
Contents lists available at ScienceDirect

Automation in Construction

journal homepage: www.elsevier.com/locate/autcon

Printability, accuracy and strength of geopolymer made using powder-based
3D printing for construction applications

Ming Xia, Behzad Nematollahi⁎⁎, Jay Sanjayan⁎

Center for Sustainable Infrastructure, Faculty of Science, Engineering and Technology, Swinburne University of Technology, Hawthorn, Australia

A R T I C L E I N F O

Keywords:
Geopolymer
Fly ash
Construction
Powder-based 3D printing
Compressive strength
Additive manufacturing
Dimensional accuracy
Post-processing

A B S T R A C T

The authors of this study have recently succeeded to develop geopolymer materials using slag only formulations
for the requirements and demands of commercially available powder-based 3D printers. In this study, the for-
mulation is extended to fly ash and slag combinations so that to expand the scope of geopolymer materials that
can be used in the commercially available powder-based 3D printers for construction applications. The quan-
titative influence of fly ash content on the printability characteristics (i.e., depositability and wettability) of the
geopolymer powder, as well as the linear dimensional accuracy and compressive strength of the printed spe-
cimens were investigated. The effect of type of alkaline solution used for post-processing on the linear dimen-
sional accuracy and compressive strength of the post-processed specimens were also evaluated. The results
indicated that the increase in fly ash content had no effect on the powder depositability, but adversely affected
the powder wettability, linear dimensional accuracy and compressive strength of the printed specimens. The
minimum slag content required to prepare fly ash/slag blended geopolymer powder for powder-based 3D
concrete printing process is 50 wt%. The post-processing significantly increased the compressive strength. The
post-processed specimens printed with 50wt% slag/50 wt% fly ash powder exhibited a 7-day compressive
strength of up to 25MPa, which is sufficiently high for many construction applications.

1. Introduction

Additive manufacturing (AM), commonly known as three-dimen-
sional (3D) printing, creates components in a layer-wise form directly
from digital model data. Several industries including aerospace, auto-
motive, biomedical have already explored the benefits of adapting this
technology as an integral part of their product manufacturing process
[1].

Recently, 3D printing is receiving significant attention in the con-
struction industry owing to its potential use for direct construction of
buildings and other complex structures of virtually any shape without
the use of expensive formwork [2–12].

Two different 3D printing techniques are used in the construction
industry. One of which is known as powder-based 3D concrete printing
(3DCP) technique that is a typical AM process capable of making
complex structures with subtle details and intricate shapes through
jetting a liquid binder (or “Ink”) selectively through the nozzle(s) on a
layer of printable powder, causing the powder particles to bind to each
other. One of the advantages of this technique is that structures with
overhang parts can be printed without the necessity of a support

structure. Examples of technologies developed based on the powder-
based 3DCP include D-Shape [13] and Emerging Objects [14].

The primary benefit offered by 3DCP is the high flexibility in design.
Complex geometries that were previously difficult or impossible to
produce using conventional manufacturing process are now capable of
being built via 3DCP techniques. Difficulties in meeting stringent re-
quirements regarding dimensional and shape accuracy have become a
critical issue need to be overcome before a more widespread application
of 3DCP techniques [15,16].

Generally, in the construction industry, the demand for accuracy is
not as high as in mechanical components. However, the powder-based
3DCP is likely to be used for highly detailed ornamental shapes where
the high accuracy will be demanded, depending on the size and shape
of the components produced.

Extensive research work in the 3DCP field has been conducted to
address issues such as developing suitable equipment, developing and
testing printable materials and designing feasible structural reinforce-
ment. A limited number of research related to the dimensional and
shape accuracy has been conducted. Lim et al. [17] used a laser scan-
ning technique to evaluate the manufacturing tolerances of extrusion-
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based 3DCP components against the original CAD model. Authors of
this study [18,19] have investigated the effect of printing parameters on
the linear dimensional accuracy of powder-based 3D printed specimens.

The powder-based 3DCP technique has the capability to efficiently
manufacture building components without the use of expensive form-
work. However, the very limited printing materials in powder-based
3DCP prevent this technique to perform at its maximum potential for
construction applications [20].

Conventional Portland cement has been considered as the master
construction material for its high strength and stability as well as its low
cost for over 100 years and will probably be produced and used for at
least the next 100 years [21]. However, the setting characteristics of
Portland cement limit its use for powder-based 3DCP process. Few
studies have reported the use of other types of cementitious materials.
For instance, magnesium oxychloride cement (also known as Sorel ce-
ment) [13] and fiber reinforced cement polymer [14] were used in D-
shape and Emerging Objects, respectively. In addition, Gibbons et al.
[22] conducted a preliminary study to investigate the feasibility of
using a mixture of polyvinyl alcohol and rapid hardening Portland ce-
ment (RHPC) for the powder-based 3DCP process for the manufacture
of biomedical implants. The printed specimens exhibited a maximum
modulus of rupture of 2.4 MPa after 26-day water immersion at am-
bient temperature. The low strength of the developed RHPC powder
limits its use for construction applications. Maier et al. [23] in-
vestigated a mixture of flash-setting calcium aluminate cement (CAC)
for powder-based 3D printing to fabricate a bone regeneration scaffold.
A compressive strength of up to 20MPa was reported for the printed
specimen after 3-day water immersion.

To broaden the range of printing materials which are suitable for
powder-based 3DCP process, the authors of this study have recently
succeeded to formulate geopolymer materials which can be used in the
commercially available powder-based 3D printers [5,24,25]. Geopo-
lymer [26] is a sustainable alternative binder to Portland cement,
which can be produced by alkali activation of industrial by-products
(such as fly ash and slag) which are rich in alumina and silica [27,28]. It
should be noted that in this paper, the term geopolymer is used in its
broad meaning to represent alkali activated cements, although it is
understood that some can be alkali-activated slag or fly ash, especially
those cured with relatively low alkalinity. This is justified since the
term geopolymer has become a common-usage-term for alkali activated
cements in the literature [29], even for materials not having full 3D
aluminosilicate molecular frameworks.

Compared with Portland cement, geopolymer offers excellent ad-
vantages, including (1) geopolymer exhibits substantially superior re-
sistance to fire, sulfate and acid attacks [29], (2) carbon emissions of
geopolymer production is about 80% less than Portland cement [30],
and (3) the utilization of slag and fly ash in geopolymer is considered to
be particularly beneficial, as the disposition of these industrial by-
products has always been a global issue. The materials technology re-
search in geopolymer during the last two decades has given us essential
knowledge and in-depth understanding of this sustainable construction
material. The use of geopolymer in powder-based 3DCP process ex-
pands the application of this environmentally friendly material. In the
previous study [24], the authors of this paper succeeded in developing a
100% slag-based geopolymer to be used in the commercially available
powder-based 3D printers. The printed geopolymer specimens ex-
hibited a compressive strength of up to 16.5MPa with good dimen-
sional accuracy.

However, fly ash-based geopolymers possess many properties that
are better than slag-based geopolymers such as better fire resistance,
lower shrinkage and creep properties [29]. Fly ash is more abundantly
available, and a large part of it still dumped in landfills in many parts of
the world. On the other hand, slag has much better utilization rate and
currently most of it consumed in concrete production. Therefore, there
are more incentives to use fly ash to produce geopolymer than slag
[31,32]. However, fly ash poses a major limitation in that the

geopolymer made from fly ash requires high-temperature curing (ty-
pically 60 °C) whereas slag-based geopolymer can set at room tem-
perature. Fly ash alone cannot be used in powder-based 3DCP tech-
nique because it cannot set at room temperature. Therefore, a minimum
amount of slag is necessary to promote setting at room temperature.
This study is set out to find the minimum amount of slag required for
this purpose and observes the characteristics as slag is reduced in the
geopolymer mix. It is intended for broadening the scope of printable
geopolymer materials compatible with the powder-based 3DCP process
for construction applications.

2. Experimental procedures

2.1. Materials and mix proportions

A slag supplied from Independent Cement, Australia and a low
calcium fly ash (Class F) supplied from Gladstone power station in
Queensland, Australia, were used in this study. The chemical compo-
sition and loss on ignition (LOI) of the fly ash and slag determined by X-
ray Fluorescence (XRF) are given in Table 1.

Anhydrous sodium metasilicate powder (in the form of bead) sup-
plied by Redox, Australia with the chemical composition of 50.66 wt%
Na2O, 47.00 wt% SiO2 and 2.34 wt% H2O was used as the alkaline
activator in this study. A high purity silica sand with a median size of
184 μm supplied by TGS Industrial Sand Ltd., Australia was also used in
this study.

As presented in Table 2, five geopolymer powders with different
slag to fly ash ratios were investigated in this study. To prepare each
mix, the alkaline activator beads were firstly ground for 5min using a
planetary ball mill with powder/ball mass ratio of 0.3. Then fly ash,
slag, silica sand and the ground activator powder were thoroughly dry
mixed in a Hobart mixer to achieve a homogenous mixture (visually
assessed).

Different combinations of saturated anhydrous sodium metasilicate,
N Grade sodium silicate and sodium hydroxide (NaOH) solutions were
used for the post-processing of green samples. Saturated anhydrous

Table 1
The chemical composition of slag and fly ash (wt%).

Chemical Component

Slag Fly ash

Al2O3 12.37 25.56
SiO2 32.76 51.11
CaO 44.64 4.30
Fe2O3 0.54 12.48
K2O 0.33 0.70
MgO 5.15 1.45
Na2O 0.22 0.77
P2O5 0.88 0.01
TiO2 0.51 1.32
MnO 0.15 0.37
SO3 4.26 0.24
LOIa 0.09 0.57

a Loss on ignition (unburnt carbon content).

Table 2
Mix proportions of geopolymer precursors.

Mix ID Geopolymer precursors wt%

Slag Fly ash

S100FA0 100 0
S75FA25 75 25
S50FA50 50 50
S25FA75 25 75
S0FA100 0 100
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sodium metasilicate solution was prepared using the anhydrous sodium
metasilicate powder and tap water. The N Grade sodium silicate solu-
tion was supplied by PQ Australia with a modulus (Ms) of 3.22 (where
Ms= nSiO2/nNa2O, Na2O=8.9 wt% and SiO2= 28.6 wt%). The
NaOH solution was prepared with a concentration of 8.0M using NaOH
beads of 97% purity supplied by Sigma-Aldrich and tap water.

2.2. Printability characterizations of geopolymer powder

The printability of each geopolymer powder was characterized by
measuring the particle size distribution (PSD), true/bulk densities, in-
process bed density, powder bed porosity, binder droplet penetration
behavior and powders' depositability. Details of the printability char-
acterization process can be found in the authors' previous work [24].

The PSD was determined with a Cilas 1190 laser diffraction particle
size distribution analyzer. The true density (ρtrue.powder) and bulk den-
sity (ρbulk.powder) were measured according to Australian standards AS
1774.6 (2013) and AS 1774.2 (2013) respectively. The powder bed
porosity (Pbed) can be determined by the following equation:

= − ×P
ρ
ρ

1 100%bed
bed powder

true powder

.

. (1)

where ρbed.powder is the in-process bed density calculated from the mass
and volume of the powder on the build plate.

Fig. 1 schematically illustrates a custom-made apparatus used to
assess the binder droplet penetration behavior of each powder which
was quantified by three parameters, namely droplet penetration time
(tp), droplet penetrating depth (dp) and droplet spreading diameter
(φp). tp is the time needed for the droplet to penetrate into the powder
bed completely, which was calculated using a high-speed video camera.
The bonded particles in the powder bed were left undisturbed for 2 h to
solidify and dp and φp of which were then measured using a digital
caliper. For each powder mix, the tp, dp and φp measurements were
conducted 10 times.

The depositability of powders was analyzed by using a digital image
processing technique. As illustrated in Fig. 2, the prepared powder bed
was illuminated by a light source at a 45-degree angle to the powder
surface and photographed using a high-resolution camera mounted
with a macro lens. The powders' surfaces were visualized using inter-
active 3D surface plots in ImageJ software. The interactive 3D surface
plots plug-in can transfer the luminance of an image as height for the
plot for assessing the roughness of a surface. The 3D surface plots are
displayed in the colour schemes of “Fire look-up-table”. The plots apply
the drawing modes of a filled surface with a grid size of 1024 and a
smoothing of 20.0. As can be seen in Fig. 2(b) and (c), a significant
difference between a smooth surface and a rough surface can be re-
vealed by using this image processing method.

2.3. Powder-based 3DCP process

In this study, the 3D printing process was conducted using a

Zprinter® 150 which is a commercial powder-based 3D printer manu-
factured by Z-Corp, USA. The 3D printer has a specified resolution of
300× 450 dpi, a 185× 236×132mm build volume and a build speed
of 2–4 layers per minutes.

An aqueous solvent (Zb® 63, Z-Corp, USA) was used as the binder
during the 3DCP process. The Zb® 63 binder was an aqueous com-
mercial clear solution with the viscosity similar to pure water which
does not react with slag and fly ash powder. According to Asadi-
Eydivand et al. [33], the composition of Zb® 63 was mainly water with
2-Pyrrolidone. In the powder-based 3DCP process, the binder solution is
delivered from binder feeder to the print head and is jetted by nozzles
mounted in the HP11 print head (C4810A). The HP11 print head has
304 nozzles with a drop size of 2.5 pL for each nozzle. A binder/volume
ratio of 0.24 for the shell section and 0.12 was selected for the core
section of the printed structure.

A powder layer thickness of 0.1016mm was used, and the powder
was spread and smoothed by the roller over the powder bed surface.
According to Shanjani and Toyserkani [34], for a powder layer thick-
ness 0.1016mm, the maximum compact pressure occurred in the nar-
rowest gap between the roller and the underneath powder layer was
less than 0.9 Pa which did not exceed the load capacity of the green
samples.

A 20mm cube model designed by using SolidWorks® software was
used for the printing. After 6 h of drying within the powder bed, de-
powdering was performed using compressed air to remove the un-
bounded powder.

2.4. Post-processing procedure

After the de-powdering process, the printed cubes were divided into
two groups. For the first group denoted as “green samples”, no further
post-processing procedures have been undertaken. For the other group
denoted as “post-processed samples”, the printed cubes were immersed
in three different alkaline solutions and placed in the oven at 60 ± 3 °C
for 7 days. The following alkaline solutions were used:

(1) Curing Solution I: composed of saturated anhydrous sodium meta-
silicate solution with SiO2/Na2O molar ratio of 0.9;

(2) Curing Solution II: composed of saturated anhydrous sodium me-
tasilicate solution with SiO2/Na2O molar ratio of 0.9 (71.4% w/w)
and 8.0M NaOH solution (28.6% w/w);

(3) Curing Solution III: composed of N Grade sodium silicate solution
with SiO2/Na2O molar ratio of 3.22 (71.4% w/w) and 8.0M NaOH
solution (28.6% w/w).

At the end of the heat curing period, the post-processed samples
were removed from the oven and kept undisturbed until being cool.

Fig. 1. Schematic illustrations of binder droplet penetration behavior test.
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2.5. Characterizations of 3D printed specimens

2.5.1. Linear dimensional accuracy
The dimensions of green samples were measured in three directions,

namely X-direction (binder jetting direction), Y-direction (powder layer
spreading direction) and Z-direction (layer stacking direction). The
linear dimensional error was calculated using the following equation:

= −Error L Lactual no almin (2)

where Lactual is the measured length, whereas Lnominal is length of the

digital model. A population of 10 samples for each testing direction was
used. For each sample three measurements were taken for each testing
direction and the mean errors were calculated and used for the as-
sessment of linear dimensional accuracy.

2.5.2. Mechanical property
The compressive strength of both green and post-processed samples

in both X-direction and Z-direction were measured under load control
at the rate of 0.33MPa/s. A population of 10 samples for each testing
direction was tested.

3. Results and discussions

3.1. Powder characteristics

3.1.1. Particle size and particle size distribution
The particle size and PSD of geopolymer powders are presented in

Table 3 and Fig. 3, respectively. As shown in Fig. 3, the particle sizes of
all geopolymer powders (with different slag to fly ash ratios) range from
0.1 to 100 μm. The raw slag and the raw fly ash used for making the
powders have a D50 of 12.68 μm and 3.74 μm, respectively. Thus, the
relative proportion of particles within the size range of 1–10 μm in-
creased with increasing the fly ash content.

As can be seen in Table 3, the D50 of S100FA0 powder (with 100%
slag) decreased from 17.24 μm to 4.94 μm for S0FA100 powder (with

Fig. 2. (a) Schematic illustrations of powder depositability analysis, Photographs and 3D interactive surfaces of (b) smooth surface and (c) rough surface.

Table 3
The particle size of geopolymer powders.

Mix ID Particle size (μm)

D10
a D50

b D90
c

S100FA0 1.23 17.24 52.75
S75FA25 1.31 13.17 46.69
S50FA50 1.06 9.21 40.21
S25FA75 0.83 5.88 36.27
S0FA100 0.53 4.94 36.13

a 10% of particles are smaller than the size;
b 50% of particles are smaller than the size;
c 90% of particles are smaller than the size.
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100% fly ash).
In the powder-based 3DCP process, the particle size and PSD are

critical for the powder depositability, which enable a smooth and
homogeneous powder bed [35,36]. According to Utela et al. [36], the
recommended powder particle size for dry deposition is greater than
20 μm. However, in this study visual observations indicated that all
geopolymer powders exhibited sufficient surface qualities for the
powder-based 3DCP process. This is because the morphology of the
powder particles has not been considered in the aforementioned re-
commended particle size. The fly ash particles are spherical solids
[37,38], which can reduce particle interlocking and the resistance to
flow.

3.1.2. True/bulk densities, in-process bed density and powder bed porosity
The true/bulk densities, in-process bed density and powder bed

porosity of each geopolymer powder are summarized in Table 4.
The increase in the amount of fly ash in the geopolymer powder

reduced the true, bulk and in-process bed densities of the powder, but
increased the powder bed porosity. However, the effect was not sig-
nificant. For each geopolymer powder mix, the marginal difference
between bulk density and in-process bed density indicates the powder
has not been significantly compressed during the powder spreading
process.

3.1.3. Binder droplet penetration behavior
Fig. 4 presents the images of typical binder droplet penetration

behavior of the geopolymer powders.
The increase of the fly ash content of the geopolymer powder in-

creased the time needed for the binder droplet to penetrate into the
powder bed completely. This implies that the powder properties in-
cluding powder density as well as the size and shape of the particles
influence the binder droplet penetration behavior.

After completion of the penetration of the binder droplet into the
powder bed, granules were formed within the powder bed. These solid
granules had enough green strength for the measurement of dp and φp,
except for S0FA100 mix (the geopolymer powder with 100% fly ash).
The low reactivity of this geopolymer powder containing 100% fly ash

caused the granules to be too weak to withstand the pressure during the
de-powdering process. Table 5 summarizes the tp, dp and φp of each
geopolymer powder. The reported values given in this table for each
parameter is the average of 20 measurements, and the reported errors
are based on 95% confidence level.

As shown in Table 5, the geopolymer powder containing 100% slag
(S100FA0) demonstrated the lowest binder droplet penetration time.
The longest tp was for S0FA100 powder containing 100% fly ash, which
was 73% longer than that of S100FA0 powder. The higher the fly ash
content in the geopolymer powder, the finer the average particle size of
the powder, which results in the longer binder droplet penetration time.
According to Hapgood [39], changing the particle size will alter the
pore structure within the powder bed. Fine powder particles tend to
agglomerate, thereby creating a large number of macro voids within the
powder bed. The binder liquid has a tendency to flow through micro-
voids around the macro-voids, which significantly increases the pene-
tration time. Therefore, the binder droplet penetration time will be
longer for geopolymer powder containing more fly ash with a finer
average particle size.

As shown in Table 5, the geopolymer powder containing 100% slag
(S100FA0) demonstrated the biggest binder droplet spreading diameter
(φp). The increase of the fly ash content of the geopolymer powder
reduced the φp. In the powder-based 3DCP process, the binder droplet
spreading diameter is an important factor that affects the quality of the
printed sample. Either excessive or insufficient spreading diameter
compromises the printing accuracy [40]. After impacting the powder
bed, the binder droplet spreads out horizontally reaches to its maximum
spread diameter in a very short time. According to Nefzaoui et al. [41],
φp depends on the physicochemical characteristics of the binder droplet
and the powder bed surface hydrophilicity. When the surface hydro-
philicity of the powder bed is decreased, the horizontal spreading
process will be delayed resulting in a lower φp [42]. As shown in Fig. 3,
the relative proportion of particles within the size range of 1–10 μm
increased with increasing the fly ash content. According to Li et al.
[43], for the fly ash, particles within the 1–10 μm range exhibited lower
wettability than those with size less than 1 μm or more than 10 μm.
Therefore, the reduction in surface hydrophilicity may be attributed to
the increase in the content of fly ash particles within the size range of
1–10 μm.

On the other hand, the lowest binder droplet penetration depth (dp)
was for the geopolymer powder containing 100% slag (S100FA0). The
higher the fly ash content, the higher the dp of the geopolymer powder.
In general, the binder droplet penetration takes place after spreading.
For a single binder droplet with a fixed-volume, the smaller the
spreading diameter, the higher the penetration depth (i.e., binder
droplet has to penetrate deeper into the powder bed to complete the
penetration process). Thus, it is reasonable that S100FA0 powder had
the lowest dp, but the biggest φp.

It should be pointed out that the interlayer bond strength between
layers is probably the most important property in a layer-wise manu-
facturing process. In the powder-based 3DCP process, adjacent powder
layers are combined by the reaction between powder particles and
binder liquid. Insufficient binder droplet penetration might cause in-
completion of powder-binder reaction between layers, which results in
poor green strength of the printed sample. Conversely, excessive binder
droplet penetration is also undesirable, because if the binder liquid
penetrates too deep within solidified layers, powder/binder reaction
may start again, which results in low printing resolution [44].

3.1.4. Depositability of powders
Fig. 5 presents the photographs taken from the powder bed of dif-

ferent geopolymer powders and their corresponding 3D interactive
surfaces obtained using the image processing method explained in
Section 2. According to Fig. 5, there is no significant difference between
the obtained 3D interactive surfaces of different powders, which in-
dicated that all prepared geopolymer powders exhibited similar

Fig. 3. Particle size distributions of geopolymer powders.

Table 4
True/bulk densities, in-process bed density and powder bed porosity of geo-
polymer powders.

Powder properties Mix ID

S100FA0 S75FA25 S50FA50 S25FA75 S0FA100

True density (g·cm−3) 2.81 2.73 2.66 2.59 2.51
Bulk density (g·cm−3) 0.78 0.76 0.75 0.72 0.69
In-process bed density

(g·cm−3)
0.83 0.81 0.78 0.75 0.73

Powder bed porosity (%) 70.4 70.4 70.6 71.0 70.9
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depositability.

3.2. Characteristics of 3D printed specimens

Fig. 6 presents the 3D printed cubes using the geopolymer powders
with different slag/fly ash ratios. No sample could be printed from the
geopolymer powder containing 100% fly ash (S0FA100) due to the low
reactivity of this powder with the binder liquid at ambient temperature.
Thus, no data is available for S0FA100 powder with regards to the
linear dimensional accuracy and compressive strength results.

3.2.1. Linear dimensional accuracy analysis
The primary benefit offered by the powder-based 3DCP process is

the capability of producing building component that is detailed and
intricate. One of the important factors that define the printability of a
newly developed powder system is the printing accuracy. In the con-
struction industry, the question of accuracy is of prime importance for a
large variety of applications such as the accuracy of holes on the precast
components for bolt/anchor installation. The basic principle for accu-
racy assessment is to evaluate the degree of deviation between the
actual printed specimen and the digital model [15].

Fig. 7 presents the results of linear dimensional accuracy analysis of
both green and post-processed samples. It should be noted that
S25FA75 samples were dissolved in the curing solutions during the
post-processing process. Therefore, no data is available for the linear
dimensional accuracy of S25FA75 post-processed samples.

3.2.1.1. Linear dimensional accuracy analysis of green
samples. According to Fig. 7, for the green samples the mean error
values in all directions were always greater than zero. This indicates
that the measured dimensions of the printed cubes in all directions were
more than those of the digital model. This is true regardless of the fly
ash content.

An anisotropic phenomenon was observed regarding the linear

dimensional accuracy of the green samples depending on the directions.
The Z-direction had the highest mean error and standard deviation
values, thereby the lowest linear dimensional accuracy. In addition, the
increase of the fly ash content considerably increased the mean error
values in the Z-direction. For the green samples, the mean error values
in the Z-direction significantly increased from 0.23mm in S100FA0
powder to 0.38mm in S25FA75 powder. In other words, the increase of
the fly ash content significantly reduced the linear dimensional accu-
racy of the green samples in the Z-direction. This could be attributed to
the differences in powder bed structure and level of powder/binder
reactivity of the geopolymer powders. As mentioned in Section 3.1.3,
when the binder liquid is selectively applied on the powder bed surface,
the binder droplet starts to penetrate into the powder bed. If a large
number of macro voids are formed within the powder bed, or the re-
activity between powder particles and binder liquid is low, only a small
amount of binder liquid will be “trapped” within a layer of powder and
the excess binder liquid will continue the penetration process [39]. If
the excess binder liquid penetrates within the former solidified layers,
the powder/binder reaction may start again, which results in distortion
between the adjacent layers [45].

On the other hand, the fly ash content had a minor effect on the
linear dimensional accuracy in the X-direction and Y-direction, com-
pared with that in the Z-direction. For instance, in the X-direction the
mean error values of the green samples in S100FA0 and S25FA75
powders were 0.09mm and 0.08mm, respectively. In the Y-direction
the corresponding values were 0.12mm and 0.11mm, respectively.

Among the three directions, the X-direction had the lowest mean
error and standard deviation values, thereby the highest linear di-
mensional accuracy. This is true regardless of the fly ash content. This
might be because the X-direction (i.e., the binder jetting direction) is
not affected by the powder spreading, which takes place in the Y-di-
rection [46].

3.2.1.2. Linear dimensional accuracy analysis of post-processed
samples. As shown in Fig. 7, for the post-processed samples the mean
error values in all directions were also greater than zero, implying that
the measured dimensions of the printed cubes in all directions were
more than those of the digital model. This is true regardless of the fly
ash content and the type of alkaline solution used for the post-
processing.

The anisotropic phenomenon still existed regarding the linear di-
mensional accuracy of the post-processed samples depending on the
directions and the type of curing solution. For the samples immersed in
Curing Solution I, the mean error values in the X-direction were quite
close to those of the green samples. This is true irrespective of the fly
ash content. In the Y-direction and Z-direction the linear dimensional
accuracy appears to be lower than that of the green samples. However,
the difference is statistically insignificant.

For the post-processed samples immersed in Curing Solution I, the
increase of the fly ash content reduced the linear dimensional accuracy

Fig. 4. Images of binder droplet impacting on surfaces of geopolymer powder beds. Note: The numbers below each image indicate the droplet penetration time (ms).

Table 5
Binder droplet penetration behavior results of geopolymer powders.

Mix ID Binder droplet penetration parameters

tpa (ms) dpb (mm) φp
c (mm)

S100FA0 335 ± 42 2.10 ± 0.21 1.95 ± 0.16
S75FA25 370 ± 64 2.46 ± 0.22 1.82 ± 0.11
S50FA50 440 ± 57 2.78 ± 0.29 1.72 ± 0.15
S25FA75 490 ± 43 2.90 ± 0.18 1.67 ± 0.16
S0FA100 580 ± 76 —d —d

a Binder droplet penetration time.
b Binder droplet penetration depth.
c Binder droplet spreading diameter.
d Could not be measured due to the weak strength of granules made with this

powder.
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Fig. 5. Photographs and 3D interactive surfaces of geopolymer powders with different slag/fly ash ratios: (a) S100FA0, (b) S75FA25 (c) S50FA50 (d) S25FA75 and
(e) S0FA100.

Fig. 6. Powder-based 3D printed green cubes using geopolymer powders with different slag/fly ash ratios. (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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in all directions. The pattern observed regarding the linear dimensional
accuracy of the samples immersed in Curing Solution II was quite dif-
ferent from that of the samples immersed in Curing Solution I. In
S100FA0 and S75FA25 samples, the mean error values in the X-direc-
tion and Y-direction were quite close to those of the green samples.
Whereas, the mean error values in the Z-direction were higher than
those of the green samples. On the other hand, in S50FA50 samples the
mean error values were lower than those of the green samples in all
directions. This indicates that the S50FA50 post-processed samples
exhibited higher linear dimensional accuracy after being immersed in
Curing Solution II, as compared to the S50FA50 green samples.

The S100FA0 samples immersed in Curing Solution III exhibited the
smallest difference in the mean error values before and after the post-
processing. This indicates that Curing Solution III had the least effect on
the linear dimensional accuracy of S100FA0 samples. For the S75FA25
and S50FA50 samples immersed in Curing Solution III, the mean error
values in the X-direction were quite close to those of the green samples.
However, the mean error values in Y-direction and Z-direction were
lower than those of the green samples. This indicates that Curing
Solution III improved the linear dimensional accuracy in these two
directions.

Among the alkaline solutions investigated in this study for the post-
processing, the samples immersed in Curing Solution III exhibited the
lowest mean error values, thereby the highest linear dimensional ac-
curacy in all directions. This is true regardless of the fly ash content.
This may be attributed to the polymerization of the oligomeric silica
species in the aqueous phase and the viscosity of curing solutions.
During the post-processing process, silicate species existed in curing
solutions aggregate and form a uniform 3D network of silicate particles
[47]. When polymerization begins, the silicate gel precipitates on the
surface of the immersed sample causing the increase in the linear di-
mensions.

In sodium silicate solutions, lowering the pH for a certain silicate
content reduces the time of polycondensation [47]. Among the three
curing solutions investigated in this study, Curing Solution I had the
lowest alkalinity, more silicate gel from the aqueous phase precipitated
on the surfaces of the immersed sample. With regards to Curing Solu-
tion II, addition of the NaOH solution increased the alkalinity and
polymerization time; thereby less silicate gel precipitated on the im-
mersed sample's surfaces.

According to Yang et al. [48], Curing Solution III (nSiO2/
nNa2O=1.84) had lower viscosity compared to Curing solution I
(nSiO2/nNa2O=0.9) and Curing Solution II (nSiO2/nNa2O=0.57).
The lower viscosity of Curing Solution III makes it easier to penetrate
inside the immersed sample, which favors the geopolymerisation re-
action. The higher amount of soluble silica in Curing Solution III also
accelerates the rate of geopolymerisation reaction. Thereby, more
chemical shrinkage was induced in the samples immersed in Curing
Solution III. In the meantime, the higher alkalinity of Curing Solution III
causes less silicate gel precipitation. Thus, it is reasonable that the
samples immersed in Curing Solution III exhibited the lowest mean
error values.

3.2.2. Mechanical property analysis
The seven-day uniaxial compressive strengths of both green and

post-processed 3D printed cubes are presented in Fig. 8. As mentioned
before, S25F75 samples were dissolved in the curing solutions during
the post-processing process. Therefore, no data is available for the
compressive strength of S25FA75 post-processed samples.

3.2.2.1. Mechanical property analysis of green samples. As shown in
Fig. 8, the green samples exhibited relatively low compressive
strength ranging from 0.24 to 0.91MPa, depending on the testing
direction and fly ash content. However, it is necessary to note that this
strength level was already sufficient for the de-powdering process.

In both directions, the increase of fly ash content significantly de-
creased the compressive strength of the green samples. This is attrib-
uted to the low reactivity of fly ash at ambient temperature.

An anisotropic phenomenon was also observed regarding the com-
pressive strength of the green samples depending on the loading di-
rections. Regardless of the content of fly ash, the compressive strength
was always higher in the X-direction than in the Z-direction.

The green compressive strength of S100FA0, S75FA25, S50FA50
and S25FA75 samples in the X-Direction were 20%, 25%, 41% and
42%, respectively higher than that of the corresponding samples in the
Z-Direction. In other words, for the green samples fc-x/fc-z ratio in-
creased from 1.20 to 1.42 when the fly ash content increased from 0%
to 75%. The possible reason for this anisotropy in compressive strength
can be explained as follows:

Fly ash does not react with the alkaline activator at ambient tem-
perature. However, it affects the droplet penetration depth as listed in
Table 5. According to Lowke et al. [49], in the green samples, the water
content significantly oscillates in accordance with a higher water con-
tent in the top region of the layer and a significantly lower content in
the bottom region. The intralayer water gradient will be minimized by
increasing the droplet penetration depth, and the interlayer bond will
be enhanced. Therefore, the degree of anisotropy may be attributed to

Fig. 7. Linear dimensional accuracy results of 3D printed cubes in (a) X-di-
rection, (b) Y-direction and (c) Z-direction. (Box: Mean ± Standard deviation;
Whisker: Minimum to Maximum). Note: *No data is available for S25FA75 post-
processed samples as they were dissolved in the curing solutions.
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the droplet penetration depth, which changes the quality of interlayer
bond; actually the penetration depth, according to the results presented
in Table 5, is subject to fly ash content.

3.2.2.2. Mechanical property analysis of post-processed
samples. According to Fig. 8, in both directions the compressive
strength of post-processed samples was significantly higher than that
of the green samples. This is true regardless of the type of curing
solutions. This is due to the continued geopolymerisation process as a
result of immersion of the samples for seven days in the alkaline
solutions. More geopolymeric products were formed and developed,
resulting in the densification of porous structures of the green samples.

Similar to the compressive strength of the green samples, there was
an anisotropic phenomenon regarding the compressive strength of the
post-processed samples depending on the loading directions.
Irrespective of the fly ash content, the compressive strength of the post-
processed samples was always higher in the X-direction than in the Z-
direction.

Regardless of the testing direction and type of curing solution,
S100FA0 samples always exhibited the highest post-processed com-
pressive strength. The increase of fly ash content decreased the com-
pressive strength of the post-processed samples in both directions.
However, the rate of reduction in the compressive strength depended
on the type of curing solutions, with the highest reduction rate being for
Curing Solution I. The post-processed compressive strength of S75FA25
and S50FA50 samples being immersed in Curing Solution I were

23–56% and 40–60%, respectively lower than that of S100FA0 samples
depending on the testing direction. This is attributed to the low alka-
linity of Curing Solution I. During the dissolution of geopolymer pre-
cursors, the hydroxide ions (OH−) act as a reaction catalyst [29].
Compared with slag, the dissolution of silica and alumina species in fly
ash particles requires a higher concentration of hydroxide ions. In
Curing Solution I, the concentration of OH– ions was insufficient to
promote the geopolymerisation of all fly ash particles. Therefore, some
of the fly ash particles acted as fillers and had not much effect on the
development of the compressive strength of S75FA25 and S50FA50
samples.

On the other hand, the post-processed compressive strength of
S75FA25 and S50FA50 samples being immersed in Curing Solution II
were only 3–9% and 6–16%, respectively lower than that of S100FA0
samples depending on the testing direction. A similar pattern was ob-
served when Curing Solution III was used. This is because the 8.0M
NaOH solution in Curing Solution II and III provided a stronger alkaline
environment, which promoted the dissolving and surface hydrolysis of
the fly ash particles, thereby enhancing the compressive strength de-
velopment of S75FA25 and S50FA50 samples.

According to Fig. 8, Curing Solution III was the most effective in
increasing the compressive strength among the curing solutions in-
vestigated in this study. The seven-day compressive strength of the
samples immersed in Curing Solution III was in the range of 21.5MPa to
29.6 MPa, depending on the fly ash content and testing direction,
meeting the compressive strength requirements for many applications
in the construction industry.

It is interesting to note that the compressive strengths of S100FA0,
S75FA25 and S50FA50 samples immersed in Curing Solution III were
40–46%, 35–38%, and 27–40%, respectively higher than those of the
samples immersed in Curing Solution II. This is because instead of sa-
turated anhydrous sodium metasilicate solution (with SiO2/Na2O molar
ratio of 0.9) in Curing Solution II, Curing Solution III contained N Grade
sodium silicate solution (with SiO2/Na2O molar ratio of 3.22), which
provides higher amount of soluble silica in the curing solutions. This in
turn accelerates the rate of geopolymerisation reaction, thereby im-
proves the compressive strength [50].

3.3. The merits and demerits of the approach

The approach described above uses a powder-based 3DCP for con-
struction applications. The merits of this system have been described in
Section I (Introduction). The main demerit is that this approach can
only make small building elements due to the size limitation of the
printer at this stage of the technology.

Previous researchers have developed conventional cement systems
for the powder-based 3DCP process. The main advantages of using
geopolymer system over conventional cement systems are also de-
scribed in Section I (Introduction). The main disadvantage of using
geopolymer system developed in this study is the need for heat curing
in an alkaline solution which is an additional requirement.

The previous approach developed by the authors of this study [24.
25] used slag only for the geopolymer precursor. The current approach
presented in this paper is formulated using fly ash and slag with dif-
ferent mass ratios. The main merit of introducing the fly ash in the
approach is that fly ash is more abundantly available and large parts of
it is still dumped in many parts of the world as compared to slag. While
slag is also an industrial by-product, it has higher utilization rate in the
concrete industry. The main demerit of using fly ash in this approach is
that it requires stronger alkaline environment and the “green” strength
is also lower than the slag only approach.

4. Conclusions

The influence of incorporation of fly ash on the properties of
powder-based 3D printable geopolymer was investigated in this study.

Fig. 8. The seven-day uniaxial compressive strength of both green and post-
processed 3D printed cubes measured in (a) X-Direction, (b) Z-Direction. Note:
*No data is available for S25FA75 post-processed samples as they were dis-
solved in the curing solutions. (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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It is intended to expand the scope of geopolymer materials that can be
used in the powder-based 3DCP process for construction applications.
Five geopolymer powders with different slag to fly ash ratios were used
in a commercially available powder-based 3D printer. The effect of
different amounts of fly ash (0, 25, 50, 75, and 100 wt%) on deposit-
ability and wettability of the geopolymer powder, along with the di-
mensional accuracy and compressive strength of the printed specimens
were quantitatively evaluated. For the post-processing, the green spe-
cimens were immersed in three different alkaline solutions. The influ-
ence of type of alkaline solution on the dimensional accuracy and
compressive strength of the post-processed specimens were in-
vestigated. The following specific conclusions can be drawn from this
study:

(1) The minimum amount of slag required to prepare fly ash/slag
blended geopolymer powder for powder-based 3DCP process was
50 wt%. The 7-day compressive strength of up to 24.9MPa was
achieved for the post-processed specimens printed with 50wt%
slag/50 wt% fly ash powder. The specimens printed with the geo-
polymer powders containing less than 50wt% slag (i.e. more than
50wt% fly ash) either did not have enough green strength to resist
the de-powdering process, or were dissolved in the curing solutions
during the post-processing process. This is due to the low reactivity
of these powders with the binder liquid at ambient temperature.

(2) The specimens printed with 100% slag-based geopolymer powder
always exhibited the highest green and post-processed compressive
strengths. This is true regardless of the testing direction and type of
curing solution. The increase of fly ash content decreased the
compressive strength of both green and post-processed samples in
both directions. The lower compressive strength of the green sam-
ples with higher fly ash content is attributed to the low reactivity of
fly ash at ambient temperature. The rate of reduction in the com-
pressive strength of post-processed samples due to increase in fly
ash content depended on the type of curing solution, with the
highest reduction rate being for Curing Solution I composed of sa-
turated anhydrous sodium metasilicate solution with SiO2/Na2O
molar ratio of 0.9 (100% w/w). This is attributed to the low alka-
linity of Curing Solution I, as compared to the other two curing
solutions.

(3) Among the curing solutions investigated, Curing Solution III com-
posed of N Grade sodium silicate solution with SiO2/Na2O molar
ratio of 3.22 (71.4% w/w) and 8.0M NaOH solution (28.6% w/w)
was the most effective in increasing the compressive strength of the
printed specimens. This is because Curing Solution III provided a
higher amount of soluble silica and alkalinity as compared to the
other two curing solutions, which in turn promoted the dissolving
and surface hydrolysis of the fly ash particles and accelerated the
rate of geopolymerisation reaction. The seven-day compressive
strength of the samples immersed in Curing Solution III was in the
range of 21.5MPa to 29.6 MPa, depending on the fly ash content
and testing direction, which meets the compressive strength re-
quirements for many applications in the construction industry.

(4) The compressive strength of the printed samples exhibited ortho-
tropic properties depending on the loading directions. The com-
pressive strengths of both green and post-processed specimens were
always higher in the X-direction than in the Z-direction. This is true
regardless of the fly ash content. This anisotropy may be related to
the preferential orientation of the powder particles during the
powder spreading process.

(5) An anisotropic phenomenon was observed regarding the linear di-
mensional accuracy of the green samples depending on the direc-
tion. The X-direction had the highest linear dimensional accuracy.
This is true regardless of the fly ash content. This might be because
the X-direction (i.e., the binder jetting direction) is not affected by
the powder spreading, which takes place in the Y-direction. The
increase of the fly ash content significantly reduced the linear

dimensional accuracy of the green samples in the Z-direction, which
could be attributed to the differences in powder bed structure and
level of powder/binder reactivity of the geopolymer powders. On
the other hand, the fly ash content had a minor effect on the linear
dimensional accuracy in the X-direction and Y-direction.

(6) The post-processed specimens also exhibited an anisotropic phe-
nomenon regarding the linear dimensional accuracy depending on
the curing solution and testing direction. Among the curing solu-
tions investigated, the samples immersed in Curing Solution III,
regardless of the fly ash content, exhibited the highest dimensional
accuracy in all directions. This could be attributed to the poly-
merization of the oligomeric silica species in the aqueous phase and
viscosity of the curing solutions.

(7) The increase of the fly ash content increased the binder droplet
penetration time. This is because the higher amount of fly ash re-
duced the average particle size of the geopolymer powder, thereby
increased the time needed for the binder droplet to completely
penetrate into the powder bed. The higher fly ash content increased
the spreading diameter of the binder droplet, but reduced the
binder droplet penetration depth. This may be attributed to the
reduction in the powder bed surface hydrophilicity, resulting from
the reduction in the average particle size of the powder.

(8) The amount of fly ash did not have any significant effect on the
true, bulk and in-process bed densities and powder bed porosity of
the 3D printable geopolymer powders. Visual observations revealed
that all geopolymer powders exhibited sufficient surface qualities
for the powder-based 3DCP process.
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