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Abstract

Fly ash–based geopolymers have emerged as a promising alternative to ordinary Portland
cement, offering high mechanical strength and reduced environmental footprint. However,
they are often limited by significant shrinkage and strength degradation when subjected
to elevated temperatures. To enhance their thermomechanical performance and thermal
stability, this study investigates the effects of mix proportioning parameters, alkali activator
type, and thermal shock on performance deterioration. Compressive strength was eval-
uated for sodium- and potassium-activated fly ash geopolymer composites as a function
of alkaline activator (AA) ratios, both under ambient curing and after exposure to the
ISO 834 standard fire curve for 1 and 2 h. Volume change, mass loss, and density variation
were analysed to interpret mechanical behaviour and relate it to structural transforma-
tions, while XRF, XRD, SEM, and particle size distribution were employed for material
characterisation. Results indicate that rapid temperature changes, whether from thermal
shock or high fire-heating rates, induced notable additional thermal degradation. Sodium
activation achieved the highest compressive strength retention of 145% at one hour of firing,
while potassium activation showed superior thermal stability with delayed densification,
reaching 154% strength retention at two hours. Furthermore, SiO2/M2O ratio exerted the
strongest influence on both mechanical and thermomechanical performance. Overall, the
findings highlight that the activator type, SiO2/M2O ratio, and rapid temperature changes
collectively exert strong control over the thermomechanical and thermophysical response
of fly ash geopolymers at elevated temperatures.

Keywords: ambient cured; fly ash; fire exposure; thermomechanical; potassium activator;
mix design; thermal shock; water quenching; densification

1. Introduction
Fly ash is a byproduct of coal combustion, generated when coal is burned in power-

plants. The chemical composition of fly ash primarily consists of silica (SiO2) and alumina
(Al2O3), classifying it as aluminosilicate material. This composition enables its use as a
binder through a process known as ‘geopolymerisation’, which involves the alkali activa-
tion of the aluminosilicate material [1].

During alkali activation, the amorphous content of fly ash dissolves in a highly alkaline
solution. This dissolution process releases silicate and aluminate monomers into the
solution, which then undergo hydrolysis and polycondensation, leading to the formation
of a 3D sodium (N-A-S-H) or potassium (K-A-S-H) aluminosilicate gel [2].
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During polycondensation of the reacted soluble silicate and aluminate species, an
inorganic viscous substance (geopolymer gel) begins to form, simultaneously binding to
unreacted particles, and setting and hardening [3,4]. During this process, the quality of
curing, influenced by temperature and humidity, is one of the critical factors contributing
to the mechanical properties of FA geopolymers.

Curing at high temperatures accelerates polymerisation of dissolved aluminosilicate
materials, promoting the formation of a three-dimensional aluminosilicate network. This
method of curing resulted in enhanced densification of the geopolymer’s matrix, con-
sequently improving the mechanical strength [5]. However, the constrained practical
applicability of heat curing remains a serious obstacle to widespread geopolymer adoption.
Ambient temperature curing, on the other hand, presents a more adoptable approach for
field applications. While this method typically results in reduced strength development
compared to elevated temperature curing, the incorporation of calcium-rich additives
was found to accelerate early-age strength development, which minimised the strength
differential between the two curing methodologies [6].

The mechanical strength of fly ash geopolymers is fundamentally governed by the
selection of alkaline activator composition. Fly ash geopolymers are typically activated
using sodium-based or potassium-based alkali solutions. Compressive strength results
show that sodium-activated geopolymers generally achieve 50–60 MPa, whereas potassium-
activated systems reach 30–40 MPa, respectively [7,8]. The superior mechanical strength
noted in sodium-activated fly ash geopolymer is primarily attributed to the smaller sodium
ionic radius and higher mobility, which promote greater liberation of silicate and aluminate
monomers from the aluminosilicate precursor. On the contrary, the larger potassium
ion and lower hydration energy may contribute to the development of a more open and
interconnected geopolymer framework which is characteristically associated with enhanced
long-term durability and reduced brittleness compared to sodium-activated systems [9–12].

Besides the effect of alkaline activator type, mix proportioning ratios are among the
most critical factors influencing the mechanical performance, workability, and setting of
fly ash-based geopolymers. Specifically, the ratio of water to binder (W/B), total alkaline
activator to binder (AA/B), as well as the silica-to-alkali oxide ratio (SiO2/M2O), can
remarkably influence the dissolution of aluminosilicate materials and the development of
the geopolymer gel framework, consequently, dictating the mechanical strength of the final
product [13–18].

In the geopolymer mix, the influence of individual ratio components must be char-
acterised to optimise material performance and establish reproducible formulations. This
analysis is challenged when water content is incorporated within multiple parameters
rather than being isolated to the W/B ratio alone. For instance, both molarity and silicate-
to-hydroxide ratio inherently contain water contributions. This prevents isolating the
influence of water from these parameters. The influence from the embedded water in these
parameters can be mistakenly attributed to other variables, resulting in confounding results.
This is specifically a concern in parametric studies where one factor varies while others
remain constant. When water content is linked to changes in molarity or solution ratios,
adjusting one variable that embeds water, may indirectly affect multiple others, which
compromise the reliability of the comparative study. Hence, isolating water to W/B ratio
only, and expressing other ratios based on solids provides a more rigorous and consis-
tent approach [19,20]. This methodological consideration becomes particularly important
when evaluating geopolymer performance under varying conditions, such as elevated
temperature exposure.

Studies examining FA geopolymers at elevated temperatures have demonstrated ex-
cellent retention of thermomechanical properties ascribed to the thermal resilience of the
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three-dimensional aluminosilicate network structure, formation of crystalline phases such
as nepheline and leucite, and the occurrence of viscous sintering processes that densify the
matrix above 600 ◦C [6,21,22]. However, despite the excellent thermomechanical perfor-
mance exhibited by FA geopolymers, their high thermal shrinkage at elevated temperatures
remains a serious drawback that compromises its dimensional stability [21,23].

Vickers, et al. [24] synthesised FA geopolymers and subjected them to sintering tem-
peratures up to 1000 ◦C for 1 h. The results demonstrated a severe increase in volumetric
shrinkage, rising from approximately 5% at 600 ◦C, corresponding to the onset of sin-
tering, to ~15% at 1000 ◦C. In a subsequent investigation, Vickers, et al. [25] reported a
thermal shrinkage of 11.8% for fly ash exposed to a temperature of 1000 ◦C. Similarly,
Klima, et al. [26] observed a volumetric shrinkage of approximately 8.5% after exposing fly
ash-based geopolymer specimens to a temperature of 1000 ◦C for 1 h. The severe thermal
shrinkage reported in fly ash geopolymers at elevated temperatures is primarily ascribed to
viscous sintering. During this process, unreacted aluminosilicate phases undergo reaction
at elevated temperatures to produce additional geopolymer gel that fills the voids in the
microstructure, which subsequently impacts the dimensional stability [27–29].

A thermomechanical analysis of FA geopolymers revealed important trade-offs be-
tween thermomechanical performance and compromised dimensional stability [8]. The
study demonstrates that the superior residual strength of fly ash geopolymer mixes at
elevated temperatures was accompanied by significantly higher thermal shrinkage com-
pared to mixes with lower residual strength. This finding indicates an inherent trade-off
where improved residual strength is achieved at the expense of dimensional stability under
thermal loading.

Several studies in the literature have conducted comparative assessment on thermo-
mechanical performance between sodium and potassium alkaline activators under elevated
temperatures and noted key differences [7,30–34]. In the experiment conducted by Hosan,
et al. [35], the thermomechanical performance was investigated at temperatures of up
to 800 ◦C at a heating rate of 5 ◦C/min. The results revealed that sodium geopolymers
achieved the highest compressive strength at ambient temperature with signs of minor
degradation at 600 ◦C, while potassium geopolymers recorded the highest residual com-
pressive strength, lower mass loss and thermal shrinkage with no signs of deterioration
until 800 ◦C. In a similar study, Lahoti, et al. [36] employed a heating rate of 10 ◦C/min,
and similar results to the Hosan et al. study [35] have been reported where potassium had
increased strength retention over sodium. However, beyond 800 ◦C, the potassium was
noted to continue increasing in strength, which opposes Hosan’s findings.

Research demonstrates that higher heating rates, such as those encountered in fire
conditions, lead to different thermal responses and degradation patterns compared to slow
heating, including crystalline phase formation, gel viscosity changes, and densification
mechanisms [30,31,37]. Hence, studies employing slow heating rates may not accurately
represent the impact of fire conditions, even when reaching nominal fire temperatures in
the range of 1000–1100 ◦C, due to the significantly slower heating rates compared to actual
fire scenarios.

Analogous to heating rate effects, cooling rate in heated specimens is also anticipated
to exert considerable influence on thermal degradation mechanisms. Huang, et al. [38]
assessed the effects of different cooling methods on thermally exposed geopolymers and
reported that water quenching, as well as the temperature at which quenching was applied,
had a pronounced impact on mass loss and strength degradation. For instance, the study
demonstrated that quenching in water at 400 ◦C and 1000 ◦C, with a heating rate of
4 ◦C/min, exhibited a higher strength reduction of 3.9% and 14.2%, respectively, compared
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with their naturally cooled counterparts. Similar findings have been reported in the
literature where rapid cooling by water exacerbated strength degradation [39–41].

This reduction in mechanical performance is ascribed to thermally induced stresses
arising from non-uniform thermal contraction caused by steep temperature gradients within
the specimen [42,43]. As such, the impacts from natural cooling protocol, characterised by
gradual temperature reduction, may inadequately reflect the severe thermal shock imposed
by rapid cooling methods such as water quenching or thermal spray systems. This becomes
further critical when both elevated heating rates and rapid cooling rates are employed
concurrently to simulate the impacts of real fire events followed by extinguishment on the
densification of FA geopolymers. A representative fire extinguishment rapid cooling rate
must be employed.

Although extensive research has been conducted on fly ash geopolymers, notable gaps
remain in understanding their thermomechanical performance under realistic fire condi-
tions. Previous studies assessing the thermal response of geopolymers have predominantly
focused on heat-cured rather than ambient-cured fly ash geopolymers [27,28,36,44–46].
This emphasis limits the applicability of current findings to real construction environ-
ments, where ambient curing is generally preferred for economic and sustainability reasons,
whereas heat curing requires substantially higher energy input [5].

Furthermore, existing investigations on thermomechanical performance of FA geopoly-
mers have mostly employed controlled laboratory heating rates of 2–5 ◦C/min with natural
cooling protocols [28,36,45–48], which fundamentally do not replicate the rapid, non-linear
temperature escalation characteristic of actual structural fires. This methodological limita-
tion creates a critical disconnect between laboratory data and real-world fire performance.

While previous investigations have examined sodium-activated [28,49,50] and
potassium-activated [51] fly ash geopolymers independently, and even both activator types
together [12,35], there is a lack of comparative thermomechanical assessment between the
two types of activator under identical fire-exposure protocols while also accounting for the
isolated influence of key formulation parameters. In particular, the differential effects of the
activator modulus (SiO2/M2O), the total activator oxides-to-binder ratio, and the reactive
Si/Al molar ratio of the mix on the thermal response of sodium- versus potassium-activated
fly ash geopolymers.

The research gap is further compounded by the lack of investigation into thermally
induced degradation mechanisms of fly ash geopolymers subjected to thermal shock
subsequent to fire exposure. Despite several investigations having explored the thermal
shock impacts of geopolymers using water quenching [38,40,43,52–56], there remains a
conspicuous deficiency in assessing the combined thermal loading scenario of rapid ISO 834
fire heating followed by thermal shock through water quenching. A dynamic heating rate
that reflects realistic fire-representative thermal profiles is essential to accurately simulate
the rapid temperature escalations and complex thermal cycling characteristic of actual
structural fire scenarios.

Therefore, this study aims to address the identified research gaps through the
following objectives:

- Investigate the influence of alkaline activator type (sodium vs. potassium) on the
thermomechanical performance, dimensional and mass stability of ambient-cured fly
ash geopolymers under identical ISO 834 fire exposure conditions for both 1 h and 2 h
heating durations.

- Conduct a comparative assessment of fundamental mix proportioning parameters
and their isolated effects on thermal performance and residual mechanical properties
of ambient-cured fly ash geopolymers following fire exposure.
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- Evaluate the effects of thermal shock, induced by water quenching immediately
after fire-rate heating, on residual strength, densification mechanisms, and overall
structural integrity.

This study presents direct comparative investigation of sodium- and potassium-
activated, ambient-cured fly ash geopolymers subjected to extreme dynamic temperature
change representative of ISO 834 fire exposure, evaluating microstructural evolution, ther-
momechanical performance and overall thermal stability, while explicitly correlating these
responses with activator type and the isolated influence of fundamental mix design param-
eters. Furthermore, the study introduces a combined thermal loading protocol that couples
rapid ISO 834 fire heating with immediate water-quenching thermal shock, therefore eluci-
dating post-fire degradation mechanisms that are not captured by conventional single-stage
thermal testing regimes. Collectively, these contributions establish explicit, design-oriented
links between alkali chemistry, mix proportioning, and real-world post-fire performance,
enabling engineers and researchers to optimise ambient-cured fly ash geopolymers for
fire-resistant construction applications with confidence in their thermal stability, mechanical
strength retention, and dimensional integrity under combined thermal loading. These find-
ings support the development of durable, sustainable geopolymer materials with excellent
fire resistance, contributing valuable knowledge toward their wider adoption in fire-safe
building applications.

2. Materials and Methods
2.1. Raw Materials

Low-calcium fly ash and ground granulated blast-furnace slag (GGBS) were em-
ployed as binders. The fly ash was classified as class F according to ASTM C618 [57]
specifications. Sodium-based alkaline activators were prepared from sodium silicate
solution (Na2SiO3, grade D with a modulus ratio of 2 (Ms = SiO2/Na2O; SiO2 = 29%,
Na2O = 15% by mass), combined with dissolved sodium hydroxide pellets of ≥99% purity.
Likewise, potassium-based activators were produced using potassium silicate solution
(Kasil 2040, grade D) supplied by a modulus ratio of 2 (Ms = SiO2/K2O; SiO2 = 27%,
K2O = 13.3% by mass) and mixed with dissolved potassium hydroxide pellets of ≥90%
purity. Hydroxide pellets and silicate solutions for both types of activators were sup-
plied by Redox Pty Ltd., Melbourne, VIC, Australia and Potters Industries Pty Ltd.,
Melbourne, VIC, Australia, respectively.

2.2. Material Characterisation
2.2.1. X-Ray Fluorescence (XRF)

The chemical composition of FA and slag was determined using X-ray fluorescence
spectroscopy (XRF) to quantify the oxide content and assess the suitability of these materials
for geopolymer synthesis. The quantification is essential for characterising the silica
and alumina content, which directly influence the geopolymerisation process and final
mechanical properties. The composition results are summarised in Table 1.

Table 1. Chemical composition of binders (%).

Material SiO2 Al2O3 Fe2O3 CaO TiO2 K2O MgO

FA 55.6 26 5.6 4.1 1.8 2.8 1.9
Slag 33.2 12.6 0.3 43.3 - - 5.9
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2.2.2. X-Ray Diffraction (XRD)

XRD (X-ray Diffraction) analysis was conducted using Bruker D8 Advance diffrac-
tometer to determine the mineral phase composition of raw FA powder. The XRD pattern
shown in Figure 1 was obtained with CuKα radiation (λ = 1.5418 Å) scanning the 2θ range
from 10◦ to 80◦ at a step size of 0.02◦, with a count time of 1 s per step and sample rotation
at 15 rpm. The crystalline mineralogical composition primarily comprises Quartz and
Mullite. Their prominent peaks are presented at 16, 20, 26, and 50◦. The amorphous
fraction manifests as a broad, undefined peak in the XRD background in the range of 15 to
30◦. Similar findings were reported in other studies [58–60]. Quantitative XRD (QXRD)
analysis was performed using Rietveld refinement in Bruker’s TOPAS software V7.13, with
the amorphous peak identified via a PV function. Results of the quantitative phase analysis
are presented in Table 2.

Figure 1. XRD pattern and SEM imaging of FA.

Table 2. QXRD analysis of FA powder.

Mineralogical Phase Weight (%)

Quartz (SiO2) 20.9
Mullite (Al2.28O4.86Si0.72) 26.03
Amorphous 53.07

Fly ash reactivity was characterised by determining reactive silica and alumina con-
tents through subtraction of crystalline phases (quantified by XRD analysis) from total
oxide compositions (measured by XRF). The resulting Si/Al molar ratios were 1.82 for
total content and 3.35 for reactive (amorphous) content, and are presented in Table 3. The
total reactive amorphous content of fly ash plays a critical role in geopolymer gel forma-
tion, as this fraction participates in dissolution and re-precipitation to form the binding
network [59]. Studies that isolate glassy from crystalline phases generally indicate that
reactive contents of approximately 50–70% are desired to develop a mechanically efficient
geopolymer gel, while lower values reduce gel volume, increase unreacted residue and
compromise strength and durability [21,59,61]. In this context, the reactive content of ~53%
measured for the fly ash in the present study lies at the lower bound of this envelope, which
implies sufficient but limited gel formation and notable presence of unreacted content.

The reactive Si/Al ratio is another factor that has a significant influence on mechanical
and thermomechanical performance of FA geopolymers [62–65]. A previous investigation
by [21] examined reactive Si/Al ratios in the range of 2–3 and reported pronounced effects
on high-temperature behaviour. Ratios towards the lower bound tend to yield more Al-rich,
denser matrix but also lead to greater susceptibility to shrinkage-induced cracking and
rapid strength loss after heating. On the other hand, higher reactive Si/Al ratios promote
more silica-rich gels that can exhibit improved strength retention through viscous sintering.
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The reactive Si/Al ratio of 3.35 in this study sits near the upper end of this interval,
suggesting that, in combination with the relatively low reactive content (~53%), the matrix
is predisposed to silica-rich gel formation and associated thermal expansion phenomena.

Table 3. Fly ash reactive content based on combined XRF and quantitative XRD analysis.

Description Moles of Si (per 100 g Fly Ash) Moles of Al (per 100 g Fly Ash) Si/Al Molar Ratio

Total content (XRF) 0.93 0.51 1.81
Crystalline content (XRD) 0.47 0.37 1.25
Amorphous content 0.46 0.14 3.33

2.2.3. Scanning Electron Microscopy (SEM)

Morphological analysis of the fly ash powder was performed using scanning electron
microscopy (SEM) with a ZEISS SUPRA 55 VP field emission microscope. Sample prepara-
tion for the powders excluded gold coating; however, the fly ash geopolymer samples were
gold-coated using a Quorum Q150R ES Plus sputter coater to eliminate charging effects
and optimise image contrast and resolution. As depicted in Figure 2, the SEM scan displays
a collection of particles that are predominantly spherical in shape with smooth surfaces.
These spherical particles, known as cenospheres and plerospheres with a high surface area,
are formed during the combustion process at elevated temperatures and are characteristic
of fly ash morphology [66].

 

Figure 2. SEM micrograph of FA powder.

2.2.4. Particle Size Analysis (PSA)

Particle size analysis was measured using laser diffraction method with a Horiba
particle size analyser. The result for the FA and GGBS powder particle size analysis is
shown in Figure 3. The Laser diffraction analysis revealed median particle sizes of 40.39 µm
for FA and 13.77 µm for ground GGBS, with corresponding D10 and D90 values of 9.94 and
204.16 µm for FA, and 6.79 and 28.76 µm for GGBS, respectively.
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Figure 3. Particle size analysis of FA and GGBS.
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2.2.5. Gas Pycnometry

The specific gravity of loose fly ash powder was measured using Micromeritics Accu-
Pyc 1330 via helium gas displacement methodology. The measurement employs successive
cycles of gas purging and pressure equilibration to determine absolute particle density. The
measured specific gravity of FA was 2.22.

2.3. Synthesis of FA Geopolymer

Sodium- and potassium-based FA geopolymer mixes have been proportioned based
on 3 intrinsic ratios: total alkali activator’s oxides content-to-binder ratio (AA/B), activa-
tor’s molar ratio of oxides (SiO2/M2O), and water-to-binder ratio (W/B). Sodium-based
activators require higher water content to achieve workability comparable to potassium-
activated geopolymers [10,67,68]. Accordingly, the water-to-binder (W/B) ratio was set
at 25% for potassium-activated mixes and increased to 30% for sodium-activated mixes
(5% higher than the potassium systems), based on mini-cone spread results following
procedures reported in the literature [69,70]. The potassium mix designated KW25C20R1.2
achieved an average spread of 114 mm, which is considered practical for applications such
as bonded adhesives or castable materials. Its sodium-activated counterpart recorded only
57 mm at a 25% W/B ratio but increased to 103 mm at 30%, ensuring consistent workability
and practicality across all mixes.

Matching workability across formulations ensures that fresh-state behaviour remains
comparable, allowing any differences in thermomechanical performance to be attributed
primarily to activator chemistry rather than rheological artefacts. This adjustment does
not compromise the validity of the thermomechanical comparison. Sodium-activated
geopolymers inherently exhibit greater mass loss, higher thermal shrinkage, and accelerated
strength degradation at elevated temperatures compared to potassium-activated systems,
even when potassium mixes have higher water-to-binder ratios [14]. This indicates that
the thermal performance is strongly tied to activator chemistry rather a secondary effect of
water content.

Ground slag was incorporated in all mixes as it is reported to increase the mechanical
strength at room temperature [6,71]. It should be noted that the binder matrix consists
exclusively of fly ash and slag powders. Geopolymer mixes and their proportioning are
depicted in Table 4. The first letter of mix ID stands for the type of activator (Na or K), W
for W/B ratio, while C and R stand for the activator’s total oxide content and molar ratio
(SiO2/M2O), respectively.

Table 4. Mix proportion of FA geopolymer.

Mix I.D FA
(g)

Slag
(g)

Tot. Water
(g) W/B * MOH

Solids (g)
* M2SiO3
Solids (g)

(* Oxides)
/B

* SiO2
/M2O ** Si/Al ** Si/M

NW30C20R1.2 1710 90 540 30% 84.48 294.55 0.20 1.20 4.72 2.10
NW30C14R1.2 1710 90 540 30% 59.14 206.18 0.14 1.20 4.3 2.7
KW25C20R1.2 1710 90 450 25% 78.40 294.18 0.20 1.20 4.72 3.20
KW25C14R1.2 1710 90 450 25% 54.88 205.92 0.14 1.20 4.3 4.17
KW25C14R0.6 1710 90 450 25% 131.53 212.36 0.14 0.60 4 2.82

M denotes the cation type (K+ or Na+); * Derived from the total solids content of alkaline activator (AA) only;
** Ratio derived from the reactive content of FA and AA.

2.4. Mixing and Sample Preparations

Fly ash and slag were dry blended for 30 s in a Hobart N50 mixer at 281 RPM. The
alkaline activator was gradually poured, with mixing interrupted at 2.5 min to scrape
adherent powder from the bowl walls before continuing for an additional 1.5 min at the
same speed.

The mixtures were poured into 50 × 50 × 50 mm cubic moulds following ASTM
C109 [72]. Casting was performed in two stages, with each layer vibrating for 30 s to
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eliminate trapped air. Following consolidation, a plastic sheet was applied to the surface
to prevent moisture evaporation. The fresh geopolymer specimens were then stored in an
environmental chamber maintained at 25 ◦C and 50% relative humidity for 28 days.

2.5. Test Programme Details

To simulate fire conditions, a horizontal Tetlow electrical furnace was utilised as shown
in Figure 4a. The furnace heating rate was fabricated to follow the nominal fire curve in
ISO 834 [73].
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Figure 4. (a) Electric furnace; (b) nominal fire curve vs. furnace temperature.

Nominal fire and furnace temperature curves are depicted in Figure 4b. All mixes
were exposed to fire for the duration of 1 and 2 h to assess the changes in thermomechanical
performance at different durations.

A Tecnotest compression machine with a loading rate of 900 N/s was used for com-
pressive strength testing as per ASTM C109/C109M [72].

Volumetric changes were measured by a vernier calliper with an accuracy of up to
two decimal places in mm. The mass was recorded using a commercial scale. Density was
calculated by subdividing mass over volume where mass is measured in kg and volume in
mm3. All measurements were taken before and after firing.

Thermal shock was carried out by quenching samples in water for 5 min for 1 cycle [74].
Thermal shock impact was assessed in terms of residual compressive strength, volume
change, mass loss, and density change and careful visual inspection of sample’s surfaces
for any signs of deterioration. All results are reported as the mean values of at least three
samples for each tested parameter.

3. Results and Discussion
3.1. Compressive Strength

Table 5 presents the bulk density and compressive strength results obtained at ambient
temperature and following thermal exposure. The highest compressive strength at ambient
temperature was recorded by mix KW25C14R0.6. The mix contained the highest hydroxide
solids content, and subsequently the lowest molar oxide ratio SiO2/K2O. It is noted that
increasing the concentration of hydroxide to a certain extent in the activator enhances
the quality of the structural reorganisation of the geopolymer gel, leading to a robust
microstructure and a remarkable increase in compressive strength [68,75–77].
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Table 5. Compressive strength results.

Mix I.D. Bulk Density (kg/m3)
Compressive Strength (MPa) Relative Compressive Strength (%)

R 1H 2H 1H 2H

NW30C20R1.2 1800 48 27 31 57% 65%
NW30C14R1.2 1755 34 49 35 145% 105%
KW25C20R1.2 1780 42 36 47 85% 111%
KW25C14R1.2 1738 34 30 53 88% 154%
KW25C14R0.6 1714 53 23 24 43% 45%
KW25C14R0.6 (TS) 1714 53 21 21 39% 39%

When comparing sodium- to potassium-activated mixes in Figure 5, it is noted that
sodium-activated mixes recorded a higher strength at ambient temperature. This can be
attributed to the better dissolution of aluminosilicate by sodium activator, which promotes
geopolymer gel development and a more organised framework structure [10,36,78,79].
Additionally, results in Table 5 indicate that sodium-activated mixes had a higher bulk
density compared to their corresponding potassium-activated mixes, leading to a less
porous microstructure, and subsequently higher reference strength. This is in a good
agreement with results reported in literature [2,9].
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Figure 5. Compressive strength of (a) sodium-activated and (b) potassium-activated FA geopolymers.

For both sodium- and potassium-activated FA geopolymers, it is observed in Figure 5
that reducing the total alkali concentration from 20% to 14% leads to a lower compressive
strength. Lowering alkali concentration results in insufficient content to produce geopoly-
mer gel, compromising the quality of geopolymer gel formation, consequently leading to a
lower compressive strength [68,80].

The trend from both activator types indicates that potassium mixes depicted higher
retention of compressive strength post firing at 1 and 2 h. The potassium-activated mixes
exhibit a lower degree of thermal deformation and sintering when compared to sodium
mixes [12,36]. However, it is observed in Figure 6, and contrary to the general strength-
retention trend, mix NW30C14R1.2 displayed higher retention of strength at 1 h compared
with its corresponding potassium-activated geopolymer mix. This could be linked with its
higher degree of shrinkage at the 1 h firing period, which resulted in densification of the
microstructure at elevated temperatures.
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Figure 6. Retained compressive strength after exposure to fire at 1 and 2 h.

It is noted that in general, geopolymers with lower compressive strength at ambient
temperatures achieved a higher relative residual strength at high temperatures compared
to their corresponding mixes within the same type of activator. This behaviour can be
explained by the fact that a compact microstructure is more susceptible to destructive
thermal shrinkage than a less compact microstructure that has more voids [81]. Therefore,
even if the strength was to increase at elevated temperatures, induced degradation by
thermal shrinkage would offset any strength increase. Another explanation is that lower
strength mixes at ambient temperature are likely to have more unreacted starting materials,
which can further produce geopolymer gel at elevated temperatures [7].

3.2. Volumetric Change

Volumetric changes including shrinkage and expansion pre- and post firing are shown
in Figure 7a,b. A strong relationship can be observed between the total content of activator
and thermal expansion at elevated temperatures. It is noted that mixes with activator
contents of 20% exhibited a much lower shrinkage and even an expansion at the 1 h firing
period, regardless of the activator’s type. On the other hand, mixes with 14% displayed
higher thermal shrinkage. It is suggested that adding a higher content of activator would
result in a higher content of unreacted or partially reacted silicates in the matrix which
swells at elevated temperatures, causing expansion in the formation [45,62].
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Figure 7. Volume change of (a) sodium-activated and (b) potassium-activated FA geopolymers.
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Despite volumetric changes ranging from an expansion of up to 3.65% to a shrinkage
of 9.7%, no visible cracks were observed on the surface of any sample after firing. The
absence of surface cracking likely explains why samples exhibiting significant volumetric
shrinkage did not demonstrate reduced compressive strength, with the lowest recorded
compressive strength remaining above 20 MPa.

Mixes with reduced activator content of 14% recorded higher shrinkage at both firing
periods. The densification, driven by the viscous sintering of unreacted fly ash particles at
elevated temperatures, was more pronounced for these mixes [27,28].

Therefore, mixes with lower activator content (14%) resulted in higher amounts of un-
reacted fly ash content that would contribute to viscous sintering at elevated temperatures
leading to a higher degree of densification. Furthermore, it can be seen from Figure 7 that
shrinkage also increases when reducing the molar ratio. This is attributed to the low silica
content in the mix which is insufficient to alleviate shrinkage by swelling [36,82]. It is also
observed that reducing the activator content had a stronger influence on shrinkage than
when reducing the molar oxides ratio.

Densification of sodium-based mixes at 1 h was higher than that of their potassium-
based counterparts, which is in a good agreement with the results reported in the liter-
ature [30,36]. However, at the second hour of firing, the trend inverted, such that the
potassium-based mixes recorded a higher densification. This may be attributed to the
delayed onset densification temperature of potassium [7]. Stronger linkages of Al-O-Al
are formed when potassium is the cation, and those linkages requires higher energy to
dehydroxylate, resulting in a higher temperature required for densification [30,83]. This
also explains why potassium-based mixes exhibited delayed densification when compared
to sodium-based counterparts.

As the densification process of potassium-based mixes took place during the second
hour, unlike sodium-based mixes, the degree of densification was notably higher than its
counterpart. Although potassium delays the densification process, it results in a higher
degree of densification [30,34]. This in turn results in significant residual strength of
potassium-activated geopolymers at the second hour of firing.

When comparing compressive strength to thermal shrinkage, it is noticed that, at
the 2nd hour, the increased compressive strength is proportional to the magnitude of
shrinkage. This is because densification of the mix results in a more compact microstructure,
thus leading to higher compressive strength. However, this proportional relationship is
disrupted under severe shrinkage, where excessive thermal stresses induce microcracking
and compromise matrix integrity, leading to reduced compressive strength [84].

3.3. Mass Loss

Figure 8 presents the mass loss in FA geopolymers after 1 and 2 h of fire exposure, and
all geopolymer mixes exhibited mass loss after 1 and 2 h of exposure to elevated tempera-
tures because of evaporation of free and chemically bonded water and decomposition of
hydration products [85].

Irrespective of the activator type, all geopolymer mixes exhibited a sharp decrease in
mass ranging from 11 to 20% during the first hour of thermal exposure. This sharp decrease
occurs as a result of evaporation of both free water and portion of the chemically bound
water during the first hour of heating which results in voids, reduces the density of the
formation and consequently compromises the mechanical strength [45,66]. This reduction
in mass is predominantly influenced by the speed of moisture escape which controls both
moisture migration dynamics and vapor pressure accumulation, and consequently the
extent of thermochemical and thermomechanical degradation. The rate of moisture escape
is positively correlated with heating rate; therefore, under rapid heating, the accelerated
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temperature rise promotes quick release of chemically and physically bound water com-
pared with slower heating regimes, leading to higher thermal degradation [86]. The ISO 834
standard fire curve demonstrates that water vaporisation plateaus the temperature rise
initially, during which moisture dissociates from the paste matrix and creates internal voids
and stress concentrations that further exacerbate mechanical degradation [87]. The slight
decrease in mass during the second hour could be attributed to the crystallisation which
takes place post dehydration of geopolymer gel [85].
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Figure 8. Mass loss in FA geopolymer after the exposure to 1 and 2 h of fire exposure.

It is noted that for all potassium-based mixes, the mass loss was lower than its counter-
part sodium-based mixes. Similar results have been reported from previous studies [2,34].
Although it is plausible that the higher W/B ratio in sodium-based mixes is the reason
behind the higher mass loss, another study reported a higher mass loss in sodium-based
mixes even when potassium-based mixes had a higher W/B ratio [12]. This may be ascribed
to the higher thermal resilience of potassium geopolymer gel to combustion than sodium
geopolymer gel. Furthermore, it is noted that sodium mixes did not exhibit further mass
loss beyond the first hour of firing, whereas potassium mixes, such as KW25C14R6, demon-
strated additional mass loss at the second hour. This indicates a delayed onset of network
breakdown in the potassium systems. This observation suggests that potassium-activated
gels maintain structural integrity at elevated temperatures longer than sodium-activated
counterparts, with degradation and softening occurring at a later stage. Similar observa-
tions were reported in the literature [7,35].

As shown in Figure 8, in potassium mixes, maintaining total content while increasing
the molar ratio of the alkaline activator (Si2O/K2O) from 0.6 to 1.2, a pronounced increase
in mass loss is noted. This implicates elevated silica concentration as the primary fac-
tor behind the increased mass loss. This observation aligns with Duxson, et al. [30] and
Cao, et al. [88] who reported that excessive silica incorporation destabilises the geopoly-
mer gel and increases susceptibility to thermal degradation, resulting in higher mass
loss. Duxson, et al. [30] identified a critical threshold at Si/Al > 1.65, whereas our find-
ings suggest a comparable limitation expressed in oxide form, with a silica threshold of
Si2O/K2O = 1.2. Beyond these limits, increasing silica content compromises gel stability
and exacerbates mass loss at elevated temperatures.
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3.4. Density Change

Changes in densities for all mixes post and pre firing at 1 and 2 h are displayed in
Figure 9. The changes in density are functions of the changes in mass and volume post
firing. All geopolymer mixes displayed a sharp decrease in density during the first hour of
firing, at 1 h. Although volumetric changes were observed during the first hour of firing,
the severe mass loss resulted from the evaporation of water had the significant influence
on the density change. Therefore, the trend depicted a sharp decrease in density, regardless
of volume shrinkage which is expected to increase density. During the second hour of
firing, changes in density were dictated by changes in volume only as the loss in water is
not expected to continue beyond the first hour of firing [45]. It is observed from Figure 9
that potassium-based geopolymers exhibited lower density loss during first hour of firing,
with the exception of mix KW25C20R1.2, which significantly expanded during the first
hour of firing. The rest of potassium-based geopolymers recorded a higher shrinkage
and lower mass loss which resulted in a higher density compared to their counterparts in
sodium-based geopolymers.
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Figure 9. Density changes in K-activated and N-activated FA geopolymers at 1 and 2 h of
fire exposure.

3.5. Effect of Thermal Shock

Mix KW25C14R.6 (TS) was subjected to thermal shock following a heating regime
based on the standard nominal fire curve, applied after 1 and 2 h of firing. Thermal shock
was induced by immersing hot specimens in water for 5 min, rather than allowing them to
cool naturally.

For both heating periods, the thermal shock impacts, after the densification initiated,
exhibited a higher reduction in compressive strength by 10% at 1 h and 13% at 2 h when
compared to specimens that were allowed to cool down. This reduction arises from the
external surface contracting more rapidly than the core, inducing differential thermal
strains within the geopolymer and precipitating microcrack formation. Moreover, the
imposed thermal shock might have provoked abrupt phase transformations in the binding
gel, resulting in volumetric instabilities [89,90].

Volumetric shrinkage in thermally shocked samples exceeded that of naturally cooled
specimens by 0.41% at 1 h, increasing to 0.5% at 2 h. This increase in thermal shock-
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induced shrinkage with temperature indicates an increased development of higher thermal
gradients and associated thermal stresses when the temperature drop is greater.

Furthermore, the increased mass loss during the first and second hours of firing
is attributed to microcracking and deterioration of the binding gel, which consequently
reduced compressive strength and compromised volumetric stability.

Despite the additional thermal loading from water quenching, surfaces of samples
remained intact, and no visible cracks were observed. This is in good agreement with the
findings reported in the literature [40,91].

3.6. Compressive Strength—Density Relationship

It is noted that both compressive strength and density of all mixes have remark-
ably changed after exposure to temperatures following nominal fire curve for 1 and 2 h.
Figure 10 displays the relationship between compressive strength and volume change in
all tested mixes at all different firing periods. The figure suggests that there is a strong
proportional relationship between the change in compressive strength and density such
that the reduction in density at first firing hour, predominantly attributed to mass loss,
constituted a reduction in compressive strength, whereas the increase in density at second
hour of firing, ascribed to reduction in volume, led to an increase in compressive strength.
At the first hour of firing, the matrix experiences a significant loss in physically adsorbed
water and chemically bound water (dihydroxylation), and this results in internal damage
and weakening in the geopolymer framework Si-O-Al, leading to reduced density and
compressive strength [14]. At the second hour of firing, the effects of viscous sintering are
pronounced where unreacted amorphous content contributes to the densification process,
leading to production of geopolymer gel, and subsequently a more compact microstructure
and higher compressive strength.

It should be noted from Figure 10 that the general trend with higher silica content
exhibited high strength retention after firing at 2 h. Even when lowering total alkali
content and while keeping a SiO2/M2O of 1.2, the strength retention behaviour remained.
However, when SiO2/M2O molar ratio was lowered to 0.6, the strength retention decreased
significantly, and density change was lower than all other mixes while also remaining stable
towards the second hour of firing.

Lowering the SiO2/M2O molar ratio increases the concentration of hydroxide ions,
which enhances the dissolution of aluminosilicates, leading to a high ambient compressive
strength. However, lowering this ratio also reduces the presence of unreacted or partially
reacted silica content, which is responsible for producing geopolymer gel during viscous
sintering, resulting in densification of the microstructure, and subsequently, a higher
compressive strength.

Another factor could be the initial compactness of the microstructure at ambient
temperature. It can be derived from Figure 10 that mixes with lower reference strength,
such as NW30C14R1.2 or KW30C14R1.2, were able to retain strength at 2 h of 105% and
154%, respectively, whereas mixes with high reference strength, such as KW25C14R0.6,
retained only 43% compressive strength. A high ambient compressive strength indicates
that a higher degree of dissolution took place and led to a better formation of a geopolymer
gel. In this scenario, most of the reactive content has been already consumed; hence at
elevated temperatures, the lack of reactive material results in low formation of gel during
viscous sintering, subsequently lowering the densification degree.
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Figure 10. Relationship between the change in compressive strength and density.

3.7. Microstructural Characterisation

SEM analysis was conducted at room temperature after 1 h 2 h of firing, as shown in
Figures 11 and 12 for mixes KW25C20R1.2 and KW25C14R0.6 (TS), respectively.
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Unreacted FA particles 

Partially reacted FA 

Incipient viscous sintering 
Geopolymer gel 

Mature viscous sintering 

Figure 11. SEM captures of KW25C20R1.2 at (a) room temperature, (b) 1 h of firing, and (c) two hours
of firing.

(a)  (b) 
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Thermally-induced microcracks 

Thermally-induced microcracks 

Figure 12. SEM captures of KW25C14R0.6 (TS) at (a) room temperature, (b) 1 h of firing, and (c) two
hours of firing, with thermal shock-induced microcracks highlighted in red (b,c).
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The fracture surface morphology in Figure 11a displays angular and irregular particles
embedded in heterogeneous microstructure, with evidence of unreacted or partially reacted
fly ash particles. The surrounding matrix contains several voids and a network of drying
shrinkage cracks, which likely formed due to water loss impacting gel formation.

The microstructure in Figure 11b displays early-stage partial neck formation between
fly ash/geopolymer particles. Individual particles are still clearly distinguishable with thin
material bridges forming at their contact points, indicating the onset of surface diffusion
and viscous flow mechanisms. The structure exhibits high porosity characterised by large,
interconnected voids which explains the reduction in density and subsequently in com-
pressive strength after 1 h of fire exposure. The increase in porosity can be ascribed to the
destructive moisture escape during early heating periods [6,92,93]. Fly ash particles appear
partially softened but largely intact. This reflects the initial transition from geopolymer gel
to an amorphous, viscous phase undergoing sintering [94,95].

Mature viscous sintering is evident in Figure 11c where formed necks are substan-
tially more advanced, thick, and continuous. Unreacted fly ash particles and porosity
are markedly reduced, and distinct particle boundaries have largely disappeared. The
smooth surface morphology indicates enhanced viscous flow and progressive transforma-
tion of the geopolymer network [26]. This microstructural evolution resulted in a denser,
more consolidated matrix that is consistent with the measured increase in shrinkage and
compressive strength.

In Figure 12a, unreacted fly ash particles are also present; however, more extensive
geopolymer gel binding these particles indicates a higher-degree reaction and matrix
development compared to KW25C20R1.2 in Figure 11a. This resulted in more consolidated,
dense formation, with less voids and microcracks and enhanced particle bonding. This
improvement in microstructure directly correlates with the higher compressive strength in
KW25C14R0.6 at room temperature.

In Figure 12b, and similar to mix KW25C20R1.2, the microstructure at 1 h of firing
became denser due to the onset of viscous sintering [96]. Viscous flow and associated
melting features became more pronounced after 2 h of firing, as evident in Figure 12c.

The SEM observations reveal pronounced microstructural degradation in mix
KW25C14R0.6 (TS), exacerbated by the rapid cooling imposed during water quenching
when compared to the naturally cooled mix KW25C20R1.2. In Figure 12b, at one hour
of thermal exposure, the microstructure exhibits the onset of thermally induced cracking,
which becomes more severe after two hours in Figure 12c. These cracks arise from steep
thermal gradients generated between the rapidly cooled surface and the hotter interior,
producing high transient thermal stresses [97]. Numerous fly ash particles exhibit clear
debonding from the geopolymer matrix due to thermal-shrinkage mismatch, with cracks
propagating from these particle–gel interfaces that act as local stress-concentration sites.
Enlarged pores further amplify these stresses by serving as additional stress risers. The
combined cracking, debonding, and pore coalescence indicate that the alkali-activated
binder experienced only moderate gelation or incomplete polycondensation, resulting in
weak interfacial bonding between the fly ash particles and the surrounding geopolymer
gel. This has led to the increased strength degradation noted in KW25C14R0.6 (TS) relative
to samples that were allowed to cool naturally.

4. Conclusions
This study presented a comparative thermomechanical assessment of potassium-

and sodium-based alkaline activators and various mix design parameters, examining
their influence on mechanical properties, densification behaviour, and mass loss following
controlled exposure to fire-heating rates. The analysis also interpreted the interrelationships
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among these properties post-exposure, correlating findings with the suitability of these
geopolymers for applications under elevated temperatures. Based on the experimental
findings, the following conclusions can be drawn.

• Across all formulations, irrespective of activator type, exposure to the ISO 834 nominal
fire curve revealed a progressive viscous sintering mechanism. During the first initial
one-hour heating phase, scanning electron microscopy analysis revealed early-stage
melting phenomena and modest consumption of unreacted fly ash particles, indicating
incipient sintering activity accompanied by a maximum thermal shrinkage of 9.4%.
During the subsequent one-hour heating phase, viscous sintering intensified, resulting
in accelerated consumption of unreacted fly ash and enhanced production of additional
geopolymer gel. This process facilitated pronounced microstructural densification,
manifested by increased thermal shrinkage of 10.7%.

• Potassium-activated geopolymers exhibited approximately 5% lower mass loss com-
pared to their sodium-activated counterparts, which can be attributed to the superior
thermal stability and lower mobility of potassium cations. The delayed densification
observed in potassium systems resulted in reduced shrinkage during the first hour of
firing and the highest retained strength after the second hour (154%). This behaviour
is linked to slower geopolymerisation kinetics and the higher melting temperature
of potassium. In contrast, sodium-activated mixes demonstrated maximum retained
strength at the first hour (145%) and lower shrinkage at the second hour, due to earlier
densification and more rapid dehydroxylation.

• The oxide ratio had a greater influence over the total oxide content when reducing
the oxide ratio of the activator from 1.2 to 0.6, while maintaining a fixed total alkaline
activator content had the greatest impact on compressive strength at ambient tempera-
ture, increasing it by 55%. This reduction enhanced both compressive strength and
mass stability by promoting improved gel formation and densification, supported by
SEM. However, it significantly compromised strength retention at elevated tempera-
tures, likely due to the initially compact microstructure which is more susceptible to
thermal degradation. Conversely, increasing the oxide ratio, corresponding to higher
silica content, led to a remarkable reduction in thermal shrinkage by approximately
5% (even offsetting to expansion) likely resulting from the swelling of the increased
unreacted silica content.

• The rapid heating rates characteristic of ISO 834 fire conditions accelerated moisture
release during initial heating to significantly higher rates than those in the literature
employing slow heating protocols. This moisture loss resulted in high porosity with
large, interconnected voids, reducing density and compressive strength.

• Exposure to thermal shock, induced by rapid water quenching immediately follow-
ing ISO 834 fire heating, resulted in additional compressive strength reductions of
10% and 13% for potassium-activated fly ash geopolymers at 1 and 2 h of heating
exposure, respectively. This thermal shock-induced degradation was accompanied
by supplementary volumetric contraction of 0.5% and mass loss of 2%, attributed to
differential thermal strains, microstructural microcracking evident in scanning electron
microscopy analysis, and likely abrupt phase transformations within the geopolymer
binding matrix precipitated by the rapid temperature decline.

While sodium-activated geopolymers exhibit higher ambient strength, making them
suitable for high-strength applications where fire resistance is not critical, potassium-
activated geopolymers demonstrate delayed densification and superior strength retention
under fire exposure. This makes potassium activation preferable for fire-resistance applica-
tions, provided the Si/Al ratio is optimised within the range of 4.3–4.72, as the lower ratio of
4.0 in this study resulted in accelerated degradation and compromised strength retention.
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