tdnzer et al. [24]. According to the studies
[49,55,56,78,86,88,91,92], hydrotalcite-like Mg-Al layered double
hydroxides can also be observed in slag when the content of MgO
is sufficient. The spatial structure is shown in Fig. 10. Gismondine
(CaAl,Si;0g-4H,0), phillipsite ((K,Nay,Ca)[AlSis0g],-6H,0), and so
on will also be observed in AASC when the content of Al,03 in
the slag is high and that of MgO is low [43,93-95]. Yang et al.
[96] studied the hydration products of slag doped with nano-
TiO,. They observed that no new hydration products were
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generated. However, the hydration product C-(A)-S-H of slag
became denser.

The effect of the slag composition on hydration products can be
summarized as follows. The hydration products of the slag mainly
include brucite, hydrotalcite, and C-S-H when the content of Al,03
in the slag is low and that of MgO is high. With the increase of the
AlL,O; content in slag, the myg/ma mass ratio of hydrotalcite
decreases, and the number of C-A-S-H increases, which can be
attributed to the fact that the increase of Al,O3 content in the slag
results in the increase in the Al substitution for hydrotalcite and C-
S-H. In addition, the increase of Al,O3 content in slag will reduce
the concentration of oxides (i.e., CaO, SiO,, MgO) as well as the
amount of C-S-H and hydrotalcite, as shown in Fig. 11(a) [51].
C-(A)-S-H and hydrotalcite-like phase can be observed when the
content of MgO in the slag is low. Brucite is also observed when
the MgO content is high. Initially, more available Al is used to form
a hydrotalcite-like material with the increase of MgO content in
slag, whereby the amount of hydrotalcite-like material increases.
Afterward, the remaining Al is incorporated into the C-S-H. There-
fore, the substitution of Al in the C-S-H decreases, and the excess
Mg?* combines with OH™ to form brucite precipitation (Fig. 11(b))
[55].

3.2.2. Effect of alkali activator on hydration products

Many models of the main hydration product C-A-S-H of AASC
are available, such as the tobermorite-like phase and the humite-
like phase with different interlayer spacing. It has been indicated
that the humite-like structure is similar to the main hydration pro-
duct of slag when silicate is used as the alkali activator. A simple
model of the tobermorite-like phase was developed by combining
the research by Provis and Bernal [70] with the existing research
on the C-A-S-H model, as shown in Fig. 12. The type of alkali acti-
vator would affect the structure and composition of the main
hydration product C-A-S-H of slag as well as the formation of
the secondary hydration products of slag.

Al appears mainly in the bridging position of C-S-H when NaOH
is used as the alkali activator, which results in the restriction of the
substitution degree of Al and the formation of Al-rich secondary

Fig. 10. Spatial structure of Hydrotalcite.
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phases. The main hydration product of slag is C-A-S-H when NaOH
is used as the alkali activator, which is similar to a tobermorite-like
phase structure. Furthermore, Al exists mainly in the tetrahedral
bridging position and has closely bound aluminum-rich second
phases, such as hydrotalcite-like and AFt. Calcite (CaCOs) is also
observed, whereas the Ca(OH), phase is not observed
[61,79,88,91,97-102]. Schilling et al. [19] studied the hydration
products of slag when NaOH was used as the alkali activator.
C4AH;3 and hydrated calcium aluminosilicate (C,ASHg) were
observed, and the intensity of the diffraction peak increased with
the increase of the NaOH concentration and the hydration age.
Na,SiO; can provide more SiO4*~ for the polymerization process
and produce C-A-S-H gel with a relatively high crosslinking

Nanoscopic particle size
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degree. However, the crystallinity is relatively low, and the exter-
nal hydration products increase because of the high SiO, concen-
tration in the initial fluid region. Many studies [49,86,92,103,104]
have demonstrated that when Na,SiOs is used as the alkali activa-
tor, the main hydration product of slag is C-A-S-H with low crys-
tallinity. Furthermore, nuclear magnetic resonance (NMR) has
revealed that Na,SiOs can induce the formation of C-A-S-H with
relatively high Q, and Qs contents, a high degree of crosslinking,
and good compactness. In addition, hydrotalcite-like, AFt, and
other crystalline hydration products are produced in addition to
C-(A)-S-H when Na,SiOs is used as the alkali activator [105,106].

C-A-S-H, which is the main hydration product of slag, gener-
ally has a higher mc,/ms;+a; mass ratio and a more ordered nanos-
tructure when NaOH is used as the alkali activator compared with
Na,SiO3; [105,106]. When NaOH is used as the alkali activator,
some of the bonded Ca®* in C-A-S-H may be replaced by Na*,
resulting in the formation of C-(N)-A-S-H [46].

The dissolved ions in slag can react with the ions provided by
the alkali activator to promote the formation of specific reaction
products. Na;CO3 and Na,SO4 solutions can provide different types
of ions for the hydration of slag and thereby form different hydra-
tion products. Tan et al. [67] performed a comparative study of the
influence of Na,SO4 and Na,COs as alkali activators for slag hydra-
tion products. They observed the appearance of AFt when Na,SO,
was used as the alkali activator, as shown in Fig. 13 [67]. This
was consistent with the previous reports on slag hydration prod-
ucts [53,69,70,107-109]. Furthermore, the peak intensity of AFt
at 28 days was lower than that at seven days, which was related
to the carbonization of AFt. Calcite, calcium hemicarboaluminate
(monosulfate (AFm)-like phase), manasseite (hydrotalcite-like
phase), and gaylussite could be observed in the hydration products
when Na,CO3; was used as the alkali activator. In addition, the peak
value of the hydration products except for gaylussite increased at
28 d, which was consistent with the conclusion of the literature
[68]. In addition, hydrotalcite and akermanite have been observed
in the hydration products of slag when Na,SO, is used as the alkali
activator [68,69,109].

The effect of alkali activator on hydration products can be sum-
marized as follows: C-(A)-S-H is the main hydration product of
slag when different alkaline solutions are used as alkali activators.
N-A-S-H and C-(N)-A-S-H also exist. The secondary hydration
products are different for alkali activators. The use of NaOH as
the alkali activator is favorable to the production of AFm, and the
crosslinking degree of C—-A-S-H is lower. Na,SiO3 can provide more
Si04*~ when Na,SiO; is used as the alkali activator, which causes
the bridging unit of Si in C-A-S-H and the degree of polymeriza-
tion of C-A-S-H to increase. It can decompose SO~ ions when
Na,SO, is used as the alkali activator, and this can promote the
production of AFt. More COs2~ can be produced by electrolysis
when Na,CO;3 is used as the alkali activator, and which can

Interlayer region
Substitution of Ca?*,
Na*, H,0, H", Al
species

- Layer buckling, vacancies

Dreierketten silicate chains
Cross-linking, Al substitution,
vacancies in bridging sites

Fig. 12. Tobermorite-like C-A-S-H gel structure. The triangles denote tetrahedral Si sites (the red triangle denotes Al substitution into one bridging site), the green rectangles

denote CaO layers, and the circles denote various interlayer species [70].
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promote the formation of a CaCOs precipitation. The research
results on the hydration products of slag with different alkali acti-
vators are relatively inconsistent, and the formation mechanism of
the hydration products needs to be explored further.

3.2.3. Effect of curing conditions on hydration products

Although the main hydration products of slag under different
curing conditions are similar, a variation in the curing conditions
would alter the crystal structure of the hydration products and
affect their crystallinity. The hydration products of slag with auto-
clave curing are significantly different from those obtained by cur-
ing under normal pressure. Well-crystallized crystals such as
xonotlite, tobermorite, and natrolite (such as NaS;Hs) are observed
in the hydration products of slag under autoclave curing conditions
[110]. Sugama and Brothers [111] studied the effect of the auto-
clave curing temperature on the hydration products of slag. It
was observed that the main hydration product of slag with curing
at 200 °C was C-S-H, whereas tobermorite and xonotlite with good
crystallization were observed for 300 °C. Jiang [112] studied the
effect of the curing temperature on slag hydration products. Only
C-S-H and hydrotalcite were detected when the curing tempera-
ture was 25 °C. A series of well crystallized hydration products
such as mica, nepheline, melilite, and sodium calcium silicate were
formed when the curing temperature increased to 700 °C.

The effect of the curing conditions on the hydration products
can be summarized as follows. An appropriate increase of the cur-
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ing temperature can promote the hydration reaction and produce
more hydration products with good crystallization. If the curing
temperature is excessive, the free water will evaporate, and certain
hydration products will be destroyed. Therefore, most of the
hydration products will have a porous structure, which will cause
them to be rough.

The hydration products of slag are determined mainly by the
composition of slag, the type of alkali activator, the curing condi-
tions, and so forth. Fig. 14 is a schematic diagram of the hydration
products of AASC under different conditions
[43,49,55,78,93,94,97,102-106,113].

4. Microstructure of AASC
4.1. Pore structure

AASC has a higher availability of silicon and lower mc,/ms; mass
ratio than OPCC. There are few large crystal grains with high solu-
bility similar to Ca(OH),. Furthermore, the particle size of the
hydration products is smaller, so the pores can be better filled,
and the pore structure is optimized. Therefore, the pore structure
of AASC is better than that of OPCC.

4.1.1. Effect of slag composition on pore structure

As has been established, large capillary pores and air pores are
of substantial significance to the analysis of the compressive
strength, flexural strength, and other mechanical properties of con-
crete. Gel pores and minute capillaries have a substantial influence
on the shrinkage performance of concrete, particularly for AASC
with poor drying shrinkage. Therefore, an analysis of the pore
structure of AASC is of substantial significance to a further study
of the mechanical properties, shrinkage properties, durability,
and other properties of AASC. However, slag with different compo-
sitions would produce different hydration products, which would
affect the pore structure of AASC. Therefore, it is necessary to ana-
lyze the influence of the slag composition on the pore structure.

As has been established, hydration products are of substantial
significance to the filling of pores. This is particularly true for
hydration products with a larger specific surface area, which have
a significant impact on the refinement of the pore structure.
Because the composition of slag can affect the formation of hydra-
tion products, a study of the composition of slag is highly impor-
tant for analyzing pore structures. Wang et al. [114] studied the
influence of slag with different MgO contents and different ages
on the pore structure of AASC. They observed that slag with a
low MgO content (LMg) would cause the porosity of AASC within
the 1-50 nm pore size region to be lower. However, the average
pore diameter was higher, which indicated that the content of
the gel in the slag was low when the MgO content of the slag
was low, as shown in Fig. 15 [114]. Yang et al. [96] studied the
effect of the TiO, content in slag on the pore structure of AASC.
They observed that slag with a high TiO, content resulted in a
lower total porosity of AASC, so the AASC had a better pore size dis-
tribution. Ju et al. [115] studied the influence of slag with different
CaO contents on the pore structure of AASC. They observed that the
porosity of the AASC decreased with the increase of the CaO con-
tent in slag, which could be attributed to the fact that CaO could
promote the hydration of the slag. Hence, more hydration products
were generated, the number of micropores was reduced, and the
pore structure became more compact. Wang et al. [116] studied
the effect of the addition of nano-SiO, on the pore structure of
AASC, as shown in Fig. 16. With the increase of the nano-SiO, con-
tent, the hydration reaction speed, quantity of hydration products
of the AASC, and compactness increased, whereas the porosity
decreased. Refs. [117,118] indicated that the number of pores
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larger than 30 pm in alkali-activated slag fly ash concrete was
reduced substantially when the rate of quantity of slag and fly
ash used to prepare the concrete was 4:1. This is because fly ash
particles are smaller than slag particles, so they can better fill pores
and optimize the pore structure. Hu et al. [119] studied the pore
size distribution of alkali-activated slag/fly ash concrete with dif-
ferent slag/fly ash ratios. It was found that the porosity decreased
with the increase of the slag/fly ash, and the proportion of 10-10*
nm pores increased significantly since the addition of fly ash
increased the content of high-porosity gel N-A-S-H gel in the
gel and reduced the content of dense C-A-S-H gel, as shown in
Fig. 17 [119].
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The effect of the slag composition on the pore structure of AASC
can be summarized as follows. The increase of non-expansive
hydration products and the formation of phases with a larger
specific surface area have a positive effect on improving the pore
structure of AASC. Slag with a higher MgO content can promote
AASC to produce more hydrotalcite-like phases with a larger speci-
fic surface area, it can better fill the pores and refine the pore struc-
ture. The dissolved TiO, exists as Ti** and Ti>*, and it can be used as
a network former to replace Si** and Ca?* in the glass network. Ti>*
can strengthen the network, densify the glass structure, reduce the
porosity of AASC, and improve the pore structure [24]. The increase
of other substances in the slag, such as Ca0, SiO,, and so on can
promote the production of C-(N)-A-S-H gel, thereby refining the
pore structure. If nano-scale slag is used, as the fineness of the slag
increases, the activity index of the slag increases, the hydration
reaction is accelerated, the degree of hydration increases, and the
hydration products are more uniform, which can significantly
improve the pore structure of AASC.

4.1.2. Effect of alkali activator on pore structure

The content of macropores and mesopores decrease signifi-
cantly with the formation of gelation and its filling effect as well
as the induced nucleation effect of nanomaterials, which improves
the pore size distribution and completely optimizes the
microstructure. Nevertheless, this is closely related to the types
and dosage of the alkali activators. The pore structures produced
by different types of alkali activators display substantial
differences.

The initial stage of the hydration reaction is affected by the dis-
solution of the vitreous body. An alkali activator with a high pH
value can promote the dissolution of slag and accelerate the forma-
tion of hydration products, fill pores, and refine the pore structure.
In the subsequent stage, the densification of the pore structure is
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Fig. 16. (a) Pore size distribution and (b) cumulative pore volume of different nano
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mainly achieved by precipitation. The dissolution of the vitreous
body in the early stage of the hydration reaction or the subsequent
precipitation tremendously depend on the alkali activator. Zhang
et al. [117] compared the effects of NaOH and Na,SiO; on the pore
structure of AASC, as shown in Fig. 18. The porosity of AASC was
lower when Na,SiO; was used as the alkali activator compared
with NaOH. However, the number of pores larger than 10 pm
was approximately 20 times that for the former, which might have
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content (wt%). FA is referred to Fig. 17 [119].

been related to the microcracks caused by shrinkage. Gijbels et al.
[64] studied the effect of NaOH content on the pore structure of
AASC. They investigated the idea that with the increase of NaOH
content, the porosity of AASC decreased and the pore structure
became more refined. Hu et al. [120] studied the effect of alkali
equivalents (4%, 6%, and 8%) on the pore structure of AASC when
Na,SiO5; was used as the alkali activator. The results showed that
with the increase in the alkali equivalent, the porosity of the AASC
decreased, the proportion of micropores was higher than that of
macropores, and the pore size distribution was better. With the
increase of the curing time, the porosity decreased, and the poros-
ity of the AASC was significantly lower than that of OPCC, as shown
in Fig. 19 [120]. Ye et al. [121] compared the effects of NaOH and
Na,COs on the pore structure of AASC. The study found that the
porosity of AASC was lower when Na,CO3 was used as the alkali
activator compared with NaOH. Jiao et al. [122] studied the effect
of the Na,CO3/NaOH ratio on the pore structure of AASC. It was
observed that with the increase in this ratio, the porosity and the
mesopores of the AASC decreased, which could be attributed to
the refining effect of Na,COs on the pore structure of AASC.

The effect of the alkali activator on the pore structure of AASC
can be summarized as follows. The hydration reaction of slag is
excessively fast when NaOH is used as the alkali activator, which
causes a rapid formation of hydration products with relatively
rough surfaces and non-uniform spatial dispersion; thereby, a poor
pore structure will be formed. Na,SiO3 can provide more Si0 4
ions when it is used as an alkali activator, which is favorable to
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the generation of hydration products. The Ca/Si ratio of C-(A)-S-H
decreases when Na,SiOs is used as the alkali activator. This, in turn,
results in the improvement of the alkali binding capability of C-A-
S-H, accelerates the hydration reaction, and generates more hydra-
tion products, a good pore size distribution, and a more compact
matrix structure [83]. Therefore, the pore structure of AASC is bet-
ter when Na,SiOs is used as the alkali activator. The precipitate of
CaCO5 produced by the reaction between CO32~ ions in the alkali
activator and Ca®" dissolved in the slag can fill the pores better
when Na,COs is used as the alkali activator. Moreover, with the
consumption of CO52~, the pH value in the pore solution increases,
which is conducive to the formation of more hydration products
and therefore optimizes the pore structure. The literature
[46,80,83] reveals that the formation of hydration products
depends on the availability of ions in the pore solution and its
capability to penetrate the aluminosilicate shell. However, an alkali
activator with a higher alkali equivalent can better penetrate the
aluminosilicate shell attached to the slag surface and thereby fur-
ther accelerate the secondary hydration reaction. This would result
in the production of more hydration products, which would fill the
pores and improve the pore structure. Therefore, an appropriate
increase in the alkali equivalent of the alkali activator is also favor-
able to the optimization of the pore structure.

4.1.3. Effect of curing conditions on pore structure

The capillary pores are filled gradually as the hydration reaction
progresses, which results in the decrease of the total porosity and
the increase of the density of the concrete. Nonetheless, the curing
condition is essential to ensure the hydration of the concrete and
therefore, highly important for analyzing the pore structure.

An increase of the curing temperature is favorable to the disso-
lution of the slag and the hydration reaction and to the increase of
crystallinity of the hydration products. This causes their distribu-
tion to become more uniform and in turn, improves the pore struc-
ture. Ju et al. [115] performed a comparative study of the effect of
the curing temperatures —10 and 20 °C on the pore structure of
AASC. They reported that as the temperature increased, the propor-
tion of gel pores increased and that of macropores decreased, and
the pore structure improved significantly. Wei et al. [123] studied
the effect of low temperature on the pore structure of alkali acti-
vated slag/fly ash concrete, and they found that when the curing
temperature was —5 °C, there were more harmful pores and larger
porosity in the alkali-activated slag/fly ash concrete, while there
were more harmless pores and smaller porosity when the curing
temperature was 20 °C, as shown in Fig. 20. Gu et al. [124] per-
formed a comparative study of the effect of the curing tempera-
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tures 7 and 20 °C on the pore structure of AASC. They observed
that for an identical age, AASC cured at 20 °C had lower total poros-
ity and a finer pore size distribution, albeit with a larger mesopore
volume (Fig. 21). Aydin and Baradan [83] studied the effect of cur-
ing methods on the pore structure of AASC and investigated the
idea that the pore size distribution of AASC subjected to autoclave
curing was better than that of AASC subjected to steam curing.
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Fig. 20. Pore size distribution of alkali-activated slah/fly ash concrete at different
temperatures (28 days) [123].
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The effect of curing conditions on the pore structure of AASC
can be summarized as follows. With an increase of the curing tem-
perature, more hydration products are produced, the pores are
filled better, the pore structure is optimized, and the microstruc-
ture is improved. However, with an excessive temperature, the
pore water would be lost, and the drying shrinkage would be
increased. Thereby, an unfavorable porous structure is formed,
and the permeability is increased, which consequently degrades
the pore structure of the AASC.

4.2. Interfacial transition zone (ITZ)

The sizes of slag particles and aggregate are different orders of
magnitude, that is, the size of the aggregate is significantly larger
than that of slag. Therefore, each type of aggregate exists as a mini
“wall” in concrete. The packing of grains through the surface of
aggregate is disrupted during the mixing process, which is the
so-called “wall effect.” Therefore, a zone with a deficit of huge
grains that cannot physically pack adjacent to the aggregate is gen-
erated. This is the origin of the ITZ (Fig. 22) [125]. An ITZ rich in
reaction products is generated in AASC due to the higher effective
local water-binder ratio in this zone. The mc,/msj.na Mass ratio in
the ITZ is low, and the generation of the hydration product N-A-S-
H occurs rather than expansion Al-free cementation, which is con-
ducive to the bonding of the ITZ and the matrix [126,127].

4.2.1. Effect of slag composition on ITZ

The ITZ between aggregate and cement paste is the weakest
zone in concrete, which controls the important properties of con-
crete such as strength, permeability, and durability [128-131].
Therefore, the dense ITZ plays a significantly important role in
improving the performance of AASC, which depends enormously
on the composition of the slag.

Many factors affect the ITZ of AASC, such as the reaction
between silica aggregate and alkaline aluminosilicate, the forma-
tion of additional reaction products on the surface of the aggregate,
and the control of the condensation reaction by the alkali activator.
The first two factors are both related to the slag composition. Yang
et al. [96] studied the effect of adding nano-TiO5 to the slag on the
ITZ of AASC. It was found that the addition caused the porous C-S-
H outside the AASC to become denser, the internal hydration prod-
ucts to be arranged compactly, the width and the quantity of the
microcracks to be decreased, and the ITZ to become denser. Ju
et al. [115] studied the influence of CaO in slag on the ITZ of AASC.
They observed that after the CaO was incorporated, the edges of
the GGBFS became smoother, and most of the GGBFS was sur-

Paste matrix

Fig. 22. Particle distribution in ITZ. Reproduced from Ref. [125] with permission.
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rounded by hydration products. Similarly, the addition of nano-
SiO, also caused the ITZ of the AASC to become smoother [116].
Gruskovnjak et al. [53] studied the influence of different Al,Os con-
tents in slag on the ITZ of AASC. The slag with a high content of
Al,05 caused the AASC to form a hexagonal prismatic AFt that grew
perpendicular to the surface of the slag. Furthermore, the AFt could
be closely combined with the network C-S-H in the matrix. How-
ever, the slag with a low Al,03 content was surrounded only by a
thin hydration product layer, which still had a large pore space
and poor ITZ. In addition to the slag composition, the fineness of
slag is an important factor that affects the pore structure of AASC.
Previous studies [132,133] demonstrated that the slag distribution
became more uniform with the increase of the slag fineness. In
addition, the fine particles had a better filling effect and more
nucleation sites, whereby the hydration reaction was accelerated,
and more hydration products were produced. This, in turn, caused
the pores to be better filled and the internal ITZ to be smoother.

The effect of the slag composition on the ITZ can be summarized
as follows. The slag composition can affect the characteristics of
the hydration products, which constitute an important standard
for evaluating the quality of the ITZ. Therefore, slag composition
is of high significance to the analysis of the ITZ of AASC. CaO,
SiO,, and Al,05 are essential reactants for the formation of hydra-
tion products, and their content affects the formation of the hydra-
tion products. The addition of nano-CaO is favorable to the
formation of C-(A)-S-H, and the reaction of CaO and H,O is
exothermic. These can accelerate the hydration reaction, produce
more hydration products, and improve the ITZ [115]. Although
nano-SiO, can reduce the alkalinity of pore solution, the unsatu-
rated silicon bonds in nano-SiO, can react with OH- to form
=Si-OH. Then, =Si-OH can react with Ca(OH), to form C-S-H,
which can effectively fill the pores and improve the ITZ
[116,134,135]. Slag with a high Al,03 content is favorable to the
formation of AFt that is closely combined with the networked C-
S-H. AFt is needle-shaped and has a large specific surface area,
which can effectively fill the pores and thereby cause the ITZ to
be denser. The fineness of slag is also a highly important factor that
affects the ITZ. Nanomaterials have a substantial effect on the fill-
ing of pores and the nucleation effect of hydration products, and
they can effectively reduce the shrinkage of AASC. Therefore,
improving the fineness of slag is also highly important for enhanc-
ing the ITZ of AASC.

4.2.2. Effect of alkali activator on the ITZ

As mentioned previously, an alkali activator can produce hydra-
tion products with good morphology by influencing the condensa-
tion reaction or providing ions required for specific hydration
products. Therefore, the alkali activator affects the ITZ of AASC.
Zhang et al. [117] compared the effects of NaOH and Na,SiO3 on
the ITZ of AASC, as shown in Fig. 23. The mass ratio of mc,/ms; in
C-(A)-S-H was lower, the degree of polymerization was higher,
the hydration products were denser, and the ITZ of the AASC was
more uniform and narrower when Na,SiO3 was used as the alkali
activator compared with NaOH. Rashad et al. [69] studied the effect
of Na,S0O4 concentration on the ITZ of AASC. It was found that com-
pared with the low concentration of Na,SO, as the alkali activator,
more needle-like AFt appeared in AASC when a higher concentra-
tion of Na,SO4 was used as the alkali activator, and the ITZ had bet-
ter compactness.

The effect of the alkali activator on the ITZ of AASC can be sum-
marized as follows. Na,SiO5 can provide more Si04%~, which results
in the decrease of mc,/ms; mass ratio of the C-A-S-H and in turn,
causes the formation of C-A-S-H with a higher degree of polymer-
ization. This increases the disorder of the network structure and
causes the C-A-S-H to be denser, which can better fill the pores
and optimize the ITZ. Although the pH value of an NaOH solution
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Fig. 23. Scanning electron microscope (SEM) images of the ITZ between coarse aggregate and mortar of (a) SH and (b) WG, and energy-dispersive X-ray spectroscopy (EDS)

spectrum of the ITZ of (¢) SH and (d) WG. Reproduced from Ref. [117] with permission.

is the highest and the hydration reaction is the fastest with an
identical alkali equivalent, the excessively fast hydration reaction
would cause a non-uniform distribution of hydration products,
which would result in a rough ITZ. Fine needle-shaped AFt crystals
appear in the hydration products of AASC as the hydration age
increases when Na,SO, is used as the alkali activator. AFt fills in
the pores of AASC to make the structure denser, which decreases
the porosity and improves the microstructure. Therefore, the ITZ
of AASC in the subsequent curing period is better when Na,SO4
is used as the alkali activator compared with NaOH.

4.2.3. Effect of curing conditions on the ITZ

The increase of the curing temperature can accelerate the disso-
lution of slag, the progress of the hydration reaction, and the forma-
tion of hydration products. Therefore, the transition of the ITZ is
smoother. Gu et al. [124] studied the effect of the curing temperature
on the ITZ of AASC. The study determined that the ITZ of AASC
became denser, and the unreacted slag could be detected when the
curing temperature increased from 7 to 20 °C. Gebregziabiher et al.
[75] also studied the effect of temperature on the ITZ of AASC. The
study determined that the transition between the internal products
and the unreacted slag of AASC was gentler and more abundant
nucleation sites and fewer pores were apparent when the curing
temperature was 50 °C compared with 23 °C. Many microcracks
were observed in the above studies, which may have been caused
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by the drying shrinkage of the sample. Furthermore, the microcrack
could be improved by adding expansion agents or shrinkage
reducing agents [49,136]. In conclusion, the microstructure changes
from loose particles to a dense structure with the increase in the
curing temperature can be attributed to the improvement of the slag
hydration reaction.

In recent years, there have been more and more research on the
hydration characteristics and microstructure of AASC, and the
understanding has become more profound, but there are still many
problems to be solved. For example: (D Slag is a byproduct of the
metallurgical industry whose composition fluctuates greatly, so
the choice of slag is also a difficult problem. @ In general, a liquid
activator is the first choice for an AASC activator. However, the dis-
solution of a solid activator can release heat and accelerate the dis-
solution and hydration reaction of slag, so a solid activator may
also be used in actual engineering. Yet, there is a lack of a deeper
understanding of solid activators. @ Owing to the low fineness of
slag, there are many gel pores and small pores in AASC, and this
easily leads to the formation of the drying shrinkage of AASC. At
present, expansion agents, air-entraining agents, and super absor-
bent resins [137], and so forth can be used to reduce the drying
shrinkage, but this will affect the strength of AASC. The method
that can reduce the drying shrinkage of AASC without affecting
the strength and other properties of AASC is the focus of future
research. @ Compared with OPCC, AASC is more likely to have an
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alkali-aggregate reaction due to the influence of an alkali activator,
which can expand the pores and crack or even damage the matrix,
especially when the aggregate also has alkali activity. Therefore,
effective measures should be taken to limit alkali-aggregate
reactions.

5. Conclusions

In this paper, the research results for the hydration characteris-
tics and microstructure of AASC obtained in recent years are
reviewed systematically. The effects of the slag composition, the
type and dosage of the alkali activator, and curing conditions on
the hydration characteristics and microstructure of AASC are sum-
marized, as follows:

(1) The hydration process of AASC is affected by the composi-
tion of the slag, the type and dosage of the alkali activator, and
the curing conditions. A variation in the composition of the slag
can affect the activity of the slag hydration reaction and alter the
rate of the hydration reaction. The alkali activator affects the disso-
lution and condensation reaction of the slag (mainly through the
pH value) and thereby affects the hydration process of the AASC.
The curing conditions can affect the rate of the hydration reaction
and the breaking of old bonds during the polymerization reaction
and ultimately, affect the hydration process of the AASC.

(2) The main hydration product of AASC is C-(A)-S-H with a
relatively low mc,/ms; mass ratio, mixed with C—(N)-A-S-H and
N-A-S-H. However, the secondary hydration products change
with the variations of the slag composition, alkali activator, and
curing conditions. As the precursor of the hydration reaction, the
slag composition directly affects the types of hydration products.
Alkali activators can affect the dissolution of slag and provide the
ions required for specific reaction products. Curing conditions
can alter the crystallinity of hydration products and then generate
different forms of hydration products.

(3) Different slag compositions can produce hydration products
with different porosities, and the fineness of slag can affect the
nucleation of the hydration products and alter the uniformity of
the hydration products. An alkali activator can provide specific ions
for the hydration reaction with dissolved slag, which can increase
the quantity of hydration products or produce precipitation prod-
ucts that can better fill the pores and reduce the porosity. Curing
conditions can affect the production of hydration products and
vary the uniformity of the hydration products. However, an exces-
sive temperature would destroy the structure of the hydration
products and cause the surface of these products to be rougher.
Therefore, an excessive temperature is not conducive to the devel-
opment of the pore structure.

(4) The ITZ is the weakest zone in concrete. The slag composi-
tion, alkali activator, and curing conditions can alter the morphol-
ogy of the hydration products, the smoothness of the transition
between internal hydration products and external hydration prod-
ucts, and the nucleation sites of hydration products. Although the
hydration heat of AASC is lower than that of OPCC, AASC can form
a denser ITZ, which can be attributed to the high degree of poly-
merization and the generation of more ordered C-A-S-H and
N-A-S-H. With regard to the use of an identical alkali equivalent
of NaOH, Na,SiOs, or Na,SO,4 as the alkali activator for AASC, the
quantity of hydration products generated is the largest and the
ITZ is the densest for Na,SiOs. This is followed by NaOH and
Na,SQy, in that order.

Overall, AASC has better durability and mechanical properties
than OPCC and it has broad application prospects. However, the
research on hydration kinetics, the formation of hydration prod-
ucts, the improvement of the pore structure, the ITZ, and other
mechanisms is not adequate. Furthermore, AASC also has the dis-
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advantages of low dry shrinkage performance and low liquidity.
Therefore, more research is required to better understand AASC
and to solve the problems related to it for AASC to be a preferable
substitute for ordinary cement-based materials.
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