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Abstract: Geopolymer is a green cementitious mate-
rial formed by alkaline activation of aluminosilicate
materials, offering advantages such as early strength,
rapid hardening, heat and corrosion resistance, and
low carbon emissions. It shows great potential for recy-
cling solid waste and producing high-performance con- @

struction materials. However, its mechanical proper-

ties depend heavily on curing conditions, limiting its = e
widespread application. This paper comprehensively ¢ '

reviews how factors like temperature, pressure, vacu- ¢ - \f E} {:l %

um, electric field, and steam affect the mechanical prop- 4

erties and microstructure of geopolymers. It systemati- Electricity Pressure
cally examines both single-field curing methods (e.g., Ge°p°|ymer

ambient, electric, microwave, vacuum, steam, high-tem- O

perature, internal, and water bath curing) and multi- 5

field composite curing techniques (e.g., autoclave, hot- N
pressing, and synchronous vacuum hot-pressing cur- 2 \V&N

ing). The findings indicate that rapid curing signifi- ),\"}:-" J

cantly accelerates the dissolution and polycondensa- ,

tion processes, enhancing early strength and microstruc- Hot pressing Microwave

tural density. However, improper parameter control can lead to pore coarsening, microcracking, or strength regression. Further-
more, this review summarizes reaction kinetics and structural evolution under multi-field coupling, identifies research gaps in
micro-mechanisms and multi-factor interactions, and proposes future research directions. These include establishing "curing-
structure-property” models, optimizing composite curing strategies, enhancing long-term durability, and advancing intelligent
and sustainable curing processes, thereby supporting the scientific development and industrial application of geopolymers.
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1. Introduction tion of aluminosilicate materials under alkaline activation. Com-
pared to ordinary Portland cement, it offers advantages includ-
Geopolymer is a three-dimensional network-structured cemen-  ing lower CO, emissions, reduced energy consumption, abun-

titious material formed through the inorganic polymeriza-  dant and accessible raw materials, and lower production
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costs!l. Moreover, it effectively facilitates the recycling and
reuse of industrial by-products such as fly ash and slag4., Cur-
rently, geopolymer is recognized as a sustainable building
material with the potential to replace traditional cement and
even certain ceramic materialst>7., Its gel-encapsulated crys-
talline structure, formed through condensation polymeriza-
tion, endows it with excellent thermal resistance, surpassing
that of high-molecular materials and some metals. Addition-
ally, it demonstrates mechanical strength and chemical stabi-
lity comparable to ceramics®l. In recent years, geopolymer
has demonstrated extensive potential in various fields, includ-
ing hazardous waste solidification, protective coatings['%,
restoration of ancient buildings'!l, construction materials!'?],
and interior decoration due to its superior overall perfor-
mance. Although it has reached the commercial application
stage, its use remains largely confined to basic applications,
with large-scale engineering implementation significantly con-
strained by curing requirements. Ongoing in-depth research
is actively advancing the development and practical applica-
tion of geopolymer.

The curing process plays a critical role in the perfor-
mance development of geopolymer. Its reaction mechanism
resembles that of conventional thermosetting materials!'3l.
Early heating promotes the dissolution and depolymeriza-
tion of aluminosilicates, thereby influencing the evolution of
material properties. A vacuum environment facilitates rapid
water migration, enhances the uniform distribution of activa-
tors, and accelerates early-stage reaction kinetics!'415l, Pressuri-
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zation helps remove excess air and water, reduces porosity,
and leads to the formation of a denser alkali-activated sys-
tem. Research indicates that initial impact pressure can
remove approximately 65% of the entrapped air in fresh
geopolymer pastel'®. Prolonging the curing time enhances
the early dissolution of aluminosilicates and facilitates subse-
quent reaction processes. Currently, various rapid curing tech-
niques—such as microwave curing!'7], electrical curing'8], auto-
clave curing!, and vacuum curing®??—have been develo-
ped for cementitious material systems, showing strong
adaptability in high-end applications of geopolymer. By
conducting keyword searches, a substantial volume of highly
relevant literature can be retrieved (as illustrated in Fig. 1),
demonstrating that extensive research has been undertaken
in this field.

The setting and hardening of geopolymer can occur
across a wide temperature range. Previous studies have pri-
marily focused on conventional room-temperature curing
methods used in construction, such as standard curing
((20£2) °C, humidity=95%) and natural curing!2'-23, However,
rapid curing is more sensitive to environmental conditions
and can significantly enhance the rates of depolymerization
and repolymerization, leading to accelerated material harden-
ing24l, Rapid curing involves subjecting specimens to con-
trolled conditions to complete the primary hydration or poly-
merization reactions within a few hours or even minutes,
thereby enhancing early-age strengthl25], Currently, common
rapid curing methods are summarized in Table 1. To mini-
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Fig. 1. Search results for strongly correlated literature in the field of geopolymer curing.
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Table 1.
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Repercussions of diverse curing techniques on the characteristics of geopolymers.

Raw material/

Curing mode Activator Research result Ref.
Autoclave FA/ The prepared coarse aggregate had proper angles and rough surfaces, higher [27]
NaOH+Na,SiO; strength, and better durability.
High temperature MK/ The kinetic energy of the system increased, the dissolution of silica-aluminate was [28]
NaOH-+Na,SiO; accelerated, and the gel formation rate increased. The swelling was severe.
Microwave FA/ Curing was more efficient. It can accelerate the solidification process of the fresh [29]
NaOH-+Na,SiO3 mixed paste without affecting the final strength after curing.
FA/ Compressive strength could reach 33.8 MPa in 2 d. The resistivity of FAG decreased
Electric N . with increasing temperature, which had a positive effect on the power consumption [30]
aOH-+Na,SiO3 . .
of electric curing.
Vacuum MK/ Release water quickly, forming low-defect porous materials with higher compressive 31]
NaOH-+Na,SiO; strength. It could inhibit the formation of microcracks and reduce shrinkage.
Hot pressing FA/ The compressive strength at 7 d was only 10 MPa, and the strength increased by 32]
NaOH+Na,SiO; about 2.5 times at 80 °C and 3.2 MPa pressure.
FA+GGBFS/ The rheological properties of the mortar improved, with better particle dispersion.
Steam curing NaOH-Na,SiO; The microstructure developed further, though pores became coarser, leading to [33]

Coral aggregate,

reduced electrical conductivity and piezoresistivity.

Internal curing limestone Internal curing reduces carbonation and free alkali leaching in geopolymers and 34]
aggregate/ enhances the binder structure via secondary hydration.
NaOH+Na25iO3
Synchronous vacuum MK+FA/ A new ultra-high-performance geopolymer, similar to ceramic, offers high strength, 35]
hot pressing NaOH+Na,SiO; hardness, temperature resistance, and low cost.

mize performance variations caused by differences in raw
materials, activators, and other factors, the same raw materi-
als and activators were used to prepare a series of geopoly-
mer paste samples using different rapid curing techniques.
Their compressive strengths are presented in Fig. 2. Com-
pared with normal-temperature curing, these methods can
substantially shorten the curing period, accelerate the reac-
tion process, and enhance early-age strength(26l, Further-
more, notable differences in mechanical properties are
observed among samples cured under different conditions.

In recent decades, significant progress has been made in
areas such as alkali-activated raw materials, alkali dosage, acti-
vator modulus, and water-binder ratiol36-38, However,
research on curing systems—particularly the mechanisms of

140
[ INormal [ JVacuum [ Jinternal
[ ]Steam [ JElectric [:]Mlcrowave
_ 1204JHigh temp.[__JAutoclave [ ]Hot pressmg
& [__ISynchronous vacuum hot pressing -
2 100 Z ‘
5 Z i
5 i -
g 804 m - A
1) T,i_
2 604 .
g
Q 4
£ 40
5]
o
N j
0 T T
10-30 min 1 day 28 day

Different curing methods

Fig. 2. Compressive strength of metakaolin-fly ash geopolymers fabri-
cated from identical raw materials under varying curing conditions.
The data are derived from a comparative experiment independently
designed by the author of this article (unpublished).

polymerization reactions and microstructural evolution dur-
ing curing—remains limited. This paper provides a system-
atic review of rapid curing technologies for geopolymers.
Based on the number and synergy of applied physical fields,
these technologies are categorized into two groups: "single-
field curing" and "multi-field coupled curing". This classifica-
tion criterion is fundamentally grounded in the complexity of
their action mechanisms: single-field curing (e.g., thermal, pres-
sure, vacuum, electric field) independently controls one core
environmental parameter to directionally accelerate the reac-
tion process, resulting in a relatively straightforward and clear
mechanism; whereas multi-field coupled curing (e.g., hot-press-
ing, autoclave) aims to achieve synergistic control over reac-
tion kinetics and microstructure under more complex condi-
tions by integrating the advantages and mitigating the limita-
tions of individual methods through the coordinated action
of two or more physical fields, thereby yielding superior com-
prehensive properties. Sections 2 and 3 of this paper will elabo-
rate on the principles, characteristics, and research progress
of these two curing types, respectively, with the aim of provid-
ing a theoretical foundation and technical guidance for over-
coming curing-related bottlenecks in performance control
and large-scale application of geopolymers.

2. Single curing method

In geopolymer research, clarifying the terminology for "cur-
ing" is essential. In this paper, "curing" broadly refers to the
process of controlling environmental conditions to promote
and regulate the geopolymer reaction and performance devel-
opment. Its interpretation, however, varies with the rate and
purpose: under traditional ambient curing, it resembles "main-
tenance"—a slow process of sustaining a suitable tempera-
ture and humidity environment. In the context of rapid cur-
ing, the focus of this study, it aligns more with "solidification",
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involving the use of external energy fields or special condi-
tions to actively accelerate polymerization, leading to rapid
hardening and early strength development.

This section systematically reviews common single-field
curing methods—such as ambient39, electric*0, microwave'],
vacuumt2l, steaml*3], high temperature¥, and internal cur-
ing—addressing! their mechanisms, process features, and
effects on mechanical and microstructural properties. Table 2
compares these methods in terms of principles, mechanical
performance, applications, and limitations. By analyzing reac-
tion kinetics, structural evolution, and property development
under various single-parameter curing conditions, this study
highlights the pivotal role of individual physical parameters
and lays a theoretical basis for optimizing composite curing
strategies.

2.1. Room temperature curing
Room temperature curing (RC) is the most commonly used
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and fundamental method for curing cement, geopolymer,
and other cementitious materials52331, It is typically con-
ducted under standard environmental conditions ((20+2) °C,
relative humidity=95%). This method offers several advan-
tages, including operational simplicity, low equipment
requirements, and low energy consumption. It is well-suited
for most construction sites and laboratory studies, and is
widely applied in the production of ordinary building compo-
nents where early strength development is not a critical
requirement.

During the RC process, maintaining appropriate mois-
ture and temperature conditions is crucial for ensuring the con-
tinuous hydration and polymerization reactions of geopoly-
mer>4¥, Moisture serves as a reaction medium in the alkali acti-
vation process and also helps prevent premature water loss
from the slurry, which may result in shrinkage and
cracking®®s), Insufficient ambient humidity directly leads to
moisture evaporation from the sample, thereby slowing

Table 2. Comparative analysis of single curing methods.

Curin Energy
methogd Core principle consumption and Applicable scenarios Limitations Ref.
early-age strength
Uses alternating current to Construction in cold Requires a certain level of
Direct uniformly heat the fresh paste from environments, projects material conductivity;
electric within via Joule heating, thereby ~ Medium/Significant requiring high early strength, excessively high voltage may [46]
curing accelerating ion migration and systems incorporating cause pore coarsening and
reaction kinetics. conductive materials strength reduction.
. . Microwave power control is
Uses microwave electromagnetic IR .
: . Fly ash-based geopolymers,  critical; improper settings can
. energy to cause molecular vibration . > . .
Microwave - - . . . rapid prototyping products, easily cause localized
. and friction within the material, Medium/Significant . . [47]
curing . . . laboratory and small-scale  overheating and rapid water
generating rapid and uniform . L
. . precast components evaporation; may limit
heating from the inside out. . e
ultimate densification.
While it may accelerate free
By using a low-pressure Production of high-density water evaporation and
Vacuum environment to remove air and materials, lunar/vacuum disrupt reaction continuity,
curing distribute components, this method Medium/Moderate  environment construction, the interaction between [48]

improves reaction uniformity and
microstructure.

Uses near-atmospheric pressure to

. provide a moist heat environment, Medium-high/
Steamcuring . . - R
significantly accelerating early-age Significant
hydration and gel phase formation.
Uses high heat to accelerate
High- aluminosilicate erqumerlzatlon High/Very
temperature and repolymerization through sianificant
curing direct thermal input, forming a 9
ceramic-like structure.
Uses internal water source (e.g., pre- .
saturated lightweight aggregates) Low (material
Internal . itself)/Moderate
. to gradually release water during L
curing f . (primarily through
the reaction, reducing auto- defect suppression)
shrinkage and microcracking. PP
Water bath Hydrothermal con.d‘ltlons n Yvater Moderate to low/
. bath curing facilitate zeolite -
curing Medium

formation.

vacuum level, time and
material composition is
complex.
Prolonged heat and humidity
can dissolve alkaline
components, cause surface
dusting, and weaken the [49]
transition zone,
compromising long-term
strength.
Susceptible to rapid water
evaporation, leading to
drying shrinkage and thermal

fundamental laboratory
research

Precast elements, low-
calcium system geopolymers,
projects pursuing high early
strength

Refractory materials, high-
performance ceramic
substitutes, specialized

applications with stringent cracking; requires high [50]
requirements for high- energy, limiting use mostly to
temperature stability laboratory research.
. The release behavior of
High-strength geopolymers, . -
internal curing agents
mass concrete elements, requires specific optimization
projects requiring high crack q P P [34]

for compatibility with
different geopolymer
systems.

The reaction pathway is
dependent on parameters
such as temperature and base
concentration.

resistance and volume
stability

Preparation of zeolite
composite materials and
adsorption materials in the
laboratory

[51]
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down the reaction kinetics and promoting the formation of a
more porous and weaker microstructure. Similarly, curing tem-
peratures lower than the standard (20+2) °C can significantly
retard the dissolution of raw materials and the polycondensa-
tion rate, delaying strength development. Conversely, higher
temperatures, while potentially accelerating early reactions,
can exacerbate water loss and cracking if humidity is not metic-
ulously controlled. Yuan et al. conducted systematic orthogo-
nal experiments to investigate the effects of liquid-to-solid
ratio, activator modulus, and fly ash content on the perfor-
mance of metakaolin-fly ash-based geopolymerl5¢l, The
results indicate that when the water-binder ratio is 0.90, the
activator modulus is 1.5, and the fly ash content is 20%, the
compressive strength of the sample after 28 d of normal tem-
perature curing can reach up to 76.74 MPa, demonstrating sig-
nificant potential for later strength development. Yang et al.’s
research also shows that the tensile and compressive
strengths of geopolymers prepared from metakaolin after 28 d
of RC can reach 1.31-1.39 MPa and 30-42 MPa, respectively,
suggesting that geopolymers can achieve considerable
mechanical properties under appropriate formulation condi-
tions even in conventional environments7),

RC also exhibits notable limitations. From the perspec-
tive of the polymerization mechanism, the geopolymeriza-
tion reaction proceeds at a relatively slow rate under ambi-
ent conditions. Both the dissolution of aluminosilicate precur-
sors and the subsequent polycondensation process are con-
strained by the limited thermal energy available, resulting in
restricted formation of early-stage gel phases and a low
degree of reactionl®8l, This leads to a microstructure in the
final product characterized by a low cross-linking density of
the amorphous gel and a substantial amount of unreacted par-
ticles. Macroscopically, this is reflected in the slow develop-
ment of early-age strength, necessitating extended curing peri-
ods to achieve gradual performance improvement9. Such
slow strength gain significantly impacts construction
progress and formwork turnover efficiency. Furthermore, if
the curing duration is insufficient or environmental humidity
is not properly controlled, test specimens are prone to exces-
sive early-age shrinkage, surface cracking, and deformation.
These issues not only reduce the load-bearing capacity but
also compromise durability and long-term performance.

In addition, RC is highly dependent on the type and pro-
portion of raw materials®¥, For example, high-calcium sys-
tems, such as slag-based and fly ash-based geopolymers,
exhibit higher reactivity and faster strength development
under normal temperature conditions®'. In contrast, low-cal-
cium systems, such as metakaolin-based geopolymers, demon-
strate slower reaction rates and rely more on extended cur-
ing periods for strength development!®©2l, Therefore, in practi-
cal engineering applications, it is essential to select suitable
curing durations and moisture retention strategies based on
the specific material system. When necessary, measures such
as covering with moisture-retaining films or periodic water-
ing can be implemented to minimize water evaporation.

2.2. High-temperature curing
High-temperature curing (HTC) refers to a curing method in
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which geopolymer specimens are subjected to a high-tempera-
ture environment (typically above 100°C) with dry or low
humidity, significantly accelerating the reaction kinetics.
Unlike steam or autoclave curing, HTC does not depend on
steam as the main medium for heat and mass transfer(63.64,
Instead, it facilitates the depolymerization and repolymeriza-
tion of aluminosilicate raw materials through direct thermal
energy input, promoting the formation of a more stable,
ceramic-like structuref©3l, High-temperature conditions are com-
monly employed in oil well cement applications. Zhao et al.
demonstrated that by incorporating an appropriate amount
of lithium slag, the compressive strength of oil well cement
after 28 d of HTC increased by 87.8%, while permeability
decreased by 57.1%[%¢], Elevated temperatures promote
cement hydration reactions and the formation of calcium sili-
cate hydrate (C-S-H), ultimately enhancing the strength of
hardened cement pastel67],

HTC can achieve a compressive strength exceeding 100
MPa in geopolymers within hours, significantly promoting
the formation of zeolite-like crystalline phases such as
sodalite and nepheline, and facilitating the transformation
from an amorphous gel to a crystalline-gel composite struc-
turel®8], Miao et al. systematically compared the effects of two
HTC methods—hydrothermal treatment and drying at 150 °C—
on metakaolin-based geopolymers9l, They found that under
hydrothermal conditions, the recrystallization of N-A-S-H gel
in a high-temperature, water-rich environment led to
increased zeolite phase formation and weakening of the gel
framework, resulting in a significant strength reduction. Sun
et al.’s in-depth study on the high-temperature alkaline hydra-
tion process of steel slag-based geopolymers revealed that
increasing the curing temperature markedly enhanced the for-
mation of gel products, with this promoting effect becoming
more pronounced at higher alkali equivalents’9, This indi-
cates a synergistic interaction between high temperature and
high alkalinity in accelerating the dissolution-polycondensa-
tion reaction.

At the mechanistic level, high temperature provides sub-
stantial thermal kinetic energy, greatly accelerating the dissolu-
tion and depolymerization of aluminosilicate precursors while
promoting the migration and polycondensation of
monomeric ions. This leads to the rapid formation of a highly
cross-linked gel network. However, excessively high tempera-
tures or prolonged durations may induce recrystallization or
phase transformation of the gel into zeolitic structures, com-
promising the continuity of the gel framework and poten-
tially causing strength regression. These phenomena under-
score the significant role of high-temperature conditions in
modulating the reaction pathway and governing the composi-
tion of the final products.

However, HTC also presents significant challenges. Ele-
vated temperatures can rapidly accelerate water evaporation,
which, if not properly controlled, may lead to drying shrink-
age and thermally induced cracking, particularly in large or
complex-shaped components”'l. Moreover, temperature selec-
tion must be strictly guided by the thermal stability and reac-
tion behavior of the raw materials to avoid performance
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deterioration caused by excessive sintering or phase separa-
tion”172], Therefore, HTC is still primarily confined to labora-
tory research or specialized applications where high-tempera-
ture resistance is a critical requirement, such as in refractory
materials and advanced ceramic substitutes.

2.3. Direct electric curing

Direct electric curing (DEC) is a technique that applies alternat-
ing current (AC) to specimens to accelerate the hardening pro-
cess. Under the influence of an electric field, ion movement
generates Joule heating due to electrical resistance, resulting
in an inward-to-outward temperature gradient. This phe-
nomenon enhances energy transfer efficiency, accelerates the
reaction kinetics, and improves the early-stage mechanical
properties of the material73-75], To prevent electrolysis, AC is
typically employed in electrical curing7®l. At present, DEC is
commonly used in on-site construction of ordinary concrete,
particularly in cold environments, to mitigate low-tempera-
ture damagel’778], This technique enables uniform heating,
enhances compressive strength development, and signifi-
cantly reduces energy consumption79l,

Research on electro-curing of geopolymer remains rela-
tively limited. Cai et al. investigated the effects of different con-
ductive admixtures on the electro-curing behavior of fly ash-
based geopolymer and found that the incorporation of car-
bon black and steel fibers can promote a more compact
microstructure, thereby enhancing both compressive
strength and ductility®®%, Kovtun et al. found that under condi-
tions of a water-binder ratio of 0.40, a binder-sand ratio of
0.35, and an admixture dosage of 10% (Na,SiO3; and NaOH),
the compressive strength of fly ash-based geopolymer
reached 33.80 MPa at 2 d and 48.50 MPa at 28 d after 2 h of
constant-voltage heating (10 A, 0-260 V) followed by 3 h of
electro-curingB%, Ziolkowski et al. also concluded that the com-
pressive strength of geopolymers after short-term electro-cur-
ing would be higher than that achieved through conven-
tional curing methods®Y, a finding that was similarly
reported by Kovtun et al.B%,

DEC utilizes the uniform distribution of electrical resis-
tance in fresh paste. Under the application of AC, it increases
the sample temperature by generating heat through the move-
ment of OH- ions, thereby promoting hydration. The ohmic
thermal efficiency is influenced by factors such as the inten-
sity of the applied electric field and the dosage of conduc-
tive materials. Compared with steam curing, DEC requires
shorter curing time and consumes less energy82. Wadhwa et
al. achieved a more uniform temperature distribution by opti-
mizing the electrode arrangement78l, The addition of conduc-
tive materials such as graphenel83, carbon nanotubes!®¥, and
carbon fibers®! can enhance the formation of conductive path-
ways and improve heating efficiency. The significant improve-

Materials Reports: Solidwaste and Ecomaterials 1(2025) 9520019

ment in the early mechanical properties of geopolymers
through DEC is closely related to the evolution of the pore
structure.

Comparative analysis of the pore structure and pore size
distribution of metakaolin-based geopolymer under different
curing methods (as shown in Table 3 and Fig. 3) reveals that
low-voltage DEC effectively reduces both the average pore
size and total porosity. However, when the applied voltage
reaches 4-7 V, both parameters exceed those observed in sam-
ples cured under normal temperature conditions. Further
increases in curing voltage lead to pore expansion and a
higher proportion of gel pores larger than 5 nm, indicating
that high-voltage curing may promote the coarsening of the
gel pore structure.

2.4. Microwave curing

Microwave curing is a process that utilizes microwave electro-
magnetic radiation to heat materials(®7:88l. Microwaves enable
the molecules within the material to absorb energy, convert-
ing electromagnetic energy into thermal energy and thereby
achieving uniform internal heating. Due to their penetration
capability, microwaves can heat the interior of the sample
effectively, reducing the temperature difference between the
inner and outer regions and promoting uniform thermal distri-
bution. During the curing process, as moisture within the sam-
ple evaporates, a temperature gradient gradually develops
from the inside to the outside®?. At the same time, the direc-
tion of steam pressure migration caused by heating aligns
with the direction of heat transfer, facilitating rapid and uni-
form heating of the specimen.

Compared with samples subjected to ordinary curing,
high-temperature steam curing, and microwave curing,
microwave-cured samples remained the highest strength as
the curing age increased®. Leung et al. prepared concrete
by mixing cement, sand, and aggregates with a water-
cement ratio of 0.400'; after microwave curing for 4.5 h, the
compressive strength reached 27.5 MPa. Microwave curing
has also proven to be an effective method for enhancing the
early strength of alkali-activated geopolymers. Somaratna et
al. were the first to apply a household microwave oven to
cure an alkali-activated system for 120 min, achieving a com-
pressive strength of 58 MPa in fly ash mortar®2, Shi et al. deve-
loped a multi-stage microwave curing regime for alkali-acti-
vated fly ash cementitious materials based on experimental
findings, which holds significant economic potential for mate-
rial development©3],

Microwave power is a key factor influencing the curing
effect. Lei et al. analyzed the porosity, density, and compres-
sive strength of geopolymers under different microwave cur-
ing powers®¥, Their research found that when the power
increased from 180 W to 720 W, the mass loss of the samples

Table 3. Pore structure data of geopolymer under different curing methods!eel,

Types Ref. 3V 4V 5V 6V N

Average pore diameter (nm) 31 30.5 33 34 34.8 49.6
Total porosity (%) 31 29.8 334 323 347 49.8
Pore volume (mL/qg) 0.198 0.185 0.213 0.244 0.242 0.253
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rose from 16.8% to 26.1% and then stabilized (as shown in
Fig. 4). The strength was the highest at 180 W, and it
decreased when the power was further increased. Due to the
difference in dielectric properties of each component, sharp
fluctuations in local temperature may occur, leading to
uneven heating. Fig. 5 compares the microstructure of alkali-
activated fly ash geopolymer under microwave curing and
HTC conditions. During microwave curing, internal heat absorp-
tion and expansion of fly ash particles occurl®, Additionally,
the strong microwave absorption capacity of microspheres
leads to a rapid increase in local temperature, which pro-
motes the dissolution and polymerization of silicate and alumi-
nate species®, In contrast, under HTC, the fly ash particles
retain their original spherical morphology.

The principle of microwave interaction with matter
involves the absorption of electromagnetic energy by the
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Fig. 4. The influence of microwave power on geopolymer: (a) porosity and density, (b) compressive strength. Reproduced with permission from

Ref. [94].

Fig. 5. Microscopic morphology of fly ash hydration paste. Reproduced with permission from Ref. [93].
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matrix, which causes internal particles to generate heat
through friction®’]. This process promotes depolymerization
and polymerization reactions, thereby accelerating the over-
all polymerization kinetics. Microwaves can also excite polar
molecules to higher energy states, facilitating internal chemi-
cal reactions. Currently, research on microwave curing is pri-
marily focused on experimental investigations and practical
applications aimed at accelerating the setting and hardening
of concrete and cementitious materials®8-1%0, In the field of
alkali activation, microwave curing is primarily applied to fly
ash-based geopolymer systems87l, The presence of hollow
glass microspheres in fly ash facilitates microwave penetra-
tion, enabling rapid and uniform hardening(®’l, Gultekin et al.
found that, compared with HTC, microwave curing allows for
faster preparation of fly ash-based geopolymer!’®]; however,
the improvement in strength is limited. This limitation arises
because microwaves are more effective at accelerating the set-
ting of the slurry, while the rapid evaporation of water hin-
ders the achievement of optimal densification. Further
research is still required to explore microwave curing of
geopolymers in other alkali-activated systems.

2.5. Vacuum curing

Vacuum curing (VC) refers to the process of placing geopoly-
mer specimens in a low-pressure environment, where the reac-
tion kinetics and transport processes are altered by reducing
the system’s gas pressure. Compared with conventional cur-
ing, the vacuum environment can significantly affect the inter-
nal gas phase behavior, water migration, and distribution of
reactants in the slurry, thereby influencing the microstruc-
tural formation and the development of macroscopic proper-
ties in geopolymer(102,

Systematic research on VC in the field of geopolymer
remains limited. Existing studies primarily focus on the macro-
scopic effects of a vacuum environment on the performance
of traditional cementitious systems!'%3, such as ordinary Port-
land cement, including its influence on the types of hydra-
tion products!'®, pore structure characteristics, and early
strength developmentl'%5, Although these studies have par-
tially elucidated the regulatory mechanisms of low-pressure
environments on water migration, bubble release, and reac-
tion kinetics in cementitious materials, thereby providing valu-
able insights into the fundamental role of vacuum treatment,
there remains a lack of in-depth analysis regarding the cou-
pling relationship between reaction, microstructure, and perfor-
mance in alkali-activated geopolymer systems under VC.

The duration of exposure to a vacuum environment signifi-
cantly influences the hydration products of hardened cement
paste, with the calcium sulfoaluminate system exhibiting
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greater sensitivity under high vacuum conditions. Culling-
ford et al. observed that VC enhanced the compressive
strength of concrete, although it also resulted in pore coarsen-
ingl'%l; in contrast, Namba et al. reported opposing
resultsl'97l, Current research indicates that a vacuum environ-
ment can effectively facilitate the release of entrapped air in
fresh geopolymer paste. Davis et al. pointed out that under
negative pressure conditions, bubbles entrapped within the
matrix can be effectively removed, leading to a significant
reduction in total porosity, improved pore structure parame-
ters, and enhanced mechanical properties (as shown in
Fig. 6)B3'. Zhou et al. obtained similar findings in their study
on metakaolin-based geopolymer. Furthermore, a vacuum
environment can accelerate the evaporation and migration of
free water, which to some extent promotes the dissolution
and reorganization of silicate and aluminate species!'%], How-
ever, as the geopolymerization reaction is not solely depen-
dent on hydration, excessive water loss may result in an insuffi-
cient reaction medium, thereby inhibiting the polymeriza-
tion process.

It is noteworthy that VC has a relatively limited effect on
the overall phase composition of the reaction products. Dux-
son et al,, through XRD analysis, indicated that vacuum treat-
ment does not alter the main phase composition of the amor-
phous geopolymer gel phase, although it may influence its
short-range ordered structure and the cross-linking degree of
the N-A-S-H gell'%9, As presented in Table 4, XRD studies on
various cementitious materials under vacuum conditions fur-
ther support the notion that vacuum treatment primarily
affects structural evolution rather than inducing the forma-
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Fig. 6. Changes of compressive strength of geopolymer under differ-
ent conditions. Reproduced with permission from Ref. [31].

Table 4. The effect of varying vacuum conditions on the XRD patterns of hardened cement paste.

Cement Curing condition Vacuum condition XRD result Ref.

OPC, SAC 20°C,RH=95%, 2 d RT, (100+10) Pa No difference, CaCO3 and C,S increased [31]

CSA 25°C,30d RT,4Pa, 7d AFt reduced, AFt destroyed [110]
85°C,30d RT,4Pa, 7d AFt and AFm destroyed

OPC 20°C,7d RT,1Pa, 7d Amorphous appeared, transformed to 10 - H,O AFm [111]

OPC 20°C,RH=95%, 7d RT, (2000+200) Pa, 7 d No difference [112]
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tion of new phases.

Although VC demonstrates significant potential in optimiz-
ing pore structure and enhancing early-stage strength, it still
encounters various challenges in practical applications!'431, A
complex coupling relationship exists among vacuum degree,
treatment duration, and material composition. Moreover, the
negative pressure environment may accelerate water evapora-
tion, which can adversely affect the continuity of the reac-
tion, particularly in systems with a low liquid-to-solid ratio or
under high-temperature conditions. The key to maintaining
favorable mechanical properties of cementitious materials in
a vacuum environment depends on whether sufficient time is
available to ensure early hydration and support subsequent
strength development('3l, Although research on VC began at
an early stage, findings were inconsistent, and progress was
interrupted due to a lack of practical application scenarios.
With the emergence of concepts such as "high-speed
trains"l''4, there is a renewed need to further expand perfor-
mance-related research on VC.

2.6. Steam curing

Steam curing serves as a milder alternative to autoclave cur-
ing, utilizing saturated steam at atmospheric or near-atmo-
spheric pressure to heat and humidify geopolymer speci-
mens, thereby effectively promoting early-stage reactions.
Within the optimal temperature range of 60-80 °C, the dissolu-
tion of aluminosilicate precursors is significantly accelerated,
and early gel phases such as N-A-S-H rapidly form, effectively
shortening the reaction induction period''>l. However, while
sustained high-temperature and high-humidity conditions
help maintain the reaction medium, they may also lead to
the leaching of soluble alkali components, alter the alkalinity
of the liquid phase, and induce local reorganization or coarsen-
ing of the gel structure. These effects can ultimately hinder
the further progression of later-stage reactions and the deve-
lopment of a refined, dense microstructurel*4,

Numerous studies have demonstrated that steam curing
is particularly advantageous for enhancing the performance
of geopolymers synthesized from low-calcium aluminosili-
cate raw materials, such as fly ash and slag. Qian et al. system-
atically examined the effects of steam curing on both the
microstructure and macroscopic properties of geopolymers
and found that suitable steam curing conditions (60-80 °C)
can significantly improve compressive and flexural strengths,
reduce total porosity, and enhance impermeability!''6l. This
effect is attributed to the fact that the steam environment pro-
motes the early formation of the gel phase and strengthens
the interparticle bonding, resulting in a more uniform and
compact microstructure. Lu et al. further noted that although
steam curing can effectively shorten the formation time of
materials, the thermal and humid conditions introduced by
steam may also lead to pore structure coarsening, which
could negatively affect the material’s electrical conductivity
and piezoelectric properties33l. Therefore, in functional applica-
tions, curing parameters should be carefully optimized.

Parameter control in steam curing is of critical impor-
tance. The curing temperature is typically recommended to
be maintained between 60 °C and 80 °C*3, Temperatures
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exceeding 90 °C or prolonged exposure may easily induce
micro-crack formation due to concentrated thermal stress
and the spatial inhomogeneity of the hydration reaction. In
low-pressure environments, such as those at high altitudes, a
low-temperature steam curing regime of 40 °C to 60 °C is reco-
mmended to minimize the risk of thermal damage. Further-
more, Ma et al.’s research indicates that steam curing also sig-
nificantly influences the long-term volume stability of geopoly-
mers'7). The difference in the 90-day dry shrinkage rate
between steam-cured and non-steam-cured specimens can
reach up to 25.30%, highlighting the positive role of this cur-
ing method in mitigating shrinkage.

Despite its advantages, steam curing also has certain limi-
tations. Prolonged exposure to high temperature and humid-
ity can cause leaching of soluble alkali components in geopoly-
mers, leading to surface powdering and weakening of the
interfacial transition zonel''8l, Although the sustained ther-
mal and humid conditions accelerate early gelation, they may
also induce microcrack accumulation in the interface transi-
tion zone, thereby hindering the continued development of
later-stage strengthl119.120], Therefore, steam curing is more
appropriate for prefabricated non-structural elements or tem-
porary applications where early strength is prioritized over
long-term durability.

2.7. Internal curing

Internal curing (IC) technology, originally developed for high-
performance concrete, has been increasingly applied to
geopolymer systems in recent years. This approach intro-
duces internal water reservoirs to offset water consumption
and evaporation during reaction, thereby improving mois-
ture distribution and mitigating autogenous shrinkage and
microcracking®l, Typical IC agents include superabsorbent
polymers (SAP)['21], pre-saturated lightweight aggregates!'22,
porous ceramic microspheres, and water-absorbing fibers!123],
These materials absorb water during mixing and release it
gradually during curing, extending the reaction period and
facilitating the spatial development of the binding phase.

The benefits of IC in geopolymers have been clearly
demonstrated. As early as 1999, Collins et al.l'?4 incorpo-
rated saturated blast furnace slag aggregates into geopoly-
mers, observing significant reductions in drying shrinkage
along with improved compressive strength. Subsequent stud-
ies confirmed that SAP or pre-saturated aggregates effec-
tively reduce autogenous shrinkage, enhance dimensional sta-
bility, and improve crack resistance!’2%!. The mechanism opera-
tes on two levels: first, by supplying internal moisture during
critical gel network formation, it promotes more complete
hydration; second, the gradual water release mitigates capil-
lary tension, thereby restraining shrinkage and stress accumula-
tion['26. However, current research remains predominantly
focused on alkali-activated slag systems['27-129] with limited
attention to other geopolymer types.

The broader implementation of IC in geopolymers still
faces several challenges. Different alkali-activated systems
(e.g., Na*- vs. K*-based) respond differently to the release kine-
tics of curing agents, requiring system-specific optimi-
zation['39], The dosage, particle size, and distribution of these
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agents strongly influence water release behavior and resul-
tant performance, underscoring the need for compatibility cri-
teria aligned with geopolymerization kinetics. Moreover, the
incorporation of IC agents may introduce interfacial zones
or macro-defects, potentially compromising mechanical
properties.

Notably, the efficacy of IC agents varies considerably
with raw material composition. Low-calcium systems (e.g.,
metakaolin-based geopolymers), with their slower reaction
rates, depend heavily on sustained moisture supply and may
benefit from high-retention agents such as specific-sized SAP
or pre-saturated porous ceramics. In contrast, high-calcium sys-
tems (e.g., slag or high-calcium fly ash-based geopolymers),
given their higher reactivity, are more sensitive to the timing
and rate of water release. Therefore, future work should sys-
tematically evaluate the effects of IC agent type, size, dosage,
and release dynamics on reaction progress and microstruc-
ture across different geopolymer systems to enable precise
performance control.

To advance this technology from fundamental understand-
ing to practical application, future research should prioritize
the development of tailored IC materials, clarify the coupling
between water release behavior and reaction pathways,
and employ multi-scale characterization to elucidate the
impact of IC on microstructural evolution and long-term
performance.

2.8. Water bath curing

Water bath curing (WBC) is a mild thermal treatment method
for geopolymer specimens conducted in a constant-tempera-
ture water bath environment. This method involves com-
plete immersion of the specimens in hot water (typically at
40-90°C), allowing reactions to proceed under stable
hygrothermal conditions. Compared to ambient curing, the
continuous and gentle heating provided by the water bath
effectively promotes the dissolution of aluminosilicate precur-
sors and subsequent polycondensation, thereby optimizing
the reaction process!'3,

In alkali-activated material systems, WBC is widely
employed to facilitate the formation of zeolite-like phases.
Research indicates that under suitable temperatures (e.g.,
60-80 °C) and alkaline conditions, WBC not only aids in the for-
mation of amorphous N-A-S-H gel but also induces its grad-
ual transformation into crystalline zeolitic phases such as
sodalite and chabazitel'32, This "gel-to-crystal" transition
enables the material to retain certain mechanical properties
while also exhibiting functional characteristics typical of zeo-
lites, such as adsorption, ion exchange, and catalytic capabili-
ties (as shown in Table 5).

Compared to traditional zeolite synthesis processes, zeo-
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lite formation via geopolymer conversion offers the advan-
tage of lower energy consumption, with crystallization occur-
ring over a broad temperature range (25-150°C) and with-
out the emission of harmful gases such as CO, or SO,. Liu et
al. successfully prepared a geopolymer-based zeolite compos-
ite membrane using a low-temperature water bath method;
the material demonstrated excellent acid resistance and regen-
eration performance, maintaining 95% removal efficiency
after multiple cycles with NaHCO3!'371. Baykara et al. further
investigated the environmental impact of zeolite and phospho-
ric acid-modified geopolymers, finding that higher water
bath temperatures and lower phosphoric acid concentra-
tions positively influenced compressive strengthl'38l. Wang’s
team synthesized a novel geopolymer-zeolite composite via
WBC, which not only maintained good compressive strength
but also exhibited an adsorption capacity 3.27 times that of
conventional zeolites, indicating superior specific surface area
and pore structurel134],

In summary, WBC holds significant importance in the labo-
ratory preparation of geopolymer-based zeolite composites,
adsorbent carriers, and environmental functional materials.
Although the method is simple and mild, the reaction path-
ways and final structures are highly dependent on parame-
ters such as curing temperature, alkali concentration, solid-
to-liquid ratio, and raw material composition. Future work
should focus on systematic and in-depth research into phase
evolution mechanisms and the integrated design of struc-
ture-function relationships.

3. Multi-field coupling composite curing method

With the continuous enhancement of performance require-
ments for geopolymer, the limitations of single physical field
curing have gradually become evident, making it challeng-
ing to simultaneously achieve multiple objectives such as
early strength development, high density, low defect con-
tent, and superior durability. Multi-field coupling composite
curing technology, by synergistically regulating two or more
physical fields, integrates the advantages of different curing
mechanisms while compensating for the shortcomings of indi-
vidual methods, thereby emerging as a key approach to over-
coming the performance bottlenecks of geopolymers. This sec-
tion focuses on the principles, implementation processes,
and synergistic enhancement mechanisms of typical compos-
ite curing techniques—such as autoclave curing (thermal-
hygro-pressurization coupling)!'39, hot-pressing curing (ther-
mal-pressurization coupling)'4%, and synchronous vacuum
hot-pressing curing (thermal-vacuum-pressurization cou-
pling)l'41l—in relation to the geopolymerization reaction,
microstructure evolution, and final mechanical properties, as
shown in Table 6. By analyzing the reaction kinetics, struc-

Table 5. Comparison of the adsorption properties of different polymers and zeolites.

Raw materials for geopolymers Adsorption condition Adsorption capacity (mmol g=7) Ref.
Metakaolin/Silica fume 35°C,0-1atm 0.2-0.36 [133]

Coal fly ash 25°C, 1 atm 0.69-2.06 [134]

Coal fly ash/Rice husk ash/Kaolinite 35°C, 1 bar 0.63-0.8 [135]
Geopolymer-zeolite 35°C, 0-1 bar 0.50-1.90 [136]
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Table 6. Comparative analysis of composite curing methods.
Curing method Core principle Energy consumption and Applicable scenarios Limitations Ref

early-age strength

High-temperature &
pressure steam enhances
crystallization

Autoclave curing High/Significant

Synergistic heat &

Hot-pressing curin e
P 9 9 pressure for densification

Synchronous
vacuum hot-
pressing curing

Multi-field coupling (heat-
pressure-vacuum) for
ultrafast polymerization

High/Exceptional

Medium-High/High

High energy cost, complex
equipment, pore
coarsening risk
Specialized equipment,

Lightweight aggregates,

HPC components (19]

Precast elements, high-

strength boards complex parameter [140]
control
UHPC, high-temperature Complex setup, lab-stage  [35]

components

tural formation characteristics, and performance enhance-
ment effects under multi-physical field environments, this
work provides a scientific basis and technical pathways for
the development of high-performance, low-energy-consump-
tion, and engineering-feasible novel geopolymer curing
processes.

3.1. Autoclave Curing

Autoclave curing accelerates the hardening process and
enhances the strength development of test blocks through
the application of steam pressure. A typical autoclave curing
cycle is illustrated in Fig. 7. The high-temperature and high-
humidity conditions within the autoclave promote hydration
reactions, thereby accelerating the setting and hardening of
geopolymer, reducing curing time, and improving early
strength and durability. Currently, this technique is widely
employed in the production of autoclaved aerated concrete
blocks and lightweight aggregates(42-144],

The mix proportion design, temperature, pressure, pre-cur-
ing duration, and curing time all influence the development
of material performancel'39145, Among these factors, tempera-
ture and steam pressure are the key parameters in autoclave
curing. Yazicl et al. reported that the compressive strength of
autoclave-cured concrete can exceed 200 MPal'49], Although
increasing the steam temperature and pressure can enhance

the crystallinity of the matrix and thereby improve strength,
it may also result in a slight reduction in mechanical proper-
ties (as shown in Fig. 8). Singh et al. investigated a fly ash-
based geopolymer incorporating varying dosages of lime-
stone and quantitatively analyzed the effects of temperature
and steam pressure (as shown in Fig. 9)[27]. Their results indi-
cated that increasing both the curing temperature and steam
pressure contributes to enhancing material performance,
with the influence of steam pressure being more significant
compared to water bath curing.

Autoclave curing exerts a significant influence on the
mechanical properties of fly ash-based geopolymersl139.145],
Chen et al. conducted a systematic investigation into the varia-
tions in compressive strength of geopolymers with different
fly ash contents under autoclave curing conditions. The
results showed that the compressive strength of the auto-
clave-cured samples on the structural surface was markedly
higher than that of the standard-cured group, with the maxi-
mum increase reaching 37.5%. The optimal pressure value
increases with rising fly ash content, indicating that higher
pressure is more appropriate for geopolymers with a high fly
ash content, which is particularly beneficial for fly ash-based
products. However, it should be noted that when the autoclav-
ing time exceeds 10 h, a strength reduction of 5%-10%
occurs, and the magnitude of this decrease becomes more pro-
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Fig. 7. Schematic diagram of autoclave curing.
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Fig. 9. Compressive strength of UHPC after standard curing and autoclave curing. Reproduced with permission from Ref. [147].

nounced at higher pressure levels.

Autoclave curing can significantly shorten the curing
period of geopolymerl’#8l. The high-temperature and high-
humidity environment accelerates hydration reactions,
enhances mechanical properties, reduces pore content and
microcrack formation, and improves both compactness and
durability(9, However, this curing method requires sus-
tained high temperature and humidity, which leads to high
energy consumption and increases construction complexity

and production costs.

3.2. Hot pressing curing

Hot-pressing curing (HPC) is a process conducted under ele-
vated temperature and pressure, similar to the compression
molding technique used in composite materials. It is widely
applied in fields such as cement-based composites!'#”], recy-
cled concretel's9, and glass ceramics!'5'l. For geopolymers,
hot-pressing accelerates the reaction of aluminosilicates, lead-
ing to the formation of a dense matrix. This method not only
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reduces both the size and volume of pores but also trans-
forms the continuous pore network into a closed structure.
Research has demonstrated that metakaolin-based geopoly-
mers can expel most of the entrapped air under a pressure of
4 MPa, thereby significantly enhancing early compressive
strength!8l,

During the hot pressing process, the dissolution, depoly-
merization, and repolymerization of aluminosilicates occur
nearly simultaneously, as illustrated in Fig. 10. During the mold-
ing stage, the matrix temperature rises, system pressure
increases, and the viscosity of the liquid phase decreases,
which facilitates the rapid and uniform distribution of the
alkali activator!’>2. Silicate and aluminate monomers are
released from the matrix. As the temperature continues to
rise, the reaction rate increases markedly('53],

Research by Ranjbar et al. and Provis et al. on hot-
pressed fly ash-based geopolymer revealed that tempera-
tures exceeding 200 °C lead to continuous water evaporation,
with nearly all free water being released!'54155], Sustained pres-
sure application promotes the conversion of solid particles
into geopolymer gel, while low-molecular-weight polymers
form through dissolved species, ultimately resulting in the for-
mation of N-A-S-H gel. The three-dimensional silicoalumi-
nate gel network drives the system toward thermodynamic sta-
bility. After cooling, an amorphous to semi-crystalline geopoly-
mer is formed, exhibiting high load-bearing capacity. Cao et
al. investigated the feasibility of fabricating strain-hardening
fly ash geopolymer composite boards (FA-SHGC) through hot
pressingB2, Their results showed that the 7-day compressive
strength of untreated FA-SHGC reached 10 MPa, and under
hot-pressing conditions of 80 °C and 3.2 MPa, the strength
increased by 2.5 times. Furthermore, the hot-pressed SHGC
demonstrated excellent multiple cracking and strain-harden-
ing behavior.

The physical and chemical properties of geopolymer
undergo significant changes after being subjected to hot press-
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ing for 30 min. The increase in system pressure accelerates
water evaporation, with some liquid being expelled, leading
to a reduction in sample mass. This indicates that the major-
ity of water in the geopolymer exists as free water('5¢l, The vol-
ume change of the hot-pressed geopolymer is influenced by
the applied pressure, while its density is governed by both
porosity and water content, with pressure serving as the domi-
nant factor. Compressive strength ranges from 29.0 to 160.0
MPa and shows a positive correlation with both temperature
and pressure (as illustrated in Fig. 11d). The stress distribu-
tion within the dense matrix is uniform, which mitigates
stress concentration in porous regions and delays crack forma-
tion['57],

Hot-pressing curing enables the rapid fabrication of
high-strength geopolymer with minimal usage of alkali activa-
tor and water, while promoting a more uniform distribution
of these components under pressure. The early mechanical
properties of hot-pressed geopolymer are excellent, and unre-
acted particles can continue to participate in reactions, fur-
ther enhancing strength in later stages. The rapid formation
of an early gel and the subsequent development of high
strength demonstrate the significant potential of hot-press-
ing curing in geopolymer applications, particularly for the pro-
duction of prefabricated components.

3.3. Synchronous vacuum hot-pressing curing

Synchronous vacuum hot-pressing (SVHP) curing is an innova-
tive composite curing technology that integrates high temper-
ature, mechanical pressure, and a vacuum environment(41],
By coupling multiple physical fields, this method effectively
combines the advantages of individual hot-pressing, vacuum,
and high-temperature curing techniques, while mitigating
their respective limitations. It offers a novel approach for the
fabrication of high-performance geopolymer with precisely
controllable microstructures.

During the SVHP curing process, three physical condi-
tions work synergistically: the high-temperature environ-
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Fig. 10. The polymerization mechanism of hot-pressed geopolymer. Reproduced with permission from Ref. [154].
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Fig. 11. Hot-pressed geopolymer: (a) mass loss, (b) volume, (c) density, (d) compressive strength. Reproduced with permission from Ref. [16].

ment (typically ranging from 80 °C to 200 °C) significantly accel-
erates the dissolution and depolymerization of aluminosili-
cate precursors, promoting the rapid formation of the gel
phasel'>8; mechanical pressure (commonly in the range of
2-10 MPa) facilitates particle rearrangement, reduces poros-
ity, and expels entrapped air and excess moisture, thereby
greatly improving the material’s density('>9; and the vacuum
environment effectively eliminates bubbles, suppresses pore
formation, and enhances the uniform distribution of alkali acti-
vators and water within the slurry, preventing localized dry-
ing or uneven reactions'. The combined action of these
three factors markedly improves the reaction kinetics and
microstructural development of the geopolymer.

Yang et al. successfully fabricated an ultra-high-perfor-
mance ceramic-like geopolymer with a compressive strength
of up to 90.92 MPa within an extremely short curing period
of 30 min using this techniquel’#'l, The material also demon-
strates excellent high-temperature resistance, capable of with-
standing temperatures as high as 1200 °C, along with supe-
rior volume stability and durability33l. The underlying reason
for this significant performance enhancement is the synergis-
tic effect of high temperature, high pressure, and vacuum
conditions, which accelerate the polymerization reaction
and lead to the formation of a unique "ceramic-like"
microstructure.

A large number of "intermediate phase" structures, exist-
ing between the amorphous gel and crystalline phases, were

formed in the geopolymer matrix treated by SVHP (Fig. 12a).
These intermediate phases serve a critical bridging function
within the system, effectively connecting the more ductile
gel regions with the higher-strength crystalline regions,
thereby optimizing the stress transfer pathway (Fig. 12b).
Under external loading, such structural features can delay the
initiation and propagation of microcracks, significantly improv-
ing the material’s toughness and crack resistance, and address-
ing the common issue of brittle fracture in traditional geopoly-
mers!'%%. Furthermore, this dense and continuous microstruc-
ture also effectively hinders the penetration and migration of
oxygen and volatile species at elevated temperatures, endow-
ing the material with excellent high-temperature stability and
anti-sintering capability (Fig. 12¢, d).

The SVHP technology has facilitated the transformation
of geopolymer from a brittle gel into a toughened ceramic
composite material, offering a novel direction for its applica-
tion in ultra-high-performance building materials, advanced
structural ceramic substitutes, and high-temperature protec-
tive components. Currently, this technology remains at the lab-
oratory research stage and faces several challenges, includ-
ing complex equipment requirements, high production costs,
and the intricate coupling of process parameters. Future
research should focus on exploring its feasibility for large-
scale manufacturing, establishing a comprehensive "process-
structure-property" control framework, and advancing its prac-
tical implementation in engineering applications.
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Fig. 12. Synchronous vacuum hot-pressed geopolymers: (a) rapid polymerization mechanism; (b) product transformation at high temperatures;
(¢, d) transformation of pore structure. Reproduced with permission from Ref [35].

4. Discussion

While significant progress has been made in understanding
geopolymer reaction mechanisms and optimizing material
design—particularly concerning activator chemistry, raw mate-
rial compatibility, and macroscopic performance—research
on curing regimes remains relatively fragmented. Most stud-
ies focus on individual curing parameters, whereas the poly-
merization kinetics and microstructural evolution under
multi-physical-field coupling are still poorly understood!'61-163],
This knowledge gap is especially pronounced under extreme
or combined conditions such as high temperature, pressure,
and vacuum, where the mechanisms governing early-age struc-
tural formation, long-term performance evolution, and dam-
age initiation have not been systematically elucidated. This
limits the reliable and predictable fabrication of high-perfor-
mance geopolymer components for demanding applications.
A deep understanding of how curing conditions dictate
the polymerization pathways and microstructural architec-
ture of geopolymers remains a critical yet underexplored
area. This review systematically bridges this gap by synthesiz-
ing the mechanistic influences of various curing methods. Ele-
vated temperature, as a universal accelerator, primarily pro-
vides the kinetic energy necessary to overcome the activa-
tion barriers for the dissolution of aluminosilicate precursors
and the subsequent polycondensation reactions, often lead-
ing to a more cross-linked but potentially coarsened pore struc-
ture if uncontrolled('®¥, In contrast, applied pressure exerts a
physical influence by promoting particle rearrangement and
expelling entrapped air and excess water, thereby directly
enhancing microstructural density and reducing capillary
porosity, without fundamentally altering the chemical reac-
tion pathwayl'65166], The vacuum environment uniquely

impacts the reaction by removing air barriers for ion migra-
tion and facilitating the uniform distribution of the alkaline
activator, while its tendency to accelerate water evaporation
can truncate the polymerization process if not properly man-
aged!'¢7], Electric field curing introduces a non-thermal effect
through ion migration in addition to Joule heating, poten-
tially aligning the reaction products and modifying the gel
morphology'%8l. The most profound effects are observed
under multi-field coupling, such as in SVHP curing, where the
synergistic application of heat, pressure, and vacuum not
only accelerates reaction kinetics but also can induce the for-
mation of unique intermediate phases that bridge the amor-
phous gel and crystalline domains, creating a toughened
ceramic-like microstructure. Therefore, the choice of curing
method is not merely a matter of process acceleration but a
fundamental tool for steering the reaction trajectory and tailor-
ing the final material's properties.

The future of geopolymer curing does not lie in reliance
on individual methods, but in the intelligent integration of
these physical fields to generate synergistic effects. Multi-
field coupled curing technology represents a key direction for
overcoming the performance bottlenecks of geopolymers.
Through coordinated control strategies such as thermal-pres-
sure-vacuum and electric-thermal-vacuum, it is possible not
only to leverage the advantages of each environmental param-
eter but also to compensate for the limitations of their individ-
ual applications. This approach optimizes reaction kinetics,
enables precise design of the microstructure, and signifi-
cantly enhances material properties. For instance, syn-
chronous vacuum hot-pressing curing has demonstrated con-
siderable potential in producing ultra-high-performance
geopolymers, confirming that multi-field coupling can induce
the formation of a "gel-crystal bridging" transition phase,
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thereby substantially improving both the material's tough-
ness and high-temperature stability. Future research should
focus on elucidating the structural formation mechanisms,
interfacial evolution behaviors, and large-component mold-
ing processes under composite curing conditions. Establish-
ing a "curing-structure-property" mapping model will be essen-
tial to advance the industrial application of geopolymers in
areas such as prefabricated low-carbon building materials
and high-temperature resistant components.

Current research primarily focuses on the enhancement
of early strength and microstructure in geopolymers through
rapid curing, while its long-term effects require systematic eval-
uation. Studies indicate that methods like high-temperature
and steam curing, while improving early strength, can hinder
later strength development or even cause strength regres-
sion due to rapid water evaporation or thermal stress. Further-
more, the impact of rapid curing on durability indicators such
as carbonation, freeze-thaw, and chemical resistance remains
unclear. Future work should prioritize long-term tracking
(e.g., 90-day strength, drying shrinkage, carbonation depth,
chloride permeability) under various curing regimes to estab-
lish the relationship between the curing regime and long-
term performance and build a comprehensive framework for
property control from early-age enhancement to long-term
durability.

The practical viability and industrial potential of these
advanced curing strategies are already being validated in
real-world applications. The advantages and synergistic
effects of rapid curing methods are demonstrating tangible
benefits beyond the laboratory. For instance, in the building
materials sector, Conch Cement has extensively adopted
steam curing processes in the production of precast con-
crete components. This practice significantly enhances early
strength development and production efficiency, providing
crucial technical support for large-scale projects such as high-
speed rail and prefabricated construction. On another front,
in energy engineering, Shell's "Mud to Cement" technology
relies fundamentally on rapid solidification processes to con-
vert drilling waste into a hardened cementitious material for
wellbore sealing within a short timeframe. This application
showcases the potential of geopolymerization and rapid cur-
ing technologies for waste valorization and operational effi-
ciency in challenging downhole environments. These cross-
industrial cases underscore that advanced curing technolo-
gies, rooted in a fundamental understanding of reaction mech-
anisms, are not only theoretically superior but also robustly
applicable and economically beneficial in practice. They pro-
vide a compelling rationale and a solid foundation for the
broader industrial adoption of geopolymers, bridging the
gap between laboratory research and full-scale engineering
practice.

5. Conclusion and outlook

Geopolymer, as an eco-friendly and tunable cementitious
material, holds significant potential for advancing green and
low-carbon transformation in construction. This review system-
atically examines how curing methods regulate geopolymer
mechanical properties and microstructure, underscoring cur-
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ing as a critical factor in reaction behavior and final perfor-
mance. While optimization of individual curing conditions
has improved early strength, most rapid curing techniques
still face challenges such as high energy consumption, com-
plex procedures, and uncertain long-term performance, limit-
ing their engineering application. Future research should tran-
sition from "single-parameter regulation” to "multi-field collab-
orative design", focusing on:

(1) Strengthening fundamental research on multi-physics
coupling curing to elucidate polymerization kinetics, phase
evolution, and microstructure formation under complex condi-
tions, establishing cross-scale "curing-structure-performance”
models;

(2) Coordinated optimization of material design and cur-
ing processes, investigating adaptability of raw material sys-
tems (e.g., fly ash, slag, metakaolin) and their parameters
(e.g., Si/Al ratio, alkali content) to composite curing methods,
while addressing strength regression and durability issues;

(3) Advancing intelligent and sustainable curing pro-
cesses by developing energy-efficient, rapid technologies com-
patible with industrial prefabrication or on-site construction
to enhance economic and environmental benefits;

(4) Fostering multidisciplinary innovation in materials, pro-
cesses, and equipment to enable breakthrough applications
of geopolymers in high-performance construction materials,
advanced ceramics, and high-temperature components,
thereby supporting the sustainable development of the materi-
als industry.

Although rapid curing technologies can effectively
enhance the early strength and microstructure of geopoly-
mers, they still face several common challenges in practical
engineering applications. Most rapid curing methods are
energy-intensive, involve complex equipment, and incur high
costs, making large-scale adoption difficult. The process param-
eters—such as temperature, pressure, and time—are highly
coupled, and improper control can easily lead to defects such
as pore coarsening and microcracking, thereby compromis-
ing long-term performance. Existing research predominantly
focuses on early-age mechanical properties, with a lack of sys-
tematic evaluation of performance evolution under long-
term service environments such as humidity, freeze-thaw
cycles, and chemical erosion. Different raw material systems
respond variably to curing conditions, and the limited adapt-
ability of current processes restricts the synergistic utilization
of multi-source solid wastes. Although composite technolo-
gies at the laboratory stage exhibit excellent performance,
their engineering application is hindered by limitations in
equipment scale and cost.

Future efforts should focus on developing low-energy,
intelligent, and highly material-adaptive rapid curing pro-
cesses, while strengthening long-term performance monitor-
ing and standardization research to facilitate the transition of
geopolymers from laboratory research to practical engineer-
ing applications.
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