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Abstract

This work aims to adapt a formulation of a geopolymer composite to elaborate complex
shapes. Here a hollow cylinder is chosen to investigate different possible solutions: building
process according to the formulation. To this end, different content of metakaolin, wollastonite,
and glass fibers was used to identify the feasibility of shaping of the geopolymer composites.
Hollow cylinder shape was elaborated from different formulations by casting and additive
manufacturing (robocasting or Direct Ink Writing) regarding their feasibility. The mechanical
properties of the formulations were then analyzed with thermal analysis, compressive and
flexural tests, and compared with their way of shaping. The results showed that the viscosity
can be mainly controlled by the wollastonite content. The formulations adapted to the
robocasting present an optimal mechanical resistance due to a higher amount of reinforcement
elements. A formulation that can be cast and robocast has been obtained and presents a

compressive strength of 89 MPa and bending strength of 15 MPa. Thus, here some keys are
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given to design a formulation of geopolymer composite adapted to a shaping process by

modifying the metakaolin, wollastonite, and glass fiber content.
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I. INTRODUCTION

Cigéo is the radioactive waste disposal facility project led by the French National
Radioactive Waste Management Agency (Andra). This deep geological disposal designed for
long term management of the high and intermediate-level radioactive waste will be built in the
east of the Parisian basin (France). The high-level radioactive waste cell concept is based on a
steal liner inserted in a tunnel dug in geological medium, and whose primary function is
mechanical to ensure safety, security, and retrievability during the operating phase. The use of
geopolymers reinforced with inorganic elements could be an innovative solution for the liner
to reduce metallic use in the project and meet the mechanical specifications.

Geopolymers are inorganic materials synthesized by dissolving an aluminosilicate source
in a silicate alkaline solution [1, 2]. The reactive mixture obtained is under a viscous liquid form
until a fast setting phase. The setting time is depending on the formulation of the geopolymer
(as a function of the alkaline solution [3, 4], the aluminosilicate source [5, 6] or the use of
additives [7, 8, 9]). The setting is achieved at room temperature by polycondensation and
geopolymerization reactions. Geopolymer materials present a wide range of mechanical
properties: compressive strength between 10 to 110 MPa and bending strength from 3 to 17
MPa depending on the formulation or reinforcements [10]. Geopolymers also exhibit high
temperature resistance and chemical durability (acids) [11]. By-products can also be used as an
aluminosilicate source [12, 13, 14]. As an example, argillite from the Callovo-Oxfordian layer
(taken from the French underground level laboratory at Bure site) was used to make a grout
[15, 16]. In the literature, inorganic reinforcements such as basalt fibers [17, 18], glass fibers
[19, 20], or wollastonite needles [21, 22] have been used with geopolymers or alkali-activated
materials to reinforce the material and improve its ductility through controlled microcracking.
The influence of wollastonite and glass fibers on geopolymerization reaction, viscosity, and

mechanical properties of geopolymer composite have been studied previously to formulate



geopolymer composites [23]. To shape these composites, a common process is to cast materials
in molds [24, 25]. Other processes can also be used such as mold pressing [26, 27, 28] or
injection [29, 30]. Low viscosity reactive mixture can also be sprayed as droplets using a spray
gun [31, 32]. Using this “spray technique”, hollow cylinders have been produced with a low
viscosity geopolymer onto a rotating cylindrical mold [33]. The addition of reinforcement leads
to an increase in viscosity and consequently reduces the flowability of the material and its
workability. In the presence of short or micrometric fibers, the decrease in flowability has been
observed by Alomayri [34] and a maximum rate of 2 % of fiber by volume was emitted.
Moreover, Soliman et al. [35] observed a decrease of the concrete flowability up to 12 % with
the addition of 17 %w of wollastonite due to the interlocking of wollastonite needles. Vickers
et al. [36] also observed a 53 % decrease in flowability with the addition of 13 %w of
wollastonite.

High viscosity reactive mixtures can be shaped using other techniques such as extrusion or
additive manufacturing with a robocasting (or Direct Ink Writing) process [3]. In these cases,
the rheological properties of the reactive mixture must be controlled to allow a pumpability, a
printability, and a buildability of the material with an adapted setting time [37, 38]. The
robocasting process has been used in the literature with alkali-activated composites [39] or with
the addition of organic adjuvant such as poly(ethylenglycole) PEG or poly(acylic acid) PAA in
geopolymers [40]. The authors studied the rheology of the geopolymers and shown that
geopolymers could behave like Bingham fluid with a yield stress and a fast viscosity recovery
after shear stress significant of a high shape retention after extrusion. This behavior makes
geopolymer suitable to be used in additive manufacturing. The rheology is then commonly used
to verify the extrudability of the composition in presence of several additives (plasticizers,
adjuvants ...)[40, 41, 42]. The use of organic adjuvants to adapt the rheology is prohibited for

our specific application. Another approach has here been chosen: without the rheology, but by



studying the formulation (metakaolin, wollastonite, glass fibers) as a function of the way of
shaping.

Some authors have already compared the difference in the mechanical behavior of the same
composition produced by casting or robocasting with concrete [43, 44] or alkali-activated [45,
39]. An increase in bending mechanical resistance in the order of 14 % was observed in
robocasting compared to the casting process due to the orientation of the fibers perpendicular
to the stress. These data must be linked to the manufacturing process. However, the presence
of fibers during extrusion [19, 46], or the use of unsuitable parameters (extrusion speed and
pressure, nozzle height) may cause the formation of voids [47], reduces the adhesion of the
layers [49, 48] and therefore decrease the mechanical properties. To our knowledge, there is no
use of a same geopolymer formulation that can be shaped by casting and robocasting or no
studies allowing to adapt a formulation to different shaping processes without the use of organic
adjuvants.

This work aims to determine a range of formulation adaptable to different shaping. For this,
the feasibility of shaping of different geopolymer composite formulation was studied by
varying the amount of metakaolin, wollastonite, and glass fibers. The geopolymer composites
were then shaped by casting and robocasting and the properties of the formulations were

compared to their feasibility of shaping.

II. EXPERIMENTAL

1. Raw materials and samples preparation

To elaborate on the geopolymer composites, the reactive mixture is obtained by dissolving
a commercial metakaolin provided by Imerys called M1 (Si/Al = 1.17) in a commercial
potassium silicate solution supplied by Woellner called S3 ([K] = 7 mol/L). After
homogenization (3 minutes), inorganic reinforcement elements such as wollastonite and short

glass fibers were added and the total mixing time was ten minutes. The wollastonite is acicular



particles (L. =5-170 um, D. = 3-15 um) provided by Imerys, and glass fibers are alkali resistant
(L. =6 mm, D. = 13-15 um) supplied by Owens Corning.

The nomenclature used is MxWyG;, where M, W, and G stand for the Metakaolin, the
Wollastonite and the Glass fibers respectively, whereas x refers to the quantity of metakaolin
in grams added in 15,6 g of alkaline solution S3 and vy, z represent the weight percentage of
wollastonite and glass fibers respectively, relative to the mass of the binder (S3 + M1). As an
example, for 15,6 g of solution S3, 16 g of metakaolin M1, 3.16 g of wollastonite W, and 0.63
g of glass fibers G, the composite will be referenced as M1sW10G2. The wollastonite and the
glass fibers were added in two geopolymer binders (M1s and M1o) that had, respectively, a ratio
nsi/narequal to 1,55 and 1,49 and a ratio nk/nH20 equal to 0,141.

2. Process of fabrication
The reactive mixture is cast in a closed mold or used by additive manufacturing (Figure 1).

The casting is realized by pouring the reactive mixture in cylindrical mold (® = 15 mm, H = 30
mm, e= 10 mm) (Figure 1-a). The mold is then placed on a vibrating table (50 Hz) for five
minutes. The cylinder was unmolded when the reactive mixture started to present a mechanical
resistance (around 12 h). The central part is first removed then the piece is extracted using a
piston.

The additive manufactured samples are elaborated by robocasting with a 3D Potterbot printer
and the printing path (gcode) is coded with Rhinoceros/Grasshopper software (Figure 1-b). To
print on a large scale, the reactive mixture is extruded through a large nozzle of 10 mm. The
flow is set up manually during the printing to maintain a layer width of 10 mm with a nozzle
speed of 3 mm/s. A layer height of 6,5 mm is used to press and deform the new layer on the
underneath layer and to ensure a better contact area and interface between the layers [49, 50].
The temperature could have been adapted for the process, however, a temperature had to be

optimized for each formulation [51]. In order to compare the formulations, the process was then



carried out at room temperature. The consolidated material cast or printed is finally stored in a
climatic chamber at 20 °C and 85 % RH with a saline solution of KCI.

3. Sample characterization
The viscosity measurements of the reactive mixture are carried out on a Brookfield DV-1I

viscometer (with an estimated error of 1 %) on 60 cm?® of the reactive mixture in a cylindrical
container twenty minutes after mixing the raw materials. To override the thixotropic effect and
compare the measurements, the average viscosity value is determined over a one-minute
measurement with a spindle LV4 -64. The spindle’s speed is set up according to the viscosity,
with values ranging from 0.1 to 100 rpm. The maximum viscosity value measurable is 6000
Pa-s.

Differential Thermal Analysis (DTA) and Thermogravimetric Analysis (TGA) are carried
out on an SDT Q600 apparatus from TA Instruments, using Pt/Pt - 10 % Rh thermocouples
under a flowing dry-air atmosphere (100 cm®min). The powder samples were stored at 20°C
and 85 % relative humidity, and then heated up in platinum crucibles to 500 °C with a
5 °C.min"! heating slope.

The compressive tests were realized on six cylindrical samples (® = 15 mm, H = 30 mm)
for each composition after seven days of consolidation. The cylindrical samples were rectified
and tested using an Instron 5969, at a constant speed of 0.5 mm.min- with a load cell of 50 kN.

Three-point bending tests were carried out on six prismatic samples (20 x 20 x 100 mm)
with an Instron 6022 apparatus, a span of 60 mm, a constant speed of 5 pm-min™ and a load
cell of 10 kN. The strains have been measured with strain gauges (Model KFGS-5-120-C1-11,
Kyowa Electronic Instruments) centered under the sample, where the strain is maximum. The

Young's modulus is determined by measuring the slope at the origin of the stress/strain curve.



I1l. RESULTS

1. Determination of the feasibility of shaping
The shaping feasibility of reactive mixtures was first studied according to different

metakaolin, wollastonite, and glass fibers content. Different compositions have been observed
visually from the reactive mixture extruded with a syringe (®nozzie = 20 mm / manual pressure).
Pictures of the feasibility tests for four compositions MxWy (with x = 10, 14, 16, 19 g) are
presented in the Table 1. Whatever the formulation, the same behaviour is observed: the
viscosity of the reactive mixture increases with the addition of wollastonite. The formulation
M1oWy is not very viscous for “y” less than 53 %w (ni < 3900 Pa:-s) and flows after being
extruded. For an “y” value ranging from 53 to 65 %w (3900 < n;i ), the geopolymer retains its
shape after extrusion. For a high mass percentage of wollastonite (y > 65 %w), the material is
too viscous to be extruded with manual pressure. When using a higher amount of metakaolin
(M14Wy, M1sWy et M1gWy), the value of “y” required to reach the extrusion domain decreases

(33 %w, 19 %w, and 8 %w respectively).

Thanks to these tests, the shaping domains have been reported in ternary diagrams in moles
of aluminum (coming from the metakaolin), wollastonite, and glass fibers with M1sW,G; and
M1aWyG; compositions are presented in Figure 2. The moles of aluminum have been chosen
because, as shown in previous studies [23], the aluminum concentration controls the viscosity
and mechanical properties of the geopolymer composite. In order to study the formulations
according to their domain of shaping, eight compositions were selected in the ternary diagrams.
The geopolymer binders (a0: Mis and a0’: Mig) belonging to the casting domain are the
compositions of reference. The addition of wollastonite and glass fibers provides castable
compositions (a: M1sW2G: et a’: M1sWo5G2). Two compositions were selected at the boundary
between the casted and extruded domain (mixed domain) (b: M1sW10G2 et b’: M1gW>G») and

two formulations belong to the extruded domain (c: M1sW21G2 et ¢’: M19W10G2). The addition



of reinforcements allows determining domains of shaping feasibility (casting, extruded, and
non-extruded) reported in the ternary diagrams based on molar percentages of aluminum,
wollastonite, and glass fibers. The shaping domains evolve with the metakaolin content. In
particular, the castable domain decreases with an increase of the metakaolin content (x = 199).
The compositions M1sWyG; (Figure 2-a) have a large castable domain meaning that a large
amount of wollastonite and glass fibers can be added while maintaining the castability of the
composition. On the other hand, the extrusion domain exists only for a large amount of
wollastonite and / or glass fibers. Such amounts also affect the aspect and homogeneity of the
extruded material (texture, cluster of fibers). When the metakaolin amount increases (x = 19 g
Figure 2-b), the binder viscosity increases and the castable domain decreases at the expense of
the extrusion domain. As can be seen, it is possible to determine the castable and extrusion
domains of the geopolymer composites depending on the metakaolin, wollastonite, and glass
fibers amount. The results obtained with the formulations a0’, a’, b’, ¢’ will be used in the

discussion part.

2. Shaping

In order to verify their shaping feasibility, the compositions a0, a, b, ¢ have been cast in
molds and shaped by additive manufacturing to form a hollow cylinder. The photos of the
shaping as well as the viscosity of the compositions are displayed in the Table 2, Some
compositions could be elaborated with a casting process but not with a robocasting process and
vice versa. The geopolymer binder Mys, with lower viscosity (n = 23 Pa-s) could be shaped by
casting and has a smooth surface appearance without cracks. However, the low viscosity of this
composition does not allow a shaping by robocasting since the layers collapse entirely under
the weight of the upper layers. A slight increase in viscosity by the addition of wollastonite and
glass fibers (M1sW2G2, 1 = 148 Pa-s) allows obtaining the same shaping results. For an even

higher viscosity and wollastonite content (composition M1sW10G2, n = 800 Pa-s), the reactive



mixture could be shaped by casting but present defects (air bubbles) related to the high viscosity
of the reactive mixture. This composition can be shaped by robocasting but shows a slight
settlement of the lower layers (sagging ratio (Ncode — hiayers)/Ncode €quals to 33 %). With more
wollastonite, the viscosity is even higher (M1sW-1G2, n > 6000 Pa-s.) and this composition can
only be shaped by robocasting and present a lower settlement (sagging ratio equals to 21 %).
The addition of reinforcement consequently increases the viscosity of the reactive mixture and
modifies the feasibility of shaping. A low viscosity composition is preferable to be used in
casting while a high viscosity composition can be used in additive manufacturing. Some
compositions with intermediate viscosity (M1sW10G2) can be elaborated by casting and
robocasting but are not optimal and show defects. These data confirm the feasibility of shaping
domains observed with a syringe and underline that the choice of shaping must be adapted to
the viscosity of the composition and vice versa. It is important to note that the extrudable
compositions are hardly castable to elaborate complex molds (hard to cast and presence of
bubbles) but could be cast to elaborate compressive and flexural specimens without defects

thanks to the use of a vibrating table.

3. Impact of the formulations on the mechanical properties

First, the results of the thermal analysis and the evaluation of the mechanical properties will
be compared. Data relating to the formulations of the ternary (a: M1sW2Go2, b: M1sW10Gs et C:
M16W>1G») are presented in Figures 3 and 4. The curves of thermal analysis (DTA-TGA) of
compositions a, b and ¢ (Figure 3) display the same trend with different weight loss values. The
weight loss between 25 and 200 °C, associated with the endothermic profile, is characteristic
of the water loss of geopolymers [52] respectively assigned to physisorbed water (25 - 42 ° C),
to poral water (42 and 200 ° C) and structural water (200 - 500 ° C). The castable composition
M1sW>G2 (Figure 3 —a) shows a weight loss value (42 — 500 °C) of 21 % which gradually

decreases to 20 and 17 % for the compositions M1sW10G2 et M16W-1G2 (Figure 3 =bc). This is
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due to the modification of the polycondensation reactions induced by the addition of
wollastonite and glass fibers [6, 23]. The lower mass loss is due to the kinetics of the promoted
polycondensation reactions in the presence of a high wollastonite content. These data underline
that the transition from a casting composition to an extrusion composition induces
modifications of networks formed on a local scale.

The compression and bending stress/strain curves of these same formulations are presented
in Figure 4. The different compositions were poured into cylindrical polystyrene tubes and
prismatic silicone molds using a vibrating table in order to respectively produce compression
and bending specimens. The compositions exhibit brittle fractures in compression and ductile
or brittle fracture in bending but also different maximum stress values. The composition
M1sW>G2 has maximum compressive stress of 83 + 2 MPa. As seen previously, the
wollastonite content increases the maximum stress values which are equal to 89 and 99 MPa
respectively for the composition M1sW10G2 et M1sW21G2. The data relating to the bending
stresses present the same variations. The flexural strength of the formulation M1sW>G: is equal
to 13 + 1 MPa and exhibits a ductile fracture. The addition of wollastonite induces an increase
of 15 to 18 MPa respectively for the formulations M1sW10G2, M16W21Go. The fragile behaviour
can be explained by an increase in the stiffness of the material. The castable composition
(M16W2Gy) presents indeed a Young modulus of 11 + 1 GPa. This value increases slightly with
the wollastonite content to reach 15 GPa for the composition M1sW21Go.

The formulations belonging to the extrudable domain have a higher mechanical resistance
than the formulations of the castable domain due to a higher amount of reinforcements. The
shaping by robocasting consequently allows using compositions that are more heavily loaded
and which have greater mechanical properties. As shown in the Figure 1 of supplementary files,
it can be noted that the process can induce slightly the mechanical properties between the

specimens elaborated by casting or robocasting. The differences are caused by the orientation
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of fibers during the process (as shown in the Figure 2 of supplementary files) and by the
presence of defects caused by the robocasting process. However, it won’t be discussed in this

paper as all the specimens were cast in mold thanks to the use of a vibrating table.

IV. DISCUSSION

The different results showed that there exist different domains of shaping
(casting/robocasting) depending on the formulation of the geopolymer composite and inducing
different mechanical properties. This part deals with discussing the formulation parameters
influencing the shaping and the induced mechanical properties.

In order to determine the formulation parameters influencing the shaping, the mass loss
values (42-500 °C) have been plotted as a function of the aluminum concentration for the
formulations a0, a0’, a, a’, b, b’ and c, ¢’ (Figure 5). Water loss is directly linked to
polycondensation reactions inducing the mechanical properties of the geopolymer [7, 4].
Aluminum concentration was chosen because it takes into account the metakaolin and the
amount of the reinforcement. The concentration of aluminum increases with the addition of
metakaolin and decreases with the addition of reinforcements. The same trend is observed
depending on the metakaolin amount: an increase of the aluminum concentration leads to an
increasing in the water loss observed with thermal analysis and a decrease of the mechanical
properties of the consolidated material. Formulations with more metakaolin (a0’, a’, b’, ¢’) can
be shaped by casting and additive manufacturing on a greater variation of aluminum
concentration. Thus, a formulation heavily loaded with metakaolin and with fewer
reinforcement elements (c¢’: M19W10G2) allows obtaining similar mechanical strength (100
MPa) than a formulation weakly charged in metakaolin with more reinforcement elements (c:
M16W>1G>). In addition, formulations with similar aluminum concentration (a: [Al] = 7,5 mol/L
and ¢’: [Al] = 7,6 mol/L) but different métakaolin amount (16 and 19 g) exhibit different

mechanical properties (83 et 100 MPa) and different way of shaping. The compositions that can
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be cast or extruded have similar mechanical properties linked to a quantity of metakaolin and
different reinforcements.

The relationship between the fresh state properties (viscosity), that condition the shaping,
and the requirement of the consolidated state (mechanical properties) have also be checked.
The viscosity values of the composition a0, a, b and ¢ have been plotted as a function of the
resistance values in compression and bending. (Figure 6). The two shaping areas and their
limits are also reported. The maximum viscosity of 6000 Pa-s corresponds to the measurement
limits of the viscometer. The compression and bending mechanical properties evolve similarly
according to these domains of shaping: they are weaker for lower viscosities (castable domain)
and stronger for higher viscosities (extrusion domain). Reactive mixtures with no or little
reinforcements (Mis, M1sW>G2) can be used in casting due to their low viscosity and has
compressive mechanical strengths of 71 and 89 MPa. These values are in the range of
mechanical properties of geopolymers (from 10 to 110 MPa [10]). A higher amount of
wollastonite increases the viscosity of the reactive mixture and allows it to obtain a composition
(M16W10G2) castable and extrudable with satisfactory mechanical properties (89 MPa). In
comparison, Panda et al. [39] and Paul et al. [45] obtain respectively maximum compressive
strengths of 35 MPa at 28 days and 58 MPa at 21 days using alkali-activated materials which
are both castable and extrudable. An additional amount of wollastonite (M16W10G2) induces an
increase of the mechanical properties (99 MPa) and allows to use the robocasting process. These
values are high compared to the materials usually used in robocasting. For example, Bong et al.
[53] and Kashani et al. [54] used alkali-activated materials adapted to the robocasting process
which present maximum compressive stresses in compression of 17 and 58 MPa respectively.
To our knowledge, no value is listed for extrudable geopolymers. The amount of wollastonite
consequently permits to choose the shaping process (casting or robocasting) while controlling

the mechanical properties of the consolidated material. Moreover, the robocasting process
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permits to use of compositions that are more heavily loaded and have higher mechanical
properties than the casting process.

In order to compare these data and those of the literature, the reinforcement amounts (%w)
of glass fibers and wollastonite from previous work on cement [35, 55, 56, 57] alkali-activated
materials [19, 36, 58, 59, 60] and geopolymers [61, 62] were compared with the domains of
shaping of the composite M1sWyG; (Figure 7). The compositions of the literature are mainly
located in the castable or mixed domains. Glass fibers have been used up to a maximum of 5
%w [19] corresponding to the extrusion domain. Wollastonite has been used up to 19 %w [55]
(excepted for Ransinchung et al. [56] that used up to 43 %w of wollastonite with a particle size
of 4 um, smaller than the cement particles, increasing the workability [35]). The compositions
used in this study (a0, a, b, ¢) have a glass fiber content of the same order of magnitude as the
data observed in the literature while staying below a critical threshold to limit the formation of
voids and balls of fibers [63, 64]. Moreover, compositions used in the extrudable domain (c, ¢’)
are more heavily loaded with wollastonite than the data in the literature. However, the extrusion
domain depends on the nozzle diameter: the percentage of glass fibers must remain below the
critical threshold to keep the material extrudable. This threshold was here equal to 7 % w with
the M1 composition and a 20 mm nozzle). As a result, the robocasting process makes it possible
to use compositions having higher mechanical properties linked to a greater quantity of

reinforcements inserted.

V. CONCLUSION

This study focuses on the determination of a range of formulation for geopolymer
composites to use with different shaping processes. The shaping feasibility for different
composite formulations was first studied by varying the amount of metakaolin and wollastonite
and/or glass fibers as reinforcements. The geopolymer composites were then shaped by casting

and by robocasting. The mechanical properties of the formulations were compared.
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It has been possible to:

- control the viscosity of the reactive blend by adding wollastonite,

- shape hollow cylinders by casting and robocasting with accurate formulations,

- map mechanical properties according to the shaping process with an optimum for extruded
formulations linked to a higher amount of reinforcement elements,

- obtain a castable and extrudable formulation with ccompression = 89 MPa and Guending = 15

MPa.

In future work, the different formulations could be shaped, at the full scale by casting or

robocasting, in the function of their shaping feasibility, to elaborate high-level nuclear waste

cell liner.
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Figure 1: (a) characteristics of the mold used to make hollow cylindrical parts by casting and
(b) 3D printer (3D Potterbot) used to make robocasting.
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Figure 2: selected formulations in the ternary diagram in mol (Al, W, G) relative to (a)
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Figure 4: curves of the (A) compressive and (B) bending stress as a function of the strain for
the compositions (a) M1sW2G2, (b) M1s6W10G2 and (¢) M1sW21Go.
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Table 1: photos of the feasibility tests made with a syringe (®nozzie= 20 mm) to determine the

shaping domains for the compositions M1,Wy with x= 10, 14, 16, 19 g.

Domains Casting Extrusion

y (%) 0-53 53 - 68
M1oWy

y (%) 33-50
- i
Y (%) 0-19 19-31
M1s6Wy

Y (%) 0-8 8-14
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Table 2: photos of the compositions a0, a, b et ¢ elaborated by casting and robocasting.

Shaping Viscosity
Composition Casting Robocasting (Pa.s)
a0 23
a 148
b 800
c > 6000
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