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ARTICLE INFO ABSTRACT

Keywords: Additive manufacturing of geopolymers is an innovative technology for research and develop-
Extrudability ment This work highlights effect of different metakaolin of mixtures reactivity on geopolymer
Shaping extrudability. Extrudability tests were carried out on geopolymer pastes from different meta-
Metakaolin ternary kaolin ternaries diagrams using two alkaline (potassium silicates K and sodium silicate KNa)
Mixture

solutions. Extrudable areas were delimited. To understand the differences, the reactivity of the
different metakaolin mixtures was evaluated. The results showed that for the extrudable areas,
the zeta potential values of the metakaolin mixtures ranged from —50 to —60 mV with K solution
and were around —60 mV with the change of solution (KNa). Moreover, the extrudable area
corresponds to an energy of oligomer formation (determined by thermal analysis) determined
between 1.67 and 1.85 kJ mol ™! with metakaolin ternary diagram M1-MI-M5 and 1.58 and 1.76
kJ mol ! for metakaolin ternary diagram M1-M2-M5. Whatever the alkaline solution used, the
alkaline cation concentration of the extrudable domains is greater than or equal to 2.80 mol. L™},
Mechanical strengths increase around 10 % from solution K to KNa. All these results are
confirmed by using other aluminosilicate sources, such as argillite (clay calcined at 650 °C) and
mixture of several clays (A65030-M17o and A65059-M15).

Oligomers energy formation
Zeta potential

1. Introduction

Geopolymers are inorganic materials synthesized through the reaction of an aluminosilicate with an alkaline solution [1]. Among
the aluminosilicate sources, metakaolin is the most reactive once in contact with the alkaline solution. The kinetics of the geo-
polymerisation reaction (dissolution of metakaolin by release of silicate and aluminate species, formation of oligomers by attack of Al
species by alkaline solution silicates and polycondensation of oligomers) [2], can evolve according to the reactivity of the metakaolins.
These behaviors control geopolymers properties in their fresh or consolidated state. Many works [3-5] were carried out on the impact
of the reactivity of metakaolins in geopolymerisation reactions and highlighted that the most reactive metakaolins were characterized
by good deshydroxylation, fast oligomer formation of the same nature, associated with low formation energies, leading to the for-
mation of a homogeneous geopolymer network. In their fresh state, geopolymer pastes properties such as flowability or shaping linked
to the reactivity of raw materials give them the possibility to be shaped by extrusion in additive manufacturing.

Additive manufacturing (3D printing) by extrusion is more popular in the construction industry [6]. The additive manufacture
pastes involve a number of requirements linked mainly to the control of some properties in the fresh state, such as shape retention,
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optimisation of the open time (minimum time between two printed coats) and the stability of the mechanical properties of the extruded
parts after setting [6,7]. These properties are governed by the reactivity of powder and the suspension.

Concerning geopolymers, several raw materials were used for 3D printing such as fly ash (FA), ground granulated blast furnace slag
(GGBFS), silica fume (SF) [8-11], FA-GGBFS [12-15], FA-limestone [16], 100 % FA [17]. Furthermore, activators commonly used are
combinations based on sodium or potassium silicate solutions [15,18,19]. Few authors have investigated the additive manufacturing
of metakaolin-based geopolymer pastes [20-23]. Scanferla et al. [20] have evidenced the efficiency of pure geopolymer ink printing
with the incorporation of ground geopolymer, which increased the yield strength and speeded up recovery after extrusion. Archez et al.
[21,24] highlighted that 3D printing of geopolymers is possible without organics additives and with only mineral compounds by
realizing a hollow cylinder (¢ = 35 cm, e = 1,5 cm, H = 50 cm) at % scale. The stacking layers exhibited a good adhesion between them
enabling the successful printing of hollow cylinders with flexural strengths of 15 MPa. Moreover, Zhong et al. [22] have shown that the
presence of graphene oxide in geopolymer aqueous mixture dramatically changes its rheological properties, enabling the 3D printing
of structures with compressive strengths over of 30 MPa and electrical conductivities of 10% S/m. According to Souza et al. [23] works,
the 3D printing of metakaolin-based geopolymer pastes can be carried out, using a pre-heating system coupled to the printing nozzle,
which makes it easy to pump very fluid mixtures. All these works evidenced that some parameters such as setting time, viscosity should
be controlled. No data concerning extrudability of metakaolin mixtures has been investigated with this process. In previous works, the
reactivity of different metakaolin mixtures and their impact on geopolymer properties has been evaluated [25,26]. The results revealed
that the reactivity of metakaolins was linked to high amorphous and wettability values, as well as high zeta potential values (absolute
value). These different characteristics of the metakaolins led to fast oligomer formation, and favored the formation of homogeneous
geopolymer networks, whereas the less reactive metakaolins induced slow oligomer formation due to the presence of impurities, which
led to the formation of different networks. However, the mechanical properties were not influenced by these characteristics but,
working properties such additive manufacturing could depend on these different metakaolin characteristics.

The aim of this work was to investigate the feasibility of additive manufacturing of several formulations based on ternaries dia-
grams of metakaolins with different silicate alkaline solutions and without inorganic additive. In order to understand the extrudability
of geopolymer pastes, zeta potential measurements were carried out on metakaolin mixtures, and the geopolymerisation reactions of
the pastes were followed in situ by infrared spectroscopy (FTIR) measurements and thermal analysis. Finally, the mechanical strengths
of the consolidated materials were investigated.

2. Experimental part

2.1. Raw materials and sample preparation

Raw materials used are grouped in Table 1. The aluminosilicate source used is made of mixtures of different metakaolins M1, M2
(supplied by Imerys), M5 (supplied by Argeco), a kaolin KI (Imerys) and argillite calcined at 650 °C (A650). Kaolin KI was calcined at
750 °C for 1h30 min in a rotary furnace to obtain metakaolin labelled MI [5]. As alkali activators, two commercial silicate solutions
were used: K potassium silicate solution ([K] = 5.0 mol. L~1) and KNa potassium and sodium silicate solution ([K + Na] = 6.4 mol LY
both provided by Woellner. The aluminosilicate source consisted on a mixture of M1 and M5 with MI or M2, based on the same %
molar of aluminium (Fig. 1) as described in previous work [25]. The samples studied within the ternaries are denoted by the letters. For
example, A; and A’; for K and KNa solutions used respectively (Fig. 1).

2.2. Methods of characterization

The determination of wettability consisted of the gradual application of drops of water, using a micropipette set on 10 pl/drop, on 1
g of powder until it is completely wetted.

The extrudability behaviour was evaluated from qualitative tests. The experiments were carried-out extruding the geopolymer
paste manually using a 30 em® plastic syringe (BD Plastik) with a tip diameter of 2.0 mm on Teflon supports. The investigation
consisted on observations and pictures taken during or right after the extrusion. If the paste is easily extrudable, does not flow after the
release of the pressure, namely dripping from the tip or having to dissipate the pressure that built to be extruded, and retains its shape
once deposed, it can be considered extrudable. Otherwise, if the pressure is too high or too low, i. e having a fluid or a highly elastic
behaviour or being already consolidated, if after the extrusion the paste continues to drip from the nozzle or if once deposed on the
substrate tends to lose its geometry, then it is not considered extrudable.

Raman spectroscopy was carried out on a T64000 Horiba-Jobin-Yvon spectrometer with a laser excitation of 514 nm operating at
30 mW. The backscattering mode was used with a long-distance objective (50x) and a triple diffraction grating (1800 lines/mm) to

Table 1

Nomenclature and composition of the different aluminosilicates sources.
Aluminosilicate source Supplier Weight composition (%) Heating process

SiOy Al,03

M5 ARGECO 59.9 35.3 Flash
M1 IMERYS 55.0 40.0 Rotary furnace
M2 55.0 39.0 Flash
MI 54.0 46.0 Rotary furnace
A650 ANDRA 57.1 15.7 Rotary furnace
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Fig. 1. (W) Extrudability and ([]) non-extrudability existence domains and zeta potential values ( + 5 mV) at pH = 11 of the ternaries (A) K/M1-M5-MI/M2, (B) KNa/M1-

M5-MI/M2.

collect the scattered light. The spectral range was 200-1400 cm ™! with an accumulation exposure time (60) of 15 s. The spectra were
corrected by baseline subtraction, modelled on a 5° polynomial curve, and then decomposed with Wire software. The areas of the

different contributions were calculated using Wire software.

Zeta potential is the electric potential developed at the shear plane of a particle dispersed in a liquid medium. The evolution of the
zeta potential was monitored as a function of the pH values. First, a suspension of 0.25 g of the sample was dispersed in 25 mL of

Table 2

Examples of different geopolymer pastes (Ey) extrudable, (N. Ex) non-extrudable.

Ternaries

MI-M1-M5

M1-M2-M5

Solutions

KNa
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distilled water by using a sonotrode for 90 s with 3 s intermittence. Then, the measurement of zeta potential was carried out with a
Colloid Metrix Stabino II zetameter (Meerbusch, Germany). The pH values were modified using (1 M) solutions of K and KNa by adding
a 15 pL volume of solution every 20 s.

Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) were performed on an SDTQ600 apparatus from TA
Instruments in an atmosphere of dry flowing air (100 mL/min) in platinum crucibles. The signals were measured with Pt/Pt-10 %Rh
thermocouples. Thermal analysis was conducted during the formation of the consolidated materials using a thermal cycle previously
established by Autef et al. [27]. The fresh reactive mixtures were maintained at 70 °C for 2 h. Analysis of the heat flux and its derivative
allowed for the identification of all the samples properties and the delineation of four zones during the consolidation that could be
attributed to the different stages of the geopolymerization process.

Infrared spectroscopy measurements were performed on a ThermoFisher Scientific Nicolet 380 in ATR (Attenuated Total Reflec-
tance) mode. Acquisitions were made between 4000 and 500 cm™! every 10 min for 12 h with 64 scans with a resolution of 4 cm ™.
OMNIC software (Nicolet Instrument) was used to acquire and process the data. The evolution of Si-O-Si (Q2) bonds within the
material is described by the superposition of the 72 spectra obtained. Thus, it is possible to plot the evolution of the Si-O-M band
position (M = Si or Al), translating the substitution of Si-O-Si bonds by Si-O-Al bonds in the geopolymer matrix [28].

Uniaxial compression tests were performed on cylindrical samples with an aspect ratio of 2 (@ = 15 mm, h = 30 mm) after 7 days at
room temperature. Instron 5969 with a load cell of 50 kN and a crosshead speed of 0.5 mm/min was used. The maximum compression
strength oy Was calculated by the means of seven samples for each composition and each temperature of treatment.

3. Results

3.1. Extrudability existence domains of several metakaolin mixtures

Extrusion tests were conducted with blends of metakaolins MI, M1, M2 and/or M5 and with two different silicate solutions K and
KNa leading to four different geopolymer systems and the realization of four ternary diagrams based on aluminium moles percentages.
Table 2 shows examples of extruded pastes with different aspects for the 4 ternaries. The criteria for which slurries are considered
extrudable or not are based on observation of their behaviour during extrusion with the use of a plastic syringe (nozzle diameter of 2.0
mm) on a Teflon support. Fig. 1 shows the ternary diagrams resulting from the extrudability tests. Fig. 1 A-B shows the extrudability
diagram of the geopolymer pastes produced with powders blends of MI, M1, M5 and M2 metakaolins. As shown, pastes produced with
only one metakaolin were too fluid, and consequently non extrudable.

3.1.1. Ternary K/M1-MI-M5

The blend of M1 and M5 lead to enhanced extrudability until 80 % M5, while binary mixtures MI, M1 containing greater than 50%
MI were not extrudable because the addition of a high proportion of MI induces shear thickening behaviour, making the paste difficult
or impossible to extrude due to increasing resistance to the pressure applied.

Mixtures with the blend of MI and M5 are difficult to extrude, because they behave more like an elastic fluid resulting in a pressure
build-up during extrusion and not allowing a homogeneous flow. The resulting pastes having a good extrudability for this first ternary
diagram are B1 and as well as all points between F and D1. The formulations which define the limit of the zone of extrudability for the
solution K and powder blends of MI, M1 and/or M5 are D1 and Al.

3.1.2. Ternary K/M1-M2-M5

Replacing MI with M2 metakaolin leads to different behaviours. First, M2 appears as an agglomerate powder, which makes the
blending with either M1 and/or M5 difficult. In fact, it is easy to find, especially in blends made with M2 and M5, agglomerates of M2
coated with M5 powder. This has been observed to be a problem during the synthesis and the extrusion of some pastes. Second, at high
content of M2, namely over 50 % mol, the paste produced has been observed to have a shear-thickening behaviour, which makes it
difficult to mix and impossible to extrude, due to the increasing force in opposition to the extrusion pressure applied. Therefore, for a
quantity of M2 below 50% mol, the obtained geopolymer pastes are observed to be more fluid than those produced with MI.
Consequently, it is impossible to extrude pastes with mixtures of M2 and M5.

Mixtures of M2 and M1 (up to 50 %) have produced extrudable pastes. The formulations which are successfully extruded are
limited by D2 and B2 points in KM1-M2-M5 ternary diagram. Their extrudability can be explained with the quick reaction rates of M1,
which have already been observed [29].

3.1.3. Ternary KNa/M1-MI-M5

Unlike with K solution, pastes made with KNa solution resulted with a higher elastic behaviour and were generally more difficult to
either mix or extrude (impossible; it is the case of E' and A'1 points). However, for proportions of less than 80% of M5 metakaolin in the
mixtures, this phenomenon leads better extrudability with higher tendency to retain the shape after the extrusion and to not drip from
the tip of the syringe without any force applied. M1 metakaolins and their blends emerged printable, likely due to the higher tendency
of KNa solution to form elastic pastes. A high amount of MI tends to modify the pastes behaviour into shear-thickening, as seen for K
solution. Blends made with MI and M5 yielded slurries that are non-extrudable, even when applying a limited quantity of MI meta-
kaolin. On the other hand, blending MI with M1 seems to improve the extrudability, inducing the applicable amount of MI to the 55 %.
Based on the KNa solution, extrudable pastes were made with MI, M1 and M5 metakaolins are M1, M5 and just above D2 point, which
define the limits of extrudability for this ternary.
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3.1.4. Ternary KNa/M1-M2-M5

The use of M2 with M1 and M5 on the KNa solution changes the behaviour of the pastes, as mentioned for K solution. In this case,
pastes made only of M2 and mixtures M2-M5 can be not extruded from the syringe due to the strong elastic behaviour, which hinder
the extrudability. However, decreasing its amount means decreasing the elastic behaviour favouring the fluidity making the pastes
extrudable, with a well-defined extrudability zone including M1, M2, M5 and M1 at 50% (D'2). These pastes are the limit of the
extrudability for the M1, and M2 metakaolins blend pastes based on KNa pastes.

To understand the extrudability of geopolymer pastes, the reactivity of the metakaolins corresponding to some formulations
(extrudable or not) was evaluated by zeta potential measurements. Thus, the extrudable samples in ternaries with the K solution
corresponds to metakaolin zeta potential values between —50 and —60 mV, while for the extrudable sample with KNa solution, the
values are of the order of —60 mV. It is clear that the extrudability of geopolymer pastes requires the presence of a certain amount of
reactive metakaolin species in solution in relation with zeta potential.

In order to understand the extrusion capacity of the blends, the reactivity of the precursors was highlighted by Raman spectroscopy
measurements, especially on alkali silicate solutions, and zeta potential measurements for the metakaolins and blends. The difference
in the zones of extrudability between the two solutions can be linked to the solutions reactivity. The obtained Raman spectra for the
two silicate solutions in the range 200-1400 cm ™! are reported in Fig. 2. The silicon species can be found at 832, 924 and 1046 cm™!
attributed to QO, Q2 and Q3, respectively, located on the same shifts for both solutions. Q4 species, generally located at 1130 em™? [30,
31], are not observed. The TO/LO modes at 780 cm™!, the M-O" bonds at 325 cm™! and the contribution attributed to the Vsi-0
monomer situated at 645 cm ™~ are noted to be weak [32,33]. The bands corresponding to the tetrahedral rings Rs, R4 and Rs are found
at 598, 480 and 440 cm ™', while the Si-O-Si chains Cs6,7 at 545 em™L Comparing the two curves, the predominance of Q% and Q?Si
species on KNa solution is visible and their presence is greater than those in K solution. Therefore, it is useful to evaluate the reactivity
of a solution by comparison between the concentrations of the rings divided by that of the chains, as the ratio: log ((R3 + R4 + R5)/Cs 6,
7). As already stated in literature [32], solutions with high log (rings/chains) ratio are noted to be highly reactive. In this case, K
solution displays a ratio value of 0.68, while KNa solution of 0.72. Although the molar ratio between Si and alkali in both solutions is
0.8, the overall total concentration of alkali is different. In fact, while the concentration of alkali in K solution is [K] = 5.0 mol. L™}, for
the KNa solution it is [K 4+ Na] = 6.4 mol. L~L. This means that there are more free alkali ions that participate to the reaction with the
free Al and Si in system. A precedent study [34] on the reaction behaviours of geopolymers highlighted that the use of a silicate
solution with a greater alkali concentration leads to quicker reactions. Moreover, Na-based geopolymers are noted to have reaction
rates effectively quicker than K-based. These findings are in accordance with the observations carried out during the extrudability test,
where the KNa solution was effectively noted be more reactive compared to K solution. Thus, a reactive alkaline silicate solution
improves extrudability.

3.2. Mechanical properties

The compressive strength curves for some samples are shown in Fig. 3 and correspond to solutions K and KNa respectively. Table 3
shows the compressive strength values. Whatever the sample, the curves obtained show a linear variation characteristic of the elastic
regime, followed by a slight plastic deformation and brittle failure [35]. The features of the KM1-MI-M5 based samples (Al, E, F) are
similar and higher than the samples based on KM1-M2-M5 (A2). This behaviour can be attributed to the reactivity of the used solution
in relation with the metakaolin. In fact, the same values obtained (around 65 MPa) are due to alkaline solution used [26]. The dif-
ferences between the samples based on M2 or MI can be explained by the different reactivity of metakaolins mixtures. In presence of
M2 metakaolin, there is a competition between the more reactive and less reactive metakaolins (M1 or M5) involving the oligomers
formation. In fact, the presence of the alkaline solution induces a fast release of Al species from M2, which, delaying the release the
aluminous species issued from M1 or M5. Consequently, the formation of several networks are responsible of mechanical properties
loss. The change of solution increases the value of compressive strength (70, 80 and 90 MPa for F, A'1 and E' respectively) linked to the
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Fig. 2. Raman spectra (+4 cm™!) of the two solutions: (—) K and (—) KNa.
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Fig. 3. Compressive stress value (( + 5 MPa) as a function of deformation ( + 0.001 %) for (a) (K) formulations and (b) (KNa) geopolymers formulations.

Table 3
Values of compressive strength for several samples of the four different ternaries diagrams, (Italic)extrudable points, (Bold) non-extrudable points.
Solutions Ternaries Samples Compressive strength
+3/(MPa)
K M1-MI-M5 Al 58
E 65
F 60
M1-M2-M5 A2 47
D2 46
KNa M1-MI-M5 E 90
F 70
Al 80
M1-M2-M5 A2 70
D2 70

alkaline solution used. Moreover, the increase of the compressive strength of F’ (from 60 to 70 MPa) could be explained by the fact that
geopolymers based on metakaolin M1 and sodium silicate solution lead to higher performance than potassium silicate solutions [36].
The use of an alkaline reactive solution induces an increase in mechanical properties for metakaolin M1-based geopolymer [37].
Moreover, the differences observed, between E, F, and Al are due to the impurities such as quartz. In previous works [29], it was
demonstrated that using a sodium silicate solution with M1 increase the mechanical properties due to the high chemical binding
affinity of Al species release with the Na cation. All these data underline the role of the reactivity of the alkaline silicate solution.

3.3. Some characteristics of selected formulations

In order to understand the differences in the ternaries, some formulations were selected. Data of the energy of oligomer formation
and FTIR infrared spectroscopy are reported in Table 4 and supplementary file.

Fig. 4 shows the zeta potential data for metakaolins as a function of extrudability (1 = extrudable; 0.5 = non-extrudable) for the
different M1-MI-M5 (Fig. 4A) and M1-M2-M5 (Fig. 4B) ternaries. Regardless of the mixture, extrudability limit values can be estab-
lished for the different ternaries. These values are —50 and —60 mV for MI and M2-based ternaries respectively. These two limit values
can be correlated with the reactivity of the solutions. KNa being more reactive, which results in a faster release of aluminous species
compared to K solution. The non-extrudable formulations on the M1-MI-M5 ternary are those containing too much of M5 and MI
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Table 4
Values of slope and oligomers energy of geopolymers samples; (Italic)extrudable points, (Bold) non-extrudable points.
Alkaline solutions Ternaries Samples Slope Oligomers formation
40.002 (cm™'/min) +0.02 (KJ/mol)

K M1-MI-M5 Al 0.019 1.79
B1 0.015 1.71
C1 0.025 1.86
D1 0.019 1.76
E 0.04 2.05
F 0.026 1.8

M1-M2-M5 A2 0.018 1.52

B2 0.02 1.6
Cc2 0.02 1.28
D2 0.03 1.76

KNa M1-MI-M5 Al 0.027 1.99
B’1 0.016 1.67
Cc1
D’1 0.017 1.84
E’ 0.028 2.1
F 0.013 1.79

M1-M2-M5 A2 0.02 1.15

B’2 0.016 1.65
c’2 0.025 1.16
D2 0.023 1.58

metakaolins due either to high water demand (due to MI metakaolin) or to the presence of impurities in the metakaolin (M5). The same
observations are notable with M1-M2-M5 formulations with a higher quantity of M2. These zeta potential values highlight the
quantities of reactive metakaolin species present in solution and therefore available to participate in polycondensation reactions.
Consequently, the zeta potential values allow to determine the extrudability domain.

The oligomers formation energies were obtained by thermal analysis. In this work, the description of the thermal analysis curves
refers to our previous work [26], which the curves and associated phenomena have been described. However, these curves can be
found in the supplementary file All the values corresponding to the selected point are reported in Table 4. All the formulations of
K/M1-MI-M5 ternary display values ranging from 1.71 to 1.86 kJ mol ™! except the for E point (2.05 kJ mol™1). These values are related
to the several networks due to the release of Al partially inhibited in relation with the impurities presents in the metakaolin mixtures
[26]. The higher value of E sample is due to the presence of more impurities, which inhibit the Al release. The change of solution
induces the same behaviour. As example of E' and B'1 sample with 2.1 and 1.67 kJ mol ! respectively. The replacement of MI by M2
which is more reactive involves lower oligomer energies values due to the fast release of Al species (M2) only the D2 and B2 points
remain extrudables due to the M1 presence (50 %). In presence of KNa solution, the extrudability zone becomes slightly larger than in
the case of K due to the reactivity of KNa solution, however the D'2 point remains the extrudability limit with 1.58 kJ mol~!. Thus, a
range of geopolymer paste extrudability can be defined as a function of the oligomer energies and the different metakaolin ternaries. In
fact, for the M1-MI-MS5 ternary, the oligomers formation energy in the extrudable domain are ranging from 1.67 to 1.85 kJ mol .. For
the M1-M2-MS5, ternary, the oligomer formation energy of extrudable domain are ranging from 1.58 to 1.76 kJ mol~!. The deter-
mination of oligomers energies formation could permit to predict also the extrudability of several mixtures.

In order to complete these analysis, in situ Infrared spectroscopy measurements were investigated, and the deduced slope were
reported in Table 4. A higher slope value is characteristic of low formation of oligomers. Unlike, a low slope characterizes the fast
formation of oligomers. In the K/M1-MI-M5 ternary, all extrudable points display a slope value are ranging from 0.01 to 0.026 cm ™'/
min. The non-extrudable point E shows a slope of 0.04 cm™'/min. The change of solution leads to the same behaviour. Indeed, the
point E' is not extrudable with 0.028 cm~!/min, whereas the extrudable point such B'1 displays a slope of 0.016 cm™~!/min. Using M2
metakaolin also lead to the same conclusion (0.02 and 0.016 cm™'/min for B2 and B'2 respectively). The determination of the slope
value is also a method to evaluate the extrudability. All these different characteristics of metakaolin mixtures and geopolymer pastes
show the existence of correlation between the extrudability of geopolymer pastes and raw materials reactivity.

4. Discussion

The knowledge of metakaolins characteristics such as zeta potential and the reactivity of silicate alkaline solution, is indispensable
to understand the reactive mixture and especially the oligomers formation. In order to select a final mixture, all the previous data were
plotted as a function of the alkali concentration [M] of the mixture in Fig. 5. The energies of oligomer formation (Fig. 5-A) the slopes of
the geopolymers (Fig. 5-B) and the metakaolin mixtures zeta potential (Fig. 5-C), show two distinct areas as a function of the alkaline
cation concentration. An area of extrudable points for alkali [M] > 2.80 mol L~! and another for [M] < 2.80 mol L™} corresponding to
the non-extrudable points area. These different observations could enable to establish an extrudability model linked mainly to the
energies of oligomer formation, the slopes, the zeta potential values of the metakaolins and the alkaline cation concentration in the
reaction mixtures. The validation of this model will require tests to be carried out with other aluminosilicate sources. Finally,
extrudability tests were carried out with mixtures of calcined argillite (A650) [38] and M1 metakaolin (A6503p-M179 and
A65050-M150), and also the reactivity of the mixtures was evaluated. The results of extrusion tests are reported in Table 5. These results
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reveal that the use of K solution favors the extrudability of the two samples with alkali cation concentrations of 2.89 and 2.85 mol. L™
for A65030-M17¢ (Agsp) and A650s50-M15g (Agso) respectively. However, this is not the case with the change of solution (KNa). As
expected, the samples KNa/A65059-M159 and KNa/A6503p-M17 are neither extrudable nor castable due to the high reactivity of the
KNa solution and of other components in the argillite [38] which induce fast setting of the geopolymer.

The metakaolins samples mixtures characteristics showed zeta potential values of around —50 mV for both mixtures regardless the
alkaline solutions used. The argillite alone showed a zeta potential value —25 mV. The extrudable samples showed oligomer formation
energies equal to 1.74 and 1.83 kJ mol ™! for K/A65030-M1, and K/A65050-M1sg respectively. In addition to that, the slope values
obtained by FTIR spectroscopy are 0.017 and 0.022 cm! for K/A65039-M17¢ and K/A65050-M15, respectively. These latest results
confirm the results obtained in this work makes it possible to establish a model according to which the extrudability of geopolymer
pastes is linked to metakaolin zeta potential values ranged between —50 and -60 mV, energies of oligomer formation ranging from 1.58
to 1.85 kJ mol !, slope values ranging from 0.010 to 0.026 cm™!/min and an alkali [M] > 2.80 mol. L™\. Finally, all these data enable
us to establish an extrudability model for metakaolin-based geopolymer pastes as a function of the reactivity of the raw materials used.

5. Conclusion

This study was carried out to understand the additive manufacturing by extrusion of geopolymer pastes in relation with the
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Table 5
Extrudability tests for samples A65030-M17¢ and A65050-M15o with K and KNa solutions.
Samples A65030-M17¢ A65050-M15¢
|5
K
KNa

reactivity of raw materials. Extrudability tests were carried out on different metakaolin blends obtained on the basis of two ternaries
composed of MI, M1, M2, and M5 metakaolins using two alkali silicate solutions (K and KNa). Extrudability areas were delimited
within the different ternaries K/KNa (M1-MI/M2-M5) as well as the energy of oligomer formation. The results highlight that.
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the

The use of K solution, results in zeta potential values are ranging from —50 to —60 mV and with KNa solution leads to zeta potential
values around of —60 mV.

The concentration of alkaline cations in the extrudable area is > 2.80 mol. L1 whatever the alkaline solution used. The corre-
sponding oligomer formation energies determined from thermal analysis are comprise between 1.67 to 1.85 and 1.58 to 1.76 kJ
mol ! for the metakaolin mixture in M1-MI-M5 and M1-M2-MS5, respectively. In the same way, the kinetic of oligomer formation
ranged between 0.010 and 0.026 cm™!/min for the extrudable zone.

Mechanical strength was around 60 MPa with K solution and increase by around 10 % with KNa.

Finally, it has established that the extrudability domains are related to the different metakaolin mixture reactivity in relation with
alkali cation concentration. These new data were confirmed by other aluminosilicate sources.
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