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ABSTRACT: Underwater adhesives serve as essential functional materials with extensive applications in underwater
robotic operations, submarine pipeline installation and maintenance, maritime defense projects, and marine engi-
neering infrastructure. However, the construction of robust and reliable underwater bonding interfaces is severely
constrained by substrate surface hydration layers and limited interfacial interaction strength, which has become
a core bottleneck restricting the development of high-performance underwater adhesives. Herein, we use in situ
polymerization and particle reinforcement to enhance adhesion strength: An underwater adhesive is prepared by
reacting bis(3-aminopropyl)-terminated polydimethylsiloxane with hexamethylene diisocyanate in the presence of
Ca(OH)2, which acts as a precursor of reinforcing CaCO3 particles. Such particle reinforcement effectively hinders
crack propagation and enhances structural integrity, which can significantly enhance the bonding strength. The
adhesive is fully underwater-curable, demonstrates strong reliable adhesion to diverse substrates including iron,
glass, polyethylene terephthalate (PET), and polytetrafluoroethylene (PTFE), and complies with general application
requirements. Among the tested substrates, polyethylene terephthalate is bonded most strongly, with its maximum
underwater adhesion strength reaching 817 kPa. Furthermore, Rheological characterizations validate its favorable
processing stability and tunable viscoelastic properties. Thus, this work provides important theoretical and practical
insights for the development of high-performance underwater adhesives, and exhibits promising application prospects
in marine engineering and underwater equipment fields.
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1 Introduction

Underwater adhesives have a broad application scope exemplified by their frequent use in the fixation
and maintenance of underwater robots, submarine pipelines, and underwater ships [1–4] and rely on
electrostatic and van der Waals forces, hydrophobic interactions, metal coordination, hydrogen bonds, and
other interactions [5–8]. In underwater settings, molecular-level adhesive–substrate bridging is hindered
by the formation of a hydration layer on the substrate surface [3,9,10]. Hence, the elimination of this layer
is important for underwater adhesive design.

The problem of hydration layer formation can be addressed in numerous ways, e.g., dopamine-
containing molecules were used to simulate the natural underwater adhesion mechanism of mussels and
thus develop high-performance underwater adhesives [6,11–14]. Inspired by starfish tube feet, researchers
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from Seoul National University of Science and Technology developed a temporary adhesive with underwater
robot–like functions, e.g., underwater rock manipulation [15]. The introduction of hydrophobic alkyl
or fluorocarbon groups into the polymer chains of adhesives was reported to markedly enhance their
hydrophobicity and thus hinder adhesion interface–water contact and increase adhesion strength [16–18].
Polymers can also be grafted with functional groups absorbing some water molecules to react underwater
while repelling others [3]. Such polymers avoid hydration layer–related limitations and engage in various
interactions (e.g., covalent and hydrogen bonding, hydrophobic interactions, and metal coordination) with
substrates, achieving stable and strong underwater adhesion.

However, current underwater adhesives suffer from high cost, insufficient adhesion strength, and/or
preparation difficulty. To address these problems, we herein prepare a low-cost high-strength underwater
adhesive by reacting bis(3-aminopropyl)-terminated polydimethylsiloxane (PDMS) with hexamethylene
diisocyanate (HDI) in the presence of Ca(OH)2. The materials employed for the adhesive preparation are
commonly and cheap chemical commodities. Their costs are substantially lower than those of biologically
extracted or bioinspired materials typically employed in underwater adhesives. In addition, this adhesive is
fully curable inwater and strongly and stably adheres to numerous substrates in underwater settings, exploiting
the synergistic combination of physical forces (e.g., covalent crosslinking and hydrogen bonding) and particle
reinforcement [19]. The results of adhesion performance tests and rheological property analyses provide
theoretical and practical guidance for further research on underwater adhesives for engineering applications.

Statement of Novelty

This study successfully developed a novel underwater adhesive by facilitating the reaction between
bis(3-aminopropyl) terminated polydimethylsiloxane (PDMS) and hexamethylene diisocyanate (HDI), while
incorporating Ca(OH)2 to generate particles during the adhesive preparation process, thereby achieving
particle reinforcement. During the preparation of this adhesive, Ca(OH)2 will react with the CO2 produced
in the reaction to form CaCO3 particles, enhancing the adhesion strength of the adhesive. This adhesive can
be fully cured underwater and demonstrates excellent adhesion ability. This study explored the possibility
of using in-situ polymerization and particle reinforcement to enhance the adhesion strength of adhesives,
providing important insights that are both practical and theoretically significant for the future development
of underwater adhesives with stronger adhesion performance.

2 Materials and Methods

2.1 Materials

HDI (99%) was purchased from Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai, China).
Bis(3-aminopropyl)-terminated PDMS (Mw ≈ 3000) was purchased from Gelest, Inc. (Morrisville, USA).
Tetrahydrofuran (THF, 99.5%) was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
All reagents were used as received without further purification.

2.2 Preparation of the Adhesive

First, 0.1056 g of Ca(OH)2 was completely dissolved in 3.5 g of THF. Then, 5 g PDMS (1.67 mmol) were
added to the Ca(OH)2/THF solution. After that, 0.28 g HDI (1.67 mmol) was dropwise added in the mixture,
followed by 30 min of ultrasonication. Unless otherwise stated, the molar ratios of amine to isocyanate is 1:1.
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2.3 Rheological Analysis

Changes in viscosity and storage and loss moduli (G′ and G′′, respectively) during the reaction between
PDMS and HDI were monitored using a rheometer (MCR302, Anton Paar). Unless otherwise stated, the
measurements were performed at room temperature (25◦C).

2.4 Underwater Adhesion Tests

Underwater adhesion performance was probed using a universal testing machine (model ZLC-2D, Jinan
XL Testing Machinery Co., Ltd., China) equipped with a 2.5 kN load cell at a loading rate of 50 mm min−1.
Iron, glass, polyethylene terephthalate (PET), and polytetrafluoroethylene (PTFE) were used as substrates.
Prior to testing, the adhesive (0.05 mL) was injected into a cylinder in a custom-built water-filled tank,
immediately pressed with a 15 mm–diameter rod (normal load = 5 N), held for 20 s, and used to bond
samples underwater. The bonded samples were cured in water at room temperature for 24 h and then
subjected to tensile and lap shear adhesion tests. For lap shear tests, rectangular specimens with dimensions
of 12 mm × 50 mm were used (contact area = 12 mm × 12 mm). For tensile tests, cylinders with the diameter
of 15 mm (contact area = 176.7 mm2) were used. All tests were performed in triplicate to ensure repeatability,
and the results were reported as the corresponding means ± standard deviations.

3 Results and Discussion

3.1 Adhesive: Preparation and Adhesion Mechanism

The isocyanate (–N=C=O) groups of HDI reacted with the amino groups (–NH2) of bis(3-aminopropyl)-
terminated PDMS to form a polymeric adhesive, which had a white gel-like appearance due to the action
of THF and Ca(OH)2 (Fig. 1a). The residual isocyanate groups in the adhesive reacted with the hydroxyl
(–OH) groups of water molecules adsorbed on the substrate to form R–NH– and R–NH–COO– structures
thereon in two steps (Fig. 1b) [20–23].

R-N=C=O + H2O → R-NH2 + CO2 (1)

R-NH2 + substrate-OH → R-NH-substrate + H2O (2)

The two-step reaction proceeds continuously and concurrently. In the first step (Eq. (1)), the isocyanate
groups reacted with water to form –NH2 groups and CO2 [22]. In the second step, the thus generated –NH2
groups reacted with surface hydroxyl groups to form R–NH– linkages with the substrate (Eq. (2)).

In addition, isocyanate groups reacted with surface hydroxyl groups to form R–NH–COO– linkages
with the substrate (Fig. 1b, Eq. (3)) [22]:

R-N=C=O + substrate-OH → R-NH-COO-substrate (3)

Particle reinforcement can markedly enhance adhesion strength [11]. Herein, Ca(OH)2 reacted with the
CO2 generated according to Eq. (1) to form CaCO3 particles (Eq. (4)), which exerted reinforcement effects
(e.g., enhanced adhesion strength by hindering dislocation movement and altering crack propagation paths).

Ca(OH)2 + CO2 → CaCO3 + H2O (4)
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Adhesive–substrate interactions included hydrogen bonding and chemical crosslinking and were
expected to be substrate-dependent. For silicon-containing substrates such as glass and ceramics, –NH–
COO–Si linkages may form on the surface [20], and structures such as –NH–COO–Fe, –N=Fe and –NH–Fe
may form in the case of iron (Fig. 1c) [20,24]. In addition, other physical interaction may also formed, which
is mainly dependent on the substrates. For example, the remaining –NH–, –NH2, and C=O functional groups
in the adhesive can form hydrogen bonds with the substrate surface to enhance adhesion strength [25].
As for the metal substrate like iron, –NH2 can form metal complexation at the interface. The fluorine atoms
of fluorinated substrates such as PTFE may interact with the hydrogen atoms in the adhesive and thus
contribute to bonding van der Waals interactions.

Figure 1: Schematics of (a) adhesive preparation, (b) adhesive–substrate linkage formation, and (c) possible interac-
tions at the adhesive-substrate interface.

3.2 Underwater Adhesion Performance

The adhesive and rapidly cured when applied to different substrates. Once cured, the adhesive strongly
adhered to glass and remained unchanged upon exposure to running water for 60 s (Fig. 2a). The adhesive
demonstrated excellent adhesion to iron, silicone, glass, PET, PTFE, and copper (Fig. 2b) and rapidly.
It appeared white under ambient conditions (Fig. 2c) and strongly bonded two pieces of iron when applied
underwater (Fig. 2d).
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Figure 2: Illustrations showing (a) the impact of water flow on the glass-bonded adhesive, (b) the ability of the
adhesive to adhere to different substrates, (c) the appearance of the adhesive under ambient conditions, (d) two iron
substrates bonded together using the adhesive. The scale bar is 10 mm.

3.3 Evolution of Shear Stress and Viscosity during Adhesive Preparation

During the preparation of the adhesive, its shear stress and viscosity showed complex behavior (Fig. 3a).
Both parameters increased during 0–2 s because of the effects of mixing HDI (a small-molecule monomer)
with PDMS (a high-viscosity polymer). After mixing, PDMS was the main contributor to the initial viscosity
because of its molecular size and polarity differing from those of HDI. The resulting phase separation
caused high internal frictional resistance and hence, high shear stress.

Shear stress and viscosity rapidly decreased during 2–10 s, stabilizing during 10–73 s. The corresponding
minima (37.759 Pa and 37.763 mPa s, respectively) were reached at ~41 s. This behavior was ascribed to
the diffusion of HDI into PDMS. The small HDI molecules inserted between the macromolecular chains
of PDMS, reducing their entanglement and internal friction and thereby decreasing system viscosity and
shear stress. During this process, the reactive groups were in full contact with each other, which set the
scene for the rapid subsequent increase in shear stress and viscosity due to polymerization.

After 73 s, the shear stress and viscosity rapidly increased and then stabilized, which reflected the
solidification caused by the isocyanate groups of HDI extensively reacting with the hydroxyl groups of
PDMS. G′ and G′′ remained almost unchanged during the preparation of the adhesive, which indicated
that the adhesive was highly stable and could provide reliable adhesion in a constant environment (Fig. 3b).
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Figure 3: Evolution of (a) shear stress and viscosity and (b) storage and loss moduli (G′ and G′′, respectively) during
adhesive preparation at room temperature (25◦C).

3.4 Effects of Various Factors on G′ and G′′

We examined the responses of G′ and G′′ to heating from 25◦C to 100◦C (Fig. 4a), cooling from 100◦C
to 25◦C (Fig. 4b), an increase in shear strain (Fig. 4c), and an increase in frequency (Fig. 4d). G′ and G′′

decreased upon heating and increased upon cooling (Fig. 4a,b). At room temperature, G′ exceeded G′′,
whereas the reverse was true at high temperature (100◦C). Therefore, heating led to adhesion weakening [26].
As underwater adhesives are largely applied at temperatures below 100◦C, the developed adhesive was
concluded to be practically applicable.

Fig. 4a,b has demonstrated the thermal-responsive behavior of the adhesive. At 25◦C, the values of
G′ and G′′ were extremely large (105~106 Pa), which is not suitable for strain and frequency-dependent
measurements. Therefore, the strain and frequency-dependent measurements were performed at 65◦C.
Fig. 4c shows that G′ and G′′ hardly changed at shear strains below 10.8% but notably decreased above
this threshold. Therefore, our adhesive exhibited strong and stable adhesion at small shear strains and was
deemed suitable for low-shear-strain applications. G′ and G′′ increased with the increasing frequency in
the range of 0.1–100 Hz (Fig. 4d). At high frequencies (>10 Hz), G′ and G′′ were high. At low frequencies
(<1 Hz), G′ and G′′, particularly the latter, notably decreased. Therefore, our adhesive was deemed more
suitable for environments with high frequencies.

Figure 4: Cont.
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Figure 4: G′ and G′′ as functions of (a,b) temperature [(a) heating from 25◦C to 100◦C, (b) cooling from 100◦C to
25◦C], (c) shear strain at 65◦C, and (d) frequencies at 65◦C.

3.5 Underwater Lap Shear Adhesion Test

Fig. 5a shows the setup used for lap-shear tests. Adhesion strength–displacement curves revealed that
the maximum adhesion strength and adhesion strength increase rate were material-dependent (Fig. 5b).
Specifically, the adhesion strength increase rate followed the order of iron > PET > glass > PTFE. The
maximum adhesion strength followed the same order: iron (548 ± 44 kPa) > PET (421 ± 146 kPa) > glass
(260 ± 28 kPa) > PTFE (118 ± 43 kPa) (Fig. 5c). The low maximum adhesion strength observed for PTFE
was ascribed to its very low surface energy and capillary force coupled with high chemical inertness [27].
The imaging of debonded iron (Fig. 5d) and glass (Fig. 5e) samples showed that failure expectedly occurred
in the adhesive and not at the adhesive–substrate interface.

Figure 5: (a) Schematic of the lap shear test. (b) Adhesion strength–displacement curves and (c) maximum adhesion
strengths obtained for different substrates. Images showing the adhesion failure modes of (d) iron and (e) glass.
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3.6 Underwater Tensile Adhesion Test

Fig. 6a illustrates the setup used for tensile testing, with Fig. 6b,c showing the corresponding adhesion
strength–displacement curves and maximum tensile strengths, respectively. The maximum tensile strength
followed the order of PET (638 ± 158 kPa) > glass (416 ± 38 kPa) > iron (401 ± 24 kPa) > PTFE (227 ± 86 kPa).
Notably, the shear strength exceeded the tensile strength for iron, whereas the reverse was true for the other
substrates. This behavior was ascribed to the high rigidity of iron, which caused the adhesive to experience
an uneven force. The high tensile adhesion strength of PET was mostly consistent with the results of
the lap shear test and ascribed to the ability of this material to form numerous hydrogen bonds with the
adhesive [28]. Notably, our adhesive (maximum adhesion strength = 817 kPa for PET) outperformed its
recently reported counterparts [29–32] and was therefore deemed suitable for engineering applications.

Figure 6: (a) Schematic of the tensile performance test. (b) Adhesion strength–displacement curves and (c) maximum
adhesion strengths of various substrates.

4 Conclusion

A cheap high-performance underwater adhesive was prepared by a simple process involving the
polymerization of bis(3-aminopropyl)-terminated PDMS with HDI in the presence of Ca(OH)2. Ca(OH)2 was
used to generate particles and thus reinforce the adhesive and increase adhesion strength. After underwater
curing, the adhesive exhibited strong and stable adhesion to various substrates (iron, glass, PET, and PTFE)
because of the synergistic effects of particle reinforcement and interactions such as chemical crosslinking
and hydrogen bonding. The maximum underwater adhesion strength was achieved for PET (817 kPa) and
was sufficient to meet general application requirements. In the future, we will examine the mechanism of
underwater adhesion in greater detail and develop more advanced and economical adhesives.
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