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ARTICLE INFO ABSTRACT

Handling editor: Hao Wang 3D printing is a promising technology of great significance in several industries including construction. In line
with the urgent need to reduce the environmental impacts of the built environment, traditional binders such as
Portland cement are being substituted by suitable alternative binders. This paper systematically reviews the
recent advances in the use of key alternative binders such as geopolymers/alkali-activated systems, aluminate
cements, MgO-based cements, gypsum-based materials, and limestone-calcined clay-based cementitious mate-
rials in the context of 3D printing. A detailed discussion on the progress of research in the use of such alternative
binders in the development of 3D-printed components is presented, highlighting the main advances made in
recent years, challenges faced and potential solutions to enable the large-scale application of these products. A
comprehensive evaluation of the key properties controlling the performance of 3D-printed components prepared
with different mixture proportions and curing conditions is also included. The information and recommendations
provided in this review aim to pave the way for the direction of future research in this area, with the goal of
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providing guidance on designing 3D-printed composites with the desired sustainability, cost and flexibility.

1. Introduction

Three-dimensional (3D) printing, also known as additive
manufacturing and rapid prototyping, is a relatively new manufacturing
technology based on digital models. It involves a computer-controlled
system to produce a specified form of solid objects by printing and
stacking an adhesive and curable material via a layer-by-layer approach
[1-3]. Compared with traditional processes, the use of 3D printing
presents increased accuracy and convenience by enabling the automatic
manufacture of the required objects [4,5]. Furthermore, it can establish
a coordination between computer software and mechanical equipment,
which can effectively reduce labor consumption and improve produc-
tion efficiency [6,7].

Due to these unique advantages of 3D printing technology, it has
been widely used in aerospace applications [8], biomedical engineering
[9]1, complex structure manufacturing [10], functional material molding
[11] and food processing [12]. The complicated and inefficient pro-
cesses (e.g. necessity to install formwork) and long periods involved in
the construction of structures via traditional approaches have also led to
an increased demand for the development of advanced technologies
such as 3D printing to improve these aspects associated with the
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construction industry [13-15]. Three main molding processes used for
the 3D printing of cementitious materials are contour crafting [16-18],
concrete printing [19,20] and D-shape [21]. Contour crafting is a
printing system that can produce objects with specific geometries
through the nozzle of a gantry crane with a high printing accuracy. This
technique is based on the two processes of extrusion and filling, with the
first step replacing conventional formwork with 3D printing technology
to produce the structural shape. Once the boundaries of each layer are
established, the process of filling begins, during which the materials are
poured or injected to fill the internal volume. Similar to contour crafting,
concrete printing also involves the extrusion and stacking processes.
However, in this approach, the structure is entirely 3D printed and hence
does not need trowels, resulting in a lower printing resolution than
contour crafting [22]. D-shape is a particle-bed 3D printing, during
which the powder material is paved into a powder layer with a fixed
thickness, and the adhesive is sprayed on the design area according to
the cross-section shape to provide adhesion, followed by the paving of
the subsequent powder layer [22,23]. While they present some differ-
ences in terms of their approach and intended applications, all three
processes involve layered accumulative manufacturing as their core
principle.

In terms of material characteristics, 3D printing can be also divided
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Acronyms

AAS alkali-activated slag

BA boric acid

BNS p-naphthalene sulfonic acid type
CAC calcium aluminum cement

cc calcined clay

CF cellulose fiber

CMS sodium carboxymethyl starch
CSA calcium sulfoaluminate

Ccw ceramic waste

FA fly ash

GGBS ground granulated blast furnace slag
GW glass waste

HGCC  high-grade calcined clay

HMCs  hydrated magnesium carbonates
HPMC  hydroxypropyl methylcellulose
Lc® limestone calcined clay cement
LGCC low-grade calcined clay

LP limestone powder

MPC magnesium phosphate cement
MKPC magnesium potassium phosphate cement
M/P MgO to KH2PO4

MOC magnesium oxychloride

MOS magnesium oxysulfate

M-S-H  magnesium silicate hydrate

NFS naphthalene superplasticizer

PC Portland cement

PCE polycarboxylate superplasticizer

PVA polyvinyl alcohol
RMC reactive MgO cement

SE starch ether

SF silica fume

SRF shape retention factor

SSA specific surface area

s/b sand-to-binder ratio

TA tartaric acid

VMA viscosity-modifying admixture

w/b ratio water-to-binder ratio

into extrusion-based techniques and binder jet 3D printing using powder
materials and binders. Among these, extrusion-based 3D printing is
more popular since the equipment used is more cost effective and can
result in prototypes or replacement parts cheaply and rapidly. However,
this technology has the drawback of the overhangs being only printed
with the assistance of support structures, and a limited precision owing
to the layered feature. In the case of binder jet, the underlying powder
may be repurposed as a hanging support structure, if no printing is
performed [24]. Considering the need for sufficient workability during
the printing process and development of structural strength shortly after
extrusion, some of the key properties of cement-based materials used in
extrusion-based 3D printing are “extrudability”, “flowability” and
“buildability” [19,25-27]. Extrudability refers to the ability of cemen-
titious materials to be extruded easily without blocking any of the ma-
chinery components (e.g. pipes and nozzles). Flowability is associated
with the ability of a material to demonstrate a smooth and continuous
flowing process that enables a high efficiency during 3D printing,
resulting in an easy flow without any segregation or bleeding. During 3D
printing, flowability usually refers to the “deliverability” or “pump-
ability” of the cementitious mix in the pipe. Finally, buildability is used
to explain the ability of a material to achieve shape compliance during
extrusion and layer-by-layer stacking, without any deformation or
collapse under the stress generated by subsequently deposited layers.
While these aspects provide a useful guidance in the development of
mixes for 3D printing applications, they need to be quantitatively veri-
fied. Considering that the extrusion process of cementitious materials
from nozzle to hardening involves a dynamic flow and deformation
process, the workability of these materials can be characterized by

Structural build-up /

rheological parameters [28-31]. In line with their definitions, extrud-
ability corresponds to the static rheology and thixotropy of cementitious
materials and is closely related to the static yield stress (i.e. the mini-
mum stress required to initiate flow in a paste, which is linked with the
state of the microstructure that forms via colloidal flocculation and
bonding provided by cement hydrate phases that can handle some stress
before breaking down) [32-37]. Alternatively, flowability corresponds
to the dynamic rheology [25], whereas buildability is related to the
structural build-up [38,39] (Fig. 1). In addition to these properties, the
mechanical performance of the multi-layer printed component, tradi-
tionally assessed by the measurement of compressive and flexural
strength as well as the interlayer bond strength, needs to be evaluated to
determine the success of the 3D printing process [40,41].

Regardless of the type of process used, 3D printing entails the
development of cementitious binders that can satisfy these requirements
in fresh and hardened states. Amongst the components of concrete mixes
(e.g. binder, coarse and fine aggregates, water and various chemical or
mineral admixtures), binder and water are the main ones that affect the
workability, mechanical properties, volume stability (plastic shrinkage)
and durability of the mix and final structure [26,42]. At present, Port-
land cement (PC) is the most widely used binder worldwide [43,44].
However, the mass production and application of PC lead to the emis-
sion of high concentrations of greenhouse gases that contribute to
climate change [45]. Considering that approximately 4.1 billion metric
tons of cement are globally produced every year, accounting for 8%-—
10% of the global anthropogenic carbon dioxide emissions [46-49], the
production of PC is expected to become the third largest carbon emission
source after fossil fuels and land-use change (e.g. deforestation) [50,51].

4_ \ Dynamic yield stress

and viscosity

Fig. 1. Simplified 3D printing process and corresponding properties of extrusion-based materials (the main structure of 3D printer is based on [36]).
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Furthermore, PC production requires a significant amount of natural
resources, damages the ecological environment, hinders the sustainable
development of social economy and consumes an average of 10-11 EJ of
energy per year, accounting for 2-3% of global energy consumption
[52].

These concerns associated with the production and use of PC led to
the development of alternative binders with lower CO5 emissions and
energy consumption [53,54]. These initiatives involve the partial or
complete replacement of PC in specific applications, thereby reducing
the environmental impact of concrete structures [55]. Some of the most
promising alternative binders developed include geopolymers and
alkali-activated materials [56-58], aluminate cements [59,60],
magnesia (MgO)-based cements [61-63], gypsum-based materials [64,
65], and limestone-calcined clay-based cementitious materials [66-68].
Taking two of these alternative cementitious materials (i.e.
alkali-activated materials and reactive MgO-based cements) as an
example, depending on their chemical composition and production
conditions, these binders can potentially produce formulations with
lower carbon footprints than PC. In the case of MgO-based cements, the
decomposition of magnesite releases a greater amount of CO5 than that
of limestone (1.1 vs. 0.78-0.83 t/t), resulting in a higher climate change
score for MgO, despite the lower calcination temperatures [69]. How-
ever, when the carbonation potential of MgO-based cements is taken
into account, their net COy emissions can be >70% lower than PC.
Alternatively, the Global Warming Potential (GWP) index corresponding
to 1 m® of alkali-activated binary concrete was reported as 210.9
kg-CO5-eq, which is ~45% lower than that of PC, indicating the po-
tential for reduced environmental impacts with the use of these binders,
depending on the factors mentioned above [70]. In line with the vari-
ations in their chemical formulations, each binder presents different
advantages from a performance and sustainability standpoint, covering
a range of applications.

One promising application for alternative binders involves the
development of sustainable 3D printed components that could be used in
various applications within the construction industry. These range from
precast and containment elements to reinforcement for sealing ele-
ments, as well as reinforcements incorporating various materials (e.g.
steel or fibers) [71]. Considering the role these binders can play in
reducing the pressure on the environment caused by cement production
and use, it is critical to understand their potential to be incorporated in
new advances in the construction sector and determine their synergy
with other innovative technologies.

A summary of the main framework presented in this paper is shown
in Fig. 2. Aiming to provide a comprehensive guideline for different
users including researchers, construction industry practitioners, policy
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makers, public members and communities working or interested in this
area, this paper presents a detailed discussion on the progress of
research in the use of these alternative binders in 3D printed compo-
nents. The discussion also highlights the main advances made in recent
years, the challenges faced and potential solutions to enable the large-
scale application of these products. A comprehensive evaluation of the
key properties controlling the performance of 3D components involving
alternative binders prepared with different mixture proportions and
curing conditions is also included. A comparison of each binder system
in terms of their advantages and shortcomings associated with 3D
printing is presented, underlining the long- and short-term prospects of
these alternatives in automated construction. Finally, a series of rec-
ommendations are provided to pave the way for the direction of future
research in this area, with the goal of providing guidance on designing
3D-printed composites with the desired sustainability, cost and flexi-
bility aspects.

2. Geopolymers/alkali-activated systems

Alkali-activated binders involve materials with pozzolanic activity
and alkaline activators. Alkali-activated systems enable the recycling of
industrial wastes, while also reducing energy consumption and envi-
ronmental pollution, depending on their composition [72,73]. Concrete
made of alkali-activated binders could be more resistant to chloride ion
and acid corrosion than PC due to the properties of the hydration
products [74,75]. Furthermore, since the network structures in these
systems are similar to that of organic thermoset polymers, they are also
commonly referred to as “inorganic polymers” or “geopolymers” [76].

Geopolymers are three-dimensional network-structured alumino-
silicate cementitious materials composed of SiO4 and AlO4 tetrahedral
units formed by combining calcined minerals (e.g. metakaolin) or in-
dustrial wastes (e.g. fly ash, FA, and ground granulated blast furnace
slag, GGBS) with alkali activators [77-79]. The formation of geo-
polymers involves three stages: (i) Si, Al monomer dissolution, (ii)
monomer reconstruction and (iii) polycondensation [80-82]. The
aluminosilicate precursors of geopolymers can also be classified into
three categories based on the Ca content of the raw materials: Non
calcium (e.g. metakaolin), low calcium (e.g. Class F FA) and high cal-
cium (e.g. GGBS). Geopolymers have also been used in 3D printing ap-
plications as an environmentally-friendly alternative binder to reduce
waste creation and PC utilization [83,84]. The following section outlines
the research progress in the use of alkali activated systems/geopolymer
mixes in 3D printing.

Geopolymers/ MgO-based Aluminate Gypsum-based Limestone-calcined Other binders
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Fig. 2. Comprehensive framework presented in this study.
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2.1. Rheology

Rheology has a significant impact on the early performance of 3D
printed alkali-activated systems/geopolymers. A consistent develop-
ment of microstructure build-up and yield stress with time is key for
keeping the mixture stable throughout the entire 3D printing process
from extrusion to hardening [85]. Previous studies [86] explored the
role of sand-to-binder ratio (s/b) on the rheological characteristics of
FA-GGBS-silica fume (SF) geopolymer mortars by varying the mixture
proportions. It was reported that the yield stress of mortar rose sub-
stantially with the s/b ratio. When the s/b ratio increased to 1.7,
excessive yield stress caused poor mortar extrusion and, as a result,
nozzle blockage. In another study [87], the influence of activator solu-
tion molar ratio, water-to-solid ratio, activator solution-to-binder ratio
and nanoclay addition on the yield stress and viscosity of geopolymer
mortars were investigated. The yield stress and viscosity dropped
significantly when the water-to-solid ratio and solution-to-binder ratio
were increased.

Alternatively, higher molar ratio and nanoclay contents enhanced
both the yield stress and viscosity. When an alkaline activator (i.e. so-
dium hydroxide) was employed to replace water in an equivalent mass
ratio, the yield stress of the fresh paste reduced while the cohesiveness
increased [88]. Higher Si/Na ratios in the alkali activator corresponded
to lower viscosity and yield stress in geopolymer mixes [85]. Ishwarya
et al. [89] investigated the rheological properties of FA-GGBS geo-
polymer mixes containing NapCO3/NaSiO3 as an activating solution,
and revealed that the yield stress of composite pastes incorporating 25
wt% GGBS was considerably higher than those only containing FA. In-
creases in GGBS content could significantly improve the compressive
strength of hardened pastes, which provided an experimental basis for
improving the structural build-up and mechanical strength of 3D printed
geopolymer mixes. However, in a different study, the substitution of
GGBS with FA or SF was shown to increase the static yield stress,
structural build-up rate, and thixotropy of the original alkali-activated
slag (AAS) system deposited within 30 min [90]. The addition of 10
wt% SF significantly increased the viscosity in the recovery stage and
thixotropy recovery rate of these mortars [91]. Considering that thixo-
tropic recovery rate is a crucial characteristic influencing the shape
retention of fresh 3D printed structures, the inclusion of SF plays a key
role in improving the thixotropic properties of geopolymer mixtures.
Furthermore, the use of high GGBS contents (90 wt%) was demonstrated
to significantly improve the structural recovery rate of FA-based alka-
li-activated pastes [90]. This modification can be attributed to factors
including the coupled flocculation-dissolution-reaction process of
alkali-activated materials and the morphological properties of
precursors.

In addition to the initial mix composition, various admixtures can
also affect the rheological properties of geopolymer mixes. The fresh
properties of AAS can be adjusted by adding nucleation seeds and
nanoclay [92]. Due to the absorption of silicate anions on the slag sur-
face, which results in large double-layer repulsive forces, the yield stress
of AAS mixes is relatively low. However, the yield stress can more than
triple after the incorporation of 0.4 wt% nanoclay, which can result in
rapid flocculation, enabling the mix to reach the optimal thixotropy
range for 3D printing. Sun et al. [93] prepared a geopolymer mix with
GGBS, calcium carbonate powder (i.e. used as an inexpensive and inert
coarse aggregate), and different contents of sodium carboxymethyl
starch (CMS) as a modifying admixture. When the CMS content ranged
between 4% and 6%, the corresponding plastic viscosity and yield stress
were 10.08-10.42 Pa s and 32.53-66.71 Pa, respectively. These values
corresponded to an ideal range that enabled a continuous printing
process without any deformation after extrusion.
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2.2. 3D printing performance

2.2.1. Early-age performance

Optimizing the performance of cementitious materials at an early
stage is a key issue that needs to be addressed when implementing 3D
printing. The workability required in the printing process primarily in-
cludes structural integrity, uniformity, and dimensional accuracy of the
printed samples, which can be evaluated via visual inspection, as well as
some parameters that can be measured experimentally such as open
time (i.e. the time interval between the addition of alkaline activator and
the mixture exhibiting poor extrudability) and shape retention ability
[87,94].

In terms of workability, concrete designed for 3D printing should
have adequate self-compacting properties, but not a significant slump
flow. The designed mixes must be able to retain their original shapes
while the upper layers are gradually deposited over the printed lower
layers [95]. Fig. 3(a)-(c) present 3D printed geopolymer monolayer
samples deposited at a constant (90 mm/s) and varying speeds, as well
as a multi-layered structure printed at a constant speed [96]. By
comparing the bead and nozzle widths of the lines printed at different
speeds (Fig. 3(b)), it was found that the width of the sample printed at
90 mm/s was the same as that of the nozzle. Therefore, this speed was
used to print a multi-layered structure (Fig. 3(c)), which maintained its
shape and integrity after extrusion without any collapse associated with
upper layer stress or uneven extrusion. Bong et al. [94] used a 15 x 30
mm nozzle to evaluate the extrudability of FA-GGBS geopolymer mor-
tars, and showed that there was no clogging phenomena in any of the
mix proportions and the specimens generated by the 3D printer
exhibited good uniformity. Furthermore, geopolymer mixes incorpo-
rating K-based activators demonstrated higher yield stress and better
shape retention ability than those containing Na-based activators in
general [97]. Panda et al. [91] studied the influence of thixotropic pa-
rameters (i.e. structural recovery level) on the shape retention factor
(SRF) of geopolymer mortars. As shown in Figs. 4 and 5, the recovery
rate of 100 wt% FA mix and its corresponding SRF were both minor,
indicating that the shape retention ability of the mortar after extrusion
from the nozzle was rather poor.

Although the buildability of alkali-activated materials for 3D print-
ing is assessed to ensure that their shape remains consistent with the
original design after extrusion, the early setting and rapid hardening
characteristics of alkali activated materials [98], particularly after the
precursors are completely mixed with alkaline activator, may result in
rapid pipeline blockage during pumping. Therefore, in addition to
thoroughly blending all the constituents before the printing process, one
approach may involve the introduction of the alkaline activator near the
print head and mixing with other components right before the extraction
process. Throughout this approach, the slurry can remain inactive dur-
ing transportation, significantly extending the effective pumping time,
thereby improving extrudability and potentially buildability.

2.2.2. Mechanical performance

From the perspective of mix design, modifiers and other additives of
various types and dosages can have an impact on the mechanical per-
formance of 3D printed geopolymer mixes. After the addition of 1%
nano graphite platelets, the compressive and flexible strengths of 3D
printed FA-GGBS-SF specimens were reported to increase by 28% and
89%, respectively, [99]. However, the 28-day compressive strength of
GGBS-CaCO3 geopolymer pastes reduced from 84.37 to 55.80 MPa and
the flexural strength reduced from 12.73 to 8.17 MPa as the CMS content
increased from 0% to 8% [93]. These reductions in mechanical perfor-
mance were associated with an increase in porosity and a decrease in
reaction rate between the GGBS powder and alkaline activator, induced
by the inclusion of CMS. Differences in the anisotropic mechanical
properties of alkali-activated materials, another important characteristic
of 3D-printed structures, were shown to diminish with time due to the
progressive production of hydration reaction products [100].
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Fig. 3. Images of 3D printed FA-GGBS geopolymer mixes, showing: (a) Samples printed at a constant speed (90 mm/s), (b) samples printed at different speeds, and

(c) printed structure composed of several layers (reproduced from Ref. [96]).
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Fig. 4. Viscosity recovery rate of geopolymer blends incorporating different
contents of FA, GGBS and SF (reproduced from Ref. [91]).

i

Fig. 5. Shape retention factors of extruded filament width with different mix
designs: (a) F100 (b) F90G10, and (c) F90S10 (reproduced from Ref. [91]).

Furthermore, low activation reactivity and strong thixotropy aggravate
anisotropy as a consequence of high content FA incorporation.

One-part geopolymers consisting of an aluminosilicate precursor and
solid alkaline activator have been widely investigated [101]. The
compressive strength of one-part FA-GGBS geopolymer samples can be
significantly increased with GGBS content due to the formation of C-S-H
and potassium alumino-silicate hydrate (K-A-S-H) gels [96]. The mini-
mum GGBS content required for the preparation of FA-GGBS geo-
polymers via a powder-based 3D concrete printing technology was 50%,
with a corresponding 7 d compressive strength of 25 MPa [102]. In
terms of activators, mechanical performance can be further improved by
adjusting the SiO3/Nay0 molar ratio of sodium silicate solution and the
concentration of NaOH solution.

Due to their high tensile strength and elongated structure, fibers can
restrict the further development of concrete fractures and substantially
enhance bending strength, elongation, and toughness. The shift in the
failure mode of a micro-cable reinforced composite structure from
brittle to ductile with multiple cracks indicates that incorporation of this
reinforcement changes the strain evolution mode when compared with
non-reinforced structures, leading to improved bending and load ca-
pacity [103]. Lim et al. [104] explored the influence of polyvinyl alcohol
(PVA) fibers and stainless steel cable on the bending strength of
FA-based geopolymer mixes. The main failure modes of geopolymer
samples were in the form of compression crushing at the top layer, with
a small number of samples experiencing shear slipping between the
interlayer bonds, as illustrated in Fig. 6(a) and (b). As the load increases
in the four-point bending test, the sample develops a series of bending
cracks that extend upward through the printed layers. The steel cable
takes the majority of the load when the concrete breaks in the geo-
polymer specimens strengthened with hybrid reinforcement, while the
PVA fibers at the crack tip offer a minor amount of tensile strength.
When compared, hybrid reinforced geopolymer samples outperform the
control sample (i.e. without fiber) in terms of flexible strength. Despite
the evidence that micro-cables and geopolymer mixes have significant
coordination and bonding effects, cable has varied impacts on the
cement matrix under compressive, shear and tensile loading conditions
[105,106]. Under compression, the restraint effect of micro-cables is the
basis of ductility and toughness. Shear strength mainly depends on the
weak plane direction of the binder between tow filaments, while tensile
strength is determined by micro-cable reinforcements and the
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(a) Compression crushing at top

layer of printed geopolymer
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Interlayer shear slip

(b) Shear slip between printed

geopolymer filaments

Fig. 6. Two destruction forms of 3D printed geopolymer during 4-point bending test, showing: (a) compression crushing and (b) shear slip (reproduced

from Ref. [104]).

configurations. Previous studies [107] showed that specimens with flax
fibers performed better than those with carbon fibers in terms of me-
chanical performance.

Good interlayer bond strength is also a key parameter to ensure the
integrity of 3D printed cementitious materials. Previous studies [108]
showed that in addition to the properties of the geopolymer itself,
printing parameters also affect the bond strength of geopolymer mixes.
While a large time gap between layers decreases the bond strength,
smaller nozzle standoff distance and printing speed correspond to higher
bond strength. Considering that the interface between layers can be
uneven after incorporating certain types of fiber, the addition of fibers
such as steel fibers into 3D printed geopolymer-based concrete may
hinder the adhesion of subsequent layers [109]. In contrast, another

study [110] revealed that the inclusion of steel fiber did not weaken the
binding strength between printed layers, despite the fact that the steel
fibers did not seem to bridge the interlayer surfaces. The impact and
mechanism of steel fibers on the characteristics of 3D-printed geo-
polymers still need to be further investigated.

2.3. Microstructure

Fig. 7 shows the SEM images of 3D printed geopolymer mixes at
different locations. Fig. 7(a) was taken from the middle area of the
bottom layer, where Fig. 7(b) was taken from the interlayer area [111].
By comparing the micro-morphologies of the two locations, it can be
observed that the pores in Fig. 7(a) were small and the hydration

Fig. 7. SEM images of samples with 80%FA, 10%GGBS and 10% SF, showing: (a) middle section and (b), (c) and (d) interlaminar section (reproduced

from Ref. [111]).
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product (geopolymer gel) was densely distributed, whereas a larger
number of pores and unreacted FA particles can be seen in Fig. 7(b). Ata
higher magnification shown in Fig. 7(b), a 20-35 pm crack was found
between the two interfaces, where the bond strength between the cracks
was generated by the bridge connection. SEM analysis revealed that the
center of 3D printing blocks was more compact than the surface inter-
laminar due to a superior geopolymer gel formation, showing that the
interlayer bonding was relatively weak.

3. MgO-based cements

MgO cement is considered as a promising cementitious material,
where MgO is used as the main binder to replace traditional PC. Some of
the main advantages of MgO include its low CO5 emissions associated
with the lower temperatures and alternative sources used during its
production [69]. The precursor can be magnesium carbonate (MgCO3)
or other materials such as Mg(OH),, sea water or brine [69,112,113].
The final product, MgO, can be divided into four grades according to the
calcination temperature used during the conversion of MgCO3 into MgO:
(i) light-burned (reactive), (ii) hard-burned, (iii) dead-burned and (iv)
fused [114,115]. The reactivity, crystal size and structure, pore structure
and specific surface area (SSA) of MgO produced at different calcination
temperatures vary, resulting in different uses for each grade. Among
these, the calcination temperature of light-burned MgO is 700-1000 °C,
which translates in a high SSA and reactivity, enabling this product to be
used as a binder in various concrete mixes [61,116,117]. Compared with
light-burned MgO, hard-burned MgO has a lower reactivity and slower
hydration rate, therefore it is typically used as an expansive agent [118,
119]. Dead-burned and fused MgO are hardly reactive, mainly used in
the refractories industry [120].

3.1. Reactive MgO-based cements

Reactive MgO cement (RMC) formulations were initially developed
by mixing different proportions of RMC and PC [121]. In the absence of
any admixtures, the hydration mechanism of MgO simply involves its
reaction with water to form magnesium hydroxide (Mg(OH)). The
above reaction can be divided into three stages: (i) Contact of water with
the surface and its gradual entry into the internal structure through the
pores of MgO particles; (ii) dissolution of MgO in the presence of water,
and the change in its porosity and surface composition; and (iii) for-
mation of supersaturated Mg(OH); on the surface of MgO particles,
which can hinder the continuation of the hydration process [61,122].
Therefore, it is necessary to improve the hydration rate of MgO to result
in a more compact microstructure enabled by the increased formation of
reaction products that will lead to enhanced mechanical properties
within the hardened mixes. Some of the main cementitious systems, in
which RMC is used as the main binder include carbonated RMC mixes
that may also incorporate PC and SCMs; and magnesium silicate cement
systems. The following sections outline the research progress on the use
of these binders in 3D printing applications.

3.1.1. Carbonated RMC systems

Since the hydration of RMC is not sufficient for the development of a
high mechanical performance, the use of accelerated carbonation as a
part of the curing process has been extensively studied. As a part of this
initiative, samples were subjected to increased concentrations of CO3 (i.
e. usually ranging between 5 and 20% [123], along with some studies
using 100% [124]), which accelerated the reaction of Mg(OH), with
CO4 to form hydrated magnesium carbonates (HMCs), the main sources
of strength in RMC mixes [123,125]. This also highlighted that
carbonated RMC systems could provide a solution for the permanent
sequestration of CO, in the form of carbonate phases [126,127],
defining this system as a potentially promising alternative binder from a
sustainability perspective [69,128].

A recent study [25] looked into the 3D printing performance of RMC
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mortars containing 54% RMC, along with other additives such as 3%
caustic MgO (with a purity of >98%), magnesium acetate (the primary
liquid media), superplasticizer (polycarboxylate ether), defoamer
(non-ionic surfactant) and suspension aid additive (hydrox-
yethyl-cellulose). Results showed that the 3D printed samples differed
from the cast versions in terms of their mechanical properties, phase
composition and microstructure. Similar to PC-based mixes, challenges
were present in formulating a binder composition with a good work-
ability only by mixing RMC and H0. Therefore, 3 wt% caustic MgO was
added to accelerate the early hydration of the initial system, thereby
enabling the layer-by-layer stacking process. These initiatives clearly
highlighted the importance of mix design in producing structures that
could maintain their integrity and uniformity without any obvious
cracks or layer detachment during and after the 3D printing process.

Even in the absence of any hydration enhancing additives, the hy-
dration rate of RMC is generally higher than that of PC in the early stages
(first 10 h). For the rheological measurements (shear stress vs. shear
rate), RMC systems demonstrate a sharply increasing curve at low shear
rates, followed by a rapid decline in the rheological curve. The shear
stress reaches a maximum (1.98 kPa) at a shear rate of 0.42 s~*. When
the shear rate is in the range of 10 s~* and 100 s~ %, the relationship
between shear stress and shear rate approximately follows the “Bingham
model”, resulting in a yield stress of 0.95 kPa [25]. A comparison of the
rheological parameters presented in earlier studies [25,129-131]
revealed that RMC systems demonstrated much higher yield stress,
plastic viscosity, and yield stress growth rate with time (structural
build-up rate) than PC systems. These outcomes indicated that although
the fluidity of RMC was lower than that of PC in the early stages, the
faster structural build-up rate of RMC was beneficial in maintaining a
good shape compliance during the 3D printing process.

In terms of the mechanical properties and microstructure of the
hardened mixes, 3D printed RMC mortars were reported to have larger
compressive strengths than those obtained by casting, which were also
associated with the increased carbonation rate in line with the higher
initial porosity of the printed samples [25]. Within mixes that contain
larger and better-connected pores, a higher amount of CO; can diffuse
into the matrix through the pores, increasing the rate and degree of the
carbonation reaction, as well as enhancing the compressive strength.
Fig. 8 shows a comparison of the microstructure of the cast and 3D
printed RMC samples. The surface of cast samples was mainly composed
of loose and large flakey dypingite, while the main products observed in
the interior section was uncarbonated brucite, along with the formation
of larger dypingite crystals. In contrast, the microstructural images of
the 3D printed samples showed that the surface was mainly composed of
small and densely distributed hydromagnesite, while the interior con-
sisted of both hydromagnesite and dypingite.

3.1.2. RMC-SiOy systems

Another typical RMC-based cementitious system is magnesium sili-
cate cements, which are obtained by combining RMC with a SiO; source
to form magnesium silicate hydrate (M-S-H) [132,133]. The use of
various silicate-rich wastes such as SF [134], rice husk ash [135],
ceramic waste (CW) and glass waste (GW) [136] as raw materials has
been explored in this system. M-S-H can achieve 28-day compressive
strengths of up to 65 MPa under ambient curing conditions (i.e. without
the need for any additional accelerated CO; curing) [137]. The physi-
cochemical properties of M-S-H are determined by precursors types and
characteristics, mix design and curing conditions [138-140].

Relying on the rapid hydration rate of RMC in the early stages and
high strength provided by the formation of M-S-H, previous studies
[141] studied the use of RMC-SiO mixes in 3D printing. By adjusting the
mass ratio of RMC and microsilica, w/b ratio and superplasticizer con-
tent, RMC-SiO, pastes achieved an appropriate fluidity, with a recovery
of up to 80% of the initial viscosity within 60 s. These properties high-
lighted the extrudability of RMC-SiO2 mixes and their ability to return to
their original workability shortly after being extruded from the nozzle.
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Fig. 8. SEM images of (a-b) cast and (c-d) 3D printed RMC samples.

(Images (a) and (c) represent the surface microstructure; (b) and (d) represent the internal microstructure). The scale bar in all images is 10 pm (reproduced

from Ref. [25]).

In terms of buildability, the deformation of RMC-SiO; pastes under the
same load was smaller than that of PC pastes at 15 min rest time (Fig. 9),
indicating the higher load carrying capacity of the former under the
same curing conditions. The improved performance of RMC-SiO5 mixes
were associated with the formation of hydrate phases such as M-S-H gel,
which was investigated via microstructural characterization.

3.1.3. RMC-PC systems

Another proposed use of RMC is as a partial replacement of PC [63,
124,142]. Similar to carbonated RMC systems, the main hydration
products of RMC-PC mixes are nesquehonite, brucite, portlandite,
magnesite, calcite, calcium silicate and amorphous hydrated
Mg-carbonate (Mg(CO3)x (OH)2(1x)-yH20) [124,142]. An increase in the
PC content corresponds to lower brucite and nesquehonite formation,
whereas higher RMC contents lead to the domination of the pore
structure with brucite, HMCs and other amorphous hydrated
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Fig. 9. Load-deformation curves of MgO-SiO, (M3) and PC mixes at 15 min
resting time (reproduced from Ref. [141]).

Mg-carbonates, which are held responsible for strength development.

In terms of rheology, owing to its higher specific surface area than
PC, the incorporation of RMC increases the water demand and improves
the workability of cement-based mixes. RMC-PC mixes containing 30%
RMC were reported to have a small dynamic yield stress and plastic
viscosity, while their static yield stress was over 4000 Pa [143]. These
properties can translate into an efficient extrusion process, after which
the printed structure could resist the vertical stress applied by the upper
layers.

Although RMC-PC mixes have not been used in 3D printing appli-
cations until now, their rheological properties could be assessed via a
method proposed by Zhang [143], which is based on the dense accu-
mulation of identical spheres to estimate the water film thickness of the
smallest particles in mortar and concrete mixes. The water film thickness
calculated by this method could have a good correlation with the
rheological parameters of RMC-PC blends. The use of this theoretical
method could enable the prediction and modification of the rheological
parameters of RMC-PC mixes to meet the fresh properties and perfor-
mance requirements of 3D printing applications.

3.2. Magnesium phosphate cements

Magnesium phosphate cement (MPC) is a magnesia-based binder
involving the acid-base neutralization reaction between MgO and a
phosphate (e.g. ammonium dihydrogen phosphate or potassium dihy-
drogen phosphate) [144,145]. These binders can set and harden rapidly
after contacting with water at room temperature. MPC possesses the
advantages of short setting times, high early strengths, good fire and
heat resistance, and therefore can be used in the rapid repair of roads
and bridges and treatment of radioactive hazardous substances
[146-148].

Due to its characteristics such as high setting rates, MPC can meet the
basic performance requirements for 3D printing via the modification of
its rheological properties by optimizing the mix design or incorporating
different admixtures. The increase of MgO to KHyPO4 (M/P) molar ratio
and water glass content can reduce the setting rate of magnesium po-
tassium phosphate cement (MKPC) at high w/b ratios, while the incor-
poration of FA can increase the setting time and fluidity of fresh MKPC
pastes [149,150]. The modification effect of FA on MPC is mainly
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associated with its role as a filler and contribution to the chemical re-
actions. Previous studies [151] reported that the inclusion of 30 wt% FA
can improve the fluidity and mechanical properties. An investigation of
the influence of different types of phosphates on the rheological prop-
erties of MPC concrete revealed that the slump flow of mixes containing
KH,PO4 was lower than those with NH4H5PO4, and the decline of the
NH4H;P04:MgO ratio further reduced the fluidity of concrete [152].
Amongst the three different admixtures (NayB407-10H20 (NB), Ca
(NO3)2:4H50 (CN) and Na3SO4-10H20 (NS)) used in MKPC pastes, the
maximum initial setting time of MKPC mixes was recorded as 37 min
when NB, CN and NS were included at a ratio of 1.5%:1.5%:5%,
accompanied with a significantly lower hydration exothermic rate
[153]. This outcome highlighted a potential way to adjust the rheolog-
ical properties and extended the open time of MKPC to meet the re-
quirements of 3D printing.

A recent study [154] looked into the use of MKPC pastes in 3D
printing. The proposed mixes involved light-burnt MgO and FA as the
binder, whose rheological and mechanical properties were adjusted via
the addition of SF. Contrary to FA, SF reduced the spread diameter and
increased the yield stress and shape compliance of the prepared pastes.
MKPC mixes, where MgO was replaced with 60 wt% FA and 10 wt% SF
in the presence of borax, revealed enhanced yield stress and prolonged
working times, thus enabling their use in 3D printing. Early-age
compressive strength test results showed that these samples achieved
sufficient strengths (2 MPa at 20 min and 5.36 MPa at 90 min) to prevent
deformation due to the upper stacking pressure after extrusion. As can
be seen in Fig. 10, the shape of the specimen was highly consistent with
the CAD model, resulting in a continuously and uniformly distributed
hardened paste. In another study [155], a 3D printing MKPC paste with
a M/P mass ratio of 3, incorporating 40 wt% borax and 25 wt% FA show
good buildability, with a minimum deformation rate of 0.28% and
highest compressive strength of 32.59 MPa. Furthermore, the thixotropy
of MKPC was proved to be much higher than that of other cementitious
systems, and the incorporation of SF decreased the negative high vis-
cosity of MKPC due to the fast formation of reversible agglomeration
[156].

In addition to the mix proportion, the selection of 3D printing craft is
also an important factor that affects the performance of printed MKPC
components. Fu et al. [157] introduced a process for printing MKPC
mixes with a modified binder jetting system. An appropriate nozzle size,
mixing and compaction method, as well as framework and retarder re-
quirements were determined as the main printing parameters influ-
encing the final outcome. It was concluded that this binder jetting

Fig. 10. MKPC sample used for 3D printing (reproduced from Ref. [154]).
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system had a higher production efficiency and wider applicability when
compared with traditional casting.

3.3. Magnesium oxychloride/oxysulfate cements

In order to use magnesia-based cementitious materials effectively, it
is necessary to reduce the supersaturation of the suspension system
while accelerating the dissolution of MgO in water and improving the
solubility of hydration products. Accordingly, using MgCl,/MgSO4 so-
lution instead of water as the blending agent of MgO, which is similar to
the principle of MPC, magnesium oxychloride (MOC)/magnesium oxy-
sulfate (MOS) systems, offers a feasible solution to this issue [158,159].
The application scopes of MOC and MOS include walls, boards,
rendering wall insulation panels, and grinding and polishing stones
[61]. The main phases present in MOC cements are MgO, Mg(OH), and
other crystal phases (3 Mg(OH)3-MgCly-8H20 (Phase 3) and 5 Mg
(OH),-MgCly-8H20 (Phase 5)); while the hydration products of MOS
cements are mainly composed of xMg(OH),-yMgS04-zH20 [160-163].

Sinka et al. [164] preliminarily compared some basic properties of
four alternative binder systems (MPC, MOC, calcium sulfoaluminate,
and gypsum) applied in 3D printing bio-based building materials.
Among them, MOC demonstrated the longest initial and final setting
times, relatively high compressive strengths and the best compatibility
with bio-based fillers. Although the research on the use of MOC/MOS in
3D printing is limited, previous studies have looked into the adjustment
of their rheological properties. Additives such as FA can improve the
fluidity, decrease the thixotropy (i.e. reduce the volume of flocculation
structure), and delay the setting time in fresh MOC pastes through their
water absorption effect and morphology [165]. Similar to PC mixes,
polycarboxylate superplasticizer (PCE) can significantly improve the
rheological properties of MOC pastes due to its adsorption on the surface
of cement particles, thus delaying the reaction between MgO particles
and water [166]. In MOS systems, the hydrophobic effect of naphthalene
superplasticizer (NFS) was shown to work better than PCE, suggesting
that NFS is more suitable for MOS mixes [167]. These outcomes can lay
the foundation for the adjustment and use of MOC/MOS systems in the
field of 3D printing.

4. Aluminate cements
4.1. Calcium aluminate cements

Calcium aluminum cement (CAC) is an alternative binder with
monocalcium aluminate (CA), calcium dialuminate (CA,) and dodeca-
calcium hepta-aluminate (C15A7) as the main mineral components [76].
When compared with PC, some of the main advantages of CAC include
its high abrasion resistance, bacteriological acid corrosion and re-
fractory properties [168-170]. CAC can also be mixed with PC to obtain
hardened cement stones with improved durability [171]. Maier et al.
[172] studied the 3D powder printing performance of flash-setting CAC.
Due to the high chemical activity of C3A in clinker, it can react with
C12A7 rapidly (i.e. flash set), whose reaction lasts only a few seconds.
This facilitates rapid setting and strength development of the printed
material following nozzle extrusion, guaranteeing that the structure
retains high dimensional precision after being stacked on the platform.
Once water is injected into the powder bed via the print head, the cal-
cium aluminate phases dissolve in water as Ca’** and [AlI(OH)4], raising
the pH of the liquid phase. When the water supply during 3D power
printing process is sufficient, calcium aluminate hydrate, alumina hy-
droxide gel (AHy) and crystalline gibbsite (AH3) undergo dissolution,
nucleation and precipitation.

Fig. 11 shows the XRD patterns of the printed samples of C3A and
C12A7 with a mass fraction of 1:4, after soaking in water for different
durations (0, 24 and 72 h) [172]. The primary hydration products of the
non-soaked specimens were reported as C3A and Cj2A7, suggesting that
the hydration degree of CAC was low at the end of the printing process.
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Fig. 11. XRD patterns of 3D printed CAC samples under different soaking pe-
riods in water (reproduced from Ref. [172]).

As the time immersed in water increased, C3A and CjpA; gradually
began to react and generate CoAHg and C4AH;9. When combined with
FTIR and SEM results, the hydrolysis reaction of 3D printed CAC mixes
was found to include the formation of an amorphous hydroxide gel,
followed by the crystallization of hydroxide phases. In another study
[173], a combination of CAC, PC and lithium carbonate was used as
powder material for 3D printing. When the saturation level of shell and
core reached 170%, the maximum 28-day compressive strength of the
printed cubes was 8.26 MPa. Moreover, porosity and w/b ratio, which
are associated with the compressive strength of the prepared mixes, can
be adjusted for further strength development. Overall, research has
shown that PC-CAC mixes can be successfully used in the development of
3D printed structures.

4.2. Calcium sulfoaluminate cements

Calcium sulfoaluminate (CSA) cement consists of ye’elimite
(3Ca0-3A1,03-CaS0y4, abbreviated as C4-Az- S) and CoS as the main
components [174]. Similar to CAC, CSA cement has minimal CO,
emissions and high resistance to water permeation, carbonation and
drying shrinkage, making it a viable candidate for various building ap-
plications [175-177].

Chen et al. [178] investigated the early rheological properties of 3D
printed CSA cement mixes. The Bingham model and the
Herschel-Bulkley (H-B) model were both shown to correctly describe
the rheological behavior of CSA mixes. At low shear rates, the static
yield stress of CSA cement grew considerably over time. The inclusion of
metakaolin can also enhance paste thixotropy and minimize deforma-
tion after printing. Ingaglio et al. [179] studied the feasibility of using
3D printing cement and fine aggregates for high resolution binder jet
printing. Results showed that the rapid curing ability of CSA improved
the accuracy of the 3D printed specimens, while lowering paste segre-
gation. Overall, CSA cement mixes were shown to offer excellent 3D
printing characteristics and moderate strengths.

Aside from the mix proportions, the addition of several chemical
admixtures can also improve the 3D printing performance of CSA
cement mixes. Ding et al. [180] prepared CSA cement mixes for 3D
printing by optimizing the hydroxypropyl methylcellulose (HPMC)
content, sand content and w/b ratio. The incorporation of HPMC
improved not only the shape retention at rest and dynamic rheological
behavior of the mixes, but also enhanced the early strength within 2 h
[180,181]. By recycling industrial solid wastes (e.g. flue gas desulfur-
ization, carbide slag, aluminum ash, and red mud), Shahzad et al. [182]
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prepared a sulfoaluminate high-activity material for 3D printing appli-
cations. The 3D printing performance of the aforementioned mixes were
optimized by adjusting the dosage of boric acid (BA) as a retarder and
flowability enhancer, and lithium carbonate as an accelerator. The
setting time and fluidity of the optimized mixes were reported as 42 min
and 180.7 mm, respectively; whereas the 28-day compressive strength
reached 97.5 MPa. However, the addition of excessive BA and sodium
gluconate led to structural failure, highlighting the need to control their
dosages for successful printing applications [32]. Tartaric acid (TA) was
also used to optimize the rheological properties and setting rate of
printed CSA mixes [183]. While maintaining the mechanical properties,
TA can reduce the deformation rate of printed specimens to less than
10%. Given the characteristics of PC and CSA cement, PC-CSA cement
mixes with suitable mix proportions could fulfil the extrudability and
buildability criteria for the 3D printing process [184].

In addition to their preferrable mechanical properties, the combi-
nation of PC and CSA cement can also enhance the interlayer bond
strength of the printed samples [185]. Cellulose fiber (CF) was used as
an internal curing agent in CSA mixes to retain water for hydration,
showing great potential for 3D printing applications [185]. Accordingly,
with the inclusion of 1.57 wt% CF at 60 min time intervals, the inter-
layer tensile and shear strength of CSA samples exceeded 1.91 MPa and
4 MPa, respectively. The microstructural investigation of the hydration
products including EDS spectral processing (Fig. 12) revealed the for-
mation of wollastonite, calcium aluminum sulfate hydrate and other
hydration products. These phases led to the densification of the micro-
structure, as well as an increase in the compressive strength of the
samples.

5. Gypsum-based materials

Gypsum-based materials are particularly appealing in modern
structural design due to their benefits such as high fire resistance,
lightweight characteristics, and outstanding thermal and acoustic insu-
lation [186]. However, high volume 3D powder printed gypsum still has
several issues, mainly associated with its hygroscopicity and agglom-
eration tendency [187-189]. Therefore, gypsum needs to be stored in a
dry environment before printing.

5.1. Rheology

Considering the poor fluidity of gypsum-based materials, chemical
additives are typically required to enhance their fluidity in order to
satisfy the extrusion rate requirements of 3D printing [190]. Amongst
the different types of superplasticizers, the adsorption of g-naphthalene
sulfonic acid type (BNS) superplasticizer and PCE on the surface of
gypsum particles conforms to Langmuir’s adsorption isotherm, exerting
steric hindrance effect in gypsum pastes to weaken the degree of particle
aggregation and improve fluidity [191]. The distinction is that BNS acts
as physical adsorption, whereas PCE is a chemical adsorbent. The
adsorption and dispersion of PCE on the surface of gypsum particles can
improve the rheological properties [192]. HPMC, however, has a
negative effect on the fluidity of gypsum pastes. Given that PCE and
HPMC adsorb competitively on the surface of gypsum particles, result-
ing in an opposing impact on rheological properties, the fluidity of
gypsum-based materials can be fully optimized by adjusting the dosages
of these additives. On this basis, Liu et al. [186] greatly improved the
rheological properties and shape retention ability compared to the
original gypsum mix by adjusting the content of PCE, HPMC and starch
ether (SE). The dynamic yield stress and final viscosity of the adjusted
slurry were reported as 420.73 Pa and 7.29 Pa s, respectively; with a
comparable strength to that of the gypsum plaster sample obtained via
traditional molding.
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Fig. 12. Hydration products of cement mixes containing PC and high belite sulphoaluminate at 28-day, showing: (a) SEM image and (b) EDS results (C=CaCOsg;

0=Si0,; AI—Al,03; Si—SiO,; Ca= Wollastonite) [185].
5.2. Application in 3D printing

Unlike other alternative binder systems, gypsum-based materials are
usually used to substitute natural rocks, as well as in 3D powder printing
applications [193,194]. Kong et al. [194] compared the mechanical
properties and microstructure of 3D printed gypsum powder-based rocks
and natural rocks. The compressive strength of 60 mm and 120 mm
length 3D printed rocks were 7.79 MPa and 3.05 MPa, respectively;
which were not as strong as those of many natural rocks (Fig. 13).
Printing material and resolution are two important factors controlling
the mechanical properties of 3D printed rocks involving gypsum. The
proportion of spherical pores in gypsum rocks are larger than that of leaf
flakes [195]. From a nano-scale perspective, 3D printed gypsum rocks
exhibited typical elastic-plastic behavior in nano-indentation experi-
ments [196], showing similar mechanical properties in different orien-
tations. Hydrophobic silica was reported to improve the fluidity of
gypsum powder more effectively when compared with hydrophilic silica
[1901, which played a key role in 3D printing applications. The gypsum
powder layer used in 3D powder printing was smoother and had reduced
porosity when 1 wt% hydrophilic nanosilica was added [190]. In addi-
tion to being used as building materials, 3D printed gypsum-based ma-
terials also find uses as porous cellular sound absorbers [197]. An
investigation of the effects of cell structure and porosity on sound ab-
sorption coefficient of gypsum-based porous metamaterials revealed a
considerable increase in the sound absorption of these materials when
compared to non-porous reference specimens.

6. Limestone-calcined clay-based cementitious materials

Calcined clay (CC) has a higher pozzolanic activity than FA and
GGBS, with limited influence on the early mechanical characteristics of

cement-based mixes when used in part to replace PC. Kaolinite-rich
clays, which may be found in abundance worldwide, can be quite
pozzolanic if calcined between ~700 °C and 850 °C [66,198]. These
advantages have increased the interest in CC in recent years [199]. Chen
et al. [200] investigated the effects of different grades of CC (i.e.
high-grade calcined clay (HGCC) and low-grade calcined clay (LGCC))
on the 3D printing performance, mechanical properties and hydration
process of limestone calcined clay cement (LC®) mixes. The total specific
surface area of fresh mix particles increased, whereas the average par-
ticle distance decreased as the HGCC content increased, leading to
increased flow uniformity. At the same time, HGCC improved the
buildability of the mixture, which could be due to the enhancement of
particle flocculation and increased water adsorption. As shown in
Fig. 14, the highest number of layers that HCC mixes consisting of 40 wt
% PC, 20 wt% LGCC, 20 wt% HGCC and 20 wt% limestone powder (LP)
could be stacked without any obvious structural deformation was 21,
indicating that the buildability of this mix fulfilled the criteria for 3D
printing. The corresponding number for mixes with LGCC as the alter-
native binder (LCC) was reported as only 9 layers. The actual printing
heights of the mixtures investigated in this study were all much lower
than the theoretical height under the effects of cumulative deformation
and elastic buckling of the layer-by-layer printed structure. Increased
metakaolin concentration in calcined clay can also cause large increases
in extrusion pressure, which may be related to the acceleration of the
hydration rate of the system [201].

Similar to aluminate cements and gypsum-based materials, PCE and
HPMC can also significantly affect the 3D printing performance of
PC-CC-LP mixes [202,203]. When 0.24% HPMC-based viscosity-modi-
fying admixture (VMA) was incorporated, the modified mixture had
better shape retention, buildability and 7-day compressive strength than
other groups. Within this system, the use of higher amounts of VMA
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Fig. 13. Compressive strength of different types of rocks and 3D printed gypsum rock. (The grey box indicates the range of compressive strength for various rocks;
the blue dots represent their average value; the red line is the compressive strength of printed gypsum rock with a length of 60 mm) (reproduced from Ref. [194]).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 14. Buildability tests of PC-CC-LP ternary mixes (LCC: 40 wt% PC + 40 wt% LGCC + 20 wt% LP; MCC: 40 wt% PC + 30 wt% LGCC + 10 wt% HGCC + 20 wt%
LP; HCC: 40 wt% PC + 20 wt% LGCC + 20 wt% HGCC + 20 wt% LP), showing: (a) buildability performance and (b) height and layer number (reproduced

from Ref. [200]).

increased the extrusion pressure [204] and delayed the hydration rate of
composite pastes by affecting portlandite precipitation and C-S-H
adsorption [202].

Among all the printing parameters, the nozzle standoff distance and
time interval were reported as some of the most critical parameters that
affect the mechanical properties of 3D printed LC samples [205]. When
the time interval increased from 1 min to 10 min, the interlaminar bond
strength of the printed specimen decreased by 13% when compared with
cast samples, owing to an increase in local porosity. Changing the
standoff distance only had a very limited influence on the bond strength,
but raised the risk of inaccurate layer deposition [205].

7. Other binders

In addition to the aforementioned binder systems, there are other
cementitious materials used as binders instead of PC in 3D printing. One
of these is raw earth that has been used as a building material since the
Middle Bronze Age (XIV Century B.C.) [206]. In spite of its long history,
only a few studies have been conducted on the 3D printing of
earth-based materials. Perrot et al. [207] reported a preliminary
assessment of employing earth-based materials in 3D printing process.
Adding alginate to the soil could improve the green strength of these
mixes. The compressive strength of printed samples was very close to
that of the traditional earth-based materials, indicating that the printing
technique did not dramatically decrease their mechanical performance.
In order to achieve high insulating capabilities, Dubois et al. [208]
incorporated quarry fines as earth-based components into 3D printed
lightweight composites with gypsum and natural prompt cement as the
major binder. The developed mixes were well suited for 3D printing due

to their sufficient workability and quick hardening, enabling them to
withstand their own weight.

Copper and iron tailings are two industrial wastes produced after
crushing and beneficiation of copper and iron ores, respectively [209,
210]. Reasonable recycling of these two materials in a responsible
manner can assist to safeguard the environment and save land resources.
By adjusting the amount of iron tailings, copper tailings, FA and belite
cement, the fluidity of the prepared mortars can meet the requirements
of 3D printing [211]. The ideal mass ratio of copper tailings to iron
tailings was reported as 1:4, at which the mixture achieved maximum
compressive strength (45.2 MPa at 28 days), associated with the for-
mation of C-S-H gel and ettringite (AFt) as the primary hydration
products [211].

High-volume FA mixes, where the FA content exceeds PC, resulting
in a reaction between SiO,, Ca(OH); and high alkaline hydrated calcium
silicate, are also considered as an alternative binder system. The thix-
otropy of high-volume FA mixes could be enhanced via the addition of
nano-attapulgite clay, owing to an increase in flocculation strength
under the action of nano-attapulgite clay, thus making them more
suitable for concrete printing applications [212]. Similar to
nano-attapulgite clay, micro-silica can also improve the buildability and
strength development rate of FA mixes [213]. While these materials may
contribute to the printing quality of high-volume FA mixes, their
composition and mix design can be further tuned, based on specific
geometrical and mechanical criteria.

The environmental impact of construction and demolition waste has
become a major concern in the construction industry. To address this
issue, some of the construction waste is reused as recycled aggregates or
powders in new structures. The development of alternative binders from
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recycled powders can reduce the use of PC. Duan et al. [214] and Hou
et al. [215] examined the rheological properties and 3D printing fea-
tures of mortars incorporating recycled powders derived from demoli-
tion wastes of brick-concrete buildings, respectively. The inclusion of
recycled powders was reported to increase the yield stress, plastic vis-
cosity, and thixotropy; and improve the hydration exothermic rate of the
original PC pastes within 30 min. Simultaneously, recycled powders
could enhance the extrudability and buildability of 3D-printed mortars,
as well as boost their strength and Young’s modulus at early stages.
These findings demonstrate that the recycling and reuse of recycled
powders may not only contribute to the sustainability of construction
materials, but also enhance the performance of 3D printing processes.

8. Comparison of alternative binders to PC for 3D printing
applications

Various mix proportions of geopolymers/alkali-activated systems,
MgO-based cements, CAC/CSA cements, gypsum-based materials, and
LC3 have been reported in the context of 3D printing. The mechanical
properties of these mixes with different raw materials, printing systems
and curing conditions are detailed in Table 1. Given the variety of
rheological parameters and hydration degree calculation methods, it is
challenging to quantitatively describe the rheological [216-219] and
hydration [220-223] processes of these various binders using a single
set of characteristic parameters. Therefore, the rheological and hydra-
tion properties are not provided in Table 1. Fig. 15 presents images of
the typical printed samples of alternative binders addressed in this paper
to highlight their characteristics. Meanwhile, the in-depth review per-
formed in this paper led to the preparation of a comprehensive frame-
work highlighting the advantages, disadvantages and near-future
directions of the use of various alternative binders in 3D printing ap-
plications, as shown in Fig. 16.

As an emerging and promising building material, geopolymers are
currently being optimized for their mechanical properties and dura-
bility. Whether cast or 3D printed, geopolymers can achieve compres-
sive strengths comparable to PC samples by adjusting the type and
concentration of the alkaline activator, Si/Al ratio, Na(K)/Al ratio and
water consumption; presenting a potentially higher rate of strength
development at early ages. In terms of durability, geopolymers present a
high thermal stability due to their special silicon oxygen tetrahedron
structure [224] and are more durable than PC-based mixes in both acidic
and alkaline media (i.e. particularly in terms of their sulfate resistance)
[225]. These advantages play a key role in the development of
geopolymer-based prefabricated components via 3D printing, which can
be manufactured indoors and then utilized in environments with high
durability requirements.

Despite possessing reasonable compressive strengths, the tensile
strength and fracture toughness of geopolymers are inadequate, which
can be improved via the addition of fibers [226]. AAS mixes also
demonstrate high volume shrinkage throughout the setting and hard-
ening processes, which can result in the ingress of corrosive ions into the
samples along the shrinkage cracks, thereby compromising their
impermeability [227]. In terms of their suitability for the 3D printing
process, the rheological properties of geopolymers can be adjusted via
the addition of CMS to enable their smooth and uniform extrusion from
the nozzle, followed by the ability to withstand stress from the upper
layers without deformation, as discussed in Section 2.1.

The most remarkable advantages of RMC-based binders over PC are
the lower calcination temperatures needed for their production, ability
to be recycled and reused at the end of their lifetime and alternative
production routes. MgO, the main component of RMC, can come from
magnesite (dry-route) or reject brine or seawater (wet-route), with
abundant reserves on a global scale [61]. In carbonated RMC systems,
the carbonation process of brucite (Mg(OH)2) to generate HVICs enables
the storage of CO, produced during the production process (MgCO3 —
MgO + COy), resulting in a low CO4 binder, depending on the degree of
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carbonation and source of CO,. As RMC mixes mainly rely on acceler-
ated carbonation for strength gain, in order to use RMC in 3D printing,
the printed samples need to be subjected to carbonation conditions for
subsequent curing. For M-S-H based mixes, their lower internal pH in
comparison with the PC system (10.5 vs. 12.5) presents a suitable
environment for natural fiber reinforcement [141]. From the perspec-
tive of rheological properties and reactivity of the fresh paste, RMC has a
faster early hydration rate than PC clinker (C3S and C5S), which corre-
sponds to a more effective structural build-up. This property can lead to
the production of printed samples, whose dimensions are highly
compatible with the CAD model.

CAC combines the advantages of geopolymers and RMC-based ce-
ments. CAC mixes possess higher early strengths and improved dura-
bility aspects such as enhanced resistance to sulfate attack and abrasion
[76]. Similar to RMC, the production of CAC can emit less CO; than PC,
contributing to the production of sustainable 3D printed components.
Due to the flash setting characteristics of CAC, its use in 3D printing can
realize rapid solidification and development of initial strength. On the
other hand, CSA cements can either be used alone as a clinker or in
combination with PC to form a hybrid binder system. Although CSA
demonstrates rapid strength gain at early ages, it may expand with the
extension of curing time, presenting concerns over volume stability.
However, when compared to CAC and PC, CSA mixes can present ad-
vantages in terms of the extrudability and buildability aspects of 3D
printing by enabling an increased yield stress of the printed layers [178,
228].

Gypsum-based materials are lightweight, high-strength, fireproof
and physically stable, making them suitable for a variety of scenarios.
However, in high humidity environments, agglomeration of gypsum can
reduce the overall strength, leading to poor water resistance. This aspect
also presents a challenge when gypsum is used in 3D printing, making it
a viable option for indoor applications such as internal partition walls,
wall claddings, ceilings and sound-absorbing boards [197]. Current
studies focusing on the extrudability and buildability of gypsum-based
mixes for 3D printing purposes should work towards optimizing their
rheological properties to broaden the application scope of gypsum in the
realm of 3D printing.

LC®is a relatively newly developed and popular cementitious ma-
terial, which benefits from the higher pozzolanic activity presented by
CC in comparison to FA and GGBS [66]. The replacement of PC with CC
and LP does not affect the mechanical performance and can lead to
improved durability. However, with the increase of CC and LP content,
the fluidity of LC® decreases, which is the main issue impeding its
widespread use in 3D printing [229]. While the increase of HGCC con-
tent can improve the buildability of LC2, in the process of improving
buildability, attention must also be paid to controlling the extrusion
pressure of the material. Large extrusion pressures may reduce the
printing speed and even cause nozzle blockage, which will affect the
uniformity of the printed sample.

One of the main reasons for the development of alternative binders is
their potential to offer lower carbon footprints than PC mixes. For
instance, alkali-activated materials and RMC-based mixes can reduce
CO, emissions associated with the calcination of PC clinker due to the
use of SCMs and their carbon sequestration potential during their curing
process, respectively. However, research has also shown that alkaline
activators such as sodium silicate and sodium hydroxide are the primary
contributors to carbon emissions for alkali-activated materials. Alter-
natively, the primary drawbacks of RMC-based mixes involve the lack of
understanding of their reaction mechanisms and the limited carbonation
they offer under ambient conditions. Furthermore, the use of coal in the
calcination of magnesite for RMC production has adverse effects on
human health. These issues highlight the need for a detailed evaluation
of the environmental impacts of these binders through their life cycles to
reveal the most suitable applications for each formulation.
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Table 1
Properties of alternative binder mixes developed for 3D printing applications.
Binder name Raw materials Printing system Curing conditions Compressive strength (MPa) Flexural strength (MPa) Ref.
Main component Admixtures and fibers Aggregates E:;i:?:;;fi;ﬁs) 3-day 7-day 28-day 3-day 7-day 28-day
Geopolymers/ GGBS, calcium Na,O and SiO, - Gantry 23 °C; 90% 15-18° 16-25" 35-63° 3.6-4.0° 5.354° 55° [93]
alkali- carbonate, CMS
activated Graphene oxide, Sodium silicate, sodium - Gantry 25 °C + 45% - - 173-202° - - - [238]
systems metakaolin hydroxide,
FA 10 M sodium hydroxide Sand Injected process 75 °C for 24 h, - 39.6-47.17 - - 7.1-7.4%  — [239]
solution, sodium silicate unmolded for 7
solution, green tow flax fibers days
FA, GGBS, SF Potassium hydroxide, Fine river Gantry Ambient curing - 19.6-22.1°  33.2-36.37 - 4.7-9.6° [240]
potassium silicate solutions sand
FA, GGBS, nanoclay Hydroxide and silicate River sand Gantry 23+2°C - - 22.7-32¢ - - [871
solutions of potassium
FA, GGBS, SF sodium silicate River sand Gantry 25+ 2°C - 18.47 - - - - [91]
solution, 45 wt% NaOH 16.2¢
solution
FA, GGBS Liquid potassium silicate Fine river Gantry 25+ 3°C - - 367 - - 5.057 [108]
sands
FA, GGBS, SF Penta sodium metasilicate Sand Robot Room temperature - - 23.2-41.5° — — [105]
(PSM) powder, microcable
FA NaOH solution, sodium silicate ~ Sand Injected process 75 °C for 24 h, - 39.5-477 38.5-48" 7.1-7.7°  6.9-9.3° [107]
standard curing
GGBS, plaster Silicate-based activator Fine sand Powder printing - - 15.7-16.5° - - - - [241]
FA, GGBS Sodium silicate, potassium Silica sands Gantry 23+3°C 8.5-16.6" 13.1-21.1°7  19.8-34" - 4.4-58" 6.3-7.1° [971
silicate solutions
FA Saturated anhydrous sodium - Powder printing 25°C,40°C,60°C,  2.3-26.4" 2.2-29.6" - - - - [242]
metasilicate solution, NaOH 80 °C
solution, sodium silicate
solution
GGBS Ground anhydrous sodium Fine silica Powder printing 60 °C for 7 d, - 7.6-29.6" 9.8-277 - - - [243]
metasilicate powder sand 23 °C + 65%
Immersed in Na-
based solutions
and K-based
solution
FA, GGBS Anhydrous sodium Silica sand Powder printing 60 + 3 °C for 7 d, - 6.1-29.6" - - - - [102]
metasilicate powder Immersed in Na-
based alkaline
solution
FA, GGBS Potassium silicate powder, Fine river Gantry Ambient curing - - 24.5-28" - - - [96]
potassium hydroxide (KOH) sand
powder
FA, GGBS, SF 98% pure NaOH, sodium River sand Gantry 60 °C for 24 h, - 40-48° - 8-11.8° - [99]
silicate, Nano-graphite 20 °C 44-67°¢ 9-11.2¢
platelets
FA, GGBS, PC, LP, NaOH, sodium silicate - Desktop printer 23 +1°C, >98% - - 4-31° - - 1.1-4.3° [88]
Alumina powder solution, Na,SO4 based on
Cartesian
configuration
MgO-based RMC, caustic MgO 0.1 M magnesium acetate Standard sand ~ Gantry 22-23°C; 56-59% - 31° - - - - [25]
cements aqueous solution, for 3 d carbonated 16

polycarboxylate ether,
defoamer, suspension aid
additive

for 7 d

(continued on next page)
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Table 1 (continued)

Binder name Raw materials Printing system Curing conditions Compressive strength (MPa) Flexural strength (MPa) Ref.
Main component Admixtures and fibers Aggregates Ez::ﬁ:f;ﬁzgﬁs) 3-day 7-day 28-day 3-day 7-day 28-day
RMC, microsilica Sodium hexametaphosphate - Gantry 30 +2°C; 60 + - - 36.2-44.3¢ - - [141]
(SHMP) 5%
caustic MgO Magnesium chloride salt - Gantry 20+ 2°GC; 50 + - 57.1¢ 75.2¢ - - - [164]
solution 10%
Aluminate PC, CAC Lithium carbonate - Powder printing Room - 0.7-3.6" 1.02-8.26" - - - [173]
cements temperature; 2.8-14.6° 5-19¢
Saturated in
water/Ca(OH),
solution
Flue-gas Boric Acid, Lithium Carbonate ~ — Extrusion system 20 °C; 95% 41.4-77.4° 55.6-957° 73.5-125.9° - - - [182]
desulfurization
gypsum, carbide slag,
aluminum ash, and red
mud
CSA Water-soluble Silica sand Binder jet Air curing for 24 h; - 4.9-5.1° 5.9-6.7° - - 1.8-2.4° [179]
Polymer, surfactant water curing 10.2-12.6¢  11.9-15.7¢ 3.1-3.9¢
PC, CSA Polyvalent non chlorate acrylic ~ Calcareous 0/  Simulated by 20 °C; 100% - 64-70" 78-82° - - - [184]
copolymer superplasticizer 2 mm crushed  manual process 77-78¢ 87-89¢
sand
Gypsum-based a-hemihydrate gypsum  PCE, HPMC, SE - Robot 25 °C - - 65" - - 15.2° [186]
materials 59.6-63.8¢ 14.6-15.8¢
Lc® PC, LP, CC Superplasticizer, viscosity Sand Concrete printing 20 + 2 °C, 99% - 33-49.5° - - - - [200]
modifying admixture 27-37.2¢
PC, LP, CC PCE, HPMC Sand Concrete printing 20 + 2 °C, 99% - 18.8-49.5° - - - - [202]
56¢
PC, LP, CC PCE, HPMC Sand Concrete printing 20 + 2 °C, 99% - 11-36.5¢ 13-47.5€ - - - [201]

P Printed samples; € Cast samples.
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Fig. 15. 3D printed samples containing typical alternative binder mixes [25,141,183,194,200,244].

Binder systems ‘ Advantages ‘ | Disadvantages | | Future actions
Geopolymers/ Low hydration heat; Use of caustic activating solution; lEdnabllngt the usfe oF :r\dt:.strlaltwastels i ;C‘
alkali-activated — good heat, sulfate and acid resistance; use — challenging rheology; — Wi Epec ! apg ications o.rep s
o indiigiial wistss volume shrinkage; improvement of rheological properties to meet the
systems 5 requirements of 3D printing
Production from alternative routes Poor water resistance (MOC/MOS); fast =
L . < 2 . 7 3 Improvement of the manufacturing process of Mgo
involving waste materials/by-products; setting rate causing nozzle clogging <lifker
MgO-based capability for strength gain via CO, (MPQ); o .
e i . . . determination of the mechanisms of performance
cements sequestration (RMC); need for accelerated carbonation curing to ) : A
: - . B enhancement; development of respective application
good thermal insulation and fire gain strength (RMC); orea forcnec fionees
resistance (MOC/MOS) poor volume stability (M-S-H) P
Low CO, eml.sslons during Productlon; . Reduction of the cost of clinker manufacturing;
g rapid strength gain; Strength loss on conversion of hydrates 3 3 < 3
Aluminate . production of the raw materials by using wastes;
sultate pesistant (CAC); (EAD: improvement of the stability of hydration products;
cements no alkali-silica reaction (CAC); potentially expansive nature (CSA) P! _ ty 4 R d
» 5 controling the volume stability of the hardened paste
shrinkage compensating (CSA)
Lightweight;
Gypsum-based h\g_h strength; A T— Improvement of water s_tabl_llty; .
materials fireproof; development of specific application fields
volume stability
Widely available raw materials; Further understanding of reaction mechanisms and
L low CO; emissions during production; Challenging rheolggy; ) performancerdevelopme‘nt;
low cost; unproven durability improvement of rheological properties to meet the
good resistance to chloride penetration requirements of 3D printing

Fig. 16. Framework indicating the main characteristics and future direction of 3D printed alternative binder systems in construction.

9. From lab-scale to large-scale 3D printing construction
applications using alternative binder systems

In addition to the potential environmental benefits of alternative
binders, 3D printing concrete technology itself has the capability to
improve productivity and reduce the environmental impact of tradi-
tional construction practices. Previous studies that performed a life cycle
assessment analysis on four typical case scenarios (i.e. a traditional cast
concrete structure, 3D-printed concrete with reinforcement, 3D-printed
concrete without reinforcement and 3D-printed concrete without rein-
forcement using lightweight materials) demonstrated that 3D concrete
printing could significantly reduce the environmental impact of tradi-
tional construction methods on GWP, acidification potential (AP),
eutrophication potential (EP), smog formation potential (SFP), and fossil
fuel depletion (FFD) [230]. Another study also showed that 3D printing
houses could be an economically viable option when compared to their
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conventional counterparts, through the analysis of a single-story 3D
printing house [231].

Although numerous laboratory-based studies on several aspects such
as mix proportions and mechanical characteristics of formulations
involving alterative binders have been performed, several challenges
must be resolved before they can be used in 3D printing applications on
a large scale [232,233]. Unlike research organizations, which mostly
conduct experiments on a laboratory scale, construction companies are
generally involved with structures considerably larger than laboratory
models. Therefore, in addition to controlling key factors such as mix
design and curing conditions, the applied construction technology and
process parameters of large printing equipment need to be considered to
enhance the dimensional accuracy of structures on a large scale [234].

Traditional systems involving PC are still frequently used in scaled
up 3D printing applications. Amongst the various companies working on
producing large-scale structures via 3D printing, Total Kustom has
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adopted a contour printing technology to print the walls and columns of
structures on construction sites (Fig. 17(a)) [235]. After the printed
structure is hardened and the dimensional accuracy meets the re-
quirements, concrete is poured into the surrounding area. Similarly,
Hebei University of Technology has printed a 5 cm thick formwork, in
the middle of which reinforcement was added, followed by the pouring
of concrete to form an integrated structure (Fig. 17(b)) [236].

Southeast University and Nanjing Institute for Intelligent Additive
Manufacturing jointly developed a method based on a 3D printing ele-
ments technology to manufacture a 5.15 m high building with a mix that
contained polypropylene fibers (Fig. 18(a)) [235]. The fluidity and
slump of these mixes were reported as 230 mm and 55 mm, respectively.
These results provided a basis for determining a reasonable workability
range for cement mixes to be used in future 3D printing projects.
Furthermore, on the Beichen Campus of Hebei University of technology,
a 3D-printed concrete arch bridge with a single span of ~18 m has been
constructed using various technical innovations. As shown in Fig. 18(b),
the aesthetics and structural precision of the printed bridge fulfill
stringent criteria.

Despite the fact that only a few alternative binders have been used in
large-scale 3D printing applications, some studies have demonstrated
relatively large-volume printing attempts in laboratory settings, laying a
crucial basis for further industrial developments. Geopolymer systems
involving FA and GGBS as the main precursor have demonstrated good
extrudability and buildability via the adjustment of their mix pro-
portions [237]. An example to this is a 3D-printed column with 94 layers
and a total height of 940 mm, shown in Fig. 19, that was printed after the
mix proportion parameters (i.e. w/b ratio, activators and retarder con-
tent) were optimized. It can be seen from Fig. 19 that the printed layers
did not demonstrate any deformation when subjected to the stress of
upper layers. A small difference between the actual structure size and
the target size was achieved, validating the buildability of
geopolymer-based mixes. The progress made in this area so far has
highlighted that establishing a link between lab-scale research and
large-scale initiatives can pave the way for the use of alternative binders
in the development of 3D printed structures. However, further technical
challenges such as the short printable time window of geopolymers,
which limits their application in large-scale printing projects, still remail
to be resolved.

10. Conclusions and recommendations

When compared to traditional curing methods, 3D printing presents
a smart, sustainable and customizable building technology involving a
range of cementitious materials. The development of customizable
alternative binders for 3D printing applications will fuel the rapid
expansion of the manufacturing and construction industries on a global
scale. Presenting a detailed review of the recent advances in this field,
this paper highlights the research progress in alternative binder systems
including geopolymers/alkali-activated systems, MgO-based cements,

(@)

Fig. 17. Structures built by 3D formwork printing (i.e. contour crafting),
showing: (a) Formwork obtained by TotalKustom and (b) bridge elements
manufactured by Hebei University of Technology (reproduced from Ref. [235]).
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aluminate cements, gypsum-based materials, and LC> in the context of
3D printing. As a part of this review, the rheological properties, hy-
dration characteristics, reaction products and mechanical properties of
each binder type from the perspective of 3D printing were systematically
analyzed. This was followed by a discussion on their advantages and
disadvantages in comparison with the use of traditional PC-based mixes
in 3D printing. The information and recommendations presented in this
paper aim to guide and benefit different users ranging from academics to
construction industry practitioners and policy makers interested in
enhancing the sustainability of the built environment and the produc-
tivity of the construction industry.

After evolving for hundreds of years, PC still occupies the most
important position among cementitious materials due to its established
manufacturing process and stable performance. But overall, the most
remarkable advantage of alternative binders over PC is their potentially
more sustainable production routes, translating into the preservation of
natural resources and reduced carbon emissions in the construction in-
dustry. The review has led to the identification of possible future
development trends involving these binder systems. Specific conclusions
can be drawn as follows.

1. Geopolymers/alkali-activated systems have been investigated
further than most other alternative binder systems, revealing
detailed information on their reaction and strength gain mecha-
nisms. The extent of this information has provided a strong theo-
retical basis for the promotion of 3D printing applications involving
these binders. Geopolymers can offer more heat and sulfate resis-
tance than PC, which can further contribute to their increased use.
However, the rheological properties (i.e. shape retention ability) of
these mixes still need to be improved. Current research shows that
3D printed geopolymers with FA and GGBS as their main binder can
meet the pumping and extrusion requirements, but their buildability
is generally lower than corresponding PC-based mixes. In this case, it
is necessary to add an appropriate amount of SF or adjust the prop-
erties (e.g. type, concentration, Si/Al and Si/Na ratio) of the alkaline
activator. For AAS, the effect of drying shrinkage on the stability of
the printed components should be considered as well. Furthermore,
alkaline activators such as NaOH and NaySiO3 are expensive and
have environmental and health side effects, necessitating special
care in their use.

2. The development and application of MgO-based binders are mainly
from an environmental perspective, which is also in line with the
characteristics of 3D printing technology itself (i.e. saving energy
and reducing labor consumption). 3D printed RMC mixes have been
shown to achieve nearly twice as high strengths as that of cast
samples under the same mix proportion, as well as PC-based mixes.
Adding an appropriate amount of caustic MgO into carbonated RMC
mixes can improve the shape retention ability and the overall
integrity during layer-by-layer stacking. In contrast, the greatest
advantage of M-S-H and MKPC systems is their comparable me-
chanical properties to RMC without relying on carbonation curing.
To improve researchers’ and practitioners’ confidence towards MgO-
based formulations, it is necessary to optimize the present MgO
production process, clarify its performance under different condi-
tions, identify suitable reinforcement options for structural applica-
tions and verify environmental advantages via a detailed life cycle
assessment.

3. Owing to the rapid reaction rate of C3A and C;3A7 in CAC, extrusion-
based 3D printing may result in fresh CAC setting before it is
extruded from the nozzle, thus affecting its extrudability. As a result,
CAC is frequently employed in the field of powder printing.
Furthermore, the compressive strengths of printed CAC samples are
relatively low, limiting their application. Alternatively, a higher
number of studies and practical examples have been reported on 3D
printed CSA cement. In general, CSA mixes can possess ideal print-
ability and reasonable mechanical properties via the optimization of
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from Refs. [235,245]).
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Fig. 19. A large volume 3D-printed geopolymer column structure, showing: (a)
structural schematic diagram of 940 mm high 94 layers, (b) enlarged view of
the top layer and (c) enlarged view of the bottom layer (reproduced
from Ref. [237]).

their mix proportions and incorporation of chemical additives such
as HPMC, BA and TA. PC-CSA mixes can also be used as a binder and
form wollastonite, calcium aluminum sulfate hydrate and other hy-
dration products that can significantly improve their interlayer bond
strength.

4. Despite having a long development history, the main reason why
gypsum-based materials are not widely used in the field of 3D
printing is associated with gypsum’s tendency to agglomerate after
getting damp and its poor fluidity. However, the rheological prop-
erties and shape retention ability of gypsum-based materials have
been greatly improved by adding additives such as polycarboxylate
superplasticizer, HPMC and SE. Similar to CAC, gypsum-based mixes
also use powder printing technology for the production of 3D printed
components. At present, its main applications involve the replication
of natural rocks and as a porous cellular sound absorber.

5. LC® is a recently emerging alternative binder, which is claimed to not
only reduce the carbon emissions caused by clinker production, but
also involve the use of clay, which is commonly found in different
parts of the world and can be calcined in an affordable manner. The
buildability of LC® mixtures is significantly enhanced as the HGCC
content increases, allowing the stacking of 21 layers vertically
without collapsing. The nozzle standoff distance and time intervals
are the two most influential printing parameters in the production of
3D printed components with LCS.
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Fig. 18. Large-scale 3D printed structures, showing: (a) 3D-printed fabricated building in Nanjing and (b) 3D-printed concrete bridge in Hebei, China (reproduced

6. Recent research has revealed that earth-based materials, copper
tailings, iron tailings, high-volume FA mixes, and recycled powders
can also be used as alternative binders in 3D printing. Although only
a limited amount of research has been performed in this area so far,
the use of these materials as cementitious materials enables waste
utilization. High-volume FA mixes present a potentially viable
alternative binder option when the source of raw materials and the
strength of hardened pastes are taken into account. The thixotropy,
buildability and strength development rate of high-volume FA mixes
can be significantly improved via the addition of nano-attapulgite
clay and micro-silica.

In large-scale 3D printed concrete applications, cementitious binders
should be optimized for more cost-effective and environmentally-
friendly construction projects. At present, in addition to PC,
geopolymers/alkali-activated materials are the main binders closest to
large-scale 3D printing applications. Results obtained so far have shown
that the buildability of concrete mixes can be remarkably enhanced by
reasonably optimizing the mix proportions and adjusting the work-
ability parameters, resulting in a considerable improvement in the
dimensional accuracy of the printed structure. Since there are different
technical routes and equipment requirements for large-scale 3D print-
ing, the workability requirements for lab-scale 3D printing cannot be
entirely applied to large-scale applications and need to be adjusted in
line with the approach adopted. To optimize the mix proportions of
alternative binders, it is also necessary to consider the selection of
technical route, the specific features of the printing equipment and
control systems, and the modification of printing parameters.

In order for these alternative cementitious materials to extensively
substitute PC-based systems and enable their application in projects with
different performance requirements, there are several challenges that
need to be overcome. Initially, the lack of sufficient documentation and
limited familiarity of the industry with these systems present a barrier.
Furthermore, the lack of widespread expertise required for optimizing
key factors such as the mix proportion and performance of alternative
binder systems for different environments results in a low market con-
fidence in these emerging materials.

Geopolymers/alkali-activated materials are some of the most well-
know and researched alternative binder systems. However, the compo-
sition, particle morphology, particle size distribution and chemical ac-
tivity of the main components (e.g. FA and GGBS) show variations in
different locations and even batches from the same facility. These var-
iations are due to the waste natures of these materials, along with the
numerous unknown elements in their production process and source of
raw materials. Further detailed investigations form a critical step toward
achieving standardization in the context of 3D printing.

Similarly, although certain MgO-based systems have been reported
to possess comparable mechanical properties to PC and high durability,
the variation amongst MgO sources (i.e. dry-route involving the
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calcination of magnesia-based minerals or wet-route involving extrac-
tion from brine or seawater) causes differences in the physicochemical
properties of MgO. Alternatively, the low strength gain of CAC/CSA
cement and poor water resistance of gypsum restrict their widespread
use in 3D printing. Differing from these systems, the cost of raw mate-
rials and production of LC® is relatively low, along with a reduced
environmental impact. Currently, research on the use of LC® in 3D
printing applications is relatively limited. However, its advantages in
terms of cost and performance present a great potential worthy of
further exploration.

Overall, the information outlined in this review has demonstrated
that amongst all the alternative binders, geopolymers/alkali-activated
systems, MgO-based binders, and LC? present the highest potential for
being used in the development of 3D printed construction components.
The widespread application of these alternative binders in the con-
struction industry are dependent on the recognition of their perfor-
mance characteristics by the building standards on a global scale. The
development of other alternative binders could be enhanced via the
recognition of their unique capabilities in specific conditions where PC-
based systems experience shortfalls. This will not only enable the
advancement of technical knowledge associated with these alternative
binder systems, but also facilitate the development of sustainable 3D
printed cementitious components that can be used in a range of con-
struction applications.
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