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Rapid underwater repair using durable materials capable of with-

standing extreme cold and saline marine conditions remains a

significant unresolved challenge with broad implications for the

maintenance and restoration of marine infrastructure. In this work,

we developed a new class of functional materials, aluminosilicate–

epoxy composites with self-initiated, frontal curing and seawater

resistance, to address this challenge. A catalyzed stoichiometric

frontal polymerization strategy was employed to overcome the

fundamental chemical incompatibility between the frontal curing

of epoxy and the alkali-activated geopolymerization of aluminosi-

licate. Distinct from traditional external photo- or thermal stimuli,

calcium oxide hydration was used to trigger frontal curing in sea-

water, thereby eliminating external energy input during both initia-

tion and curing. The underwater front-cured aluminosilicate–epoxy

composite exhibits a compressive strength of 48.3 MPa and an

adhesive strength of 5.57 MPa on steel within one hour. The key

property indicator (KPI), defined as the ratio of minimal operational

compressive strength to the required curing time, outperforms

state-of-the-art performance by 87.4-fold. Moreover, the compo-

sites exhibit high ultraviolet resistance (92% strength retention) and

seawater resistance (96.25% strength retention with 0.26% mass

loss) after 720 hours of UV exposure and 7 days of seawater

immersion. The frontal curing of seawater-resistant hybrid materi-

als represents a paradigm shift in underwater repair, with substan-

tial potential to transform marine infrastructure restoration.

1. Introduction

Rapid and durable underwater infrastructure repair techniques
are highly valuable for the exploration of underwater resources
as marine engineering continues to expand. As of 2024, the

global underwater infrastructure repair market is valued at a
total of $123.7 billion and is projected to grow at B4–6%
Compound Annual Growth Rate (CAGR).1 Critical marine infra-
structure, including subsea pipelines, offshore wind founda-
tions, harbor structures, and undersea utility lines, faces a
persistent risk of damage from synergistic effects of corrosion,
impact, and extreme weather.2 When failures occur, returning
damaged components to a shore-based repair facility is often
prohibitively time-consuming and labor-intensive, and in many
cases, it is simply not feasible. Daily economic loss resulting
from the downtime (primarily deferred production, repair
expenses, and standby costs) for a damaged subsea pipeline
can exceed $1 million per day.2–4 While uncontrolled leaks pose
threats to fisheries, coastal ecosystems, and water quality. The
catastrophic economic and environmental consequences make
rapid, durable underwater repairs extremely essential.

Under extreme seawater conditions, adhesive bonding is the
most time-efficient repair approach, enabling in situ repair by
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New concepts
Traditionally, underwater repairs demand substantial external power,
hardware, and operational support, making deployment in off-grid,
deep-water, or emergency scenarios logistically complex, costly, and often
impractical. This work demonstrates a new concept for rapid underwater
repair via on-demand initiation and self-sustaining front-curing of alu-
minosilicate–epoxy composites, which are much more durable and
sustainable than their ordinary Portland cement counterparts. Specifi-
cally, this work introduces a stable frontal curing strategy for aluminosi-
licate–epoxy composites that enables rapid underwater repair without
external energy input in seawater, overcoming the chemical incompat-
ibility between cationic epoxy curing and alkaline geopolymerization
through a catalyzed stoichiometric formulation and waste-mediated
water confinement to form robust 3D interpenetrating networks with
rapid strength development and high durability under UV exposure and
seawater immersion, demonstrating a KPI 487.4 fold higher than that of
the state-of-the-art. Particularly, distinct from conventional UV light or
electrically heated initiation methods, this work demonstrates an on-
demand initiation method for the frontal curing via water-activated
calcium oxide hydration, providing a compact, simple, and convenient
route to trigger frontal curing for underwater repair applications.
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directly filling the damaged region while maintaining operations.5

Underwater adhesive systems typically rely primarily on two curing
strategies: externally heated curing and environmentally triggered
intrinsically self-curing. Externally heated curing, including infra-
red heating, joule heating, induction heating, dielectric heating,
acoustic curing, and photo-curing, can be employed to supply
thermal energy to accelerate crosslinking in cold seawater and
accelerate the solidification process.6–14 Unfortunately, they
require substantial power, hardware, and operational support,
making deployment in off-grid, deep-water, or emergency scenar-
ios logistically challenging and costly, often impractical. In con-
trast, many efforts have been made to intrinsically cure by
leveraging the surrounding environment to initiate and sustain
curing without external power;15–17 however, their curing rates are
often limited by low seawater temperatures, leading to slow
strength development and extended downtime before the repaired
structure can safely resume full loading. Currently, the state-of-the-
art method is to use ordinary Portland cement/epoxy hybrids for
underwater repair via environmentally triggered, intrinsically self-
curing, due to their low cost, bulk repair, and volume-filling
capabilities.15–17 Nevertheless, cement-filled epoxy hybrid materi-
als exhibit weak bonding (o5 MPa) on a wet substrate, require a
prolonged curing time (3 days to reach a minimum operational
strength of 40 MPa), and, most importantly, have limited seawater
resistance (loss 440% strength over one year18), posing significant
constraints for offshore operations.

Advanced functional materials are sought to meet the enor-
mous demand for underwater repair, which requires both rapid
autonomous curing and seawater resistance. Geopolymer (GP),
a crosslinked aluminosilicate cementitious material, is regarded
as the most promising candidate for underwater repair func-
tional materials, which exhibits outstanding seawater resistance,
strong wet bonding capabilities, and high compressive strength
to overcome the limitations of existing epoxy–cementitious
adhesive hybrids.19–21 Direct use of GP fails to meet the require-
ments for underwater repair due to its long curing time (28
days).22,23 Some efforts have been made to incorporate sacchar-
ides and peroxides to accelerate the curing of geopolymers.24

Such a formulation produces both gas (to generate pores/foam)
and heat (to accelerate geopolymer curing), resulting in a foamed
geopolymer. Unfortunately, this method yields low strength due
to the highly foamed structure, and the compressive strength is
only 0.21 MPa, too low for use in any repair. GP/epoxy systems
were attempted; however, they cure at room temperature and
still require approximately 7 days to reach a minimum opera-
tional strength of 40 MPa.25,26

Emerging frontal curing offers a new opportunity for the
autonomous rapid curing of epoxy under seawater conditions
by eliminating the need for external heating.27–35 While epoxy
resin can be cured under water, frontal curing of GP/epoxy
hybrids is extremely challenging due to the inherent limitations
of their curing chemistry. Epoxy frontal curing typically relies on
cationic initiators, which generate highly reactive intermediates,
superacids, to sustain the propagating cure front. In contrast,
GP cures through alkali activation, requiring a strongly alkaline
environment to break down aluminosilicate precursors and

then geopolymerize into a durable cross-linked aluminosilicate
network. Superacids and alkalis neutralize each other, disrupt-
ing both epoxy and geopolymer reactions and preventing a
stable, self-sustaining cure front. Thus, cationic-initiator-based
frontal curing of GP/epoxy hybrids faces a fundamental
chemical challenge. Recently, free-radical frontal curing of GP/
acrylate composites has been attempted in air; however, it
requires an organic solvent (dimethyl sulfoxide) to dissolve the
initiator and still yields low compressive strength (o19.3 MPa)
and weak bonding due to the inherently low crosslink density of
the acrylate polymer.36 Solvent release and weak strength render
GP/acrylate composites unsuitable for underwater repair. Con-
sequently, front-curing GP/epoxy is highly desirable due to its
potential for strong bonding capability for underwater repair.

Beyond the intrinsic limitations of curing chemistry in the
frontal curing of GP/epoxy composites, frontal curing for under-
water repairs requires effective, field-deployable initiation stra-
tegies. Thermal- and photo-initiation are the two principal
initiation methods.37 Thermal triggering typically involves the
use of a soldering iron or an embedded resistive wire at a fixed
voltage to heat a localized region, while photo-triggering typi-
cally uses UV light to activate photoacid generators for epoxide-
ring-opening frontal polymerization.38 Although the energy
supply for the thermal initiation process is far lower than that
of bulk heating, a bulk power apparatus is still required to
initiate underwater frontal curing. For UV initiation, beyond
the practical constraints of power delivery, the millimeter-scale
penetration depth in water severely limits efficacy. Accordingly,
an autonomous, self-powered initiation method is required to
enable rapid curing in submerged environments.

In this paper, we developed a new class of functional materials,
aluminosilicate–epoxy composites with well-designed stoichio-
metric formulations and catalytic curing agents, to enable multiple
functions, including self-initiation and frontal curing, and excep-
tional seawater resistance for rapid underwater repair. Further-
more, an on-demand self-initiation method was developed to
enable convenient, effective initiation of frontal curing in deep-
water without requiring external energy, such as UV light or
electrical heating, thereby greatly simplifying deepwater operation.
The chemical and physical characterization of the exothermic
materials and the frontal curing process was conducted to seek
fundamental insights into the design of these novel functional
materials. The resistance to marine conditions under accelerated
UV ageing and seawater immersion was also examined.

2. Results and discussion
2.1. Material design for frontal-curing of GP/epoxy hybrids

The co-curing of GP and epoxy resin was investigated to create
novel functional materials with stable frontal curing. The
exothermic energy from the epoxy resin will be used to support
GP curing simultaneously. Specific catalysts and amine curing
agents were designed to ensure that the energy released from
epoxy resins can continuously support both the GP and the
epoxy itself for autonomous propagation. A water-activated
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self-heating calcium oxide cartridge was intended for self-
initiation on demand. Sorbitol polyglycidyl ether-based epoxy
resin was mixed with m-xylylenediamine (m-XDA) and 1-
methylimidazole for catalyzed ring-opening frontal polymerization
to act as the fuel for rapid curing of GP/epoxy hybrids. Catalyzed
frontal polymerization occurs by forming a reactive ring-opening
nucleophile (amine–oxirane adduct) between amine and epoxy
groups, which is compatible with the hydroxide group in the
geopolymer–gel (G–gel) mixture.39,40 The inclusion of catalysts
facilitates nucleophilic activation of the epoxide, accelerating the
formation of the ring-opening nucleophile.41,42 Three types of
Lewis base catalysts, including tertiary amine, pyridine, and
imidazole, were evaluated for accelerating the epoxy–amine sys-
tem. The most efficient catalyst, 4 wt%-1-methylimidazole, was
identified from the reaction profile in Fig. S1a and b, which
compensates for the typical slow curing rate of the amine–epoxy
reaction and supports a stable front propagation (Fig. S1c).
Mechanical properties of the frontal-cured optimized epoxy system
are provided in Fig. S1d.

A natural aluminosilicate, metakaolin (MK), was used as the
raw precursor for the inorganic GP phase, in the final compo-
sites. An alkaline solution containing sodium silicate and
sodium hydroxide was selected as an activator to dissolve the
MK and form the aluminosilicate monomer mixture (G–gel). It
is noteworthy that the SiO2/Na2O molar ratio of the activator
could influence the final properties of the GP. Therefore, we
controlled the SiO2/Na2O molar ratio of the activator at 1.75 as
reported in previous research for MK-based GPs.43 To mitigate
the negative effect of water evaporation on the rapid curing
process and final properties of the composites, we introduced
ground granulated blast-furnace slag (GGBFS) into the mixture,
which could form the calcium–aluminate–silicate–hydrate
(C–A–S–H) under an alkaline environment and then restrict
the evaporation of free water during frontal curing.44,45 The
chemical composition of MK and GGBFS is listed in the Table
S1, and the particle morphologies of MK and GGBFS are shown
in Fig. S2. In addition, 1 wt% hydrophobic fumed silica (relative
to the weight of the G–gel/epoxy mixture) was added to the final
reactive mixture to improve the water resistance. A schematic
illustration of the underwater frontal-curing concept is shown
in Fig. 1. The self-heating cartridge, containing 1.4 grams of
calcium oxide, can release heat upon activation by water. The
temperature of the cartridge rose up to 102.4 1C at 210 s after
contact with water, and gradually decreased to 55 1C within
700 s (Fig. 1b). Particularly, the surface temperature of the
cartridge stayed above 80 1C for up to 215 s, which provides
enough energy for triggering the rapid epoxy reaction. As
revealed by the isothermal differential scanning calorimetry
(DSC) characterization at 80 1C (Fig. 1c), the peak of the heat
flow, which represents the highest curing rate, occurs at 50 s.
The dynamic DSC analysis of the catalyzed epoxy also exhibits
an S-shaped curing degree–temperature curve with a clear rate
upturn starting around 75 1C (Fig. 1d). This onset confirms that
the heating cartridge provides sufficient power to trigger the
rapid epoxy reaction. After the successful initiation of the epoxy
reaction, the intrinsic chemical energy in the epoxy group is

released as fuel, heating the G–gel in the mixture and accel-
erating the polycondensation of the aluminosilicate mono-
mers. Fig. 1e illustrates the accelerating effect of temperature
on the initial and the final setting time of the G–gel applied in
this work. The high temperature significantly accelerated the
solidification of the G–gel, reducing the final setting time from
100 minutes at 20 1C to 7.6 minutes at 80 1C. This autonomous
rapid-curing system contains a water-activated initiation car-
tridge and a self-sustaining fuel system. As shown in Fig. 1f, g
and h, upon deliberate activation, the heat from the rapid
calcium oxide hydration is transferred to a localized zone of the
G–gel/epoxy mixture, triggering epoxy frontal polymerization
(reaction mechanism illustrated with the structural formula is
shown in Fig. S3). The heat released by epoxy ring-opening then
sustains the reaction front and further elevates the temperature
of aluminosilicate monomers, thereby accelerating their polycon-
densation. During frontal curing, co-curing of the G–gel and
epoxy yields a GP/epoxy composite with excellent mechanical
performance.

2.2. Thermochemical investigation of frontal curing

The unique frontal curing feature could be attributed to the
delicate balance between self-heating initiation, the fast exother-
mic reaction of epoxy, heat loss to the environment, and dynamic
heat transfer within the materials (Fig. 2a). Because the G–gel
contains water that can cause substantial heat loss upon evapora-
tion, we incorporate GGBFS to bind the water by forming C–A–S–
H. The dynamic DSC test results in Fig. 2b revealed the effect of
GGBFS on the endothermic evaporation of free water (Table S2
shows the composition of the specimens). The G–gel without
GGBFS shows two endothermic peaks at 110 1C and 131 1C,
corresponding to the evaporation of free water and combined
water, respectively. After introducing GGBFS into the G–gel (S–G–
gel), the two separated peaks merged into a broad peak and shifted
to 135 1C. This indicates that free water was bound upon the
addition of GGBFS. This GGBFS-induced confinement effect on
free water could significantly reduce heat loss from water evapora-
tion and benefit the frontal curing process. The DSC results of G–
gel/epoxy and G–gel/epoxy with GGBFS added (S–G–gel/epoxy)
confirmed our hypothesis. Incorporating GGBFS broadened and
shifted the endothermic peak of water evaporation from 128.7 1C
to 191.5 1C, reducing the endothermic dampening effect of water
on the epoxy reaction and then enlarging the exothermic peak of
epoxy polymerization. However, excess GGBFS could cause the G–
gel to solidify immediately after mixing, leading to thickening of
the mixture. After optimizing the addition of GGBFS, a 25 wt%
GGBFS replacement of the MK was selected for further study
(Fig. S4).

We further investigated how the mass ratio of G–gel to the
epoxy system affected the frontal propagation at 25 wt% GGBFS
addition. In the formulation of R-Y, Y represents the mass ratio
of G–gel to epoxy. For better comparison of the frontal propaga-
tion, we utilized a constant temperature heating element
(90 1C) for the initiation of the ambient frontal curing process.
Fig. 2c shows that the intensity of the exothermic peak of epoxy
polymerization decreased monotonically as the G–gel/epoxy
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mass ratio increased. At the same time, the exothermic peak
shifted towards its original position (97.5 1C in DSC curves of
the catalysed epoxy reaction, Fig. S1a), demonstrating a
reduction in the endothermic inhibiting effect from water
evaporation. Taking sample R-1.5/1 as a representative case,
we utilized a thermographic visualization technique to analyze
its frontal curing behavior. Fig. 2d shows time-resolved thermal
images of the front propagation during the frontal curing
process. From the time-resolved thermal images, the highest
temperature was observed at the reaction front and stabilized at
approximately 102 1C. Meanwhile, the position of the reaction
front shifted over time at a stable rate, known as the frontal
velocity, around 0.517 cm min�1. Thermochemical simulation
using the finite element method offers valuable insights into

this frontal curing process (see Methods and Table S3). The
snapshot of the simulated frontal curing process at room tem-
perature for R-1.5/1 is shown in Fig. 2d. The simulated
frontal temperature and frontal velocity were 106.5 1C and
0.54 cm min�1, which were consistent with the experimental
observation. Experimental frontal curing performance with var-
ious G–gel/epoxy mass ratios is illustrated in Fig. 2e. Consistent
with the DSC results, an increase in the mass ratio results in a
reduction in both the frontal temperature and velocity mono-
tonically (Fig. 2e). However, excessive heat released from the
polymerization of epoxy at a 0.5 : 1 mass ratio caused the frontal
temperature to exceed 120 1C, which could facilitate water
evaporation. When the mass ratio was at 1.5 and 2, in addition
to a reduced frontal velocity, the frontal temperature also

Fig. 1 (a) Schematic illustration of a new class of frontal curing of GP/epoxy composites, for underwater repair. (b) Temperature profile of the calcium
oxide self-heating cartridge after activation with water. (c) Isothermal reaction profile of the catalyzed epoxy–amine reaction at 80 1C and (d) the
dynamic curing degree profile of the catalyzed epoxy reaction at a temperature ramping rate of 20 K min�1. (e) Effect of temperature on the initial and
final setting times of GP materials. (f), (g) and (h) Reaction mechanism of the calcium oxide exothermic reaction, epoxy frontal polymerization, and
GGBFS-participated geopolymerization. The red arrows indicate the direction of heat transfer.
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dropped to 102 1C and 92.5 1C, respectively. These lower tem-
peratures are more suitable for GP curing. Photographs of all
frontal-cured GP/epoxy specimens are presented in Fig. S5.

To further assess validity, we numerically mapped the
stability window for frontal curing behavior across different
G–gel/epoxy mass ratios, at various initial temperatures (Fig. 2f).
The numerical analysis revealed that the spatial and temporal
balance of thermal power density (lf) dictates the development of
thermal stabilities during frontal propagation. The thermal power
density is generated by the polymerization reaction (PR, J m�3 s�1),
diffused by thermal transport (PT, J m�3 s�1) and lost via convec-
tion (Pc, J m�3 s�1)46 (see Methods and Table S4). According to the
experimental frontal performance at 25 1C, lf = 1 is considered the
critical value for determining stability. Noticeably, as the G–gel-to-
epoxy mass ratio increases from 0.5 to 2, the stability window
gradually narrows. Isolating on an initial temperature of choice
and moving rightward along the G–gel-to-epoxy mass ratio axis, an
increased propensity for frontal quench is observed. These numer-
ical results can mechanistically inform experimental design pro-
tocols, departing from inefficient approaches to the identification
of stable frontal behavior.

2.3. Morphological and structural analysis of GP/epoxy
composites frontal-cured in air

During the frontal curing process, the G–gel/epoxy mixture
underwent epoxy polymerization and GP solidification. Optical
microscopy (OM) and scanning electron microscopy (SEM) were
used to characterize the polished surface and the cryo-fracture
surface of frontal-cured GP/epoxy composites, respectively.

Isolating on the optimized GGBFS content, 3D schematic
visualization (cubic images) derived from 2D OM images in
Fig. 3a shows how global morphology changes with the G–gel/
epoxy mass ratio. With various mass ratios, phase macro-
morphologies changed from a globular morphology (0.5 : 1), to
a discrete elongated morphology (1 : 1), then to a co-continuous
morphology (1.5 : 1), and subsequently reverting to a discrete
elongated morphology (2 : 1). In addition to the changes in phase
morphology, macropore defects were observed on the surface of
R-0.5/1, resulting from water evaporation during frontal curing
with 120 1C frontal temperature. The corresponding phase
microstructures are shown right below the phase morphology
image. Cracks and pores were observed on the surface GP phase
of R-0.5/1 and R-1/1, whereas R-1.5/1 and R-2/1 exhibited a
compact GP-phase structure. The more compact GP phase could
be attributed to lower frontal temperatures during the frontal
curing process, suggesting that a frontal temperature below
110 1C is more suitable for GP curing.

Fourier-transform infrared spectroscopy (FTIR) and X-ray
diffraction (XRD) were employed to reveal how the structural
composition of the frontal-cured GP/epoxy composite devel-
oped. Before examining the influence of mass ratio, the effect
of the GGBFS on the GP microstructure was confirmed (Fig. S6
and S7). The incorporated GGBFS could release calcium ions in
an alkaline environment, generating C–A–S–H with a high sur-
face area and nanopores in the GP phase (Fig. S7). This rapidly
formed C–A–S–H can trap free water through strong hydrogen
bonds that are formed by oxygen atoms in silicate and alumi-
nate tetrahedra, as illustrated by the shift of the OH band in the

Fig. 2 Mapping compositions to stable frontal curing. (a) Schematic illustration of heat conservation for a control volume across the front-curing
process. (b) GGBFS effect on restricting water evaporation. (c) Reaction profile against the temperature of the G–gel/epoxy mixtures with different G–
gel-to-epoxy mass ratios. (d) Comparison of a series of time-resolved frontal-curing thermal images between experiment (left) and simulation (right). (e)
Frontal temperature and frontal velocity with different mass ratios. (f) Numerical map of the initial mixture temperature with variation in the G–gel-to-
epoxy mass ratio for the frontal curing process. Stable frontal curing processes are indicated in red, while those leading to quenched frontal curing
processes are shown in blue (lf: thermal power density).
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FTIR curves (Fig. S6). In addition to hydrogen bonds within the
GP phase, interfacial hydrogen bonds can form between the GP
and epoxy phases, as schematically illustrated in Fig. 3b (the red
line indicates the hydrogen bonds). The oxygen atoms in the
silicate and aluminate tetrahedra in the GP phase can form
hydrogen bonds with the epoxy network’s hydroxyl (OH) groups,
resulting in a compact microstructure for the GP–epoxy network.

The influence of the G–gel/epoxy mass ratio is illustrated in
Fig. 3c and d. The typical broad band of stretching vibrations of
OH groups in R-1.5/1 shifted to the lowest wavenumber
(3365 cm�1) compared to the samples with other mass ratios,
suggesting the build-up of more hydrogen bonds between the
GP phase and epoxy (Fig. 3c). Another major peak at
1034.9 cm�1 of the asymmetric stretching vibration of Si–O–T
bands (T is tetrahedral silicon or aluminum) in raw

aluminosilicate precursors (Fig. S6) shifted to a lower wavenum-
ber range between 983 and 1011.5 cm�1 due to the partial
substitution of SiO4 tetrahedra by AlO4 tetrahedra after geopoly-
merization. The lowest wavenumber (983 cm�1) of the Si–O–T
band in R-1.5/1 represented the highest degree of GP curing.
Stronger hydrogen bonding and higher GP phase cure degree
both contribute to a more compact co-continuous, interlocking
microstructure of R-1.5/1 observed by OM and SEM, which is
driven by the optimum frontal temperature and the increased
interfacial contact. After the frontal curing process, epoxy and GP
in the composites presented a broad diffraction hump in 2y =
13.5–321 and 2y = 20–37.51 ranges (Fig. 3d), respectively, illustrat-
ing the amorphous phase of the disordered polymer network and
aluminosilicate structure. The intense peak at 2y = 29.41 repre-
sented the dominant feature of C–A–S–H.47 The typical broad

Fig. 3 Phase morphological and structural characterization of frontal-cured GP/epoxy composites. (a) Macro-(OM) and micro-phase evolution (SEM) of
frontal-cured GP/epoxy composites with mass ratio. Upper row cubic image: 3D schematic visualization assembled from OM images of polished
surfaces; lower row circular image: corresponding SEM microstructures. (b) Illustration of the hydrogen bond formation between epoxy resin and
aluminosilicate. (c) FTIR spectra of OH and Si–O–T stretching peaks for R-samples (the color-coded dashed line represents the shift trends of OH and
Si–O–T peaks). (d) XRD spectra of frontal-cured samples (devolution of the XRD spectra into epoxy (blue) and GP (red) amorphous peaks).
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diffraction hump range observed at 2y = 18–321 for amorphous
Si–O–T in metakaolin (Fig. S7) shifted to a higher range of 2y =
20–37.51, demonstrating the dissolution of the original amor-
phous phase in metakaolin and the rearrangement to a new
compact amorphous GP phase in the composites.48 This typical
characteristic hump for amorphous aluminosilicate phase in the
XRD patterns of R-1.5/1 shifted to the highest scattering angle of
2y = 20–391, centered at 2y = 29.51, reflecting the highest degree
of geopolymerization of the GP phase, which was also consistent
with the morphology development shown in the SEM results and
the Si–O–T band changes characterized in FTIR.

2.4. Mechanical properties and durability of GP/epoxy
composites frontal-cured in air

For ambient frontal-cured GP/epoxy composite samples with
various mass ratios, both the compressive and flexural strengths
exhibit changing trends that initially increase and then decrease.
This trend shows a turning point occurred at a 1.5 : 1 G–gel-to-
epoxy mass ratio (Fig. 4a). At this composition, the frontal
temperature during the frontal curing process was controlled at
102 1C, effectively suppressing the water evaporation while
simultaneously accelerating the geopolymerization. Moreover, a
co-continuous, interlocking network with a compact microstruc-
ture was formed at this mass ratio. Consequently, the specimen
R-1.5/1 exhibited the best mechanical properties, characterized
by a compressive strength of 61.01 MPa and a flexural strength of
21.80 MPa. Frontal-cured GP/epoxy composites exhibited better
mechanical properties than conventionally (oven and ambient)
cured pure GPs (GP-O and GP-R) (Fig. 4b). Specifically, GP-O
shows higher compressive stress (49.01 MPa) and flexural stress
(5.44 MPa) than the compressive stress (35.11 MPa) and flexural
stress (3.39 MPa) of GP-R, verifying the heating promotion effect
on GP curing. Meanwhile, frontal-cured GP/epoxy composites

show mechanical properties comparable to conventionally (oven)
cured GP/epoxy composites, showing only a 6% reduction in
compressive strength and a 5.2% reduction in flexural strength,
indicating that the frontal curing strategy could provide the
energy necessary for the crosslinking of the epoxy monomer
and the curing of the GP.

In particular, the mechanical behavior of the GP/epoxy-
frontal curing sample (R-1.5/1) and GP-O reference samples
was examined by plotting the representative complete stress–
strain response (Fig. 5c and d). As already demonstrated, the
composite sample shows a higher strength than the neat GP.
More notably, toughening behavior was observed in their
stress–strain curves. The peak stresses of both the compression
and bending curves occur at much higher strains than those in
GP-O. In addition, the compressive stress–strain curve related
to the GP/epoxy-frontal cured sample continuously stepped at a
high stress value after the maximum stress occurred, and the
shape of the flexural stress–strain curve transformed from a
brittle failure mode (linear rise-rapid loss) to a ductile failure
mode (non-linear rise-yield loss). The representative stress–
strain curves of other GP/epoxy specimens are presented in
Fig. S8 and S9.

To further elucidate the toughening mechanism, we further
examined GP/epoxy-frontal cured (R-1.5/1) and GP-O samples in
the single-edge notched bending test to compare the crack
propagation via digital image correlation (DIC) technology
(Fig. 4e). Unlike the GP’s linear crack propagation path, the crack
propagated along a serpentine path in the GP/epoxy-frontal cured
sample. In the GP/epoxy-frontal cured composites with a
co-continuous phase morphology, when the crack reaches a weak
interface, the stress on the crack can easily break the interface,
causing crack deflection. The zigzag crack path inherently elon-
gated the crack, thereby absorbing more energy. In addition to

Fig. 4 Mechanical performance and durability of the composites. (a) Compressive strength and flexural strength of frontal-cured-GP/epoxy with various
G–gel-to-epoxy mass ratios. (b) Comparison of the compressive strength and flexural strength of frontal-cured-GP/epoxy with those of reference
speciemens. (c) Representative compressive stress–strain curves and (d) flexural stress–strain curves of R-1.5/1 compared with those of GP reference
specimens. (e) Diagrams of the transverse strain of GP-O and GP/epoxy-frontal-cured composites at different crack stages. (f) FTIR spectra of R-1.5/1
under different UV exposure durations (blue-coded region CH2 and CH3 peaks, red-coded region CQO peaks, and gray-coded region C–O–C peaks).
(g) Compressive strength evolution of R-1.5/1 with the accelerated UV aging time.
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the crack deflection, another toughness mechanism was the
ductile crazing induced by the epoxy phase. Crazing developed
in front of the crack, leading to micro-void formation. These
voids propagated in a plane normal to the stress stabilized by the
fibrils spanning the crack temporarily. As the crack propagated,
the epoxy fibrils were drawn, crept, and eventually broke down,
absorbing extensive fracture energy (Fig. S10b). These mechan-
isms occurring within the GP/epoxy-frontal curing composites
enhanced the material’s toughness and helped prevent cata-
strophic fracture.

Durability is a critical property for epoxy-based cementitious
materials applied in underwater repair, as they are often
exposed to moisture, large temperature differences, sustained
ultraviolet (UV) radiation, and other harsh environments. There-
fore, it is essential to test the durability of the GP/epoxy-frontal

curing system under these aging conditions. An accelerated UV
aging test was conducted under controlled moisture and cycling
temperature conditions (see Methods for details) to evaluate its
durability. The chemical composition evolution of the GP/epoxy-
frontal curing (R-1.5/1) system under different accelerated-UV
aging durations was investigated by FTIR (Fig. 4f). It is con-
firmed that the consequence of UV exposure under vapor
condensation on epoxy could cause photo-oxidative degrada-
tion, which changed the chemical composition of epoxy by
depleting the aliphatic CH2 and CH3 groups (2911 cm�1 and
2868 cm�1), cleavage of the C–O–C bond (1070 cm�1) and
forming carbonyl ((CQO) groups49–52 (Fig. S11a). However, after
the initial 180 hour aging test, only slight changes in the
chemical groups were observed in the GP/epoxy-frontal curing,
and further accelerated UV aging (360 h and 720 h) did not

Fig. 5 Evaluation of the underwater frontal curing initiated by the calcium oxide cartridge. (a) Photograph of the calcium oxide self-heating cartridge
with an origami-based water-absorbing wick. (b) Heating profiles of calcium cartridges accompanied by the corresponding IR photos at the highest
temperature. (c) Initiability map of cartridges at various initial temperatures for the frontal curing process of R-1.5/1 composition. (d)–(f) Photographs of
the underwater frontal curing process initiated by the 1.4 g-calcium oxide cartridge of GP/epoxy composites with a 1.5 : 1 G–gel-to-epoxy mass ratio. (g)
Underwater macroscopic test of the non-dispersibility of the G–gel/epoxy reactive mixture. (h) Photographs of the single lap joint with underwater
frontal-cured GP/epoxy lifting a weight of 2 kg (red dashed box represents the bonding area). (i) Comparison of the compressive stress of underwater
frontal-cured GP/epoxy with other reported underwater-cured epoxy cementitious composites. (j) Adhesive performance of underwater frontal-cured
GP/epoxy compared with typical commercial underwater repair materials. (k) Seawater resistance performance of GP/epoxy-frontal-cured specimens
(compressive strength retention and mass retention).
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cause any significant additional changes in the intensity of the
characteristic functional groups. The mechanical properties of
the aged GP/epoxy-front curing showed only a slight reduction
during the first 180 hours of aging, with strength decreasing
from 61.01 MPa to 58.17 MPa. After that, the strength stabilized
around 56.00 MPa, retaining approximately 92% of the original
value even after 720 hours of accelerated aging (Fig. 4g). This
excellent durability performance originated from the GP phase
in the co-continuous structure, preventing further aging of the
epoxy, due to its strong Si–O–Al bonds in the compact cross-
linked GP structure (Fig. S11b).

2.5. Underwater frontal curing of GP/epoxy composites

The ability for autonomous frontal curing provides a potential
way for rapid underwater repair. Inspired by self-heating food
packaging and considering the extreme power-limited condi-
tions underwater, we utilized a water-activated self-heating
calcium oxide cartridge (Fig. 5a) to initiate the frontal curing
process underwater. Specifically, the calcium oxide was filled in
a separate cartridge container as an external initiation source,
rather than being incorporated into the GP/epoxy reactive
mixture. The amount of calcium oxide in the self-heating
cartridge determines the initiation temperature and duration,
as illustrated by the temperature profiles recorded after water
activation (Fig. 5b). Based on the DSC analysis of the epoxy
reaction kinetics shown in Fig. 1c and d, a temperature of 80 1C
was set as the starting point of the rapid catalytic reaction of the
epoxy system. Therefore, intervals in which the temperature
exceeds 80 1C are defined as effective initiation intervals (marked
in red in Fig. 5b). The average temperature and duration of this
interval are taken as the effective initiation temperature and
effective initiation time, respectively. Both the initiation tem-
perature and duration increase with the amount of calcium
oxide, while the growth accelerates at 1.1 grams and slows down
at 1.4 grams. The IR images captured at each cartridge’s peak
temperature are presented in Fig. 5b, visualizing the extent of the
exothermic response. To further assess the triggering validity, we
numerically map the ignitability window of the self-heating
cartridge across different calcium oxide amounts at various
initial temperatures. The thermal power density (li) generated
by the polymerization reaction (PR, J m�3 s�1) at the effective
initiation temperature, diffused by thermal transport during the
effective initiation time (PT, J m�3 s�1) and lost via convection
(PC, J m�3 s�1) reveals the development of the initiability of the
cartridges (see Methods and Table S5). When the heat generated
by the epoxy reaction at the initiation temperature exceeds the
diffused and convected-losses (li 4 1), the frontal curing process
is initiated. When heat diffuses away and convects to the
environment faster than the heat generated by polymerization
at the initiation temperature (li o 1), the self-heating cartridge
won’t trigger the frontal curing process. Therefore, li=1 is the
critical value for illustrating the initiability.

According to the ignitability analysis, a 1.4 gram cartridge
was selected to demonstrate the underwater frontal curing
process of GP/epoxy composite with a 1.5 : 1 G–gel-to-epoxy
mass ratio (thermochromic power was incorporated to visualize

the curing front, color changing from black below 35 1C to pink
above 35 1C). Snapshots of the extrusion, initiation, and frontal
curing process from Video S1 are shown in Fig. 5d–f. The
reactive G–gel/epoxy mixture was injected into the channel of the
mold through a syringe (Fig. 5d), followed by the insertion of a
calcium oxide self-heating cartridge (Fig. 5e). Upon manual activa-
tion of the self-heating cartridge, water permeated the cartridge
through the distributing wick and reacted with the calcium oxide
to release heat. A pink reaction front can be observed 8 minutes
after the calcium oxide cartridge comes into contact with water.
Then, the pink reaction front self-propagated with a 0.3 cm min�1

frontal velocity and 88 1C frontal temperature (Fig. 5f). Photo-
graphs of the underwater frontal-cured specimen are shown in Fig.
S12. This demonstration successfully validated the underwater
frontal curing process in confined channel- and joint-type geome-
tries representative of crack repair.

Effective underwater repair requires materials with good
anti-dispersion properties, high structural stability under load
(compressive strength and adhesive strength), and robust sea-
water resistance. Fig. 5g illustrates the favorable underwater
workability of the non-dispersible G–gel/epoxy reactive mixture,
demonstrating that it can be directly deposited on repair
substrates. Macroscopic adhesive tests confirmed that there
was no displacement or separation that occurred at the single
lap joint after hanging a weight of 2 kg underwater (Fig. 5h).
From a comparison of the compressive strength of underwater-
cured epoxy cementitious materials,15,35,53,54 it was clearly
shown that the underwater frontal-cured GP/epoxy materials
exhibit the most rapid strength development and achieve the
highest compressive strength (Fig. 5i). Using the ratio of
compressive strength (MPa) to the curing time (hours) as the
key property indicator (KPI), this work demonstrated more than
30-fold improvement against the alternatives in the underwater
curing. The adhesion strengths of underwater frontal-cured GP/
epoxy were compared with those of typical commercial under-
water glues on steel substrates in Fig. 5j.55 The comprehensive
comparison clearly showed that the adhesive strength in this
work outperformed that of commercial underwater adhesives
on steel. This enhancement is attributed to the formation of Al–
O–Fe chemical bonds at the interface between the GP and the
steel surface.56 Compressive strength and adhesive strength of
underwater frontal-cured GP/epoxy specimens show 20.5% and
22.6% reduction compared to those of ambient frontal-cured
specimens due to the decreased frontal temperature and rapid
cooling in the post-frontal curing process (Fig. S13). However, the
immediate compressive strength (48.3 MPa) and adhesive
strength (5.57 MPa) of GP/epoxy after the underwater frontal
curing process satisfy the standard handling strength (B40 MPa)
and structural repair requirements.15 A seawater corrosion test
was also conducted on frontal-cured GP/epoxy specimens (R-
1.5/1). As illustrated in Fig. 5k, underwater frontal-cured speci-
mens maintain 96.25% of the initial compressive strength and
99.74% of the initial mass after 7 days of immersion in sea-
water (surface morphological changes are shown in Fig. S14).
The frontal-cured GP/epoxy composites exhibited excellent
seawater resistance due to the crosslinked aluminosilicate
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network in the GP phase and their compact co-continuous
phase structure.

3. Conclusions

Frontal curing of aluminosilicate/epoxy composites for under-
water repair has been developed. The formulation of the
aluminosilicate/epoxy composites was optimized to achieve a
co-continuous, interlocking network, resulting in outstanding
mechanical performance, with a front temperature of 88 1C and
a frontal velocity of 0.3 cm min�1. The key property indicator
(KPI), defined by the ratio of minimal operational compressive
strength to the required curing time, outperforms state-of-the-
art performance by 87.4-fold. The resulting composite demon-
strated outstanding seawater resistance, retaining 92% of its
original strength after 720 hours of exposure to UV radiation
and thermal cycling, and exhibiting 99.74% mass retention and
96.25% strength retention after 7 days of seawater exposure.
This research presents a novel aluminosilicate/epoxy composite
as a functional material for rapid and durable deepwater repair,
demonstrating marine environmental stability that meets or
exceeds relevant industry standards.

4. Experimental and methods
4.1. Materials

Metakaolin (MK) was purchased from Engelhard; GGBFS was
provided by Heidelberg Materials; sodium silicate solution
(7.5–8.5% Na2O; 25.5–28.5% SiO2, Supelco), sodium silicate
(for analytical purposes), sodium hydroxide (reagent grade,
Z98%), m-xylylenediamine (m-XDA) (99%), 3-(trimethoxysilyl)-
propylamine (APTMS) (99%), 1-methylimidazole (IM) (99%)
2,4,6-tris(dimethylaminomethyl)phenol (DMP30) (95%), and
4-(dimethylamino)pyridine (DMAP) (99%) were purchased from
Sigma; hydrophobic fumed silica was supplied by Applied
Materials Solution. Epoxy (ERISY GE-60) was purchased from
Azelis (an aliphatic tetrafunctional epoxy resin with an epoxy
equivalent weight of about 178 g eq.�1 and a viscosity of 8000–
18 000 mPa�s at 25 1C). The thermochromic pigment was
purchased from Atlanta Chemical Engineering.

4.2. Preparation of the G–gel/epoxy mixture

The optimized sample R-1.5/1 is taken as an example. To
prepare the G–gel/epoxy mixture, an alkaline activator was first
prepared 1 day before use by mixing sodium silicate solution
(100 g) with sodium silicate (8 g) and sodium hydroxide (9 g)
using a mechanical mixer (Benchmark IPS2050-20) at 300 rpm.
Metakaolin (67.5 g) and GGBFS (22.5 g) were added to the
prepared alkaline activator, followed by 5 minute mixing at
300 rpm to form the G–gel. At the same time, epoxy (116 g) and
m-XDA (22 g) (1 : 1 stoichiometric ratio) and 4 wt% imidazole
(4.84 g) relative to epoxy were also pre-mixed for 1 min by
mechanical stirring at 500 rpm. After that, the epoxy mixture
and G–gel were mixed for 3 min at 500 rpm, followed by adding
1 wt% fumed silica relative to the total weight of the mixture

and mixing for another 3 min at 500 rpm in an ice bath. Finally,
the mixture was degassed on a vibratory platform for 10 min to
remove trapped air and ensure homogeneity and then stored
immediately in ice for future use.

For the G–gel/epoxy mixture used to demonstrate under-
water frontal curing, a thermochromic powder (1 wt% relative
to the epoxy) was incorporated by mechanical mixing at
500 rpm for 3 min prior to degassing to visualize the movement
of the reaction front.

4.3. Frontal curing of GP/epoxy composite implementation

For the ambient frontal curing process, after the G–gel/epoxy
mixture was prepared, the material was cast using a syringe
into a silicone mold (15 m � 20 mm � 70 mm). Then, a
constant temperature heating element (90 1C) was inserted into
one side of the mixture to initiate the frontal curing process.
The frontal temperature evolution of the ambient frontal curing
process was recorded on an infrared thermal camera (FLIR A325sc).
After 3 minutes of initiation, the reaction front can be noticed by the
self-propagation of the bright glowing front via thermographic
visualization. For the underwater frontal curing process, the calcium
oxide self-heating cartridge was used for initiation. The temperature
evolution was recorded using embedded thermal sensors.

GP-R was prepared by casting the G–gel in a mold and then
sealing it for curing at room temperature for 28 days. GP-O
samples were cured in an oven, following the room temperature –
one day and 80 1C – 28 days curing steps. GP/epoxy-oven was
cured in the oven at 80 1C for 24 hours. GP/epoxy-frontal was
cured by the ambient frontal curing process.

4.4. Finite element simulation

The numerical modeling was conducted using COMSOL Multi-
physics 6.0, a finite element analysis platform, to simulate the
self-sustaining frontal curing process. Geopolymerization is
relatively weakly exothermic compared with the rapid heat
release of epoxy polymerization over short timescales. In
addition, at the optimized formulation, GGBFS introduces a
water-evaporation confinement effect. Under these conditions,
frontal initiation and propagation of the G–gel/epoxy mixture
can be described by a model that couples the heat-exchange
eqn (1) with the epoxy cure-kinetics eqn (2) as follows:

kr2T þ ð1� fÞrHr
@a
@t
¼ rCp

@T

@t
(1)

@a
@t
ða;TÞ ¼ Að1� aÞnam exp

�Ea

RT

� �
(2)

where k is the thermal conductivity (W m�1 K�1), rT is the
temperature gradient (K m�1), Cp is the heat capacity
(J kg�1 K�1), r is the density (kg m�3), Hr is the total enthalpy
of the epoxy reaction (J g�1), T is the temperature (Kelvin), and
f denotes the volume fraction of the G–gel. In eqn (2), A is the
pre-exponential factor (s�1), Ea is the activation energy
(J mol�1), and R is the universal gas constant (=8.314 J mol�1 K�1),
a is the related degree of cure of epoxy at time t. n and m are the
two exponents entering the Prout–Tompkins model. The cure
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kinetics parameters A, Ea, n, and m are found by the nonlinear
fitting of curing data extracted from dynamic DSC tests
(Table S3).

Assuming that the G–gel/epoxy mixture is a homogeneous
system, the Cp, k, and r can be estimated using the rule of
mixtures, as follows:

Cp = Cp,E(1 � f) + Cp,Gf, k = kE(1 � f) + kGf, r = rE(1 � f) + rGf
(3)

where subscripts E and G represent epoxy and the G–gel.
The values and sources of the constants used in the equation

in the COMSOL software are listed in Table S3. The thermal
conductivity and heat capacity of the G–gel were measured by
Hot Disc thermal conductivity analysis. The densities of the
epoxy and G–gel were measured from a standard sample by
taking the mass divided by the volume of the sample.

Assuming that all the heat released during polymerization is
used for front propagation, we define the maximum tempera-
ture (Tmax) associated with the front as:

Tmax ¼ T0 þ ð1� fÞð1� a0Þ
Hr

Cp
(4)

The ratio of power densities for stability (lf) was computed
as follows:

lf ¼
PR

PT þ PC
¼ rð1� fÞHrAe

�Ea=ðRTÞ

k
T

Lf
2
þ h

P

S
Tmax � T0ð Þ

(5)

where T0 (K) is the initial temperature, T (K) is the average of
the initial and maximum temperatures, h (W m�2 K�1) is the
heat transfer coefficient, Lf (m) is the width of the thermal
front, and P (m) and S (m2) denote the perimeter and the area of
the channel’s cross-section, respectively.

The ratio of power densities for initiability (li) was com-
puted as follows:

li ¼
PR

PT þ PC
¼ rð1� fÞHrAe

�Ea=ðRT 0Þ

k
T 0

Ld
2
þ h

P

S
Ti � T0ð Þ

(6)

Ld ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kti
�
rCp

q
(7)

where Ti (K) is the effective initiation temperature, T0 (K) is the
average of the initial and effective initiation temperature, ti (s)
is the effective initiation time, and Ld (m) is the thermal
diffusion length.57

4.5. Characterization techniques

4.5.1. Heat of reaction. Differential scanning calorimetry
(DSC) measurements were employed on a DSC (Q20, TA Instru-
ments) equipped with a CFL-50 cooling system. The measure-
ments were performed in the temperature range 25–260 1C, at a
ramping rate of 20 K min�1 with a nitrogen flow rate of
50 mL min�1.

4.5.2. Setting time of the GP. Vicat needle measurements
were performed to evaluate the temperature effect on the initial

setting time and final setting time of the GP according to
ASTM C191.

4.6. Characteristics of the frontal behavior

The front temperature and velocity of ambient-frontal curing
were calculated from infrared recordings that comprise a time-
resolved thermal map at a frame rate of 27 Hz. The front
temperature and velocity of underwater-frontal curing were
calculated from the time-resolved temperature profile recorded
using thermal sensors.

4.7. Microstructure characterization

An Olympus BX51 fluorescence microscope and scanning elec-
tron microscope (JEOL JSM-7500F) at an accelerating voltage of
20 kV was used to perform phase morphology and microstruc-
ture analysis. The X-ray diffraction (XRD) spectra of the samples
were recorded on a Bruker D8 Discover diffractometer at a
voltage of 40 kV and a current of 40 mA with CuKa (l: 1.5418 Å)
radiation at room temperature from 101 to 701. The chemical
composition and group changes of the samples were analyzed
by scanning in the wavelength range of 400–4000 cm�1 via
Fourier-transform infrared spectroscopy (FTIR) using a Bruker
Alpha-Platinum spectrometer.

4.8. Mechanical testing

The compression test, flexural test, and the lap shear strength
test were carried out using an MTS test machine with 30 KN
load cells. Compressive strength tests of GP-R, GP-O, GP/epoxy-
oven, and GP/epoxy-frontal curing samples with dimensions of
15 mm � 15 mm � 20 mm were carried out according to ASTM
C109. The loading rate was set to 2 mm min�1 with a preload
force of 0.5 N. For flexural testing, samples with dimensions of
10 mm � 10 mm � 45 mm were evaluated according to ASTM
C293 M-10. The loading rate was 1 mm min�1. L-304 stainless
steel was used as the substrate for the lap shear strength test
(ASTM D1002). Before the test, the surface of the adhesive
region was abraded with 120 grit sandpaper. The specimens
with a bonding thickness of 2 mm were prepared for the
lap shear strength test. The loading rate was chosen to be
1 mm min�1. Each group had at least three specimens.

For underwater frontal-cured lap shear specimen prepara-
tion, the reactive mixture was directly deposited on the steel
plate underwater to make the single lap joint. Then, a heating
element with constant temperature (90 1C) was used to heat the
top side of the joint for 3 min to simulate the initiation of the
calcium oxide heating cartridge.

4.9. Digital image correlation (DIC) test

Digital Image Correlation technology was adopted for monitor-
ing and quantifying the crack deformation during the single
notched three-point bending test according to ASTM D5045-99.
For DIC analysis, a random speckle pattern was created by
spraying black matte paint on the white-painted surface of the
GP and frontal-cured GP/epoxy specimens (35 mm � 35 mm �
125 mm). Fig. S9 shows the equipment and specimens used for
the DIC test. The loading rate for the three-point bending test
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was 0.2 mm min�1 to control the shooting time of a digital
camera (Canon EOS 77D).

4.10. Accelerated UV aging test

The accelerated UV aging test of frontal-cured GP/epoxy speci-
mens, combining the actions of UV radiation, vapor condensa-
tion, and thermal cycling, was performed in a UV light
accelerated aging test chamber (SB-UVA 340 nm). A UV aging
period of 720 h was employed, alternating the cycles of UVA
radiation (8 h) at 60 1C of 0.9 W m�2 and water condensation
(4 h) at 50 1C. Tests were conducted according to ASTM G 154-00a.
The compressive properties and FTIR spectra of the samples were
recorded at 180 h, 360 h, and 720 h.

4.11. Seawater resistance

The mass loss and compressive strength loss of frontal-cured
cylindrical specimens (+ 17 mm � 20 mm) after 7 day
immersion in artificial seawater were measured to assess the
resistance against seawater attack. Artificial seawater was fab-
ricated according to the standard ASTM D1141.
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