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Abstract
Increasing pollution poses enormous pressure on the global ecosystem, with a need to limit the carbon emissions from the 
construction materials industry. Mitigation of this carbon is possible by converting industrial wastes into alternative cement 
and optimisation in the building process. Taking this into account, advancement is taking place in sustainable geopolymer 
composites-based additive manufacturing (AM) technology. Typical precursors for geopolymer binder are industrial waste 
by-products (such as slag, fly ash, and metakaolin). In another aspect, AM entails several benefits such as easy fabrication, 
freedom of design, the ability to generate sophisticated structural elements and reduce: expenses, time, waste generation, 
and labor demands. This review journal paper on geopolymer AM presents a bibliometric study followed by an overview 
of AM methods and influencing parameters, techniques in geopolymer AM (such as extrusion and powder bed), materials, 
improvements in AM process, and fresh-state and hardened-state properties. Recent developments in AM processes within 
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the geopolymer are critically discussed while investigating the properties and applications of the same. The discussion 
includes an analysis pinpointing research gaps essential in developing geopolymer AM.

Graphical abstract

Keywords  Geopolymer · Additive manufacturing · 3D printing · Composites · Sustainability

Abbreviations
3DP	� 3D printing
AAC​	� Alkali activated concrete
AD	� Apparent density
ALSP	� Alkaline source particles
AM	� Additive manufacturing
ANC	� Attapulgite nano-clay
AP	� Apparent porosity
ASOP	� Aluminosilicates source particles
ASTM	� American Society for Testing and Materials
AV	� Apparent viscosity
BD	� Bulk density
BFS	� Blast furnace slag
BJP	� Binder jet printing
BW	� Brick waste
CAD	� Computer-aided design
CDW	� Construction and demolition waste
CO2	� Carbon dioxide
CS	� Compressive strength
EBM	� Electron beam melting
EC	� Electrical conductivity
ESA	� European Space Agency

EU	� European Union
FA	� Fly ash
FDM	� Fused deposition melting
FS	� Flexural strength
GGBFS	� Ground granulated blast furnace slag
GO	� Graphene oxide
GS	� Ground silica
GTF	� Green tow flax
HA	� Halloysite nanotube
HGPP	� Hydrated geopolymer particles
HPMC	� Hydroxy propyl methyl cellulose
HRWRA​	� High-range water-reducing agent
ILBS	� Inter-layer bond strength
K2SiO3	� Potassium silicate
KF	� Kenaf fiber
KOH	� Potassium hydroxide
KSC	� Kenaf straw core
LRS	� Lunar regolith simulant
M3D	� Micro-3D printer
MAS	� Magnesium alumino-silicate
MK	� Metakaolin
MOR	� Modulus of rupture
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MS	� Micro-silica
Na2SiO3	� Sodium silicate
NaOH	� Sodium hydroxide
NGP	� Nano-graphene platelets
NGPs	� Nano-graphite platelets
OPC	� Ordinary Portland cement
PBO	� Polyphenylene benzobisoxazole
PCM	� Phase change material
PP	� Polypropylene
PV	� Plastic viscosity
PVA	� Polyvinyl alcohol
RCA​	� Recycled coarse aggregate
RM	� Red mud
SCSM	� Sodium carboxy methyl starch
SD	� Strut density
SEM	� Scanning electron microscope
SF	� Silica fume
SiC	� Silicon carbide
SLA	� Stereo-lithography apparatus
SLM	� Selective laser melting
SLS	� Selective laser sintering
SoD	� Solid density
SRF	� Shape retention factor
SRR	� Shape retention ratio
TD	� True density
TOT	� Thixotropic open time
TP	� Total porosity
UV	� Ultraviolet
VMA	� Viscosity-modifying admixture
XRD	� X-ray diffraction
YM	� Young’s modulus
YSZ	� Yttria-stabilized zirconia

1  Introduction

Pollution degrades the natural terrain around which we 
live, the waters we drink, and the atmosphere we breathe. 
Rapid technological advancements are intended to make 
our lives easier. Consequently, rapid industrialization 
severely impacted our global ecosystem by depleting the 
earth's natural resources, increasing pollution and pro-
ducing a more significant amount of waste. According to 
data from Eurostat 2021 of the European Union (EU) as 
demonstrated in Fig. 1a [1], the average waste produced 
in Europe is majorly from construction and demolition 
waste (35.9%),  followed by mining and quarrying waste 
(26.6%) and manufacturing waste (10.6%) [1]. Similarly, 
the World Bank in Fig. 1b has released the global trends in 
solid waste management and projected significant growth 
in waste generation until 2050 [2]. This has raised a sig-
nificant concern worldwide about minimizing this major 

waste generation and then utilizing it efficiently for a sus-
tainable future and circular economy.

The transformation of waste materials into a resource is 
not only critical to the economy but also for the environ-
ment. Waste materials could be reduced, reused, recycled, 
and remanufactured, removing the need to consume natural 
resources for modern purposes [3]. Fly-Ash (FA) [4], Blast 
Furnace Slag (BFS) [5], mine tailing [6], silica fume [7], 
rice husk [8], and red mud [9] are the primary industrial 
wastes that are generated in high quantities [10–12]. All the 
generation of waste in the construction industry is consider-
ably influenced by the complexity of scaffolding, production 
time, and costs. Long series scaffolding is necessary to turn 
these molds cost-effective [13]. Another concern is the scaf-
fold life cycle, especially for the greenhouse gas emissions, 
considering the environmental damage of scaffolding. Digi-
tal fabrication, or, more specifically, AM, can modernize and 
revolutionize several production processes used in the con-
struction industry [14]. First, digital fabrication techniques 
can generate the article directly from the Computer-Aided 
Design (CAD) file, which is a substantial advantage [15]. 
Second, AM can reduce 30–65% of the cost and time [16] 
leading to the reduction of waste incurred in the construction 
industry by clearly eliminating the need for conventional 
formwork, which is a time-consuming process particularly 
for intricate shapes or designs. Further advantages of time 
reduction include on-demand construction which prevents 
the need for transportation of precast elements, and reduced 
manpower requirements, acting as a bottleneck in terms of 
time and efficiency. Finally, digital fabrication has increas-
ing utility as more 3D technologies are being used, such 
as 3D scanning and generating files for CAD models [10]. 
However, achieving precise quality in freeform 3D printed 
components casted on-site still remains challenging [18].

Extra emission of CO2 during in situ concrete castings is 
tied up to formwork [19] and over-ordering of concrete [20]. 
This is also generating vast amounts of waste that are dif-
ficult to handle. Eco-friendliness, construction utility, readi-
ness, and economic benefits are the main driving factors in 
the development of digital fabrication. Introducing energy-
efficient materials like geopolymer concrete (e.g., OPC and 
FA) AM is a promising step toward limiting typical Portland 
cement use [13, 21] and associated CO2 emissions.

There are several advantages to 3D-printing concrete, 
but the most important one is that it can swiftly produce 
complicated and non-standard shapes with fine details. This 
manufacturing process does not need formwork and uses a 
specified printing method dependent on the mixture proper-
ties and article design. Cement-based concrete AM is still in 
its early phases of development [22], and much attention is 
being paid to the development of AM geopolymer concrete, 
considering sustainability factors in construction.
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This review journal paper investigates critical factors, 
advancements, and challenges relating to geopolymer 
composite mixes and their utilization for AM. A biblio-
metric analysis was carried out first to configure the pre-
sent stage of knowledge on geopolymer and AM. The next 
section discussed materials used for geopolymer compos-
ites and AM methods. Figure 2 presents several interde-
pending factors that need consideration to understand and 
optimize geopolymer-based AM. In order to work with 
AM processes, an ideal activator-to-alkaline solution ratio 
(FA: BFS) is explored explicitly from the literature. Opti-
mization for technical specifications of the geopolymer 

AM machine performance, open time, spreadability, and 
workability are being discussed. Then, the geopolymer 
AM system is critically reviewed for the virgin mixture 
parameters' effects on fresh-state and hardened properties, 
such as mechanical properties (yielding flexural stresses 
and tensile bonding strength). Discussion includes poten-
tial geopolymer mix designs tailored to the specific 3D 
printing process considering varying speeds, pressures, 
printing nozzle types, and methodology. The study finally 
presents the existing research gap and the prospects for 
future progress in the geopolymer composite AM field.

Fig. 1   Waste production a 
Europe split down into indus-
trial sectors, including house-
holds, Data source: Eurostat 
(online data code:env_wasgen), 
b Trends in solid waste manage-
ment, Data source: The World 
Bank [1, 2]
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2 � Bibliometric study

This section provides a comprehensive and systematic bib-
liometric overview of the published research data associated 
with AM of geopolymer composites (i.e., in the paste, mor-
tar, concrete configuration). It includes an extensive table of 
the research constituents from the concurrent literature along 
with a network visualization of the associated keywords. The 
rationale behind the adoption of this strategy is directed at 
a clear and concise comparison and interpretation of the 
research insights. Table 6 (“Appendix”) comprises publica-
tions from various databases, with the Boolean search strat-
egy of keywords including [“Additive Manufacturing” AND 
“3D Printing” AND Geopolymer]. Crucial particulars like 
the author's name, year and type of publication, 3D printing 
principle, raw materials, and applications are analyzed in 
Table 6 (“Appendix”) comprised 156 reference work, which 
provides in-depth information on the research progress and 
developments of geopolymer AM over the years. The arti-
cles ranged from 2015 to 2024 (Cont.) and included journals, 
conference proceedings, reviews, and reports.

Both extrusion and powder bed-based 3D printing tech-
niques have been utilized for geopolymer AM. However, 
the former found is most common and has been profoundly 
accepted by industry and the research community. Binder 
materials were commonly sourced from silicate-based waste 
and abound minerals, such as different types of slag, FA, 

MK, and mine tailings. Reinforcements in binders included 
nanomaterials, glass waste, SF, and different types of fibers 
(carbon, glass, steel, plastic). Different forms of geopolymer 
(paste, mater, concrete) were used for AM, targeting con-
ventional applications, such as construction, insulation, and 
backfill, while exploring multifunctional applications, such 
as thermal energy storage and adsorption. Further research 
works are essential to explore novel application scenarios 
associated with geopolymer AM. The number of publica-
tions has been considerably increasing compared to that of 
a few papers back in 2015. Bibliometric data analysis is pre-
sented in Fig. 3, which presents a network of visualization 
data analysis using the VOS viewer software based on the 
keywords of publications from Table 6 (“Appendix”). Fig-
ure 3 depicts the network visualization of the extensive key-
word occurrence (i.e., each keyword is repeated at least five 
times in different publications) with variable link strength 
parameters. This network visualization plays a crucial role 
in identifying research trends and understanding research 
focus through clustering and categorization. The analysis 
provides an array of keywords which can be specifically 
divided under different heads as follows:

	 (i)	 Process (3D Printing, Concrete Printing, Additive 
manufacturing, 3D Concrete Printing, Mixture, 
Reinforcement, Extrusion, Digital Construction, 
Curing, Blast Furnaces, Construction, 3D Printing 

Fig. 2   Factors affecting the AM process of silicate-based geopolymer composites
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Fig. 3   Bibliometric analysis through the co-occurrence and network of the keywords
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Process, Printing Presses, Direct Ink Writing, Printed 
Structures, Powder-Based 3D Printing, Dimensional 
Accuracy, Computer-Aided Design)

	 (ii)	 Material (Inorganic polymers, Geopolymers, Fly-
ash, Concrete, Slag, Portland Cement, Geopolymer 
Concrete, Additives, Silicates, Binders, Geopoly-
mer Composites, Concrete Mixtures, One-Part Geo-
polymer, Mortar, Silica Fume, Concrete Products, 
Sodium Hydroxide, Lime, Geopolymer Mortars, 
Geopolymer Materials, Silica, Metakaolins)

	 (iii)	 Property (Compressive strength, Rheology, Mechani-
cal Properties, Yield Stress, Tensile Strength, Prop-
erty, Bending Strength, Bond Strength, Rheologi-
cal Property, Performance, Porosity, Anisotropy, 
Hardening, Buildability, Mechanical Performance, 
Elasticity, Thermal Conductivity, Viscosity, Fresh 
Properties, Flexural Strength)

	 (iv)	 Environment (Sustainable Development, Construc-
tion Industry, Sustainability, Environmental Impact)

The above keywords allow deeper insights into the key 
areas of geopolymer 3D printing, and it can be inferred 
that the focus of the research community is most likely 
centered on optimizing construction processes, develop-
ing environmentally friendly materials, ensuring mechani-
cal integrity, and promoting sustainable practices within 
the construction industry. These research efforts have the 
potential to revolutionize the construction sector, offering 
more efficient, cost-effective, and sustainable solutions for 
building infrastructure.

3 � Geopolymer materials and AM methods

Several rapid prototyping AM techniques are currently 
used in the construction industry. Cementitious materials 
are fundamentally utilized to produce concrete-like struc-
tures. Such technologies are differentiated by feedstock, 
the capability of producing dense structure, particle size, 
surface quality, precision, and cost, among many other 
parameters. The parameters mostly depend upon the AM 
process and the resulting product (ceramics, plastics, and 
metals). The big-scale AM techniques for ceramics are 3D 
Printing (3DP) and Fused Deposition Modeling (FDM). 
The challenges in most of the techniques are associated 
with the appropriate mix design and supporting structures 
used until the concrete and geopolymer-based composite 
gains the required strength. FDM is typically suitable for 
3D printing with thermoplastic polymer where heat needs 
to be applied to molten and extrude the polymer through 
the nozzle.

3.1 � Materials in geopolymer for AM

3.1.1 � Geopolymer precursors

Commonly used precursors for geopolymer composite are 
FA, slag, and both of their compositions. Multi-component 
compositions, such as FA and SF, are also often used in AM 
technologies. Additionally, trials for incorporating sustain-
able waste materials, such as construction and demolition 
waste (CDW), mining tailings, bauxite residue (red mud), 
rice husk ash, and waste glass, have been successfully used 
along with a few other potential precursors [86, 111]. Con-
tinuous efforts are undertaken by researchers to identify and 
utilize potential waste materials as precursors in geopolymer 
AM and could be further broadened in future studies. The 
distribution of the available studies for major raw materi-
als used for AM geopolymers and their composition can be 
identified from Table 6 (“Appendix”), which includes FA, 
MK, Slag, and SF. In comparison with a similar analysis 
made in [180], it is possible to notice that:

•	 Slag is less prevalent in AM applications than in tradi-
tional technologies such as casting.

•	 The OPC is only incidentally used as a composition com-
ponent dedicated to AM applications. It has often been 
used as an admixture for geopolymer composites manu-
factured by traditional casting technology.

•	 The geopolymer composites based on mine tailings were 
not analyzed in [180], except for the red mud. The red 
mud has not been applied to the AM of geopolymers yet.

•	 The SF is a quite popular component for composition, 
but it has not yet been studied as the only ingredient.

3.1.2 � Alkali activators

The alkali activators used in AM are mainly sodium-based 
chemicals. The activators based on potassium have been 
tested, but usually, the properties of the final products using 
this activator are not as satisfactory as in sodium-based [80, 
108]. Solid activators are preferable to liquids because of 
their safety and convenience during their use in the AM 
process. However, the interlinked studies connected with 
the final products' mechanical properties have not yet been 
carried out for AM. Nevertheless, the liquid activator per-
forms better than the solid activators for geopolymer [115, 
180]. It is also worth noting that alkali activators have been 
used in conventional (extrusion) as well as powder bed AM 
technologies as compounds for post-processing.

3.1.3 � Admixtures

The used admixtures are essential elements connected with 
increasing AM effectiveness. Admixtures have different 
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functions in the AM process and are added at different 
stages. Typically, the admixtures are applied in first stages of 
the process: (i) pumping and deposition in the case of extru-
sion-based technology [62], and (ii) the first stage of powder 
preparation and mixing in the case of powder bed technolo-
gies. In the analyzed articles, the most common admixtures 
were rheological agents, especially polyethene glycol, and 
reinforcements included fiber or mineral admixtures [62]. 
The other popular admixtures were retarders, sucrose [116], 
and viscosity-modifying agents, including anhydrous borax, 
sodium carboxymethyl cellulose, sodium carboxymethyl 
starch, and commercial compounds marked as Zb® 63 and 
AE agent [51, 55, 80, 89]. The thixotropy was modified by 
adding magnesium aluminosilicate, attapulgite nano-clay, or 
commercial compounds marked as ATTAGEL-50 [54, 83, 
116]. Some admixtures were also dedicated to the properties 
required for a specific final product, for example, the porous 
structure (achieved through the addition of Lightcrete 02™ 
foaming agent and foam stabilizer) [61] or ion-exchanging 
properties given by such admixtures as Ba (NO3)2 and Sr 
(NO3)2 [57]. The other group of admixtures is connected 
with material formability which could work against crack 
propagation. Examples of those admixtures are PVA or poly-
propylene fibers [56, 76] or improve the mechanical prop-
erties, such as steel micro-cable and glass fibers [56, 90, 
124]. Recently nanomaterials, such as graphene derivatives, 
carbon nanotubes (CNT), nano-silica are also used as admix-
tures to develop advanced geopolymer-based composite and 
AM applications [181–186].

Different admixtures are used to uniquely modify prop-
erties of geopolymers such as foamed materials [75, 187]. 
Their use gives new perspectives for applying geopolymers 

in AM. Modifying geopolymer mixes may open new per-
spectives for advanced AM applications, such as in water 
treatment, enzyme immobilization, catalyst process, an 
artificial reef, high-performance radiation shielding, elec-
tromagnetic interference shielding, and multifunctional 
advanced composites [87, 104, 184, 188, 189]. A promis-
ing option is the development of functional geopolymer-
based applications in the building industry [121, 187]. AM 
geopolymer is also the better replacement option for ordi-
nary Portland cement as a building material in future [190]. 
Although high processing and components are required for 
geopolymer composition [187], advanced and sustainable 
geopolymer composites progressing fast for exceptional 
applications made in AM industry.

3.2 � AM methods

The AM currently used in building & construction applica-
tions can be classified into two fundamental groups: materi-
als extrusion (extrusion-based) and binder jetting (powder-
based). Different types of printing configurations currently 
being utilized by researchers and industries are shown in 
Table 1. Most of them refer to material extrusion technology, 
where fresh concrete is extruded through a nozzle moved by 
a robot-like apparatus to realize the final component layer 
by layer. This technology is often referred to as robocasting. 
Notably, when confronting intricate architectural configura-
tions, the robocasting process encounters certain constraints, 
most conspicuously the absence of a support mechanism 
to buttress individual layers. This makes it challenging to 
obtain precise dimensions on the final printed part.

Table 1   AM configurations used in the construction and composite industry

E, extrusion; P, PowderBed

Company Printing System Printer Build size (m) Country References

BetAbram GantryE P1 16 × 8.2 × 2.5 Slovenia [194]
COBOD GantryE BOD2 14.62 × 50.52 × 8.14 Denmark [195]
Constructions-3D Robotic ArmE MAXI PRINTER 12.25 × 12.25 × 7 France [196]
CyBe Robotic ArmE RC 3Dp 2.75 × 2.75 × 2.75 The Netherlands [197]
ICON GantryE Vulcan II 2.6 × 8.5 × ∞ The USA [198]
MudBots GantryE Concrete 3D Printer 1.83 × 1.83 × 1.22 The USA [199]
Total Kustom GantryE StroyBot 6.2 10 × 20 × 6 The USA [200]
WASP DelaE Infinity 3D Printer Ø 6.3 × 3 Italy [201]
Apis Cor Robotic ArmE 3D printer 8.5 × 1.6 × 1.5 The USA [202]
Batiprint3D Robotic ArmE 3D printer 7 (Height) Italy [203]
SQ4D GantryE ARCS 9.1 × 4.4 × ∞ The USA [204]
XtreeE Robotic ArmE 3D printer – France [205]
CONCR3DE GantryP Large-Scale Printer 0.6 × 1.2 × 0.3 The Netherlands [206]
ExOne RoboticP S-Max® Flex 1.9 1 1 USA [207]
Voxeljet GantryP VX4000 4 2 1 Germany [208]
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In additive manufacturing (AM), geopolymers are a 
promising way to develop materials for practical applica-
tion in manufacturing on a larger scale. Still, it requires the 
development and optimization of geopolymer composites. 
The full exploitation of AM in the construction industry is 
currently limited due to the in-process and in-service perfor-
mance of the available materials [82]. The materials require-
ments are strictly in line with the technology used. In the 
case of geopolymers, both materials extrusion and powder 
bed-based AM technologies have been tested [37, 191–193]. 
The design of the proper materials for these technologies 
is slightly different. A gantry-based printing setup is com-
monly used for powder bed-based AM, where both gantry 
and robot arm are found common in the extrusion AM. The 
extrusion-based AM are progressing fast, considering its 
versatility and large scale of printing objects, particularly in 
the civil infrastructure construction field. A key parameter in 
the extrusion-based AM process is to have a consistent flow 
of extruded geopolymer materials with desirable printed 
layer retention capacity.

3.2.1 � Extrusion‑based AM

Figure 4 presents several extrusion-based AM using geo-
polymer composites. Based on the extrusion process, the 
AM requires materials in the form of a paste that is injected 

into the extruder, usually through systems of nozzles. The 
end composites should have a good combination of essen-
tial material properties, such as pumpability, extrudability, 
buildability, thixotropic properties, short time of curing 
and the possibility of curing in low temperature, interlayer 
bonding, and segregation prevention, durability, ductility, 
high tensile and compressive strength (CS), low coeffi-
cient of thermal expansion, resistance to UV light, etc. [37, 
191–193]. Further, the most important, according to the final 
price and properties of the geopolymer products made in 
AM, are also post-processing procedures. The appropriate 
methods could considerably increase the geopolymer prop-
erties but are hard for practical application. For example, 
curing in high temperatures, such as 50–80 °C, significantly 
increases the mechanical properties of the geopolymers. 
Still, it is tough to apply in AM, requiring technical solu-
tions [25].

Nowadays, from the material point of view, one of the 
most critical issues is the possibility of modifying geopol-
ymer mixes to gain particular properties and enhance the 
eco-efficiency of AM [121]. It could be achieved using eco-
friendly components, such as industrial waste, mine tiling, 
etc. However, the most often used raw materials for extru-
sion-based AM are FA, slag, and MK; the other raw materi-
als are also becoming increasingly popular. Table 7 (“Appen-
dix”) presents the precursors and the critical findings of 

Fig. 4   Extrusion-based AM using geopolymer composites: a Sche-
matic of geopolymer extrusion, b extrusion-based geopolymer extru-
sion-based 3D printing using a robot arm at UWE Bristol laboratory, 

c–f Extrusion AM using a gantry-based system Reproduced with per-
mission from Refs. [70, 124, 146, 151, 209]
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studies focused on extrusion-based AM geopolymer tech-
nologies. It is based mainly on recent research, especially 
in the last 6 years. This Table 7 especially shows the variety 
of used materials and their obtained compositions, as well 
as additives that can improve the material properties, such 
as extrudability.

Table 7 (“Appendix”) also provides a few notable advan-
tages and disadvantages of extrusion-based geopolymer AM. 
Indeed, the merits include the cost-effectiveness of the 3D 
printer, ease of customization according to the requirements, 
and the unconstrained scale of printing, while some of the 
shortcomings consisted of low printing accuracy, low inter-
layer bonding strength, high rheology precision control, dif-
ficulty in printing sharp corners and anisotropic nature of 
the printed object. Therefore, future works could focus on 
the issues/constraints of extrusion-based geopolymer AM, 
which include the workability of the fresh mix, deformation 
of the placed material, conformity to the desired geometry, 
and geometrical freedom in design afforded through the pro-
cess [215].

3.2.2 � Powder bed‑based AM

Contemporary AM technology based on powder bed is less 
common compared to the extrusion process applied to geo-
polymers. This is because of their main advantage—cost-
effectiveness. However, the extrusion process of 3D print-
ing has some disadvantages. The most important ones are 

limitations in shape—overhangs can only be printed with 
the help of support structures, and the accuracy is low [36].

Figure 5 presents several powder bed-based AM tech-
nologies. The powder bed technology, such as binder jet-
ting, requires material from very fine particles (powder). The 
elements are created by depositing the activator liquid (or 
"ink") selectively onto the powder bed to bind powder where 
it impacts the bed [35]. In this case, the powder geometries 
have a significant meaning, including the specific area of the 
grains [35]. The other important factor is wettability, which 
allows the joining of the grains and strongly influences the 
powder's activation time with the activator. Because of 
that, powder bed technology requires knowledge in the area 
of powder mechanics as well. This technology allows for 
more esthetic elements than extrusion-based technology 
but requires a longer time for element production [216]. 
The powder bed technology is also more environmentally 
friendly, but it significantly limits the size of the elements 
[25]. This has a significant meaning in the case of the build-
ing industry.

Chen et al., in their investigation, identified an optimal 
value of inorganic activator (activator) in MK-based geopol-
ymer to obtain the highest mechanical properties [219]. The 
MK–sand (1:8) mixture powder bed was a printer with the 
same inorganic solution as activator liquid, and the effects on 
the geometry of the printed article were studied. The varying 
amount of activator has been printed to achieve the opti-
mum value of the activator amount in the powder bed. The 

Fig. 5   Powder bed-based AM technology: a Schematic of pow-
der bed-based AM process, b, c AM system and few high precision 
printed objects at the UWE Bristol laboratory, d–f Other geopolymer 

powder bed-based AM. Reproduced with permission from Refs. [117, 
142, 217, 218]
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absorption of the silicate-based activator into the MK-based 
powder bed was studied [219]. Then, a geometric model in 
all three dimensions for absorption was presented.

Interestingly, due to the deficient secondary absorption 
of Alkali-Activated Concrete (AAC) [220]-based powder 
bed, only the printed specimen's depth changes dimension 
when the amount of activator increases. That is contrary to 
the OPC concrete or organic activator printing [147]. The 
best ratio of the activator (Na2SiO3, NaOH, and water) in 
terms of geometric accuracy and mechanical properties were 
achieved at ~ 7.5 min.

Another research study [72] demonstrated the binder jet-
ting of alkali-activated geopolymer precursor for the envi-
ronmentally friendly use of this technology. The geopoly-
mer cement was used in a custom-built 3D printer based on 
binder jetting technology. An innovative construction printer 
was built to increase the ease of powder deposition and its 
utility by shifting the powder deposition platform above 
the printing platform. The printer could change the layer 
thickness, activator jet spacing, speed, activator flow rate, 
and several other parameters. The powder bed has been pre-
pared by mixing the commercially available silica sand and 
MK (8:1) [72]. The inorganic liquid activator was prepared 
by mixing Na2SiO3, NaOH, and water. Each constituent of 
the activator mixture has been added to achieve the desired 
properties during geopolymerization [72]. The printed speci-
men showed a modulus of rupture (MOR) and compressive 
strength (CS) of 5.15 MPa and 4.3 MPa, respectively, which 
is significantly higher than the ordinary Portland concrete 
(OPC) printed sample as an organic activator printed sam-
ple. The analysis of the geopolymerization/activation using 
SEM and XRD shows the increase in geopolymer phases 
with the amount of activator. These AM structures (MK-
based geopolymer) can be used in various structural appli-
cations, from construction elements to thermal insulations.

Moreover, powder bed technologies are tested for extreme 
applications, such as space one. The D-shape large-scale 3D 
printer was tested by the European Space Agency (ESA) 
for the printing process in the simulation of the lunar envi-
ronment, where lunar regolith was used to create stone-like 
objects [221]. AM has been positively validated also for 
planetary regolith-based concrete and geopolymers, such as 
sorel-type cement (MgO-based), sulfur cement, polymers/
trash composites, and Portland cement [30]. Despite test-
ing the space applications, there are still a lot of challenges 
connected with the materials used for powder bed technolo-
gies, as included in Table 8 (“Appendix”), which shows the 
geopolymers and their composites tested for powder bed 
technologies from the same period. It is visible that this 
technology is less popular than extrusion-based; however, 
this could have a significant influence on the development of 
these materials for further applications such as space habit-
ants [222, 223].

Like Table 7 (“Appendix”), powder-based geopolymer 
AM, as in Table 8 (“Appendix”), also faces challenges, 
including uneven surface texture, complex and costly 
3D printers, slow print rate, limitation in print size, and 
post-processing requirements. While printing parameters 
can influence macro-porosity to some extent, achieving 
consistent control remains a limitation in the fabrication 
process [81, 224]. Additionally, achieving comparable 
strength between heat-cured and ambient temperature-
cured samples poses challenges, despite advancements in 
post-processing methods [59]. These issues have restrained 
the utilization of powder-based geopolymer AM in the 
commercial and industrial market by reducing the applica-
tion base and could be followed in future studies. However, 
the method allows for the printing of geopolymer products 
with high accuracy and resolution without the requirement 
of support, which provides an edge over the extrusion-
based geopolymer AM.

4 � Properties of AM geopolymer composites

AM of geopolymer composites is governed by diverse com-
ponents, which determine the end print of the composites. 
The variable features include the type of printing method, 
geopolymer precursor materials, activators, additives, curing 
conditions, etc. These bring about the end property tran-
sitions in the end print while providing room for further 
enhancement and modifications along with the required 
characteristic properties. Factual evidence from Table 9 
(“Appendix”) can be assimilated to highlight the growth 
and development of AM geopolymer composites in differ-
ent applications with adequate properties. CS and FS were 
one of the most investigated properties by the investigators. 
Table 7 (“Appendix”) also showcases other crucial proper-
ties and parameters of past literature studies in the develop-
ment of the printing of geopolymer composites.

Figure 6 presents the collective depiction of all the sig-
nificant parameters of geopolymer AM and its properties. 
The important factors for fresh state properties of geopoly-
mer AM are extrudability, shape retention, thixotropic open 
time, buildability, and reaction kinetics. The hardened state 
properties are shrinkage, bulk density, mechanical proper-
ties and layer adhesion. The following section describes 
the requirement and fresh and hardened properties of geo-
polymer composites in the application of AM. The section 
describes the necessity of recent AM in geopolymer concrete 
construction and follows up to present a brief idea about 
the different suitable materials used by past studies. The 
development of the materials in geopolymer AM has been 
discussed in detail, starting from the material selection to 
end engineering properties.
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4.1 � Fresh‑state properties

4.1.1 � Rheology

The rheological properties of geopolymer materials are 
considered decisive for 3D printing for several reasons. An 
optimal mix of geopolymer should possess: (i) high-yield 
stress for favorable extrusion without collapsing, (ii) low 
viscosity for smooth flowability, and (iii) good thixotropic 
properties for higher shape retention ability. The scope of 
the geopolymer rheological properties includes the build-
ability of 3D-printed parts, apart from the yield stress, 
viscosity and thixotropy. Any imbalance in the rheological 
properties can induce defects in the end products. Zhao 
et al. analyzed the geopolymer printing materials param-
eters for rheological and mechanical properties improve-
ment [115]. Rheological agents could modify specific 
parameters of geopolymer fresh properties. The authors 
identified four key geopolymer parameters for rheological 
property improvements in AM [115]:

•	 Particle spacing increases (reduction in particle con-
centration) with the increase in w/s ratio, increasing the 
amount of suspending fluid, or the increase of activator 
solution-to-activator ratio.

•	 Particle size decreases (by adding finer particles or get-
ting a higher particle surface).

•	 Particle interaction force increases (by adding thixo-
tropic agents and reinforcing agents, including micro-
fibers and nanomaterials) by altering Van Der Waals 
forces.

•	 Modification of alkali activator viscosity by increasing 
the molar ratio or the concentration of alkali activator as 
well as admixture (decreasing the migration rate of water 
and active particles).

Few of the adopted thixotropic agents include hexago-
nal boron nitride [91], urea, naphthalene, polycarboxylate 
[100], MAS [116], Sodium carboxymethyl starch [68], 
Sucrose [116], polyethylene glycol [104], Sodium poly-
acrylate [226], Lateritic clay [54], Acti gel [227], Borax 
[171] etc. Similarly, the familiar fiber reinforcements 
include carbon fiber [106], wollastonite [78], glass fiber 
[28], PP fiber [33] and nanomaterials GO [71], Nano-
graphite [210], Nanoclay [54], micro-crystalline cellulose 
[228], Attapulgite nano-clay [229].

Table 2 provides information on the range of rheologi-
cal parameters and measuring instruments for AM geo-
polymer. The table summarizes the rheological parameters 
of various construction materials and mixtures. Nota-
ble findings include a paste composition of FA (Class 
F) + GGBS + SF + NaOH + Na2SiO3 with a slump range of 
330–496 Pa [37] and various mortar mixtures exhibiting 
distinct rheological behaviors, with yield stress and viscos-
ity values ranging from 6.74–106.97 Pa and 5.50–8.80 Pa s 
(PV) measured using the RVDV-2 instrument [35, 54, 62, 
78, 83, 171, 210, 229, 230]. Additionally, diverse rheo-
logical properties were observed in paste compositions, 
such as high viscosity ranging from 4950 to 30,000 Pa s 
(AV) for MK + Na2SiO3 + Hexaboron Nitride + Water [91] 
and lower viscosity ranging from 20,000 to 200,000 Pa s 
(PV) for DNA 1 LRS + NaOH + Urea + Water [127]. The 
influence of fibers on rheological parameters was noted 
in mixes containing materials like Wollastonite Fiber and 
PVA [78, 229, 230]. These findings offer insights into the 
rheological behaviors of construction materials, which are 
crucial for optimizing formulations for various construc-
tion applications.

Fig. 6   Parameters and proper-
ties of geopolymer AM
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4.1.2 � Extrudability

Extrudability of an AM material is vital for smooth pump-
ing ability without any disruption or clogging in the extru-
sion pipe. Inappropriate geopolymer mixtures or mixing 
procedures can cause a decrease in extrudability, including 
segregation of the particles, nozzle lodging or filament tear-
ing [127]. Extrudability can be directly correlated with the 
build speed and structural integrity to increase consistency 
and reduce waste generation. Rheological properties, includ-
ing plastic viscosity and yield stress, play a major role in 
determining extrudability. Higher rheological values mostly 
contribute to enhancing the buildability but decrease the 
extrudability and vice versa [131]. Different internal fac-
tors, such as the physical and chemical properties of the 
precursor source materials, activator and aggregate content 
and quality, generate a significant impact on the viscosity 
of the geopolymer mixtures [110]. Figure 7a depicts the 
typical representation of a discontinuous type of extrusion 
of geopolymer material, whereas Fig. 7b demonstrates the 
same in different printing environments, such as ambient and 
vacuum conditions.

Extrudability is influenced by different alkali activators, 
blending of precursors and their proportions in geopolymer 
composites. The effect of sand on the extrudability of FA-
slag-SF-based geopolymer activated by NaOH and K2SiO3 
was investigated by measuring torque and yield stress [35]. 
Results exhibit poor extrudability of geopolymer with higher 
sand/activator ratios of 1.7 and 1.9 due to high static yield 
stress. Another study investigated the effect of time inter-
val on the extrudability of FA-slag-SF-based geopolymer 
activated by K2SiO3 [39]. The observation suggests that 
the geopolymer was extrudable up to 20 min, which was 
reflected in higher yield stress and viscosity beyond 20 min. 
The investigation into sodium-based activator-activated FA 
geopolymer revealed that the presence of 10% SF, 10% slag, 
and a combined slag-SF ratio of 10% led to significantly 
higher yield stress compared to the control FA geopolymer 
[37]. The yield stress of these geopolymers also increases 
with an increase in resting time. A similar study suggests 
that FA-slag-SF geopolymer activated by K2SiO3 is reason-
ably extrudable even after 25 min of mixing [27]. Static 
yield stress and viscosity of FA-based one-part geopolymer 
increase with the increase in slag and activator contents, 

Fig. 7   Literature analysis of Geopolymer 3D printing Extrudability, a Discontinuous Extrusion, b Different Environments, Shape Retention c 
Robotic Arm printing, d Gantry printing. Reproduced with permission from Refs. [116, 127, 230, 234]
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where the low viscosity and high-yield stress of the FA-
slag blended geopolymer exhibit buildability property [62]. 
Yin et al. [69] studied the effect of slag contents on the set-
ting time of FA geopolymer and reported slag contents of 
20–30%, and the final setting time is just below 35 min. This 
indicates that the FA geopolymer containing 20–30% slag 
should be extruded before this time to prevent clogging in 
the pipe. Zhang et al. [49] studied the effect of Si/Na ratios 
on the yield stress of GGBFS and steel slag blended geo-
polymer. By increasing the sodium activators ratio, the yield 
stress of printable geopolymer paste is increased by 10 folds. 
They also observed that yield stress increases with time in a 
non-linear manner, which is favorable for holding the upper 
layer by the bottom layer in AM. Likewise, another study by 
[231] also reported a similar increase in yield stress with an 
increase in activator content and time, irrespective of water/
activator ratios. They reported that yield stress above 2 kPa 
is not possible to measure.

Admixtures and viscosity modifiers can predominantly 
affect the extrudability factor of the geopolymer mix. Sun 
et al. [68] studied the effect of sodium carboxymethyl starch 
(SCSM) on shear stress and viscosity of slag-calcium car-
bonate blended geopolymer and observed an increase in 
shear stress with an increase in shear rate irrespective of 
SCSM content and at any shear rate the shear stress increase 
with the increase in SCSM content. They also observed the 
shear-thinning phenomenon with an increase in SCSM 
content, which is beneficial for the easy movement of geo-
polymer slurry through the nozzle due to the breaking of 
the molecular chain of the SCSM. The introduction of fiber 
reinforcement can significantly increase the viscosity of the 
geopolymer mix. Nevertheless, the influence of the fibers 
can be reduced if the shear rate of the printing process is 
kept high. Appropriate optimization measures are essential 
to control the influence of the reinforcing materials on the 
extrudability factor since the utilization of reinforcing fibers 
is inevitable in the development of geopolymer AM. The 
effect of different commonly adopted fiber reinforcements 

on the geopolymer extrudability can be estimated through 
the slump flow and rheology test of the geopolymer mix. 
Higher viscosity values of the geopolymer slurry tend to 
obtain higher values of hardened properties. Maximum 
compressive and flexural strength was achieved with a vis-
cosity of 2.5–10 Pa s [232]. Nevertheless, there is a lack of 
generalization in the data for optimizing the extrudability 
parameters of AM geopolymers due to limited studies on 
geopolymer AM. Possible research gaps include appropri-
ate standardization methods for evaluating the geopolymer 
extrudability and optimization of geopolymer formulations 
for 3D printing.

4.1.3 � Shape retention

Shape retention is an essential factor for geopolymer AM. 
The printed geopolymer is expected to retain its shape as 
per the extruder dimension after extruding. The material 
should possess low slump characteristics to achieve good 
shape retention, i.e., high-yield stress, so it will be stable 
under its weight. The shape retention of the AM geopoly-
mer has been evaluated through different approaches by dif-
ferent authors and has been summarized in Table 3. The 
geopolymerization reaction rate impacts the shape retention 
capability of the AM geopolymer (Rheological properties 
and compressive strength of construction and demolition 
waste-based geopolymer mortars for 3D printing). The shape 
retention of FA-slag-SF geopolymer reported an increase in 
shape retention factor with the increase in sand content [35]. 
A correlation between geopolymers' yield stress and shape 
retention factor was also reported [35]. The authors have also 
explored the viscosity recovery potential of the AM geopoly-
mer, which is beneficial for higher shape retention charac-
teristics [35]. Bong et al. [55] studied the effect of different 
types of sodium and K2SiO3s and the silicate-to-hydroxide 
ratios on the shape retention of FA-slag geopolymer. They 
observed that the shape retention of geopolymer made 
by N-grade Na2SiO3 is much higher than that of D-grade 

Table 3   Summary of evaluation 
criteria for shape retention by 
various authors

SRF, shape retention factor; SRR, shape retention ratio

Sl. no. Evaluation criteria References

1. SRF =
Cross Sectional area of 3D sample before demoulding

Cross Sectional area of 3D sample after demoulding
[35]

2. SRF =
Cross Section area of extrudates after printing

Cross Section area of the orifice
[54]

3. SRF =
Designed layer width of Filament

Actual printed layer width of Filament
[61]

4. Shape Deformation =
After Demolding−Before Demolding

Before Demolding
× 100 [100]

5. SRR =
Width of Nozzle

Width of Filament
[55]

6. DDR =
Measured Length− Length of CAD designed model

Length of CAD designed model
× 100 [74]

7. SRR =
Top widths of the printed prismatic specimen

Bottom widths of the printed prismatic specimen
[65]

8. SRR (Thickness) =
Thickness of specimen at measuring time

Thickness of specimen when it was just extruded
[157]
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Na2SiO3. No correlation between shape retention factors 
and ratios of Na2SiO3 to NaOH is observed in this study. 
The same is also true for K2SiO3s. Additionally, the authors 
evaluated the shape stability of one-part (FA/GGBS) AM 
geopolymer by forced physical deformation and observed 
that the mixture was able to sustain a load of around nine 
times its self-weight [110]. Increasing the activator quantity 
improves the shape retention factor due to mixture re-floc-
culation. The re-flocculation rate can assist in estimating the 
plastic collapse of the extruded material [116]. Ilcan et al. 
advocated the employment of CDW for geopolymer AM, as 
no admixtures or rheology modifying agents were needed to 
obtain the required shape retention during his experiments 
[151]. Consequently, the shape retention of geopolymers 
with different printing systems has been shown in Fig. 7c, d. 
Further research should explore the relation of geopolymer 
layer shape stability through different mixing protocols and 
in different printing environments.

4.1.4 � Thixotropic open time

The thixotropic open time (TOT) for geopolymer AM 
could be easily explained as the time period, starting from 
the addition of alkaline activators to the precursor materi-
als until the mixture shows poor extrudability and cannot 
further be deposited without collapsing or slumping [65]. 
The TOT is generally shorter than the initial setting time, 
which is considered for conventionally casted geopolymers 
and is often confused to be the same [79, 110]. Experimental 
investigations by Le et al. [234] found that the open time 
of 3D-printed cementitious material significantly depends 
on the same setting time. As time passes, difficulties in 
printing the concrete arise as the workability of the con-
crete gets reduced with time. TOT of the geopolymers must 

be considered necessarily during the mix design inception 
phase to avoid hardening of the mixture in the nozzle or the 
container [210]. Similarly, Le et al. [234] found the change 
in shear strength with time to indicate the end of open time 
at which printing of the materials is complex. Their study 
stated a 0.3 kPa increase in the shear strength of the printed 
layer at the end of open time.

On the other hand, a different study by [231] defined open 
time as a time span to print a subsequent layer of material 
directly affected by the initial setting time. This, in other 
words, influences the bond between the layers. They reported 
that the initial setting time of AM geopolymer is signifi-
cantly reduced if alkali activator content is increased, pre-
sumably due to faster geopolymer reaction owing to a higher 
rate of dissolution of particles and higher pH. On the other 
hand, the initial setting time is increased with an increase 
in water/solid ratios due to lower pH and a slower rate of 
dissolution of particles. Likewise, Panda et al. [39] reported 
that tensile bond strength between printed geopolymer layers 
decreased with an increase in the time gap between layers. 
The reduction in bond strength with increased time gap is 
fomented due to drying the outer layer surface; hence, the 
bond between the layers is hampered. A recent work by Tran 
et al. explored the potential of higher open time potential for 
a one-part geopolymer AM mix containing FA/Slag = 1, with 
the incorporation of borax. An appropriate printable open 
time of about 20 min was obtained with borax (2–4%) and 
w/b (> 0.34) [171]. Similarly, Table 4 provides a detailed 
overview of the TOT of geopolymer AM. Apparently, the 
TOT can be correlated with the repolymerization reaction, 
which allows generalized customization by utilizing appro-
priate aluminosilicate precursors and activators for specific 
applications and printing environments. The availability of 
higher calcium content has been observed to increase the 

Table 4   Summary of thixotropic open time of 3D printed geopolymer

Matrix Precursor Open time range Highlight References

Mortar FA + GGBS + Steel Slag + Gyp-
sum + Na2SiO3 + Water + Sand

35–95 min Steel Slag is observed to be decisive in controlling 
the TOT of the one-part AM geopolymer mix

[156]

Mortar FA (Class F) + GGBS + SF + K2SiO3 + Water + S
and

20 min The TOT was targeted for a 350 mm tool path, 
which can be modified with the mix composition

[39]

Paste FA (Class F) + GGBS + SF + Na2SiO3 35–230 min Activator quantity and W/S ratio have a significant 
impact on regulating the TOT of geopolymers

[44]

Mortar FA (Class F) + GGBS + Sand + Na/K2SiO3 + Na/
KOH (8 M) + Sodium carboxymethyl cellu-
lose + Borax

15–29 min The lower SiO2/Na2O ratio of the activator results 
in higher geopolymer TOT

[65]

Mortar FA + GGBS + SF + NaOH 
(10 M) + Na2SiO3 + NGP + Sand

10–35 min Higher CaO content in GGBS accelerates the 
hardening process and lowers the TOT

[210]

Mortar FA (Class F) + GGBS + Sand + Na2SiO3 + Sucrose 10–75 min Optimization of the mixture parameters is essential 
in obtaining the required TOT

[110]

Mortar CWD + Bark ash + FA + MK + Glass 
Wool + Sand + Na2SiO3

8–10 min – [120]
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Fig. 8   Literature analysis of Geopolymer 3D printing buildability, a Conventional geopolymer, b Influence of steel slag, c One-part geopolymer, 
d Active rheology control. Reproduced with permission from Refs. [110, 116, 134, 156]
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rate of hardening due to the early C–A–S–H reactions and 
decrease the TOT printability window.

The thixotropy of geopolymer can be modified through 
various means such as adjusting the composition of alumi-
nosilicate precursors and activators, incorporating rheologi-
cal additives, optimizing printing conditions, and exploring 
different mixing procedures. These modifications influence 
the repolymerization reaction, which in turn affects TOT of 
the material and its printability. Additionally, the presence 
of higher calcium content has been observed to impact the 
rate of hardening and decrease the TOT printability window. 
The current understanding of the TOT of geopolymer AM 
is limited, which can be expanded through further research 
on the end effect of different rheological additives, printing 
conditions, and mixing procedures.

4.1.5 � Buildability

In geopolymer AM, printing buildability refers to the 
recovery of original viscosity and yield stress of freshly 
deposited material and stiffening of the layer before the 
deposition of the second layer. It is considered to be one 
of the crucial fresh properties as it is related to the extrud-
ability, shape retention capacity, and TOT parameters, 
resulting in the ability to print and sustain the subsequent 
layers [235]. Therefore, the research carried out by [35] 
studied the buildability of FA-Slag-SF-based geopolymer 
in terms of viscosity and reported that adding 1.2% nano-
clay could significantly recover the viscosity and yield 
stress. It was also noted that the yield stress exceeded 
the extrusion-limiting yield stress of 1.0 kPa and did not 
cause clogging and discontinuity problems. However, the 
authors anticipated that the under-pump pressure should 
break down, and the small addition of fiber (0.25%) helped 
recover this yield stress. Bong et al. developed an optimum 
conventional geopolymer mix with FA and GGBS, obtain-
ing superior buildability, as displayed in Fig. 8a [110]. 
The effect of steel slag on the buildability of quaternary 
binder-based geopolymer was evaluated by Ma et al. and 
is shown in Fig. 8b [156]. The buildability of the 10% 
steel slag mixture was seen to be higher, but the actual 
layer height was lower than the estimated layer height 
due to the conflicting influence of steel slag on the geo-
polymerization. Likewise, Qaidi et al. discussed the con-
flicting relationship between extrudability, which requires 
low dynamic yield stress to increase flow and buildabil-
ity, which demands high static yield stress to resist flow 
[227]. Moreover, Muthukrishnan et al. investigated the 
buildability of one-part geopolymer mortar, as displayed 
in Fig. 8c [116]. The positive influence of thixotropic addi-
tives (MAS) and retarders (Sucrose) aided in reaching 
beyond 120 layers. Additionally, the authors endorsed the 
application of microwave heating to enhance geopolymer 

buildability as 10 s exposure resulted in 70% viscosity 
recovery, with increased mechanical properties [211]. The 
authors also elaborated that in order to enhance the build-
ability, printed layers must demonstrate a high stiffening 
rate and greater malleability to increase the interlayer con-
tact. In another work, the same authors also discussed the 
buildability enhancement options, including introducing 
additives during the initial mixing of the geopolymer and 
intervention at the print head (set-on-demand) [134]. The 
former has been practiced for a long time. Still, it has limi-
tations on the extrudability, which can be resolved by the 
latter, which comprises the application of active rheology 
control, as illustrated in Fig. 8d.

Similarly, the buildability of an MK and Slag-based 
geopolymer was evaluated and validated by Jaji et  al. 
through a buildability prediction model. The model 
incorporated input parameters, such as printing speed, 
path length, layer dimensions, density, and a strength cor-
rection factor, and resulted in a partial overestimation of 
10% along with an underestimation of 26%, focusing on 
the need for a proper understanding of slag-based geo-
polymer mixes. The authors were able to print columns 
of 27 and 42 layers consecutively [236]. Nevertheless, the 
essential factors influencing the buildability parameters 
of geopolymers are still ambiguous and, therefore, require 
comprehensive experimental investigations.

4.1.6 � Reaction kinetics

The effects of SF and slag-SF blends on the heat flow of 
FA geopolymer were evaluated by Panda et al. [37]. The 
heat of the reaction obtained by isothermal calorimetry 
was considered an indicator of the overall geopolymer 
reaction of geopolymer paste. It was shown that the addi-
tion of slag increased the heat flow and cumulative heat 
of geopolymer paste. Slag contributed to higher intensity 
of heat and cumulative heat due to polycondensation reac-
tion during the first 48 h of the reaction. This higher heat 
flow indicated a geopolymer reaction in the presence of an 
amorphous phase, which dissolved in an alkaline reagent 
and released more heat than the FA geopolymer.

4.2 � Hardened‑state properties

4.2.1 � Shrinkage

Shrinkage is a complex and inevitable phenomenon pertain-
ing to the geopolymer as well as other cementitious materi-
als. Due to the unavailability of formwork in 3d printing, 
the printed specimens are subjected to plastic and drying 
shrinkage owing to the loss of water from evaporation lead-
ing to volume change. Careful consideration and mitigation 
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of shrinkage are essential in avoiding crack deformation and 
layer separation due to shrinkage and obtaining long-term 
dimensional stability. Shrinkage characteristics of conven-
tional cast geopolymers have been studied comprehensively 
during the last decade [237–241]. However, limited investi-
gations are available on the shrinkage behavior of geopoly-
mer AM. Among them, Sun et al. [68] studied the drying 
shrinkage of AM geopolymer made of slag and calcium 
carbonate and the effect of SCMS contents on the shrink-
age. The geopolymer specimens were exposed to constant 
temperature and humidity of 23 ± 2 °C and 90 ± 2% RH for 
28 days after printing. Their results show a gradual decrease 
in drying shrinkage of printed geopolymer with an increase 
in SCMS contents from 2 to 8%. The incorporation of SCMS 
slowed the depolymerization and polycondensation of slag, 
resulting in increased free and absorbed water in the paste 
while decreasing the gel and other forms of water in the geo-
polymer. The loss of gel and interlayer water in the geopoly-
mer played an essential role in the drying shrinkage [68]. 
Another study by Scanferla et al. highlighted the impact 
of high-temperature, and sand particle fillers on the dry-
ing volumetric shrinkage behavior of 3D-printed MK-based 
geopolymer lattices [126]. The printed specimens contain-
ing sand fillers at higher temperatures demonstrated lower 
shrinkage (~ 15%) but generated more cracks due to the 
uneven thermal expansion between the geopolymer matrix 
and the fillers. Although the effect of shrinkage reduction 
cannot be eliminated, it can be controlled through the care-
ful consideration of incorporating fiber reinforcements and 
viscosity-modifying rheological additives, which provide a 
deterrent effect on shrinkage. Moreover, no investigations 
were found on the plastic shrinkage behavior of the geo-
polymer AM. Therefore, future research should be aimed at 
characterizing the plastic and drying shrinkage performance 
of the printed geopolymers.

4.2.2 � Dry density

Dry density is considered to be a key parameter in appre-
hending the mechanical strength, the functional properties, 
the performance, the weight, and the application economics 
of the printed geopolymers, and it is significantly different 
to the cast geopolymers. Table 5 provides a brief overview 
and understanding of the density development of the printed 
geopolymers. The resulting density of freshly printed geo-
polymer may depend on a number of internal and external 
factors, including the precursor materials, reinforcements, 
printing process, curing regime, etc. The printing parameters 
should be carefully considered during the mixture prepara-
tion, and the process must be monitored to avoid the incep-
tion of any defects and heterogeneities which can form voids 
in the cured specimens. These voids can result in decreased 
density and mechanical properties and can be avoided with 

high-pressure extrusion (effective extrusion-based 3D print-
ing system design for cementitious-based materials). The 
effect of FA, slag, and SF on the bulk density of AM geo-
polymer is evaluated by Chougan et al. [210] and compared 
with mold cast geopolymer. Four of the six combinations 
show a higher bulk density of AM geopolymer than cast geo-
polymer. This study also observed no particular trend in bulk 
density for printed and cast geopolymers. Chougan et al. also 
evaluated the effect of nano-graphene platelets (nGP) on the 
bulk density of printed geopolymer containing 60% FA, 25% 
slag, and 15% SF. They reported higher bulk density at all 
nGPs contents. Nano-graphene platelet contents of 0.1% and 
0.3% show higher bulk density than higher nGPs contents 
of 0.5% and 1.0%. The density increase is attributed to the 
lubricating effect of the nGPs during extrusion by decreasing 
the friction between geopolymer components. Subsequently, 
a research investigation by [61] studied the effect of various 
foaming surfactant contents on the bulk density of printable 
FA-limestone, FA-limestone-SF, and FA-limestone-cement-
based foam geopolymers with their counterpart cast geo-
polymers. They generally observed a lower bulk density of 
printable foam geopolymers than the cast foam geopolymers. 
However, they observed a decreasing trend in bulk density 
of both printable and cast foam geopolymers with increased 
surfactant contents.

Interestingly, after hardening of geopolymers, the authors 
observed a higher volume of pore sizes of all pore sizes at 
2% and 3% surfactant contents in FA-limestone and FA-
limestone-SF geopolymers than those for 1%. The difference 
in pore volumes among surfactant contents is insignificant 
in the FA-limestone-cement geopolymer. Their results also 
noted that the porosity of hardened cast geopolymers is 
lower than that of printed geopolymers, irrespective of sur-
factant contents and geopolymer type.

Similar to extrusion printing, the density of powder-based 
printing is determined by the degree of the pore saturation 
of the aluminosilicate powder precursor layer with alka-
line solution (from casting to 3D printing geopolymers: a 
proof of concept). Voney et al. demonstrated that the den-
sity of powder bed-based printed geopolymers increased 
with the saturation degree of the powder bed to a specific 
point beyond which the shape stability decreases owing 
to the sufficient liquid content in the mixture (from cast-
ing to 3D printing geopolymers: a proof of concept). How-
ever, although few studies have highlighted the evolution 
of density in printed geopolymers, a complete understand-
ing with respect to the geopolymerization reaction, external 
reinforcements, and curing environments is still undefined. 
Also, comparison is greatly affected due to the lack of stand-
ardized methods for measuring the density of geopolymer 
3D printed objects.
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4.2.3 � Mechanical properties

The mechanical properties of printed geopolymers have 
been significantly investigated by different researchers. 
Table 9 (“Appendix”) presents the mechanical properties of 
geopolymer-based AM elements. An FA-slag-SF blended 
geopolymer AM composite is compared with the same cast-
in molds geopolymer by Panda et al. [37]. They reported 
slightly higher (approximately 1.14 times) compressive 
strength (CS) of AM geopolymer than mold-cased geo-
polymer. This observation was derived due to the efficient 
printing process, which didn’t allow any formation of voids 
due to the extrusion process. The mechanical strength prop-
erties of the printed geopolymers generally demonstrate an 
anisotropic behavior owing to a number of factors. Major 
factors reported to have manipulated the mechanical proper-
ties of geopolymer AM composites are (i) Alkali activators, 
(ii) Orientation of AM composite layers, (iii) SCM in mix 
design, (iv) Reinforcements and fibers, and (v) Carbon-based 
nanomaterials.

	 (i)	 Alkali activators:
		    Alkali activators have a significant role in the 

mechanical properties of geopolymer composites. 
Tables 7 and 8 (“Appendix”) provide brief informa-
tion on different activators used by researchers. An 
investigation carried out by [231] reported a reduc-
tion in the CS of FA-slag-SF-based geopolymer with 
an increase in metasilicate powder activator and 
water/activator ratios. Lower alkalinity might have 
produced particular geopolymer gels, which had 
increased the CS, and an 8% activator was reported 
as optimum for the AM process. Sun et  al. [68] 

reported a study on AM geopolymer where the acti-
vator consisted of slag and calcium carbonate pow-
ders and was activated by sodium-based alkali activa-
tors. They observed a reduction in compressive and 
FSs of printed geopolymer with an increase in SCMS 
content. The increase in porosity in printed geopoly-
mer with an increase in SCMS is due to its aeration 
effect in geopolymer, resulting in loose integrity of 
the mortar and, hence, poor mechanical properties. 
They found that geopolymer with SCMS content in 
the 4–6% range can be extruded at 30 mm/s without 
any fracture/discontinuity in the printing layer. The 
effects of two types of Na2SiO3s and K2SiO3s and 
silicate-to-hydroxide ratios on the CS of AM one-
layer FA-slag blended ambient cured geopolymer is 
evaluated by Bong et al. [55] and reported that the CS 
increased with an increase in silicate-to-hydroxide 
ratios of D-grade Na2SiO3 and 2010 grade K2SiO3. 
However, no such trend was observed in the case of 
N-grade Na2SiO3 and 2236 grade K2SiO3. The effect 
of different alkaline activators apart from Na/K and 
lower activator dosages on long-term strength can be 
studied further.

	 (ii)	 Orientation of printed layers:
		    The mechanical properties of geopolymer AM 

composite have been investigated in different orienta-
tions of printed layers. Figure 9 presents the mechan-
ical properties testing arrangement scheme and sam-
ple loading arrangement. Panda et al. [62] evaluated 
the CS of the printed geopolymer layer where the 
load was applied in three different orthogonal direc-
tions, shown in Fig. 9a. Their results show that the 
CS of printed geopolymer loaded perpendicular to 

Fig. 9   Schematic diagram of mechanical properties testing arrangements in geopolymer AM samples, a Reproduced with permission from Ref. 
[62], and b Reproduced with permission from Ref. [27]
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the printing direction (F2 and F3) is almost the same 
but slightly higher for parallel direction (F1). The 
CS of the printed geopolymer was measured paral-
lel to the printed geopolymer. The CS of the printed 
geopolymer was higher than the conventionally cast 
geopolymer. However, the cast geopolymer showed 
slightly higher CS than that measured in the printed 
geopolymer, where the load was applied in F2 and 
F3 directions. As the printing direction was in F1, the 
dispersion of geopolymer material was much lower 
than in the F3 direction due to higher restraint pro-
vided to the layer in the longitudinal direction (F1) 
than in the transverse direction (F3), which is the rea-
son for higher CS in F1 direction than in F3. Panda 
et al. [27] also evaluated the CS and FS of AM FA-
slag-SF geopolymer activated by a potassium-based 
activator under three loading directions, as shown 
in Fig. 9b. The CS of printed geopolymer loaded in 
the Y direction was more substantial than the loaded 
directions of X and Z. The same trend is observed at 
all curing ages. The printed samples were around 5% 
weaker in the X and Z directions while 2% stronger 
in the Y direction when compared to conventional 
casting geopolymer. However, in the case of FS, an 
opposite trend was reported.

		    Another study by Bong et al. [55] suggests that the 
maximum CS tested in the longitudinal direction at 
both test ages of 7 and 28 days agrees well with the 
results reported by Panda et al. [62]. However, the FS 
was 1.32 and 1.13 times higher in the perpendicular 
direction than tested in the lateral direction at 7 and 
28 days of curing, respectively. The higher FS in the 
perpendicular loading direction is due to the higher 
FS of the bottom layer owing to higher compaction 
due to the weight of the top geopolymer layer. It 
was also observed that both strengths are higher at 
28 days due to more extended curing than those at 
7 days.

		    It can generally be stated that the longitudinal 
direction of printing will preferably obtain higher 
strength than in the lateral or perpendicular direc-
tions due to the print material characteristics, i.e., 
greater alignment of the extruded particles, higher 
surface area for bonding, better compaction due to 
the extrusion pressure [160, 246]. Potential research 
gaps include investigations on the effect of printing 
orientation on impact resistance, density, failure 
behavior and long-term mechanical performance of 
geopolymers.

	 (iii)	 SCM in mix design:
		    Common SCMs used in geopolymer mix for AM 

are slag and SF. The use of SCM and different admix-
tures in geopolymer AM formulations are included in 

Tables 7 and 8 (“Appendix”). Albar et al. [79] stud-
ied the CS and FS of AM FA-slag-SF blended geo-
polymer with conventional cast geopolymer. It was 
observed that both CS and FS of AM geopolymers 
having different combinations of FA, slag, and SF are 
lower than those of conventional cast geopolymers. 
One interesting phenomenon observed in their results 
is that both strength properties of conventional cast 
geopolymers decreased with the decrease in slag 
contents from 35 to 15%. Conscious utilization of 
SCM in the mix design is, therefore, necessary to 
avoid the negative impact on the mechanical perfor-
mance of the printed geopolymers. Improper mix-
ture or incompatible SCMs can lead to the reduction 
of the dissolution rate of the mineral particles and 
can also affect the extrudability as well as the TOT 
of the geopolymer mix [247]. Moreover, the physi-
ochemical characteristics of the SCMs preferably 
affect the early age properties of the geopolymers. It 
is conceived that new mix compositions with suitable 
SCMs will be devised for resolving issues, such as 
achieving rapid hardening, in the coming years. Cal-
cined clay has been one of the least explored SCMs 
in the field of geopolymer AM.

	 (iv)	 Reinforcements and fibers:
		    Reinforcements and fibers are commonly used in 

geopolymer composite to compensate for ductility. 
Reinforcements restrict the propagation of cracks 
in brittle geopolymer matrix under tensile and flex-
ural stress. Different types of reinforcements in the 
AM of geopolymer composites have been studied by 
researchers, including cables, fibers, nanomaterials, 
etc., as shown in Fig. 10. In the AM, reinforcement 
can play an additional role in regulating material vis-
cosity and its formability. The most popular one is 
reinforcement, using different types of fibers. Tradi-
tionally, steel bars are used as a reinforcement for this 
composite – concrete and geopolymers [248, 249]. 
Nowadays, only a few studies have been provided to 
replace the conventional steel bars, well-known for 
traditional concrete technology, with short or long 
fibers possible to apply in AM [249]. The most popu-
lar method of reinforcement AM geopolymer com-
posites is steel micro-cable [36, 56]. The experimen-
tal results show that the AM micro-cable reinforced 
geopolymer composites, as depicted in Fig. 10a, b, 
are promising materials for applications in the build-
ing industry. The effectiveness of the reinforcement 
depends on the way the reinforcement is deposited in 
an incline-crossed printing configuration. In a proper 
configuration, the FS can be seventy times higher 
than the corresponding value of the nonreinforced 
one [56, 84]. In addition, the behavior of the failure 
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Fig. 10   Reinforcements in Geopolymer AM a, b Steel/Micro cable, c, d fibers, e, f nanomaterial. Reproduced with permission from Refs. [26, 
36, 56, 71, 93, 148]
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mode of the reinforced composites changed from 
brittle to ductile [90]. A slightly different matrix for 
testing the steel micro-cable was used by Lim et al. 
[36], where steel cable improved the FS of AM mate-
rial by about 290% compared to the plain geopolymer 
[80].

		    The short steel fibers and the polypropylene fibers 
are used and compared AM geopolymers by differ-
ent researchers. A geopolymer produced from class 
F FA mixed with sand and activated by Na2SiO3 and 
NaOH solution shows that fibers negatively affect 
the bond strength between layers, reduce time gaps 
between subsequent layers, and increase FS results 
[38]. The impact of three types of polymeric fibers: 
PVA, PP, and PBO fibers (all 6 mm in length) was 
investigated on a geopolymer mixture from class F 
FA and silica sands activated by sodium-based acti-
vators (Na2SiO3, NaOH) and used as a matrix [34]. 
The results show that the FS of AM geopolymer 
incorporating PVA, PP, and PBO fibers compara-
tively provide 13, 23, and 33% higher enhancement 
than that of the AM geopolymer with no fiber [34]. 
Several researches have been conducted on geopoly-
mer AM using PVA, as shown in Fig. 10c, d [70, 76, 
93]. Oil-coated PVA fibers (40 μm diameter, 8 mm 
length) result in increased mechanical properties 
and anisotropic behavior of geopolymer, with fib-
ers mainly oriented parallel to the printing direction 
[93]. In related studies, PVA fibers were employed as 
anti-shrinkage agents to address micro-crack propa-
gation limitations in the composite [70, 76]. Similar 
outcomes were observed with short glass fibers in 
a potassium-based matrix, using raw materials like 
MK with calcined argillite [124] and class F FA 
combined with slag, MS, and fine river sand [28]. 
This admixture resulted in heightened viscosity and 
reduced workability (castability) of the composite 
[28, 124]. Moreover, a parallel orientation of short 
polymeric fibers along the printing path was con-
firmed during the process [54].

		    The research was also done for natural fibers [85], 
based on a matrix composed of class F FA and sand, 
activated by solution Na2SiO3 and NaOH. The green 
tow flax fiber 30–50 mm was added in 1% by weight 
[85, 250]. Their behavior was compared with short 
carbon fibers (carbon fiber has a length of 5 mm 
and a diameter of 8 μm) [85]. The results indicate 
that including the fibers slightly enhanced the CS 
and improved the FS. Surprisingly, the mechanical 
properties of specimens with flax fibers were better 
than those containing carbon [85, 250]. Investigat-
ing replacement with traditional reinforcement is an 
important issue for AM development. The traditional 

reinforcement causes many problems, including the 
speed limit during the AM process and design limita-
tions, such as curved shapes that are required from 
an architectural point of view [27]. The replacement 
could be made of steel fibers or an alternative one 
[82]. From the environmental point of view, the 
most beneficial is using natural or waste fibers, but 
its investigation is minimal [82]. It is important to 
stress that the research shows a lot of benefits con-
nected with using fiber admixture in AM, such as 
increasing FS up to 600% compared to plain samples 
[56], improving interlayer bonding [34], limiting the 
cracking propagation, and shrinkage [84], reduction 
of brittle behavior of the geopolymers [85]. Simi-
larly, the effects of adding wollastonite (a naturally 
occurring calcium silicate) micro-fiber show benefits 
in enhancing the buildability of the geopolymer AM 
layers [78]. It increases the shape retention ability 
and static yield stress and improves the FS. The fiber 
reinforcement of AM geopolymers is a promising 
way to develop materials for application in manu-
facturing on a large scale in the construction industry.

		    Other possibilities to improve geopolymer mechan-
ical properties, which seem to be very promising, are 
nano-additives, which are represented in Fig. 10e, 
f. The nanoparticle reinforcement of geopolymers 
can be considered a novel development in advanced 
construction materials [210]. Some tested nano-
additives are carbon-based materials, such as carbon 
nanotubes, graphene nanoplates, and GO [181]. They 
improve both mechanical and superior physical prop-
erties, including electrical and thermal conductivity 
[210]. The other tested admixture is nano-clay [54]. 
This admixture improves the rheological properties, 
which are crucial for the effectiveness of the AM 
process [54].

		    Among three loading directions, the load applied 
perpendicular to the printing direction (T1-direction) 
exhibited much higher FS of glass fiber geopolymer 
composites than that of load applied in longitudi-
nal (T3-direction) and transverse (T2-direction) 
directions irrespective of fiber contents. FS also 
increased with an increase in glass fiber lengths. In 
the case of CS, a slightly decreasing trend in CS of 
AM glass fiber geopolymer composite was observed 
with increasing fiber contents. Interestingly, the 
maximum CS was observed in the longitudinal 
direction (T3-direction) of loading, and it decreases 
with an increase in glass fiber contents. The tensile 
strength of AM glass fiber geopolymer composite 
is also increased with an increase in fiber contents. 
In geopolymer AM, 6 mm PP fibers at varying vol-
ume percentages (0.25%, 0.50%, 0.75%, and 1%) in 
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an FA-based matrix exhibited anisotropic behavior 
[33]. PP fibers increase the CS of the material only 
in the perpendicular direction. Fiber reinforcement, 
at the same time, increases the ductility of the mate-
rial, deflection capacity, and fracture energy. How-
ever, fiber reduces the interlayer bond strength [33]. 
This can be interpreted as the formation of increasing 
porosity due to higher PP fiber contents. Compos-
ite tested in the perpendicular direction of printing 
exhibited much higher CS than tested in longitudinal 
and lateral directions at all PP fiber contents. How-
ever, an opposite trend is observed in AM geopoly-
mer without PP fiber, where CS was higher in the lat-
eral direction than in other directions. Interestingly, 
the addition of PP fibers did not significantly improve 
the FS of AM FA geopolymer composites tested in 
both perpendicular and lateral directions, which is 
quite unusual compared to other researchers' results, 
e.g., in [33, 55].

		    A few research gaps need to be further investigated 
to amplify the significance of the fibers apart from 
the mechanical performance enhancements. The 
introduction mechanism and proper dispersion of the 
fibers into the geopolymer AM mix are the few major 
challenges that need to be investigated to decrease 
shrinkage and increase the structural integrity of the 
freeform printed geopolymer structures.

	 (v)	 Carbon-based nanomaterials:
		    Recently, carbon-based nanomaterials, particularly 

different allotropes of graphene, have been progres-
sively used to improve the mechanical properties of 
geopolymer AM. Zhong et al. [26] reported improve-
ment in the CS of geopolymer due to the addition 
of GO up to 12% by volume and an increase in its 
elastic modulus value at GO content of 6% by vol-
ume. However, an increase in GO content adversely 
affected these mechanical properties. On the other 
hand, Chougan et al. [210] reported that the CS of 
FA-slag-SF blended AM geopolymer is lower than 
that of conventional cast geopolymer. However, with 
the addition of 0.1% graphene nanoparticles, the 
CS of AM geopolymer increased significantly and 
exceeded the conventional cast geopolymer. With an 
increase in graphene nanoparticle contents, no such 
improvement was observed. They also compared the 
FS of printed geopolymers with those of cast geo-
polymers specimens. They found similar results for 
CS except for one mix, which consisted of 60% FA, 
25% slag, and 15% SF. The reason is unclear, but 
according to the authors, the higher tensile strength 
of the bottom layer due to higher compaction is the 
reason for such higher FS in that particular mix, 

which is supposed to happen to other combinations 
in their study. However, when graphene nanoparti-
cles were added to the printed geopolymer, the FS 
increased at all graphene nanoparticle contents from 
0.1% to 1.0%, which is not consistent with the CS 
of respective mixes. Additionally, the utilization of 
carbon-based nanomaterials also provides functional 
properties, including thermal and electrical conduc-
tivity, adsorption, improved flame resistance, radia-
tion shielding and electromagnetic interference, pie-
zoresistivity for smart functionality, etc. [181, 189, 
251, 252]. No studies have yet been reported with the 
introduction of biochar in geopolymer AM.

	 (vi)	 Overall comparison of geopolymer AM mechanical 
properties:

		    Mechanical properties (i.e., CS and FS) of geopol-
ymer AM from previous literature are compared and 
presented in Fig. 11. Besides five major mechani-
cal properties influencing factors as discussed (i.e., 
alkali activator, AM layer orientation, SCM, fibers, 
and nanomaterials), their combined impact, layer-
ing direction and the rate of layer building also may 
impact the mechanical properties of geopolymer AM.

The 7-day CS of powder bed AM FA-slag geopolymer 
subjected to three different curing regimes was evaluated 
by Xia et al. [60]. Their results show that the CS of geopol-
ymers in the activator binder jetting direction (X-direction) 
is slightly higher than that of the layer stacking direction 
(Z-direction), irrespective of curing types applied and 
FA contents. The results also show a decreasing trend of 
CS with an increase in FA contents (hence, a decrease in 
slag contents) irrespective of testing directions and cur-
ing types. Alkali activator solution consisted of grade D 
Na2SiO3 and 8 M NaOH exhibited higher CS than those 
activated by anhydrous sodium meta-silicate solution and 
combined 8 M NaOH and anhydrous Na2SiO3 solution. 
In another study, Xia et al. [48] studied the effect of dif-
ferent curing temperatures ranging from 25 to 80 °C on 
the CS of powder bed AM slag geopolymer after post-
processing. Their results displayed an increase in CS with 
an increase in temperature up to 60 °C with a significant 
drop in strength at 80 °C.

FS of geopolymer AM over different curing times 
is presented in Fig. 11b. Perrot et al. [253] proposed a 
theoretical framework to determine the highest build-
ing rate for layer-wise AM concrete using the extrusion 
technique. They found average yield stress of 3.95 kPa, 
4.76 kPa, 4.86 kPa, and 5.20 kPa for the time gap between 
each layer deposit of 11, 17, 22, and 34 s, respectively 
when activator paste containing 50% cement, 25% kaolin, 
25% limestone filler, water/cement ratio = 0.41 and 0.3% 
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Polycarboxylate-type polymer powder SP was added to 
the concrete mix. One of the research investigations by 
[254] found the highest FS of 30 MPa for a printable con-
crete with the composition of 61.5% type I 52.5 R Port-
land cement, 21% SF, 15% water, 2.5% water-reducing 
agent, 0.3% by weight of a hydration inhibitor, water/
cement ratio = 0.3, an 1% carbon fiber. They also noticed 
no significant improvements in FS when glass and basalt 
fibers were added. Another study by [193] indicated the 

best suitable printable mix with the composition of 72% 
cement, 23% class F FA, 5% calcium aluminate cement, 
45% silica sand, 10% micro-silica, 5% ground silica, 43% 
water 0.5% attapulgite nano-clay, 0.4% hydroxypropyl 
methylcellulose, 0.8% high range water-reducing agent and 
2% PVA (by vol) and the same mix achieved CS at 6 days 
and tensile strength of approximately 30 MPA and 6 MPa 
respectively. Le et al. [234] developed the optimum mix, 
which can be printed through a 9 mm diameter nozzle to 

Fig. 11   Mechanical properties 
of geopolymer AM from previ-
ous literature, a Compressive 
strength, and b Flexural strength
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build up to 61 layers in one go and more than 110 MPa CS 
at 28 days with the consideration of 70% cement, 20% FA, 
10% SF, and 1.2 kg/m3 fibers, Water/activator ratio = 0.26 
1% superplasticizer, 0.5% retarder (by weight of the acti-
vator), and Sand/activator ratio = 1.5.

The literature analysis confirmed the application of all 
listed methods and developed them for AM. The meth-
ods of mechanical property improvement presented in the 
analyzed articles were similar to those described by Zhao 
et al. [115]. For the improvement of CS, it was found that 
the addition of GGBFS [60], application of steel micro-
cables [90], using different curing methods [59], the addi-
tion of Nano-graphite platelets [51], or proper post-pro-
cessing procedures [59]. The best methods of increasing 
the bond strength are adjusting printing methods: printing 
time gap, printing speed, and nozzle standoff distance, and 
adjusting the Si/Na ratio of the alkali activator [59, 115]. 
The most effective ways for FS enhancement are adding 
short steel or different fibers [124], the addition of nano-
particles, such as graphite, platelets, or wollastonite [78, 
124], and the application of micro-cables [90].

4.2.4 � Layer adhesion

The Inter-Layer Bond Strength (ILBS) between layers of 
AM geopolymer is specific to extrusion-based printing and 
significant for the integrity of printed material. A higher 
ILBS is essential to prevent delamination and to improve 
the mechanical properties. Essentially, the printing speed 
and the time gap between the subsequent layers can directly 
impact the development of ILBS properties (Shaping of geo-
polymer composites by 3D printing). Shorter time gaps and 
higher print speed have been observed to facilitate improved 
interface layer bonding by the early geopolymerization reac-
tion (Mechanical properties of layered geopolymer struc-
tures applicable in concrete 3D-printing). Apart from that, 
the geopolymer mixture composition, printing orientation, 
and printing environment are also likely to be impera-
tive. Figure 12 presents analyzed data from the literature, 
which indicates that the interlayer bond strength between 
AM geopolymer layers is enhanced with increasing curing 
time, particularly in Yuan et al. study [143]. Panda et al. [64] 
studied the effect of modular ratios of sodium-based alkali 
activators on bond strength between AM geopolymer layers. 
They reported an increase in tensile bond strength with an 
increase in modular ratios. Their study also reported that 

Fig. 12   Inter-Layer Bond strength of geopolymer AM from previous literature
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due to faster poly-condensation reaction, the surface mois-
ture level becomes less in the geopolymer layer of modular 
ratio 1.6 compared to those of 1.85 and 1.60, which might 
cause poor interface bonding in the former than the latter. 
The same authors [39] also reported that the tensile bond 
strength of printed FA-slag-SF geopolymer decreases with 
an increase in the time gap between layers. This reduction 
in tensile bond strength with gap time was attributed to the 
loss of moisture from the outer surface of the geopolymer 
layer, which diminishes the interface layer.

Bong et al. [55] described that the interlayer tensile bond 
strength of FA-slag geopolymer increases with an increase 
in curing age of 7–18 days, and the 7 days bond strength of 
0.9 MPa is adequate to avoid any interfacial shear failure. 
Nematollahi et al. [33] reported no increase in the interlayer 
bond strength of FA geopolymer due to the addition of PP 
fiber except at a PP fiber content of 0.25%, which showed 

a slight increase in bond strength. No improvement in the 
interlayer bond strength of their FA geopolymer was also 
observed due to the addition of 0.25% polyvinyl alcohol and 
polyphenylene benzobisoxazole fibers [34]. The current lit-
erature on the ILBS of geopolymer AM lacks the neces-
sary comprehensive investigation of the effect of different 
geopolymer compositions, reinforcements and long-term 
durability of bond strength.

5 � Applications, challenges, and research 
prospects

A SWOT analysis of the state-of-the-art of geopolymer AM 
is presented in Fig. 13 to highlight geopolymer AM appli-
cations, challenges, research gap and future scope. Specific 
aspects are elaborated on in the sub-section that follows.

Fig. 13   SWOT analysis on geopolymer AM state-of-the-art
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5.1 � Applications

Geopolymers have gained immense attention recently due 
to their low carbon footprints and excellent properties. The 
geopolymer composites, made with aluminosilicate wastes, 
could be easily fabricated (onsite/offsite) and are therefore 
suitable for various structural and non-structural applica-
tions, as depicted in Fig. 14 and also mentioned in Table 6 
(“Appendix”). On the other hand, challenges exist, such 
as production costs, a large amount of waste, huge human 
resources, and complex structural configurations, which 
stresses the need for modern construction procedures such 
as AM over traditional ones. This section presents a few 
potential applications of AM geopolymer composites rel-
evant to the present scenario.

A study done by [158] showed an AM bar-shaped struc-
ture using MK (inorganic waste) in one of the investiga-
tions. The mechanical properties of the prototypes indicated 
that this powder bed AM technique of geopolymer concrete 
could be used in the construction of thermal insulation struc-
tures as well as other large-scale structural applications. The 

powder bed AM was reported to have an enormous possi-
bility of pre-cast applications in the construction industry, 
and in a study by Xia et al. [60], the cubical specimens, as 
shown in Fig. 14a, made up of 50% slag and 50% FA (by 
wt.), resulted in a CS of 25 MPa at the age of 7 days, which 
expands the scope of AM geopolymer materials for residen-
tial construction applications.

Likewise, in another study by [255], the authors reported 
the suitability of extrusion-based AM geopolymer concrete 
using FA for digital construction applications while simul-
taneously investigating the role of short fibers on the proper-
ties of interlayer bond strength and FS. The PBO fibers were 
the most effective and significantly improved the interlayer 
bond strength and FS of AM geopolymer specimens. The 
authors stated that due to high interlayer bond strength, this 
AM technique and the mix design of the geopolymer base 
material could potentially tackle the limitations of the pow-
der bed AM, providing a pathway for on-site construction 
applications. On the other hand, incorporating steel fibers for 
additive manufacturing of geopolymer concrete-based struc-
tures could impact the bond strength negatively; hence, it is 

Fig. 14   Few applications of AM Geopolymer composites in construction. Reproduced with permission from Refs. [17, 25, 60, 61, 70, 86, 119, 
257]
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not recommended. This effect was observed by Al-Qutaifi 
et al. [38], who used Gladstone FA as a geopolymer precur-
sor for building AM-layered geopolymer structures.

Another potential application of AM (additive manufac-
turing) geopolymer technology is in the repair and sens-
ing applications domain. Vlachakis et al. [70] outlined the 
process developments of the AM MK-based geopolymer 
repair patches onto the concrete membranes. The adhesion 
strength of the repair patches to the concrete was 0.6 MPa, 
while the patches inherently held a CS of 24 MPa and tem-
perature sensing accuracy of 0.1 °C. With the aid of robot-
ics, this functionality of the AM geopolymer technology 
could enable the practitioners to closely monitor the exist-
ing structure under dangerous conditions like nuclear/oil/
gas environments.

Therefore, the applications of this innovative AM geo-
polymer technology, particularly in the precast industries, 
have been eminent [112, 256]. The building elements like 
formworks, interior structures, and beams could be easily 
prefabricated under controlled conditions with less human 
resources and waste and later assembled on-site [42]. Fur-
thermore, to increase the application prospects of 3D printed 
geopolymer composites in the precast industries, novel 
technologies such as extrusion-based AM “one-part” geo-
polymer composites are being developed [63]. As a result, 
the process developments would be more user-friendly as 
the practitioners only need to add water to the ready-made 
activator composition. This excludes the handling of the 
user-hostile alkaline liquids, contrary to the traditional geo-
polymer manufacturing methods. A few more applications 
of AM geopolymer composites can be perceived in Fig. 14. 
This includes the production of advanced structural com-
ponents, such as block structures, model structures, repair 
patches, artificial reefs, and curved-layer components.

5.2 � Cost of geopolymer AM

The economic viability of utilizing geopolymers in 3D print-
ing, particularly concerning cost implications for large-scale 
construction projects, has been examined in this section. 
Analysis of cost factors reveals that in geopolymer concrete 
(GPC) production, pretreatments play a significant role, 
constituting approximately 87% of the final product cost, 
as evidenced by the cost estimation analysis provided by 
[112]. Specifically, it was found that the total estimated cost 
for one ton of geopolymer 3D printing, including pretreat-
ments and production costs, amounts to €422 per ton [112]. 
However, it is important to note that this figure does not 
encompass the costs associated with 3D printing technology 

and labor. Comparative cost assessments between tradi-
tional construction methods utilizing ordinary Portland 
cement (OPC) and those incorporating GPC in 3D print-
ing underscore the potential economic advantages of GPC-
based construction. Despite marginally higher production 
costs for GPC compared to OPC, the overall construction 
expenses for 3D-printed houses using GPC remain com-
petitive. In comparison, a 50 m2 3D-printed house using 
GPC incurs an average cost of €192,327.232 [112], while 
a similar structure employing OPC costs €189,000 [257]. 
This cost-effectiveness is further reinforced by the inherent 
sustainability and energy efficiency of GPC, attributable to 
its utilization of waste materials and reduced energy con-
sumption compared to OPC production. Thus, the findings 
highlight the economic feasibility and promising prospects 
of integrating geopolymers in 3D printing for large-scale 
construction projects.

5.3 � Challenges and future prospects

Despite recent progress in geopolymer AM, several chal-
lenges exist toward the progress of geopolymer AM. Major 
challenges, research gap, and scope of future research are 
as follows:

Major challenges:

	 (i)	 Standardization of AM process: Specific standardiza-
tion on extrusion and powder bed 3D printing is yet 
to be developed. Different research groups and com-
panies have been developing unique AM configura-
tion techniques, such as flow speed, materials mixing 
procedure, flow properties, pumping process, setting 
time, layer shapes, and aggregate distribution. All 
those parameters need to be standardized to produce 
geopolymer elements with uniform properties.

	 (ii)	 Geopolymer composite consistency in performance: 
The mix design of geopolymer is often sensitive to 
consistent performance. Workability, mechanical 
properties and durability performance consider-
ably vary due to the wide variation of silicate-based 
mineral precursors, fineness, and reactivity. In some 
cases, waste minerals (such as FA and slag) from the 
same source may vary from batch-to-batch produc-
tion. Another challenge lies in the variation in the 
variety of activators and their sustainability. Curing 
condition optimization, such as elevated temperature, 
often requires tuning to achieve desirable geopolymer 
AM element performance for specific applications. 
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Therefore, definite guidelines for selecting the mix 
parameters to the best level to achieve the desired 
geopolymer composite for AM are the need of the 
hour. On the other hand, the integration of geopoly-
mer with desirable reinforcement in AM still poses 
several challenges.

	 (iii)	 Accurate life cycle assessment (LCA) and carbon 
footprint: LCA and the low carbon footprint of geo-
polymer AM are dependent on several key param-
eters. Out of those, transportation, service life perfor-
mance, and activator sustainability strongly impact 
the overall LCA performance. This may considerably 
be based on different geographical locations.

	 (iv)	 Economic feasibility: Capital investment involved in 
AM of geopolymer is one of the crucial parameters 
in the advancement process. A few key parameters 
include materials cost, printing cost, manufacturing 
and management cost, assembly cost, postprocessing 
techniques, etc., which primarily determine the eco-
nomic efficiency and essentially aid in the commer-
cialization of the technology. Comprehensive future 
works in the field of cost analysis are essential in 
regulating the significance of each parameter with 
respect to the area of application because price fac-
tors are subject to change with location.

	 (v)	 Industry readiness and acceptance: There is a lack 
of industry policies that couple with standards and 
geopolymer AM specifications, causing challenges 
in wide-scale industrial acceptance. The cost is also 
high in the start-up phase, while AM technology 
is mostly developed in laboratories and by compa-
nies. Finally, the technical knowledge of construc-
tion field workers is limited, along with the overall 
complexity of the procedure, which, if not followed 
precisely, could result in highly undesirable AM 
products. Lack of knowledge about geopolymer and 
AM process becomes one of the biggest challenges 
for not having real-scale applications of geopoly-
mer AM elements.

	 (vi)	 Size of the printed articles: A major constraint related 
to AM is the size of the printed article [13, 258]. 
Nevertheless, Bos et al. referred to printers able to 
print significant building components of dimensions 
(36.5 × 12.2 × 6.1) m3 produced by the WinSun com-
pany [13]. Similarly, Weger et al. reported a printer 
that can print construction parts [258]. The scale of 
AM capacity is increasing continuously with the 
advancement of relevant research.

Geopolymer is getting used hardly in the general prac-
tice of construction applications because of their com-
plexity in terms of the use of chemical solutions, lack of 
awareness, etc. However, it is advantageous in terms of 
characteristics compared to conventional concrete. The 
development of a framework to use geopolymer with the 
adoption of additive manufacturing techniques will help 
implement general construction practices in future. In 
order to implement geopolymer AM elements successfully 
on a large-scale, rigorous research must be conducted to 
establish all its advantages in a definite way and find the 
solutions for all the existing difficulties.

Major research gap identified:

	 (i)	 Theoretical and experimental research on appropriate 
mix design and the interaction between different par-
ent and reinforcement materials in 3D printed geo-
polymer matrix materials is insufficient, especially 
between the layers, and needs further research.

	 (ii)	 The anisotropy property phenomenon in the geopoly-
mer AM is a common obstacle, which exhibits dif-
ferent mechanical behavior depending on the direc-
tion of load due to a laminated approach to structure 
manufacturing.

	 (iii)	 There is a lack of persistent engineering practice and 
application cases of geopolymer AM, which would 
provide results relevant to the progress and accept-
ance of the technology.

	 (iv)	 Different researchers adopted distinct ways to meas-
ure the properties of the geopolymers for AM. Due 
to the various standards followed, it is difficult to 
define the optimum range based on the recommended 
values of the papers. Therefore, these recommended 
values must be validated within different geographi-
cal locations to achieve acceptable uniform proper-
ties.

Future scope of research and progression:

	 (i)	 Comprehensive studies are essential to develop con-
sistent mixing protocols and investigate the effect of 
different mixing parameters on the geopolymer AM 
for both extrusion and powder-based technologies.

	 (ii)	 Studies on the compatibility between different raw 
materials, activators, and admixtures are essential to 
prevent unexpected reactions that may affect product 
quality.

	 (iii)	 A combined sustainability analysis of geopolymer 3D 
printing can be critical in providing a greener direc-
tion to the construction sector. Therefore, a cradle-
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to-grave assessment of 3DPG is required, with more 
relevant functional indicators included in the analy-
sis.

	 (iv)	 Research has focused on various combinations of raw 
materials, but there is a need for further exploration 
to identify novel raw material combinations that offer 
improved properties for geopolymer AM.

	 (v)	 More research is needed to optimize curing condi-
tions for geopolymer AM. This includes investigating 
the effects of curing temperature, duration, and post-
curing methods on mechanical properties.

	 (vi)	 The influence of printing path configurations on the 
mechanical properties of printed geopolymer prod-
ucts, including the direction of printing and layering, 
requires further study.

	(vii)	 Exploring the incorporation of nanomaterials and 
hybrid reinforcement materials into geopolymer AM 
to further improve mechanical properties and func-
tionality.

	(viii)	 Studies on the long-term durability and aging behav-
ior of geopolymer AM products under different envi-
ronmental conditions are needed to assess their suit-
ability for real-world applications.

	 (ix)	 Actively explore ways to expand the applications. 
The development of standardized procedures and 
guidelines for geopolymer AM, including material 
characterization, testing, and quality control, would 
be beneficial for industry adoption.

6 � Conclusions

This comprehensive review sheds light on the critical param-
eters, current advancements, challenges, and research gaps 
in Additive Manufacturing (AM) using geopolymer com-
posites. The synthesis of information from critical literature 
analysis leads to the following key findings:

•	 The AM technique does not require any framework 
or mold, bringing significant benefits to the construc-
tion industry. The advanced AM technology enhances 
the environmental benefits of geopolymer materials by 
reducing waste during construction.

•	 Materials extrusion-based AM method through layer-by-
layer deposition is most commonly used in AM geopoly-
mer. Binder jetting AM is also developing, considering 
its advantage in high utility while the powder flowability, 
particle size, and wettability match the printer. Geopoly-
mer mix in binder jetting depends on the printing require-
ment. Layer size and the printed article's resolution (for 
printing time) have inverse relations that need to be criti-
cally adjusted based on the printing element complexity 
and requirement.

•	 AM geopolymer activator system produced by alkali-
activation of waste and alternative source materials. 
Commonly MK, FA, kaolin, and slag are used as a 
geopolymer precursor. Typical admixtures for AM of 
geopolymer are superplasticizers, thixotropy additives, 
viscosity-modifying agents, retarders or accelerators, and 
reinforcement (fiber or mineral admixtures). Admixtures 
are applied during the pumping and deposition stage of 
the extrusion-based AM, while those are mixed during 
powder mixing in the case of powder bed AM.

•	 The desirable geopolymer composite for AM must have 
several essential material properties, such as pumpability, 
extrudability, buildability, thixotropic properties, short 
time of curing and possibility of curing in low tempera-
ture, interlayer bonding, and segregation prevention, 
durability, ductility, high tensile and CS, low coefficient 
of thermal expansion, resistance to UV light and others. 
A combination of different types of admixtures in geo-
polymer can provide those desirable material properties.

•	 Reinforcements are used in AM geopolymer to mini-
mize the brittleness of the composite. Different types 
of steel, glass, carbon, and polymeric fibers, as well as 
steel micro-cable, are used in AM geopolymer, which is 
vital for controlling printed layers' fresh and mechanical 
properties. Natural fibers such as green tow flax fiber of 
30–50 mm long also show promising mechanical perfor-
mance in AM geopolymer.

•	 There are several challenges in the development of AM 
geopolymer composite technology. These are associated 
with the cost of printing setup, size limitation, the in-pro-
cess and in-service performance of the available mate-
rials, post-processing procedures, the mix design, and 
supporting structure until gaining its desirable strength.
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•	 Robocasting-based materials extrusion AM is most used 
for geopolymer printing. However, this process has sig-
nificant shortcomings, such as the complex structure not 
being able to be printed due to the lack of support, the 
limitation of smaller particle size in the mix to allow 
passing through the nozzle head, and the consistent qual-
ity of printed geopolymer and standardization. On the 
other hand, the binder jetting AM process is advanta-
geous as the critical parameters, such as the layer thick-
ness, activator jet spacing, speed, and activator flow rate, 
could be adjusted desirably. However, powder compat-
ibility with the printer is a major challenge in the binder 
jetting AM technique, which needs further research and 
up-gradation.

•	 Typically, sodium-based powder alkali activators are 
used in the AM geopolymer extrusion process. Alkali 
activators are also used in powder bed printing as a com-
pound for post-processing. However, several studies sug-
gest that liquid-based alkali activators are more efficient 
for geopolymers than the solid powder form. Hence, 
comprehensive research is required on the mechanical 
and durability properties of the final AM geopolymer 
products and the effect of different alkali activators.

•	 Typical steel rebar reinforcement in geopolymer is a 
complex setup that also results in several technical prob-
lems, such as controlling the speed limit during the AM 
process and design limitations, such as curved shapes 
that are required from an architectural point of view. The 
replacement of steel rebar could be made with steel and 
polymer fibers or other alternatives. Different reinforcing 
nano-additives carbon-based materials, such as carbon 
nanotubes, graphene nanoplates, and GO, have recently 
been getting much attention in the geopolymer composite 
field. This is another broad and promising sector in the 
development of AM geopolymer technology. Besides, 
natural or waste-based fibers could be beneficial from 
a sustainability point of view, which should be broadly 
investigated.

•	 Quality and performance of AM geopolymer composite 
depend on several interdepending components. Major 
components are the type of printing, software used for 
generating the 3D model, geopolymer precursors, acti-
vators, additives, and curing conditions. Alternation 
and optimization of those components are vital fields of 
research to modify the end property of printed geopoly-
mer elements.

•	 An eco-friendly AM for the future construction indus-
try can be developed by modifying geopolymer mixes to 
achieve particular properties. More research is required 
to establish the use of eco-friendly geopolymer precur-
sors, such as industrial waste, CDW, waste glass, and 
mine tailing. Modification of geopolymer could also be 
explored using different types of nanomaterials, such as 
graphene and carbon nanotubes.

Geopolymers, as low carbon footprint materials, are 
increasingly getting attention for the application of typical 
structural elements. The application of AM geopolymer is 
making much progress in precast industries, such as form-
works, interior structures, beams, etc. The typical extrusion-
based AM geopolymer could be adopted in on-site construc-
tion applications. Powder bed AM geopolymer, for example, 
could be used in the construction of thermal insulation 
structures and other large-scale structural applications. The 
AM geopolymer could also be helpful in repairing existing 
structures and sensing applications.

Appendix

See Tables 6, 7, 8, and 9.
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Table 6   Summary of research in geopolymer AM

Authors Year Document type Publication type 3D printing type Binder materi-
als

Composite 
matrix

Applications References

Franchin and 
Colombo

2015 Experimental Journal Extrusion MK NA Filtering/Cata-
lyst Support

[23]

Montes et al. 2015 Experimental Journal NA Lunar regolith 
simulant 
(JSC-1A)

Concrete Radioactive 
Shielding

[24]

Xia and San-
jayan et al.

2016 Experimental Journal Powder Bed Slag powder, 
Zp® 150 
powder

Concrete Construction [25]

Zhong et al. 2017 Experimental Journal Extrusion Na powder, GO Paste Smart material, 
Structural

[26]

Panda et al. 2017 Experimental Journal Extrusion FA (Class F) Mortar, Con-
crete

Concrete [27]

Panda et al. 2017 Experimental Journal Extrusion FA (Class F), 
GGBFS, Short 
Glass Fiber

Mortar, Con-
crete

Concrete [28]

Nematollahi 
et al.

2017 Review Conference 
Proceedings

Extrusion & 
Powder Bed

NA NA Concrete [29]

Davis et al. 2017 Experimental Journal NA Lunar regolith 
simulant 
(JSC-1A)

NA Construction, 
Radioactive 
Shielding

[30]

Dechang et al. 2017 Review Journal NA NA NA NA [31]
Panda et al. 2017 Experimental Conference 

Proceedings
Extrusion FA (Class F), 

Slag, SF
Mortar Concrete [32]

Nematollahi 
et al.

2018 Experimental Journal Extrusion FA (Class F), 
PP fibers (PP),

Mortar NA [33]

Nematollahi 
et al.et al.

2018 Experimental Journal Extrusion FA (Class F), 
PVA fibers, 
PP fibers, 
PBO fibers

Concrete Concrete [34]

Panda and Tan 2018 Experimental Journal Extrusion FA (Class F), 
GGBFS,

Paste, Mortar Concrete [35]

Lim et al. 2018 Experimental Journal Extrusion FA (Class F), 
GGBFS, PVA 
fibers

Mortar, Con-
crete

Concrete [36]

Panda et al. 2018 Experimental Journal Extrusion FA (Class F), 
GGBFS, SF,

Paste, Mortar Construction [37]

Al-Qutaifi et al. 2018 Experimental Journal Extrusion FA (Class F), 
Hooked-end 
steel fibers, 
PP fibers

Paste, Concrete Concrete [38]

Panda et al. 2018 Experimental Journal Extrusion FA (Class F), 
GGBFS, SF,

Mortar Concrete [39]

Panda and Tan 2018 Experimental Conference 
Proceedings

Extrusion FA (Class F), 
GGBFS, SF,

Mortar NA [40]

Annapareddy 
et al.

2018 Experimental Conference 
Proceedings

Extrusion FA (Class F), 
GGBFS, SF,

Concrete NA [41]

Xia et al. 2018 Experimental Journal Powder Bed Slag powder, Concrete Construction [42]
Christos et al. 2018 Review Conference 

Proceedings
Extrusion MK Paste Smart Material, 

Structural 
Health 
monitoring & 
repair

[43]

Kashani and 
Ngo

2018 Experimental Conference 
Proceedings

Extrusion FA (Class F), 
GGBFS, SF,

Paste Construction [44]

Panda et al. 2018 Review Journal Extrusion NA NA Construction [45]
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Table 6   (continued)

Authors Year Document type Publication type 3D printing type Binder materi-
als

Composite 
matrix

Applications References

Zhang et al. 2018 Experimental Journal NA Slag Paste Construction [46]
Singh 2018 Review Journal NA FA NA Construction [47]
Xia and San-

jayan
2018 Experimental Journal Powder Bed FA (Class F) Paste Construction [48]

Zhang et al. 2018 Experimental Journal Extrusion GGBFS, Steel 
Slag

Paste Construction [49]

Korniejenko 
et al.

2019 Experimental Conference 
Proceedings

Extrusion FA, GTF fibers Paste Construction [50]

Hirayama et al. 2019 Experimental Conference 
Proceedings

Extrusion FA, BFS, SF Concrete Construction [51]

Agnoli et al. 2019 Experimental Journal Extrusion MK, Microalgal 
Biomass

Paste Construction, 
Inorganic 
foams, Water 
filtration, 
Thermal 
insulation

[52]

Toniolo et al. 2019 Experimental Journal Extrusion FA, Waste glass Paste Ceramics, Con-
struction

[53]

Panda et al. 2019 Experimental Journal Extrusion FA (Class F), 
GGBFS, 
Nanoclay

Paste, Mortar Construction [54]

Bong et al. 2019 Experimental Journal Extrusion FA (Class F), 
GGBFS

Concrete Construction [55]

Ma et al. 2019 Experimental Journal Extrusion FA (Class F), 
Slag, SF, PP 
fibers

Concrete Construction [56]

Fu et al. 2019 Experimental Journal NA MK Paste Ceramics [57]
Marczyk et al. 2019 Review Conference 

Proceedings
Extrusion NA Paste, Mortar, 

Concrete
Construction [58]

Nematollahi 
et al.

2019 Experimental Journal Powder Bed Slag NA Construction [59]

Xia et al. 2019 Experimental Journal Powder Bed FA (Class F), 
Slag

Concrete Construction [60]

Alghamdi and 
Neithalath

2019 Experimental Journal Extrusion FA (Class F), 
OPC, SF, 
Limestone

Foam Thermal Insula-
tion

[61]

Panda et al. 2019 Experimental Journal Extrusion FA (Class F), 
GGBFS

Concrete Construction [62]

Nematollahi 
et al.

2019 Experimental Book Chapter Extrusion FA (Class F), 
GGBFS

Concrete Construction [63]

Panda et al. 2019 Experimental Book Chapter Extrusion FA (Class F), 
GGBFS, SF

Mortar Construction [64]

Bong et al. 2019 Experimental Book Chapter Extrusion FA (Class F), 
GGBFS

Concrete Construction [65]

Singh et al. 2019 Review Conference 
Proceedings

NA MK, FA, 
GGBFS

NA NA [66]

Wu et al. 2019 Review Journal Extrusion FA (Class F), 
GGBFS

NA Construction [67]

Chenchen et al. 2020 Experimental Journal Extrusion GGBFS Paste, Mortar NA [68]
Yin et al. 2020 Experimental Conference 

Proceedings
Extrusion FA, Slag Paste NA [69]

Vlachakis et al. 2020 Experimental Journal Extrusion MK, SF, PVA 
fibers

Paste, Concrete Temperature 
sensing con-
crete repair

[70]

Zhou et al. 2020 Experimental Journal Extrusion MK, GO Paste NA [71]
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Table 6   (continued)

Authors Year Document type Publication type 3D printing type Binder materi-
als

Composite 
matrix

Applications References

Rehman et al. 2020 Experimental Journal Powder Bed MK Concrete Construction [72]
Imtiaz et al. 2020 Review Journal NA NA NA NA [73]
Luhar and Luhar 2020 Review Journal Extrusion & 

Powder Bed-
NA NA Construction [74]

Luukkonen 
et al.

2020 Report Journal Extrusion MK Paste Water treatment [75]

Muthukrishnan 
et al.

2020 Experimental Journal Extrusion FA (Class F), 
GGBFS, PVA 
fibers

Concrete NA [76]

Nematollahi 
et al.

2020 Experimental Book chapter Extrusion FA (Class F), 
GGBFS

Concrete Construction [77]

Bong et al. 2020 Experimental Book chapter Extrusion FA, Slag, Wol-
lastonite

Concrete Construction [78]

Albar et al. 2020 Experimental Journal Extrusion FA, GGBFS Paste NA [79]
Nematollahi 

et al.
2020 Experimental Book chapter Powder Bed Slag NA Construction [80]

Voney et al. 2020 Experimental Book chapter Powder Bed MK NA Construction [81]
Korniejenko and 

Łach
2020 Review Journal Extrusion & 

Powder Bed-
FA, Fibers NA Construction [82]

Guo et al. 2020 Experimental Journal Extrusion FA, Slag, SF Mortar NA [83]
Li et al. 2020 Experimental Journal Extrusion FA (Class F), 

Slag, SF
Mortar Construction [84]

Korniejenko 
et al.

2020 Experimental Journal Extrusion FA (Class F), 
GTF fiber, 
Carbon fiber

Paste, Concrete Construction [85]

Voney et al. 2020 Experimental Conference 
Proceedings

Powder Bed MK, Quarry 
waste

NA Quarry waste 
recycling

[86]

Franchin et al. 2020 Experimental Journal Extrusion MK Paste Wastewater 
treatment

[87]

Panda et al. 2020 Experimental Book chapter Extrusion FA (Class F), 
GGBFS

Mortar Construction [88]

Xia et al. 2020 Experimental Book chapter Powder Bed Slag Concrete Construction [89]
Li et al. 2020 Experimental Journal Extrusion FA (Class F), 

GGBFS, SF
Paste, Mortar Construction [90]

Sun et al. 2020 Experimental Journal Extrusion MK NA Construction, 
Electronics

[91]

Chougan et al. 2020 Experimental Journal Extrusion FA (Class F), 
GGBFS, SF, 
Nano-graphite 
platelets

Paste Smart construc-
tion material

[92]

Bong et al. 2020 Experimental Book chapter Extrusion FA (Class F), 
GGBFS, PVA 
fibers

NA Construction [93]

Odaglia et al. 2020 Experimental Book chapter Powder Bed MK NA Construction [94]
Khan et al. 2020 Review Conference 

Proceedings
Extrusion NA Concrete NA [95]

Jia et al. 2020 Review Book chapter NA NA NA NA [96]
Bagheri and 

Cremona
2020 Experimental Journal Extrusion NA NA Construction [97]

Perumal et al. 2020 Review Book Chapter Extrusion & 
Powder Bed-

NA NA NA [98]

Korniejenko 
et al.

2020 Experimental Conference 
Proceedings

Extrusion FA, MK Concrete Construction [99]
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Table 6   (continued)

Authors Year Document type Publication type 3D printing type Binder materi-
als

Composite 
matrix

Applications References

Pilehvar et al. 2020 Experimental Journal Extrusion Lunar regolith 
simulant 
(ESA), FA 
(Class F)

NA Lunar Construc-
tion

[100]

Emelyanov et al. 2020 Experimental Conference 
Proceedings

Extrusion NA Concrete NA [101]

Lazarev et al. 2020 Experimental Conference 
Proceedings

Extrusion NA Concrete Construction [102]

Yin et al. 2020 Experimental Conference 
Proceedings

Extrusion FA, Slag, MK Mortar NA [103]

Santos et al. 2021 Experimental Journal Extrusion MK Paste Biocatalyst [104]
Santana et al. 2021 Experimental Journal NA MK, SF Concrete Construction [105]
Ma et al. 2021 Experimental Journal Extrusion MK, carbon 

fibers
Paste NA [106]

Youssef et al. 2021 Experimental Journal Extrusion Clay Mortar Construction [107]
Botti et al. 2021 Experimental Journal Extrusion MK Paste Catalyst [108]
G¨okçe et al. 2021 Review Journal Extrusion NA NA Construction [109]
Bong et al. 2021 Experimental Journal Extrusion FA (Class F), 

GGBFS
Mortar Construction [110]

S¸ahin et al. 2021 Experimental Journal Extrusion Construction 
Demolition 
Waste

Paste NA [111]

Munir and 
Kärki

2021 NA Journal Extrusion NA NA Construction [112]

Cepollaro et al. 2021 Experimental Journal Extrusion MK Paste Catalyst [113]
Ma et al. 2021 Experimental Journal Extrusion MK Paste NA [114]
Zhao et al. 2021 Review Journal Extrusion NA NA Construction [115]
Muthukrishnan 

et al.
2021 Experimental Journal Extrusion FA (Class F), 

GGBFS
Paste, Concrete NA [116]

Voney et al. 2021 Experimental Journal Powder Bed MK Paste NA [117]
Nmiri 2021 Review Book chapter Extrusion NA NA Construction [118]
Ly et al. 2021 Experimental Journal Extrusion FA Mortar Artificial reefs [119]
Munir et al. 2021 Experimental Journal Extrusion Industrial side 

stream waste, 
CDW, bark 
boiler ash, 
mine tailings, 
MK

Concrete Construction, 
Insulation, 
backfill

[120]

Sambucci et al. 2021 Review Journal Extrusion NA NA Construction [121]
Wang et al. 2021 Experimental Journal Extrusion MK Paste Construction, 

Nuclear waste 
coating, 
Insolation, 
Insulation

[122]

Souza et al. 2021 Experimental Journal Extrusion MK Paste Construction [123]
Archez et al. 2021 Experimental Journal Extrusion MK, Glass fib-

ers, Wollas-
tonite

Concrete NA [124]

Bhattacherjee 
et al.

2021 Review Journal Extrusion NA NA NA [125]

Scanferla et al. 2021 Experimental Journal Extrusion MK Paste Filters, Cata-
lysts

[126]
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Table 6   (continued)

Authors Year Document type Publication type 3D printing type Binder materi-
als

Composite 
matrix

Applications References

Pilehvar et al. 2021 Experimental Journal Extrusion DNA-1 lunar 
regolith 
simulant

Paste, Concrete Lunar construc-
tion

[127]

Kocherla et al. 2021 Experimental Conference 
Proceedings

Extrusion FA, Slag, SF Paste, Concrete PZT Sensor [128]

Kleshchevnik-
ova et al.

2021 Experimental Book Chapter Extrusion Geopolymer 
Cement, Slag, 
PP fibers

Concrete NA [129]

Singh 2021 Review Book Chapter NA FA NA Construction [130]
Archez et al. 2021 Experimental Journal Extrusion MK, Glass 

fibers
Paste Industrial [131]

Perry et al. 2021 Experimental Conference 
Proceedings

Extrusion FA, MK Paste Self-Sensing [132]

Ranjbar et al. 2021 Experimental Journal Extrusion FA Mortar NA [133]
Muthukrishnan 

et al.
2021 Review Journal Extrusion NA NA Smart material, 

Construction
[134]

Lv et al. 2021 Experimental Journal Extrusion GGBFS Paste NA [135]
Tang et al. 2021 Experimental Journal Extrusion MK Paste Thermal Insula-

tion
[136]

Marczyk et al. 2021 Experimental Journal Extrusion FA, MK Paste, Mortar, 
Concrete

Construction [137]

Paiva et al. 2021 Experimental Journal Extrusion MK Paste, Mortar Construction [138]
Jin et al. 2022 Experimental Journal Extrusion MK Paste Adsorption [139]
Ziejewska et al. 2022 Experimental Journal Extrusion OPC, FA, MK Concrete Fire Resistance [140]
G¨okçe et al. 2022 Experimental Journal Extrusion NA NA Construction [141]
Elsayed et al. 2022 Experimental Journal Powder Bed MK NA Construction [142]
Yuan et al. 2022 Experimental Journal Extrusion FA, GGBFS Mortar NA [143]
Lazorenko and 

Kasprzhitskii
2022 Review Journal Extrusion & 

Powder Bed-
NA NA NA [144]

Oliveira et al. 2022 Experimental Journal Extrusion MK, Activated 
carbon, 
Hydrotalcite

Paste Adsorption, 
Water treat-
ment

[145]

Chen et al. 2022 Experimental Journal Extrusion FA, GGBFS Mortar, Con-
crete

NA [146]

Marczyk et al. 2022 Experimental Journal Extrusion FA, MK Paste, Concrete Construction [147]
Liu and Lv 2022 Review Journal Extrusion NA Mortar NA [148]
Bong et al. 2022 Experimental Journal Extrusion FA (Class F), 

GGBFS, Wol-
lastonite fiber

Concrete Construction [149]

Raza et al. 2022 Review Journal Extrusion & 
Powder Bed-

NA NA NA [150]

Ilcan et al. 2022 Experimental Journal Extrusion CDW Mortar NA [151]
Tang and Tang 2022 Experimental Journal Extrusion Geopolymer 

powder
NA Energy storage, 

Refractory
[152]

Muthukrishnan 
et al.

2022 Experimental Journal Extrusion FA (Class F), 
GGBFS

Paste, Concrete Construction [153]

Guo et al. 2022 Experimental Journal NA FA, Slag Mortar NA [154]
Shakor et al. 2022 Review Journal Powder Bed NA Mortar Construction [155]
Na et al. 2022 Experimental Journal Extrusion FA, GGBFS, 

Steel slag
Concrete NA [156]
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Table 6   (continued)

Authors Year Document type Publication type 3D printing type Binder materi-
als

Composite 
matrix

Applications References

Kong et al. 2022 Experimental Journal Extrusion FA, GGBFS, 
Sekanf straw 
core, Kenaf 
fiber

NA Construction [157]

Korniejenko 
et al.

2022 Experimental Journal Extrusion FA, GTF, Car-
bon fiber

NA Construction [158]

Li et al. 2022 Experimental Journal Extrusion Graphene NA Microwave 
absorption

[159]

Zhong and 
Zhang

2022 Review Journal Extrusion NA NA NA [160]

Ma et al. 2022 Experimental Journal Extrusion MK, SiC whisk-
ers

Paste NA [161]

Liu et al. 2022 Experimental Journal Extrusion NA Concrete Construction [162]
Kondepudi et al. 2022 Experimental Journal Extrusion FA, Slag Paste Construction [163]
Ma et al. 2023 Experimental Journal Extrusion MK Paste Waste water 

treatment
[164]

Salazar et al. 2023 Review Journal Extrusion NA NA Construction [165]
Rahemipoor 

et al.
2023 Experimental Journal Extrusion FA, PCM Paste Thermal Energy 

Storage
[166]

Pasupathy et al. 2023 Experimental Journal Extrusion FA, Slag, BW Concrete Construction [167]
Ramezani et al. 2023 Review Journal Extrusion Fibers Concrete, 

Mortar
Construction [168]

Chen et al. 2023 Experimental Journal Extrusion FA, Slag, Steel 
Fiber

Mortar Construction [169]

Jaji et al. 2023 Experimental Conference Extrusion Slag, MK, PP Mortar NA [170]
Tran et al. 2023 Experimental Journal Extrusion Slag, FA Mortar NA [171]
Basha et al. 2023 Review Journal Extrusion, Pow-

der Bed
Carbon Nano-

materials
Mortar, Con-

crete
NA [172]

Masi et al. 2023 Experimental Conference Extrusion MK Paste Recycling [173]
Ilcan et al. 2023 Experimental Journal Extrusion CDW Mortar Construction [174]
Muthukrishnan 

et al.
2023 Experimental Journal Extrusion FA, Slag, Lime Concrete NA [175]

Khan et al. 2023 Experimental Journal Extrusion CDW, Slag Concrete Numerical 
Modeling

[176]

Chaiyotha et al. 2023 Experimental Journal Extrusion FA Mortar Construction [177]
Ranjbar et al. 2023 Experimental Journal Extrusion FA, HA Mortar NA [178]
Gonçalves et al. 2023 Experimental Journal Extrusion MK, RM Paste Adsorption [179]
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Table 8   Review for powder-based AM geopolymer technologies

Raw material(s) Activator(s) Admixture(s) Key finding(s) References

MK, Silica sand Na2SiO3, NaOH N/A The thickness of the printed specimen 
increases with the exceeding amount 
of alkaline liquid solution

The AM process is relevant for large-
scale construction applications

[72]

FA (Class F), Slag, Silica sand Anhydrous Na2SiO3 powder N/A Slag increases fresh and post-processed 
CSs

The CS of the printed samples shows 
orthotropic properties

FA increases the activator droplet pen-
etration time

[60]

Slag, Fine silica sand Anhydrous Na2SiO3 (solid activator) Zb® 63 (viscosity) 2D images made by flatbed scanners are 
an efficient method for shape accuracy 
evaluation for AM small elements for 
the construction industry

[89]

MK, Fine quartz sand Na2SiO3, NaOH N/A The printing parameters can control the 
macro-porosity in the printed part

[81, 224]

MK, Quarry different types of 
stone waste, Silica sand

K2SiO3 solution N/A The silica sand can be successfully 
replaced by waste granulated from a 
gneiss quarry

AM has a high potential to be scaled up 
and used in construction

[86]

Slag, Fine silica sand Anhydrous Na2SiO3 (solid activator) N/A The immersion in alkaline solutions is 
an effective method for post-process-
ing powder bed technologies

The strength of the printed geopolymer 
samples cured in the potassium-based 
activators was lower than that of the 
sodium-based ones

The 28-day CS of the ambient tempera-
ture-cured sample is comparable to the 
7-day CS of heat-cured samples

The CS shows orthotropic properties

[59]

Slag, Fine silica sand Na2SiO3, NaOH, K2SiO3, KOH, 
Sodium and potassium solution

Zb® 63 (viscosity) The advanced post-processing method 
for ambient temperature curing 
promotes broader applications of the 
developed powder bed AM geopoly-
mers in the construction industry

The CS of the samples cured in the 
sodium-based alkaline solution was 
about 14%–31% higher than that of the 
potassium-based samples

The CS shows orthotropic properties

[80]
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