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Improving the fire resistance of alkali-activated blend systems remains a challenge. This study investigates the
use of waste glass (WG) to strengthen the high-temperature performance of a class F fly ash (FA)-ladle slag (LS)
hybrid system through its recrystallization at elevated temperatures. The results indicate that the moderate
incorporation of WG enhances the fire resistance of the pastes. The sample containing 20% WG exhibits the
highest strength retention ratio at 800 °C, reaching 2.57 times that at ambient temperature. As temperature rises,
the incorporation of WG promotes the formation of Ca-enriched gel products by releasing additional Ca and
facilitates the development of crystalline phases through the recrystallization of gel products and unreacted WG,
thus enhancing the residual strength. Meanwhile, elevated temperatures accelerate crack propagation and pore
coarsening, whereas microcracks and micropores are healed by the melted unreacted WG and viscous sintering of
geopolymer. Overall, this study provides in-depth insights into the strength evolution mechanism induced by WG

at elevated temperatures, contributing to the potential application of WG for fire resistant geopolymer.

1. Introduction

Fire is a frequent and destructive hazard worldwide, posing a sig-
nificant threat to public safety and structural service life. When sub-
jected to elevated temperatures, Ordinary Portland Cement (OPC)
exhibits limited fire-resistant ability due to the dehydration and
decomposition of hydration products, leading to mechanical degrada-
tion and structural collapse [1]. As an attractive alternative to OPC
materials, geopolymer synthesized from aluminosilicate precursors such
as Class F fly ash (FA) and metakaolin (MK) exhibits superior fire
resistance due to the better thermally stable aluminosilicate gel struc-
ture [2,3]. However, the pure geopolymer systems, especially those
based on low calcium FA, always exhibit lower early strength, which
limits their engineering applications. To address this limitation,
alkali-activated fly ash-slag (AAFS) systems have been developed by
incorporating additional calcium sources such as ground granulated
blast furnace slag (GGBS) to accelerate reaction kinetics and improve
early strength [4-6]. Nevertheless, the C-A-S-H gel and N-A-S-H gel
exhibit incompatibility in thermal response within an AAFS system.
C-A-S-H is easier to thermally decompose than N-A-S-H, leading to
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strength degradation compared to alkali-activated fly ash (AAF) systems
[7].

To date, extensive efforts have been devoted to enhancing the fire
resistance of AAFS-based systems. However, approaches relying on
adjusting the proportions of conventional precursors and different ac-
tivators to regulate gel compatibility exhibit limited effectiveness, as the
modified systems still suffer strength loss at high temperatures due to the
presence of C-A-S-H gel [4,8,9]. In addition, many studies aim to
improve the microstructure characteristics to enhance fire resistance,
such as incorporating fibers to suppress cracks propagation and adding
chemical admixtures to refine the pore structure [10-14]. For instance,
Yu et al. [13] found that the incorporation of steel fibers improved re-
sidual compressive strength retention of geopolymer mortar and con-
crete, whereas all samples exhibited strength degradation as the
temperature increased. A similar trend was observed in the study by
Chan and Zhang [14], which employed PVA fibers. Beyond the
fiber-reinforced systems, applying other microstructural modifications,
such as foamed systems, strength loss at high temperatures has still been
observed [10]. Although these strategies are feasible in mitigating
strength loss, they fail to enhance residual strength relative to those at
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room temperature. Further, many of these methods are not economically
favorable for practical applications. In terms of phase composition,
Al-rich precursors are beneficial for improving high temperature per-
formance because they promote the formation of thermally stable gel
frameworks and crystals. Our previous studies indicate that ladle slag
(LS), which contains a higher Al content than GGBS, provides better
fire-resistance performance when incorporated into FA-based geo-
polymers [7,15]. Fundamentally, the further enhancement of
high-temperature resistance is governed by microstructural optimiza-
tion and more fire-resistant phases formation. Therefore, innovative and
cost-effective solutions targeting physical and chemical improvements
at high temperatures are required.

As a common solid waste, waste glass (WG) shows great potential for
high-temperature resistant applications owing to its melting and crys-
tallization behavior under elevated temperatures, which can refine pore
structure and generate thermally stable supplementary crystals such as
wollastonite whose melting point is 1540 °C [16]. The incorporation of
WG in alkali-activated material (AAM) systems has emerged as a
promising pathway for its valorization. However, current studies pre-
dominantly focus on the application of WG under ambient conditions,
while the systematic investigations into the influence of WG as a pre-
cursor on the high-temperature performance of AAMs remain relatively
limited. Lu and Poon [17] found both replacing either FA or GGBS with
WG improved the residual compressive strength of alkali-activated
mortar at 800 °C. Similarly, Derinpinar et al. [18] observed that the
increased substitution of WG with GGBS led to decreased compressive
strength at room temperature but improved the high temperature
resistance of geopolymer concrete. Jiang et al. [19] identified that the
incorporation of WG enhanced the fire resistance in FA-based geo-
polymer pastes, and observed that the melted WG filled the porous
structures of matrix, thus refining the pore system. These findings sug-
gest that WG incorporation can mitigate strength loss at elevated tem-
peratures. The potential melting of WG can improve the pore structure
by healing internal pores and cracks, thereby enhancing fire resistance.
Nevertheless, existing studies mainly focused on the mitigation of
strength degradation through molten-glass healing, while the WG
dosage-dependent strengthening/deterioration threshold and its
coupled effects on crystallization phase transformation and pore evo-
lution in AAM systems remain insufficiently clarified.

At high temperatures, another notable feature of WG is that it can act
as a fluxing agent in combination with other solid wastes for ceramic
production [20-23]. Huang et al. [20] produced glass-ceramics using
WG and incinerated sewage sludge ash and found that the increased WG
content densified the microstructure and promoted the formation of
crystalline phases. Similar results were reported by Zeng et al. [22], who
used WG and coal fly ash for glass-ceramics. Additionally, WG inher-
ently undergoes partial crystallization when exposed to high tempera-
tures. Lin et al. [24] observed that the crystallization degree of WG
increased as the temperature rose from 600 °C to 850 °C, with the main
crystalline phases being calcium aluminum oxide, cristobalite, and
wollastonite. Yao et al. [25] identified that the devitrite was initially
formed and then transformed into wollastonite with the temperature
increasing from 950 °C to 1200 °C. In summary, the utilization of WG
promotes the increased formation of crystalline phases that play a
crucial role in improving the thermal stability of AAMs. Therefore, the
effect of WG as a precursor on the formation and evolution of crystalline
phases merits further exploration.

Herein, this study aims to incorporate WG into the FA and LS hybrid
system and provide a comprehensive understanding of the role of WG in
enhancing the high temperature performance within a ternary geo-
polymer system at different temperatures (20 °C, 400 °C, 600 °C, 800
°C). The influence of WG on workability, mechanical strength, phase
assemblage and microstructure properties was investigated using a se-
ries of characterization techniques including X-ray diffraction (XRD),
thermogravimetric (TG) analysis, Fourier transform infrared spectros-
copy (FTIR), N sorption test, mercury intrusion porosimetry (MIP),
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backscattered electron microscopy (BSEM), energy dispersive X-ray
(EDX), workability tests and mechanical strength tests. The findings of
this study provide insights into phase transformation and microstructure
evolution induced by WG at elevated temperatures, thereby supporting
the promising utilization of WG as an effective precursor for developing
fire-resistant AAMs.

2. Materials and methods
2.1. Materials

Class F fly ash (FA, purchased from BauMineral GmbH, Germany),
ladle slag (LS, provided by TATA steel, the Netherlands) and waste glass
(WG, sourced from Maltha, the Netherlands) were utilized as raw ma-
terials in this study. The received LS was first dried at 105 °C for 24 h to
remove free moisture and subsequently milled for 5 min and the
received WG was also ground for 5 min using a ball mill. The particle
size distribution of milled raw materials analyzed by a laser particle size
analyzer (Mastersizer 2000) is shown in Fig. 1. The average particle size
(d50) of FA, LS and WG are 16.57 pm, 12.69 pm and 32.29 pm,
respectively. The morphology of the raw materials is illustrated in Fig. 2,
the FA particles exhibit a spherical shape whereas the LS and WG par-
ticles are irregular. X-ray fluorescence spectrometry (XRF, PANalytical
Epsilon 3) was used to characterize the chemical composition of raw
materials, and the results are presented in Table 1. The mineral
composition of raw materials, determined by X-ray diffraction (XRD,
Bruker D6 phaser) is shown in Fig. 3. The XRD pattern of WG exhibits a
broad hump between 20° and 40°, similar to that of FA, indicating the
presence of amorphous phases. Additionally, quartz, mullite, hematite
and magnesioferrite are detected in FA. In LS, the primary crystalline
phases identified include hydrogarnet, periclase, mayenite, portlandite,
tricalcium aluminate, magnetite and gypsum. The corresponding #PDF-
references are shown in Table 2. The analytical level sodium hydroxide
pellets and commercial sodium silicate solution (27.69 wt% SiO,,
8.39 wt% Nay0, 63.9 wt% H,0) were applied to prepare the activator.

2.2. Sample preparation

Based on our previous study [15], the activator was prepared by
mixing sodium hydroxide pellets, sodium silicate solution and distilled
water with a silicate modulus of 1.5 and an equivalent Na;0% of 6 wt%.
The obtained solution was cooled for 24 h to room temperature prior to
use. The detailed mix proportions are listed in Table 3. The content of LS
was fixed at 10 wt%, and the WG was incorporated at 0%, 10%, 20%,
30%, 40% by mass of the binder. The ratio of water to binder was kept
constant at 0.4, in which the water content in sodium silicate solution
was included.

All paste samples were prepared using a 5 L Hobart mixer. Firstly,
the precursors were dry mixed for 60 s to achieve a homogeneous state.
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Fig. 1. Particle size distribution of raw materials.
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Fig. 2. Morphology of raw materials.

Table 1
The chemical composition of raw materials (wt%).

Oxides FA LS WG
Na,O / / 22.07
MgO 0.98 2.99 1.23
Al,O3 24.65 25.98 1.87
SiOy 52.89 1.72 62.27
P,05 0.63 / /

SO3 0.90 0.97 0.10
K0 2.36 0.05 0.68
CaO 4.97 56.86 10.81
TiO, 1.55 0.42 0.10
MnO 0.05 0.42 0.02
Fe,03 8.98 2.60 0.35
Others 0.40 0.16 0.18
LOI 1.65 7.84 0.34

1-Quartz (SiO,)
2-Mullite
1 9 B-Hcmﬂ\il.c (Fe,05)
7 4-Magnesioferrite (MgFe,0,)

5-Hydrogarnet (C;AH,)
6-Periclase (MgO)

WG 7-Mayenite (C,A;)
8-Portlandite (Ca(OH),)
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Fig. 3. XRD patterns of raw materials.

Subsequently, the mixture was stirred for 30 s at a low speed with the
incorporation of the activator, and then manually scraped from the sides
and bottom of the mixing bowl for 30 s to remove adhering paste, and
the mixture was further mixed for another 60 s at a high speed. There-
after, the fresh paste was casted into plastic molds of
40 x 40 x 160 mm> and vibrated for 60 s. All specimens were sealed
with plastic film and cured at room temperature (20 °C) for 24 h, fol-
lowed by additional 24 h at 60 °C. Subsequently, the hardened samples
were demolded and cured at room temperature under sealed conditions
until 28 days.

To stop hydration reaction inside the samples, the hardened pastes
were crushed into small particles, immersed into isopropanol for 3 days
to terminate hydration, and subsequently dried at 40 °C for 24 h. The
dried particles were then grounded into powder (under 80 pm) for
further analysis.

2.3. Thermal exposure procedure

In this work, the same elevated exposure procedure was adopted
based on our previous study [26]. After 28 days of curing, the samples

Table 2
The structural data of crystalline phases used for XRD/QXRD analysis.
Phase #PDF-reference
Quartz (SiO3) 01-086-1560
Mullite (Al 27504 864Si0.728) 01-083-1881
Hematite (Fe;03) 01-073-2234
Magnesioferrite (MgFe,04) 01-089-3084
Hydrogarnet (C3AHg) 01-084-1354
Periclase (MgO) 01-074-1225
Mayenite (C12A7) 01-070-2144
Portlandite (Ca(OH)2) 00-004-0733
Tricalcium aluminate (C3A) 00-038-1429
Magnetite (Fe304) 01-089-0950
Gypsum (CaSO4(H50)2) 01-076-1746
Nepheline (NaAlSiO4) 00-035-0424
Gehlenite (CayAl(AlS1)O7) 01-089-5917
Albite (Ko.oNag sAlSizOg) 01-083-2215
Wollastonite (CaSiO3) 01-076-0186
Cristobalite (SiO5) 01-077-1317
Devitrite (CagNaySigO16) 01-077-0410
Grossular (CazAl;Siz015) 01-073-2372
Leucite (KAISi»Og) 01-071-1147
Anatase (TiO3) 01-075-1537
Table 3
Mix design of the paste samples (g).

Sample FA WG LS NaOH Waterglass Water

WGO0 90.0 / 10.0 4.3 31.5 19.9

WG10 80.0 10.0 10.0 4.3 31.5 19.9

WG20 70.0 20.0 10.0 4.3 31.5 19.9

WG30 60.0 30.0 10.0 4.3 31.5 19.9

WG40 50.0 40.0 10.0 4.3 31.5 19.9

were placed in a muffle oven, heated from room temperature to target
temperatures (400 °C, 600 °C, 800 °C) with a constant heating rate of
10 °C/min, followed by a 1 h dwell at the target temperature, and then
naturally cooled down to room temperature for further testing.

2.4. Methodology

2.4.1. Workability

The fluidity of geopolymer paste was determined by a mini-slump
test with a smooth glass and a Hagermann cone (height: 60 mm, base
diameter: 100 mm, top diameter: 70 mm). Although the test is widely
used, no standardized procedure is currently available for paste mini-
slump testing. Therefore, this work the experimental procedure adop-
ted in this study was based on previous studies [27,28]. The fresh paste
was placed into the cone and allowed to spread freely for 60 s after
raising the cone. Two perpendicular diameters were measured and the
average value was calculated.

2.4.2. Compressive strength

The compressive strength of the samples at 7 and 28 days were
determined according to EN 196-1. A loading rate of 2400 N/s was
applied to all samples, and the average strength value was recorded
through triplicate tests.
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2.4.3. Phase assemblage

The X-ray diffraction (XRD) test was carried out on the Bruker D6
Phaser instrument equipped with Co-Ka radiation (20 kV, 5 mA). The
samples were conducted over a 20 range from 5° to 90°, with a step size
of 0.02° and a counting time of 0.25 s per step. For quantitative X-ray
diffraction (QXRD), silicon powder (10 wt%, Siltronix) was added to the
samples as an internal standard. All samples were ground by an XRD mill
at level 3 speed for 5 min to ensure homogeneity. Rietveld analysis was
performed using TOPAS software (version 5.2, Bruker).

The thermogravimetry (TG) test was conducted using the TG 209
Tarsus instrument (Netzsch). The samples were heated from 40 °C to 950
°C at a heating rate of 10 °C/min under a Ny atmosphere.

The Fourier transform infrared spectroscopy (FTIR) was performed
using the Varian 3100 instrument with the wavelength range of
4000-400 cm ! and the resolution of 1 em ™.

2.4.4. Microstructure characterization

The Ny sorption test was conducted by using a TriStar II 3020
(Micromeritics) analyser. The powder samples were dried at 40 °C for
2 h prior to testing. The pore size distribution was determined from the
adsorption branch using the Barett-Jonyer-Halenda (BJH) method.

The pore structure of particle samples (2-4 mm) was evaluated using
mercury intrusion porosimetry (MIP) analysis with the AutoPore IV
9500 (Micromeritics), operating within a pressure range from 0 MPa to
228 MPa. The contact angle between the mercury and the pore surface
was 130° and the surface tension of mercury was 0.485 N/m.

The morphology change and phase composition were characterized
by backscattered electron microscopy with energy dispersive X-ray
(BSEM-EDX) using the PhenomProX (Thermo Fisher Scientific). The
measurements were conducted in a backscattered electron mode with
the accelerating voltage of 15 kV and a working distance between 7 and
9 mm. The magnifications were 1500 x and 5000 x for BSE images and
EDX test, respectively. Before the BSEM test, the samples experienced
vacuum impregnation with resin using the CitoVac (Struers), followed
by grounding and polishing with Tegramin-30 (Struers), and then the
polished surface was coated with Au by a sputter coater (150TS plus,
Quorum).

3. Results
3.1. Workability

The results of flow diameter readings, as shown in Fig. 4, illustrated
that the substitution of WG increased the fluidity of the mixture within
the tested range. The paste without WG exhibited a fluidity of
269.0 mm, and the fluidity showed a nearly linear rise with increasing
WG content, reaching a maximum flow diameter of 344.3 mm at WG40,
which was 28% higher than WGO. It should be noted that the work-
ability of the paste was influenced by several competing factors. On the
one hand, the angular morphology of WG particles increased the
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Fig. 4. Fluidity of the pastes with different WG substitutions.
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interparticle friction and diminished the ball-bearing effect of spherical
FA particles, thereby reducing the workability [29]. On the other hand,
WG particles exhibited low water absorption property, resulting in more
free water being available in the mixture and thus improving work-
ability [17,30,31]. Moreover, the inherently hydrophilic surface of WG
particles promoted their wetting and dispersion in alkaline solutions,
which might contribute to a more homogeneous particle distribution
and enhanced workability [32]. Therefore, the positive effects of WG on
water availability and particle dispersion dominated, leading to an
overall increase in workability.

3.2. Compressive strength

The compressive strength results at 7d and 28d for different substi-
tution of WG are presented in Fig. 5. A decreasing trend was observed
with the increasing WG content at both ages. The 7d and 28d
compressive strength of WGO are 11.35 MPa and 13.73 MPa, which are
43% and 50% higher than those of WG40, respectively. The reduction in
compressive strength could be associated with the declined pozzolanic
reactivity of precursors and weakened interface when FA was replaced
by WG [17]. The reactivity of WG was lower than that of FA owing to its
larger particle size, which limited the formation of geopolymeric gels
[33]. In addition, the irregular morphology of WG particles disrupted
the interfacial bonding with matrix, thereby resulting in a looser
microstructure [30]. Therefore, these chemical and physical changes
ultimately resulted in a decrease in compressive strength.

3.3. Hydrates and microstructure

Fig. 6 exhibits the XRD/QXRD results of the samples with different
WG content at the age of 28 days. As shown in Fig. 6a, there was no new
crystalline phase detected in all samples and the main identified crys-
talline phases were quartz (SiO3), mullite (Al 27204 864Si0.728), hematite
(Fe303), hydrogarnet (C3AHg), mayenite (Cy2A7), tricalcium aluminate
(C3A) and magnesioferrite (MgFeo04). The presence of C3A and Cj2A7
suggested that the LS was not fully reacted. Meanwhile, it could be
observed that the intensities of the quartz and mullite peaks decreased,
while the broad hump from 25° to 40° became more pronounced with
the increasing WG content. This was mainly because WG is composed
predominantly of amorphous phases, with negligible crystalline com-
ponents (Fig. 3), whereas FA contains detectable crystalline phases such
as quartz and mullite. Therefore, according to the QXRD results
(Fig. 6b), the content of quartz and mullite in the system gradually
decreased with the increasing WG, whereas the amorphous phase con-
tent showed an increasing trend. The increase in amorphous phase was
primarily attributed to the inherent higher amorphous nature of WG,
rather than to the increased gel formation.

The TG/DTG results of all samples are presented in Fig. 7. The
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Fig. 5. 7d and 28d compressive strength of the pastes with different
WG content.
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at 28 days.
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Fig. 7. TG/DTG analysis of the pastes with different WG content.

samples showed greater mass loss with the increased incorporation of
WG. According to the DTG curves, three mass loss peaks were observed
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in the range of 40-200 °C, around 300 °C, and 500-700 °C, respectively.
The first peak (40-200 °C) was mainly attributed to the release of
bonded water from gels products [34,35]. The second peak near 300 °C
was due to the dehydration of hydrogarnet, which was detected in the
XRD patterns [15]. In addition, the broad peak (500-700 °C) was
ascribed to the decomposition of carbonated phases [7]. Notably, the
main mass loss peak gradually shifted from 118 °C for WGO to 108 °C for
WG40 with the increment of WG content, which might suggest the
formation of gels with more loosely bonded water [4]. As reported in
reference [4], the loss of bound water from C-A-S-H gel occurs at
around 108 °C while that from N-A-S-H gel occurs at approximately
128 °C. Consequently, the increased intensity and leftward shift of the
peak might be associated with the additional formation of C—(A)-S-H
gel, owing to the higher Ca content induced by the incorporation of WG.

Fig. 8 demonstrates FTIR spectra of raw materials and samples with
different WG content. For raw LS, the peaks observed at 3659 cm™ and
1407 cm™ were attributed to O-H stretching vibration and O-C-O vi-
bration of carbonate groups [36], respectively. The peaks in the range of
900-700 cm™ and at 515 cm™ corresponded to Al-O bonds in calcium
aluminates and the symmetric stretching vibration of Al-O-Al bonds
[15]. FA exhibited a main peak at 1024 cm™ due to the Si-O-T asym-
metric stretching vibration, where T represented the Si or Al units. The
peaks between 800 cm™ and 650 cm™ were from the Si-O stretching
vibrations in quartz [37], and the peak around 435 cm™ was assigned to
the Si-O symmetric vibration in vitreous silica [38]. Similarly, the raw
WG showed characteristic peaks at 989 cm™ , 768 cm™ , and 435 cm™
corresponding to the asymmetric stretching, symmetric stretching, and
bending vibrations of Si—-O-Si bonds, respectively [39]. Furthermore, no
significant differences were observed among the samples from Fig. 8b.
Most peaks remain similar except for the asymmetric stretching of
Si—O-T bonds. The band at 988 cm™ in the WGO sample slightly shifted
to 983 cm™ with the addition of WG. Given that the addition of WG
increased Ca content while reducing Al content, this shift was more
likely due to the disruption of the Si—~O-T bonds by the introduced Ca [4,
37,40]. The disruption generated more non-bridging oxygens, thus
promoting the formation of C—(A)-S-H gel, which was in line with TG
results.

The cumulative pore volume of all samples in the range of 2-150 nm
by N3 sorption test are exhibited in Fig. 9a. The cumulative pore volume
decreased from 0.073 cm?® /g to 0.0524 cm?® /g with increasing WG
content. It was observed that the reduction was primarily concentrated
in the pore size range below 30 nm, indicating that the main changes
were associated with gel pores (<10 nm) and transition pores within the
10-30 nm range. As shown in Fig. 9b, the gel pore volume progressively
decreased with the incorporation of WG. This could be explained by the
lower pozzolanic activity of WG, which reduced the gel formation, since
gel pore volume was closely related to the amount of gel products at
ambient temperature [41]. Furthermore, a critical WG content was
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Fig. 9. (a) BJH cumulative pore volume and (b) gel pore volume of the pastes with different WG content.

observed as a significant reduction occurred when the WG content
exceeded 20%.
In order to better understand the effect of WG content on pore

structure, MIP test was conducted to analyze the porosity and pore

distribution, and the results are demonstrated in Fig. 10 and Table 4. The
pore distribution exhibited similar trends across different WG replace-

ment levels, with the porosity and the critical pore diameter remaining
around 35% and 62.50 nm, respectively. This indicated that the addition
of WG had limited effect on porosity and pore connectivity. In addition,
the pore volume fraction of all samples was shown in Fig. 10b. Gener-
ally, pores in cementitious materials can be classified into 4 types: gel
pores (<10 nm), transitional pores (10-100 nm), capillary pores
(100-1000 nm), macropores (>1000 nm). Here, the increased fraction
of macropores might be attributed to the weakened interface caused by
the incremental addition of WG, even though the improved workability
could facilitate the release of entrapped air bubbles, partially offsetting
the increase. For the pores smaller than 1000 nm, a threshold content of
WG was also observed at 20%, which is in good agreement with the Ny
sorption findings. When the substitution level was less than 20%, the
incorporation of WG reduced the proportion of capillary pores and
barely affected that of transitional pores. However, at a higher level
(>20%), a reversed trend with an increase in capillary pores and a
decline in transitional pores was observed. The results were consistent
with the changes in average pore diameter, which indicated that a low
replacement ratio of WG could refine the pore size, whereas a higher
ratio tended to coarsen it.

Overall, adding WG enriched the amorphous phases content and
promoted the formation of C-A-S-H gels owing to the intrinsic properties
of WG. Although the total porosity is largely unchanged, higher WG
incorporation led to a coarser microstructure with an increased fraction
of macropores.

Table 4
Pore parameters of the pastes with different WG content.
WGO WG10 WG20 WG30 WG40
porosity (%) 35.16 35.48 35.13 34.43 34.61
critical pore diameter 62.49 62.50 62.50 62.52 62.51
(nm)
average pore diameter 46.30 46.20 44.60 50.00 52.60
(nm)
cumulative intrusion 0.2848 0.2812 0.2759 0.2677 0.2687
(mL/g)

3.4. High temperature resistance

3.4.1. Thermal mechanical properties

The 28d compressive strength results and residual strength ratios
under high temperature exposure are presented in Fig. 11. It was
observed that all samples exhibited an improvement in compressive
strength when the temperature was below 600 °C. Moreover, the 20%
WG threshold was further validated in this ternary system as the tem-
perature increased. At 800 °C, the WG0, WG10 and WG20 samples
exhibited superior performance with WG10 and WG20 showing mark-
edly higher compressive strength than WGO. As shown in Fig. 11b, the
compressive strength of WG10 and WG20 were 2.52 and 2.57 times
greater than their respective values at ambient temperature. In contrast,
the samples with 30% WG and above suffered a significant decline in
compressive strength, although their strength remained higher than that
at ambient temperature. Hence, to further investigate the underlying
mechanisms governing the strength enhancement at moderate WG
content and the deterioration at higher content under elevated tem-
peratures, WG0, WG20 and WG40 were selected for subsequent exper-
iments and in-depth analysis.
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Fig. 10. (a) Pore size distribution and (b) pore volume fraction of the pastes with different WG content.
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3.4.2. Phase transformation

Fig. 12 illustrates the XRD patterns of the samples exposed to
different temperatures. As the temperature increased to 400 °C, the
peaks corresponding to hydrogarnet disappeared, which could be
attributed to the dehydration of hydrogarnet occurring around 300 °C
[15], consistent with TG results. Futhermore, no additional crystalline
phases were detected at 600 °C. However, after heating to 800 °C,
several new crystalline phases emerged, including nepheline (NaAl-
Si04), gehlenite (CaAl(AlSi)O7), albite (Ko 2Nag gAlSizOg) and wollas-
tonite (CaSiO3). At 800 °C, the nepheline and gehlenite phases
originated from the decomposition and recrystallization of N-A-S-H gel
and C-(A)-S-H gel, respectively. The appearance of albite was associ-
ated with the transformation of N-K-A-S-H gel, suggesting that sodium
in N-A-S-H gel was partially replaced by pottasium [8,16,42]. Inter-
estingly, the formation of wollastonite is not only from the recrystalli-
zation of C—(A)-S-H gel, but also from that of raw WG when exposed to
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303 4l263 1
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high temperatures. As shown in Fig. 13, the main composition of raw
WG remained in the amorphous phase at 600 °C, whereas many crys-
talline phases emerged as the temperature increased to 800 °C with
wollastonite accounting for 13.344% (Table 5).

To further investigate the changes of amorphous and crystalline
phases in the pastes, QXRD analysis combined with TG results was
conducted and the result is presented in Fig. 14. The total phase content
does not reach 100% after heating due to mass loss associated with
dehydration and decomposition of the components in the pastes, as
evidenced by TG analysis. In accordance with the XRD pattern in
Fig. 12a, hydrogarnet disappeared after exposure to 400 °C and was
transformed into calcium aluminate, whose content exhibited a slight
increase across all samples [15]. Moreover, the amorphous phase con-
tent decreased at 400 °C due to dehydration of the gel products, and then
remained stable as the temperature increased to 600 °C. At 800 °C, it
could be observed that new crystalline phases emerged and the WG
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Fig. 12. XRD patterns of the samples at (a) 400 °C, (b) 600 °C and (c) 800 °C.
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Fig. 13. XRD patterns of raw WG under high temperatures.

Table 5
QXRD results of raw WG at 800 °C.

Phase Name Weight percentage (wt%)

Quartz (SiO5) 2.89

Cristobalite (SiO3) 9.50

Wollastonite (CaSiO3) 13.34

Devitrite (CagNa,SigO16) 11.64

Grossular (CazAl,Siz012) 0.79

Leucite (KAISi»Og) 0.70

Anatase (TiO2) 0.48

Amorphous 60.66

100 .
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Fig. 14. Quantitative phase composition of the samples at elevated
temperatures.

content significantly influenced their formation. Compared to the sam-
ple without WG, the samples containing WG exhibited a greater
reduction in amorphous phase content and a more pronounced increase
in newly formed crystalline phases. As the WG replacement level
increased, the K content in the system decreased, in line with the gradual
reduction in albite content. Meanwhile, the nepheline content also
formed from N-A-S-H gel exhibited a significant increase in WG20,
followed by a slight decrease in WG40. Additionally, the gehlenite
content was limited across all samples while wollastonite increased
markly with higher WG incorporation. As mentioned above, the varia-
tion of wollastonite could be attributed to two reasons. On the one hand,
the recrystallization of residue WG contributed to the increase of wol-
lastionite. On the other hand, the introduction of additional Ca, Si, and
Na by WG, along with a relative reduction in Al and K content derived
from FA, promoted the formation of C-(A)-S-H gel. Therefore, more
crystalline phases associated with C-(A)-S-H were formed in the sam-
ples contaning WG.

Construction and Building Materials 526 (2026) 146424

The FTIR spectra of WG0, WG20 and WG40 samples at different
temperatures are compared in Fig. 15. The O-H bonds vibration at
3530 cm™! and 1654 cm™ disappeared when the temperature was
elevated to 400 °C, which was attributed to the loss of phsically absor-
bed and chemically bonded water. Similarly, the peak near
1450 cm™ disappeared after exposure to 600 °C due to the decomposi-
tion of carbonates, in alignment with the TG results. However, the
quartz band around 800-650 cm™! exhibited negligible changes owing
to the thermal stability of quartz sourced from FA, as confirmed by the
XRD results. Notably, for the samples without WG, the Si-O-T band
shifted from 988 to 983 cm™ as the temperature increased, indicating
that high temperature promoted the substitution of Si by Al within the
aluminosilicate gel network [4]. Similar shifts were observed in WG20
and WG40 samples at temperatures below 600 °C, which might be
attributed to the breakage of bridging oxygen bonds induced by the Ca%*
release. Upon further heating to 800 °C, the previously overlapping band
transformed into three distinct peaks, with one appearing at a higher
wavenumber and the other two at lower wavenumbers. The peak near
962 cm™! was attributed to the asymmetric stretching vibrations of Si-O
bonds in C-(A)-S-H gels [43,44], while the peak at around
999 cm™ was associated with the asymmetric Si-O-T stretching in
N-A-S-H gels [45,46], implying that the geopolymeric reaction was still
ongoing as the temperature increased. In addition, the peak at
904 cm™' corresponded to asymmetric vibrations of terminal Si-O bonds
in wollastonite phase [45,47,48], which indicated that more wollas-
tonite formed in the sample containing WG.

3.4.3. Microstructure evolution

The N2 sorption results of the samples at elevated temperatures are
shown in Fig. 16. At 400 °C, the cumulative pore volume decreased in
WGO and WG20, while WG40 exhibited a slight increase. As the tem-
perature further increased, a pronounced reduction in cumulative pore
volume was observed across all samples, reaching the lowest values at
800 °C, indicating the collapse of small pores. From one aspect, geo-
polymeric reaction continued to produce additional gels as the tem-
perature increased to 400 °C, thus increasing gel pores volume. From
another aspect, the dehydration of gel phases led to the collapse of gel
pores and subsequent densification of gel structures [49,50]. Hence, the
gel pore volume displayed an increase when the gel formation exceeded
the gel reduction, as observed in WG40. Conversely, it decreased in WGO
and WG20. Additionally, at 600 °C, the samples containing WG
exhibited a greater loss in gel pore volume. This was because the WG
addition promoted the increased formation of C—(A)-S-H gels, which
are less thermally stable than N-A-S-H gels and therefore underwent
more extensive decomposition [8]. After exposure to 800 °C, the
recrystallization of gel phases led to a further decrease in gel pore vol-
ume, with minimal differences observed among the samples [8].

The MIP results were illustrated in Fig. 17 and Table 6. It was clearly
seen that the main peak shifted to the right progressively with increasing
temperature, indicating a coarsening trend of the pore size structure
across all specimens. As the temperature increased from 20 °C to 400 °C,
the main peaks of all samples exhibited slight shifts. The critical pore
diameters of WG0 and WG20 remained similar, both around 77 nm,
whereas that of WG40 reached 95.31 nm. At this stage, the dominant
pore type was transitional pore, but its proportion decreased with
increasing WG content, accompanied by a corresponding rise in the
fraction of capillary pore. The enlargement in pore size could be
attributed to the evaporation of free and bounded water, which
contributed to the vapor pressure buildup and the initiation of micro-
cracks [51,52].

Moreover, the samples containing WG exhibited higher water con-
tent, as indicated by TG results, which might have intensified the
deterioration of the pore structure. At 600 °C, the critical pore diameter
further increased, and capillary pore accounted for the largest
proportion

of the total pore volume in the system, suggesting extensive collapse



J. Yuan et al.

Construction and Building Materials 526 (2026) 146424

a) [WGo20 . — b) [ waG20 20 -
@) 3530 1654 1450\ (b) fw BT —— T e
35 \
—~ | W60 400 ~ | w620 400 \
= S
S, | WGo_600 S | WG20 600
[} [} |
Q Q
S | WGo 800 - S | wG20 800 -
s [YHOS g |We0s80
=] 5
g g
2 =
S s Voo |
= = 995964 ‘\
1
u A
4000 3100 2200 1300 400 4000 3100 2200 1300 400
Wavenumbers (cm™") Wavenumbers (cm™)
(©) | waao 20
[ T 1670 1430 \\
~ | WG40_400 \
=
S | WG40_600
g \
S | wa4o 800 .
s \ \‘)7(»
E \ /
Z
;‘3 \ ,:1‘)04 \,
= 996 962 |
\
|
L,‘
4000 3100 2200 1300 400
Wavenumbers (cm™)
Fig. 15. FTIR spectra of (a) WGO, (b) WG20 and (c) WG40 at elevated temperatures.
~0.08 ~0.08
(a) 20 \ - -WG0_20 (b) =0 - - WG20 20
g . WGO0_400 g o WG20_400
= 0,064 R -~ - WG0_600 2 0.064 e - - - WG20_600
= S -~ - WG0_800 = - -~ WG20_800
E s =
[} - o AN
> - > N
© 0.04- R . © 0.041
= ~- S = N
15 SN <) N
2 =% a. N
o BN o N
> RN > . A
‘5 0.02+ 5 0.021 T
= 2 5 ERREISURE
E] R = - R
© 0.00 . r © 0.00 : r
10 100 10 100
Pore diameter (nm) Pore diameter (nm)
~0.08 0.020
(c) 2 -~ WG40_20 @ I wao
g WG40_400 _ [ TwG20
2 -~ WG40_600 20 4
© 0.061 - = 00154 [ wa4o
= WG40_800 g0
B ——— N -
e B 2
0.04 N
é L = 0.0101
S N >
= 2
5 0.02 1 5
= Tt \ £+ 0.005 1
_— | s
© 0.00 " ——
10 100 0,000
Pore diameter (nm) : 20°C 400°C 600°C 800°C

Fig. 16. (a-c) BJH cumulative pore volume of WG0, WG20, and WG40, and (d) gel pore volume of the samples at elevated temperatures.

of smaller pores and continued propagation of microcracks, as supported
by BET results. When the temperature was
elevated to 800 °C, the decomposition and recrystallization of gel

phases led to a further increase in pore size [8]. Nevertheless, viscous
sintering reaction took place in the matrix and WG particles melted,
which contributed to healing small pores and microcracks [15,17]. In
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Fig. 17. (a-c) Pore size distribution of WG0, WG20, and WG40, and (d) pore volume fraction of the samples at elevated temperatures.

parallel, the cracks and pores would further develop due to the increased
thermal stress. Consequently, macropore became the dominant pore
type in the system. Notably, the WG40 sample exhibited a dramatic
increase in pore size, with its critical pore diameter reaching
44762.33 nm — more than ten times larger than that observed in WGO
and WG20. In terms of pore fraction, macropore constituted 90.72% of
the total pore volume in WG40, in contrast to 71.00% in WG20 and
64.90% in WGO. This drastic structural change was closely associated
with the substantial strength loss observed in WG40 at 800 °C, sug-
gesting that excessive incorporation of WG adversely affected
high-temperature pore evolution due to the introduced initial structural
defects (Fig. 18) and the potential over-melting of WG.

Fig. 18 illustrates the microstructural evolution of WG0, WG20, and
WG40 samples at elevated temperatures. At ambient temperature, many
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unreacted particles were observed in the matrix. FA and LS particles
appeared closely bonded with the surrounding matrix, while cracks and
pores were formed around WG particles, indicating that the lower
reactivity of WG led to a weaker interface with the matrix, thereby
reducing compressive strength. As the temperature increased to 400 °C,
crack initiation and propagation occurred along particle boundaries.
Compared with the WG0 sample, more pronounced crack development
was observed in WG20, whereas WG40 exhibited more pores. When
heated to 600 °C, widened cracks, coarser pores, and partial collapse of
the matrix were observed. These changes could be attributed to the
increased thermal stress as well as the dehydration of gels, which caused
the collapse of internal gel pores. Following exposure to 800 °C, the
viscous sintering reaction and melted WG rendered the unreacted par-
ticle boundaries and cracks no longer visible, accompanied by a highly
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Table 6
Pore parameters of the samples with different temperatures.
Sample  Temperature porosity critical average cumulative
Q) (%) pore pore intrusion
diameter diameter (mL/g)
(nm) (nm)
WGO 20 35.16 62.49 46.30 0.285
400 35.92 77.03 57.20 0.293
600 37.10 95.30 88.30 0.291
800 27.32 3147.02 329.20 0.189
WG20 20 35.13 62.50 44.60 0.276
400 37.41 77.04 64.30 0.290
600 34.29 120.78 129.00 0.244
800 28.04 3150.72 290.70 0.208
WG40 20 34.61 62.51 52.60 0.269
400 33.76 95.31 80.90 0.278
600 26.96 226.28 220.50 0.180
800 34.32 44762.33 750.60 0.327

porous structure resulting from the gel decomposition and recrystalli-
zation [17,26].

To further investigate the gel composition of different samples, at
least 80 points from 10 images were selected and the CaO-SiO2-Al,0O3
ternary diagram was plotted, as shown in Fig. 19. At ambient temper-
ature, most points across all samples clustered in a low-Ca, low-Al, and
Si-rich region corresponding to N—(C)-A-S-H gels and the raw WG was
also presented. The Ca content in samples containing WG was slightly
higher than that in WGO, indicating that the incorporation of WG had a
minor influence on the gel composition [4,7]. As the temperature
increased to 400 °C, two distinct regions emerged, which implied that
the geopolymeric reaction was promoted. In WGO sample, the distri-
bution of points suggested that the Ca content remained largely un-
changed whereas more Al was incorporated into the gel, indicating the
formation of an Al-enriched N-(C)-A-S-H phase. In contrast,
WG-containing samples exhibited increased levels of both Ca and Al in

WG20
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the reaction products, implying the coexistence of C-(N)-A-S-H and N-
(C)-A-S-H gels [7,53]. The decomposition of hydrogarnet provided an
additional source of Al, which contributed to the formation of Al-rich
gels [15]. Moreover, the addition of WG introduced more Ca into the
system, and the higher temperature improved the reactivity of WG,
facilitating the release of Ca from WG and resulting in the formation of
Ca-rich gels. At 600 °C, the points further shifted toward regions with
higher Ca and Al contents, suggesting that more Ca and Al were incor-
porated into the gel networks, in line with the FTIR results. After
exposure to 800 °C, most points in the WG0 sample remained in the N-
(C)-A-S-H region, which was consistent with the results in reference
[7]. However, the samples containing WG exhibited a broader distri-
bution of points located in both the N-(C)-A-S-H and C-(N)-A-S-H
regions, with higher WG dosages corresponding to increased Ca content.
These points in the C-(N)-A-S-H region likely represented either resi-
dues of incompletely decomposed gel or recrystallized phase, as sup-
ported by the XRD results.

4. Discussion

In the present FA-LS-WG system, the amorphous Si-rich phases were
mainly derived from raw FA and WG. The reactive Al-rich phases orig-
inated from raw FA and LS, whereas the Ca-rich phases were mainly
supplied by raw LS, with a minor contribution from WG. Therefore, the
phase transformation and pore structure evolution were governed by the
combined effects of FA, LS and WG. As this work is developed from our
previous FA-LS system, the discussion part focuses on elucidating how
WG enhances the fire resistance of the FA-LS matrix.

As demonstrated by the above results, WG significantly influences
phase transformation and microstructure evolution, both of which are
key factors governing the compressive strength of samples at elevated
temperatures. This section will further explore the underlying mecha-
nisms and elucidate the role of WG in the following two stages, as
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800°C

Fig. 18. BSEM images of the samples at elevated temperatures.
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schematically illustrated in Fig. 21.

4.1. Secondary hydration (20 °C to 600 °C)

At the range from 20 °C to 600 °C, the compressive strength of all
samples exhibited an increasing trend with rising temperature. On the
one hand, dehydration of the gel phases led to collapse of gel pores,
resulting in the formation of larger pores. Moreover, the accumulated
vapor pressure and increased thermal stress initiated and propagated
cracks, further enlarging pore sizes and hindering strength development
[51,52]. On the other hand, the gel structure became more compact
when the pores within gel products collapsed, contributing to an in-
crease in micro-mechanical strength of gel phases. The average elastic
modulus of reaction products in Class F fly ash-slag hybrid system
increased from 27 GPa at ambient temperature to 50.3 GPa and
84.2 GPa after exposed to 400 °C and 600 °C, respectively, as reported in
the reference [54]. In addition, the ongoing geopolymerization of re-
sidual unreacted precursors supplied new gel phases, which tended to
evolve towards Ca-enriched C-(N)-A-S-H gel and Al-enriched N-(C)—
A-S-H gel (Fig. 19). Therefore, these factors suggested that the
enhancement in compressive strength at the macroscopic scale stems
from the strengthening of microscopic gel clusters, along with continued
gel formation, which outweighed the detrimental effects of crack
propagation and pore coarsening.

With increasing WG incorporation, the composition of crystalline
phases remained stable. However, the smaller reduction in amorphous
phase content (Fig. 14) and more pronounced peak shifts (Fig. 15)
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suggested that elevated temperatures enhanced the reactivity of WG and
promoted further geopolymerization. Regarding pore structure, the
addition of WG led to the coarsening of pore and the effect became more
pronounced with high WG content induced by the greater water loss,
especially as the temperature rose (Fig. 17). Although the samples
containing WG exhibited lower porosity at 600 °C, the fraction of
capillary pores and macropores increased significantly, which was
harmful to mechanical properties. Hence, a moderate WG amount ach-
ieved a balance between the advantages of improved phase assemblage
and the drawbacks of pore structure enlargement, resulting in compa-
rable compressive strength. In contrast, excessive WG addition tended to
exacerbate pore structure degradation, thereby leading to a relative
reduction in compressive strength.

4.2. Recrystallization (600 °C to 800 °C)

The macroscopic appearance and volume evolution of the samples as
the temperature rises from 600 °C to 800 °C are shown in Fig. 20. At 600
°C, higher WG content resulted in more visible cracks and greater
volumetric shrinkage relative to initial volume, reaching 9.03%, 14.84%
and 20.96%, respectively. As temperature increased to 800 °C, both
WGO and WG20 exhibited more cracks and further shrinkage, whereas
the volumetric change of WG20 was lower. This suggested that incor-
porating 20% WG might be beneficial for stabilizing the structure at
elevated temperatures. Interestingly, WG40 showed negligible cracking
at 800°C, accompanied by significant volumetric expansion. Although
the overall shape of WG40 was preserved, its dimensional stability was
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Fig. 20. Changes in appearance and volume of the samples with temperature from 600 °C to 800 °C.

poor, with the relative volume changing from —17.55-17.43% at this
stage. These phenomena indicated that the WG content and the physical
and chemical transformations of WG played increasingly important roles
at higher temperatures.

At this stage, the residue WG partly recrystallized into new crystal-
line phases, serving as a supplement to those formed from recrystalli-
zation of gel products. These newly formed crystalline phases exhibited
excellent fire resistance, yet, their excessive formation might disrupt the
gel skeleton, contributing to increased pore sizes [55]. In parallel, some
physical transformations also played a critical role in altering the pore
structure. The geopolymer matrix and the unreacted WG particles ach-
ieved their softening points when temperature exceeded 600 °C, indi-
cating the onset of viscous sintering [15,56,57]. Moreover, when the
temperature went up to 700 °C, the viscous WG transitioned into a
molten state, which healed small pores and microcracks and enhanced
the internal cohesion of matrix [17,58]. Overall, recrystallization and
viscous sintering played dominant roles in strength development,
accompanied by further coarsening of the pore structure and propaga-
tion of cracks, as presented in Fig. 21.

However, excessive addition of WG failed to promote the develop-
ment of compressive strength at 800 °C. In the WG40 sample, molten
WG not only filled the micropores and microcracks within the matrix,
but also likely flowed to the surface and sealed surface cracks, leading to
a crack-free phenomenon. Hence, the volume expansion and large pores
formation were attributed to the excessive molten WG, which encap-
sulated internal gas. Upon heating to 800 °C, the expansion of entrapped
gas promoted pore coarsening and macroscopic swelling, as evidenced
by MIP results (Table 6) and visual observations (Fig. 20). Similar
expansion behavior has been reported in studies on self-foamed glass-
ceramics [59]. Moreover, WG40 exhibited more cracks and pores at the
initial stage, which exacerbated structural deterioration as the temper-
ature increased (Fig. 18). These factors led to macropores occupying
approximately 90% of the pore system. Consequently, the
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transformation from small pores to large pores and from microcracks to
macrocracks compromised the internal structure, significantly reducing
the mechanical strength. In contrast, incorporating a moderate amount
of WG resulted in a comparable pore structure and integrity. Moreover,
it facilitated the increased formation of new crystalline phases, which
served as thermally stable aggregates that strengthen the matrix,
thereby contributing to strength improvement [15].

5. Conclusions

This work aims to elucidate the underlying mechanisms governing
structural evolution in a ternary geopolymer system with varying WG
contents under elevated temperatures. The feasibility of utilizing WG as
a precursor in AAMs for fire-resistant applications is verified and the role
of WG on the phase composition, structural change and mechanical
properties after exposure to high temperatures are investigated. Based
on the acquired results, detailed conclusions can be drawn as follows:

(1) At ambient temperature, WG improves workability owing to its
low water absorption property. Although its relatively low
chemical reactivity and poor interfacial bonding result in a
decline in compressive strength, WG10 and WG20 still preserve
93.42% and 88.42% of the strength, respectively.

(2) The system contains both N-A-S-H and C-A-S-H gels, and WG
addition may promote C-A-S-H gel formation. Moderate content
of WG (<20%) does not significantly alter the pore system, as the
gel pore volume only slightly decreases from 0.0155 cm?® /g to
0.0132 cm?® /g and the macropores fraction rises from 3.58% to
5.03% at 20% WG incorporation.

(3) After exposure to high temperatures, a threshold is observed at
20% WG substitution. Samples with WG content below this
threshold exhibit increased compressive strength with rising
temperature, whereas those with higher WG contents experience
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Fig. 21. Schematic diagram of the physical and chemical evolution of the blends at high temperatures.

strength reduction at 800 °C. Notably, the incorporation of 20%
WG results in the greatest strength enhancement, with compres-
sive strength value of 31.14 MPa, which is 2.57 times that of the
sample at 20 °C.
The WG reactivity is progressively activated as temperature in-
creases, facilitating the release of more Ca into the system, and
the gel products of samples containing WG shift towards both Ca-
enriched and Al-enriched structures. With the temperature rising
from 20 °C to 600 °C, the addition of WG causes greater gel
dehydration, resulting in pore structure coarsening while simul-
taneously promoting the formation of denser gel clusters, which
enhance micromechanical strength and improve overall
compressive strength.

(5) At 800 °C, the 20% WG plays a physical reinforcement and
chemical strengthening role. With a pore system similar to that of
the reference group, WG20 develops more thermally stable
crystalline phases, especially the wollastonite and nepheline
phases, due to the recrystallization from gel products and residual
WG, thereby enhancing compressive strength.

(€))

From the perspective of engineering applications, although the
ambient compressive strength of the developed binder is relatively
moderate, the material shows potential for various fire-resistant appli-
cations, such as fireproof panels, protective layers or linings, and re-
fractory repair materials, where thermal stability and post-fire integrity
are critical. The significant increase in residual strength further indicates
the improved effect of WG upon heating, which can enhance fire-
resistant capacity and higher safety margins. Nevertheless, further
optimization remains necessary to improve the ambient strength and
mitigate the risk of dimensional instability and pore coarsening when
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excessive WG is incorporated, so as to achieve a better balance between
workability, ambient-temperature performance and high-temperature
resistance.
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