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ABSTRACT

Geopolymers are known to exhibit excellent thermal stability under elevated
temperature exposure, highlighting their potential as surface-protective coatings
for fire resistance applications. This thermal stability is primarily attributed to
matrix densification, pore refinement, and phase crystallization, as demonstrated
by previous studies on thermal behavior, microstructural evolution, phase trans-
formation, tomography, and residual mechanical strength. This review provides
a critical discussion of the thermal performance, microstructural characteristics,
and coating behavior of geopolymers, with particular emphasis on potential for
intumescence. Despite the promising fire protection capabilities observed, the
underlying mechanisms of intumescence in geopolymer systems remain insuf-
ficiently understood specifically regarding the contribution of chemical composi-
tion. Therefore, this review also identifies key research gaps and proposes future
directions to advance the development and application of geopolymer-based
intumescent coatings.
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Introduction polymerization, and polycondensation mechanisms

for the formation of a three-dimensional aluminosili-
cate network, which can be varied in terms of mix des-
ignation through variations in precursor type, alkali

Geopolymers have emerged as a sustainable class of
inorganic binders synthesized through the alkali acti-

vation of aluminosilicate precursors offering an envi-
ronmentally viable alternative to traditional cementi-
tious materials. The synthesis of geopolymer or known
as geopolymerization process involves dissolution,
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concentration, and solid-to-liquid ratios [1, 2]. Given
the low-carbon footprint and ability to incorporate
industrial by-products such as fly ash, metakaolin, and
slag, geopolymers have attracted increasing interest
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across variation of applications such as infrastructures
in construction buildings [3, 4], protection against
chemical attack [5, 6], wastewater treatment [7, 8] as
well as fire protection potential [9-11]. Among those
potential applications, geopolymers have gained atten-
tion in terms of fire protection potential which can be
either applied directly as bulks or acted as surface-
protective coatings.

Numerous past researches have widely explored
on the favorable thermal behavior of geopolymer
materials when subjected to elevated temperatures
[12-15]. It is believed that upon heating, geopolymers
may undergo transformations such as densification,
partial crystallization, and vitrification, which lead to
the formation of stable and coherent matrices capable
of resisting heat-induced deterioration [16, 17]. These
thermal transformations are known to be highly influ-
enced by the material’s chemical composition, par-
ticularly the Si/Al ratio [18], type of alkali activator
[19, 20], and nature of the precursor [21, 22]. Higher
silica content and appropriate aluminosilicate balance
contribute to the formation of crosslinked networks,
which are critical in maintaining structural integrity
and minimizing shrinkage during thermal exposure.
The performance of geopolymers in fire environments
has also been evaluated in terms of their residual
mechanical properties [14, 15]. This residual strength
is closely influenced by microstructural evolution,
including pore refinement, gel transformation, and
the formation of crystalline phases formation.

Additionally, in further exploration of alternatives
to organic coating, geopolymers have also been pro-
posed as coating materials for passive fire protection
due to the ability to form dense and thermally insulat-
ing surface layers [23-25]. While organic intumescent
coatings typically rely on foaming agents and car-
bonization mechanisms, recent findings suggest that
geopolymer coatings may exhibit expansion or swell-
ing behavior triggered by matrix softening, structural
water release, and viscous phase formation under
heat [19]. However, the intumescence mechanism
for geopolymer specifically on the chemical compo-
sition contribution for the intumescence behavior is
still not fully understood and remains an active area
of research. Despite the considerable potential dem-
onstrated in past research, challenges remain in the
optimization and standardization of geopolymer coat-
ings for fire protection. The variability in chemical for-
mulation as well as further elucidation on the mecha-
nism presents key gaps in the current knowledge. A
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systematic evaluation of these parameters is necessary
to advance the development of geopolymer coatings
with predictable and reliable fire performance. This
review critically examines the performance of geo-
polymers at elevated temperatures, with a focus on
their application as surface-protective coating specifi-
cally on the intumescent potential. This review briefly
discussed on the thermal behavior, residual strength,
microstructural stability, and coating effectiveness,
while emphasizing the role of chemical composition
in determining fire resistance. The gaps identified
throughout this review are believed to be significant
for further exploration in terms of utilizing geopoly-
mer toward sustainability environment.

Basis of geopolymers and potential
on high-temperature exposure

Geopolymers were first proposed in 1972 by Davi-
dovits and have attracted major research interest
worldwide over the past decade as a ‘green’ mate-
rial, due to their proven potential for reducing carbon
dioxide (CO,) emissions and the easy availability of
required precursors [11, 26]. Geopolymers are inor-
ganic polymers typically synthesized via alkali activa-
tion (using alkali activator) of aluminosilicate precur-
sors (binding materials), thus forming amorphous to
semi-crystalline three-dimensional silica (Si) and alu-
mina (Al) polymeric networks (-Si-O-5Si—, Al-O-Si-)
in IV-fold coordination [1, 2, 27]. The chemical formula
of geopolymers can be written as follows:

Mn [-(510,) z-AlO,] n.wH,O (1).

(M = the alkaline element or cation such as Na*, K",
or Ca’, n=the degree of polymerization and z = num-
ber of silicate units.)

The geopolymerization process typically involves a
reaction between aluminosilicate materials with alka-
line activators such as sodium hydroxide (NaOH) or
sodium silicate (Na,SiO3) solutions as precursors. This
process leads to the formation of three-dimensional
framework structure with amorphous to semi-crys-
talline network [28]. This structure is formed by shar-
ing oxygen atoms with silicon oxygen tetrahedra and
aluminum-oxygen tetrahedra, creating a short-range
ordered network achieved through alternating chemi-
cal bonding [10]. In terms of geopolymer precursor,
the flexibility in selecting aluminosilicate sources
makes geopolymers recognized as one of the more
sustainable construction materials. This is due to the
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fact that most of the aluminosilicate precursors uti-
lized for geopolymer are derived from waste includ-
ing biomass and industries. Numerous aluminosili-
cate materials have been widely researched for their
potential as geopolymer precursors including kaolin,
metakaolin, fly ash, slag, red mud, rice husk ash, and
volcanic ash [29, 30]. Meanwhile, for liquid precursor,
solution with high alkalinity is much required for the
synthesis of the geopolymers. The most common alkali
solution, also known as an alkali activator, is a hydrox-
ide solution such as sodium hydroxide or potassium
hydroxide. The alkali solution can also be a combi-
nation of sodium hydroxide or potassium hydroxide
with sodium silicate or potassium hydroxide with
potassium silicate [31, 32].

Generally, the use of geopolymers in the construc-
tion industry has gained significant attention due to
their eco-friendly nature and has been widely explored
in construction field applications such as precast pan-
els, road pavements, and bricks production. Unlike
conventional Portland cement, which emits a signifi-
cant amount of CO, during production, geopolymer is
believed to reduce this emission while maintaining the
environmental approach due to its utilization of waste
as precursors. In addition, geopolymers are believed
to exhibit superior performance under thermal stress
while maintaining structural integrity and mechani-
cal strength at elevated temperatures [33-35]. This is
attributed by the inorganic framework that does not
burn like organic polymers, thus making it reliable as
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potential fire protection and resistance materials. Fire
damage can be critical, affecting both people and infra-
structures of the buildings and thus becoming one of
the main concerns in construction field [36]. In order to
evaluate the potential of geopolymer upon fire expo-
sure, the elevated temperature performance of any
material is crucial, particularly when it is intended for
use as a fireproof material in structures, as a thermal
insulator, or for refractory applications.

Some of the previous researches conducted on the
exposure of geopolymers to elevated temperatures
are summarized in Table 1. Table 1 summarizes the
exploration of geopolymers derived from variation
of aluminosilicate precursors for their potential as
fire-resistant materials, including fly ash [15, 37, 38],
metakaolin [39, 40], and slag [14, 41]. Geopolymers
have been exposed a wide range of temperatures
from ambient temperature conditions (20-25 °C) up
to 1200 °C, in effort to monitor the thermal behavior of
the geopolymer upon thermal exposure. In addition,
the geopolymers’ performance was also evaluated
with a focus on key mix design factors, such as SiO,/
Al,05[39, 40] and the addition of other aluminosilicate
materials when dealing with blended geopolymers
such as percentage addition of fly ash [14, 42], glass
powder [41], and fillers such as silica sands [43].

For instance, Lahoti et al. [36] highlighted that
the properties of geopolymers can be investigated at
different scales through elevated temperature expo-
sure in order to guarantee their reliability prior to

Table 1 Summary of past studies evaluating geopolymer performance at elevated temperatures

References Aluminosilicate precursor Significant variable Temperature exposure
Xiang et al. [42] MK-FA geopolymer Percentage FA addition 500, 800 °C

Barzoki and Gowayed [39] MK geopolymer Si0,/Al,05 molar ratio 200-1000 °C
Saludung et al. [13] FA/slag geopolymer Curing condition 500, 750, 950 °C

X. Jiang et al. [37] FA geopolymer Different type of FA as precursor 100-1200 C
Moutaoukil et al. [38] FA geopolymer Different alkali activator ratio 200-1000 °C

Abd Razak et al. [15] FA geopolymer Effects of burning temperature 500 °C and 1200 °C
Luo et al. [44] FA geopolymer Addition of slag 20-1000 °C

J.C. Kuri et al. [14] Slag geopolymer Percentage FA addition 200-1000 °C

A.N. Derinpinar et al. [41] Slag geopolymer Addition of glass powder 150-750 °C

Zhang et al. [45] FNS geopolymer Effect of temperature exposure 200-1100 °C

Kim et al. [40] MK geopolymer Various Si/Al ratios and sodium activators 25-1000 °C

Javed et al. [46] LS geopolymer Addition of silica fume and FA 300, 500, 700, 950 °C,
Perna et al., [43] Calcined clay geopolymer Addition of filler (silica sands and cordierites) 100-1000 °C

Peng et al. [17] FAC-MK geopolymer Percentage FAC addition 20-1100 °C

“MK Metakaolin, FA Fly ash, FNS Ferronickel slag, LS Lithium slag, FAC Fly ash cenosphere
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application. This encompasses micro-, meso-, and
macroscales. According to Lahoti et al. [36], micro-
scale study entails investigating phase transitions and
nano-structural alterations in geopolymers subjected
to elevated temperatures, which markedly affect their
chemical stability. Ensuring stability at the micro-scale
level is essential for maintaining material integrity at
higher hierarchical levels including the meso- and
macro-scales which are evaluated through volumet-
ric changes, including crack resistance due to thermal
stress, and its capacity to retain mechanical strength
and resist spalling at elevated temperatures [36]. Con-
sequently, a comprehensive analysis encompassing
thermogravimetric analysis to observe thermal behav-
ior, visual, and phase transformations upon exposure
including morphology, porosity, and cracking should
be further explored prior to application to ensure its
durability particularly in terms of residual strength
after thermal exposure.

Thermal behavior of geopolymer at elevated
temperature

Thermogravimetric analysis (TGA) is a widely uti-
lized technique in materials science for investigating
the thermal behavior of geopolymer including thermal
stability and decomposition patterns of materials by
continuously monitoring mass changes as a function
of temperature under controlled atmosphere. TGA
provides crucial insights on the degradation processes,
typically including the evaporation of physically

Table 2 Thermogravimetric analysis (TGA) in past studies
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bound water (<200 °C), dehydroxylation of chemically
bound hydroxyl groups (300-600 °C), and structural
reorganization or densification at higher temperatures
(>800 °C) [45, 47]. The comparison of thermal behav-
ior of geopolymers before and after exposure to high
temperature had been reported and is summarized
in Table 2. From Table 2, variations of aluminosilicate
precursors, including fly ash, metakaolin, and slag, are
reported in terms of their mass loss under exposure
to elevated temperatures, which lead to variations
in mass loss. In most studies, the highest tempera-
ture used to evaluate mass loss was either 1000 °C or
1200 °C. This temperature range is particularly signifi-
cant, as it provides insight into the thermal stability
and structural integrity of the geopolymers.
According to past research in Table 2, the percent-
age of mass loss varies significantly depending on the
aluminosilicate precursors utilized. Slag possesses
higher mass loss (5-20%) in comparison with other
aluminosilicate materials. For instance, the mass loss
was observed to be 16% with temperature exposure at
550 °C [48]. This observation can be attributed to the
high-calcium composition contained in slag. Slag con-
tains a high proportion of calcium oxide (CaO), which
facilitates the formation of calcium-rich hydration
products such as portlandite (Ca(OH),) and calcium
carbonate (CaCQO3). Both phases decompose thermally
between roughly 400 °C and 800 °C, releasing water
and carbon dioxide and thereby accounting for much
of the recorded mass loss [49]. Despite this draw-
back, slag is often selected for its superior strength

References Geopolymer Heating rate, °C/min Atmosphere Maximum Mass loss, %
temperature,
°C
Rivera et al. [48] Fly ash/metakaolin/slag-based 10 °C/min Nitrogen 550 °C 2 (fly ash), 4.5
geopolymer (metakaolin),
16 (slag)
Javed et al. [46] Lithium slag-based geopolymer 10 °C/min Nitrogen 1000 °C 5.02-6.71
Sivasakthi et al. [50] Fly ash-based geopolymer 10 °C/min Nitrogen 1200 °C ~10.00-11.50
Moutaoukil et al. [38] Fly ash-based geopolymer 10 °C/min Helium 1000 °C ~4.00-16.000
Barzoki and Gowayed [39] Metakaolin-based geopolymer 20 °C/min Nitrogen 1000 °C ~6.00-9.80
Caballero et al. [47] Metakaolin-based geopolymer 10 °C/min Nitrogen 1000 °C ~2.90-4.60
Xiang et al. [42] Metakaolin-based geopolymer 5 °C/min Nitrogen 800 °C ~11.00-14.00
Kashani et al. [51] Fly ash and slag blends-based 6.60 °C/min Nitrogen 1000 °C ~17.00-19.50
geopolymer
Perna et al. [43] Calcined clay-based geopolymer 20 °C/min Nitrogen 1100 °C ~2.50-6.00
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development and its ability to cure at ambient temper-
ature without additional energy input. Adjusting the
chemical composition to improve thermal stability is
therefore a worthwhile research direction. Javed et al.
[46] demonstrated that addition of fly ash and silica
fume minimizes mass loss obtained as listed in Table 2.

In addition, it is believed that significant mass loss
is usually observed after 100 °C as it represents the
mass loss directly related to geopolymeric networks.
Javed et al. [46] utilized TGA to compare the thermal
stability of lithium slag-based geopolymer modified
with the addition of fly ash and silica fume. Both geo-
polymers with addition of fly ash (LSGg,) and silica
fume (LSGgp) were heated from room temperature
to 1000 °C at a rate of 10 °C per minute. The TGA is
depicted in Fig. 1. According to Fig. 1, in temperature
zone I, the mass loss corresponds to the evaporation
of pore water. This is followed by zone II (100-300 °C),
where dehydroxylation occurs, involving the release
of bound water from hydroxyl groups within the geo-
polymer network, leading to reduced density and
pore formation through self-desiccation. The LSGgy
mix showed higher weight loss than LSGgp, in zones I
and II is linked to a higher degree of aluminosilicate
dissolution in the fly ash-based system, followed by
polycondensation processes that release water [46].
During dissolution, water is consumed in forming
monomeric species such as S5iO(OH),, Si(OH)a4, and
Al(OH), and liberated again as these species undergo
polycondensation, leading to gel formation [46].
Meanwhile, in zone III, continued dehydroxylation of
the aluminosilicate gel causes microstructural shrink-
age and transformation into new mineral phases.
Finally, in zone 1V, viscous sintering progressively
reduces porosity, induces thermal shrinkage, and
densifies the matrix, marking the completion of phase
transformation. This was further supported by Man-
zoor et al. [49] who reported that between 300 °C and
approximately 800 °C, a continuous decrease in mass
occurs due to the removal of structural water. Beyond
800 °C, no significant weight loss was observed, owing
to the absence of further thermal decomposition reac-
tions. It is believed that the sintering process during
this temperature leads to the formation of a ceramic
body [49]. Apart from proving that geopolymer has a
better thermal stability based on the minimal weight
loss (5.02 and 6.71%, respectively, for both addition
of fly ash and silica fume) throughout the evolution
of temperature, Javed et al. [46] also emphasized that
LSGg, has higher thermal stability and resistance to
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Figure 1 Thermogravimetric analysis of lithium slag-based geo-
polymer: a addition of fly ash and b addition of silica fume [46].

dehydroxylation than LSGgg for up to 300 °C. How-
ever, it was also found that the silica fume-incorpo-
rated LSG exhibits less shrinkage and cracking and
higher residual strength at 900 °C due to the viscous
sintering of silica-fume particles, which enhances the
material’s suitability for fire protection and thermal
stability at elevated temperatures. This study proves
that the composition of silicon (Si) which acts as the
backbone of geopolymeric gels is significant to be
optimized in order to avoid poor thermal stability due
thermal deterioration.

Meanwhile, another study carried out by Barzoki
and Gowayed [39] showed contradictory findings on
the influence of 5iO, by varying SiO,/Al,O; molar
ratios on the thermal properties of metakaolin-based
geopolymer. According to this study, geopolymers
and their raw materials (silica fume, alumina powder,
and metakaolin) were subjected to heat treatments at
200, 400, 600, 800, and 1000 °C in a laboratory furnace
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with each target temperature maintained for 1 h. The
samples were immediately removed and cooled to
room temperature under ambient conditions after
completion of heating and dwelling [39]. The TGA
obtained can be depicted as in Fig. 2 in which the “no-
conditioning” curves correspond to samples tested
without prior thermal exposure, whereas the other
curves correspond to samples that were preheated to
the specified temperatures before undergoing TGA.
A reduction in total mass loss was observed when the
alumina content in the geopolymers was increased, as
evidenced by the mass loss result in Fig. 2. This was
particularly evident in the metakaolin-based geopoly-
mer with the lowest S5iO,/Al,05; molar ratio (0.7), which
suggests that alumina-rich specimens have enhanced
thermal stability. However, as being evidenced by this
study, a balance of silica (S5i0,) and alumina (Al,O5)
has been shown to be crucial, with alumina improv-
ing thermal stability by minimizing dehydration and
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encouraging secondary geopolymerization, and silica
contributing to the enhanced mechanical strength [39].
Therefore, further exploration on the optimization of
both SiO, and Al,Oj; is essential to develop geopoly-
mers with optimal thermal and mechanical properties
for high-temperature applications focusing on various
aluminosilicate materials as precursor. This is because
each aluminosilicate precursor possesses a different
composition of SiO, and Al,O; which are significant
for geopolymeric matrix formation.

The importance of controlling optimal composition
of SiO, and Al,O; can be further proven by the lowest
range of mass loss obtained by metakaolin-based geo-
polymers at elevated temperature exposure depicted
in Table 2 [39, 47]. Metakaolin-based geopolymers
are believed to exhibit superior thermal stability with
minimal mass loss during high-temperature exposure,
as evidenced by the mass loss from the thermogravi-
metric analysis (TGA). This behavior is primarily due
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Figure 2 The effect of different SiO,/Al,0; molar ratios on geopolymer performance under high-temperature exposure.
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to the dehydroxylation of kaolinite during calcination
at 600-800 °C, which substantially reduces the chemi-
cally bound water in the precursor material [52]. As a
result, the amount of physically and chemically bound
water released during heating was minimized, lead-
ing to reduced mass loss compared to geopolymers
derived from other precursors [52]. Moreover, the gel
phase in metakaolin-based systems is dominated by
sodium aluminosilicate hydrate (N-A-S5-H), which
forms a stable amorphous polymeric network of silica
and alumina that resists thermal decomposition, main-
taining its structural integrity even at temperatures
exceeding 600 °C.

In terms of comparison with ordinary Portland
cement (OPC), the superior thermal stability of geo-
polymers for fire protection was further emphasized
by Kashani et al. [51] in which both geopolymers and
OPC mortars were utilized. From the study reported,
it was found that below 100 °C, both OPC and geopol-
ymer showed similar pattern of mass loss associated
with evaporation of water. However, OPC mortar was
found to exhibit a noticeably higher mass loss above
100 °C compared to geopolymers with total mass loss
exceeding 25%. This is attributed to the sequential
removal of free water and the breakdown of hydra-
tion products. The reactions also include the dehydra-
tion of ettringite and C-S-H phases between 200 and
400 °C, followed by the decomposition of Portlandite
near 450 °C [48]. In contrast, the mass loss for geo-
polymer above 100 °C is attributed to the dehydration
of gels such as C—(N)-A-5-H and N-A-S5-(H), along
with the removal of terminal hydroxyl groups from
the geopolymer matrix, leading to densification of the
matrix. This is consistent across various geopolymers
with different formulations in this study which were
observed from the mass loss data tabulated in Table 2.
Additionally, at 1000 °C, Portland cement (PC) sam-
ples continued to exhibit greater mass loss, indicating
a higher content of chemically bound water within
their hydration structure compared to geopolymers.
This proves that the thermal degradation of these
hydration products in OPC is a key factor contributing
to its reduced thermal stability relative to geopolymers
[51].

This finding is in line with a study by Perna et al.
[43] which compares the physicomechanical prop-
erties of geopolymers and OPC mortars after high-
temperature exposure. TGA was determined prior
further evaluation on temperature exposure; thus, all
the samples presented in Fig. 3 are denoted as “ref”
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which is referred as reference samples. The TGA
coupled with differential thermal analysis (DTA) was
utilized, and the sample exposure was in the range
between 25 and 1100 °C and the result is illustrated
in Fig. 3. In addition, from the TG-DTA plot, it is
assumed that the endothermic effects are oriented
downward and exothermic effects upward, as per the
instrument configuration. Meanwhile, in order for
ensuring comparability between compositions, the
TG data, originally recorded as absolute mass change
(mg), were normalized to the initial sample mass and
expressed as relative mass loss (%). As this study
emphasizes on utilization of fillers, therefore vari-
ation of geopolymer samples was prepared where
GP_C1_ref denotes a metakaolin-based geopolymer
containing cordierite filler in two particle size frac-
tions (C65_0.1 and C65_0.5), GP_C2_ref contains
cordierite filler in a single fine fraction (C65_0.1),
GP_S1_ref contains silica sand filler in two particle
size fractions (5T6 and STJ25), and GP_S2_ref con-
tains silica sand filler in a single fine fraction (ST6).
Meanwhile, OPC_ref represents a fine-grained mor-
tar prepared from CEM I 42.5 R with silica-mined
aggregate in a 1:3 cement-to-aggregate weight ratio.
Similar to Kashani et al.[51], significant mass loss
was found to be more pronounced after 100 °C for
both geopolymers and OPC mortars as it can be seen
by the humps observed in Fig. 3. However, the mass
loss of OPC mortar was found to be higher than mass
loss of geopolymer mortar, as evidenced by increas-
ing percentage of porosity determined. Additionally,
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this study also claimed that the significant mass loss
in the temperature range ~ 400-800 °C corresponds
to the decomposition of portlandite into free lime
(CaO) and the decomposition of calcium carbonates
into CaO and CO,. This aligns with the findings of
Kashani et al.[51] and Rivera et al. [48]. Even though
the specific percentage of mass loss is not mentioned,
it was determined that the overall mass loss aligns
with typical OPC thermal behavior observed in pre-
vious studies. TGA results demonstrate that geo-
polymers specifically with proper optimization of
fillers addition are capable to exhibit better thermal
performance and lower mass loss compared to OPC.

Microstructural analysis
upon high-temperature exposure

The thermal behavior of geopolymer materials cor-
relates with the microstructure and phase composi-
tion upon exposure to elevated temperatures. While
thermogravimetric analysis (TGA) provides signifi-
cant data on mass loss associated with dehydration,
dehydroxylation, and gel reorganization, the micro-
structural and phase analyses are significant in offer-
ing deeper insight into the structural properties of the
geopolymers that lead to its thermal degradation or
stability. Geopolymers are known to undergo physico-
chemical changes, including pore coarsening, micro-
crack development, densification, and vitrification,
which often correlate with the thermal events detected
by TGA [45]. Therefore, elucidation on the microstruc-
tural evolution is therefore critical to provide further
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understanding on how geopolymers function as ther-
mal barrier under high-temperature exposure. This
can be achieved by conducting detailed observations
including visual appearance, morphology, tomogra-
phy, and phase transformation analysis. These micro-
structural analyses can also be further correlated with
the residual compressive strength measured after
thermal exposure to further justify the material’s
performance.

Visual appearance observation

One of the most common observations upon expo-
sure to high temperature is the visual appearance of
geopolymers. The visual appearance of geopolymers
during and after exposure to elevated temperatures
offers important qualitative insights into their ther-
mal responses, structural transitions, and surface
protection capability. Notable observations include
color shifts, surface texturing, expansion, and char
production, which closely correlate with underlying
physicochemical processes. This can be seen in a study
reported by Abd Razak et al. [15] on visual appearance
of fly ash-based geopolymers and ordinary Portland
cement (OPC) concretes as depicted in Fig. 4. In this
study, three samples for each OPC concretes were
prepared by following the specific grade of concrete
(standard strength grades of 20, 40, and 60 MPa for the
OPC-based concrete). Meanwhile, the mix proportions
for geopolymer samples (G20, G40, and G60) were also
prepared following the specific grade by utilizing
response surface methodology (RSM). Comparison on

1200 °C

(a)
O
o
o
o |®
=
o
G20 G40 G60

(c)

(d)

G20

G40 G60

Figure 4 Visual comparison of concrete in cm/cube: a OPC at 500 °C; b GEO at 500 °C; ¢ OPC at 1200 °C; d GEO at 1200 °C [15].

@ Springer



18686

physical appearance of samples was made on before
(the most left for each Fig. 4a—d) and after thermal
exposure. As depicted in Fig. 4, the study discovered
that the cracks were more pronounced in the OPC
compared to geopolymers. This can be attributed to
the total loss of moisture within the concrete. Addi-
tionally, spalling was also detected which resulted
from thermal strains induced by the quick tempera-
ture increase and the variable internal pore pressure
inside the concrete during fire exposure. Elevated pore
pressure could not dissipate from the concrete, hence
inducing tensile tension that led to spalling. In con-
trast, the geopolymer concrete examples exhibited no
spalling as observed. Meanwhile, cracks on the surface
of the specimens were apparent following exposure to
fire at 1200 °C, although they were less pronounced
than those on the OPC-based concrete specimens,
hence demonstrating superior fire resistance of the
tested material relative to OPC-based concrete.
Similar observation was also found in a study
reported by Luo et al. [44], specifically in terms of
color, texture, and cracks as depicted in Fig. 5. By uti-
lizing fly ash and ground-granulated blast furnace slag
as precursors of geopolymers in this study (AAFS),
this geopolymer is known to be treated as hybrid
binder. According to Fig. 5, the surface color gradu-
ally turned reddish-brown from room temperature to
800 °C, owing to the oxidation of iron present in fly
ash, which has always been the case in the fly ash-
based system when exposed to high temperature. In

Figure 5 Visual appearance
development under elevated
temperature exposure [44].
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addition, crack development was observed between
100 and 600 °C, likely due to the migration and
evaporation of moisture within the hybrid binder.
Meanwhile, a smooth texture with fewer cracks was
observed after exposure to 800 °C, which might be
attributed to the healing effect caused by viscous sin-
tering reaction [44].

Morphology and tomography analysis

Apart from visual appearance, several past studies
have briefly focused on examining the morphology
of geopolymers after high-temperature exposure, as
presented in Fig. 6. It should be noted that the com-
parison was made for temperatures ranging between
800 and 1200 °C only since it is commonly selected
as the maximum temperature of evaluation by past
studies. The observations on the morphology include
internal microcracks and possibility of degradation
and shrinkage occurring when being exposed to high
temperature. Variations of geopolymers including
metakaolin-based geopolymers, fly ash-based geo-
polymers, ferronickel slag-based geopolymers, and
blended geopolymers of metakaolin and rice husk ash,
palm oil fuel ash, and ground-granulated blast furnace
slag are compared as illustrated in Fig. 6.

As depicted in Fig. 6, metakaolin-based geopoly-
mer is one of the most commonly studied materials in
terms of morphology after high-temperature exposure,
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*FA GP = Fly ash-based geopolymer, FNS GP = Ferronickel slag-based geopolymer,
FA (High Ca) = High Calcium fly ash-based geopolymer, MK = Metakaolin-based
geopolymer, MK + RHA GP = Metakaolin+rice husk ash -based geopolymer,and
POFA + GGBS GP = Palm oil fuel ash+ground granulated blast

Figure 6 Comparison of various morphologies of geopolymers after high-temperature exposure reported by a Liu et al. [18], b Lila
et al. [53], ¢ Moutaoukil et al. [38], d Wongsa et al. [56], e Luo et al. [44], f Salih et al. [58], g Zhang et al. [45], h and i Jiang et al. [37].

due to its reported superior thermal stability. As
reported by Lila et al. [53], pure MK geopolymer dis-
played in Fig. 6b demonstrates vitrification and sur-
face smoothening after exposure to 1000 °C, indicating
effective sintering without crack propagation which
is an ideal characteristic for ceramic fire barrier layers
[54]. In terms of blended geopolymers, MK blended
with rice husk ash shown in Fig. 6a and reported by
Liu et al. [18] exhibited even greater performance

at 900 °C. The preserved matrix and observed pore
formation were attributed to reduced thermal stress.
These structures are believed to be capable of resisting
explosive spalling by allowing steam diffusion while
maintaining overall integrity [55].

Meanwhile, fly ash (FA)-based geopolymers, par-
ticularly those derived from low-calcium (Class F)
FA, show a promising potential under high-temper-
ature exposure due to its densification. As reported
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by Wongsa et al. [56] and depicted in Fig. 6d, low-
Ca FA geopolymer retains a relatively compact and
coherent matrix even after heating to 900 °C, with
minimal pore coarsening or cracking. This high-
lights its suitability for passive fire protection due
to its low Ca content and stable aluminosilicate gel
network [49]. This is in line with findings depicted
in Fig. 6h, i, respectively, which represent the com-
parison of morphologies observed for both fly ash
with high and low calcium after exposure at 1000 °C.
In contrast, according to the morphology observed
by Moutaoukil et al. [38] as in Fig. 6¢, geopolymers
with high-Ca FA exposed to a temperature of 1000 °C
exhibit visible matrix degradation and void forma-
tion. These can be attributed to the decomposition of
Ca-bearing phases such as calcium silicate hydrates
and carbonates, which promote internal pressure
and cracking [57]. This occurrence was found to
affect the structural reliability under thermal stress,
making low-Ca FA systems a more favorable choice
for fire-resistant applications.

Additionally, calcium-rich blended systems such as
FA + GGBS as observed by Luo et al. [44] in Fig. 6e also
showed thermal instability at elevated temperatures
(=800 °C), with enlarged pores and emerging cracks,
weakening their post-fire strength, thus confirming the
drawback of excessive calcium. However, the addition
of another aluminosilicate precursor such as palm oil
fuel ash (POFA) as observed in Fig. 6f and utilization
of ferronickel slag (FNS) as shown in Fig. 6g demon-
strates controlled foaming or vitrification while main-
taining a coherent matrix up to 1200 °C. FNS-based
geopolymer exhibited minimal cracking and surface
degradation under extreme temperatures, indicating
their potential as refractory-grade geopolymer materi-
als [45]. Thus, the integration of low-calcium alumino-
silicate matrices with thermally stable additives such
as silica-rich biomass ash or ferronickel slag contrib-
utes to improved fire resistance performance. This is
achieved by promoting viscous sintering, reducing
the formation and propagation of thermally induced
microcracks, and stabilizing the overall microstructure
at elevated temperatures. The resulting morphology,
which is characterized by a continuous and densified
matrix with minimal pore enlargement, indicates the
material’s ability to preserve its structural integrity
and resist spalling under extreme thermal conditions.
These features collectively demonstrate the superior
high-temperature durability of geopolymer systems
compared to conventional cementitious binders.
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Apart from morphology, tomography can be
indicated as one of useful observation for providing
insight analysis on the behavior of geopolymer upon
thermal exposure due to its utilization on observation
for the pore distribution [8, 59-61]. It is believed that
thermal stability of geopolymer is highly influenced
by the porosity and densification, some of the past
researches had utilized tomography for observing
the pore distribution of the geopolymer after thermal
exposure which can be depicted as in Fig. 7. Accord-
ing to Ahmad et al. [59] the different temperature
applied led to different size of pore percentage. It was
observed that unsintered kaolin-based geopolymers
had small and uniformly distributed pores. Upon
sintering at 900 °C as in (b), wider and more visible
pores appeared, particularly in the form of air spaces
(purple color). Regardless of the fact that both sintered
samples consist of pores ranging from 10 to 15 pm, the
sample at 900 °C is believed to have larger pores than
the 1200 °C sample. These larger pores at 900 °C have
contributed to the lower flexural strength obtained
in this study. Meanwhile, the reduction in pore size
at higher temperatures is attributed to densification,
where atomic diffusion forms bridges at particle con-
tact points, reducing porosity and enhancing mechani-
cal integrity.

Similar observation was found with Shee-Wen
et al. [62] and Yong-Sing et al. [63]. Both of the stud-
ies employed X-ray tomography sourced from the
Synchrotron Light Research Institute of Thailand.
The findings indicate that elevating the temperature
to 900 °C resulted in enhanced pore formation in fly
ash-based geopolymer, as demonstrated by Shee-Wen
et al. [62] in the figure, which can be ascribed to the
evaporation of water from the silicate network during
thermal exposure. A reduction in overall porosity was
seen at a temperature of 1000 °C, indicating structural
densification as mentioned by Ahmad et al. [59]. The
finding is also in line with the tomography observed
by Yong-Sing et al. [63] as in Fig. 7. The study con-
cluded that exposure to 1000 °C resulted in decreased
porosity (6.8%) compared to room temperature
(10.4%), indicating that high-temperature exposure
facilitated the phase transformation in the geopolymer
matrix, leading to the formation of more crystalline
phases and enhanced structural compactness. Addi-
tionally, this study also proved the enhancement on
the densification of geopolymer matrix at high tem-
perature with the addition of silica fume. The incorpo-
ration of silica fume was found to affect the porosity of
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Figure 7 Tomography of geopolymer from past researches upon exposure to high temperature.
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the fly ash-based geopolymer, facilitating the densifi-
cation of the geopolymer matrix, as evidenced by the
decrease of pore sizes in the fly ash-silica fume-based
geopolymer (FSF3) relative to the fly ash-based geo-
polymer (FS).

Phase transformation analysis

In addition, the potential of geopolymers for fire resist-
ance application can also be attributed to the mineral
phase’s transformation during exposure to elevated
temperature. Some of significant phases observed
after high-temperature exposure are summarized in
Table 3, which utilized common aluminosilicate mate-
rials including fly ash, metakaolin, and variation of
slag as geopolymer precursor. It should be noted that
the observation of phases could be varied accordingly,
based on the chemical composition of the geopolymer
precursor utilized. According to Table 3, it can be con-
cluded that different chemical compositions contribute
significantly to the phase transformation of the geopol-
ymers upon high-temperature exposure. For instance,
geopolymers synthesized using fly ash as geopolymer
precursor form some of the thermally stable crystalline
phases including sodium and calcium aluminosilicates
such as nepheline (NaAlSiO,), anorthite (CaAl,Si,Og),
and sometimes cancrinite (Na,AlSi;O,,5H,0) due to
the transformation of mullite and quartz at elevated
temperatures, leading to the formation of anhydrous
crystals with a stable network structure [64].

Similar observation was also found in the blend
system of fly ash-based geopolymers. Additional
observable phases were found due to the utilization
of high-calcium aluminosilicate materials, and this
includes modernite, akermanite, and gehlenite [46, 66].
According to Zhao et al. [66], these crystalline phases
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exhibit better thermal stability than OPC. This can be
attributed to the calcium-based phases of akerman-
ite and gehlenite which contribute to densification as
commonly observed in the morphology and promote
thermal stability through matrix hardening. Moreo-
ver, anorthite and mullite provide refractory stability
under high-temperature conditions. Furthermore, in
terms of utilizing metakaolin as geopolymer precur-
sor, the formation of sodium (Na)-based phases, silica
(5i0,)-based, and alumina (Al,O5)-based phases is
likely to be observed.

As being observed by Kim et al. [40], the presence
of nepheline which is formed in the process of liqui-
fication and coagulation of metakaolin-based geo-
polymers during exposure to high temperatures was
evident when the geopolymer pastes were heated up
to 1000 °C, and the corresponding crystalline phases
were observed in the SEM images. However, proper
optimization is required, specifically when dealing
with Si/Al ratio as excessive formation of new crys-
talline phases at high-temperature exposure has been
proven to negatively impact mechanical strength of the
metakaolin-based geopolymer [40]. Meanwhile, iron-
rich systems, such as those incorporating ferronickel
slag, display the development of fayalite (Fe,SiOs),
hematite (Fe,O3), and magnetite (Fe3O4) after heat-
ing [65]. These phases are believed to be capable of
enhancing sintering behavior and contributing to
oxidation resistance, reinforcing the geopolymer’s
ceramic network. Similarly, in hybrid formulations
that include lithium slag and silica fume, the crystal-
lization of mordenite, a zeolitic phase, strengthens the
matrix while preserving lightweight properties and
reducing volumetric shrinkage [46].

From the microstructural analysis collected by
past researches, it can be surmised that geopolymers
exhibit a sequence of progressive changes in response

Table 3 Phases analysis of geopolymers after high-temperature exposure

Precursor Exposure temperature Phases identified (XRD after heating) Reference

Fly ash (class F) 800 °C Nepheline, anorthite, cancrinite Kozhukhova et al. [64]
Metakaolin 1000 °C Nepheline, cristobalite, illite Kim et al. [40]
Ferronickel slag 900 °C Fayalite, magnetite, hematite Arce et al. [65]
Lithium slag + FA/SF 900 °C Mordenite, alkali aluminosilicates Javed et al. [46]

FA + GGBFS 800 °C Akermanite, gehlenite, anorthite, mullite Zhao et al. [66]
Fayalite slag+ MK 1150 °C Leucite, sanidine, hematite Nikolov et al. [67]

Fly ash+MK +SF 800-1000 °C Leucite, kaliophilite, microcline, akermanite Cao et al. [68]

Fly ash+ladle slag 800 °C Anorthite, gehlenite, akermanite Luo et al. [69]
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to elevated temperatures, as reflected across visual,
microstructural, and phase transformation. In terms
of visual appearance and morphology, discoloration
and surface densification are frequently reported,
often attributed to dehydration and initial matrix
compaction due to polymerization. Morphological
assessments also reveal the development of microc-
racking, pore coarsening, and in some cases, partial
vitrification, indicating thermal stress redistribution
within the matrix. Meanwhile, tomographic studies
complement these findings by highlighting internal
densification and pore formation upon high-temper-
ature exposure. In regard to phase transformation,
geopolymers continuously exhibit the conversion of
the amorphous aluminosilicate framework into crys-
talline phases, such as nepheline and leucite, at ele-
vated temperatures, generally exceeding 600 °C. These
modifications are strongly connected with enhanced
dimensional stability, which could be further investi-
gated for a better understanding of how certain phases
transform upon exposure. The application of neutron
diffraction could be proposed for further exploration
such as using the ENGIN-X beamline at Rutherford
Appleton Laboratory (STFC, UK) to investigate the
phase transformation and stress—strain behavior of
geopolymer matrices under thermal exposure. Neu-
tron diffraction is capable to provide superior penetra-
tion depth and enhanced sensitivity to light elements
due to their higher neutron absorption cross sections,
thus providing high-resolution, non-destructive meas-
urements through the material thickness, enabling
precise analysis of crystallographic changes [70]. By
monitoring variations in interplanar lattice spacing
associated with the formation of crystalline phases
such as nepheline and leucite, this technique allows
for the evaluation of internal strain and its influence
on microstructural stability while offering a unique
opportunity to observe stress evolution in real time.
These insights are expected to advance the fundamen-
tal understanding of geopolymer behavior at elevated
temperatures specifically on the microstructure analy-
sis and contribute to the development of more ther-
mally stable construction materials.

Residual compressive strength analysis
upon high-temperature exposure

The strength performance upon high-temperature
exposure is known to be one of indicators as initial
evaluation of the geopolymer durability. The residual
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strength performance also can be attributed to the
geopolymer’s insight properties including thermal
behavior and microstructure. In evaluating the per-
formance of construction materials under fire condi-
tions, residual compressive strength serves as a critical
metric for assessing post-fire structural reliability. Fig-
ure 8 illustrates the residual compressive strength of
various geopolymer systems in comparison with ordi-
nary Portland cement (OPC) pastes and mortar after
exposure to elevated temperatures. At the 700-800 °C
range, OPC paste reported by Yang et al. [71] shows
a marked decline in strength in comparison with the
geopolymers derived from variation of aluminosilicate
precursor. This severe degradation is attributed to the
decomposition of hydrated phases such as C-5-H and
portlandite, which leads to pore generation, matrix
disintegration, and subsequent loss in load-bearing
capacity [71, 72].

In contrast, FA-based geopolymers demonstrate
much superior strength retention, either used alone
or in a blended system. For instance, fly ash-based
geopolymers (FA GP) reported in previous studies
by Jiang et al. [37], Pacios et al. [12] Luo et al. [44],
and Sivasakthi et al. [50], as well as FA combined with
silica fume and ground-granulated blast furnace slag
(GGBS +FA + SF GP and GGBS + FA GP) [13, 51, 73],
and high magnesium nickel slag (FA + HMNS GP)
[71], demonstrate compressive strengths exceeding
15 MPa and reaching up to 50 MPa within a tem-
perature range of 700-800 °C, surpassing the values
reported for OPC [71]. These results suggest that the
alkali-activated aluminosilicate network offers supe-
rior thermal resistance due to its gel densification and
partial crystallization into nepheline and anorthite
which were observed from the XRD.

The distinction becomes more prominent in the
850-1000 °C range. FA GP systems were proven to
have higher compressive strength, with some exceed-
ing 50 MPa as reported by Lahoti et al. [20] in com-
parison with OPC paste and mortar reported by
Pacios et al. [12] and Kashani et al. [51]. Meanwhile,
combination of fly ash and metakaolin as geopolymer
precursor (FA + MK GP) reported by Li et al. [74] dem-
onstrated the highest residual strength in this range,
reaching above 60 MPa, likely due to synergistic phase
development of leucite and microstructural vitrifica-
tion facilitated by metakaolin composition [42]. This
increase is associated with thermally activated sinter-
ing and ceramic transformation which reinforces the
matrix and minimizes thermal shrinkage. Another
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notable comparison was found beyond 800 °C for
blended system containing ground-granulated blast
furnace slag (GGBS). The residual compressive
strength for GGBFS + FA GP reported by Saludung
et al. [13] and Kashani et al. [51] was found to be
almost similar (approximately less than 30 MPa) after
exposure to temperatures below 800 °C. This can be
attributed to the calcium composition of GGBS which
contributes to thermal degradation, possibly due to
the destabilization of Ca-rich phases and lack of alu-
minosilicate gel reinforcement. Thus, no significant
strength improvement was observed with increasing
temperature [44].

This performance trend underlines the importance
of precursor selection; geopolymers with high-5i and
Al content (such as FA and MK) demonstrate supe-
rior strength due to the formation of stable ceramic
products and matrix densification. From this com-
parison data, it can be concluded that geopolymers,
particularly those derived from low-Ca sources such
as FA and MK, offer substantial fire resistance with
high residual strength beyond 1000 °C. Their ability
to densify as being observed from the morphology
and tomography, thermally stable crystalline phases
such as leucite, anorthite, and mullite explains their
mechanical endurance under extreme heat. These
findings reinforce the suitability of FA- and MK-based
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geopolymers for structural fire protection applica-
tions, far exceeding the high-temperature performance
of OPC-based systems regardless in paste or mortar
formed.

Surface protection of geopolymer coating
upon fire exposure

Beyond structural applications, geopolymers have
demonstrated potential as protective coatings. The.
maintenance and repair of infrastructures in the
civil and construction engineering industry have
become critical issues, making the preservation of
structures and elements a primary concern. Protec-
tive coatings are crucial and advantageous due to their
resistance to harmful chemicals (e.g., acids, alkalis, and
salts) and harsh conditions (e.g., thermal shock, high
temperatures, and drying—wetting cycles) in the opera-
tional environments of civil constructions [75]. Owing
to their ceramic-like microstructure and absence of
combustible organic components, geopolymer coat-
ings offer enhanced resistance against aggressive envi-
ronments, including corrosion, chloride penetration,
and elevated temperatures. Protective coatings are
classified into two categories: organic and inorganic
coatings. Organic coatings such as epoxy, expanded
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polystyrene foam, phenolic foam, polyurethane foam,
and polyisocyanurate foam are frequently utilized;
nonetheless, they are deemed undesirable due to
the possible emission of hazardous gasses, including
carbon monoxide (CO), nitrogen oxides (Nox), and
hydrogen cyanide (HCN), when subjected to fire [76].
In the meantime, the development of inorganic coat-
ings has garnered a growing amount of attention, with
the introduction of geopolymer as a coating material.
This is because geopolymers have the potential to pro-
vide a reliable safeguard for infrastructure against cor-
rosion, fire, and environmental degradation, as a result
of their strong adhesion properties, chemical resist-
ance, and thermal stability.

One of the most promising applications identified,
as summarized in Table 4, is the use of geopolymer
coatings for fire resistance application [10, 19, 77].
As mentioned in Sect. “Basis of geopolymers and
potential on high-temperature exposure” earlier,
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geopolymers exhibit inherently higher thermal sta-
bility compared to conventional cementitious materi-
als, making geopolymers highly suitable as durable
and inorganic solutions for passive fire protection
and fire resistance application. The fire resistance of
geopolymers arises from a unique physicochemical
mechanism involving gradual dehydration and sub-
sequent sintering into thermally stable ceramic phases.
This transformation results in the formation of a dense
aluminosilicate matrix that can provide both thermal
insulation and physical shielding against fire expo-
sure, while simultaneously preserving the structural
integrity and aesthetic quality of the coated substrate.
Recent advancements have further expanded the use
of geopolymer coatings for fire protection through two
main approaches: direct application as a thin layer and
modification into foam structures prior to coating.

It has been previously mentioned that geopoly-
mers can be used as a coating material in an effort

Table 4 Past studies on the utilization of geopolymer as surface-protective coatings

References Geopolymer Substrate ~ Manipulative variable  Fire test Technique of coating
(s)
Yang et al. [19] Metakaolin-based geo-  Steel Different cations of “Burn-through” test Not specified
polymer alkali solution: Na+,
K+
Sun et al. [78] Slag-based geopolymer  Steel Different alkali activator Small-scale combus- No specified

Shaikh et al. [79]

Fly ash-based geopoly-
mer

Pine timber

Addition of fiber: car-
bon and basalt

Wang et al. [77] Slag-fly ash-based Plywood Percentage of slag addi-
geopolymer tion: 5-25%
Kiele et al. [80] Slag-based geopolymer Concrete Addition of phospho-
gypsum
Zhou et al. [10] Manganese slag-based  Pine wood  Addition of PVA fibers:
geopolymer 0.5-2%
Quet al. [81] Copper tailings-based ~ Plywood Percentage addition of
geopolymer filler: KH-560 nano-
silica, MPP, ADP
Sarazin et al. [82] Metakaolin-based geo-  Steel Addition of H,0, and
polymer CTABr
Kaczmarski et al. [83] Fly ash-based geopoly- Wall Spraying technique
mer
Le et al. [84] Metakaolin-based geo-  Polystyrene Addition of silica fume
polymer as filler
Anyou Zhu et al. [85] Fly ash-based geopoly- Wood Mix designation of

mer

foam

tion test

Direct fire test using fire
torch

Cone calorimeter test

Fire test: prEN 1364-1
rev
Not conducted

Not conducted

“Burn-through” test:
1S0O2685:1998
Not conducted

Fire test: CSN EN
13381-3
Not specified

Troweling technique

Brushing technique

Not specified

Brushing technique

Brushing technique

Not specified

Spraying technique

Not specified

Not specified

“PVA Polyvinyl alcohol, Na* Sodium cation, K™ Potassium cation, H,0, Hydrogen peroxide, CTABr Cetyltrimethyl ammonium bro-
mide, CH;(CH,)15N + (Br)(CH;)3, MPP Melamine polyphosphate, ADP Aluminum diethyl phosphate
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to improve fire resistance. This can be achieved by
directly applying the material as a thin layer [79, 80],
which depends on the thickness, and by modifying
the appearance of the geopolymer coating as a foamed
structure [82, 83] prior to exposure to fire. In order to
ensure that geopolymers perform better as fire-pro-
tective coatings, modifications to the mix design are
often made through the inclusion of fillers, stabiliz-
ers, and surfactants. In some cases, the geopolymer
is made as foam coatings as it is believed that foamed
appearance provides an additional mechanism of
fire resistance by incorporating controlled porosity.
This approach relies on the use of chemical foaming
agents such as aluminum powder or peroxides [83,
86], or the inclusion of inert, low-density fillers like
perlite [78] or expanded glass. A wide range of addi-
tives has been explored to tune the fire performance
of geopolymer coatings. Fibers (e.g., polypropylene,
basalt, ceramic, or PVA fibers) are commonly used to
reinforce the coating matrix and improve crack resist-
ance in the char layer. The resulting cellular structure
also enhances insulation by impeding conductive and
convective heat transfer within the material.

Geopolymer foam coating

Past studies have gained interests in producing geo-
polymer foam for fire protection applications in the
construction industry. This is largely because foamed
materials have superior fire resistance compared to
conventional materials due to their low unit weights
and high air contents and porous structures [85]. Prior
to their application in fire protection, preliminary
investigation on the potential of geopolymer foam
has been reported by Kaczmarski et al. [84]. They uti-
lized different additives for foam generation using
aluminum powder and hydrogen peroxide (H,0,).
Both additives show promising formation of foam,
but further exploration should be made in terms of its
suitability when using spraying technique for apply-
ing the coatings on surface due to the contradicting
effect when spraying. Meanwhile, a study reported
by Peng et al. [86] investigated the potential of coal
fly ash-metakaolin based geopolymer foams (CFA-
MK-based GP) as protective coating on fireproofing
performance, utilizing sodium peroxide (Na,O,) as the
foaming agent. The evaluation focused on the coating
itself, which included fire resistance analysis and ther-
mal conductivity analysis. It was found that increasing
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the proportion of CFA reduced the viscous sintering
temperature and affected the phase composition of
sintering products, which led to the deterioration of
the porous structure GFs during fire-resistance test-
ing. This porous structure deterioration was found to
affect the thermal insulation performance of geopoly-
mers. However, with the presence of metakaolin in
the geopolymer system, the conversion of MK-based
geopolymer gel to ceramics has helped to maintain
the main skeleton structure stability of the geopoly-
mer, thus proving the excellency in fire resistance due
to the result showing that the back-side temperature
always remained within 250 °C, three hours after the
fire-resistance testing. This finding underscores the
potential of geopolymer foam coating as a protective
layer, where the aluminosilicate materials incorpo-
rated into the geopolymer system play a crucial role in
stabilizing the structural networks of the geopolymers,
thereby enhancing its function as a protective barrier.

Continuous studies have emphasized the potential
of geopolymer foam coating specifically for fire pro-
tection application. Sarazin et al. [82] evaluated the
performance of metakaolin and silica fume (SF)-based
geopolymer foam coatings for steel fire protection.
Hydrogen peroxide (H,0,) was utilized as foaming
agent due to its capability to induce closed-cell poros-
ity. Three formulations of geopolymer foam coatings
were developed: a reference geopolymer without
additives (Reference GP), geopolymer foam 1 con-
taining H,O, (GP 1), and geopolymer foam containing
both H,O, and cetyltrimethyl ammonium bromide,
CH;(CH,)15N + (Br)(CHs3)3, or also known as CTABEr,
which is referred to as GP 2. A “burn-through” fire test
was conducted to evaluate the performance of geo-
polymer foam coatings under exposure to fire, and
the visual appearance is depicted in Fig. 9. According
to Sarazin et al. [82], a burn-through test is a stand-
ardized method designed to replicate aeronautical jet
fuel fire conditions, as specified in ISO 2685:1998, for
assessing material fire resistance of the geopolymer
samples and their capacity to prevent steel from reach-
ing its critical failure temperature (= 550-600 °C). The
test setup includes a propane burner (Bullfinch) sup-
plied with high-purity propane (99.95%), a flowrate
meter, a water-cooled calorimeter, a cooling thermo-
stat, an infrared camera (0-1000 °C range), and cal-
cium silicate fireproof panels.

According to Fig. 9, GP 1 was found to have more
open bubbles compared to the reference GP. This is
attributed to the reaction of hydrogen peroxide in the
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Material Reference GP

After 7 days
maturation

and before fire
test

(top: no
magnification;
bottom: x500)

GP foam 1 GP foam 2

After 7 days
maturation

and after fire test

(top: no
magnification;
bottom: x500)

Figure 9 Visual appearance of geopolymer foam for before and after fire test by Sarazin et al. [82].

formulation, which generates oxygen gas. The oxygen
gas is believed to reach the coated surface but does
not reside inside the GP particles. Meanwhile, GP 2
showed contradictory findings to GP 1, which is likely
due to CTABr’s stabilizing effect. GP 2 was found to
be less fluid than other GP coatings due to the high
concentration of CTABr in the formulation, making
it quite challenging to be applied on steel plates, as
evidenced by its overall appearance in Fig. 10. The
positive finding of GP 2 with CTABr was also proven
by the fire testing. The decrements in the temperature
of the back steel were the highest compared to other
GPs. This finding proved that optimal and selection of
additive are significant in improving the performance
of geopolymer foam as coating material for fire protec-
tion. Similar finding was also observed by Zhu et al.
[85] who compared non-foamed and foamed fly ash-
based geopolymers, high-performance cement mortar
(HPCM), and magnesium phosphate cement mortar
(MPCM) as coating materials. The results are in line

with past research, which foamed coating materials
have a lower heat transfer rate than their non-foamed
counterparts. This indicates that incorporating foam
in materials improves their fire resistance quality and
reduces the heat transfer rate.

In another research reported by Le et al. [84], apart
from adding fillers including silica fume and alu-
minum powder to enhance the fire protection per-
formance, an attempt was also made on enhancing
the mechanical properties of the geopolymer foam
by utilizing chopped basalt fibers (CBFs). Different
thickness layers (10, 15, and 20 mm) were applied
on the substrate (polystyrene), and the temperature
variations for fire resistance testing were monitored.
Similar to other positive findings on geopolymer foam
coatings, it has been demonstrated that the foaming
process induced by aluminum powder reduces ther-
mal conductivity, thereby supporting the use of these
low-density geopolymer composites as effective fire-
resistant coating materials. The addition of chopped
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Figure 10 Reaction stages
occurred during intumes-
cence process.

1)Thermal Decomposition
(Melting zone)

3) Char formation
(Charring zone)

2) Swelling
(Reaction zone)
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basalt fibers helps stabilize the porous suspension dur-
ing the foaming process by increasing the viscosity of
the mixture, which in turn reduces the likelihood of
pore collapse.

Direct application as coating material

Meanwhile, some of the past studies prefer to utilize
direct application of geopolymer coating onto the
substrate. For this purpose, geopolymer is typically
applied in layers of a few millimeters (depending on
desired thickness). The protective layer becomes more
densified, exhibiting a compact microstructure with
low porosity, which contributes to its high thermal sta-
bility and strong adhesion to substrates. Upon expo-
sure to elevated temperatures, these coatings undergo
progressive densification due to dehydration, micro-
void collapse, and sintering of the aluminosilicate
matrix. This densification enhances surface hardness
and structural integrity but may also lead to shrinkage
or cracking if not properly controlled.

An investigation on the potential of slag-based
geopolymer as a fire-resistive coating for steel struc-
tures was conducted by Sun et al. [78] focusing on
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the influence of various alkali activators. The study
incorporated calcium oxide (CaO), sodium carbon-
ate (Na,CQO3), and sodium sulfate (Na,SO,) into the
alkali activator system composed of sodium hydrox-
ide (NaOH) and sodium silicate (Na,SiO3), and the
fire resistance performance was monitored based
on the temperature of the back steel which has been
applied with coated geopolymers. The prepared coat-
ing was uniformly applied to Q235 steel plates sized
150 mm x 70 mm x 10 mm, with a coating thickness
of 20 + 1 mm. The experimental results demonstrated
that the superior fire resistance of the slag-based geo-
polymer coating can be attributed to a combination of
lower bulk density, increased total porosity, reduced
ink-bottle porosity, and the formation of hydrotal-
cite phases. These microstructural and mineralogical
characteristics were notably observed when sodium
silicate was employed in combination with sodium
carbonate (Na,CO3) and calcium oxide (CaQO) as the
alkali activation system. The effectiveness of the slag-
based geopolymer coating was further validated by its
thermal performance, wherein the recorded maximum
surface temperature remained significantly below the
critical limit of 538.0 °C prescribed by the Chinese
fire protection standard GB 14907-2018, indicating
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excellent thermal shielding capability under fire expo-
sure conditions.

Furthermore, direct application of geopolymer as
protective layer has also been investigated on timber
as substrate due to its drawback of being a highly
combustible material, which limits its widespread
application in the building industry. Shaikh et al. [79]
used trowelling method in applying Na-based and
the K-based fly ash geopolymer coating on surface
of timber before undergoing fire resistance test. In
order to enhance the fire retardancy, fibers (carbon
and basalt) were added. It was found that sodium-
based and potassium-based fly ash geopolymer coat-
ings exhibited comparable adhesion to pine timber
substrates, with bond strengths of approximately
0.90 and 0.85 MPa, respectively. The potassium-based
geopolymer demonstrated improved fire resistance, as
indicated by reduced surface cracking and lower char
depth after exposure to temperatures up to 1100 °C.
An increase in coating thickness resulted in a further
reduction in char depth by approximately 35-45%. The
incorporation of carbon fibers, particularly at a vol-
ume fraction of 1.5 percent, significantly enhanced fire
protection performance by reducing char formation
by up to 67 percent and mitigating thermal cracking.
This finding is valuable in demonstrating that mate-
rials with lower thermal conductivity and reduced
shrinkage are crucial for effective fire protection coat-
ings. The results reflect enhanced thermal insulation
capacity and improved dimensional stability under
fire exposure.

The incorporation of fillers and fibers into geopoly-
mer coating formulations has been reported in various
studies as an effective approach to enhance fire-retard-
ant performance. The addition of polyvinyl alcohol
(PVA) fibers, for instance, serves multiple functions
by improving the mechanical strength of the coating,
reducing the risk of cracking, and enhancing overall
structural durability under thermal stress [10]. Simi-
larly, the integration of supplementary fillers such as
ground-granulated blast furnace slag in fly ash-based
systems [77] and addition of phosphogypsum in slag-
based geopolymer [80] contribute to the modification
of the microstructure and thermal response of the
coating. These additions have been shown to promote
higher compressive and interfacial bonding strength
following fire exposure [10, 80]. Moreover, the geo-
polymer matrix undergoes transformation into a sili-
ceous barrier layer, which effectively inhibits heat and
mass transfer. This transformation is associated with
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measurable improvements in fire-related performance
indices, including reductions in heat release rate
(HRR) and fire growth index (FGI), and an increase in
the fire performance index (FPI) [77].

Meanwhile, another investigation reported on
utilizing direct application of geopolymer as coat-
ing involved the intumescence behavior as one of its
significant findings. A study reported by Yang et al.
[19] investigated the potential of metakaolin-based
geopolymer as a fire protection coating material of
steel structures. Two types of geopolymer coatings
were produced which were sodium-based metakaolin
geopolymer (Na—GP) and potassium-based metakao-
lin geopolymer (K—GP) due to the different cation of
alkali activator utilized. “Burn-through” test was car-
ried out for evaluating the fire performance of geo-
polymer coatings. The evaluation also considered the
influence of aluminum and variations in alkali acti-
vator cations by incorporating removal of metakaolin
in the geopolymer system alongside with employing
either sodium hydroxide or potassium hydroxide
prior to the formation of the geopolymer coatings.
According to the study, both potassium-based and
sodium-based geopolymers without aluminum dem-
onstrate notable intumescent behavior, effectively
reducing the temperature at which substrate failure
occurs by 360 and 336 °C, respectively, in comparison
with uncoated steel plate. According to the study, this
expansion results from the transformation of silicate
structures Si(Q?) to higher-order species such as Si(Q?)
and Si(Q*), combined with internal stresses caused
by moisture evaporation which is observed from the
NMR analysis. Incorporating the aluminum into the
geopolymer matrix improved the fire protection per-
formance of potassium-based systems, as shown by
their lower thermal expansion compared to sodium-
based geopolymers, which developed rapid cracking
when heated. Potassium-based systems were also
observed to retain Si(Q?) units, suggesting that the
presence of Q* plays an important role in promoting
intumescence. These observations suggest that while
both alkali cations are effective in aluminum-free for-
mulations, potassium is more favorable in aluminum-
rich geopolymers since the polycondensation of Si(Q?)
could trigger intumescence which could act as a ther-
mal barrier. This finding highlights the significant
potential of geopolymers to function as intumescent
coatings, warranting further investigation, particularly
into the chemical compositions that contribute to intu-
mescence behavior.
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Intumescent behavior mechanism
upon fire exposure

When dealing with fire resistance application, one
of the most known protective behavior of coatings
is its intumescent properties capability. Intumescent
organic coatings are specialized fire protection materi-
als that play a crucial role in safeguarding structural
elements, such as steel, from fire damage. These coat-
ings expand when exposed to high temperatures,
forming an insulating char layer that shields the
underlying substrate from the destructive effects of
fire. This expansion results from a series of chemical
reactions within the coating that generate a carbona-
ceous foam. This foam acts as an insulating barrier,
reducing heat transfer to the underlying material and
delaying its temperature rise.

Mechanism of intumescence behavior

Previously, intumescent coatings were derived by
utilizing organic materials for its formulation. Their
formulations generally consist of an acid source that
serves as catalyst such as ammonium polyphosphate,
a carbonaceous compound such as pentaerythritol
(PER), starch, mannitol, and a blowing agent or known
as foaming agent such as melamine, urea, dicyandi-
amide [87, 88]. The roles of these components have
been extensively documented in the literature, and
over the past decades, the formulations have been pro-
gressively refined to promote the formation of a stable
and effective protective char upon exposure to heat
[89, 90]. According to Lucherini et al. [90], the intumes-
cent process involves several stages of reactions. The
reaction stages can be illustrated as in Fig. 10. The first
stage is known as the thermal decomposition (melting
zone). This stage initiates as the acid source decom-
poses, converting the surface into a viscous fluid.
This is followed by the swelling stage (reaction zone),
where the blowing agent activates and decomposes
endothermically, releasing gases that become trapped
within the molten matrix [90]. This expansion forms a
low-density, thermally insulating porous layer, often
increasing the coating thickness by up to 100 times. As
temperatures rise, the char formation (charring zone)
which is denoted as the next stage occurs, where the
porous structure solidifies, releasing residual volatiles
and forming a carbon-rich char, typically dark in color
[90]. Finally, in the char degradation zone, the char
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oxidizes, releasing CO, and gradually converting into
a brittle, white, porous residue, signaling the decline
of thermal protection.

Recent advances in intumescent coatings continue
to garner significant attention in the field of passive
fire protection, driven by the critical need to mitigate
structural damage and enhance safety during fire inci-
dents. Numerous studies have focused on optimizing
the formulation of organic-based intumescent systems
to improve their flame retardancy and overall durabil-
ity such as the incorporation of amino-polysiloxanes
into epoxy-based intumescent coatings due to the
flexibility, heat resistance, flame retardancy, hydro-
phobicity, and UV resistance of polysiloxanes [91].
Meanwhile, Nazrun et al. [92] also have examined the
application of intumescent coatings on non-traditional
substrates such as solid aluminum skins in composite
panels, demonstrating their potential in safeguarding
lightweight structural materials under fire conditions
[92]. In addition, dual function of intumescent coating
focusing on fire retardancy with strong water resist-
ance has also been emphasized by a recent study of
Wang et al. [93]. In terms of construction buildings,
Cirpici et al. [94] also determined the effect of intumes-
cent coating thickness utilized, steel wall thickness,
and varied fire exposures on the fire performance of
concrete-filled steel columns in terms of steel and con-
crete core temperature prediction. Despite these devel-
opments, organic intumescent coatings present inher-
ent limitations under high-temperature conditions,
including thermal degradation, the release of toxic
gases, and the incorporation of hazardous species.
These challenges have prompted a transition toward
the exploration of inorganic intumescent systems. In
particular, alkali silicate-based and aluminosilicate-
based coatings have shown promising intumescent
behavior through mechanisms involving matrix sof-
tening and the liberation of chemically bound water,
which together contribute to volumetric expansion
and formation of insulating char layers [87].

Geopolymer-based intumescent coating

The conceptual framework for utilizing geopolymers
as intumescent coatings is grounded in the potential
of inorganic silicate-based systems to address the limi-
tations associated with organic intumescent formula-
tions. Alkali silicates possess inherent intumescent
behavior, initiating expansion at temperatures as low
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as 100 °C due to the release of water bound within the
matrix in physical, ionic, or chemical forms, particu-
larly as hydroxyl groups. This expansion leads to the
formation of a thermally stable, multicellular ceramic
structure, highlighting their suitability for high-per-
formance fire protection applications [95]. Some of the
recent research attempt on utilizing inorganic silicate
materials as intumescent coating including geopoly-
mers and alkali-activated materials which can be sum-
marized as in Table 5.

As listed in Table 5, several studies have been con-
ducted to evaluate the potential of intumescent behav-
ior for fire protection. Accordingly, most of these stud-
ies involved fire testing as part of their evaluation. For
instance, Watolla et al. [96] highlight that the coatings
exhibited partial foaming during curing and further
expansion upon thermal exposure, confirming their
intumescent behavior. This expansion was linked to a
viscous phase transition occurring during significant
water release, as indicated by rheological analysis (loss
factor > 1), distinguishing them from conventional
geopolymer systems. Additionally, coating thick-
ness played a crucial role in expansion behavior and
delayed the temperature rise of the underlying steel
to 500 °C. The potential of geopolymer as intumescent
coating was also emphasized by alkali-activated boro-
silicate inorganic polymers [99]. Additionally, Nicoara
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et al. [99] demonstrated that alkali-activated borosili-
cate inorganic polymer (AABSIP) coatings synthesized
from waste glass, borax, and alkali hydroxides exhibit
effective intumescent behavior and thermal insulation
properties. When applied to steel and plasterboard
substrates, these coatings significantly delayed heat
transfer and maintained substrate temperatures below
the critical limit of 500 °C. The inclusion of coal ash
and optimization of water-to-solid ratios enhanced
coating performance, while SEM-EDX analysis con-
firmed strong adhesion and chemical compatibility
with the substrates. These findings highlight AABSIP
as a promising sustainable fire protection material for
structural applications which have emerged as a par-
ticularly attractive class of materials for intumescent
coating applications [99].

Another exploration on the potential of geopolymer
as intumescent coating had been reported by Al-Saadi
et al. [24] which utilize glass waste as aluminosilicate
precursor for the formation of geopolymer coating.
The intumescent properties were observed with the
addition of different amount of graphite. The study
demonstrated that geopolymer materials synthesized
from glass waste and activated with NaOH exhibited
notable intumescent behavior upon thermal exposure.
The inclusion of intercalated graphite (IG) at 0.1-0.3
wt% effectively enhanced this behavior, promoting

Table 5 Research on intumescent of alkali-activated material and geopolymers

Duration exposure Temperature exposure Expansion behavior

Reference Material system Testing analysis
Watolla et al. [96] Metakaolin+micro-  Furnace application
silica 1SO 834—1:1999

Al-Saadi et al. [24] Glass waste geopoly-  Thermal treatment

mer + graphite

Chen et al. [23]

Ulusoy et al. [25]

Dhasindrakrishna
et al. [97]

Yang et al. [19]

Yang et al. [76]

Wang et al. [98]

Na-silicate + metakao-
lin+ APP & fillers
Kaolin/metakaolin/Fly

Ash +CaCOs
RHA-based geopoly-
mer
Na-GP and K-GP
et al./Si=0 and 0.54
Na-GP with varying
Al/Si (burn-through)
Gangue-based geo-
polymer in intumes-
cent paint

Burn-through fire test
Furnace hydrocarbon
fire tests (UL1709)
Furnace application
Burn-through fire test

Burn-through fire test

Burn-through fire test

30 min ~840 °C Yes
60 min 400-800 °C Not specified
60 min ~1000 °C Yes
40 min 500 °C Not specified
300 min 300 °C Yes
30 min 1000 °C Yes
30 min 1100 °C Not specified
80 min 800-1100 °C Yes

“AAM Alkali-activated material, APP Ammonium polyphosphate, Al/Si Alumina/silica ratio, MASNMR Magic angle spinning nuclear
magnetic resonance, Na-GP Sodium-based geopolymer, K-GP Potassium-based geopolymer, RHA Rice husk ash
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earlier onset of expansion at 500 °C compared to
600 °C for compositions without IG. The most sig-
nificant volume increase for all compositions was
observed at 700 °C, indicating that IG not only facili-
tates early activation of the intumescent process but
also amplifies its extent by increasing porosity and
swelling. This study demonstrates that the addition of
graphite leads to an improvement in the intumescent
behavior of geopolymer systems. However, further
exploration is necessary to achieve optimal perfor-
mance by varying the type of aluminosilicate precur-
sors used in the formulation.

In addition to the exploration on the addition of
graphite, Chen et al. [23] investigated the enhance-
ment of intumescent behavior in inorganic coatings
through the incorporation of various fillers and addi-
tives, including sodium silicate, metakaolin, ammo-
nium polyphosphate, pentaerythritol, aluminum
hydroxide, and expandable graphite. Each compo-
nent contributed to the fire protection mechanism,
where metakaolin, fly ash, and wollastonite serve as
cementitious agents forming geopolymer-like matri-
ces. Ammonium polyphosphate and pentaerythritol
facilitate carbon-char formation, while aluminum
hydroxide and expandable graphite enhance over-
all flame retardancy [23]. This study also elaborates
on the reaction mechanisms involved, including the
formation of —Si—-O-Si— networks through hydrolysis
and self-condensation reactions, which are similar
to the geopolymerization process. In addition, it dis-
cusses the role of polyphosphates in contributing to
the intumescent behavior, highlighting their potential
for flame retardancy. Continuous exploration on the
role of these materials is highly encouraged to provide
proper optimization on chemical components that
contribute to optimal fire protection performance of
geopolymer.

In addition, further investigation on the potential of
utilizing metakaolin, kaolin and fly ash as precursor
of intumescent geopolymer coating had been explored
by Ulusoy et al. [25]. It was revealed that among these
three materials, kaolin-based geopolymer coatings
can provide superior intumescent protection which
was proven in terms of its adhesion and compressive
strengths. Although further optimization is required
for geopolymer coatings to achieve the performance
consistency of commercial organic intumescent sys-
tems, the observed expansion behavior demonstrated
comparable potential, with the kaolin-based formu-
lation exhibiting slightly higher final expansion.

@ Springer

J Mater Sci (2025) 60:18678-18709

Meanwhile, Dhasindrakrishna et al. [97] explored
the potential of rice husk ash (RHA) as a precursor
for its intumescent geopolymer coating. The observa-
tion under high-temperature exposure is depicted in
Fig. 11. The intumescent behavior of alkali-activated
RHA coatings was evaluated across three formulations
(Mix 1-3) with increasing sodium content (5.2-11.4 M),
as illustrated in Fig. 11A. All mixes exhibited expan-
sion with rising temperatures, but Mix 1 consistently
formed a more homogeneous and finer pore structure
across the studied range (150-300 °C), while Mixes 2
and 3 displayed coarser, radially inhomogeneous
pores, especially at lower temperatures. The uniform
microstructure of Mix 1, which is advantageous for
reducing thermal conductivity, led to its selection
for fire barrier fabrication. As shown in Fig. 11B, the
Mix 1 panel (a, c) demonstrated significant expansion
and surface integrity under simulated fire exposure,
outperforming the aerated geopolymer panel (b, d)
in insulation capacity despite its reduced thickness.
These results underscore the potential of RHA-based
geopolymers as promising inorganic intumescent coat-
ings, highlighting the need for further investigation
into other influencing factors beyond alkali concen-
tration to optimize their fire protection performance.

In addition to exploring further influencing factors
on intumescence of geopolymer coating, Yang et al.
[19, 76, 100] had investigated the variation of Al/Si
molar ratio and effect of cation on the performance of
geopolymer coatings derived from metakaolin as geo-
polymer precursor. In terms of variation of Al/Si molar
ratio [76], it was found that proper optimization on
aluminum composition is necessary for intumescent
behavior to occur as thermal barrier protection on steel
as softening phenomenon is predominantly observed
in formulations with low Al/Si ratios (< 1.5). In con-
trast, the Na—1.5Al system exhibits negligible soften-
ing or expansion, maintaining a constant Compression
Storage Modulus Value (CSMYV) in the order of 107 Pa
throughout thermal exposure. The elevated aluminum
content contributes to a more rigid and thermally sta-
ble matrix, which not only suppresses intumescence
but may also induce shrinkage and cracking under
elevated temperatures.

This is also in line with its continuous exploration
upon utilizing different cation of sodium (Na) and
potassium (K) for its alkali solution. The expansion
behavior can be depicted as in Fig. 12. According to
Yang et al. [19] one significant feature observed in this
study was the temperature plateau at Ts=105+2 °C
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for all formulations (except for Na-based GP with
n(Al)=1.5, which cracked during the fire test), which
was assigned to water evaporation (boiling) The start-
ing time and ending time for this temperature plateau
were defined as t; g, t; , t no @and £, \, for K-0Al and
Na-0Al respectively. Moreover, two temperatures at
t=0 and 30 min, corresponding to the start and to the
end of the experiment, were defined as ¢, and #; [19].
As illustrated in Fig. 12a, both K-0Al and Na—-0Al for-
mulations exhibited considerable expansion during
fire exposure, effectively lowering the steel substrate
temperature by 360 and 336 °C, respectively. This
expansion is attributed to thermally induced soften-
ing, involving the transformation of silicate species
from Si(Q?) to Si(Q® and Q*) which was evidenced by
utilizing solid-state?”Si magic angle spinning nuclear
magnetic resonance (MAS NMR), alongside internal
vapor pressure generated by moisture evaporation.

In contrast, Fig. 12b shows that the inclusion of alu-
minum significantly altered the response; while
K-1.5A1 maintained moderate expansion and struc-
tural cohesion, Na—1.5Al exhibited negligible swelling
and suffered extensive surface cracking. Solid-state*Si
magic angle spinning nuclear magnetic resonance
(MAS NMR) analysis confirmed that Si(Q?) species,
which are essential for initiating softening and expan-
sion, were retained exclusively in potassium-based
systems.

Both studies demonstrate the effectiveness of geo-
polymers as thermal barrier coatings through their
intumescent response, while also offering critical
insights into the underlying chemical transformations
that enable such behavior. The observed expansion
and swelling are strongly associated with structural
changes in the silicate framework during thermal
exposure, particularly the progression from less to
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more polymerized silicate species. These findings
highlight the importance of chemical composition,
where the type of alkali cation and the silicon-to-alu-
minum molar ratio significantly influence the ability of
the material to undergo thermal softening and develop
a stable porous structure. The application of solid-state
»Si magic angle spinning nuclear magnetic resonance
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has proven especially valuable, providing detailed
information on the evolution of silicate species and
enabling the identification of reactive configurations
such as Si(Q?), which are essential for facilitating intu-
mescence. The significance of solid-state Magic Angle
Spinning Nuclear Magnetic Resonance (MAS NMR)
was also emphasized for its ability to elucidate the
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intumescence mechanism, as outlined in the recent
publication by Yang et al. [100].

From the findings observed on the intumescent
behavior of geopolymer including alkali-activated
materials and alkali silicate particles as inorganic intu-
mescent coating, it can be concluded that geopolymers
indeed have different mechanisms in comparison with
organic intumescent coating. The intumescence mech-
anisms of geopolymer and organic coatings differ
fundamentally in their chemical nature and thermal
response. Geopolymer intumescent coatings rely on
inorganic transformations, where expansion is primar-
ily driven by the release of physically and chemically
bound water and the structural softening of the alu-
minosilicate network upon heating. This softening is
associated with the depolymerization and subsequent
re-polymerization of silicate species, particularly the
transition from Si(Q?) to Si(Q% and Si(Q*) configura-
tions, which facilitates viscous flow and the develop-
ment of a stable, porous ceramic structure.

Unlike organic systems, the geopolymer mechanism
does not rely solely on char formation when exposed
to elevated temperatures. Instead, geopolymer coat-
ings are capable to form a rigid, thermally resistant
expansion layer that provides a similar insulating
function to char, without requiring an acid source,
carbon source, or blowing agent. In contrast, organic
intumescent coatings operate through a multi-com-
ponent reaction involving an acid source, typically
ammonium polyphosphate, a carbon source such as
pentaerythritol, and a blowing agent like melamine.
Upon thermal activation, the acid catalyzes dehydra-
tion of the carbon source, promoting char formation,
while the blowing agent releases inert gases to expand
the softened matrix into a protective foam. However,
this mechanism is inherently reliant on the decom-
position of organic binders, which are susceptible to
thermal degradation and may release combustible
or toxic volatiles. Unlike conventional organic bind-
ers, geopolymer matrices do not undergo significant
decomposition at elevated temperatures and are capa-
ble of forming ceramic-like protective layers upon
exposure to fire [15, 37, 42, 45]. These characteristics
not only enable the geopolymer to act as a thermal
barrier but also potentially allow it to expand under
fire conditions, fulfilling the criteria for an inorganic
intumescent system. Furthermore, the ability to tailor
geopolymer composition through the addition of func-
tional additives or fillers broadens their applicability
in protective coatings, making them a compelling
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candidate for next-generation intumescent technolo-
gies by focusing on optimizing the mix designation.

Conclusions and summary of future works

In conclusion, geopolymers have demonstrated strong
potential as fire protection materials which can be
attributed to its minimal mass loss, densified, and non-
combustible inorganic matrix. From the thermal analy-
sis such as thermogravimetric analysis (TGA), as well
as visual appearance, morphological and tomography,
and phase evolution observations, past studies have
shown that upon exposure to high temperatures, geo-
polymers typically undergo densification, vitrification,
and partial crystallization, resulting in thermally sta-
ble matrices. The stability of the polymeric structure
upon fire exposure is highly influenced by the chemi-
cal composition of the geopolymer system which can
be varied in terms of precursors utilized, addition of
additives and fillers, as well as controlling the mix des-
ignation of the geopolymers. The chemical composi-
tion of the geopolymer system plays a crucial role in
governing its fire performance. Specifically, the type
of aluminosilicate precursor, the concentration and
composition of alkali activators, and the Si/Al molar
ratio collectively influence the extent of crosslinking
within the geopolymer network. A well-optimized Si/
Al ratio supports the development of a more inter-
connected aluminosilicate matrix. In contrast, excess
alkali content without sufficient reactive silica may
result in instability or strength loss when exposed
to elevated temperatures. The incorporation of min-
eral additives such as metakaolin, fly ash, or slag has
also been reported to improve thermal behavior by
promoting phase crystallization and contributing to
residual strength.

Furthermore, due to the promising properties evi-
denced on the geopolymer after high-temperature
exposure, geopolymers are believed to offer promising
potential as coating for fire protection. The fire testing
results reviewed in this section confirm that geopoly-
mer coatings can significantly delay heat transfer to
the substrate, with backface temperatures remaining
below critical failure thresholds for extended duration.
Coatings incorporating fillers such as wollastonite,
graphite, or ceramic additives further enhanced ther-
mal shielding by contributing to densification and
improved heat insulation. The effectiveness of sur-
face protection was found to correlate strongly with
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coating thickness, where increased thickness gener-
ally improved fire resistance by prolonging the time to
reach failure temperatures. Overall, the evidence sup-
ports that geopolymer coatings, when properly formu-
lated in terms of foam structure or direct application as
thin layer, can serve as reliable thermal barriers in fire
scenarios, with fire resistance performance depending
on both composition and physical characteristics.

Finally, geopolymer coatings have demonstrated
promising intumescent characteristics under fire
exposure, with several studies reporting visible expan-
sion, foaming, or swelling during thermal testing. The
degree of intumescence is strongly influenced by the
chemical composition, particularly the type of activa-
tor, presence of silicates, and alkali content. Coatings
exhibiting intumescence formed porous or foamed
ceramic-like structures effectively reduced backface
temperatures and extended protection times. Fire
resistance was shown to improve with increased
expansion, although the extent and stability of intu-
mescence varied across systems. These findings high-
light the potential of geopolymers to function not
only as passive thermal barriers but also as inorganic
intumescent coatings, offering expanded thermal pro-
tection through composition-dependent expansion
mechanisms.

Based on this review, it is worthwhile to continue
exploring the potential of geopolymers with an
emphasis on fire protection applications. The promis-
ing intumescent characteristic is useful for function-
ing as a thermal barrier to protect substrates. Based
on the gaps that were discovered in this research, the
following potential future efforts on the development
of geopolymer coating specialized for fire protection
applications can be proposed:

¢ Future investigations should be further emphasized
on optimizing the chemical composition of geopol-
ymer specifically on the silicon-to-aluminum molar
ratio, the type of alkali activator, and the presence
of calcium as all of these influence factors signifi-
cantly contribute to both the thermal behavior
and the residual mechanical performance. Further
exploration could also be focused on the contribu-
tion of which chemical composition that contrib-
utes for fire protection for the ease of controlling
and optimizing the influence factors.

e The microstructural and phase changes that occur
in geopolymers when exposed to high tempera-
tures are still not fully understood. Although the
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formation of crystalline phases such as nephe-
line and leucite has been reported and is some-
times linked to improved residual strength, their
exact contribution to thermal stability, insulation
properties, and post-fire structural performance
remains unclear. Future work should therefore
focus on using advanced characterization meth-
ods that can monitor these changes in real time.
Techniques such as in situ synchrotron analysis,
as well as neutron and muon-based investiga-
tions, are especially promising for capturing the
structural evolution and phase transitions that
take place during heating. These high-resolution
tools can provide valuable insights at the atomic
and microstructural levels, helping to clarify
the mechanisms behind geopolymer perfor-
mance under thermal stress. Incorporating these
advanced methods will be essential for develop-
ing a more complete understanding of how geo-
polymers behave in fire-resistant applications.

The intumescent behavior of geopolymer-based
coatings shows considerable potential for pas-
sive fire protection, although its effectiveness
is highly dependent on formulation. Variability
in expansion behavior has been associated with
differences in alkali cation type, silicate content,
and the presence of additives such as graphite
or polyphosphate. A comprehensive investiga-
tion into the influence of these factors is essential
for achieving consistent and controlled swelling.
This should encompass a deeper exploration of
the development of expansion layers and the asso-
ciated chemical processes that govern both char
formation and inorganic expansion. This future
exploration will be significant toward elucidating
the mechanisms underlying intumescence, with a
particular focus on how the chemical composition
of the geopolymer system contributes to its swell-
ing behavior and fire protection performance.

Last but not least, the employed method of evalu-
ating the fire protection performance of geopoly-
mer coatings is inconsistent across the literature,
which requires consistency enhancement for the
ease of comparison of the findings. There is a
critical need to adopt standardized testing pro-
tocols that include consistent heating conditions,
duration of fire exposure for the ease of appli-
cation specifically when dealing with fire testing
evaluation. This will ensure the reliability and
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practical applicability of geopolymer coatings
for fire-resistant applications in real construction
environments.
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