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ABSTRACT

Aimed to address the low utilization rate of steel slag (SS) and its challenge in resource utilization in China, this
study developed ternary geopolymers made by high-content (50%) SS together with fly ash (FA) and granulated
blast furnace slag (GBFS). The effects of GBFS content (0-40%) and curing methods (water curing, standard
curing, sealed curing, and heat curing) on the working performance and microstructure of geopolymers were
investigated. Microscopic analysis such as X-ray diffraction (XRD), Fourier-transform infrared spectroscopy
(FTIR), thermogravimetric analysis (TG-DTG), and scanning electron microscopy (SEM) were utilized to inves-
tigate the hydration process and products of geopolymers under different curing conditions and GBFS content.
The results indicated that when the GBFS content increased from 0% to 40%, the fluidity of the mixture
decreased by 11.7%, the initial setting time of the geopolymer slurry decreased by 76%, and the geopolymer
mortar’s 28d compressive strength increased from 31.9 MPa to 60.6 MPa. At room temperature, the geopolymer
mortar’s 28d compressive strength was higher under standard curing (70.8 MPa) compared to water curing
(57.5 MPa) and sealed curing (68 MPa). The geopolymer mortar cured at 60 °C for 24 h exhibited the highest 28d
compressive strength (76.3 MPa). However, excessively high curing temperatures or prolonged durations led to
more shrinkage cracks and reduced the compressive strength. The microscopic analysis revealed that the main
gel products of ternary geopolymer were C-(A)-S-H gel. The amount of gel products is directly related to the
strength of geopolymers. The developed ternary geopolymer has the potential to promote the large-scale utili-
zation of SS in the concrete industry, making a significant contribution to sustainable development.

1. Introduction

that replacing 30% of cement with FA improved the pore distribution of
concrete, reduced its water absorption, thereby enhancing the structural

Geopolymers are sustainable cementitious materials formed by
inorganic polymerization of silica-aluminum constituents under acti-
vation of alkaline solution, and contain the three-dimensional network
structure connected by silicon and aluminum oxygen tetrahedron [1,2].
Compared with cement, the use of geopolymers as cementitious mate-
rials has advantages for economy and environment as well as better
early strength and impermeability [3].

As a kind of solid waste, fly ash (FA) has been widely used to replace
cement to produce concrete. Golewski’s team investigated the effect of
FA on the workability and microstructure of concrete [4-7]. They found

* Corresponding author.
E-mail address: wusp@whut.edu.cn (S. Wu).

https://doi.org/10.1016/j.conbuildmat.2023.134128

stability of concrete under submerged conditions. In addition, to better
understand the mechanical behavior of FA modified concrete, many
studies have reported the use of mathematical models to predict the
compressive strength of FA modified concrete [8-12]. Ahmed et al.
established mathematical models based on Artificial Neural Network
(ANN), M5P-Tree, Linear Regression and Multi-logistic regression
models to predict the compressive strength of FA-based geopolymer
concrete [13]. The results indicated that the ANN model demonstrated
superior predictive capabilities. The predictions revealed that the alkali
activator content and FA content significantly influenced the
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compressive strength of geopolymer concrete. Kakasor Ismael Jaf et al.
employed the Interaction (IN) model to predict the impact of the
Si09/Ca0 ratio on the compressive strength of FA-based geopolymer
concrete [14]. The results showed that the compressive strength
decreased as the SiO,/CaO ratio increased from 0.984 to 17. However,
when the ratio exceeded 17, the compressive strength increased.

However, due to the high silico-aluminous constituents in FA, it can
also serve as the primary precursor materials for the synthesis of geo-
polymers [15,16]. Similarly, geopolymers provide a high-value re-uti-
lization route of the solid wastes that contained silico-aluminous
constituents, such as red mud and coal gangue [17,18]. To this aim,
numerous studies on the development of geopolymers have been carried
out using these solid waste resources [19]. Bai et al. prepared
high-strength geopolymers under thermal curing conditions using red
mud and FA as precursors [20]. After a 24-hour curing period at 60 °C,
the geopolymer’s 28d compressive strength exceeded 50 MPa. Guo et al.
prepared geopolymer grouting materials using coal gangue and FA [17].
The material had the characteristics of short setting time, good dura-
bility and impermeability. Majdoubi et al. used phosphogypsum to
prepare phosphate-based geopolymers [21]. The addition of phospho-
gypsum made the microstructure of geopolymers denser, thereby
enhancing the mechanical properties of geopolymer.

Steel slag (SS) is the by-product generated during the production of
steel. Dicalcium silicate (C5S), tricalcium silicate (C3S) and RO phase are
the main components of SS [22]. Notably, China’s annual SS production
reached 137 million tons in 2022. Despite this magnitude, its utilization
rate remains below 30% [23-25]. The accumulation and landfilling of
SS not only occupy a significant amount of land resources but also pose a
substantial risk of heavy metal ions leaching [26,27]. To avert such
concerns, SS emerges as a viable option for serving as supplementary
cementitious materials to elevate the utilization of SS and reduce energy
consumption of cement industry [27,28]. However, due to the complete
crystallization of minerals and the high content of inert components
(such as RO phase) in SS, its cementitious activity is limited, thereby
reducing the application potential of SS as cementitious material
[29-32].

Some studies were conducted to explore the use of SS for preparing
geopolymers. Guo and Yang prepared high-toughness geopolymers
using FA and SS [33]. The results show that when the SS content was
21%, the tensile properties of geopolymers were enhanced, and the
cracks generated by tensile strain was reduced. Bai et al. investigated the
impact of SS on the mechanical properties of geopolymer prepared by
metakaolin [34]. The geopolymer’s early strength development was
accelerated as the SS content improved to 10%, and the 28d flexural
strength rose by 8%. Song et al. used SS to replace FA with high calcium
content to prepare SS-FA binary geopolymer [35]. According to their
findings, substituting SS for 20% of FA could increase the binary geo-
polymer’s compressive strength and inhibit the formation of matrix
shrinkage cracks. However, due to the inert components in SS and its
relatively low content of silica-alumina components, the excessive use of
SS may reduce the performance of geopolymers, resulting in long setting
time and poor early strength [33,36]. Therefore, the content of SS in
geopolymers is difficult to reach a high level (more than 40%), which
hinders the large-scale application of SS in geopolymers.

Numerous studies have demonstrated that increasing the Ca*" con-
tent in raw materials may be an effective approach to increase the
geopolymers’ early strength [37,38]. Granulated blast furnace slag
(GBFS), which is a kind of solid waste produced by the steel industry, not
only has high calcium content but also contains a certain amount of SiO5
and AlyOs. Consequently, it can be used to activate the geo-
polymerisation and improve the mechanical properties of geopolymers
[39]. Saha and Rajasekaran added GBFS to FA-based geopolymer to
enhance its early strength and shortened its setting time [40]. Zakira
et al. used GBFS and red mud to prepare geopolymers [41]. When the
mixing ratio of GBFS and red mud was 1:1, the geopolymer has the
highest 28d compressive strength at 65.7 MPa. Hongqiang et al.
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investigated the influence of GBFS on the strength of geopolymers made
from coal gangue [42]. They found that the compressive strength of
geopolymers was greatly enhanced by GBFS; at 40% GBFS content, the
strength increased by 59.08%.

Geopolymers’ early strength development is also significantly
influenced by the curing methods [43,44]. The most common
ambient-curing methods include standard curing, water curing, sealed
curing and dry curing [45-48]. However, in recent years, some studies
have reported that the early strength of geopolymers can be enhanced by
heat curing and microwave curing. Guan et al. used microwave curing to
prepare FA-based geopolymers [49]. After microwave curing for 15 min,
geopolymer mortars had the compressive strengths greater than 50 MPa.
Gultekin and Ramyar prepared perlite-FA geopolymers by oven curing
[50], the results showed that oven curing made the microstructure of
geopolymers denser, resulting in a significant improvement in early
strength. Dong et al. prepared spodumene tailings-based geopolymers
through the synergism of oven curing and microwave curing [51]. The
geopolymers’ compressive strength exceeded 200 MPa and it exhibited
good freeze-thaw stability after oven curing and microwave curing.

In summary, incorporating GBFS into precursors or optimizing the
curing methods may help to enhancing the performance of SS-based
geopolymers. However, the current studies on geopolymers are mostly
based on metakaolin, FA and GBFS, and the use of high-content SS is
limited. To investigate how high-content SS interacts with other solid
waste in geopolymers and how different curing methods influence the
performance of high-content SS-based geopolymers, this study used SS,
FA and GBFS as the precursors to prepare geopolymers, and the dosage
of SS was raised to 50%. The mixing, preparation, curing and testing
process of geopolymers are shown in Fig. 1. The influence of GBFS
content and curing methods (water curing, standard curing, sealed
curing and heat curing) on the fluidity, setting time and compressive
strength of geopolymers were studied. The geopolymers prepared by
different ratios and curing methods were characterized by X-ray
diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TG-DTG), scanning electron microscopy
(SEM) and energy dispersive spectrometer (EDS) to investigate the
microstructure and reaction process of SS-FA-GBFS ternary geopolymer.
This study explores the feasibility of utilizing high-content SS in geo-
polymers and comprehensively considers the effect of GBFS content and
curing methods on the working performance and microstructure of high-
content SS based ternary geopolymers. The study results provide a
theoretical basis for the large-scale utilization of SS in the concrete
industry.

Mixing and

Precursors B
curing

[—

Mortar samples

Fig. 1. Research flow chart.
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2. Materials and methods
2.1. Materials

As precursors for preparing geopolymers, FA, GBFS, and SS were
used. SS and GBFS were obtained from China Baowu Steel Group Co.,
Ltd., while FA was sourced from a power plant in Wuhan. The three solid
wastes’ particle size distribution was shown in Fig. 2. The average
particle sizes of FA, GBFS and SS are 11.57 pm, 33.03 ym and 63.52 um,
respectively. The relatively small particle sizes of the three precursors
are beneficial for increasing their reactivity [52].

X-ray fluorescence (XRF) was used to investigate the oxide compo-
sition of FA, GBFS and SS, as displayed in Table 1. FA primarily consists
of SiO, and Al;03, which make up 87.71% of the total components.
GBFS is mainly composed of CaO and SiO,, accounting for 72.64% of the
total components. SS contains significant amounts of CaO and FeyOs,
making up 71.53% of the total components. The Si®* and AI** in geo-
polymers primarily come from FA, while Ca?* is mainly contributed by
GBFS and SS. Since SS is the by-product of steel industry, Compared to
FA and GBFS, the amount of Fe;O3 in SS is much higher. The XRD ex-
amination of the three precursors is depicted in Fig. 3. The results show
that the main crystal phases in FA are mullite, quartz and calcium oxide.
C3A, C3S, CoS, FeO and RO phases are the main crystal phases in SS.
GBFS is produced by the rapid cooling of slag produced by blast furnace
ironmaking, and its composition structure is mostly glass phase, which is
shown as the distribution of broad bump from 26= 25° to 20= 35° on
the XRD curve.

The alkaline activator for precursors was water glass, and its basic
properties are shown in Table 2. Sodium hydroxide (NaOH) was used to
reduce the water glass’s modulus from 3.26 to 1.5. After adding NaOH to
the water glass, it needs to be stirred for 24 h to ensure the stability of
modulus. The weight of NaOH added when adjusting the modulus of
water glass is calculated according to the following equation:

Mmwg 'Psi()2 Mmwg ‘Psio2

af = 2Mr -
fIiNeOH {00M,, M, ~ T00M,, My

(€Y

Where myqoy is the weight of NaOH (g), M,; is the relative molecular
mass of NaOH, myy is the weight of water glass (g), Psio2 is the content
of SiO; in water glass (Wt%), M is the relative molecular mass of SiOq,
M;j is the target modulus of water glass, My is the initial modulus of
water glass.

2.2. Mix proportions, sample preparation and curing conditions

Table 3 displays the raw material mixture ratio and the curing
methods. To improve the utilization rate of steel slag without reducing
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Fig. 2. Particle size distribution of FA, GBFS and SS.
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the performance of geopolymers, the amount of SS was set to 50% of the
total weight of the precursors with a 0.5 water-binder ratio to be used.
The water content already existing in the water glass was deducted when
determining the amount of water to be added. As indicated in references
[17,43], increasing the dosage of alkali activators leads to a higher
content of NayO in geopolymer slurry, which will enhance the me-
chanical properties of geopolymers. However, excessively high dosages
of alkali activators will raise the raw material costs, significantly
diminishing the economic viability of geopolymers. Therefore, the NayO
content was set to 12% of the total weight of the precursor. The amount
of water glass is calculated based on the NayO content according to the
following equation:

_ 12mp

my

(2)

Prayo

Where m; is the amount of water glass (g), mp is the total weight of the
precursors (g), and Pya20 is the content of NagO in the water glass (wt%).

For the compressive strength and fluidity tests, mortar samples were
used, whereas paste samples were used for the setting time test, XRD
test, TG-DTG test, FTIR test and SEM-EDS test.

A total of 13 groups of geopolymer samples were prepared. The
variables of group 1 to group 5 were set to GBFS content. The variables
of group 4, group 6, group 7 and group 9 were set to the curing methods.
The variables of group 8 to group 13 were set to the temperature and
duration of heat curing.

In the preparation of samples, FA, GBFS and SS were fully mixed with
standard sand according to the ratio in Table 3, and then water glass and
water were added and stirred evenly. The 40 x 40 x 160 mm® mold was
filled with the fresh slurry. After 2 min of vibration, the mold was
wrapped in the plastic film and placed in the curing room (20 + 2 °C,
50 + 5% RH) for 24 h. The paste samples were prepared by the mold
with a size of 40 x 40 x 40 mm®>. The mortar and paste samples pre-
cured for 24 h were taken out and continue curing in different condi-
tions according to Table 3. As shown in Fig. 4, different curing methods
were carried out by the following steps:

(1) Water curing: The mortar and paste samples were immersed in
water and placed in the curing room, The spacing between the samples
exceeds 10 cm.

(2) Standard curing: the mortar and neat paste samples were directly
placed in the curing room.

(3) Sealed curing: the mortar and paste samples were wrapped with
plastic film and placed in the curing room.

(4) Heat curing: The samples of mortar and paste were placed in the
oven after being wrapped in plastic film. After curing at different tem-
peratures for the corresponding time, the plastic film was removed and
the samples were placed in the curing room to continue curing.

In engineering applications, standard curing is suitable for the curing
of geopolymer concrete prefabricated parts, while water curing and
sealed curing are suitable for most engineering scenarios due to their
simple operation. Heat curing is suitable for scenarios with higher re-
quirements for the early strength of geopolymer concrete.

2.3. Testing methods
2.3.1. Working performance

2.3.1.1. Fluidity of mortar. To evaluate how GBFS content affects the
fluidity of geopolymers, the fluidity test was conducted based on Chi-
nese standard GB/T 2419-2005. The fresh mortar was poured into the
conical mold with a top diameter of 70 mm, bottom diameter 100 mm
and height 60 mm. The mold was taken out upwards after the mortar is
fully filled with the mold. After 25 times of vibration on the jumping
platform, the flow diameter of the mortar is measured as the value of
fluidity. Each mixture was measured four times and an average with
standard deviation was reported.
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Table 1
Oxide composition of FA, GBFS and SS.
Raw materials Oxide type CaO SiO, Al,03 MgO Fey03 Na,O K20 P,0s5 MnO
FA Oxide content (%) 2.44 54.90 32.81 0.96 3.04 0.70 1.77 0.19 0.03
GBFS 40.42 32.22 15.00 7.40 0.48 0.38 0.47 0.03 0.16
SS 45.40 11.80 1.94 3.85 26.13 0.17 0.12 1.94 2.94
Table 3
Q The mixing ratio of raw materials and the curing conditions of samples.
8 8 p.
Group Group code Solid waste Curing method
number content/% by
total weight of
precursors
_
= SS FA GBFS
< M
; Q M 1 GWO 50 50 0 20 + 2 °C, Water curing
= M MM 2 GW10 50 40 10 20 + 2 °C, Water curing
2 clm C 3 GW20 50 30 20 20 + 2 °C, Water curing
2 FA 4 GW30 50 20 30 20 + 2 °C, Water curing
E 5 GW40 50 10 40 20 + 2 °C, Water curing
6 GST30 50 20 30 20 + 2 °C, Standard
GBFS curing
1 7 GS30 50 20 30 20 + 2 °C, Sealed
T R curing
T D 8 GH30_.40C 24 h 50 20 30 40 °C for 24 h, Heat
A F R SS curing
o Wittt ottt oatieamittns 9 GH30.60C24h 50 20 30 60 °C for 24 h, Heat
20 30 40 50 60 70 80 curing
29(0) 10 GH30_80C_24h 50 20 30 80 °C for 24 h, Heat
curing
. . 11 GH30.60C 6 h 50 20 30 60 °C for 6 h, Heat
Fig. 3. XRD patterns of FA, GBFS and SS, M=Mullite, Q=Quartz, C=Ca0, -V curing or ea
A=CaA, T = G55, F=FeO, D=C,5, R=RO Phase. 12 GH30.60C12h 50 20 30 60 °C for 12 h, Heat
curing
13 GH30.60C_18 h 50 20 30 60 °C for 18 h, Heat
Table 2 curing
Basic properties of r glass. -
asic properties of water glass Group code (Example): GH30_40C_24 h: 30% GBFS content and heat curing
Properties Value under 40 °C for 24 h.
Baume degrees 38.5
Modulus 3.26 part of the sample was submerged in anhydrous ethanol for 7 days. After
Solid content/% 35.5 that, the sample was dried for 24 h at 40 °C in a vacuum drying oven to
Na,O content/% 8.53 id of ini hvd h 1. The dried 1
Si0, content/% 26.98 get rid of any remaining anhydrous ethanol. The dried samples were

2.3.1.2. Setting time. For the application of geopolymers in engineering,
the setting time is essential. According to the Chinese standard GB/T
1346-2011, the setting time of GW0, GW10, GW20, GW30 and GW40
were tested by a Vicat instrument. The Vicat needle with a length of 50
+ 1 mm and a diameter of 1.13 + 0.05 mm was used for testing the
initial setting time. The Vicat needle with a length of 30 + 1 mm, a
diameter of 1.13 + 0.05 mm and a circular cutting edge at the top was
used for testing the final setting time. The measurement was taken every
30 min before the initial setting time and then shortened to every 2 min
when approaching the initial and final setting time. Each mixture was
measured three times and an average with standard deviation was
reported.

2.3.1.3. Compressive strength. According to the Chinese standard GB/T
17671-2021, the 3d, 7d and 28d compressive strength of mortar sam-
ples were tested by the electronic universal testing machine (Yixuan
TYE-3000, China). The loading speed of the pressure is set to 2.4 kN/s.
Mortar samples of each ratio were measured six times and an average
with standard deviation was reported.

The laboratory photos of the working performance test of the geo-
polymer samples are shown in Fig. 5.

2.3.2. Microscopic analysis
After crushing the paste samples, to inhibit hydration, the central

pulverized into powders with a particle size of less than 0.075 mm for
XRD test, TG-DTG test and FTIR test. The microstructure and reaction
products of paste samples were investigated by SEM (Zeiss Gemini 300,
Germany). The scanning speed of the XRD (Rigaku Dmax-2500PC,
Japan) is 2°/min, from 20=5° to 20= 65°. The heating rate of the
thermogravimetric analyzer (Netzsch TMA402F3, Germany) is set to
10 °C/min, and the temperature is increased from 0 °C to 1000 °C. The
detection wavenumber of infrared spectrometer (Delite DH108, China)
is set to 400-4000 cm~*. Before the EDS test, the central part of the paste
sample was cured with epoxy resin, and then polished with 200 mesh,
400 mesh, 800 mesh, 1200 mesh, 2000 mesh and 4000 mesh sandpaper
respectively, and finally polished with 3 um polishing fluid. The aim is to
grind off the unhydrated particles on paste samples’ surface so as to
observe the distribution of different phases. Finally, a layer of platinum
is plated on the surface of the sample to improve the imaging quality.

3. Results and discussion
3.1. Working performance of geopolymer

3.1.1. Fluidity

Fig. 6 shows the relationship between the fluidity and the GBFS
content. It is evident that the fluidity of the geopolymers was decreased
by the addition of GBFS. As the GBFS content increased to 40%, the
fluidity decreased by 11.7% compared with the control group without
GBFS, which might be due to the different particle properties of FA and
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Fig. 5. Working performance test of the geopolymers, (a) fluidity, (b) setting time, (c) compressive strength.
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Fig. 6. The fluidity of geopolymers with different GBFS content.

GBFS. Previous studies[4,49,53] have shown that the FA particles
exhibit a spherical morphology and possess smooth surfaces, resulting in
low interparticle friction. In contrast, the particles of GBFS exhibit an
irregular shape, contributing to a high degree of friction between par-
ticles. Therefore, when the content of GBFS increased and the content of
FA decreased, the viscous resistance of the particles inside the mixture
increased, which ultimately led to a decrease in fluidity, which is
consistent with the study results of Guo et al.[17].

3.1.2. Setting time

The connection between the setting time and the GBFS content is
presented in Fig. 7. As GBFS content increased, there is a notable
reduction in setting time of the geopolymer paste. The initial setting
time of the geopolymer paste was shortened from 252 min to 61 min

- Initial setting time
300 4 - Final setting time

Setting time (min)

0 10 20 30 40
GBFS content (%)

Fig. 7. Setting time of geopolymers with different GBFS content.

when the GBFS content was increased from 0% to 40%, which was
reduced by 76%, and the geopolymer paste’s final setting time was
shortened from 281 min to 77 min, which was reduced by 73%. The
solidification of geopolymer is determined by the network-like alumi-
nosilicate gel produced by the condensation reaction of silica-aluminum
constituents under alkali activation. For geopolymers, the reactivity of
FA is lower than that of GBFS, and the early hydration is slower [54].
However, due to the high-amount of CaO in GBFS (40.42%), in the
geopolymer paste, the incorporation of GBFS may speed up the devel-
opment of calcium silicate hydrate (C-S-H) gel and calcium alumino-
silicate hydrate (C-A-S-H) gel, thus accelerating solidification to shorten
setting time.
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3.1.3. Compressive strength

Fig. 8. displays the compressive strength at 3d, 7d, and 28d for
mortar samples under different GBFS content and curing conditions. As
depicted in Fig. 8(a), it is evident that as GBFS content improved, the
compressive strength improved as well. When the dosage of GBFS rose
from 0% to 40%, the 3d, 7d and 28d compressive strength of geopolymer
mortar increased from 9.2 MPa, 15.5MPa and 31.9-34.7 MPa,
53.4 MPa and 60.6 MPa, respectively. According to previous studies
[44,55], the CaO content in traditional geopolymer precursors (such as
FA and metakaolin) is low, and the three-dimensional network of
aluminosilicate gel produced by geopolymerization determines the
strength. However, the findings of Kim et al.[37] showed that the
high-amount of CaO in GBFS may result in more C-S-H gel and C-A-S-H
gel in slurry with the addition of GBFS, which may accelerate the
development of early strength. Therefore, with the increase of GBFS
content from 0% to 40%, the 3d compressive strength of geopolymer
mortar reached 28.8%, 31.5%, 42.6%, 45.4% and 57.3% of the 28d
compressive strength, respectively, the 7d compressive strength reached
48.6%, 57.3%, 63.3%, 80.0% and 88.1% of the 28d compressive
strength, respectively, which represented a significant acceleration in
the development of early strength. Additionally, it has been reported
that GBFS possesses a nucleation effect [56], and higher amounts of
GBFS will provide additional nucleation sites for slurry, encouraging the
development of C-S-H gel and C-A-S-H gel, consequently improving
geopolymers’ compressive strength.

Fig. 8(b) depicts the impact of various curing methods on the
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compressive strength of mortar samples. The 28d compressive strength
of mortar samples at the curing temperature of 20 °C is in the following
order: GW30 (water curing), GS30 (sealed curing) and GST30 (standard
curing), with values of 57.5 MPa, 68 MPa, and 70.8 MPa, respectively.
Water curing will dissolve the alkali within the mortar into water,
resulting in a lack of alkali inside the mortar to dissociate the alumi-
nosilicate glass body, so that there are not enough Si and Al monomers
for geopolymerisation. Therefore, the compressive strength of GW30 is
the lowest. Sealing curing will isolate the mortar samples from the
external water. With the continuous progress of geopolymerisation and
hydration in geopolymer mortars, there is a lack of water inside the
mortar, thus slowing down the development of compressive strength.
Standard curing provides enough water for geopolymerisation and hy-
dration, and the alkali in mortars will not be diluted by water. Therefore,
mortar samples have the highest compressive strength under standard
curing condition. The results are similar to the findings of Man-
ojsuburam et al.[57]. The early strength development of geopolymers
benefits from the high-temperature conditions. Compared with other
curing methods, heat curing has the highest early compressive strength
while later strength increase is slowly. The 3d compressive strength of
GH30_60C_24h (heat curing) is 63.5 MPa, which is 74.9% higher than
that of GST30 (standard curing), but its 28d compressive strength
(76.3 MPa) is only 20.2% higher than 3d compressive strength.

Fig. 8(c) illustrates the compressive strength after heat curing for
24 h at various temperatures. The results demonstrated that as the
temperature climbed from 20 °C to 60 °C, the geopolymer mortar’s
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compressive strength increased, and higher curing temperatures are
responsible for the greater early strength, which is consistent with the
findings of Kong et al.[48]. The 3d compressive strength of GST30 is
only 51.3% of its 28d compressive strength, whereas the 3d compressive
strength of GH30_60C_24h reaches 83.2% of its 28d compressive
strength. With temperature rose to 80 °C, however, the compressive
strength began to decrease. The 28d compressive strength of
GH30_80C_24h was 3 MPa lower than that of GH30_60C_24h, which
may be due to the increase of shrinkage cracks within the mortar sam-
ples under excessively high temperatures, thereby negatively impacting
the compressive strength [58]. Therefore, for the ternary geopolymer
prepared in this paper, it is recommended that the maximum curing
temperature should not exceed 60 °C.

The compressive strength after heat curing under 60 °C for various
periods is depicted in Fig. 8(d). Similar to raising the curing tempera-
ture, the compressive strength can be enhanced by prolonging curing
period. The 3d compressive strength of GH30_60C_24h is 36.6% higher
than GH30_60C_6h, and the 28d compressive strength of GH30_60C_24h
is 27.8% higher than GH30_60C_6h. When the heat curing time excee-
ded 18 h, prolonging the curing time had less of an impact. The 3d
compressive strength of GH30_60C_24h is only 4.3% higher than that of
GH30_60C_18 h. This may be because the long-term heat curing induces
the drying shrinkage of the mortar, resulting in shrinkage cracks inside
the mortar. Therefore, for the ternary geopolymer prepared in this
study, it is suggested that the curing time at 60 °C should not exceed
18 h.

3.2. Microscopic analysis

3.2.1. XRD analysis

Fig. 9 presents the XRD patterns of paste samples after 3d of curing
under different GBFS content and curing methods. The results revealed
that the primary mineral phases of the seven groups were mullite
(Aly03), quartz (SiO3), C-A-S-H gel, CSH gel and RO phase. Mullite was
the mineral phase existed in FA, and quartz was from FA and GBFS. RO
phase was the mineral phase derived from SS, which was formed by
high-temperature solid solution of metal oxides and did not participate
in the geopolymerisation. The presence of mullite phase and quartz
phase in GWO indicates that the original mineral phase of FA still exists
in the geopolymer, which means that when SS:FA:GBFS= 5:5:0, FA in
the samples does not fully participate in the geopolymerisation. How-
ever, the mullite peak and quartz peak at 20= 16° and 20= 20° did not
appear when SS:FA:GBFS= 5:2:3, and there was a significant decrease in
the quartz peak’s intensity at 26= 26°, indicating that GBFS contributed
to improve the reaction degree of precursors, thereby consuming SiO; in
FA and GBFS, which was similar with the findings of Long et al. [59].

Existing works show that the incorporation of Ca-rich materials
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(such as GBFS and SS) to geopolymer precursors leads to the hydration
of Ca components under alkaline conditions, which contributes to the
generation of C-S-H and C-A-S-H [60]. As amorphous phases, C-S-H and
C-A-S-H exist as zeolite-like structures in geopolymers, which cannot
exhibit strong Bragg reflections [55]. In Fig. 9, these phases are repre-
sented by broad humps around 26= 28-35°. It can be observed that
except for the control group GWO, all other groups exhibited diffraction
peaks corresponding to C-S-H phase at 260= 29°, which indicated that the
addition of GBFS promoted the generation of C-S-H. In addition, the
peak intensity of mortar samples (GH30_60C_24h, GH30_80C_24h and
GH30_60C_12h) cured at high temperature increased at 20= 29°, which
proved that the hydration reaction of geopolymer precursors was
accelerated by high-temperature curing.

3.2.2. FTIR analysis

Fig. 10 displays the FTIR spectra of paste samples after 28d of curing
under different GBFS content and curing conditions. The stretching and
bending vibrations of the O-H bonds are responsible for the absorption
spikes at wavenumbers approximately 3459 and 1646 cm™}, respec-
tively, which confirms the existence of bound water in the gel and
further demonstrates the production of hydration products. Addition-
ally, the absorption spike at 979 cm™! is generated by the asymmetric
stretching vibration of the Si-O-Si (Al) bonds, whereas absorption spikes
at 451 and 674 cm ! are generated by the bending vibrations of the Si-
O-Si bonds. The existence of these three characteristic spikes signifies
the formation of C-(A)-S-H gel. The Al-O bonds’ vibration is represented
by the absorption spike around 719 cm ™. The absorption spikes at 1426
and 1488 cm™! represented the bending vibrations of C-O bonds,
implying the existence of carbonate products in the samples, possibly
arising from carbonation. However, the relatively weak intensities of
these two absorption spikes suggest that the samples contain only a
small amount of carbonate. In agreement with the findings of the XRD,
indicating that the ternary geopolymer obtained in this study is rela-
tively difficult to carbonate, which is possibly due to the densely packed
arrangement of reaction products, rendering the structure of the geo-
polymer highly compact and hindering the penetration of CO; into the
sample’s interior.

3.2.3. TG-DTG analysis

Fig. 11 shows the TG-DTG curves of paste samples with different
GBFS contents and curing conditions after curing for 28d. According to
the conclusions of Shi et al. [61], the weight loss of GBFS materials with
alkali activation between 20 and 200 °C represented the decomposition
of C-(A)-S-H gel. Similarly, the research by Guo et al. indicated that
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Fig. 10. FTIR spectra of paste samples after 28d of curing under different GBFS
content and curing conditions.
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C-(A)-S-H gel tends to decompose within the temperature range of
20-200 °C [17]. Therefore, the weight loss of the paste samples within
the temperature of 20-200 °C reflects the quantity of C-(A)-S-H gener-
ated through geopolymerisation and hydration. It can be observed from
Fig. 11 that the weight losses of GWO, GW30, GST30, GS30,
GH30_60C_24h, GH30_80C_24h and GH30_60C_12h at 20-200 °C are
6.04%, 9.49%, 10.22%, 10.09%, 11.05%, 10.55%, and 10.24%,
respectively. The weight loss of GW30 increased by 57.1% in compari-
son to GWO as the GBFS content rose from 0% to 30%, indicating a
significant increase of the C-(A)-S-H gel content. This explains the
enhancement of compressive strength after the doping of GBFS. The
variation in C-(A)-S-H gel content is closely linked to the changes in
compressive strength. The weight loss of the samples cured under
different conditions from high to low is heat curing, standard curing,
sealing curing and water curing, which agrees with the order of
compressive strength in 3.1.3, confirming that appropriate heat curing
can accelerate the hydration and geopolymerisation, thereby increasing
the content of C-(A)-S-H gel in the geopolymer and consequently
improving its strength. However, Scholer et al. pointed out that exces-
sively high temperatures would make the hydration products cover
rapidly on the particles’ surface and hinder the hydration reaction [62].
Therefore, as the curing temperature rose to 80 °C, the rapidly generated
C-(A)-S-H gel will cover the surface of FA, GBFS and SS, thereby
reducing the contact area between geopolymer precursor and alkali
activator [61], resulting in a decrease in the amount of C-(A)-S-H gel,
which explains why the weight loss of GH30_80C_24h (10.55%) is lower
than that of GH30_60C_24h (11.06%).

3.2.4. SEM-EDS analysis

Fig. 12 shows the SEM images of geopolymer pastes after curing for 3
days. Compared with GW30, it can be clearly observed that the structure
of GWO is notably looser, and contains many unhydrated FA particles,
resulting in its lower compressive strength. When the content of GBFS
increased to 30%, the geopolymer precursor produced more matrix gels
through geopolymerisation and hydration, and the number of unhy-
drated FA particles in GW30 was reduced. Therefore, the 28d
compressive strength of GW30 (57.5 MPa) is much higher than that of
GWO (31.9 MPa). The results indicate that FA exhibits lower reactivity,
thus it cannot fully participate in the geopolymerisation. However,
When GBFS is used to replace FA, the addition of GBFS has an activation
effect on SS and FA due to the large amount of highly active CaO, SiO,
and AlyO3 in GBFS, which accelerates the geopolymerisation and hy-
dration. So, the compressive strength of geopolymer mortar increased
with the increase of GBFS content. In addition, due to the high-amount
of CaO in SS and GBFS, the Ca / (Si + Al) ratio in GW30 is significantly
higher than that in GWO. It has been reported that the environment with

a higher Ca / (Si + Al) ratio is favorable for the formation of needle-like
C-S-H [59]. As shown in Fig. 12(b), these needle-like C-S-H fill the pores
and voids, consequently enhancing the compressive strength of the
geopolymers.

Fig. 12(b), (c), (d), and (e) show that the ultrastructure of the geo-
polymer is significantly impacted by various curing methods. Due to the
dilution of alkali activator and the consumption of water under water
curing and sealed curing, the reaction of geopolymer precursor is not
complete, resulting in fewer gels formed by geopolymerisation and hy-
dration. The matrix gel produced by geopolymer precursors increases
under standard curing, forming a uniform gel network within the geo-
polymer. Therefore, at room temperature, the geopolymer mortar with
standard curing has the highest compressive strength. The high tem-
perature increases the reaction degree and reaction speed of geopolymer
precursors under heat curing, a large number of reaction products fill the
pores and defects of the geopolymer, which results in a denser micro-
structure. This is why heat curing can significantly enhance the
compressive strength of geopolymer mortar. However, Fig. 12(f) shows
that after raising the temperature to 80 °C, the rapid consumption of free
water at high temperatures may result in more shrinkage cracks in the
geopolymer. Shrinkage cracks will reduce the structural stability of
geopolymers, thereby reducing the compressive strength of geo-
polymers. Therefore, as the curing temperature increased from 60 °C to
80 °C, the 28d compressive strength of GH30_80C_24h (69 MPa) is
lower than that of GH30_60C_24h (72.7 MPa).

Fig. 12(g) and (h) illustrate the layered reaction products similar to
hydrotalcite observed in GH30_60C_24h. GBFS and SS accounted for
80% of the total weight of geopolymer precursors in GH30_60C_24h.
XRF results showed that the content of MgO in GBFS and SS was 7.4%
and 3.85%, respectively. Under alkaline conditions, Mg2" leaches out
from GBFS and SS and reacts with the aluminum components in FA and
GBFS, forming layered Mg-Al bimetallic hydroxides within the geo-
polymer. It has been reported that hydrotalcite-like compounds
contribute to the resorption and immobilization of heavy metal ions in
the environment [63], thereby enhancing the environmental perfor-
mance of geopolymers.

To verify the different reaction products in Fig. 12, the backscattered
electron (BSE) EDS images of GW0 and GH30_60C_24h are presented in
Fig. 13. Fig. 13(a) illustrates the presence of unreacted SS and FA within
GWO. Due to FA’s relatively low reactivity, just a little of N-A-S-H gel is
formed when the silicon-aluminum component of FA interacts with
Na+ from the water glass. The gel in GWO is mainly composed of C-S-H
gel formed by hydration of calcium component in SS. With the addition
of GBFS, the reaction degree of FA and SS increased under the activation
of GBFS. As shown in Fig. 13(b), no unhydrated FA and SS particles were
found in GH30_60C_24h, but there were unhydrated GBFS particles. This
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Fig. 12. SEM images of geopolymer pastes after curing for 3 days, (a) GWO, (b) GW30, (c) GST30, (d) GS30, (f) GH30_80C_24h, (e), (g) and (h) GH30_60C_24h.

could be illustrated by the quick development of C-(A)-S-H gel at higher
temperatures, which encapsulates the GBFS particles and hinders
further reactions. The gel composition within GH30_60C_24h primarily
consists of C-(A)-S-H gel, accompanied by a small amount of N-A-S-H
gel. These two gel products, along with hydrotalcite, collectively
constitute the microstructure of the geopolymer. Therefore, the reaction
products in GH30_60C_24h are more continuous, uniform, and have
fewer pores and defects compared to GWO. Consequently,
GH30_60C_24h demonstrates higher compressive strength than GWO.

3.2.5. Hydration process of SS-FA-GBFS ternary geopolymer

According to the results of the above tests, the hydration process of
SS-FA-GBFS ternary geopolymer can be summarized as follows:

1. When the geopolymer precursor does not contain GBFS, in an
alkaline environment, the glass body in SS and FA are dissolved, and the
Si0, and Al,O3 in SS and FA react with OH to form [H3SiO4],

[H3A104]2' and [Al(OH)G]B' as monomers for the geopolymerisation, as
shown in Egs. (3), (4), and (5).

Si0, + OH™ + H,0—[H;Si0,]” 3)
AlO,” + OH™ + H,0—[H;AlO,])*” )
AlO,” + OH™ 4 H,0—[AIOH,]*~ (5)

2. [H3Si04] and [H3A104] 2 reacts with Na™ in water glass to form N-
A-S-H gel, while the Ca®* reacts with water to form Ca(OH),, which
subsequently reacts to form C-S-H gel, as depicted in Eqgs. (6) and (7).
Due to the lower reactivity of SS and FA, the amount of gel formed in the
system at this stage is relatively limited.

Na® + [H3Si0,]” 4 [H;AlO,)” >N - A —-S —H 6)
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mCa(OH), + SiO, + H,0—~C — S —H @

3. With the addition of GBFS, the reactive components such as CaO,
Si0,, and Al;O3 in GBFS has an activation effect on both SS and FA,
thereby accelerating the hydration and geopolymerisation in the geo-
polymer slurry. At this stage, the substantial presence of Ca’,
[H3A104]2', and [H3SiO4]  in the system leads to significant generation
of C-(A)-S-H gel. Additionally, Mg?t in GBFS and SS reacts with [
AlOH6]3'to form hydrotalcite, as shown in Egs. (8) and (9).

Cat 4 [H3Si0,]” + [H3Al0,]* =C — (A) =S —H ®
6Mg>* + 2[AIOH,]*™ 4+ CO;>™ 4 40H™ + H,0—6MgO-Al,05-CO,-12H,0
©)]

4. The C-(A)-S-H gel and N-A-S-H gel were connected to form a gel
network, resulting in an improvement in geopolymer’s strength. During
the heat curing, the reaction of the geopolymer precursor is accelerated,
and the network-like reaction products generated by geopolymerisatio
are continuously arranged and accumulated, and finally a highly dense
microstructure is formed. Only a small part of the unreacted Ca(OH),
reacts with CO5 to form CaCOs, which is why the diffraction peaks and
thermolysis of calcite are difficult to observe in the XRD and FTIR
results.

4. Conclusions

In this study, a high-strength ternary geopolymer was synthesized
using SS, FA, and GBFS as precursors. The influence of GBFS content and
curing methods on the mechanical properties, microstructure, and re-
action products of the geopolymer with high SS content (50%) were
investigated. Through the working performance and microscopic char-
acteristics of geopolymers, the following conclusions can be drawn:

(1) The incorporation of GBFS improves the compressive strength of
geopolymers while reducing its setting time and fluidity, but the
working performance of the geopolymers was acceptable. When
SS content reached 50%, as the dosage of GBFS rose from 0% to
40%, geopolymers’ 28d compressive strength increased from
31.9 MPa to 60.6 MPa.

(2) Atroom temperature, geopolymer mortars under standard curing
conditions exhibited the highest compressive strength, followed
by sealed and water curing. Appropriate heat curing can accel-
erate the formation of gels and contribute to improve the
compressive strength of geopolymers. However, excessive curing
temperatures or curing time will lead to the formation of
shrinkage cracks, resulting in a decrease of compressive strength.
Microscopic analysis indicated that the reaction product was
mainly C-(A)-S-H gel, The geopolymers’ compressive strength has
a high correlation with the thermal decomposition weight loss of
C-(A)-S-H gel. Heat curing can improve the reaction degree of
geopolymer precursors, but under excessively high temperature,
the precursor particles will be covered by the rapidly generated
reaction products and cannot continue to participate in the
reaction.
The SEM-EDS results demonstrate that under heat curing condi-
tions, the continuous aggregation of reactive monomers in the
slurry forms a three-dimensional aluminosilicate network struc-
ture, which further arranges and stacks, resulting in a geopolymer
with a denser microstructure and more uniform reaction prod-
ucts. The Mg?" in SS and GBFS will react with the aluminum
components under the alkaline environment to generate hydro-
talcite, further enhancing the geopolymer’s structural stability.

The developed ternary geopolymer achieves high-content utili-

zation of SS in geopolymers, thereby increasing the utilization

rate of SS in China and reducing its environmental pollution. In
practical applications, standard curing, water curing, and sealed
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curing are suitable curing conditions for most industrial sce-
narios, while heat curing is beneficial for improving the early
strength of geopolymer.

5. Future recommendation

Despite the potential benefits of using FA, SS, and GBFS to produce
geopolymers, such as reducing cement consumption and promoting the
recycling of solid waste, there remain uncertainties regarding the eco-
nomic and environmental viability of geopolymers due to their heavy
reliance on industrial water glass as an alkali activator. Therefore, a
comprehensive life cycle assessment of these waste solid-based cemen-
titious materials is essential. In addition, SS, GBFS and FA all contain a
variety of heavy metal ions, so it is essential to test the leaching toxicity
of solid waste-based geopolymers, which will be carried out in the
ongoing research. Furthermore, the hydration kinetics and ion migra-
tion of ternary geopolymers will be studied to better understand the
hydration mechanism of SS-based geopolymers.
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