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The objective of this paper is to define a mix design strategy allowing the implementation of geopolymer in
powder bed 3D printing. In a selective binder approach, an aluminosilicate powder bed is activated through the
deposit of an alkaline silicate solution. We first show that, in comparison to casting, this technology requires
mastering the spreading of the liquid into the powder bed to ensure that the reaction takes place where it is
needed. A series of experiments at the drop level, mimicking the 3D printing process, were performed to
determine the printing solution composition for a given powder bed packing. We then highlight the relationship
between the compressive strength of the printed geopolymer and the powder bed saturation, controlled by the
printing parameters. Finally, SEM/EDX analysis confirm the formation of geopolymer with desired Si/Al and Na/
Al ratios in the resulting printed material.

1. Introduction
Construction industry is a large consumer of resources. More than
40% of resources consumed worldwide are used for construction [1] and
good quality resources such as gravel or sand are becoming scarce in
some places [2,3]. A reduction of resource consumption has therefore to
be combined with a reduction of greenhouse gas emissions. Over the last
decades, efforts have been made to build more energy efficient build
ings, which has reduced the energy needed for operating the buildings.
However, the embodied energy associated with the production of
building materials was not thoroughly considered [4–6], and its
reduction is becoming the new challenge in sustainable construction
[7,8]. To reduce the greenhouse gas emissions, we can use less material
by better designing the structure [9–11], extend the service life of the
existing structure to avoid the use of new materials (work on durability
of buildings [12–15]) or use materials with lower carbon intensity, such
as earth, bamboo or straw [16–20].
3D printing represents a promising technique to meet these re
quirements [10]. Parts can be built locally and material is efficiently
applied where it is needed, which allows to use less of it by optimizing
the design. 3D printing is an additive technique, not subtractive;
therefore, less waste is produced during the production. Small complex
parts can be printed allowing for targeted replacement which can extend
the service life of structures [21]. Furthermore, it opens a large variety of
potential materials to be used. Because the technology allows their use

in a controlled environment, materials or processes that would be too
complex or too dangerous to use on site can be prefabricated. The system
is very flexible (sake binder and plaster based powder [22] as well as
many types of waste such as plastic, construction waste or paper pulp
[23–25]): it should thus be possible to print materials with lower carbon
intensity.
In construction, a lot of research is done on extrusion based 3D
printing [26–28], where a material paste is extruded through a nozzle
and deposited layer by layer to build up the object. This is the most
spread 3D printing technique because it is cheap and prototypes or
replacement parts can easily be printed. The drawbacks of this method
are that overhangs can only be printed with the help of support struc
tures and the accuracy is low due to the layered structure.
These printing limitations are not problematic with binder jet 3D
printing, where a powder bed is glued layer by layer at given positions.
Actually, the underlying powder serves as a support structure for over
hangs and may be reused if it has not been printed. In construction,
research is done on powder bed 3D printing with cement [29,30] as well
as on sand with phenolic binders. The latter one is used to print struc
turally optimized elements that are assembled to a floor system [9] or to
print lost formworks for complex elements filled with high performance
concrete [10].
Commercially available binders for binder jetting are mostly organic
[31]. The epoxy based resins are hard and set fast. However, they are not
fire resistant and they release volatile organic carbon (VOC) during their
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use [32–34], which makes them quite difficult to apply in construction.
Alternatively, sodium silicate is used as an inorganic binder [31] for
sand powder beds, but it needs heat to set and it is water-soluble. For the
current application in metal moulding, this is perfectly fine (the mould
can be dissolved and the sand reused), but not for construction purposes.
To combine lower CO2 emissions with a reduction of material con
sumption, the raw materials currently used in 3D printing need to be
replaced by materials with a lower carbon footprint: recycled or waste
materials as a powder bed and an inorganic binder, which does not
require energy for setting. A good candidate that fulfills the criteria in
terms of performance and embodied energy is geopolymer binder, since
it can be built from waste materials such as slag, fly ash or glass waste as
aluminosilicate source. The geopolymer reaction is described as follows:
an aluminosilicate is activated with an alkaline solution, which allows to
dissolve and rearrange the aluminates and silicates [35]. Geopolymers
have indeed many advantages for powder bed 3D printing. They have a
low embodied carbon intensity [36], they are water and fire resistant
[37], stronger than the organic binder, they cause no VOC emissions, no
heat is needed for curing and they can be synthesized from waste ma
terials [38,39]. For instance, waste materials like blast furnace slag
[40,41], fly ash [42], glass waste [43], brick powder [44,45] and many
more are regularly used as aluminosilicates in geopolymer concrete
applications. The final properties of geopolymers like strength or setting
time strongly depend on the silica, alumina, sodium and water ratios,
which have to be taken into account in the mix design [46,47].
Previous work has been done in using geopolymers for powder bed
3D printing applications [48–50]. D-Shape [50] developed a printer to
prints building parts by distributing a geopolymer slurry on a powder
bed. Xia et al. [48] showed that it is possible to reach a strength of 0.9
MPa after printing and 16.5 MPa after a post-processing with anhydrous
sodium metasilicate at elevated temperatures. In these applications, the
authors mix the aluminosilicate as well as the alkaline activator with the
aggregates in the powder bed and print by adding water only. There are
some limitations in this method as it means that the powder can already
react when exposed to air humidity and makes it difficult to reuse the
non-printed powder.
Other possibilities of mixing or separating aggregates, aluminosili
cate binder and activators can be tested: the activator can be in the solid
phase or in the liquid phase [30]. As the activator is often the expensive
part of the mix (from an economic and environmental perspective), it
seems interesting to have it in the liquid part rather than dispersed in the
sand bed. Furthermore, in order to avoid the problem of the setting time
limitation when activator and binder are mixed together, it might be
better to separate the binder and the activator, following a binder jetting
approach [30]. Therefore, in this work, the aluminosilicate binder is
mixed in the powder bed and the activator, in liquid form, is deposited
on it. According to the RILEM MAPP [51], this method can be classified
as particle-bed binding, which is an additive shaping process to produce
freeform parts out of geopolymer off site.
Powder bed 3D printing allows to produce complex formwork and
therefore to save structural material. Its use with alkali activation of
waste material can further reduce the carbon intensity of the structure as
well as its virgin material consumption.
The objective of this research is thus to define a mix design strategy
to allow the implementation of geopolymers in powder bed 3D printing.
In the mix design of geopolymers, the silica, aluminum, sodium and
water ratios are important for the workability of the paste as well as the
final properties of the geopolymer [46,47]. Contrary to a casting pro
cess, in 3D printing, these ratios depend on the penetration behavior of
the printing solution into the powder bed [52,53]. To model the printing
process, experiments with single drops on powder beds were performed
and the liquid to solid ratio in a single drop was determined. From this
result, a mix design strategy was developed and tested with a geo
polymer system using metakaolin as aluminosilicate source.

2. Materials
2.1. Mineral powder
All the experiments were conducted on mineral powder mixes of fine
quartz sand (FS003 from Strobel Quartz Sand GmbH) and metakaolin
sourced from Imerys (referred to here as MK) mixed at varying mass
ratios. Their respective mean grain size (d50) analyzed with a laser
particle-size analyzer (Partica LA-950, Horiba, Germany), specific den
sity (SG) determined by helium pycnometry (AccuPyc II 1340 Micro
meritics) specific surface area (SSABET) measured by nitrogen adsorption
(Micromeritics Tristar II 3020) and SiO2 and Al2O3 contents obtained
through X-ray fluorescence spectrometry (XRF), are given in Table 1.
2.2. Activating solution
An alkaline solution (sodium silicate solution, referred to here as
NaSil) was used as the activating solution for the metakaolin. The NaSil
solution was prepared by mixing deionized water at 20 ◦ C to sodium
hydroxide (NaOH) in pellet form and to silica gel, both sourced from
Sigma Aldrich (Switzerland), in a closed plastic bottle to prevent evap
oration and cooled for 24 h. The solution was prepared with a SiO2/
Na2O molar ratio of 1.69, optimal molar ratio for a fast initial strength of
the geopolymer [47], required for the printing of the next layer in the 3D
printing process. However, to ensure connection between consecutive
layers, an intermediate final setting time is needed: a H2O/Na2O ratio of
12.93 was chosen [47]. The specific density of the solution (1.46 g/cm3)
was measured with a Densito 30 PX from Mettler Toledo and its
apparent viscosity (0.06 Pa.s at 20 ◦ C) was measured using a Malvern
Kinexus Lab+ stress-controlled rheometer equipped with parallel plates
(Malvern Instruments, Switzerland).
3. Experimental procedures
Experiments on two scales were performed in this work. In order to
get an insight of the local liquid to solid ratio in powder bed 3D printed
parts, single droplets of printing solution were dropped on powder beds
with varying composition. The findings of this drop experiments helped
to set up the printing parameters at bigger scale. With the help of SEM/
EDX analysis of single drops, 3D prints and casted geopolymer, the
validity of the use of single drops as a model for prints will be tested.
3.1. Powder bed packing
To determine the optimal powder bed composition in 3D printing,
the random loose and dense packing of powder mixes containing
different proportions of sand and MK were measured according to
Sedran et al. and Lédée et al. [54,55]. To measure the loose packing
fraction, the powder mix was filled in a metallic cylinder of a given
volume and the weight was recorded.
For powder mixes with a low MK content (below 20 wt%), the dense
packing fraction was obtained following the protocol of [55]. The cyl
inder was filled in three times: after every time, the cylinder was placed
on a shocking table and twenty shocks were applied. After the last
filling, a weight of 5 kg was placed on the powder surface and additional
forty shocks were applied. At the end of the procedure, the mass and the
final volume of the powder Vt were determined, and the packing fraction
(ϕ) was calculated.
Table 1
Specification of the mineral powders used in this study.

Sand
Metakaolin

2

d50
[μm]

SSA [m2/
g]

SG [g/
cm3]

SiO2 [wt
%]

Al2O3 [wt
%]

240
4

0.09
13.17

2.6
2.58

>99.1
51.63

<0.2
44.37
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Since MK is a very fine powder, the measurement of the dense
packing according to Sedran et al. [54] is more appropriate for mixes
with a high MK content. An increasing amount of water was added to
250 g of powder and mixed with a four bladed mixing tool connected to
a mechanical stirrer (Heidolf, Switzerland) during 2 min at 350 rpm.
After mixing, the Vicat truncated cone (Vicatronic, Matest, Switzerland)
was filled with the material and placed under the consistency needle (10
mm diameter). The penetration depth of the needle in free fall was
measured. According to the protocol from [54], a mix with a penetration
depth of 6 mm is at the maximum packing. The amount of added water
for a 6 mm penetration is extrapolated and the maximum packing
fraction of the mix can be calculated. The dense and random loose
packing of the different powder mixes are plotted in Fig. 1 as a function
of the MK content.

mass of the wet drop, and mH2O the mass of the evaporated water during
the drying process.
The microstructure was qualitatively studied in X-Ray micro to
mography (RX Solutions, France), using a voxel size of 25 μm and a 160
kV X-ray source applying 70 kV and 70 μA.
3.2.2. 3D printed samples
Samples were printed with a custom-built binder jet 3D printer
[58,59] (Fig. 4) with a selective binder activation approach [30]: a
liquid binding agent (alkaline solution) is deposited on a powder bed
(mix of MK and silica sand) previously distributed on a platform (Fig. 4).
Where the alkaline solution gets in contact with MK, a geopolymer is
built. Overtime, layers of powder are bonded with the geopolymer to
form an object.
The custom-built printer allows the control of different parameters
(Fig. 4):

3.2. Sample preparation

- Nozzle diameter Dn (mm): any nozzle can be mounted on the printer.
- Moving speed V (m/min): the current setup can be safely operated at
linear speeds up to 20 m/min along X and Y axes. The Z axis is not
particularly relevant as it is actuated only once per layer and for
relatively short travel distances (layer height h): to avoid misalig
ments of the printing frame it was operated at 2 m/min.
- Injection volume per distance l (μl/mm): the flowrate can be adjusted
between <0.005 ml/min and > 40 ml/min by controlling the
rotating speed (≤100 rpm) and the tubing diameter
- Layer height h (mm): no specific limitations are derived from the
setup itself, rather the process requires a layer thickness that is
minimum 2–3 times the average diameter of the inert grains.
- Spacing s (mm) between the printed lines: it controls the overall
saturation of the print bed and is usually indicated as a multiple of
the nozzle diameter. The resulting saturation is function of the
moving speed V, the injection volume per distance l, and the spacing
s.

3.2.1. Drop experiment
To get an insight of the spreading of the liquid into different powder
bed compositions [53,56,57], first experiments consisted in simulating
the 3D printing process by dropping NaSil solution on different noncompacted quartz sand/MK mixes (Fig. 2). The volume of the NaSil
solution was controlled to 5, 10 and 20 μl with an accuracy pipette from
Eppendorf Research Plus (Switzerland), displaying a systematic error of
±0.12 μl. Accordingly, dried geopolymer drops were produced and
characterized. Through the analysis of the dried drop weight after
removal and knowing the powder bed composition, the liquid to solid
ratio as well as the theoretical Si/Al and Na/Al molar ratios in the dried
geopolymer drop were calculated. The height and the diameter of the
final drops were determined with image analysis (Matlab, ImageJ) on
pictures taken with a DSLR camera (Canon EOS 500D)from the side and
a microscope (Leica S9i, Leica Microsystems AG, Switzerland) from the
top. The images were transferred into binary images before analysis. In
the side view, the height of each drop was determined by evaluating the
maximum distance between the lowest and the highest pixel of the drop.
In the top view, the surface of the drop area was determined and the
corresponding diameter assuming a circle was calculated. The mea
surements were repeated on three samples of each mix (Fig. 3).
With an envelope density analyzer (Geopyc 1360, Micrometrics,
Germany), the average volume of the dried drops (Vdd) was measured
and with the dry drop weight (mdd), the packing state of the powder in
the drop Cd was calculated as following:
/
mpd ρp mdd − mwd + mH2O
Cd =
=
(1)
Vdd
Vdd .ρp

In this study, most of the parameters were kept constant and two
were varied. The optimal nozzle diameter Dn is affected by the viscosity
and by the surface tension of the injected solution: a valid compromise
between achievable resolution and practical machine operation was
found in 0.25 mm. The printed layer height h depends on the penetration
depth of the liquid in the powder bed, which in turn depends on the
powder bed composition. As seen in the drop experiment, with
increasing metakaolin content, the penetration depth increases up to
3.4 mm until 20 wt% MK and decreases afterwards. To ensure the
interconnection between two layers, a layer height of 3 mm was chosen
for the powder mix containing 20 wt% MK. The moving speed V of the
print head was set to 30 m.min− 1. Either the volume per distance l or the
line spacing s (s = Dn. a, with a being a multiplier factor) were varied
from one sample to another: these variations are discussed in the rele
vant sections of this manuscript. By varying these two parameters, the
volume of liquid printed (Vl) on a certain volume of powder (Vt) mix can
be controlled:

Where mpd is the mass of the powder incorporated in the dry drop, ρp
the specific density of the powder, mdd the mass of the dry drop, mwd the
0.7
dense
Dense
compacity

Packing fraction (-)

0.6

Random
loose
loose
compacity

0.5

Vl
l
=
Vt (Dn .a.h)

0.4

Bars of dimension 4 × 4 × 16 cm3 were printed (Fig. 5) and
demoulded from the powder bed after 24 h. The bars were stored at
ambient room temperature and humidity, and were subjected to me
chanical tests seven days after printing without any post processing. The
compressive strength was measured with a mechanical press equipped
with a 50 KN cell, applying 0.1 KN/mm perpendicular to the printing
planes, in z-direction (Matest, Switzerland), according to ASTM C349.

0.3
0.2
0.1
0
0

20

40

60

Metakaolin content (wt%)

80

(2)

100

3.3. Phase identification

Fig. 1. Random loose and dense packing fraction of the different powder bed
compositions.

Static Nuclear Magnetic Resonance (NMR) 27Al measurements
3
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Fig. 2. Production of geopolymer drops.

Fig. 3. Height, diameter and volume of dried drops produced on powder beds with varying compositions. The dashed line represents the transition to water
proof drops.

Fig. 4. Deposition of alkaline solution on powder bed with the custom-built 3D printer and the variable parameters.

samples were cut, embedded in epoxy (EPO-TEK® 301) and polished to
1 μm. For ideal conductivity, a carbon coating was applied. An EDX
point analysis with an accelerating voltage of 15 kV was performed on
up to 10 points on the geopolymer matrix of each sample to determine
the Si, Al and Na atomic percentages. From these values, the Si/Al and
Na/Al ratios on the corresponding points were calculated.
4. Results and discussion
4.1. Porosity and liquid penetration
In Fig. 6.a, the dried drops produced with 10 μl NaSil solution
deposited on loosely packed powder beds containing an increasing MK
amount are presented, as well as the corresponding images obtained by
X-Ray micro tomography (Fig. 6.b). It can be noted that, when no MK is
introduced in the mix, the resulting drop is not spherical (disk of around
3 mm thickness) whereas introducing 10 wt% and 20 wt% of MK in the
mix results in the formation of more spherical drops. Above 20 wt% of
MK in the mix, the volume of the resulting drops decreases with an
increasing MK content. The decreasing volume with increasing MK
content is in line with the compacity measurement of the powder bed,
which shows lower packing for higher amounts of MK. The lower
packing results in more voids, therefore the same amount of liquid finds

Fig. 5. 3D printed geopolymer bar with 0.2 μl/mm3.

(Bruker Avance500 spectrometer at 11.74 T) were performed on raw
and produced materials to prove that a geopolymer is built in each
considered process. With a scattering electron microscope (Quanta 200
3D SEM-FIB) including an EDAX System the local element composition
of the drops, pieces of 3D printed and cast samples was determined. The
4
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Fig. 6. a) Dried drops produced with 10 μl NaSil solution deposited on powder beds containing an increasing MK amount. b) X-Ray Microtomography images of the
dried drops in the x y plane indicated in a).

place in a smaller powder volume. From an ecological and economical
point of view the metakaolin content should be minimized [36,60,61].
To evaluate the minimum amount of metakaolin required to build a
geopolymer, an easy qualitative test was conducted: the drops were
immersed in water. Since geopolymer is supposed to be waterproof,
drops that sustain the immersion in water can be considered to contain a
geopolymer binder. Drops produced from mixes containing 10 wt% MK
and less totally dissolve when immersed in water. The lack of water
resistance shows that 10 wt% of MK is not enough to properly build a
geopolymer. This observation suggests that 20 wt% of MK is the opti
mum MK content for the current application, since the use of MK should
be reduced to a minimum. Additionally, the sample with 20 wt% MK
results in the largest volume of the final drop, which helps to increase
the printing speed.
This decision is also supported by the trend of the Si/Al ratio with
varying MK content. The Si/Al ratio obtained in produced drops can be
calculated from the mass of the introduced solution and from the final
mass of the dried geopolymer drop (Fig. 7). On powder bed mixes with
MK contents higher than 20 wt%, the Si/Al ratio in the resulting geo
polymer drop remains constant around 2. Therefore, it can be suggested
that 20 wt% MK is the minimum amount leading to a strong geopolymer.
However, the system gives us the freedom to increase the MK content in
order to adapt the drop size while keeping the Si/Al ratio constant.
Considering the X-Ray microtomography images (Fig. 6.b), it is
possible to confirm that the increasing content of MK in the mix leads to
a densification of the drop internal structure. No voids are noticed in the
center of the drops: locally, at small scale, the material is in a dense
compact state. Below 20 wt% MK, the internal structure is not fully

compact, voids are observed. As the penetration of a single drop into a
porous substrate depends on the structure of the substrate (the porosity,
the size of the pores, the orientation of the pores, and the surface
chemistry [53,56,57]), the observed behavior can be explained by the
shape of the particles. The MK particles have a platelet shape [62] and,
consequently, bond across large flat surfaces. The binder has to wet a
bigger surface compared to spherical particles, where the binder only
stays at the neck between two grains [56]. In order to reduce the amount
of MK to a minimum but still build a strong geopolymer and a dense
packed powder bed for maximum strength, a MK content of 20 wt% was
chosen for the following printing experiments.
By comparing the dense packing fraction of the different powder
mixes with the calculated packing fraction of the powder mix in the
drops (Fig. 8. Comparison between the dense packing fraction measured
for the powder bed and the calculated packing fraction in the drops.), a
correlation can be found. It can be seen that the calculated packing
fraction in the drops corresponds to the dense packing of the corre
sponding powder mix. Since the powder bed is in a random loose
packing state when the drop is placed, the conclusion can be drawn that
the liquid penetration into the powder bed leads to a densification of the
material. This densification can be explained by the presence of the
platelet like shape of the metakaolin powder. As stated by Sachs et al.
[56], the platelets will be bond across the flat surfaces, allowing for a
denser packing. The internal structure of the mixes prepared with more
than 20 wt% MK is full of matter and no voids are noticed (cf. Fig. 6).
This dense state is thus taken into consideration for the following

Measured dense packing fraction (-)

0.7

Si/Al

3
2.8

5 μl

2.6

10 μl

2.4

20 μl

2.2
2
1.8
1.6
1.4
1.2

1

0

20

40

60

80

100

Metakaolin content (wt%)

0.6
0.5
0.4
0.3
0.2
0.1
0

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Calculated packing fraction (-)

Fig. 7. Si/Al ratio in geopolymer drops with varying MK content in pow
der beds.

Fig. 8. Comparison between the dense packing fraction measured for the
powder bed and the calculated packing fraction in the drops.
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experiments even if, initially, the powder bed is loosely placed in the
printer. The packing of the powder bed seems then to control the final
internal structure of the material, as the porous network influences the
ability of the liquid to penetrate.
Thanks to these results, it is possible to assume that, for this mix and
during the printing process, the liquid deposited at the surface of the
powder bed penetrates and fills all the voids existing between the par
ticles. The porosity ε is the ratio of the volume of voids Vv between
particles to the total volume of the packing Vt and they are linked by the
following relationship:

ε=

Vv
= 1− ϕ
Vt

ml
ρ
l
= l
mp ρm (Dn .a.h)

The maximum liquid per distance l is limited by the capacity of the
pump, whereas the lower limit is given by the maximum moving speed
of the axis. As a preliminary test, an l of 0.6 μl/mm and a line spacing s of
0.5 mm (a = 2) was chosen.
In Fig. 10, the compressive strength of the printed and casted samples
are compared to geopolymer printed in selective binder activation [48]
and organic binder printed in a commercial powder bed printer [9]. The
casted samples exhibit the highest strength (35 MPa) whereas 3D prin
ted bars reach 5.3 MPa with a standard deviation of 0.7 MPa. The
densities in the printed and the casted parts are similar, 1.6 g/cm3 and
1.8 g/cm3, respectively. Therefore, the difference in strength cannot be
explained only with the density. It can be suggested that the heteroge
neities or defects created during the printing process predominantly
influence the strength. Further experiments have to be performed to
improve the bonding between lines and layers.
With a post-processing step, Xia et al. [48] showed that it is possible
to increase significantly the strength of the prints s from 0.9 to 16.5 MPa.
In the present work, the environmental impact of the print is kept to a
minimum, therefore no post-processing was applied. In comparison, the
resulting parts are five times stronger than parts printed with selective
binder activation without post-processing [48]. Since the organic binder
exhibits a compression strength of only 5 MPa [9], the presented binder
jetting technique with geopolymers is suitable to print building parts
loaded only on compression, even though the 3D printed samples are
less strong than the casted geopolymer.
However, even if the printed sample reaches the required compres
sive strength, the criteria in terms of dimension and shape of the sample
is not fulfilled (Fig. 11). Compared to a 4 × 4 cm2 square, the cross
section of the printed bar shows inaccuracies especially in the bottom of
the sample. Indeed, at sample scale, it seems that the amount of liquid
deposited, calculated from the local material at the drop scale, is in
excess and cannot penetrate all the available porosity.
Therefore, only the locally printed material can be considered to
have a similar composition as the casted material. For printing, the
overall liquid to solid ratio is thus not the only parameter to take into
account, like in casting. In casting, the local geopolymer composition is
the same as the overall mix, whereas in 3D printing, the overall
composition differs from the local geopolymer composition due to the
inclusion of voids with unprinted powder (Fig. 12).
In comparison with the casting process of geopolymer, where the
local liquid to solid ratio depends on what is initially introduced in the
mix, the overall liquid to solid ratio in 3D printing depends on the
penetration behavior and distribution of the liquid through the powder
bed.
The penetration of the liquid in the powder bed then results in a
certain saturation (S) of the powder bed, which can be defined as the
fraction of the pore volume (Vv) that is filled with liquid (Vl) [63]:

(3)

And
Vs = Vt *ϕ = Vt *(1 − ε)

(4)

Where Vs is the specific volume of the powder. Therefore, based on
the assumption that the liquid fills the existing voids and with Eqs. (3)
and (4), the volume of the liquid, at the drop scale, can be defined as
follow:
Vl = Vv = Vt *ε

(5)

The total porosity ε of the powder bed is calculated from the packing
fraction by considering a dense packing of the powder bed. With the
total volume Vt = Vs + Vl, it is then possible to calculate the liquid to
solid ratio in the drop fully geopolymerized (Fig. 9), depending on the
porosity (ε) of the powder bed:
Vl
ε
=
Vs 1 − ε

(6)

Knowing the specific densities of the liquid and the powder (ρl and

ρp), the liquid to solid ratio can be determined as follow:
ml
ε*ρl
=
mp ρp (1 − ε)

(8)

(7)

4.2. Optimal mix design composition
Thanks to the previous experiments and assuming that locally, at the
drop scale, the liquid penetrates and fills all the voids in the powder bed,
the amount of liquid to solid content for a given powder bed composition
is determined to be equal to 0.4.
This ratio was used to cast and print comparable samples. In casting,
all the components are combined: the NaSil solution was added to the
powder mix (20 wt% MK + 80 wt% sand) and mechanically mixed with
a stirrer during 3 min. The obtained geopolymer paste was cast in three
moulds of dimension 4 × 4 × 16 cm3 and demolded after 2 days. To
reach the liquid to solid ratio equal to 0.4 in the printed sample, the
printing parameters were adapted to reach the right amount of printed
liquid per volume of powder. With the specific density of the liquid and
the density of the dense packing of the powder bed (ρm), Eq. (2) can be
expressed in terms of mass:

S=

Vl
Vv

Fig. 9. Liquid penetration in powder bed filling all accessible voids.
6

(9)

V. Voney et al.

Cement and Concrete Research 143 (2021) 106374

Compressive strength (MPa)

45

Powder bed 3D printing

40

Casting
35

35
30
25
20

16.5

15
10

5.9

5

0.9

0
Current mix

Mix by Xia et al.
Without post
processing

Mix by Xia et al.
with post
processing

Current mix

Organic binder printed in commercial powder bed 3D printer
Fig. 10. Compressive strength of printed and casted samples compared to geopolymer printed with selective binder activation and organic binder printed with
commercial binder jetting (dotted line) [9,48].

Fig. 11. Printed sample (left) and casted sample (right). Shape and dimension- flooding. The black square represents the targeted dimension and shape (section 4 ×
4 cm2).

Fig. 12. Close up sketch of a 3D printed sample (left) compared to a cast of the same material (right).

Below saturations of 100%, the powder bed behaves like a porous
solid, partially filled with liquid. Getting closer to, or even exceeding,
100%, the liquid starts to be the dominating medium and the slurry can
flow. In 3D printing, this flow leads to excessive dimensional
inaccuracies.
Consequently, by varying the amount of liquid deposited per dis
tance l and the spacing s between the printed lines, samples with
decreased powder bed saturations were printed. The different printing
parameters allowing these variations are gathered in Table 2. As shown
in Fig. 13, the compressive strength increases with increasing saturation
of the powder bed with liquid. The higher saturation of the pores in the
powder bed with printing solution leads to a print element with a higher

density, therefore a higher compression strength. However, with satu
rations exceeding 70% the liquid starts to dominate the system and the
dimensional accuracy drops. As the 3D printed parts in Table 2 show,
saturations below 70% lead to more accurate prints.
Whereas in the casted sample we consider that a full saturation of the
porosity in the powder is reached, in the overall volume of the printed
sample the unreacted powder between layers and the remaining
porosity has to be taken into account, leading to a porous final part.
It is well known that an increasing porosity leads to a decreasing
compression strength. For engineering materials, several models were
developed in order to relate the porosity of a part with its strength
[64,65], such as Ryshkewitch [66] or Balshin [67]. Therefore,
7
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Table 2
Printing liquid per powder volume (in brackets: powder bed saturation in %) for varying printing parameters and the
section of the corresponding printed samples. The black square represents the targeted dimension and shape (section 4
× 4 cm2).

until 70% powder bed saturation can be modelled with the Balshin
equation [67]:

Porosity in printed part (calc. from bar) (%)
100 90

80

70

60

50

40

30

20

10

0

σ = σ0 (1 − ε)b

35

where σ is the compression strength of the print, σ0 the compression
strength of the same material but casted, ϵ the macroporosity of the print
and b a constant (here b = 4).
Above 70% powder bed saturation, the compression strengths are
lower than expected from the Balshin model (Fig. 13). This falls together
with the transition to the liquid dominated state of the powder bed,
where it starts to flow out. The behavior of the printed sample is thus
controlled by the amount of liquid per volume, which is related to the
printer parameters, and not only to the initial liquid to solid ratio as for
casting.
The line spacing s and distributed liquid per distance l parameters
were combined in one parameter, the liquid per volume, assuming that
different parameter combinations will lead to the same saturation level.
The fact that the strength of a print with 92% saturation is lower than
with 72% saturation, shows that this assumption might not hold true for
saturations higher than 70%. Extensive work on the influence of the
single parameters line spacing s and liquid per distance l should be
performed.

Printed bars

Compressive strength (MPa)

30

Fitted strength/porosity
relationship (Balshin equation)

25

20
15
10
5
0
0

10 20 30 40 50 60 70 80 90 100 110

Powder bed saturation (%)
Fig. 13. Compression strength of printed bars with varying saturation.

considering the unreacted powder in the printed part as pores, the
macroporosity Mof the printed part can be expressed as the ratio of the
volume of the unreacted powder (Vup) and the total print volume:
M=

Vup
Vt

(11)

4.3. Proof of concept
As shown in Section 4.2, the compressive strength of a 3D printed
geopolymer strongly depends on the printing parameters, and with
optimized printing parameters, a trade-off between strength of the part
and dimensional accuracy can be found. In general, the strength of a
geopolymer depends on the Si/Al and Na/Al ratios [46]. Therefore, it is
expected that with the optimization not only of the printing parameters

(10)

Assuming that the locally printed material is the same geopolymer as
the casted material, it was found that the strength of the printed parts
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but also of the geopolymer composition, the strength of a 3D printed
geopolymer should further increase. From the mass calculation, deter
mined with the drop experiment, it was shown that the Si/Al ratio is
independent from the powder bed composition with MK contents higher
than 20 wt%. Thus, the printing solution needs to be adapted in order to
obtain stronger geopolymer. Assuming that the composition of the
locally printed geopolymer corresponds to the composition of the single
drop, from Eq. (7) the local liquid to solid ratio is known. With this data
and a fixed aluminosilicate content (here MK) in the powder bed, the
composition of the printing liquid can be adapted to obtain Si/Al and
Na/Al ratios that should lead to highly resistant geopolymer. The Si/Al
and Na/Al ratios can be expressed as follow:
Si n(SiO2 )l + n(SiO2 )MK
=
Al
2n(Al2 O3 )MK

1.5

Na/Al

1

0.5

0

(12)

Na
n(NaOH)l
=
Al 2n(Al2 O3 )MK

1.5

With the molar masses and Eq. (7), the moles are converted into
masses, therefore the mass percentage of NaOH and SiO2 in the solution
can be calculated. The mass of water in the printing solution and the
H2O/Na2O ratio can be determined:

H2 O
n(H2 O)l + n(H2 O)NaOH
=
Na2 O
n(Na2 O)l

(16)

3.0

have the same composition confirms the theoretical assumption for the
liquid to solid ratio in the 3D print. However, it is important to note that
this only applies to a local level of the print (cf. Fig. 12). Overall, the
print is more porous than the casted material, due to the unreacted
powder present in the sample. Nevertheless, the results show that where
the binder is printed, the composition can be modelled by the behavior
of a single drop.
The calculated values for Si/Al and Na/Al ratios correspond to the
initial mix composition of the casted samples. The discrepancy between
this value and the values measured with EDX is similar as found by
Rowles et al. [46]: the Si/Al ratios are higher, and the Na/Al ratios lower
as expected form the initial composition of the mix. The slight shift to
wards higher Si/Al ratios could be explained by the presence of not fully
reacted MK. The measured Na/Al ratios are lower than the calculated
value. Due to the evaporation of lightweight atoms under electron beam
impact, the Na content might be underestimated, resulting in a
measured Na/Al ratio lower than expected.
With EDX the elemental composition of the samples could be
determined, but not the conformation of the elements. To prove that the
present elements build the structure of a geopolymer, an Al-NMR anal
ysis of unprinted powder mix, a printed and a casted bar was conducted
(Fig. 16). In the geopolymer reaction, aluminum (V) is rearranged into
aluminum (IV) conformation, which is characteristic for the geopolymer
structure. Indeed, this shift is present for the casted and for the printed
bars: a geopolymer is properly built even in the printed sample.
Thanks to these results, we could successfully proof the concept of
powder bed 3D printing geopolymers in an approach where the binder
and the activator are separated. The new mix design strategy, where the
composition of the printed binder is calculated depending on the com
pacity of the powder bed and the desired composition in the printed
geopolymer, helps to optimize the properties on the material level. On

(14)

(15)

2.5

Fig. 15. Si/Al and Na/Al ratios of single drops, printed and casted samples,
measured by EDX.

From these equations, the required SiO2/Na2O ratio can be obtained:

m(H2 O)l = ml − m(NaOH)l − m(SiO2 )l

2.0

Si/Al

(13)

Si
*2n(Al2 O3 )MK − n(SiO2 )MK
SiO2
n(SiO2 )l
= Al
=
Na2 O n(Na2 O)l
2*Na
*2n(Al2 O3 )MK
Al

Calculated
Single droplet
3D print
Cast

The expected Si/Al and Na/Al ratios in the printed part from a given
printing solution can then be calculated, as well as the required solution
composition for desired Si/Al and Na/Al ratios. The expected Si/Al, and
Na/Al in the geopolymer for the printing solution used in this work were
calculated to be 2, and 1.2, respectively. These values are close to the
optimum ratios providing the highest geopolymer strength according to
[46]. To test whether the calculated values meet the compositions in
single drops, prints and casts, SEM images were taken of cross sections of
the corresponding samples (Fig. 14). With EDX the element composition
in several points was measured. In Fig. 15, the average of the measured
Si/Al and Na/Al ratios for the single drop (2.2 ± 0.3; 0.7 ± 0.4), the 3D
printed bar (2.1 ± 0.1; 0.6 ± 0.1), and the casted bar (2.2 ± 0.2; 0.8 ±
0.2) are plotted. They show a close fit to the calculated Si/Al value of 2,
whereas the measured Na/Al ratio is lower than expected (0.7 instead of
1.2).
The Si/Al and Na/Al ratios measured with EDX are similar in all the
three samples, they lay in each other’s standard deviation. Therefore the
same composition is present, no matter whether only a single drop or a
full part is printed, and the single drop can be used as an example for fast
testing of solutions. The fact that the 3D printed and the casted sample

Fig. 14. SEM images of single drop (a), 3D printed bar (b), and a casted bar (c).
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5. Conclusion
The mix design in 3D printing differs from usual mix design in
casting. In casting, the desired ingredients are mixed to the right pro
portions and the final cast has the same composition. In powder bed 3D
printing the mix design of the material is more complicated, since the
ratio between the liquid part and the solid part depends on the pene
tration behavior. To get an insight on the penetration behavior, the
printing process was mimicked by single drops of liquid on powder beds.
The results of these experiments performed at the drop scale showed that
the addition of liquid to the powder bed with 20 wt% MK compacts the
powder to a dense packing. From micro tomography images of the
drops, it can be assumed that the liquid occupies all voids present in this
dense packing, allowing the determination of the local liquid to solid
ratio by the packing density of the powder bed. Knowing the local liquid
to solid ratio as well as the powder bed composition and the formulation
of the liquid, the Si/Al and Na/Al ratios in the resulting geopolymer can
be determined. The new proposed mix design strategy uses this the other
way round: knowing the composition and the packing of the powder
bed, the composition of the liquid can be adapted to obtain desired Si/Al
and Na/Al ratios in the resulting geopolymer.
Nevertheless, the printed material is characterized by a poorer me
chanical response than the corresponding casted material, due to the
high porosity. The macro porosity in the printed part can be controlled
by the printing parameters. The strength of parts increases with
increasing powder bed saturation but, once reached the critical value,
the precision decreases. Until this point, the strength can be modelled
with a Balshin equation taking into account the casted strength and the
macro porosity of the printed material. Further research should be
performed to analyse the void distribution and its influence on the
mechanical performance of 3D printed geopolymer.This new mix design
strategy allows us to potentially replace the metakaolin and the sand
easily by more environmentally friendly alternative, possibly recycled or
waste materials such as slag, fly ash, or brick waste for the aluminosil
icate and gneiss quarry or concrete waste for the solid particles. As a
result, it is possible to combine a material efficient manufacturing pro
cess with a low carbon footprint material.
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granulaires à la table à secousses," Laboratoire Central des Ponts et Chaussée–IST
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