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Geopolymers (GPs) are inorganic binders synthesised from reactive
aluminosilicate materials such as metakaolin, fy ash, and blast furnace
slag, using strongly alkaline solutions at room temperature. They are more
environmentally friendly than Portland cement and exhibit high hardness,
weathering resistance, thermal stability, and precise mouldability. These
properties make them suitable for additive manufacturing (AM) and specialised
underwater applications, such as encapsulating hazardous substances or
stabilising corroding shipwrecks. This study investigates the compressive
strength of metakaolin-based GP reinforced with recycled carbon fbres,
comparing performance in diferent water environments over time. Samples
were produced by mould casting in air, manual underwater extrusion, and
AM via material extrusion with chemical reaction bonding (MEX-CRB) in air.
The 3D-printed and mould-cast samples produced in air were stored for up
to 3 months in diferent water environments with varying salt and mineral
contents to assess durability, mechanical performance, and environmental
impact at defned intervals. For manually printed underwater specimens, the
storage period was extended to almost 6 months, with only conducted in
tap water conditions. Mould-cast specimens in air reached 050 MPa, while
MEX-CRB samples achieved 020 MPa; after 3 months in salt water, mould-cast
samples retained 030 MPa, whereas printed ones remained below 20 MPa.
Manually printed underwater samples increased from 08 MPa at casting
to 014—15 MPa by week 4 before stabilizing. Microstructural observations
showed crack-bridging by fbres, with random orientation in cast samples
improving isotropic strength, while fbre alignment and higher porosity in
printed samples limited performance. The water analysis results underscore
the environmentally friendly potential of GPs in reducing environmental risks
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and developing sustainable methods for underwater construction and hazard

prevention.
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1 Introduction
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2 Materials and methods
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2.1 Preparation of geopolymer
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TABLE 1 Mixture design of the Geopolymer.

Component NaOH (16M)
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Silica

Graphite

Anhydrite Alginate
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FIGURE 1
(a) Printing setup for MEX-CRB, (b) detailed view of the extruding process.

TABLE 2 Printing process parameters for MEX-CRB.

Process parameters Values
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2.3 Testing of mechanical properties
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FIGURE 2
(a) Geopolymer printed in tab water and (b) casted in air after demoulding.

TABLE 3 Summary of experimental conditions, testing, and specimen details.

Manufacturing Environmental Storage Age at testing | No. of Test standard  Specimen
type cure condition specimens dimensions
conditions
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3 Results and discussion
3.1 Compressive strength
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FIGURE 3

Compressive strength for diferent storage conditions to compare mould-cast and 3D printed samples.
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FIGURE 4
Physical and dimensional changes of the test specimens after water exposure: (a) mass, (b) density, (c) width, and (d) height.

FIGURE 5
Compressive strength up to 3 months for manually printed by syringe underwater.
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FIGURE 6

Microscope image, 20x magnifcation, comparison of the pores of (a) moulded and (b) printed samples before compression test.
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FIGURE 7
Microscope image, 30x magnifcation, faking and fracture pattern of
the sample moulded in air after compression test.
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FIGURE 8
Microscope image, 30x magnifcation, fracture behaviour of specimens produced with MEX-CRB, (a) fracture parallel to force direction and

perpendicular to layer interfaces, illustrating carbon fbres aligned along the extrusion path inside the crack and (b) crack propagation parallel to layer
interfaces and within the printed layers.

FIGURE 9
Force—displacement responses of geopolymer specimens in (a) air, (b) deionized water, (c) lake water, and (d) salt water. Curves are shown for
mould-cast and 3D-printed samples at baseline (air only), after 1 month, and after 3 months of storage.
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FIGURE 10

Water analysis from deionized water at day zero and after one and 3 months, (a) MEX-CRB and (b) moulded.

FIGURE 11

Water analysis from lake water at day zero and after one and 3 months, (a) MEX-CRB and (b) moulded.
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FIGURE 12

Water analysis from salt water at day zero and after one and 3 months, (a) MEX-CRB and (b) moulded.
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