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Abstract

Integrating rapid-curing mechanisms into the 3D printing of structures offers significant
potential to accelerate printing speeds and enhance the mechanical performance. Precise control
over curing kinetics is essential to better utilize material flowability during extrusion and ensure
adequate solidification after deposition, thereby minimizing deformation and improving layer sta-
bility. This study investigates the impact of material curing on the stability and deformation of
printed layers using both experiments and computational fluid dynamics (CFD) simulations. A
generalized Newtonian model is developed to simulate the rapid buildup of yield stress during the
printing process. Simulation results demonstrate good agreement with the experiments, validating
the CFD models. Furthermore, the model explains how to control the deformation of the deposited
layers as curing progresses over time, providing a new tool to estimate the adequate curing kinetics
of the material before printing the next layer on top.
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Introduction

3D printing for structural applications has rapidly evolved beyond traditional cement-
based systems, with geopolymer printing emerging as a more sustainable alternative [1]. Geopoly-
mers are inorganic ceramic-like materials synthesized from sources of aluminosilicate, often in-
dustrial by-products or natural minerals, activated by an alkaline solution [2, 3]. Their advantages
include rapid setting, high early and long-term mechanical strength, and excellent chemical and
thermal resistance, making them a low-carbon substitute for Portland cement.

Metakaolin-based geopolymers are particularly promising for 3D printing applications
due to their controllable rheology, fast development of early-age strength, and reduced environ-
mental footprint. Metakaolin is produced by calcining kaolinite clay at 450 - 650°C, converting
it into an amorphous and highly reactive material rich in SiO; and Al,O;3 [4]. When mixed with
a concentrated alkaline activator, typically sodium hydroxide, metakaolin releases soluble silicate
and aluminate species that undergo condensation into an aluminosilicate gel. This process initially
forms an Al-rich gel, which gradually transitions into a denser Si-rich phase, enhancing structural
stability and mechanical performance [2]. The curing kinetics of metakaolin-based geopolymers



have been studied (e.g., [5]); however, their effect on printability remains relatively unexplored,
particularly with regard to achieving uniform layer geometry and minimizing deformation. In par-
ticular, understanding how the material dynamically develops its rheological properties during 3D
printing may offer potential to improve layer stability during printing.

The computational fluid dynamics (CFD) modeling has proven useful for simulating the
extrusion-deposition behavior of fresh material and for assessing layer stability and deformation.
Mollah et al. [6] investigated the deformation and stability of multi-layer printing using viscoplastic
materials under wet-on-wet conditions, where deposition occurs within the material’s open time
and without significant changes in rheological properties. Additionally, yield stress buildup due to
curing, relevant in wet-on-semisolid printing scenarios, has been shown to reduce deformation and
improve surface roughness [7-9].

In this study, we investigate both wet-on-wet and wet-on-semisolid 3D printing of metakaolin-
based geopolymers through a combination of experiments and CFD simulations. The printability of
metakaolin mixtures under wet-on-wet conditions is first assessed experimentally. Subsequently,
wet-on-semisolid printing is performed by incorporating controlled curing of the bottom layer be-
fore depositing the next layer on top. Both printing scenarios are compared with one another based
on experiments and simulation results.

Methodology

Material and 3D Printing

The geopolymer used for 3D printing was formulated using metakaolin and an alkaline
activation solution. The activation solution comprised 8 molar sodium hydroxide and sodium sili-
cate with a mass ratio of 2:15 [10, 11]. The sodium hydroxide was supplied by INOVYN, and the
sodium silicate was obtained from S. Sgrensen (Denmark). The metakaolin used in the experiments
was sourced from BASF Chemicals (METAMAX), with a surface area of 13.49 m?/g and a mean
particle size of 4.56 um. The activator-to-metakaolin mass ratio used in this study ranged from 1.4
to 1.9.

The rheological properties and setting behavior of the paste are influenced by the activa-
tor amount and curing conditions. While adequate sodium hydroxide content promotes effective
dissolution and gel formation, excessive amounts may lead to premature setting, shrinkage, or
cracking. Similarly, elevated temperatures accelerate curing kinetics and therefore require careful
control to avoid premature solidification.

The rheological behavior of the geopolymer pastes was characterized using an Anton Paar
MCR302e rotational rheometer based on a pre-defined experimental protocol. Each measurement
began with a 30-second pre-shearing phase consisting of a strain oscillation at a frequency of 1 Hz
and 50% of the shear strain. This was followed by a stepwise shear rate ramp from 0.1s 1to30s !
(ramp-up) and back down (ramp-down), under isothermal conditions at 25°C. The isothermal tests
were followed by the ones that included the change in temperature to simulate the accelerated
curing of the material. In that case, the material was heated to 50°C for two minutes inside the
rheometer, then cooled to 25°C before following the same protocol as the fresh material described
above.



The tests showed a clear hysteresis between the ramp-up and ramp-down shear curves,
meaning that the measured shear stress at a given shear rate differed depending on whether the shear
rate was increasing or decreasing. This behavior is typically associated with structural changes or
time-dependent effects in the material during shearing. Among the two, the ramp-down data were
found to be more consistent and reproducible. Therefore, only the ramp-down measurements were
used to fit the Bingham model in the shear rate range of 4 to 13.2's 1, which corresponds to shear
conditions relevant for 3D printing. The Bingham model is expressed as:

where, o is the yield stress, |, is the plastic viscosity, and _ is the shear rate.

Table 1: Fitted Bingham parameters from shear rates in the range of 4 to 13.2 s~!, including corresponding densities
of the mixtures.

Ratio A/B (curing) Viscosity ,[Pas] Yield Stress o[Pa] Density [kg/m®]

1.65 0.4746 41.69 1630.50
1.65 (cured) 0.6252 47.34 1630.50
1.7 0.3374 32.40 1626.25
1.7 (cured) 0.4437 34.80 1626.25
1.8 0.2073 25.98 1612.07
1.8 (cured) 0.2317 28.15 1612.07

The first experiment examined the printability of mixtures with varying activator-to-
metakaolin (A/B) ratios ranging from 1.4 to 1.9. A single layer of each mixture was printed on
top of a polymethyl methacrylate build plate using a 20 4 mm? rectangular nozzle. The width
and height of the printed strands were measured immediately after deposition using a camera sys-
tem. Visual inspection was performed to identify surface defects such as porosity or the shark-skin
effect [2]. The goal was to identify the printability window, the range of mixture ratios yielding
stable strands. The printing setup and an example patterning of the metakaolin-based geopolymer
are presented in Figurel-a.

The next set of experiments investigated layer-to-layer interactions using a wet-on-semisolid
printing approach. Two sub-tests were conducted: one with a wet-on-wet method (layers printed
sequentially without delay), and another with a short curing step applied to the first layer (2 min-
utes at 50°C) before depositing the second. This allowed evaluation of the mechanical response
and deformation resistance of the lower layer under different curing conditions. The aim was to
assess whether and to what extent the pre-curing improves structural stability during multi-layer
printing.

Computational Fluid Dynamics Model

The CFD model simulates the extrusion-deposition flow of a metakaolin-based geopoly-
mer. Figure 1-b presents the model geometry, the computational domain, and an example of a sim-
ulated case. The computational domain consists of a simplified representation of the experimental
setup, including a rectangular nozzle and a flat substrate. The nozzle has an internal cross-section
of 20mm 4 mm and a wall thickness of 2 mm. It is positioned 3.6 mm above the substrate, which
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