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Traditional construction materials such as cement products release a significant amount of carbon
dioxide during their preparation and usage, negatively impacting on the environment. In contrast,
3D printing (3DP) with geopolymer materials utilises renewable and low-carbon emission raw
materials. It also exhibits characteristics such as energy efficiency and resource-efficient uti-
lisation, contributing to reduction in carbon emissions and an improvement in sustainability.
Therefore, the development of 3DP geopolymer holds great significance. This paper provides a
comprehensive review of 3DP geopolymer systems, examining the effect of raw materials on
processability, including flowability and thixotropy, and microstructure. The study also delves
into sustainability and environmental impact. The evaluation highlights the crucial role of silicon,
aluminium, and calcium content in the silicate raw material, influencing the gel structure and
microstructural development of the geopolymer. Aluminium promotes reaction rate, increases
reaction degree, and aids in product formation. Silicon enhances the mechanical properties of
geopolymer, while calcium facilitates the formation and stability of the three-dimensional
network structure, further improving material strength and stability. Moreover, the reactivity
of raw materials is a key factor affecting interlayer bonding and interface mechanical properties.
Finally, considering sustainability, the selection of raw materials is crucial in reducing carbon
emissions, energy consumption, and costs. Compared to Portland cement, 3DP geopolymer ma-
terial demonstrate lower carbon emissions, energy consumption, and costs, thus making it a
sustainable material.
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Py Slurry Pressure
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1. Introduction

The 3D printing construction technology is an advanced building manufacturing technique. Typically, it uses concrete as the raw
material and utilizes 3D printing equipment to stack it layer by layer. Through control systems and design programs, it gradually forms
architectural components or entire buildings with complex geometries and internal structures. Compared to traditional construction
processes, the advantages of 3D printing construction technology lie in its ability to achieve highly customized architectural designs
without the need for templates. This reduces material waste and construction time, making the process environmentally friendly.
Secondly, the printing process requires minimal human intervention, reducing construction waste and labor consumption while

Fig. 1. Comparison of traditional building structures and structural applications of 3D printing construction technology [1].
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increasing construction efficiency and safety. Furthermore, it enables the realization of complex internal structures and cavity systems,
providing improved mechanical and energy performance. In addition, compared to traditional construction, this technology aligns
with the principles of green construction and sustainable development, making it one of the most promising directions for the current
building industry. Although the application of 3D printing technology in the field of construction is still in the exploratory and
developmental stages, significant achievements have already been made in some actual engineering projects, as shown in Fig. 1.

This technology typically requires the use of specially designed 3D printers and concrete materials, where the concrete is often
mixed with other additives and reinforcement materials additive manufacturing to improve its flow, printability, and strength [2,3].
However, geopolymer exhibits good plasticity under suitable humidity and viscosity conditions, making it suitable to produce complex
shapes and structures using 3D printing technology. The plasticity of geopolymer enables the realization of architectural structures
with unique designs and personalized requirements through 3D printing technology. Therefore, integrating geopolymer into 3D
printing can offer advantages such as sustainability, resource availability, natural plasticity, low cost, and rapid construction.

Geopolymer, first discovered by Davidovits, is an amorphous inorganic material that is formed through a geopolymerisation re-
action involving a source of silico-aluminates (such as clay or industrial waste) and an alkaline metal silicate solution at room tem-
perature or below 100 °C [4]. Geopolymer is a polymer material with a specific chemical structure, where the polymer chains contain
cross-linkable functional groups. It undergoes cross-linking reactions through alkaline activators, forming a network structure as
shown in Fig. 2, which imparts it with excellent physical and chemical properties. These materials exhibit several desirable charac-
teristics compared to Ordinary Portland Cement (OPC), including physicochemical stability, high durability, acid resistance, good
thermal and heat stability, high mechanical performance, low CO2 emissions, and low energy consumption [5]. There are the wide
range of experiments of geopolymers in soil reinforcement, groundwater containment, and geohazard management in recent years
[6-13].

On the other hand, the environmental pollution caused by cement has always been a significant concern. As shown in Fig. 3,
according to data from STATISTA, global cement production has been increasing annually from 1995 to 2022. Particularly, in 2022,
China accounted for 64 % of the global cement production, making it the largest cement-producing country in the world. However, due
to the continuous growth of the global population, especially in developing countries and emerging markets, the increase in population
has led to a demand for housing, infrastructure, and social services. Additionally, the processes of urbanization and industrialization
have driven rapid development in infrastructure, residential, and commercial buildings. Moreover, developing countries and emerging
markets are undergoing rapid urbanization and industrialization, requiring a significant amount of cement for construction and
infrastructure expansion. Therefore, the demand for cement remains high across various countries globally. According to a survey
conducted by On Field Investment Research, the cement demand in different countries worldwide in 2022 is depicted in Fig. 4.

There is no doubt that the Portland cement industry is an energy-intensive industry, in which the use of fossil fuels and carbon
dioxide generated during clinker calcination is one of the major sources of greenhouse gas (GHG) emissions. CO2 emissions from
cement production contribute directly to the greenhouse effect and exacerbate the problem of global warming. It is estimated that
cement production accounts for about 8-10 % of global CO; emissions [17]. In addition, according to STATISTA data, as shown in
Fig. 5, China and India are the largest CO, emitters in the cement manufacturing industry worldwide. Therefore, there is a need to find
some effective ways to reduce CO; emissions, and low carbon emission geopolymers are considered to be one of the best alternatives to
cement in the future.

The combination of 3D printing technology and geopolymers has recently gained increasing attention as it holds promising im-
plications for the sustainable development strategies in the construction industry. However, existing 3D printing technologies need to
adapt to the unique properties and requirements of geopolymers. Due to the rheological and curing characteristics of geopolymers that
may differ from traditional printing materials, it is necessary to conduct a comprehensive literature review on the current state of
geopolymer behaviour in 3D printed materials for architectural applications. In the field of 3D printed buildings, one of the current
major challenges is the limited range of available printing materials and the potential for improvement in their performance.
Worldwide, the energy crisis is becoming increasingly severe, and concepts such as “low-carbon development", “industrial waste
recycling", and “circular development" have become global consensus for development. Compared to the high carbon emissions in the
cement manufacturing process, geopolymers offer lower carbon dioxide emissions during production. The use of geopolymers can
reduce reliance on finite natural resources while minimizing negative environmental impacts. Geopolymers, which utilize waste or
natural minerals as raw materials, contribute to lowering the carbon footprint of the construction industry and promoting sustainable
development.
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Fig. 2. Geopolymer reaction: polycondensation under alkaline exciters.
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Fig. 3. Changes in global cement production from 1995 to 2022 and the share of cement production in different countries in 2022 [14,15].

Fig. 4. Global demands for cement by country in 2022 [16].

Fig. 5. Carbon dioxide from cement manufacturing in different countries [18].

Compared to OPC, geopolymer materials are promising candidates for 3D printing due to several advantages [19-22]. In terms of
performance, geopolymers exhibit higher strength and durability, meeting the requirements of the 3D printing process. Economically,
geopolymer materials often utilize industrial waste as their raw materials, resulting in lower costs. In terms of design, geopolymers can
be prepared in various shapes and sizes, accommodating different design needs. They can be poured, sprayed, or molded into specific
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shapes, enabling flexibility in architectural design. In summary, the combination of 3D printing technology and geopolymers holds
potential for advancing sustainable development in the construction industry. Geopolymers offer advantages such as reduced envi-
ronmental impact, lower carbon emissions, efficient resource utilization, and design flexibility, making them a promising choice as 3D
printing materials in architectural applications.

This paper provides a comprehensive review of 3D printed geopolymer printing systems, the impact of raw materials on workability
(which includes fluidity and thixotropy), microstructure, etc. It also provides an in-depth study of sustainability and environmental
impacts: it evaluates the environmental friendliness of 3D printed geopolymers, the sustainability effects and the economic costs of
synthesizing geopolymers using different raw materials and discusses the life cycle analysis and environmental friendliness of
geopolymers.

2. 3D-printed geopolymer systems

The 3D printed geopolymer is a special type of material that can be used for actual creation using only a 3D printer. Since 3D
printing does not require traditional techniques, such as building templates and vibration, 3D printed geopolymers have the advantage
of being flexible, customizable, cost-saving and time-economical. The 3D printed slurry system is shown in Fig. 6. The 3D printed slurry
system can be used for the creation of the 3D printed geopolymer. To ensure the implementation of this technology, its first step
requires the use of computer-aided design software to create or obtain the build path of the geopolymer. In addition, during the
printing process, it is necessary to monitor the print quality and ensure the stability of the model. Print speed, temperature and other
parameters are adjusted to ensure that the geopolymer slurry is properly cured and attached.

On the other hand, the hopper has importance in the 3D printing system, as it provides a centralized supply of slurry, manages the
flow of material, controls the environmental conditions of the material, and has replaceable and cleanable properties. As shown in
Fig. 7, it is composed of a cylinder and a funnel, where the funnel shape is designed for easy flow of slurry. The hollow cylinder is
designed with two inlets. The large feeding port is open for feeding, checking, and cleaning. The small feeding port is connected to the
pipe, which can continuously feed the printing slurry into the hopper. In addition, another inlet can be opened on the surface of the
hopper to deliver liquid accelerant into the hopper. The mixing of the liquid accelerant with the mortar in the hopper greatly improves
the workability of the printing process slurry and does not change its pumpability during transportation.

However, due to the special characteristics of geopolymer slurries, this can lead to a number of problems when applying geo-
polymer slurries to 3D printing systems: firstly, for flowability, the rheological properties of geopolymer slurries may change over time,
which may affect the material homogeneity and the stability of the printing process; poor particle dispersion can lead to clogging or
inhomogeneous material flow during the printing process, thus affecting the quality of the prints; moreover, the viscosity of geo-
polymer slurries is critical for the success of the mixing and the printing process. Geopolymers with appropriate binders and activators
can develop fast yield strength immediately after the initial contact between binder and activator, while at high shear mixing these
mixtures exhibit low viscosity for pumping through nozzles, which remains low only for a short time after shear [25,26].

After that time, the slurry will develop excessive viscosity, which may lead to poor flow and printing difficulties. Therefore, to solve
this difficulty, Muthukrishnan et al. [27] have developed a 3D printing system for geopolymer slurries, as shown in Fig. 8. The raw
material and activator are transported to the hopper separately through different feed pipes, which can avoid the inconvenience caused
by the initial mixing, for example, some silica-aluminate materials will appear agglomerate-like as well as overly viscous slurry after
mixing with alkaline activator, which will reduce the printing efficiency. Therefore, with this system, the raw materials can be
effectively kept in an inactivated state to improve the constructability of the printing process.

On the other hand, research into aggregate concrete 3D printing technology has gained popularity due to the need for large-volume
construction materials. Compared to extrusion-based 3D printing technology, it can construct concrete structures with greater effi-
ciency, making it ideal for large-scale construction projects that require a substantial number of concrete structures. The system

Fig. 6. Schematic diagram of the 3D printing (3DP) setup: 0. System commands; 1. Robot controller; 2. Print controller; 3. Robotic arm; 4. Print head; 5. Promoter; 6.
Peristaltic pump for coagulant promoter; 7. Peristaltic pump for premixing; 8. Pre-mixing mixer; 9.3D printed object [23].
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Fig. 7. Hopper and Slurry Extrusion Systems: (a) Hopper; (b) Feeding inlets; (c) Agitator; (d) Rotating mechanism; (e) Nozzle; (f) Screw; (g) Continuous feeding from
small inlet through pipeline; (h) Monitor [24].

Fig. 8. Schematic representation of extrusion system for 3D printed geopolymers [27].

comprises three essential components: an aggregate feeder, paste feeder and blade, as demonstrated in Fig. 9. The integration of these
supplementary devices enables flexibility in managing aggregate uncertainty and guarantees reliable control of concrete height for
each layer. What’s more, this approach facilitates separating the deposition of aggregates from cement or binder application.
Compared to the direct mixing of aggregates and binders (e.g. cement) in the hopper, this separation method allows the introduction of
different binder materials after the deposition of aggregates has been completed, providing greater flexibility and the possibility of
varying material properties or compositions [28,29]. It should be noted that optimal rheological properties of the slurry are essential in
aggregate bed methods to boost the quality of printed works. The flow of the slurry is a crucial factor in the printing process and affects
the formation of the structure. Proper fluidity promotes adhesion between the layers and allows for quality structure formation.
Conversely, if the slurry lacks fluidity, it may result in weak bonding between layers, negatively impacting the stability and strength of
the structure. Moreover, the favorable rheological characteristics of the slurry can facilitate a homogeneous dispersion of particles
within the bed layer, which is pivotal for achieving uniformity in structure during the printing procedure [28,30,31].

Fig. 9. Schematic representation of aggregated-bed 3D concrete printing process [32].
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In the 3D printing process of geopolymers, the nozzle is a crucial component, as its size and shape have a significant impact on print
resolution and detail. A smaller nozzle diameter can achieve higher print resolution and enable the printing of finer details and curves.
Since some geopolymer products may contain complex shapes and details, selecting the appropriate nozzle size and shape is essential.
Additionally, the geometry and size of the nozzle play a vital role in controlling the flow and speed of the geopolymer slurry. By
adjusting the nozzle’s diameter and outlet shape, the extrusion speed and volume of the geopolymer slurry can be controlled. This
helps ensure stable extrusion of the geopolymer slurry, maintains a continuous printing flow, and avoids issues such as clogging and
uneven material flow.

Muthukrishnan et al. [33] conducted a detailed study on the nozzles of 3D printing systems, as shown in Fig. 10, in which it was
shown that in terms of fluid flow through the nozzles, the extrusion resistance should consist of four aspects: firstly, wall friction is
generated as the paste moves towards the nozzles [34]. This force is caused by the contact between the slurry and the inner wall of the
nozzle. This contact results in frictional resistance between the fluid and the wall surface, impeding the flow of the fluid. The
magnitude of the frictional force is closely related to the roughness of the inner wall and the overall feed length. If the inner wall of the
nozzle is rough or the feed length is long, the frictional force will increase, thereby increasing the extrusion resistance. Additionally, if
necessary for experimental purposes, additional molds are often installed in the nozzle, which introduces additional frictional forces
acting on the inner surface of the mold [34,35]. Finally, during the extrusion process, a forming zone is formed near the nozzle exit. In
this zone, two types of resistance are encountered: the slurry pressure (Pg) and the wall friction force (c.f) within the conical region.
The intensity of these resistances depends on the cone angle (0) of the conical region. The Py refers to the pressure exerted by the fluid
within the forming zone. When the slurry is forced through the nozzle, it exerts pressure on the surrounding walls, resulting in flow
resistance.

On the other hand, the ot is the frictional force between the slurry and the inner wall of the conical region. This force occurs due to
the contact between the fluid and the wall surface, adding to the resistance of fluid flow. The magnitudes of the slurry pressure and the
wall friction force are influenced by the 6 of the conical region. A larger cone angle leads to greater slurry pressure and wall friction
force, resulting in increased resistance during the extrusion process. In summary, the forming zone near the nozzle exit experiences two
types of resistance: slurry pressure and wall friction force. The intensity of these resistances is determined by the cone angle of the
conical region [33,36,37]. Overall, wall friction is an important factor affecting the extrusion resistance of a fluid through a 3D printing
system nozzle. Therefore, there is a need to optimize the nozzle design to minimize wall friction to improve the performance and
printability of the 3D printing system.

To achieve the desired shape and good buildability required for 3D printing, it is essential to have a suitable nozzle. Various nozzle
shapes have been used as orifices for extrusion machines, including circular, elliptical, square, and rectangular shapes, as shown in
Table 1. Choosing the right nozzle shape depends on several factors, such as the desired printing resolution, the material being
extruded, and the specific requirements of the printing process. Each nozzle shape has its advantages and limitations. Circular nozzles
are commonly used and offer a simple and versatile design. They provide consistent extrusion and are suitable for a wide range of
materials. However, they may not be ideal for achieving intricate details or sharp edges. Elliptical nozzles enable better control over
the material flow and can be advantageous for applications that require precise and adjustable extrusion widths. They can provide
better resolution and finer details compared to circular nozzles. Square and rectangular nozzles are often used for applications that
require precise layer deposition, such as in the construction industry. They can help in achieving straighter lines and smoother sur-
faces, especially for larger-scale prints. It is important to note that nozzle shape is only one aspect of the overall printing system. Other
factors, such as nozzle diameter, print speed and extrusion speed, also play a crucial role in achieving the desired print results.

In the 3D printing of geopolymers, side wipers can also be used at the nozzle orifice to achieve a better surface finish, as shown in
Fig. 11. A side wiper is a thin plate or surface installed next to the nozzle orifice, which is used to smooth or scrape the surface of the
extruded material. It helps remove any irregularities or protrusions in the extruded material, thereby improving the surface quality of
the print. The benefits of using side wipers include: 1. This can improve surface smoothness where side wipers can help flatten the
surface of the extruded material, reducing or eliminating layer lines or raised features that may occur during the printing process; 2. It
also can enhance printing precision, which side wipers enable control over the extruded material during the printing process, ensuring
uniform filling of each printed layer; 3. This would increase material adhesion where side wipers can provide additional force to

Fig. 10. Simplified diagrams of the force on the slurry through the nozzle [33].
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Table 1

Printing characteristics of different nozzle sizes.
Nozzle shape Dimension (mm) Extrusion speed (L/min) Printing speed (mm/s) Nozzle lifting height (mm) Refs.
Orbicular 20 20 10 [38]
Orbicular 3.5 30 5 [39]
Rectangular 20 x 4 5 20 [40]
Orbicular 30 0.5 10 30 [41]
Orbicular 15 50 9 [42]
Rectangular 30 x 20 1.6 44 20 [43]
Rectangular 10 x 20 3 150 [44]
Slice 60 30 [45]

Fig. 11. Spray set assembly with side scrapers [48].

improve the adhesion of the extruded material to the print bed or the previous layer [46-50].

Generally, a circular nozzle provides high degrees of freedom in 3D printing and does not require adjusting the printing angle.
However, in rapid printing of complex structures, the small contact area between layers or beads may affect the constructability or
stability of the layers. Previous research has indicated that square-shaped nozzles resulted in better surface smoothness compared to
elliptical nozzles and were easier to manufacture [48]. Additionally, the nozzle size depends on the size and shape of the object being
printed. Currently, as shown in Table 1, the size range for 3D printing rectangular and circular nozzles is 10 x 20 mm to 30 x 20 mm
and 3.5-30 mm, respectively, but this does not mean the nozzle sizes are limited to these ranges. The design of existing nozzles allows

Table 2
Effect of raw materials on coagulation properties of 3D printed geopolymer slurries.
Items Raw materials Sample preparation Setting time  Refs.
(min)
Halloysite reinforced 3D-printable Halloysite (HA), Fly Ash (FA) FA + HA + Sand + Alkali (Sodium 400-720 [51]
geopolymers Silicate (SS) + NaOH)
3D concrete printing of eco-friendly Ground Brick waste (GB), Slag, FA GB + Slag + FA + Alkali (Sodium 102-168 [52]
geopolymer containing brick waste Metasilicate) + Retarder + Nano clay
Kenaf Stalk geopolymer on printability and Kenaf Straw Core (KSC), Kenaf Fiber (KF), KSC + KF + GGBS + FA + Alkali (SS 57-216 [53]
performance of 3D print Ground Granulated Blast furnace Slag + NaOH)
(GGBS), FA
The effects of Nano-additives in strengthening ~ FA, GGBS, Silica Fume (SF) FA + GGBS + SF + Alkali (SS + Less than 60 [38]
mechanical performance of 3D printed NaOH)
geopolymer
3D printed geopolymer only with water Slag, FA FA + Slag + Sand + Alkali (SS + 55-more [54]
Anhydrous Sodium Metasilicate) + than 480
Retarder
3D concrete printing of geopolymer with GGBS, FA, Steel Slag (SS), and Flue Gas Slag + FA + SS + FGD + Sand + Alkali ~ 75-180 [42]
quaternary binders desulfurization Gypsum (FGD) (SS)
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for nozzle sizes and printing speeds within the range of 5-150 mm/s. In summary, when it comes to 3D printing geopolymers, nozzle
design needs to be taken into consideration as it can impact print quality, accuracy, and flowability, among other factors. Furthermore,
Zhang et al. [33] suggest that nozzle design should aim to reduce extrusion resistance to achieve good printing quality.

3. Effect of raw material on workability

3.1. Setting time

The setting time can influence the rheological properties and shape retention of the printed geopolymer after being extruded from
the print head. If the time is too short, the geopolymer slurry may not have enough time to maintain the desired shape during the
printing process, leading to a decrease in geometric and dimensional accuracy of the printed structure. Adequate time ensures suf-
ficient solidification of the geopolymer material during the printing process, resulting in good bonding and internal structure for-
mation. In short, the solidification time is directly related to the speed and efficiency of 3D printing geopolymers. Shorter that time can
accelerate the printing speed, enabling faster production and improved efficiency. However, previous research has shown significant
variations in that time due to the differences in raw materials for geopolymers, as demonstrated in Table 2.

Ranjbar et al. [51] found in their study on HA-enhanced 3D geopolymer concrete that increasing the content of HA reduced the
setting time of the slurry. Typically, it is widely believed that adding inert materials increases the solid-to-liquid ratio, providing more
surface area for the precipitation of reaction products, which should shorten the setting time of the geopolymer matrix. However, the
improvement in the specific surface area of the inert precursor did not affect the overall setting time, attributed to the higher specific
surface area of HA leading to an increase in reactivity, thereby accelerating the geopolymerisation process. Pasupathy et al. [52] stated
that the setting time of fresh mixtures for 3D geopolymer concrete prepared from waste bricks increased with increasing brick waste
content. This was primarily due to the lower reactivity of the components in the brick waste and the slower rate of geopolymerisation.
Waste bricks typically contain silica and other silicate materials, which participate in the geopolymerisation reaction. However,
compared to other raw materials, waste bricks exhibit lower reactivity, resulting in a relatively slow geopolymerisation rate. This
means that in mixtures containing a higher proportion of waste bricks, it takes more time for the geopolymerisation reaction to fully
occur, leading to an increase in the setting time. Kong et al. [53] suggested that using recycled sand with a high-water absorption rate
could accelerate the reaction rate, leading to higher strength in 3D printing samples. On the other hand, the addition of red hemp stalks
helped to shorten the setting time of the material. The high-water absorption capacity of the recycled sand allowed for better water
distribution within the mixture, promoting effective hydration of the cementitious materials. This results in the formation of a denser
and stronger geopolymer matrix, thereby improving strength properties. In addition, red hemp stalks contained organic additives that
acted as accelerators for the geopolymerisation reaction. These organic compounds enhance the reactivity of the geopolymer pre-
cursors, thereby speeding up the geopolymerisation rate. As a result, the setting time of the material is reduced, allowing for quicker
hardening, and achieving early strength development. Overall, the use of high-absorption recycled sand and the addition of red hemp
stalks can accelerate the hydration rate and geopolymerisation process in 3D printing, leading to higher strength. The high-water
absorption of the recycled sand improves water distribution, while the organic additives in red hemp stalks act as accelerators for
geopolymerisation. This shortens the setting time of the material, enabling faster hardening and early strength development.

Lemougna et al. [55] showed that increasing the content of slag, which was the main source of calcium, had a significant effect on
the slurry setting time. By increasing the content of slag, more calcium ions could be supplied to accelerate the process of calcium
silicate formation, which in turn accelerated the slurry setting time. In addition, the fine particles and surface area in slag also helped to
accelerate the coagulation process. Slag typically has a large specific surface area, providing more reactive interfaces that facilitate the
reaction. This increased reaction surface area promotes the formation of gelling products and accelerates the coagulation time.
Similarly, Chougan et al. [38] discovered in their study on nano-reinforced 3D printed geopolymer that a high dosage of slag in the
geopolymer helped in forming a denser structure, leading to a rapid setting time. This was primarily attributed to the increased content
of CaO in the mixture due to the higher slag content. The elevated CaO content facilitated the formation of Calcium Silicate Hydrate
(C-S-H) gel through early geopolymerisation reactions and the development of a 3D stable silico-aluminate structure.

The above-mentioned research indicates that the physical properties of the raw materials, such as the solid ratio of inert materials,
and their chemical composition significantly impact the setting time of 3D printed geopolymer materials. The chemical composition of
the reactive mixture has a significant influence on the geopolymerisation reaction because it defines the degree of geopolymerisation in
the silicate solution. The setting time of the geopolymer mixture is also determined by the presence of alkaline substances in the
solution. Solutions with a high content of M — O (M represents alkaline cations such as Si, Al, etc.) species exhibit a shorter setting time
for geopolymer mixtures, indicating a higher degree of geopolymerisation in the solution. In other words, a high concentration of M —
O species corresponds to a high degree of depolymerization. Depolymerized species have a small volume and high reactivity, enabling
them to rapidly form oligomers, thereby affecting the setting time [55-63].

In short, such as the solid ratio of inert materials, and the chemical composition of the raw materials significantly influence the
setting time of 3D printed geopolymer materials. The chemical composition of the reactive mixture plays a crucial role in the geo-
polymerisation reaction by determining the degree of geopolymerisation in the silicate solution. The presence of alkaline substances in
the solution affects the setting time of the geopolymer mixture. Solutions with a higher content of M — O species exhibit a shorter
setting time, indicating a higher degree of geopolymerisation. A higher concentration of M — O species corresponds to a higher degree
of depolymerization, which results in smaller volume depolymerized species with stronger reactivity, enabling the rapid formation of
oligomers and influencing the setting time. In addition, in terms of the physical properties of the raw materials, increasing the solids
ratio of inert materials also reduces the solidification time; and materials with a high-water absorption rate can also speed up the
reaction process.
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3.2. Effect of raw materials on thixotropic properties

Thixotropy is the ability of a material to deform reversibly, after being subjected to force or shear. In the case of 3D printed
geopolymer materials, thixotropy can have a definite impact on the printing process and results. As shown in Fig. 12, in the 3D printing
process, the molding of slurry often requires sufficient yield strength between the layers to be molded, and the stability of a single layer
is usually required to reach a yield strength of 180-1000 Pa, and the bottom layer needs to reach a yield strength of approximately 12
KPa to cast a 1 m structural frame [64]. Therefore, designing and having good thixotropy improves the material’s shear resistance at
low shear rates while ensuring that the material maintains its structure and shape under self-weight and upper gravity, as well as good
bonding between the printed layers, in other words thixotropy contributes to the printability and stacking performance of 3D printed
geopolymer pastes.

However, raw materials have an important influence on the thixotropy of 3D printed geopolymers. The thixotropy is usually
determined by the rheological properties and components of the material. Guo et al. [65] prepared 3D printed FA-based geopolymers
using FA and quartz sand as raw materials, and slag powder and silica fume as auxiliary gelling materials. From Fig. 13, thixotropic
experiments revealed that a moderate content of slag powder (10 %) was very beneficial to the thixotropy of the geopolymer slurry.
This was mainly attributed to the enhancement of plastic viscosity, containing a large number of silicon, aluminum, calcium elements
of slag, FA and SF can be with the liquid phase of hydroxide ions occurring in the geopolymerisation reaction to generate gelling
products, such as C-S-H, Calcium Alumino-Silicate (C-A-S-H), etc., which were conducive to improving the plastic viscosity of the
slurry, thus having a better thixotropy.

In their study on the effect of bentonite on 3D printed composites, Chen et al. [66] found that as shown in Fig. 14, the area of the
hysteresis curve gradually increased from 10802 Pa/s to 17380 Pa/s when the bentonite content was gradually increased from 0 to 3
%, which implied that bentonite could effectively improve the thixotropy of 3D printed composites. This was mainly attributed to the
high-water absorption of bentonite and that it could form a flocculated structure in the liquid phase, resulting in higher shear stress.
When secondary shear was applied, this leads to structural disruption and hydrogen bond breaking due to the formation of hydrogen
bonds and flocculent structures within the particles, thus the study further suggested that thixotropy existed where the rate of bond
breaking was greater than the rate of the reconstruction process.

Zhou et al. [67] investigated the effect of bauxite tailings on the rheological behaviour of 3D printed composites, as shown in
Fig. 15, and found that the shear stress in the ascending stage was significantly greater than that in the descending stage at the same
shear rate, resulting in the formation of hysteresis curves, which implied that a large number of gelled products were formed in the
early stage of the slurry, which required a high shear stress to destroy the structure, and then in the descending stage, due to the
destruction of the structure of the gelled lattice leading to the reduction of friction in the slurry. Reduction of friction within the slurry
due to the destruction of the cementitious grid structure during the descent phase. Therefore, it could be concluded that bauxite
tailings contributed to the thixotropy of the slurry, which is also due to the high reactivity of bauxite tailings.

Rheological measurements of fresh geopolymer are crucial for predicting the printability of the mixture. However, different raw
materials have a significant impact on the 3D printing slurry. Geopolymers are essentially suspensions of liquid-solid dispersions, and
their rheological properties are largely influenced by interparticle colloid and inertial contact, particle solubility, and viscous in-
teractions with alkaline agents. It is worth noting that the elemental composition of the silico-aluminate precursor has been shown to
play a crucial role in controlling the rheological behaviour of geopolymer [56,68-76]. In general, silico-aluminate materials with
volcanic ash activity can generate a large amount of gelling material under the action of alkaline activators, forming flocculent or
grid-like structures that require higher shear stress to break down. In the descending stage of the shear process, the flocculent or
grid-like structures of the gel product are disrupted as the shear rate increases, resulting in the formation of many free particles that
have not participated in the reaction and smaller flocculated structures. Compared to the ascending stage, this effect can reduce the
internal friction of the slurry, resulting in lower shear stress at the same shear rate.

On the other hand, the printability of geopolymers in 3D printing is greatly influenced by thixotropy. The thixotropic properties of
geopolymers are also significantly affected by the selection and combination of raw materials, such as those with high levels of alumina
and silica, as well as alkaline activators and additives. Finely ground particles with a narrow size distribution tend to enhance

Fig. 12. Plot of bottom yield strength against height [64].
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Fig. 14. Effects of bentonite content on the thixotropy of composite slurries: Thixotropy and its area [66].

thixotropy, which promotes better flow and shear thinning properties. The thixotropic behaviour of geopolymers is affected by the
distribution and physical properties of solid particles. Additionally, the type and concentration of alkali activator also have an impact
on the thixotropic properties of geopolymers. Geopolymers with appropriate thixotropic properties display shear-thinning properties
which reduce viscosity when extruded or deposited, thus aiding fluid passage through the printer nozzle and enhancing layer-by-layer
deposition for improved printability. Furthermore, good thixotropy assists in interlayer adhesion and structural stability.

4. Effect of raw materials on mechanical properties

The importance of mechanical performance for 3D printed geopolymer is self-evident. The mechanical properties of the geo-
polymer slurry have a significant impact on the structural integrity and stability of the printed object. Mechanical performance in-
dicators such as strength and stiffness determine the resistance to deformation and fracture of the printed object under load. Better
mechanical performance ensures that the printed object can withstand the effects of external forces and environmental factors, thereby
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maintaining its geometric shape, dimensions, and performance stability. The choice of raw materials is one of the important factors
affecting the mechanical performance of 3D printed geopolymer. Different raw materials can have a significant impact on the strength,
toughness, hardness, and other mechanical properties of the printed object. By properly combining different raw materials, the me-
chanical performance of geopolymer samples can be significantly improved. For example, raw materials with higher reactivity such as
slag can significantly enhance the strength and stiffness of geopolymer prints. Nano-fillers or microsphere fillers can improve wear
resistance and impact resistance, among other properties.

Table 3 lists the mechanical properties of 3D printed geopolymer in recent years. From the table, the compressive strength of
geopolymer slurry after 28 days of curing ranges from 20 MPa to 56.8 MPa, and some samples even achieve a strength of 75 MPa in just
7 days. However, the flexural strength is not ideal. From the results of the raw material composition and mechanical strength, it is not
difficult to see those raw materials with higher reactivity, such as silica-alumina materials like slag and SF, can significantly improve
the compressive strength of geopolymer prints. Additionally, nano-fillers like nano-clay, with their larger specific surface area and
reinforcement effect, can be uniformly dispersed in the geopolymer matrix to increase the hardness and strength of the printed objects.

It is worth mentioning that at the level of printed specimens, Biranchi Panda et al. [78] showed that the compressive strength of
geopolymer-printed samples exhibited strength similar to that of cast samples, which was attributed to the fact that the well-designed
printing process prevented the formation of voids during the extrusion of the mixture. However, a contrary view was presented by Hau
Bong and Wolfs et al. [54,83]. They stated that the compressive strength of the printed samples was 10-27 % lower than that of the
molded samples, which was attributed to the higher apparent porosity of the printed samples compared to the cast samples, which
inevitably introduces some voids between the layers during the layer-by-layer stacking process, resulting in a lower degree of
densification. Therefore, the printing process requires careful consideration of the rheological properties of the printed material and a
well-designed printing process.

For raw materials, in an investigation [64] it was found that the compressive strength of samples containing nano-clay was reduced
by about 17 %. In general, the use of 0-3% nano-clay is effective in improving geopolymer samples, which is related to the space-filling
ability of nano-clay to densify the microstructure of the samples. However, since the clays used in this experiment were inherently
hydrophilic, they may have led to some water adsorption, which slowed down the reaction of the geopolymer, resulting in lower
mechanical properties. Hussam Alghamdi et al. [79] found that due to the presence of high levels of reactive silica in the slag, this led to
an increase in the volume and structure of the reaction products, which could effectively improve the compressive strength of samples;
however, the high content of slag samples performed poorly in flexural strength tests, which was mainly attributed to the fact that the
high shrinkage of the slag-containing alkali activation caused a large number of microcracks, which led to the flexural strength being
poorer (Microcracks had a greater effect on flexural strength than on compressive strength). Similarly, Mehdi Chougan et al. [38]
found that higher doses of slag in 3D printed geopolymer samples helped to increase the C-A-S-H and Sodium Alumino-Silicate
(N-A-S-H) content, which resulted in the formation of a denser structure for higher strengths; furthermore, the incorporation of
nano-additives and SF helped to form an underlayer with a well-compacted base layer, which led to an increased loading capacity of
the underlayer, resulting in a higher bending strength in the vertical direction.

Ilcan et al. [80] demonstrated in their study that construction demolition waste (CDW), which included materials such as hollow
bricks, red clay bricks, roof tiles, glass, and concrete rubble, tended to have low available silicon content. In the initial stage, dissolved
Ca2+ ions tended to react with the available Si in the medium, forming gel products that promote strength development. However,
during the geopolymerisation process, the availability of dissolved Si ions in the medium might be limited. As the particle dissolution

12



K. Chen et al.

Journal of Building Engineering 84 (2024) 108501

Table 3
Mechanical strength of 3D printed geopolymers prepared from different raw materials.
Major elements Combination method Compressive strength Flexural strength Refs.
FA: SiO; (49.10 %), Aly03 (39.35 %), FexO3 FA + GGBS + SF + sand + activator 36 MPa (28 days) 5.05 MPa (28 [77]
(3.48 %) days)
SF: Not available
GGBS: Not available
FA: SiO; (49.15 %), Aly03 (39.35 %), CaO FA + GGBS + SF + sand + activator 18.4 MPa (7 days) [78]
(2.94 %)
GGBS: SiO; (29.65 %), Aly03 (15.56 %), CaO
(39.37 %)
SF: SiO, (98.37 %), Al203 (0.19 %), CaO (0.35
%)
FA: SiO5 (51.1 %), Al,03 (28.8 %), CaO (5.8 %)  FA + GGBS + Nano-clay + activator 20-35 MPa (28 days) [64]
GGBS: SiO2 (29.60 %), Al;03 (15.50 %), CaO
(39.30 %)
Nano-clay: SiO (65.30 %), Al;03 (15.04 %),
CaO (2.26 %)
FA: SiO; (58.40 %), Al;03 (23.80 %), CaO FA + GGBS + Cement + activator + L + A 5-38 MPa (28 days) 1-5.5 MPa (28 [79]
(7.32 %) days)
GGBS: SiO; (36.0 %), Al,03 (10.5 %), CaO
(39.8 %)
Cement: SiO5 (19.60 %), Al,03 (4.09 %), CaO
(63.21 %)
Limestone (L): CaCO3 > 99 %
Alumina powder (A): Al;03 > 99 %
FA: SiO, (52.18 %), Al,03 (24.16 %), CaO FA + GGBS + SF + Nano-graphite platelets + 35-75 MPa (7 days) 7-12 MPa (7 [38]
(3.47 %) sand + activator days)
GGBS: SiO; (33.06 %), Al;05 (10.34 %), CaO
(45.29 %)
SF: SiO (98.37 %), Al,03 (0.19 %), CaO (0.35
%)
FA: SiO; (56.74 %), Al,03 (24.89 %), CaO FA + GGBS + sand + activator + water 33-56.8 MPa (28 days) 3.5-8.4 MPa (28 [54]
(5.20 %) days)
GGBS: SiO2 (32.19 %), Aly05 (12.53 %), CaO
(43.23 %)
Hollow Brick (HB): SiO» (39.7 %), Al,03 (13.8 HB + RCB + RT + G + CR + activator 8-11 MPa (7 days) at binary [80]
%), CaO (11.6 %) activator
Red Clay Brick (RCB): SiO2(41.7 %), 9-17 MPa (7 days) at ternary
Al,05(17.3 %), CaO (7.7 %) activator
Roof Tile (RT): SiO2 (42.6 %), Al03(15.0 %),
Ca0(10.7 %)
Glass (G): SiO5 (66.5 %), Al,03 (0.9 %), CaO
(10.0 %)
Concrete Rubble (CR): SiO, (31.6 %),
Al,03(4.8 %), CaO (31.3 %)
HB: SiO; (39.7 %), Al,03 (13.8 %), CaO (11.6 HB + RCB + RT + GW + CW + activator 10-13 MPa (7 days) 2.5-5 MPa (7 [81]
%) days)
RCB: SiO, (41.7 %), Al,03 (17.3 %), CaO (7.7 14-16 MPa (28 days) 3-5.5 MPa (28
%) days)
RT: SiO; (42.6 %), Al;03 (15.0 %), CaO (10.7 16-23 MPa (90 days) 3.5-6.5 MPa (90
%) days)
Concrete Waste (CW): SiO5 (31.6 %), Al,03
(4.8 %), CaO (31.3 %)
Glass Waste (GW): SiO, (66.5 %), Al,O3 (0.9
%), CaO (10.0 %)
FA: SiO5 (53.1 %), Al,03 (20.5 %), CaO (6.3 %) FA + HA + sand + activator 2.5-4 MPa (3 days) 0.5-2 MPa [51]
(7days)
HA: SiO; (54.1 %), Al;03 (44.4 %), CaO (0.1 %) 6-15 MPa (7 days) 9-15 MPa
(28days)
27-40 MPa (28 days)
FA: SiO5 (29.62 %), Al,03 (15.75 %), CaO FA + sand + activator 15-16.5 MPa (3 days) [82]

(25.97 %)

19-21 MPa (14 days)
23-25 MPa (28 days)

probability and the cation concentration of the alkali activator increase, repulsive forces between particles could occur. This process
could limit the ion migration rate and result in the formation of heterogeneous regions composed of unreacted particles. Ultimately,
this would lead to the formation of defects in the microstructure of the matrix, resulting in poor mechanical performance of the 3D
printed geopolymer slurry prepared from CDW.

Overall, the compressive strength of 3D printed geopolymer can be influenced by the following factors: 1. Presence of reactive
silica: if the raw materials contain highly soluble and reactive silica, such as slag, silica fume, and kaolin clay, increasing their content
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can help stimulate or accelerate the geopolymerization reaction; 2. SiO/Al,Os3 ratio: an increased that ratio promotes the formation of
shorter and stronger Si-O-Si bonds compared to Si-O-Al and Al-O-Al bonds [84-86]. This results in stronger geopolymer bonds and a
denser/harder microstructure rich in silica-alumina geopolymer gel [87,88]; 3. High CaO Content: A higher content of CaO in the raw
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Fig. 16. Degree of solubility of 16 minerals at two different concentrations of alkali [105].

14



K. Chen et al. Journal of Building Engineering 84 (2024) 108501

materials can increase the pH value of the slurry and further activate the geopolymerisation reaction. Additionally, the elevated
concentration of Ca" in the slurry system can lead to the initial formation of C-S-H gel, which can trigger higher initial strength [80].
Therefore, incorporating raw materials with high soluble reactive silica, increasing the SiO5/Al»,03 ratio, and higher CaO content can
contribute to enhancing the compressive strength of 3D printed geopolymer.

4.1. Alkaline activator

The importance of alkaline activators in 3D printed geopolymers for mechanical strength cannot be overlooked. They play a crucial
role in the mechanical properties such as strength, hardness, and durability of geopolymer components. Firstly, the selection and
concentration of the alkaline activator directly influence the rate and extent of the geopolymerisation reaction in the system. Proper
selection and control of the type and concentration of the activator can achieve an appropriate curing reaction, providing sufficient
strength to the geopolymer components during and after the printing process. Insufficient activator concentration may result in an
incomplete reaction, leading to inadequate strength of the components.

On the other hand, excessive activator concentration can cause rapid reactions, resulting in unstable structures and lower me-
chanical strength [89-93]. Secondly, the influence of alkaline activators extends to the control of the microstructure of the specimens.
By adjusting the type and content of the activator, it is possible to control the porosity, pore size, surface morphology, and other
characteristics of the geopolymer components. These adjustments can have a significant impact on the final mechanical properties of
the printed structures [94-98]. In addition, alkaline activators interact with other additives and admixtures, further influencing the
mechanical strength of geopolymer components. For example, when used in combination with reinforcing fiber materials, the acti-
vator can promote the bonding between the fibers and the geopolymer matrix, thereby enhancing the strength and toughness of the
components [99-103]. As a result, the proper selection, concentration, and interaction of alkaline activators in 3D printed geopolymer
systems are critical for achieving desired mechanical properties and optimizing the performance of the printed structures.

The gel products closely related to mechanical strength (nM20-Al203-xSi02-yH20 gel formed during the geopolymerisation pro-
cess) depend on the dissolution of Si and Al in alkaline solutions [104]. Xu et al. [105] collected the concentrations of Al and Si after 5h
of contact between 20 ml solutions (including different concentrations of NaOH and KOH, 2 N, 5N, and 10 N for both NaOH and KOH)
and 0.5g minerals. Fig. 16 presents the dissolution data for all 16 minerals. Based on these data, the authors summarized the following
trends: 1) mineral dissolution was positively correlated with alkaline solution concentration; 2) NaOH solution was more effective in
mineral dissolution compared to KOH, except for nepheline; 3) overall, Si dissolved more than Al; 4) Si and Al exhibited synchronous
dissolution behaviour in alkaline solutions; 5) minerals with a framework structure had higher dissolution extended in NaOH and KOH
solutions compared to minerals with orthorhombic, cyclic, chain, and layered structures.

On the other hand, Xu et al. [107] suggested that the dosage of silico-aluminates materials depended on the particle size, disso-
lution extent, and concentration of the alkaline solution. Fine particles with a diameter less than 0.5 pm had higher dissolution extents,
which allowed for the use of a relatively lower ratio of silico-aluminate powder to alkaline solution. This was because the majority of
particles could undergo geopolymerisation to form gel products. However, in practice, most silico-aluminate particles did not undergo
geopolymerisation smoothly. This might be attributed to various factors, such as the rapid formation of the gel products that could
encase and hinder subsequent reactions, or the presence of inert protective layers on the particles, among other possibilities.
Nevertheless, even though the geopolymer contains undissolved aluminosilicate solids, these particles can act as matrix reinforcement
[108-110].

In summary, the dissolution of Si and Al in silico-aluminates materials is closely related to alkaline activators, and the dissolution of
Si and Al has a direct impact on the formation of geopolymer products. Once silico-aluminates powder is mixed with alkaline solution,
it forms a paste-like substance and rapidly transforms into a hardened geopolymer. In this case, it can prevent the 3D-printed geo-
polymer from forming a well-defined crystalline structure. Therefore, by selecting the correct type and concentration of alkaline
activators, it can influence the speed and extent of the geopolymerisation reaction during the 3D printing process. Different types of

Fig. 17. Conceptual model of 3D printed slurry interlayer [106].
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activators have distinct alkalinity and reaction properties, which can affect the formation and curing process of the geopolymer. By
adjusting the activator concentration, it can control the reaction rate and physical properties of the geopolymer, thereby optimizing the
performance of the printed components. This optimized mechanical strength is crucial for meeting the strength requirements in
various application fields. In the construction industry, optimized polymer components can provide sufficient strength and durability
to withstand structural loads and environmental impacts.

4.2. Interlayer bonding strength

The interlayer strength is crucial for the overall stability and quality of 3D-printed geopolymer objects. A strong interlayer
connection ensures the structural stability of the printed model, preventing displacement and separation between layers. It also
provides the mechanical strength and durability required for the printed object to withstand external stresses and loads; additionally, it
can contribute to enhancing the fatigue resistance of the samples, allowing them to withstand long-term cyclic stresses [111-113]. The
interlayer strength has a significant impact on the structural integrity, mechanical performance, fatigue resistance, and visual quality
of 3D-printed geopolymer objects. It is essential for achieving high-quality and reliable printing results.

Previous studies have reported that due to the formation of bubbles during the mixing process of geopolymer slurry, 3D-printed
geopolymer objects contained a significant number of interfaces (including interlayer and interstrip interfaces, as shown in Fig. 17)
during the sequential layer stacking process. These interfaces often exhibit lower strength properties compared to cast samples. It has
been proven that the performance of such interfaces significantly impacted the overall mechanical properties and durability of the
samples. Weaker bonding forces between adjacent layers, as compared to cast structures, could lead to poorer structural integrity of the
printed object [107,108]. Although the investigation of interlayer strength in 3D-printed geopolymer has become a hot and frontier
topic in the academic community, systematic studies on its interface properties remain very limited so far.

Cagatay Demiral et al. [114], in their study, performed partial break tests on 3D-printed geopolymer samples. They placed the
samples between compression plates and introduced a cylindrical metal rod at the junction of two consecutive layers, as shown in
Fig. 18 (a). This allowed them to determine the maximum force required to separate the layers from each other. For direct tensile
testing, a single-hole metal plate was fixed within the jaws of a tensile testing machine, and direct tensile stress was applied to the
specimen, as illustrated in Fig. 18 (b).

The overall test results, as shown in Fig. 19, demonstrate a continuous strengthening of the tensile strength of the samples with
increasing curing time, with maximum values of 1.35 and 1.79 MPa for splitting and direct tensile strength, respectively. Furthermore,
the study found that the increase in alkali concentration had minimal impact on the interlayer strength test results compared to the
mechanical performance test results. However, the interlayer strength is primarily influenced by the effective bonding area and the
chemical and physical properties of the raw materials, with the raw materials having a greater influence. Raw materials with a high
calcium content facilitate the production of more cementitious products, which can reduce the porosity within the matrix and improve
the interface transition zone between the geopolymer slurry and aggregates.

On the other hand, Pasupathy et al. [52] used an apparatus as shown in Fig. 20 to measure the interlayer strength. The samples were
clamped between metallic brackets at the top and bottom, and the tapered claws of the metal brackets were aligned with the interfaces
of the sample’s layers. This approach ensured a uniform distribution of interlayer stress and provided more accurate results compared
to the method used by Cagatay Demiral et al. [114]. The tests were performed using a displacement-controlled mode at a rate of 1
mm/min. Additionally, small notches with a size of 4 mm were prepared at the interlayer region of the sample to ensure failure
occurred at the interface of the 3D-printed filaments.

Fig. 21 shows the results of interlayer bond strength for 3D-printed samples with different levels of brick waste content. The in-
clusion of brick waste has a detrimental effect on the interlayer strength, meaning that an increase in the brick waste content reduces
the interlayer bond strength of the samples. This can primarily be attributed to the higher content of brick waste replacing the desired
mixture, which results in a significant presence of unreacted brick waste particles in the matrix. These unreacted particles lead to a
weaker interlayer bonding, resulting in reduced interlayer strength.

Fig. 18. Sketch of bond strength test: (a) splitting tensile strength and (b) direct tensile strength test [114].
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Fig. 20. Interlayer bond strength measurement [52].
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Indeed, Keita et al. [115] pointed out that for low-porosity fresh materials (such as those with highly reactive raw materials that
could form a low-porosity structure during the early stages of reaction), the internal moisture migration within the samples was
hindered due to the dense structure. This led to certain areas not receiving an adequate supply of moisture during the sample’s for-
mation and curing process, resulting in the formation of dry regions within the sample. In these dry regions, there was insufficient
water and gel products to fill the voids, thereby reducing the interfacial strength. This was because in a moist environment, water and
gel products facilitate interfacial bonding and strengthening. However, in dry regions, the lack of these components adversely affected
the interfacial strength. Therefore, ensuring an adequate water supply and uniform moisture migration is crucial for improving the
interfacial strength of the samples, particularly when using highly reactive raw materials.

Furthermore, Moelich et al. [116] conducted a detailed study on the process of moisture variation between layers and simulated
this process, as shown in Fig. 22. They identified four stages in the overall process: 1. Interconnection between aggregates, particles,
and the pore fluid; 2. Formation of bleeding phenomena in the presence of gravity; 3. Liquid evaporation process; and 4. Gradual
formation of a water-curved meniscus between solid particles, providing an opportunity for localized air permeation within the pore
system. In addition to the physical process of water evaporation, the chemical process of geopolymerisation is also an essential part.
During the chemical stage, the loss of water primarily occurs through geopolymerisation reactions and the formation of early gel
products, such as C-A-S-H and C-S-H gels. These chemical reactions play a crucial role in the development of the geopolymer matrix,
where the water loss is associated with the formation of gel-products, resulting in the hardening, and strengthening of the material. The
formation of these gel products contributes to the interfacial bonding and the overall strength of the 3D-printed samples.

The main factors affecting the interlayer strength of 3D printed geopolymer can be categorized into chemical and physical factors.
In terms of chemical factors, the reactivity of the raw materials is an important factor influencing interlayer bonding. Raw materials
with higher reactivity can be a double-edged sword. Under the stimulation of alkaline agents, they can form more gelatinous products
on the effective bonding zone and substrate, thus reducing the interlayer porosity and improving the interface transition zone.
However, at the same time, these materials can form a dense structure in the early stages of reaction, inhibiting moisture migration and
leading to dry regions and poor adhesion areas. Additionally, if the raw materials are inert or low-reactivity materials, such as CDW,
there will be a significant number of unreacted particles in the interface region, resulting in a poor interlayer transition zone. On the
other hand, for physical factors, the interface moisture field and moisture transfer are key factors influencing the mechanical properties
of the interface.

However, most studies have not discussed the primary mechanisms behind the interlayer bonding strength of 3D printed geo-
polymers, whether they are of a physical or chemical nature. It is currently unclear whether the chemical or mechanical interface
bonding mechanisms serve as the primary factors affecting the bonding strength. Furthermore, different interlayer drying, dehydra-
tion, and shrinkage can occur, significantly impacting the final interlayer bonding strength.

5. Effect of raw material on the microstructure

Raw materials serve as the foundation for the formation of the microstructure of 3D printed geopolymers. Factors such as molecular
structure, particle shape, and reactivity of the raw materials directly impact the structure of the geopolymer. Different characteristics
of the raw materials lead to changes in the microfeatures of the geopolymer. For instance, highly reactive particle raw materials often
exhibit a granular structure [117,118]. When added to the geopolymer, they can fill the voids within the matrix. This filling effect
alters the microstructure and increases its density.

Guo et al. [65] showed that 10 % slag powder was beneficial in modifying the microstructure of 3D printed fly ash-based geo-
polymers as shown in Fig. 23(a). The highly reactive slag powder was favorable to promote the formation of gel products in this system,
constituting a dense microstructure, however, for the interlayer bonding region, a large number of unreacted fly ash particles with
cracks were found in this region. Fig. 23(b) demonstrates a clearer picture of the interlayer microstructure. From the figure, obvious
cracks were found to exist between the interfaces.

Similarly, Panda et al. [119] also observed the presence of silico-aluminate gel and unreacted FA and ground GGBS particles in the

Fig. 22. Modeling of moisture variation in 3D printed interlayer structures [116].

18



K. Chen et al. Journal of Building Engineering 84 (2024) 108501

Fig. 23. Micro-characterization of 3D printed fly ash-based geopolymers: (a) Centre of a printed layer; (b) Interlayer surface [65].

Fig. 24. The 3D printed fly ash-GGBS geopolymer microstructure after 28 days of curing [119].
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microstructure of 3D printed FA-GGBS geopolymers, as shown in Fig. 24. The study suggests that the slag with a higher amorphous
content (97.2 %) was the primary factor determining the dense microstructure, compared to the fly ash amorphous content (only 38.8
%). Previous research has also shown that amorphous materials, due to their inherent defects, exhibited higher reactivity, which
facilitates the geopolymerisation reaction and led to the formation of more gel products [109].

On the other hand, Ranjbar et al. [51] demonstrated that low-reactivity HA, as a micro-filler and microfiber, remained in the
hardened 3D printed FA geopolymer matrix, as shown in Fig. 25. In contrast, high-reactivity meta-halloysite dissolved during the
reaction process and generated more gel products to fill the voids. Additionally, many unreacted FA particles could still be observed,
either dispersed or filling various pores. It is evident that the reactivity of meta-halloysite is higher than that of HA and FA.

For low-reactivity materials, Pasupathy et al. [52] demonstrated that the addition of waste bricks had a detrimental effect on the
microstructure of 3D printed FA-slag geopolymer, as shown in Fig. 26. Based on the microstructure images, Fig. 26(a) displayed a
dense microstructure, indicating good compatibility between FA and slag, resulting in a well-formed microstructure. However, with
the introduction of brick waste (10-50 %), a lower density and fragmented morphology could be observed, along with a significant
presence of unreacted brick waste particles, as shown in Fig. 26(d).

In recent years, Sravanthi Puligilla et al. [120] have conducted in-depth research on the microstructure development of FA-slag
geopolymers with respect to the role of slag. The results of their study indicated that the dissolution of calcium in slag determined
the microstructure morphology of this binary geopolymer system. High-calcium content in the slag not only increased the reaction rate
but also enhanced the extent of reaction and product formation. In particular, the presence of free calcium improved the rate and
extent of FA particle dissolution, as well as the degree of product formation. Similar findings have been reported by other studies as
well [121-123]. This highlights the important role of calcium dissolution in the microstructure development of FA-slag geopolymers.
These research findings provide valuable insights into the formation mechanism and microstructure of FA-slag geopolymers. By
controlling the dissolution process of calcium in slag, it is possible to regulate the reaction rate and extent of the geopolymerisation,
thereby achieving the desired microstructure and properties.

On the other hand, for fiber-reinforced materials, Kong et al. [53] found a significant presence of N-A-S-H compounds and C-S-H
gel in 3D printed FA-slag geopolymers, as shown in Fig. 27(a). When 1.5 % KSC were added, the fibrous KSC with a layered structure
was surrounded by the geopolymer matrix, without noticeable gaps, as depicted in Fig. 27(b). Additionally, KSC retained its original
form, indicating its function as a framework for supporting the specimen and maintaining its shape. However, its addition to the system
increased the porosity of the geopolymer to some extent, which hinders the improvement of microstructural density. When 0.2 % KF

Fig. 25. SEM Images of HA and Meta-halloysite Geopolymer Mortars: (a) Control group; (b) HA-reinforced geopolymer; (c and d) Meta-halloysite-reinforced geo-
polymer [51].
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Fig. 26. Effect of introduced content of waste bricks on the microstructure of 3D printed fly ash-slag geopolymer: (a) 0 %; (b) 10 %; (c) 30 %; (d) 50 % [52].

Fig. 27. Microscopic characteristics of fiber-reinforced 3D printed geopolymers [53].

were introduced, as shown in Fig. 27(c), the jute fibers exhibited internal bridging effects, contributing to enhanced crack resistance.
When both KSC and KF were added to the geopolymer preparation, as shown in Fig. 27(d), the synergistic effect of KSC’s framework
and KF’s bridging improved the microstructure of the geopolymer.

An appropriate amount of calcium-containing component in slag (CaO: 35-45 %) can effectively improve the microstructure. This
is mainly due to the formation of calcium-rich gels in the system when mixed with slag. These gels provide more nucleation sites for the
formation of geopolymer products, facilitating the better dissolution of silicon and aluminum components from the raw materials. As a
result, the gelation process is accelerated, leading to an increased microstructural density of the geopolymer products.

Previous studies [124-126] have shown that the initial content of Si, Al, and Ca in silicon-aluminate raw materials had a significant
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influence on the development of the geopolymer gel structure and microstructure. Al promoted the reaction rate of geopolymerisation,
increasing the extent of reaction and product formation. Si contributed to the growth of geopolymer strength and improved its me-
chanical properties. Ca aided in the formation and stabilization of a three-dimensional network structure, further enhancing the
strength and stability of geopolymer materials. Increasing the Si/Al ratio and Si/Ca ratio within a certain range could result in a more
uniform and dense gel structure. This was because the molar ratio of Si and Al affected the connectivity and spatial arrangement of
Si-O and Al-O bonds in the gel, thus influencing the gel’s structure and stability. An appropriate molar ratio could effectively control
the formation path and structure of the gel, leading to the desired microstructure.

According to previous studies [127-134], the relationship between different categories of gels and raw material components has
been plotted, as shown in Fig. 28. The results indicate that (N, C)-A-S-H gel is more likely to form in systems rich in Al, while C-(A)-S-H
gel tends to form in Si-rich systems. However, regardless of the changes in gel type, systems with high CaO and low Al content are
unfavorable for the formation of gel products. On the other hand, in addition to reactive aluminosilicate minerals, new types of
materials such as nanomaterials and fiber materials also play a role in modifying the microstructure, such as bridging and toughening.
These findings were consistent with those reported by Garcia-Lodeiro et al. [135]. Therefore, these mentions above suggest that the
composition of raw materials, including the Si, Al, and Ca content, as well as the inclusion of other materials, influences the formation
of different types of gels and their impact on the microstructure of geopolymer materials.

6. Carbon footprint, environmental and economic benefits

Cost analysis and carbon footprint of 3D printing geopolymers are important. By analyzing the cost of 3D printing geopolymers, the
economic feasibility of the process can be determined, the cost-effectiveness of different materials can be evaluated, and methods to
reduce production costs can be identified. Additionally, studying the carbon footprint helps understand the environmental impact of
3D printing geopolymers. By assessing its carbon emissions and energy consumption, we can determine the potential of the process in
terms of environmental sustainability. Reducing the carbon footprint is crucial for achieving the goals of reducing GHG emissions and
addressing climate change.

Compared to conventional construction procedure, the 3D printing system has a lower environmental impact due to the elimination
of scaffolding and formwork, which means that it also has a negligible cost and environmental impact on conventional construction.
Fig. 29 depicts the energy consumption and carbon dioxide emissions linked with geopolymer and cement products in a 3D printing
context. The majority of carbon emissions (95 %) and energy consumption (98 %) associated with 3D-printed geopolymers result from
raw materials and alkaline activators. For OPC blends, OPC is the primary source of both CO;, emissions and energy consumption. In
contrast, low-carbon OPC blends entail utilizing alternative raw materials such as fly ash, slag or brick dust in the preparation of low-
carbon cement. This results in a decrease in the demand for cement, leading to substantially lower energy consumption and carbon
emissions compared to OPC blends. However, it is worth noting that 3D printed geopolymers frequently exhibit superior carbon
emissions performance due to the usage of relatively low-carbon raw materials, whilst low-carbon cements aim to mitigate the
environmental impact of traditional cements.

The construction and building materials industry has always been committed to achieving sustainable development and green
structures, with the demand for using cheaper and widely available precursor materials and conducting whole life cycle design being
the main driving force. However, in a dynamic and complex environment, these efforts are limited by the static perspective of material
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supply. In such an environment, the introduction of new materials often means a shortage of another material. To overcome these
limitations, it is essential to adopt a holistic approach that considers the interdependencies and cascading effects of material choices.
This approach involves evaluating the environmental impact and resource availability of materials throughout their entire life cycle,
from extraction or production to disposal or recycling. By understanding the life cycle implications of different materials, it becomes
possible to make informed decisions that promote sustainability and minimize resource depletion [138-140].

Geopolymer production typically boasts low energy consumption and low emissions of pollutants. It can utilize a significant
amount of waste materials as precursors, enhancing the sustainability of both the products and the manufacturing process while
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adding new value throughout their lifecycle [141]. These waste materials or by-products are employed in the preparation of geo-
polymers, resulting in materials with diverse characteristics. Rice husk (RH), FA, GGBS, agricultural by-products, and kaolin clay are
commonly used as major precursors [142-146]. Some of these major precursors, including waste and low-cost enriched materials that
are widely used in the production of geopolymer materials, are briefly described below.

To assess the economic efficiency of the geopolymers under study, the composite cost index, I, ($/m>/MPa), was calculated by Eq.
(1.

L.=C//fus (€Y

where I, represents the comprehensive cost index, C; ($/m°) is the cost of geopolymer per cubic meter, and f,25 (MPa) represents the
28-day compressive strength of the geopolymer. The magnitude of the geopolymer comprehensive cost index is significant. A smaller
comprehensive cost index indicates a relatively lower overall cost of using geopolymer materials. This suggests that using such ma-
terials may have economic advantages and potentially result in lower cost burdens [147]. Additionally, a smaller comprehensive cost
index also indicates advantages in sustainability, including lower maintenance costs, a lower carbon footprint, and better mechanical
performance.

We have analysed the previous studies with a comprehensive cost index [110,148-157], as shown in Fig. 30, and it seems that most
of the prepared geopolymers cost less than the control group (traditional building materials such as cement, concrete, etc.), however,
there are still a number of studies in which the cost of the prepared geopolymers is close to or far more than that of the traditional
building materials.

Li et al. [157] pointed out that compared to ordinary concrete, alkali-activated slag-FA geopolymer concrete could reduce pro-
duction costs and carbon emissions by 15.7 % and 73.8 %, respectively. Zhao et al. [156] found that the I of single component
geopolymer was about 15 % higher than that of binary geopolymer. To achieve the desired mechanical performance, single component
geopolymer required a higher dosage of alkali activators, which increased its cost. Mohana et al. [154] demonstrated that geopolymer
mortars obtained from pre-treated FA did not require any superplasticizers (SP), resulting in cost savings. However, when developing
geopolymer mortar with nano-fillers, the cost was 19 % higher than cement mortar, mainly due to the expensive nanomaterials used.
He et al. [152] also pointed out that although FA-based geopolymer was considered a more sustainable material with significantly
lower CO; emissions, energy consumption, and cost compared to cement, this study used the environmentally friendly material
phosphoric acid (which has higher carbon emissions and energy) at a higher cost, leading to a substantial increase in production costs.

Therefore, while developing geopolymers using different solid wastes such as FA, slag, and waste construction material powder
presents a potentially economically viable approach with relatively low costs, the evaluation of the prices and supply stability of
different alkali activators, as well as the activation potential of selected raw materials, is still necessary to find affordable and quality-
stable alkali activators. Compared to other traditional building materials, there is currently a relative lack of research on the cost
aspects of geopolymer production.

On the other hand, based on previous studies [158], we draw the carbon footprints of different materials to easily analyse whether
they have potential environmental value, as shown in Fig. 31. Overall, using materials that require a significant amount of energy tends
to result in higher carbon footprints. This is because the production and manufacturing processes of these materials consume a large
amount of energy and often rely on fossil fuels. For example, materials such as rubber, PVC pipes, and fibers require high-temperature
treatment, chemical processes, or mechanical processing during their preparation and processing, which typically involve substantial
energy usage. In contrast, industrial by-products such as FA and slag are by-products of industrial processes, and they can be reused as
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part of materials. The production process of these by-products consumes relatively less energy because they are derived from other
industrial processes. Natural sand and stone can also be obtained through simple mining processes, which have relatively low energy
consumption. Recycled aggregates are materials obtained from reclaimed and reused waste concrete and construction materials, and
the energy consumed in their production process is also relatively low. Additionally, there are emerging materials that do not require
high-temperature heating or processing but more energy-consumption. For example, the preparation of nanomaterials typically re-
quires high energy input. In general, choosing materials with lower energy consumption, particularly industrial by-products and
natural materials, can reduce the carbon footprint of construction and manufacturing processes and contribute to sustainable
development.

Geopolymer products typically have lower energy demand and carbon emissions compared to traditional OPC-related products.
When it comes to building materials, calculating energy demand mainly involves the energy consumption for producing cement
clinker, sand, gypsum, and coarse aggregates [159,160]. The preparation process of OPC usually involves high-temperature calci-
nation of limestone and clay, which requires a significant amount of energy and generates a large amount of carbon dioxide emissions.

On the other hand, in the preparation process of geopolymer products, the main energy demand comes from the production of raw
materials. Common raw materials for geopolymers, such as FA and GGBS, are usually byproducts of industrial processes. They do not
require high-temperature treatment, resulting in relatively lower energy consumption. Furthermore, the production process of
commonly used alkaline activators like sodium silicate and sodium hydroxide also typically requires much less energy compared to the
production of cement [161]. Furthermore, some researchers claim that the production of geopolymer products can have zero energy
demand [162]. Some of them point out that to achieve better energy performance, it is preferable to consider the energy required for
collecting, grinding, and processing all the raw materials [163,164].

7. Conclusions

The 3D printing of geopolymer systems, the effect of raw materials on processability (e.g., including flowability and thixotropy),
and microstructure are comprehensively reviewed in this paper. The conclusions drawn are as follows.

(1) By introducing the raw materials and alkaline activator through separate feed pipes into the hopper of the 3D printing system, it
is possible to effectively avoid the inconveniences caused by initial mixing, such as the formation of clumps and overly viscous
slurry.

(2) The molding zone near the nozzle outlet is subject to two types of resistance: slurry pressure and wall friction, with wall friction
being an important factor affecting the extrusion resistance of the fluid as it passes through the nozzle of the 3D printing system.
The strength of these resistance forces is determined by the cone angle of the conical region.

(3) Nozzle design needs to be considered when it comes to 3D printing geopolymers as it affects factors such as print quality,
accuracy, and flow. It has been shown that square nozzles provide better surface smoothness than oval nozzles. In addition,
nozzle design should aim to reduce extrusion resistance to achieve good print quality.

(4) The solid proportion of inert materials and the chemical composition of the raw materials significantly affect the setting time of
3D printed geopolymer materials. From a physical perspective, increasing the solid ratio of inert materials can shorten the
setting time, and materials with high water absorption can accelerate the reaction process. On the chemical level, the geo-
polymerisation degree of the silicate solution plays a crucial role in the gelation of the slurry: the higher the geopolymerisation
degree, the smaller the volume of colloidal particles and the stronger the reaction activity.

(5) Geopolymer is a suspension of liquid and solid dispersants, and its rheological properties are influenced by colloidal and inertial
contact between particles, particle solubility, and the viscous interaction with alkaline agents. The elemental composition of the
precursor of the aluminosilicate also plays a crucial role in controlling the rheological behaviour of geopolymer.

(6) Raw materials with high soluble reactive silica, increasing the SiO3/Al;03 ratio of the raw material, and increasing the CaO
content of the matrix help to improve the compressive strength of 3D printed geopolymers. The dissolution of Si and Al in silico-
aluminate materials is closely related to the alkaline activator, and the dissolution of Si and Al directly affects the formation of
geopolymer products.

(7) The main factors that influence the interlayer strength of 3D printed geopolymer can be divided into chemical and physical
factors, which are affected by the raw materials used. In terms of chemical factors, the reactivity of the raw materials is an
important factor affecting interlayer bonding. Raw materials with high reactivity can have both positive and negative effects.
On one hand, they can reduce interlayer porosity and improve the interface transition zone. On the other hand, these materials
can also lead to areas of poor drying and inadequate bonding. Regarding physical factors, the interfacial humidity field and
moisture transfer are key factors that affect the mechanical properties of the interface. Proper moisture distribution and transfer
are crucial for achieving strong interlayer bonding and ensuring the overall structural integrity of the printed geopolymer.

(8) The initial content of silicon, aluminum, and calcium in the raw materials of aluminosilicates has an important influence on the
development of the gel structure and microstructure of geopolymer. Al promotes the reaction rate of geopolymerisation,
increasing the extent of reaction and product formation. Si helps improve the strength of geopolymer and enhances its me-
chanical properties. Ca contributes to the formation and stability of the three-dimensional network structure, further improving
the strength and stability of geopolymer materials.

(9) The majority of carbon emissions, energy consumption, and cost associated with 3D printed geopolymer come from the raw
materials and alkaline activators. Therefore, geopolymer is considered a more sustainable material compared to cement, as it

25



K. Chen et al. Journal of Building Engineering 84 (2024) 108501

significantly reduces carbon dioxide emissions, energy consumption, and costs. However, it is important to note that the
production costs of alkaline activators need to be considered when using geopolymer.

In conventional manufacturing of geopolymer materials, certain source materials (usually industrial by-products or naturally
occurring minerals high in alumina and silica) are primarily amalgamated with alkaline activators to harden into a sustainable
structure. Conversely, fabricating geopolymer materials through 3D printing utilizing a step-by-step deposition tactic offers fresh
prospects and difficulties. Raw materials have a crucial impact on the rheological behaviour, interlayer bonding, microstructure, and
mechanical properties of printed samples. To achieve successful geopolymer 3D printing, it is essential to fine-tune the composition of
raw materials. This involves adjusting the solid ratio of inert materials, the chemical composition of raw materials, the elemental
composition of aluminosilicate precursors, and increasing the silica-aluminium ratio in raw materials. Additionally, when selecting
raw materials with high reactivity (including those containing highly soluble reactive silica) and alkaline activators, the printability,
layer adhesion, mechanical properties, and structural integrity of 3D printed geopolymer structures may also be affected.

8. Suggestions
Based on the review in this article, some suggestions can be used for reference as follows.

(1) To further investigate the optimal composition of geopolymer raw materials (silicate sources containing silicon, aluminium and
calcium) for 3D printing applications. Printing applications, by exploring different ratios or combinations of these elements to
improve the gel structure, microstructure development and mechanical properties of geopolymer-based materials.

(2) Extensive research into the microstructure of 3D printed geopolymer materials should also be undertaken, where various
imaging and analytical methods will establish links between raw material composition, gel structure and mechanical properties
at the microscopic level.

(3) Methods to enhance the reactivity of synthetic feedstocks for geopolymers should be evaluated. To examine additives or
treatments that augment the reactivity of silicon, aluminium and calcium sources, potentially enhancing interlayer bonding and
mechanical properties in 3D printed geopolymer structures.

(4) Future studies should focus on conducting a thorough life cycle evaluation comparing 3D-printed geopolymer materials to
conventional cement-based materials, and the assessment should not only investigate the direct carbon emissions and energy
usage, but also consider the environmental effect of the substances during their entire life cycle, including manufacturing,
usage, and disposal.

(5) Exploring methods to optimize the 3D printing process of geopolymer materials for the purpose of reducing carbon emissions,
energy consumption, and costs is really crucial.
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