%HA

International Information and
Engineering Technology Association

International Journal of Heat and Technology
Vol. 42, No. 2, April, 2024, pp. 490-500

Journal homepage: http://iieta.org/journals/ijht

Investigating the Performance of Alkali-Activated Cementitious Materials Under

Temperature Cycling

Yan Liu™®, Zeqing Hou®, Ziye Feng

Check for
updates

College of Urban and Rural Development, Agricultural University of Hebei, Baoding 071000, China

Corresponding Author Email: liuyan@hebau.edu.cn

Copyright: ©2024 The authors. This article is published by IIETA and is licensed under the CC BY 4.0 license

(http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.18280/ijht.420215

ABSTRACT

Received: 9 December 2023
Revised: 10 March 2024
Accepted: 26 March 2024
Available online: 30 April 2024

Keywords:

alkali-activated materials, fly ash, slag,
compressive strength, mass change, drying
shrinkage, microstructure

This study aims to explore the effects of temperature cycling on the performance of alkali-
activated fly ash-slag cementitious materials (AAFS) under various slag contents, alkali
concentrations, and alkali modulus conditions. Through analyses using XRD, SEM, and
FT-IR, the research examines the evolution of mass loss, drying shrinkage characteristics,
and compressive strength of AAFS subjected to 60°C temperature cycles. The findings
reveal that temperature cycling significantly promotes the hydration reaction of AAFS,
enhancing its compressive strength, particularly after 60 cycles of temperature exposure.
The hydration products C-S-H and C-A-S-H contribute positively to compressive strength,
with notable effects observed from 0 to 60 cycles. Increasing slag content magnifies its
impact on AAFS performance, reducing mass loss and increasing both shrinkage rate and
compressive strength. When the slag content reaches 100%, the rate of mass loss during
temperature cycling is minimized, and both drying shrinkage and compressive strength are
significantly improved. However, the effect becomes less pronounced when the slag
content exceeds 50%. Higher alkali concentration and modulus lead to an increased matrix
density, yet the compressive strength of AAFS peaks at an alkali concentration of 6% and
a modulus of 1.0, due to a reduction in [SiO4]* ions and a shift from dual to single
activation. Considering both economic and practical aspects, it is recommended to use
AAFS combinations with no more than 50% slag content, an alkali concentration of 6%,
and an alkali modulus of 1.0. These discoveries provide theoretical support for the

application of AAFS in specific environmental conditions.

1. INTRODUCTION

Silicate cement is used in large quantities in construction
engineering [1], with China's production reaching 2.13 billion
tons in 2022, ranking first in the world. However, the
production process of cement requires high-temperature
decomposition of limestone to produce reactive silicate and
aluminate phases [2], which significantly pollutes air quality.
To meet the demands of developing a "resource-saving" and
"environmentally friendly" society, it is imperative to develop
a new type of green, low-carbon cementitious material as an
alternative to ordinary silicate cement to promote sustainable
development.

Alkali-activated cementitious materials are a new type of
binder made by mixing siliceous, aluminous, or calcium-
aluminosilicate solid waste with an alkali solution [3]. They
offer advantages such as high strength, low energy
consumption, green and low carbon footprint, and good
chemical resistance. Their production can consume a large
amount of accumulated industrial by-products, significantly
saving resources. The properties of alkali-activated
cementitious materials depend on the hydration products,
which are closely related to the chemical composition of the
raw materials. Fly ash and slag contain high levels of silicon
and aluminum and have potential reactivity, making them
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common raw materials for producing geopolymeric materials
in practical applications [4]. The advantage of the alkali-
activated fly ash-slag system is based on the "complementary
effect" [5], where alkali-activated slag materials set quickly
and have high strength [6], but their drawback is significant
drying shrinkage, leading to cracking during use [7], and
mixing in fly ash can solve this problem to some extent.

In recent years, many scholars have studied the mechanical
properties and microstructural characterization of alkali-
activated cementitious materials. However, there is less
research on the performance evolution mechanism of alkali-
activated cementitious materials under temperature cycling in
specific environments, focusing only on the effects of low and
high temperatures. Tran et al. [8] found that alkali-activated
slag mortar specimens could maintain good compressive
strength after high-temperature curing; Zheng et al. [9] studied
the performance of alkali-activated slag cementitious
materials at high temperatures and found their high-
temperature resistance to be superior to that of ordinary
cement stone. Singh and Subramaniam [10] discovered that
rising temperatures accelerated the dissolution rate of the glass
phase in fly ash, increasing the formation of amorphous
reaction products. Pan et al. [11] used XRD, SEM, and FTIR
techniques to study the microstructural changes of different
alkali-activated cementitious materials after thermal exposure,
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finding that slag-based specimens had the worst high-
temperature performance, especially at 300°C, mainly due to
their different raw materials. Chen et al. [12] studied the effect
of different temperatures and curing conditions on the
performance of alkali-activated slag mortars, indicating that
thermal curing hindered the late strength development of
alkali-activated slag mortars, and raising the curing
temperature was more effective than extending the curing time
in reducing mortar drying shrinkage. Due to the impact of
climate change, the variability of environmental conditions,
and other factors, mid-temperature environments are very
common in engineering applications, yet few studies exist. For
example, the working temperature of cross-sea bridge piers
can reach 60-70°C in summer. When the piers are rapidly
cooled by seawater, this surface temperature change is known
as temperature cycling. The internal temperature changes in
concrete lead to stress redistribution, reducing the stability of
the structure and easily causing overall structural damage. In
production and life, many concrete structures work at
temperatures of 60-70°C [13], but research on the impact of
temperature cycling on the performance of alkali-activated
cementitious materials is still scarce. Therefore, studying the
effect of temperature cycling on the performance of alkali-
activated cementitious materials within this range has practical
engineering significance. According to previous studies, slag
content and alkali concentration may affect material
performance, which may show different trends under

temperature cycling. Therefore, this study uses S95 grade slag,
grade I fly ash, NaOH, Na,SiO; as the main raw materials,
adjusting slag content, Na>O concentration, and alkali
activator modulus to study the shrinkage characteristics and
mechanical performance evolution mechanism of AAFS under
60°C temperature cycling, aiming to provide a theoretical
basis for the application of alkali-activated fly ash-slag
cementitious materials under specific temperature cycling
conditions and guidance for engineering practice. This
research mainly includes the introduction of the specific
operation steps for preparing specimens, followed by studies
on the materials' mass loss rate, drying shrinkage
characteristics, compressive strength, and microstructural
performance.

2. EXPERIMENTAL OVERVIEW
2.1 Raw materials

Fly ash (Grade I), with its chemical composition shown in
Table 1 and XRD spectrum presented in Figure 1(a); Slag
(Grade S95, finely ground), with its chemical composition
shown in Table 1 and XRD spectrum presented in Figure 1(b);
Alkali activator: Solid NaOH (96% purity); Mixed solution of
Na,SiO3 with a modulus of 3.22 (26.5% SiO»; 8.5% Na,O;
65% H-,0); Isopropanol (analytical grade).

Table 1. Main chemical components of cementitious materials

Materials CaO MgO ALO3 SiO2 Fe203 SOs LOI
Slag 35.58 7.16 16.32 36.10 0.23 1.71 2.90
Fly ash 0.85 2.53 30.06 56.11 3.01 0.65 1.51
Fly ash o —Mullite Slag e +-Ca,AlSiO,
i 4 o—Ca,MgSi,0,
2 . s * ‘g
E s . E
E . .
10 2‘0 3") 4‘0 5‘0 (\l() 71() 80 10 Z‘“ 31() 410 5‘() (vl(l 7‘(] 80
20/(°) 20/(°)
(a) Fly ash (b) Slag
Figure 1. X-ray diffraction
Table 2. Mixture ratio of alkali activated fly ash-slag slurry
Samples Fly Ash/wt% Slag/wt% Na;O Concentration/wt% Modulus Liquid-Solid Ratio
S0-4-1 100 0 4 1.0 0.3
S25-4-1 75 25 4 1.0 0.3
S50-2-1 50 50 2 1.0 0.3
S50-4-0.5 50 50 4 0.5 0.3
S50-4-1 50 50 4 1.0 0.3
S50-4-1.5 50 50 4 1.5 0.3
S50-6-1 50 50 6 1.0 0.3
S50-8-1 50 50 8 1.0 0.3
S75-4-1 25 75 4 1.0 0.3
S100-4-1 0 100 4 1.0 0.3

Note: S0-4-1 refers to a slag content of 0%, an alkali concentration of 4%, and an alkali activator modulus of 1.00.
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2.2 Mix proportion

Based on the research results and experience of our research
group in recent years on alkali-activated cementitious
materials, the mix proportion of AAFS is shown in Table 2.
Five groups of mix proportions were set according to different
slag contents (0%, 25%, 50%, 75%, and 100%); four groups
of mix proportions were set according to different Na,O
concentrations (2%, 4%, 6%, and 8%); three different mix
proportions were set according to different alkali activator
moduli (0.5, 1.0, and 1.5, with a water-to-solid ratio of 0.3),
controlled by adjusting the ratios of NaOH, NaSiO3, and water.

The alkali-activated mixing solution was prepared 24 hours
in advance, to ensure it was thoroughly mixed and cooled to
room temperature before use. For each mix proportion,
eighteen S0mmx50mmx50mm cubic specimens were made
for the cube compression experiment and microstructure
detection, and three 40mmx40mmx160mm specimens were
made for the drying shrinkage experiment.

2.3 Experimental design and performance testing

2.3.1 Specimen preparation

(1) Preparation: The alkali-activated mixing solution should
be prepared at least 24 hours in advance to ensure it is
thoroughly mixed and cooled to room temperature before use.
Before preparing specimens, the molds must be cleaned to
prevent contamination with other impurities. After cleaning,
assemble the molds and apply oil on the inside to facilitate
demolding later. The oil should be applied evenly to avoid
excessive oil in some areas, which could accumulate at the
bottom of the mold and affect the final shape of the specimen.
For preparing 40mmx40mmx160mm specimens, install
shrinkage measuring pins in the molds in advance.

(2) Weighing: Calculate the required amounts of each
material according to the designed mix proportion and weigh
them in advance for later use.

(3) First Mixing: Pour the weighed fly ash and slag into the
mixing bowl and mix at a low speed to prevent the material
from being flung out of the bowl due to excessive speed,
causing inaccuracies in the amount used. Mix at a low speed
for three minutes to ensure the materials are uniformly mixed.

(4) Second Mixing: After the materials are mixed uniformly,
keep the mixer running at low speed and slowly pour the
weighed alkali activator solution into the mixing bowl. After
mixing at low speed for 1 minute, the material will change
from a powdery state to gradually become sticky. Then,
increase the mixer to high speed and mix for another minute
before molding.

(5) Molding: Due to the characteristics of AAFS material,
proceed with molding quickly to prevent the material from
setting. After molding, place the mold on a vibrating table and
vibrate 12-15 times before smoothing and covering with film.
For the 40mmx40mmx160mm specimens, use manual
vibration to prevent the pins from falling off. After vibrating
and smoothing, cover with cling film.

(6) Numbering: After the specimens have been left to set for
24 hours, remove them from the molds and number them
according to the set mix proportions. Clean and store the molds
promptly after demolding for next use.

(7) Curing: Place the numbered specimens in a standard
curing box (temperature = 20+£2°C, relative humidity = 95+1%)
for 21 days, followed by dry curing for 7 days.

2.3.2 Mass change test

Subject the SOmmx50mmx50mm cubic specimens to 21
days of standard curing, followed by 7 days of dry curing.
Then, place the specimens in a high-temperature oven for
temperature cycling tests, weighing specimens at 0, 30, 60, 90,
180, and 300 cycles to study the impact of temperature cycling
on material mass loss rate.

2.3.3 Drying shrinkage test

After demolding the 40mmx40mmx160mm specimens,
perform drying shrinkage tests. Before testing, assemble the
comparator on a flat surface and calibrate using a 160mm
standard rod, adjusting the dial indicator to zero. Clean the
measuring pins on both ends of the demolded specimen, gently
place them in the slots at the ends of the comparator to avoid
impacting accuracy, and record the dial indicator reading. Test
the shrinkage of specimens after curing for 1, 2, 3, 7, 14, and
28 days, and after undergoing thermal cycles (30, 60, 90, 180,
and 300 times), repeating each measurement six times. The
final test result is the arithmetic mean of six data sets.

Compressive Strength Test: Before testing, ensure there are
no foreign objects on the upper and lower surfaces of the
testing machine's loading platform and use sandpaper to
smooth these surfaces. Also, check that the loading platform is
parallel to the ground to avoid unnecessary impact on test data.
After adjusting equipment parameters, place the specimen at
the center of the loading platform to ensure even pressure
distribution on its surfaces. Start the testing machine with a
load applied at a constant rate of 1kN/s until the specimen
reaches its load-bearing limit and stops loading, recording the
peak strength. Clean the loading point before placing the next
specimen and repeat the process. During the test, the specimen
may fracture when it reaches its load-bearing limit, impacting
the load-bearing platform and potentially causing it to tilt. In
this case, adjust the platform to a level position. For each mix
proportion, prepare three specimens, taking the arithmetic
mean of the compressive strengths of these three specimens as
the compressive strength of the specimens. The difference
between the maximum and minimum compressive strengths
and the median value should be within 15%. If the difference
exceeds 15%, discard the outlier, and the result is the average
of the remaining two specimens. If the differences between the
maximum and minimum values and the median exceed 15%,
the data set is void, and the test result is invalid.

Microstructural Examination: After crushing the specimens,
cores are extracted by removing the outer layer of the
specimen with a small hammer. Core samples, including block,
flake, and powder samples, are then bagged for XRD, FT-IR,
and SEM testing. For specimens not subjected to thermal
cycling, isopropanol is added to the cores to prevent further
hydration.

The drying shrinkage test refers to the JC/T 603-2004
Standard Test Method for Drying Shrinkage of Mortar, with
three 40mmx*40mmx160 mm specimens prepared for each
mix proportion, and the test results are the average of three
groups. The compressive strength test refers to JGJ/T 70-2009
Standard for Test Method of Performance on Building Mortar,
with three S0mmx50mmx50mm specimens formed for each
mix proportion, and the test strength results are the average of
three groups. The specimens used for the mass loss experiment
are consistent with those used for the compressive strength test,
with mass change results being the average of three groups.
Testing instruments and models include: mass change test
(XMT-5000T high-temperature oven); drying shrinkage test



(dual-column cement comparator with digital micrometer);
compressive strength test (YAW-2000D electro-hydraulic
servo universal testing machine); XRD (D8 ADVANCE X-ray
diffractometer, Germany); FT-IR (Nicolet 6700 Fourier
Transform Infrared Spectrometer); SEM (SU8020 field
emission scanning electron microscope, Japan).

3. RESULTS AND DISCUSSION
3.1 Mass loss rate

Table 3. Mass loss rate of AAFS under the influence of the
number of thermal cycles in different slag content groups

Number of Mass Loss Rate (%)

Thermal Cycles S0-4-  S25- S50- S75- S100-

1 4-1 4-1 4-1 4-1

0 0 0 0 0 0

30 6.48 5.58 3.92 3.12 2.50

60 9.48 6.50 4.71 4.63 421

90 12.43 9.31 5.33 5.80 5.30

180 1494 11.01 7.61 7.77 6.79

300 1575 12.24 9.49 9.27 9.04

Table 4. Mass loss rate of AAFS under the influence of the
number of thermal cycles in different alkali concentration

groups
Number of Mass Loss Rate (%)
Toermal  §50-2-1  $50-4-1 5061 $50-8-1
ycles
0 0 0 0 0

30 5.41 3.92 3.93 4.47
60 7.71 4.71 5.27 5.77
90 9.63 5.33 5.56 6.25
180 11.56 7.61 9.09 9.23
300 12.08 9.49 10.61 10.72

Table 5. Mass loss rate of AAFS in different modulus arrays
under the influence of the number of thermal cycles

Number of Mass Loss Rate (%)
Thermal Cycles S50-4-0.5 S50-4-1 S50-4-1.5
0 0 0 0
30 5.13 3.92 6.74
60 5.78 4.71 7.37
90 7.14 5.33 8.03
180 9.99 7.61 10.65
300 11.11 9.49 11.51

The corresponding data for the mass loss rate are shown in
Tables 3-5. As shown in Figure 2, under the effect of thermal
cycling damage, due to the continuous evaporation of free
water and capillary water in the system during the heat
treatment process and the decomposition of unstable gel
phases [14], the mass loss rate of AAFS shows an increasing
trend. As shown in Figure 2(a), the higher the slag content (0%,
25%, 50%, 75%, and 100%), the lower the mass loss rate of
AAFS under thermal cycling, with rates of 15.75%, 12.24%,
9.49%, 9.27%, and 9.04%, respectively. The reduction in mass
loss rate is fastest when the slag content is between 0-50%, and
similar changes in mass loss rate are observed when the slag
content exceeds 50%. As shown in Figure 2(b), the impact of
Na;O concentration on the mass loss rate of AAFS is related
to the level of alkali concentration, showing higher mass loss
rates at both low and high concentrations, with rates of 12.08%
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and 10.72%, respectively, suggesting that the NaxO
concentration in AAFS should be maintained within a
reasonable range. As shown in Figure 2(c), the mass loss rates
of AAFS specimens from highest to lowest are: S50-4-1.5 >
S50-4-0.5 > S50-4-1, indicating that the mass loss rate of
AAFS specimens first decreases and then increases with the
increase in alkali activator modulus, reaching the lowest mass
loss when the modulus is around 1.
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Figure 2. AAFS mass loss rate under the influence of
thermal cycling

3.2 Drying shrinkage characteristics

The drying shrinkage data of AAFS specimens in each
group under the influence of curing age are shown in Tables
6-8. As shown in Figure 3, AAFS is an early-strength and
rapid-setting material, where drying shrinkage is mostly



developed in the early stages and only shows a slight
increasing trend in the later stages, which is consistent with
literature findings [15, 16]. With the increase in curing age, the
drying shrinkage rate of AAFS shows an upward trend. As
shown in Figure 3(a), with the increase in slag content (0%,
25%, 50%, 75%, and 100%), the drying shrinkage rate
increases, respectively, to 236.11x10°,  311.24x10%,
377.08x10°, 702.10x10°, and 934.5%10°. This is because
slag can produce hydration products with a fine pore structure,
increasing the proportion of pores in the system, leading to
greater capillary stress internally and thus increasing the
drying shrinkage of the structure [17, 18]; as shown in Figure
3(b), with the increase in alkali concentration (2%, 4%, 6%,
and 8%), the drying shrinkage performance gradually
strengthens, respectively, to 275.00x10°, 377.08x10%,
432.50x10, and 592.50x10. This is because the higher the
alkali content, the higher the concentration of OH" ions,
accelerating the polymerization reaction within the alkali-
activated system and increasing the production of hydration
products, which affects the system's drying shrinkage.
Additionally, when the alkali content is too high, the surface
tension of the pore solution increases, also affecting the
system's shrinkage [19]. As shown in Figure 3(c), with the
increase in alkali activator modulus (0.5, 1, and 1.5), the
drying shrinkage performance is enhanced, respectively, to
265.63x10%, 377.08x107°, and 550.50x10°. This is due to the
reduction in porosity within the system with increasing alkali
activator modulus, causing more severe shrinkage.

Table 6. Drying shrinkage rate of AAFS in different slag
content groups under the influence of curing age

Drying Shrinkage Rate (10°)

Curing Age

S25-4-  S50-4- S75-4- S100-4-

(d) S0-4-1 1 1 1 1

1 0 0 0 0 0
2 42.54 65.63 118.75  277.08  325.00
3 91.25 13750 160.42 365.00  479.00
7 13433 161.70  234.65 51250  685.00
14 187.62 237.50 291.67 587.50  797.50
28 236.11 311.24 377.08 702.10  934.50

Table 7. Drying shrinkage of AAFS in different alkali
concentration groups under the influence of curing age

Curing Age (d)

Drying Shrinkage Rate (10

S50-2-1 S50-4-1 S50-6-1 S50-8-1
1 0 0 0 0
2 57.50 118.75 21042  263.33
3 107.50  160.42 29291 342.50
7 168.75  234.65 35833  434.17
14 211.25  291.67 39720 510.42
28 275.00  377.08 432.50 592.50

Table 8. Drying shrinkage of AAFS in different base
modulus groups under the influence of curing age

Curing Age Drying Shrinkage Rate (10°%)
(d) S50-4-0.5 S50-4-1 S50-4-1.5
1 0 0 0
2 65.63 118.75 233.33
3 118.13 160.42 292.50
7 158.13 234.65 375.00
14 212.50 291.67 425.00
28 265.63 377.08 550.00
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Figure 3. Drying shrinkage curves of AAFS under the
influence of curing age

The drying shrinkage data of AAFS specimens in each
group under the influence of thermal cycling are shown in
Tables 9-11. As shown in Figure 4, due to changes in the C-
A-S-H gel content within the AAFS system, the coarse pore
structure formed by C-A-S-H gel at high temperatures has to
some extent reduced the capillary pressure. Additionally, with
an increase in the number of thermal cycles, significant
evaporation of water occurs within the system, causing
substantial shrinkage. The drying shrinkage rate increases
most notably after 30 thermal cycles. Moreover, when the
external temperature variation reaches 15~20°C, differences in
thermal properties among the components within the system
lead to internal stresses. Under the effect of these stresses, the
specimens also experience shrinkage [20].



Table 9. Drying shrinkage of AAFS under the influence of the number of thermal cycles in different slag content groups

Number of Thermal Cycles

Drying Shrinkage Rate (10°°)

S0-4-1 S25-4-1 S50-4-1 S75-4-1 S100-4-1
0 236.11 311.24 377.08 702.10 934.50
30 1632.40 2146.88 2258.33 2441.67 2877.08
60 1845.55 2350.00 2585.42 2920.83 3377.08
90 2111.78 2731.25 2935.42 3304.17 3695.83
180 2399.71 2946.88 4141.67 4231.25 4593.75
300 2613.44 3150.00 4554.17 4787.50 5445.83
Table 10. Drying shrinkage of AAFS under the influence of 6000
the number of heat cycles in different alkali concentration D E:?:j?ﬁ
groups 000F 550415 L,
% T :
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Table 11. Drying shrinkage of AAFS in different modulus
groups under the influence of the number of thermal cycles

Number of Drying Shrinkage Rate (10-)
Thermal Cycles S50-4-0.5 S50-4-1 S50-4-1.5
0 265.63 377.08 550.00
30 1825.00 2258.33 3122.92
60 2109.38 2585.42 3310.42
90 2631.25 2935.42 3585.42
180 3471.88 4141.67 4606.25
300 3765.63 4554.17 4897.92
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Figure 4. Drying shrinkage curves of AAFS under the
influence of thermal cycling

3.3 Compressive strength

The compressive strength data of each group of AAFS
specimens under the influence of thermal cycling are shown in
Tables 12-14. As shown in Figure 5(a), when the number of
thermal cycles is 0, the compressive strength of AAFS
increases by 716.78%, 1105.59%, 1165.73%, and 1232.87%
with the increase in slag content (25%, 50%, 75%, and 100%),
respectively. The growth rate of AAFS's compressive strength
is highest when the slag content ranges from 0% to 50%. With
the continued increase in slag content, the growth rate of
compressive strength significantly decreases [21, 22],
indicating that the contribution of slag to compressive strength
gradually reaches saturation. This suggests that adding slag
positively affects the compressive strength of AAFS. The
introduction of thermal cycling promotes the rehydration
process of AAFS, filling its internal microstructural pores with
hydration products and increasing the matrix density [23],
thereby making the structure denser and increasing its
compressive strength. The compressive strength of AAFS
reaches its peak at the 60th thermal cycle, with increases of
109.09%, 56.16%, 28.31%, 27.51%, and 26.60%, respectively.
It can be observed that under the effect of thermal cycling, the
increase in compressive strength of AAFS gradually decreases
with the increase in slag content. Subsequently, as the number
of thermal cycles increases, the microstructure of the gel
matrix is damaged, and the material strength decreases,
showing an overall downward trend in compressive strength.
When the slag content is less than 50%, the compressive
strength of AAFS slightly fluctuates with the number of
thermal cycles; when the slag content exceeds 50%, high
temperatures cause water evaporation between slag particles,
reducing the connectivity between slag particles, and the
compressive strength gradually and steadily decreases with the
increase in the number of thermal cycles.



Table 12. Compressive strength of AAFS in different slag
content groups under the influence of the number of thermal

cycles
Compressive Strength (MPa)
Thf;‘;“ﬁeé;cfles S0-4- S25-  S50-  S75-  S100-
1 4-1 4-1 4-1 4-1

0 5.72 46.72 68.96 72.4 76.24

30 8.33 51.72 73.64 80.48 81.72

60 11.96 72.96 88.48 92.32 96.52

90 11.43 58.49 71.76 75 78.16

180 8.58 51.52 57.12 62.8 64.48

300 11.73 56.67 69.04 45.76 50.36

Table 13. Compressive strength of AAFS under the influence
of the number of thermal cycles in different alkali
concentration groups

Number of Compressive Strength (MPa)
Thermal = g50.2.1  $50-4-1  $50-6-1  $50-8-1
Cycles

0 16.1 68.96 76.35 53.08
30 18.32 73.64 88.32 64.08
60 27.81 88.48 92.32 72.12
90 23.46 71.76 73.44 52.8
180 21.86 57.12 67.61 50.56
300 26.66 69.04 74.16 47.12

Table 14. Compressive strength of AAFS with different
modulus groups under the influence of the number of thermal

cycles
Number of Compressive Strength (MPa)
Thermal Cycles S50-4-0.5 S50-4-1 S50-4-1.5

0 43.35 68.96 57.72
30 47.68 73.64 67.28
60 52.96 88.48 69.64
90 47.69 71.76 56.24
180 46.8 57.12 53.68
300 49.72 69.04 58.87

As shown in Figure 5(b), when the number of thermal
cycles is 0, the compressive strength of AAFS increases with
the NaO concentration (2%, 4%, 6%, and 8%), showing
strengths of 16.10, 68.96, 76.35, and 56.08 MPa, respectively.
As the Na,O concentration increases, the concentration of OH-
in the system also increases, under which conditions Al-O and
Si-O bonds are highly susceptible to breaking, forming
[SiO4]* and [AlO4]> tetrahedral ions. These ions combine
with metal cations produced during hydration to form gel
phases, filling the gaps between particles, enhancing the
degree of hydration polymerization, promoting the hydration
reaction, and generating more hydration gel to fill internal
voids, thereby making the structure denser and improving the
compressive strength. With the continuous increase in alkali
concentration, the rate of formation of hydration products
becomes too fast to diffuse adequately, and metal cations form
a passivation film on the surface of fly ash spheres, hindering
the dissolution rate of fly ash and slag, thus causing a decrease
in compressive strength. After 60 thermal cycles, the
compressive strength of all AAFS samples reaches its peak,
increasing by 35.47%, 28.31%, 20.91%, and 35.87%,
respectively, before gradually decreasing and stabilizing. In
the later stages of thermal cycling, the compressive strength of
the 8% Na,O samples continues to decrease, indicating that
when the Na,O content is too high, the thermal resistance of
AAFS decreases, making it unsuitable for use as a heat-
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resistant material.
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Figure 5. Compressive strength of AAFS under the
influence of thermal cycling

As shown in Figure 5(c), when the number of thermal cycles
is 0, the compressive strength of AAFS increases with the
alkali activator modulus (0.5, 1.0, and 1.5) to 43.35, 68.96, and
57.75 MPa, respectively. At an alkali activator modulus below
1.0, although a Ilarge amount of OH" promotes the
decomposition of sodium silicate slag, the limited supply of
[SiO4]* from the silicate activator turns dual activation into
single activation, leading to reduced compressive strength.
When the activator modulus is too high, the limited number of
OH' ions makes it difficult to activate the decomposition of
slag sodium silicate, and the high concentration of [SiO4]*
increases its own degree of polymerization, causing a



reduction in the strength of the alkali-activated slag
cementitious materials. After 60 thermal cycles, the
compressive strength of all samples reaches its peak at 52.96,
88.48, and 69.64 MPa, respectively, then gradually decreases,
showing a slight increase after 180 cycles before stabilizing.

Through these three sets of experiments, it is evident that
under any circumstances, the compressive strength of AAFS
reaches its maximum value after 60 thermal cycles.
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3.4 XRD spectra

Figure 6 presents the XRD spectra of AAFS samples after
300 thermal cycles, with variations in thermal cycle number,
slag content, alkali concentration, and alkali activator modulus.
The main diffraction peaks observed in the spectra are those
of quartz, calcite, and mullite phases.
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Figure 6. XRD spectra of AAFS under different conditions

As the slag content in AAFS increases, the diffraction peaks
of mullite and quartz weaken. A broad, diffuse peak appears
between 26=25°~30°, and its intensity increases with the slag
content. This diffuse peak is related to the formation of calcite
on the sample surface due to carbonation and may also be due
to the formation of C-S-H and C-A-S-H gels. The presence of
Ca in C-S-H gel accelerates the dissolution of Si and Al in slag
and fly ash, gradually forming C-A-S-H gel in the reaction
system, ultimately resulting in the coexistence of C-S-H and
C-A-S-H gels. This phenomenon makes the AAFS structure
denser, and from the analysis of compressive strength tests, it
is evident that C-S-H and C-A-S-H gels significantly enhance
the structure's strength. The increase in alkali concentration
does not produce new phases. When the alkali content is at 2%,
the peaks of C-A-S-H, C-S-H gels, and calcite phases are
highest, indicating that a lower alkali concentration does not
fully activate the slag's reactivity. With an increase in alkali
concentration, these peaks show a trend of declining and
widening, while the peaks corresponding to mullite and quartz
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phases become dominant. With a decrease in alkali activator
modulus, the diffraction peaks corresponding to quartz and
mullite phases decrease, as a lower modulus means a higher
concentration of OH" ions in the solution, accelerating the
dissolution of Si and Al, making the polymerization reaction
in the system more complete and reducing unreacted
crystalline materials. With an increase in the number of
thermal cycles, no new phases appear in the system, but the
peaks corresponding to C-A-S-H, C-S-H gels, and calcite
phases show a trend of first increasing, then decreasing, and
increasing again. This trend aligns with the results from the
compressive strength tests of the S50-4-1 group, indicating a
close relationship between the content of C-A-S-H, C-S-H gels,
and calcite phases and the compressive strength of AAFS
samples.

3.5 SEM images

As shown in Figure 7, the AAFS samples produce a large



amount of gel material after the hydration reaction, making the
structure denser. However, significant cracks appear after
thermal cycling, reducing the material's mechanical properties.
This is because the structure undergoes dehydration after
being heated to high temperatures, and some fly ash spherical
particles have uneven surfaces, indicating that these parts of
fly ash have participated in the hydration reaction. After 60
thermal cycles, the gel gradually adheres to the surface of the
fly ash spherical particles, enveloping the particles. The gel's
adhesive force tightly binds the particles together, mainly due
to alkali silicate crystals, which are the main reason for the
material's strength formation. With an increase in the number
of thermal cycles, numerous pores appear, corresponding to
the development of compressive strength. Compared with
samples that have not undergone heat treatment, as the number
of thermal cycles increases, the flocculent material inside the
samples noticeably decreases, which is due to the
decomposition or reorganization of flocculent substances
during the heat treatment process; while the number of blocky
particles significantly increases, caused by excessive
dehydration of the structure, leading to the condensation of
hydration products into particles and creating many pores on
the surface.

oA

() 180 times (f) 300 times
Figure 7. SEM images of S50-4-1 group AAFS specimens
under the influence of different thermal fatigue times

3.6 FT-IR characterization of AAFS

Figure 8 shows the FT-IR spectra of AAFS samples from
the S50-4-1 group at different thermal cycle numbers. The
wavenumber near 730 cm! is attributed to the stretching
vibrations of Si-O-Si. The wavenumber near 950 cm’!
represents the formation of C-A-S-H gel, while the absorption
peak near 962 ¢cm™! corresponds to the characteristic peak of
C-S-H gel [24]. The wavenumber near 990 cm™! is attributed
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to the asymmetric stretching vibrations of Si-O-T bonds. The
wavenumbers of C-A-S-H and N-A-S-H are 950 cm! and
1050 cm™!, respectively. The wavenumbers between 950 cm™!
and 1050 cm™! represent the formation of different gel products;
if the wavenumber is closer to 950 cm’!, it indicates the
formation of more C-A-S-H gel, and if closer to 1050 cm’!, it
means more N-A-S-H gel is produced. The wavenumber near
1400 cm! is related to the vibrations of the O-C-O bond in
carbonates, while the wavenumbers near 1640 cm™' and 3445
cm! are related to the physical and chemical combined water
in the hydration products, representing the stretching and
bending vibrations of -OH and H-O-H, respectively. The
peaks of -OH and H-O-H first increase and then decrease with
an increase in the number of thermal cycles, indicating that the
AAFS system produces water-rich gel after heat treatment, but
with further increases in thermal cycles, the free water within
these gels evaporates and decomposes. The peak of C-S-H gel
shows a trend of initially increasing, then decreasing, and
increasing again with the number of thermal cycles, indicating
that the gel phase products in the system change during the
heat treatment process, which affects the compressive strength
of the samples. This aligns with the results of compressive
strength tests and analyses, and combined with the XRD
spectra, it is known that the gel phase products correspond to
C-S-H and C-A-S-H gels.
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Figure 8. FT-IR images of the S50-4-1 group of AAFS
specimens under the influence of different thermal cycles

4. CONCLUSIONS

(1) Between 0-60 thermal cycles, the growth in mass loss
rate, drying shrinkage characteristics, and compressive
strength of AAFS under various slag contents, alkali
concentrations, and moduli is most significant, with the
highest compressive strength of AAFS observed at 60 thermal
cycles. With an increase in the number of thermal cycles, aside
from compressive strength, the growth rate of mass loss rate
and drying shrinkage characteristics decreases.

(2) The impact of thermal cycling on the compressive
strength of AAFS with different slag contents, alkali
concentrations, and moduli shows a non-symmetric normal
distribution, peaking at 60 thermal cycles. Afterward, the
compressive strength of AAFS with slag content <50%
decreases and then fluctuates, while the compressive strength



of AAFS with slag content >50% steadily declines. The
compressive strength of AAFS with different alkali
concentrations and moduli gradually decreases after 60
thermal cycles, slightly increases after 180 cycles, and then
stabilizes.

(3) Increasing slag content (25%, 50%, 75%, and 100%) is
beneficial to the compressive strength of AAFS, showing a
positive correlation, with compressive strength increasing by
716.78%, 1105.59%, 1165.73%, and 1232.87%, respectively.
Both higher and lower alkali concentrations are detrimental to
the compressive strength of AAFS, with the compressive
strength reaching its peak at an alkali concentration of 6%. The
highest compressive strength is achieved when the alkali
activator modulus is at 1.0, influenced by the nature of the
alkali activation.

(4) The hydration products of AAFS mainly include C-S-H
gel, N-A-S-H gel, C-A-S-H gel, mullite crystals, and quartz
crystals. The material's compressive strength is closely related
to the content of C-S-H and C-A-S-H gel phases in the system.
Thermal cycling causes changes in the content of C-S-H and
C-A-S-H gel phases, thus affecting the material's compressive
strength. Additionally, thermal cycling leads to an increase in
cracks and pores within the AAFS system and continuous
evaporation of free water and capillary water during the heat
treatment process, thereby adversely affecting the material's
mass loss and shrinkage characteristics.

Considering the experimental results and taking into
account economic and practical aspects, it is recommended to
use AAFS combinations with a slag content not exceeding
50%, an alkali concentration of 6%, and an alkali modulus of
1.0.
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