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Abstract

To effectively mitigate the early-age shrinkage and cracking of alkali-activated cementitious
materials (AAMs), superabsorbent polymers (SAPs) were adopted in this study to absorb
and store water in the mixture, which is continuously released during the setting and
hardening process. This approach prolongs the setting and hardening process of AAM,
improves the stability of its microstructure, and reduces crack formation. Meanwhile, the
influence mechanism of CO, curing on the strength of SAP-modified AAM was investi-
gated. Through mechanical strength testing, X-ray diffraction (XRD), thermogravimetric
analysis (TGA), heat release measurement during setting and hardening, and pore size
distribution testing of specimens with different mix proportions and curing conditions,
effective methods to improve the mechanical strength and microstructural development
of AAM were explored. The results show that CO; curing can significantly enhance the
early-age strength of AAM, promote the formation of carbonation products, and optimize
the pore structure of AAM at the micro-level. An appropriate amount of SAP can prolong
the setting and hardening process of AAM and improve the degree of its setting and
hardening; however, excessive SAP reduces the concentration of alkaline solution in the
mixture matrix, increasing resistance to the setting and hardening of AAM.

Keywords: CO; curing; alkali-activated cementitious materials; superabsorbent polymer;
microstructural characterization

1. Introduction

Portland cement, as the most widely used basic building material in the world, con-
sumes massive energy for its production, which results in excessive greenhouse gas emis-
sions during its production and application. The process of cement production accounts for
approximately 7-8% of global anthropogenic CO, emissions [1]. Alkali-activated cementi-
tious materials (AAMs) have been studied as a class of green cementitious materials since
the early 20th century, with early developments by Purdon in the 1930s and systematic
investigations by Glukhovsky and Krivenko in the 1950s—-60s in the former Soviet Union [2].
AAM typically exhibits fast hardening, early strength and excellent corrosion resistance.
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Generally, AAMs are manufactured by the reaction of industrial solid wastes (such as slag,
fly ash, red mud, etc.) with alkaline solutions (such as NaOH solution, sodium silicate
solution, etc.) as activators at room temperature. According to the calcium content of the
precursors, AAMs are generally classified into two categories, i.e., high-calcium systems
(e.g., slag-based) and low-calcium systems (e.g., low-calcium fly ash-based) [3]. High-
calcium systems primarily form calcium aluminosilicate hydrate (C-A-5-H) gels, whereas
sodium aluminosilicate hydrate (N-A-S-H) gels are the main products in low-calcium sys-
tems. The carbon emissions generated during the preparation of AAM can be significantly
lower than those of ordinary Portland cement (OPC), with reported reductions ranging
from approximately 40% to 80% depending on the precursor type, activator composition,
dosage, and system boundaries considered in the life cycle assessment [4]. Compared to
cement-based cementitious materials, AAMs adopting slag-activated and sodium silicate
or sodium hydroxide typically exhibit a faster setting and hardening rate and can achieve
higher strength within a shorter curing time [5-7]. However, the setting behavior and
early strength development of AAMs are highly dependent on the precursor composition
and activator type; for instance, slag systems activated with calcium-based activators may
exhibit prolonged setting times and relatively low early strength [8].

The superabsorbent polymer (SAP) is a polyelectrolyte with a cross-linked structure,
which can absorb and store water dozens or even hundreds of times its own mass, and
release the water into the surrounding environment during the solidification of the paste [9].
SAP is applied as an internal curing agent in the raw materials of AAM, so that it absorbs
and stores water during the production and mixing process, and gradually releases it during
the setting and hardening process, optimizing the early internal curing environment, thus
prolonging the setting and hardening time of AAMs and deepening the degree of setting
and hardening [10]. However, it should be noted that SAP desorption also leads to the
formation of macroscopic voids within the hardened matrix, which can alter the pore
structure and potentially affect the mechanical performance and pore characteristics of
AAMs [11].

In this process, high-concentration CO, diffuses into the matrix through the pores
on the surface of AAM, dissolves in the pore solution, and reacts with a large number
of free cations such as Na*, Mg?* and Ca?* in the pore solution to generate sodium salts
(e.g., NapCOgs, which is highly soluble) and sparingly soluble phases such as MgCO3 and
CaCOs precipitates [12]. It is well established that the CaCO3; microcrystals generated
by CO; curing can significantly improve the early-age strength of concrete, as well as its
durability such as resistance to chloride ion penetration, sulfate attack and freeze—thaw
damage [13-15]. However, other studies have indicated that under certain conditions, the
carbonation process can alter the pore structure of AAM, reduce the pH value of the pore
solution, and may contribute to the deterioration of mechanical and durability properties,
particularly when the pH decreases below the threshold required for the stability of the
binding gel phases [16-18]. The extent of such degradation depends on factors including
the calcium content of the system, the CO, concentration, and the exposure duration.
The huge difference in the above results is due to the different calcium contents in the
raw materials. The setting and hardening products of AAM are usually divided into two
categories: one is mainly made of slag, and the main component of the product is calcium
aluminosilicate hydrate (C-A-S-H) gel; the other is mainly made of raw materials with
low calcium content such as low-calcium fly ash, and a solid compound with sodium
aluminosilicate hydrate (N-A-S-H) gel is the main product generated [19-22]. During the
CO; curing of AAM, CO; first dissolves in the pore solution to form carbonic acid, which
dissociates into carbonate (CO32~) and bicarbonate (HCO3_) species. These species then
interact with dissolved cations (e.g., Na*, Ca?*, and Mg?") present in the pore solution and
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may precipitate as carbonate phases (e.g., CaCO3 and Na;CQO3), resulting in a decrease
in the pH value of the pore solution [23]. When a significant number of alkaline cations
in the pore solution are consumed by CO,, the structural integrity of the AAM matrix
is compromised [24,25]. In AAMs with high calcium content, when the pH of the pore
solution decreases to values below approximately 10-11, the original C-A-5-H gel products
undergo progressive decalcification, leading to partial decomposition of the gel network.
It should be noted that unreacted slag particles can act as a reservoir of Ca®*, providing a
buffering effect that partially mitigates the extent of decalcification [26]. However, the fur-
ther formation of CaCOj crystal precipitation can fill the pores. Therefore, a small amount
of decalcification reaction does not cause the loss of mechanical strength of AAM. With the
deepening of the carbonation reaction, its mechanical strength may change significantly,
which needs further research and confirmation. In the system dominated by N-A-5-H
gel, there is no decalcification reaction in the skeleton, and the precipitation of CaCOs
crystals is not obvious. However, in a high-concentration CO, environment, the combined
effects of MgCOs3 and NayCOj; formation on the microstructural evolution and long-term
performance of AAM remain insufficiently understood. This study aims to address this gap
by systematically investigating the interaction between CO; curing and SAP incorporation
in a slag—fly-ash-blended AAM system.

In this study, fly ash and slag were used as mixed raw materials at a mass ratio of
1:1. This precursor combination was selected to achieve a moderate calcium content in
the system (Ca/(Si + Al) = 0.68), which allows for the coexistence of both C-A-S-H and
N-A-S-H gels. Such a blended system provides a representative platform to investigate
the interplay between internal curing (via SAP) and CO, curing, as both high-calcium and
low-calcium characteristics are present. AAM mix proportions with different SAP contents
were designed. Meanwhile, the influence mechanisms of standard curing and CO; curing
on the setting and hardening process of AAM were compared to explore effective methods
to optimize the mechanical strength and microstructural development of AAM.

2. Experimental Methods
2.1. Material Preparation

S95-grade slag was selected in the experiment, and its technical indicators were tested
in accordance with the Test Method for Fineness of Mineral Admixtures (GB/T 27973-
2011) [27]. Its specific surface area was 400 m?/ kg, the moisture content was less than 1%,
and the activity index at 28 days was more than 95%. All indicators met the standards,
and their application conditions complied with the technical specifications of Mineral
Admixtures for Concrete (GB/T 18046-2008) [28].

Class I fly ash was used in the experiment, and its application indicators were tested
in accordance with Fly Ash for Cement and Concrete (GB 1596-2017) [29]. The fineness
was 11.9%, the water demand ratio was lower than 94%, the loss on ignition was less than
5%, and the sulfur trioxide content was lower than 1%. All indicators met the national
standards. The chemical compositions of fly ash and slag are shown in Table 1.

Table 1. Main chemical components (wt.%).

Composition CaO SiO, AlL,Os3 MgO SO;3 TiO, Fe, O3 K,O MnO
Fly Ash 5.29 47.18 30.07 0.51 1.90 1.53 11.20 0.99 0.05
Slag 43.26 30.62 14.07 6.09 2.36 0.68 0.71 0.46 0.36

The sodium hydroxide powder used in the experiment was provided by Foshan Xilong
Chemical Co., Ltd., Foshan, Guangdong, China, with a purity of 99%. The sodium silicate
solution was produced by Jiashan County Yourui Refractory Material Co., Ltd., Jiaxing,
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Zhejiang, China. It has a NapO content of 8.53% (mass fraction), a solid-liquid mass ratio
of 0.35:0.65 and a modulus of 3.3.

The internal curing material used in the experiment was low-cross-linking polyacrylic
acid-based SAP spherical particles, produced by Gongyi Meiyuan Water Purification Ma-
terial Co., Ltd., Gongyi, Henan, China.The main component of the SAP is sodium poly-
acrylate, the water absorption rate of which in deionized water can reach 400 g/g within
30 min, showing characteristics of fast water absorption and strong water retention. The
particle size range of the dry particles is 0.42~0.6 mm, which does not affect the flow state
during stirring when used to prepare AAM.

2.2. Specimen Preparation

This paper aims to study the effects of standard curing and CO, curing environments
on the micro-products and structures of AAM after adding different amounts of admixture
SAP; it also aims to explore the change mechanisms of these two factors on the mechanical
performance and pore structure evolution of AAM after setting and hardening. To prevent
SAP from absorbing water too fast at the initial stage of stirring, which leads to the
premature loss of fluidity and uneven stirring of AAM paste, the water-to-binder ratio
of AAM was designed to be 0.3. Fly ash and slag were used as the main raw materials
at a mass ratio of 1:1 to provide mechanical strength after setting and hardening, while
preventing an excessively high calcium content in the system, which could adversely affect
the CO, curing effect. The alkali activator solution was prepared by mixing NaOH solution
and sodium silicate solution in a certain proportion, with a modulus of 1.0 and an OH™
concentration of 4.0 mol /L.

Specimens under standard curing were placed in a standard curing box with a temper-
ature of 20 & 2 °C and a humidity of 95% for curing, demolded after 24 h, and continued
to be cured to the specified age under the same conditions. Specimens were cured in
the environment with a constant temperature (20 =+ 2 °C), humidity (95%), and a CO,
concentration at 20% to the same age. This CO, concentration was selected to accelerate
the carbonation process and significantly alter the microstructural and mechanical changes
within a practical experimental timeframe, consistent with accelerated carbonation test-
ing protocols commonly employed in the literature [30]. The control conditions in the
experimental design are shown in Table 2.

Table 2. Mix proportions of AAM paste.

Test No. w/b*  Slag/FA (llao(l)/{l) Na;O/Si0O, S&IZ?:;?; Séfpﬁi?fy?g;’;)u Curing Method
A0S 0.3 1 4.0 1.0 0 551 Standard curing
A5S 0.3 1 4.0 1.0 0.05 551 Standard curing
A20S 0.3 1 4.0 1.0 0.2 551 Standard curing

A40S 0.3 1 4.0 1.0 0.4 551 Standard curing

A0S-C 0.3 1 4.0 1.0 0 551 CO; curing
A55-C 0.3 1 4.0 1.0 0.05 551 CO; curing

A205-C 0.3 1 4.0 1.0 0.2 551 CO; curing

A405-C 0.3 1 4.0 1.0 0.4 551 CO; curing

* w/b refers to the water-binder ratio of the specimen.

In the preparation process of specimens, the alkali activator solution was first prepared:
the sodium hydroxide particles, weighed according to the mixed proportion, were added to
laboratory pure water and then mixed with the sodium silicate solution until the modulus
of the mixed solution was 1.0. Slag and fly ash in the specified proportion were added to
the mixing bowl and stirred at a low speed for 30 s to mix evenly; then, SAP was added
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and stirred at a low speed for another 30 s to disperse it fully and evenly. The prepared
alkali activator solution was added, stirred at a low speed until the mixture was completely
and evenly mixed, and then stirred at a high speed for 30 s. After mixing, the mixture
was poured into a cuboid mold of 40 mm x 40 mm x 160 mm, subject to vibration on a
vibration table for about 20 s to remove air bubbles, and then the surface was troweled,
covered with plastic wrap to prevent water evaporation, and placed under the designed
curing conditions until the experimental age was reached.

2.3. Experimental Design

The flexural strength and compressive strength of the specimens were tested at 7 days
and 28 days under standard curing and CO, curing, respectively. The SANS compressive
and flexural-integrated testing machine (300 kN) was used in the laboratory, and the test
was carried out in accordance with the Test Method for Strength of Cement Mortars (ISO
Method). Three samples were tested for flexural strength in each group: the specimen
was placed on support columns with a span of 100 mm, the long axis of the specimen was
perpendicular to the support columns, the loading rate was 50 N/s &= 10 N/s, and the load
was applied vertically in the middle of the specimen until fracture. For the compressive
strength test, 6 fractured specimens from the flexural strength test were selected, the loading
rate of the testing machine was 2400 N/s & 200 N/s, and the pressing area was 1600 mm?.

The non-surface parts of the broken AAM test blocks after mechanical tests were
selected, ground into powder, sieved with an 80-mesh sieve, and the powder was collected
for further microstructural characterization and analysis. For microstructural and thermal
analyses (XRD, TGA, and MIP), representative samples extracted from the crushed cores of
the mechanical test specimens were utilized. The analytical curves presented herein denote
the representative behavior confirmed through duplicate experimental runs to ensure
data reliability. Furthermore, in the graphical representations of mechanical performance
(Figures 1 and 2), the error bars explicitly represent the standard deviation derived from
the replicate specimens tested for each mix proportion (three replicates for flexural strength
and six for compressive strength). XRD technology was used for qualitative analysis of
the crystal types of AAM products. The relevant equipment was a Smart lab series XRD
analyzer produced by Rigaku, Japan, with a scanning range of 5°~80°, a scanning speed of
2°/min and a step size of 0.02°.
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Figure 1. Mechanical properties of specimens at 7 days of age.
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Figure 2. Mechanical properties of specimens at 28 days of age.

Thermogravimetric analysis (TGA) was carried out with an STA 449 instrument
manufactured by Netzsch Gerdtebau GmbH, Selb, Bavaria, Germany. The types and
relative contents of various products in AAM were inferred by detecting the change in
sample mass with temperature. The AAM sample was ground and sieved with a 200-mesh
sieve to ensure that the sample particles were fine and uniform, and 20 mg was taken
as the test sample. The heating environment was nitrogen, the heating temperature was
20~800 °C, the heating rate was 10 °C/min, and an open alumina (Al,O3) crucible was
used as the container.

The isothermal calorimeter TAM Air was used to detect the heat release phenomenon
of AAM with different SAP contents during setting and hardening, record the heat flow in
the first 72 h of the setting and hardening process and the cumulative heat release in 240 h.
The data were recorded once per second in the first 10 min and once per minute thereafter
to explore the influence of SAP on the setting and hardening reaction of AAM.

In addition, mercury intrusion porosimetry (MIP) was used to test the pore size distri-
bution of AAM after carbonation for 28 d with different SAP contents. The test instrument
was an AutoPore V 9600 fully automatic mercury intrusion porosimeter manufactured by
Micromeritics Instrument Corporation, Norcross, GA, USA, with a pore size measurement
range of 0.003-1100 pm.

3. Results and Analysis
3.1. Changes in Mechanical Properties of SAP-AAM Under Different Curing Methods

Figure 1 shows the mechanical strength test results of AAM specimens with different
SAP contents under standard curing and CO; curing at 7 days of age. It can be seen that,
in terms of compressive strength, except for A40S specimens, the strength of specimens
under CO, curing is higher than that under standard curing at the same SAP content, with
a general strength increase rate of more than 9%. Among them, the compressive strength
of A20S specimens is the most significantly improved, with a maximum increase of 26%
after CO; curing. Contrary to the change in compressive strength, CO, curing leads to
a significant decrease in the flexural strength of specimens. Among them, the flexural
strength of AAM specimens without SAP decreases by more than 26% after CO, curing,
while the loss of flexural strength caused by CO; curing is reduced after adding the SAP
admixture, and the higher the SAP content, the less the flexural strength is affected by CO,.
This observation is consistent with previous studies showing that during CO; curing, the
precipitation of CaCOj crystals within the pore network and microcracks can densify the
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microstructure, thereby improving the load-bearing capacity under compression [14]. The
reduction in flexural strength, however, may be attributed to the partial decalcification of
the calcium aluminosilicate hydrate gel, which reduces the toughness of the binding matrix.
However, the carbonation reaction itself reacts with the calcium aluminosilicate hydrate
gel in the specimen, which is hypothesized to cause partial decalcification of the gel and
modification of the binding network, potentially leading to a decrease in the toughness of
the material and, thus, a decrease in flexural strength [31,32].

With the increase in SAP content, the compressive strength of all specimens first
increases and then decreases. When the content is 0.05%, the compressive strength of the
specimen can reach 45 MPa, and the flexural strength is 4.5 MPa. When the SAP content
increases to 0.2%, the compressive strength of the specimen is 44 MPa, and the flexural
strength is 4 MPa, with a small change range. However, with the further increase in SAP
content, the mechanical strength of AAM decreases significantly, indicating that SAP has a
negative effect on the mechanical properties of AAM. This is because during the setting
and hardening process of AAM, excessive SAP absorbs liquid and swells, exerting pressure
on the surrounding matrix. With the development of the setting and hardening process,
SAP releases liquid and shrinks, resulting in irreparable holes inside the gel matrix, which
ultimately has a negative impact on the mechanical strength of AAM [33].

Figure 2 shows the mechanical properties of AAM with different SAP contents at
28 days of age under standard curing and CO, curing. The 7-day compressive strength of
all AAM specimens exceeded more than 70% of the 28-day compressive strength, which is
consistent with the characteristic of the fast early-age strength growth of AAM, indicating
that the addition of SAP has little effect on the early-age strength growth of AAM. The
compressive strength of specimens under CO; curing has very limited growth from 7 days
to 28 days, and the strength of AAM remains unchanged when the SAP content is 0.05%
and 0.2%. Under standard curing conditions, the compressive strength of all specimens
increases by more than 20% from 7 days to 28 days of age, and the specimen with the
highest compressive strength is A5S, with a value of 51 MPa. For specimens with the same
mix proportion under CO, curing, the 28-day compressive strength decreases by 3%~24%.
The above results show that CO, curing can improve the early-age strength growth rate of
AAM, but has a negative impact on the 28-day strength of AAM specimens. The limited
strength development under CO, curing may be associated with the moderate calcium
content of the blended system (Ca/(Si + Al) = 0.68), which favors the formation of N-A-5-H
as a major binding phase. In the systems, the amount of CaCOj; precipitation available
to fill pores and enhance strength is relatively low compared to high-calcium slag-based
systems, as reported in previous studies on the carbonation behavior of blended AAM [34].
In addition, with the increase in SAP content beyond 0.05%, the compressive strength
of the specimens decreases, especially for the specimens under CO, curing, the 28-day
compressive strength of which decreases by a maximum of 27%. This is mainly due to
the fact that excessive SAP absorbs liquid at the initial stage of setting and releases liquid
after setting and hardening, but this liquid absorption and release behavior increases the
pore volume and pore solution content in AAM, making the inlet and outlet channels of
high-concentration CO, more extensive, the amount of CO, absorbed by the pore solution
larger, and the alkalinity lower.

Under standard curing conditions, with the increase in SAP content, the flexural
strength of specimens A5S, A20S and A40S increases by 20%, 29% and 28%, respectively,
from 7 days to 28 days of age, indicating the strength compensation effect of SAP on AAM.
However, under CO; curing conditions, the flexural strength of all specimens loses more
than 20% from 7 days to 28 days, and its negative effect is consistent with the performance of
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compressive strength, which is mainly related to the voids formed after the water absorbed
by SAP is released into the cementitious material matrix.

3.2. Crystallization Changes in SAP-AAM Under Different Curing Methods

The XRD analyses of SAP-AAM under different curing methods are shown in Figure 3.
A broad diffuse halo appears at 20-35° 20 range and is identified as poorly crystalline
binding phases in AAM. In the slag—fly-ash-blended system investigated here, this feature
reflects contributions from both calcium aluminosilicate hydrate (C-A-S-H) and sodium
aluminosilicate hydrate (N-A-S5-H) gels. The absence of sharp Bragg reflections in this
region confirms the predominantly amorphous nature of the main reaction products [35]. In
Figure 3b, the diffuse scattering feature in the 20-35° 20 range appears more defined, which
can indicate an increase in the degree of short-range ordering within the amorphous gel
phases. This evolution is consistent with the progressive development of the binding matrix
over time. With the progress of the curing process, the “hump peak” becomes sharper,
which means that the order of the amorphous gel increases. This is also a superimposed
signal peak, and its sharp part comes from the strong peak of newly generated crystals with
higher crystallinity. Zhao et al. [36] reported that during CO; curing, the main crystalline
carbonate product generated by calcium-containing cementitious materials is calcium
carbonate (CaCO3), which may precipitate in three different polymorphic forms: calcite,
aragonite and vaterite. Calcite is the most thermodynamically stable phase under ambient
conditions. Therefore, the evolution of the XRD pattern in this region may be attributed,
at least in part, to the formation of carbonate phases (such as calcite) resulting from the
carbonation process. However, it should be noted that the identification of carbonate phases
based solely on the diffuse scattering feature at 20-35° 20 is inconclusive, as this region
does not contain the primary diagnostic reflections for calcite (which typically appear at
29.4° 20) or other CaCOj3 polymorphs. Further evidence from TGA is required to confirm
the presence and quantity of carbonate phases [37]. SAP is an inert material in alkali-
activated cementitious materials, so it cannot change the types of crystalline substances
in the cementitious material system. The peaks of quartz and mullite in fly ash are also
reflected in the pattern. During the setting and hardening process of AAM, these two
types of crystals do not directly participate in the reaction and only act as fillers in the gel
products [38].
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Figure 3. XRD analysis before and after carbonation: (a) XRD pattern at 7 days; (b) XRD pattern at
28 days.
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3.3. Changes in Phase Composition of SAP-AAM Under Different Curing Conditions

Figure 4 shows the thermogravimetric curves before and after carbonation, in which
Figure 4a,b show the curves of mass loss with temperature rise at 7 days and 28 days of age,
respectively, and Figure 4c,d show the weight loss rates of specimens under standard curing
and carbonation curing at 28 days of age, respectively. Marjia et al. [39] summarized the
weight loss temperatures of various substances during alkali-activated thermogravimetric
analysis, and the decomposition of the main analyzed substances in each temperature
range is marked in the figure. Free water molecules in the matrix are mainly within 105 °C,
and the main mass loss within 245 °C is from the loss of bound water in C-A-S-H and
N-A-S-H gels. Soluble carbonates decompose between 110 °C and 180 °C, the weight loss
temperature of amorphous carbonates is generally between 250 °C and 600 °C, and the
weight loss temperature of crystalline carbonates is higher, between 640 °C and 750 °C.
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Figure 4. Thermogravimetric analysis before and after carbonation: (a) thermogravimetric analysis
at 7 days; (b) thermogravimetric analysis at 28 days; (c) DTG curve of standard curing at 28 days;
(d) DTG curve of carbonation curing at 28 days.

Analysis from the thermogravimetric data shows that when the temperature reaches
800 °C, the loss on ignition of specimen A5S is the largest at 7 days of age. At 28 days
of age, the mass loss of AQS is about 18%, and that of A0S-C is about 19%, and the loss
on ignition of specimens under CO, curing is higher than that under standard curing.
This is because with the extension of curing time, the decalcification reaction of calcium
aluminosilicate hydrate intensifies, carbonate products accumulate continuously, and the
mass loss in 640 °C-750 °C increases, making the total loss on ignition of specimens under
CO; curing generally higher than that under standard curing. It should be noted that at
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28 days, the mass loss upon heating of A5S and A20S specimens is higher than that of
AQS. This observation is consistent with the hypothesis that an appropriate amount of SAP
promotes the continued reaction of the precursors through internal curing, resulting in a
greater quantity of hydrated gel phases that contribute to the mass loss in TG. However,
quantitative analysis of the TG data is needed to confirm this interpretation [40—42].

It can be seen from Figure 4c that for both specimens under CO; curing and standard
curing, the most obvious weight loss rate peaks appear at about 100 °C and 500 °C, corre-
sponding to the decomposition of gel and carbonate, respectively. Among them, at about
100 °C, the peak of specimen A5S is the highest, indicating that the decomposition of its
amorphous gel is more prominent, which is consistent with the test results of material
mechanical properties, strongly indicating the promoting effect of the 0.05% SAP dosage on
the formation of amorphous gel products. At 500 °C, the specimens after CO, curing show
a stronger peak, confirming the production of carbonate substances in a high-concentration
CO;, environment. The bound water content was estimated from the mass loss between
105 °C and 245 °C, while the carbonate content was estimated from the mass loss between
640 °C and 750 °C. The results indicate that A5S specimens exhibit approximately 13.6%
higher bound water content compared to A0S, and CO;-cured specimens show approx-
imately 41.2% higher carbonate content compared to standard-cured specimens. These
quantitative estimates support the interpretation that SAP (at optimal dosage) promotes gel
formation, while CO, curing enhances carbonate precipitation. It can be seen from Figure 4c
that the mass loss of specimens after CO; curing at 300 °C is greater than that of specimens
under standard curing, and the mass loss here is mainly caused by the decomposition of
amorphous carbonates. At 600 °C, the specimens under CO; curing show an endothermic
decomposition peak, which is consistent with the XRD analysis results, fully illustrating
the production of calcite after the decalcification reaction of C-A-S-H.

3.4. Heat Release Changes in SAP-AAM During Setting and Hardening

Since the isothermal calorimeter has uniform requirements for the ambient temper-
ature and humidity during use, the heat release and heat flow of AAM mixed with SAP
under a standard environment were detected. By comparing the alkali-activated setting
and hardening heat release rate and cumulative heat release of each group of samples, the
influence of SAP on the heat release during the setting and hardening process of AAM was
mainly analyzed, and the results are shown in Figure 5. Under identical environmental
and testing conditions, the same batch of specimens was used in isothermal calorimetry
experiments. The heat flow curve reflects the instantaneous heat release rate. As the
reaction rate decays to near zero within the first 72 h (i.e., the heat flow peak essentially
ends), rate monitoring for only 72 h suffices to obtain complete kinetic information. In
contrast, the cumulative heat release is obtained by integrating the entire heat flow curve
over time; this requires the integration to stabilize (i.e., no further significant increase),
necessitating continuous measurement up to 240 h to determine the accurate total heat
release. Thus, although the two measurements differ in duration, their data originate from
the same specimens and conditions.

It can be seen from Figure 5a that AAM shows two heat release peaks in terms of heat
release rate. The first heat release peak reaches the highest point at about 1 h, which is
caused by the dissolution of slag after being activated by the alkaline activator. Then it
enters the induction period of the setting and hardening process, during which the heat
release rate decreases. With the progress of the reaction, a second heat release peak appears,
which is caused by the gel products generated by the violent setting and hardening reaction
of slag. In the specimens of A5S and A20S, it can be seen that the induction period of the
heat release reaction is prolonged compared with the blank group specimens, the main heat
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release peak is delayed, and the heat release peak of setting and hardening shifts slightly
to the right [43]. From the heat flow curves, the following parameters were extracted:
induction period duration, time to the main heat release peak, peak heat flow value, and
cumulative heat release at 72 h and 240 h. The results show that the induction period of A5S
is prolonged by approximately 5.8% compared to A0S, and the time to the main heat release
peak is delayed by 1.2 h. The cumulative heat release of A5S at 240 h is approximately
7.6% higher than that of A0S, confirming the beneficial effect of optimal SAP dosage on the
overall degree of reaction. This is because after adding SAP, the dry SAP particles quickly
absorb a part of the alkali activator solution, making the initial amount of free alkaline
solution participating in the reaction relatively reduced, thus slowing down the initial
reaction rate and leading to a longer induction period and a later heat release peak. At
the same time, it can be seen that the peak value of the main heat release peak is reduced,
which is also due to the initial decrease in alkaline solution content because part of the
alkaline solution is absorbed by SAP.

Heat Flow (w/g)
Heat Release (J/g)

0.0

L L L 1 L L L
0 8 16 24 32 40 48 56 64 72 0 50 100 150 200 250
Time (h) Time (h)

a b

Figure 5. Heat release curves with different SAP contents: (a) heat release rate curve; (b) cumulative
heat release curve.

In terms of cumulative heat release, the cumulative heat from the reaction of A5S and
A20S is higher than that of the blank group. This observation is consistent with the internal
curing mechanism proposed in previous studies, whereby SAP gradually releases the
absorbed alkaline solution over time, allowing continued reaction of unreacted precursor
particles and resulting in a higher total heat release [44]. At the same time, it is also noted
that the cumulative heat release of A40S specimens is lower than that of the blank group,
which is because too much SAP is added, and too much alkaline solution is absorbed at the
initial stage of the reaction, resulting in the abnormal progress of the setting and hardening
reaction, thus reducing the overall heat release during setting and hardening.

3.5. Pore Size Distribution Analysis of SAP-AAM

Figure 6 shows the pore size distribution curve of specimens under CO, curing at
28 days of age obtained by MIP analysis, including the threshold pore diameter, the most
probable pore diameter, the cumulative pore volume, and the pore volume fraction in
different size ranges (gel pores: <10 nm, capillary pores: 10-100 nm, and macropores:
>100 nm). The results show that the A55S-C specimen exhibits the smallest threshold pore
diameter (13.6 nm) and the lowest cumulative pore volume (0.0172 mL/g) among all
specimens, confirming the pore-refining effect of the optimal SAP dosage combined with
CO; curing. In contrast, A40S-C shows a significant increase in the fraction of macropores
(>100 nm), which correlates with the observed reduction in compressive strength. It can
be seen from the figure that the pore size of both the blank group and the specimens with
SAP is mainly concentrated in the range of 10-100 nm, which belongs to the category
of capillary pores. With the increase in SAP content, the most probable pore size of the
specimens shows a trend of first decreasing and then increasing. Among them, the peak
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of the A55-C specimen is slightly to the left of the AOS-C specimen, which indicates
that its most probable pore size is the smallest and the cumulative pore volume is lower
than that of other specimens, indicating that 0.05% SAP content can effectively refine
the pore size. SAP releases the stored water in the later stage of setting and hardening,
promotes the continuous reaction of unreacted particles, and generates more gel to fill
the pores, thus making the pore structure denser [33,42]. Meanwhile, calcium carbonate
precipitation generated by CO; curing may further fill the capillary pores and contribute to
the refinement of the pore size distribution.
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Figure 6. Pore size distribution of specimens under CO2 curing at 28 days of age.

When the SAP content increases to 0.4%, the most probable pore size of the specimen
increases significantly, and the cumulative pore volume rises remarkably. This is because
excessive SAP absorbs water and swells at the initial stage of setting, forming a large,
reserved space in the matrix; it leaves voids that cannot be completely filled by gel after
water release and shrinkage in the later stage, resulting in an increase in the proportion
of large pores. It is worth noting that although the most probable pore size of the A20S-C
specimen is higher than that of A55-C, its compressive strength is the most significantly
improved at 7 days (see Figure 1). This may be because the existence of an appropriate
amount of large pores provides a more extensive diffusion channel for CO,, promoting the
early carbonation reaction and the rapid formation of calcium carbonate and thus making
up for some pore defects in the early stage [45].

3.6. Summary of Optimal SAP Performance

To elucidate the underlying mechanisms of the optimal SAP dosage, Table 3 consol-
idates the critical mechanical, thermal, and microstructural parameters for the baseline
(A0S) and optimal (A5S) mixtures.

Table 3. Summary of optimal SAP performance parameters.

Parameter Baseline (A0S/A0S-C) Optimal 0.05% SAP (A5S/A5S-C)

7 d Compressive Strength (Std/CO,) 37 MPa/40 MPa 39 MPa/45 MPa
28 d Compressive Strength (Std/CO») 49.5 MPa/48 MPa 51 MPa/45 MPa
7 d Flexural Strength (Std/CO,) 7.8 MPa/5.8 MPa 6 MPa/4.5 MPa

28 d Flexural Strength (Std/CO,) 5.75 MPa/2.6 MPa 7.2 MPa/2 MPa
Induction Period Duration Baseline +5.8% increase

Time to Main Heat Release Peak Baseline Delayed by 1.2 h
240 h Cumulative Heat Release Baseline +7.6% increase

28 d Threshold Pore Diameter (CO,) 15 nm 13.6 nm (Refined)
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4. Conclusions

In this paper, the effects of CO; curing and internal SAP addition on the mechanical
strength, setting and hardening mechanisms of AAM were studied by means of mechanical
testing, microstructural characterization and detection. The results show that when the
SAP content is more than 0.2%, the water absorbed and released by SAP leads to an
increase in voids in the AAM matrix and a decrease in mechanical properties, which is
not conducive to the setting and hardening reaction of AAM. In this experiment, when
the SAP content is 0.05%, both the compressive strength and flexural strength of AAM are
enhanced, and the results of microstructural characterization and detection show that this
SAP content has a promoting effect on the setting and hardening process of AAM. The
influence of CO, curing conditions on AAM is much greater than the modification effect of
SAP addition on AAM. MIP and thermal analysis suggest that while CO, curing induces
CaCOg3 precipitation, this process may simultaneously alter the gel skeleton. The resulting
pore structure modifications, particularly the coarsening observed at higher SAP dosages,
appear to correspond with the variations in mechanical performance.
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